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monitoring program conducted from March 2011 to 
April 2012. One hundred and forty-five coastal-estu-
arine rays, representing seven species, were sampled 
over 1 year in the estuary, across a salinity range from 
12.9 to 41.3 ppt (26.8 ± 11.6 ppt). The dominant pres-
ence of neonates and juveniles, constituting approxi-
mately 70% of the total rays captured year-round, is 
noteworthy. Additionally, the presence of pregnant 
females with embryos at various developmental 
stages indicates the importance of the study area for 
the life cycle of various elasmobranch species. Our 
data suggest that Hypanus guttatus and Hypanus gei-
jskesi fit into the estuarine generalist category, and 

Abstract  The behavioral plasticity of non-marine 
elasmobranch species allows these animals to stra-
tegically inhabit areas where salinity aligns with 
their physiological needs. Thus, this study aimed to 
investigate habitat use by rays in an Amazonian estu-
ary, following a categorization of non-marine spe-
cies based on the type of environment in which criti-
cal life history phases occur. Data on the capture of 
ray species in fishing weirs were acquired through a 
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Gymnura aff. micrura fits into the non-marine tran-
sient category. We identify salinity as a key driver 
of ray temporal distribution within the Amazonian 
coast, a crucial region for elasmobranch conservation. 
Future studies should, therefore, aim to understand 
how climate change might impact elasmobranch habi-
tat use in this region.

Keywords  Estuary · Stingrays · Euryhaline · 
Reproduction · Parturition 

Introduction

Investigations into abiotic factors influencing the hab-
itat use of sharks and rays shed light on the complex 
dimensions of their interactions with the environment 
(Constance et al. 2023). Considering that abiotic fac-
tors can influence the movement of sharks and rays, 
several studies indicate that elasmobranch species 
may seek out or avoid specific environmental condi-
tions to optimize their fitness, which implies maximi-
zation of advantages and minimization of costs (Heu-
pel and Simpfendorfer 2008, 2014; Ubeda et al. 2009; 
Knip et  al. 2011; Simpfendorfer et  al. 2011; Dwyer 
et  al. 2020). These comprehensive assessments 
encompass various aspects of the life cycle of these 
organisms, exploring the full spectrum of their bio-
logical and ecological activities, in which their behav-
ioral responses can vary according to species, sex, 
developmental stage, season, and geographic location 
(Schaff et al. 2014).

Salinity is one of the most prominent abiotic fac-
tors that influence the distribution and habitat use of 
aquatic species (Khlebovic 1969; Franco and Santos 
2018; Kyne and Lucifora 2022). Spatial and tempo-
ral salinity variations critically influence ecological 
processes, shaping the structure and functioning of 
aquatic ecosystems (Franco and Santos 2018). Thus, 
salinity acts as an ecological filter, delineating the 

range of species that can thrive within specific gra-
dients (Williams et  al. 1990; Callihan et  al. 2015). 
In this sense, studies investigating the relationship 
between species distribution and salinity gradients 
may provide important insights into conservation 
planning and spatial management strategies (Grant 
et al. 2019).

These investigations are of particular significance 
for animals that present monitoring challenges, 
such as sharks and rays, as they can offer important 
insights into seasonal movement, reproductive behav-
ior, and habitat selection (Ballantyne and Robinson 
2010; Wosnick and Freire 2013; Dwyer et al. 2020). 
Some elasmobranch species can use non-marine envi-
ronments during critical stages (Grant et  al. 2019), 
such as early life stages, to access food and protect 
themselves from predators (Constance et  al. 2023). 
Currently, 55 species of Chondrichthyes occur in 
low-salinity environments (~ 5% of all extant spe-
cies), of which 45 are obligate freshwater ray species 
(Kyne and Lucifora 2022). Thus, few species exhib-
iting physiological and behavioral plasticity capa-
ble of adapting to variable salinity conditions and 
truly inhabiting different aquatic ecosystems remain 
(Ballantyne and Robinson 2010; Schlaff et  al. 2014; 
Bangley et  al. 2018). These non-marine elasmo-
branchs form a scientifically less well-known group 
compared to marine ones, and some species may be 
more susceptible to negative anthropogenic pressures 
(Grant et al. 2019). To classify them, certain criteria 
have been employed, such as osmoregulation capac-
ity, rectal gland functionality, distribution of occur-
rence data in non-marine waters, and the type of 
environment in which the critical stages of life his-
tory occur (Thorson et al. 1983; Compagno and Cook 
1995; Compagno 2002; Last 2002; Martin 2005; 
Grant et al. 2019).

The initial proposal considered the osmoregulation 
process, which in elasmobranchs is facilitated through 
specialized physiological mechanisms, including a 
rectal gland and kidneys used in ion and urea regu-
lation and in water balance (Takei 1993; Piermarini 
and Evans 2000; Janech et  al. 2008; Ballantyne and 
Robinson 2010; Ballantyne 2016). These adapta-
tions enable sharks and rays to maintain both intra- 
and extracellular compositions within optimal ranges 
and allow some species to traverse from freshwater, 
characterized by lower salinity values, to high salin-
ity marine ecosystems (Pillans et al. 2008; Ballantyne 
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and Fraser 2012; Gleiss et  al. 2015; Ballantyne 
2016). Marine elasmobranch species maintain blood 
osmolarity close to that of the external environment 
through high urea and trimethylamine oxide (TMAO) 
concentrations, while euryhaline species reduce urea 
concentrations when in freshwater (Yancey 2015). 
Employing a different strategy, freshwater rays (pota-
motrygonins from South America) exhibit very low 
urea concentrations and produce large amounts of 
dilute urine to remain hyperosmotic in freshwater 
(Klimley 2013; Kyne and Lucifora 2022).

Even based on this important criterion regard-
ing osmoregulatory capacity and rectal gland func-
tionality, the proposal by Thorson et  al. (1983) was 
not widely accepted due to a lack of detailed physi-
ological studies on elasmobranch species (Grant et al. 
2019).

In the most acceptable proposal of categorization 
of non-marine elasmobranch species, Compagno and 
Cook (1995) considered the distribution and regular-
ity of occurrence data of species in categories. How-
ever, this criterion did not present an ecological con-
text of life history for habitat use of the categorized 
species, such as reproductive data. The behavioral 
adaptations in elasmobranchs in response to salinity 
gradients are integral to the survival of this group, so 
many species display selective preferences for spe-
cific salinity concentrations during key life stages, 
such as reproductive and growth periods (Osgood 
et al. 2021).

Elasmobranch behavioral plasticity allows these 
animals to strategically inhabit areas where salinity 
aligns with their physiological requirements, opti-
mizing resource utilization and reproductive suc-
cess (Schlaff et  al. 2014). Thus, the categorization 
of species that occur in non-marine waters based 
on the type of environment associated with critical 
life history stages proposed by Grant et  al. (2019) 
allows for a greater understanding of these factors 
and comprises five different categories, as follows: 
(1) obligate freshwater species, whose entire life his-
tory occurs exclusively in freshwater (reproductive 
and ecological functions); (2) euryhaline generalist 
species, which occur in freshwater to marine envi-
ronments and present the physiological capacity to 
withstand long periods in these environments and use 
freshwater and/or estuarine environments during cer-
tain life stages, such as parturition and/or nursery; (3) 
estuarine generalist species, which commonly occur 

in estuarine to marine environments and may pen-
etrate lower salinity estuarine waters for prolonged 
periods but cannot withstand prolonged periods in 
freshwater, while also using estuarine environments 
during certain life stages, i.e., pregnancy and partu-
rition, like nursery areas; (4) non-marine transient 
species, which may occur in non-marine environ-
ments but carry out all life history stages in marine 
waters and may not withstand prolonged exposure to 
estuarine or freshwater environments; (5) non-marine 
vagrant species, with no identifiable biological asso-
ciation with non-marine environments throughout 
their life history, and are not expected to occur in a 
non-marine environment and are not considered to 
be physiologically capable of prolonged exposure to 
estuarine or freshwater environments.

The characteristic salinity variability of the region, 
along with a range of physical and chemical compo-
nents brought by the Amazon River freshwater plume 
(Silva et  al. 2009), plays a key role in determining 
the distinct habitat preferences of elasmobranch spe-
cies (Constance et al. 2023; Lofthus et al. 2024) and 
can act as a speciation force (Rodrigues-Filho et  al. 
2023). The Brazilian Amazon Coast (BAC) is a tropi-
cal region differentiated by unique attributes. Most 
notably, it boasts the world’s second-largest expanse 
of mangrove ecosystems (Souza-Filho 2005) and 
is home to the mesophotic reefs forming the Great 
Amazon Reef System (GARS) (Moura et  al. 2016). 
The region receives a substantial influx of freshwa-
ter discharge from multiple hydrographic systems 
(ANA 2020; Prestes et al. 2020) and exhibits specific 
oceanographic features, such as macrotides (Bezerra 
et  al. 2013), high marine current speeds (≤ 2  m/s), 
and an extensive continental shelf (≤ 330 km) (Palma 
1979; Geyer et al. 1991; Moura et al. 2016; de Frei-
tas et  al. 2024). Additionally, the BAC holds inter-
national recognition as a RAMSAR site (ICMBio 
2018; RAMSAR 2018). The average annual Amazon 
River discharge can reach 16% of the global freshwa-
ter discharge to the ocean (Richey et  al. 1989; Silva 
et  al. 2009; Ward et  al. 2015), creating an extensive 
offshore freshwater plume spanning thousands of 
square kilometers (Coles et  al. 2013; Moura et  al. 
2016) and extending for over 200 km into the ocean 
(Silva et  al. 2009). This phenomenon induces den-
sity stratification arising from the disparity in salinity 
levels between riverine and oceanic waters (Molinas 
et  al. 2014). This stratification manifests as a layer 
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of shallower, less saline water overlaying a deeper, 
more saline water layer, thereby exerting a substantial 
influence on local hydrodynamics (Geyer et al. 1996; 
Molinas et al. 2014; Reverdin et al. 2021).

Given the significant influence of local salin-
ity fluctuations, this study aimed to investigate the 
habitat use of ray species within an estuary along the 
BAC. Our inquiries center on their spatial–temporal 
distribution, population structure, and developmental 
stages, all within the context of local salinity fluctua-
tions. Considering the categories proposed by Grant 
et al (2019), one empirically testable hypothesis was 
established, namely to verify if some ray species 
maintain a year-round presence in the estuary, includ-
ing for mating and parturition, while others migrate 
towards the coastline during high-salinity periods for 
mating and parturition.

Material and methods

Study area

This study was carried out within the Camará River 
estuary (0°35′30.58″S and 47°41′12.94″W), located 
on the BAC, within the jurisdiction of the Marapanim 
Municipality in the state of Pará, northern Brazil 
(Fig. 1). The area is renowned for its prolific fish pro-
duction resulting from small-scale weirs, a thriving 
practice due to the region’s favorable physiographic 
and oceanographic conditions (Krumme et al. 2014).

The Camará River estuary, representative of the 
Amazonian region, experiences a hot and humid 
tropical climate with an average annual precipitation 
of 2800 mm, marked by distinct rainy and dry sea-
sons (Marengo 2006). The Amazon River discharge 

Fig. 1   Geographical position of the Camará River estu-
ary within the Marapanim municipality, in the state of Pará, 
located on the Brazilian Amazon Coast. Map created using 
QGIS software (version 3.22.16-Białowieża) employing the 
SIRGAS 2000 Coordinate Reference System (EPSG: 4674). 

The South America and Brazilian state layers were obtained 
from the National Water and Basic Sanitation Agency (ANA) 
and the Brazilian Institute of Geography and Statistics (IBGE) 
database
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significantly reduces coastal salinity and intensifies 
marine currents, particularly during the rainy season 
(Tavares et al. 2005). Important local oceanographic 
features include a macrotidal regime with semi-diur-
nal tidal cycles (El-Robrini et  al. 2018; de Freitas 
et al. 2024), shaping a coastal plain composed of sed-
imentary materials such as sand and clay from con-
tinental drainage. This dynamic landscape supports 
thriving mangrove ecosystems, key environments for 
the early life stages of many fish species (Camargo 
and Isaac 2003; Souza-Filho 2005; ICMBio 2018).

Sampling

Most fishers in the studied estuary use fishing weirs, 
non-selective fixed traps built with mangrove wood 
that operate continuously throughout various phases 
of the tidal cycle (Piorski et al. 2009; Krumme et al. 
2014). Situated on the tidal flat, which can reach 
depths of up to 3 m during high tide, fishing activities 
predominantly take place during low tide when the 
weirs become fully exposed (Supplementary Fig. 1). 
Data on the capture of ray species in fishing weirs 
was acquired through an extensive monitoring pro-
gram conducted from March 2011 to April 2012. This 
initiative comprised ten monthly excursions to closely 
observe fishing operations within three fishing weirs. 
The selected weirs were uniformly constructed, with 
similar ray-capture dimensions and capacity. One 
weir was strategically located near Camará, while the 
remaining two were positioned about 4 km away from 
the beach on the estuary.

Artisanal longline fishing activities were moni-
tored monthly in a channel of the studied estuary. 
Commercial fishers deployed longlines during night-
time low tide periods and retrieved them during the 
subsequent low tide, as a strategy to target both cat-
fish and ray species. Sporadic gillnetting operations 
were also incorporated into the monitoring frame-
work. This comprehensive approach, encompassing 
both longlines and gillnets, facilitated the assessment 
of the presence of species in adjacent areas and at 
depths exceeding 3 m.

Rays were identified using taxonomic refer-
ences (Bigelow and Schroeder 1953; Last et  al. 
2016; Petean et  al. 2020), with the following spe-
cies recorded: Hypanus guttatus (Bloch and Schnei-
der, 1801), Gymnura aff. micrura (Bloch and Sch-
neider, 1801), Hypanus geijskesi (Boeseman, 1948), 

Styracura schmardae (Werner, 1904), Aetobatus nari-
nari (Euphrasen, 1790), Hypanus berthalutzae Petean 
et  al. 2020, and Pseudobatos percellens (Walbaum, 
1792). Concerning G. aff. micrura, a recent study by 
Gales et al. (2024) indicates that the species found on 
the Brazilian coast is genetically different from the 
one in Suriname, which is the Gymnura micrura type 
locality. The specimens were subjected to standard 
morphometric measurements following Santos et  al. 
(2004), employing a measuring tape (cm) and a 200-
mm metal caliper.

Reproductive system assessments were performed 
through macroscopic analyses according to Conrath 
(2005), and life stages were categorized based on 
developmental criteria adapted from Santander-Neto 
et  al. (2016), encompassing neonate (immature), 
juvenile (immature), subadult (maturing), and adult 
(mature) individuals. Fully developed free-swim-
ming individuals with umbilical scars were classi-
fied as neonates. Immature individuals without an 
umbilical scar were considered juveniles. Subadults 
were defined as juveniles nearing the size of mature 
specimens collected locally. Testes are undeveloped 
in male subadults, and the uterus and ovaries are 
filamentous and undeveloped in female subadults. 
Mature males showed rigid claspers due to their 
calcification, and mature females were considered 
pregnant when eggs or embryos were present in the 
uterus.

Lastly, comprehensive environmental data were 
systematically collected once a day during the moni-
toring periods, to update the knowledge base on 
other local abiotic factors, as these may also influ-
ence elasmobranch movements, even under differ-
ent conditions. Water and atmospheric temperatures 
were quantified during fishing activity monitoring 
using a Dymax© digital thermometer (Dymax©, 
Dimax Technology, Singapore), while salinity, pH, 
and dissolved oxygen levels were determined using 
an Alfakit© chemical titration kit (Alfakit©, Alfakit 
Ltda, Brazil). The kit employs argentimetric titration 
to measure salinity, and the indicator method applies 
a 4.50 to 8.00 chart to determine pH, while the Win-
kler method was used to measure dissolved oxygen. 
A manual refractometer, Biobrix© brand, model 211, 
was also used for salinity determination. Rainfall data 
were extracted from the Hydro-Meteorological Infor-
mation System (https://​portal.​inmet.​gov.​br) from the 
Salinópolis Station in Pará, Brazil, the closest station 

https://portal.inmet.gov.br
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to the study area. Samplings were conducted with the 
approval of the Brazilian Ministry of Environment 
(IBAMA/ICMBio- SISBIO no. 26393–1).

Data analysis

Data encompassing abiotic variables, capture fre-
quency throughout the year, sex of the sampled indi-
viduals, disc width, and developmental stages were 
systematically compiled. These datasets were subse-
quently mapped and visually represented, enabling 
the evaluation of habitat use patterns among ray spe-
cies within the tidal flat of the Camará River estuary. 
Local salinity values equal to or below 22 ppt were 
considered low, and those above 22 ppt were con-
sidered high. To assess the expected 1:1 sex ratio 
between males and females, a chi-squared (χ2) test 
was applied to species with larger sample sizes.

Abundance measurements were based on the 
absolute count of individuals recorded monthly. The 
effects of salinity fluctuations on the abundance and 
developmental stages of ray species were investi-
gated using a permutational multivariate analysis of 
variance (PERMANOVA) employing a Bray–Cur-
tis dissimilarity matrix, applying prior logarithmic 
transformation (log[x] + 1), using the vegan pack-
age (Oksanen et al. 2022). Additionally, correlations 
between salinity and the number of ray specimens 
were explored by a Pearson correlation analysis. The 
normality assumption of the residuals in the linear 
model was assessed using the Shapiro–Wilk test, con-
sidering a significance level of alpha < 0.05. All sta-
tistical analyses were conducted using R software, R 
version R 4.4.3 (R Core Team 2023).

The categorization proposed by Grant et al. (2019) 
was considered herein, based on the type of environ-
ment in which critical life history stages take place 
(parturition, nursery areas and mating).

Results

The monthly mean salinity ranged from 12.90 to 
41.30 ppt over the 1-year period (mean ± standard 
deviation; 26.80 ± 11.60 ppt). The average salinity 
decreased to below 22 ppt from December 2011 to 
May 2012, noteworthy as the least saline period dur-
ing the study. Monthly average atmospheric tempera-
tures fluctuated between 27.50 and 30.70 °C (29.04 

± 0.86 °C), while monthly average water temperatures 
ranged from 27.60 to 30.40 °C (29.14 ± 0.70 °C). pH 
values remained relatively constant during the study 
period, ranging from 7.40 to 7.60 (7.50 ± 0.05), while 
mean dissolved oxygen displayed minimal variations, 
ranging from 7.00 to 7.60 mL L−1 (7.11 ± 0.16 mL 
L−1). The monthly average values of the analyzed abi-
otic factors are reported in Supplementary Table  1. 
Monthly average rainfall (223.23 ± 242.80 mm) con-
formed to the typical Amazon region pattern, with 
consistent year-round rainfall alternating between 
high (from December to May) and low (from June to 
November) intensity periods (see Camargo and Isaac 
2003) (Supplementary Fig. 2).

All abiotic factors were positively correlated with 
salinity, except for rainfall, which exhibited a negative 
relationship (Supplementary Fig.  3). These abiotic 
data were collected to enhance fundamental ecologi-
cal knowledge concerning the local environment, and 
salinity emerged as the most decisive environmental 
factor affecting the presence or absence of rays in the 
area.

A total of 145 coastal-estuarine rays representing 
seven species were sampled across the three weirs. 
Hypanus guttatus (n = 81) and Gymnura aff. micrura 
(n = 36) were the most prevalent, jointly constitut-
ing 81% of the total captures. Additionally, Hyp-
anus geijskesi (n = 14), Styracura schmardae (n = 
9), Aetobatus narinari (n = 1), Hypanus berthalut-
zae (n = 1), and Pseudobatos percellens (n = 1) were 
also sampled. Differences in species abundance were 
observed during the two salinity periods that occur in 
the Amazon estuaries. Herein, the low salinity period 
took place from December to May, and the high salin-
ity period, from June to November (PERMANOVA: 
Pseudo-F = 5.13; df = 1. 10; p = 0.009) (Fig. 2).

Immature and maturing individuals were prevalent 
among all captured ray species, constituting 71% of 
the total recorded specimens. Peak abundances of 
these stages were observed in July and September 
(salinity values of 37.51 and 41.30 ppt); the low-
est abundance was detected in January and Febru-
ary (17.90 and 13.00 ppt). Differences in the abun-
dance of ray individuals across life stages were not 
influenced by salinity fluctuations (PERMANOVA: 
Pseudo-F = 1.85; df = 1.10; p = 0.16) (Fig. 3).

Species richness was positively correlated with 
salinity (p = 0.006; r = 0.73; r2 = 0.54; a = 0.34 
(− 1.36–2.04); b = 0.90 (0.03–0.15)), and the 
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assumption of normality of the model residuals was 
met (Shapiro–Wilk: W = 0.91, p = 0.21) (Fig. 4), indi-
cating that higher salinity values result in higher spe-
cies richness.

Pregnant females belonging to three species 
were captured with embryos in different develop-
ment stages, indicating the use of the estuary during 
pregnancy (Table  1). However, accurate counting of 
pregnant females was challenging due to premature 
births induced by capture stress, potentially leading 

to neonate misclassification. Alongside the presence 
of neonates in the area, this may indicate the possible 
use of the region for parturition. Moreover, pregnant 
H. guttatus and H. geijskesi females were notably 
observed at the beginning of the dry season or high 
salinity period. During the period characterized by 
low monthly average salinity (13.70 and 18.80 ppt), 
only two pregnant H. guttatus were observed, con-
trasting with the remaining captures that took place 
in high salinity conditions ranging from 36.40 to 

Fig. 2   Abundance of ray 
species in the Camará River 
estuary during contrasting 
salinity periods on the Bra-
zilian Amazon coast. Gray 
bars represent low salinity 
levels (12.00–22.00 ppt), 
while black bars denote 
high salinity conditions 
(22.10–42.00 ppt). Statistics 
were performed by PER-
MANOVA, comparing the 
abundance of ray species 
between salinity levels, 
pseudo-F = 5.13; df = 1.10; 
p = 0.009

Fig. 3   Abundance of devel-
opmental ray stages in the 
Camará River estuary dur-
ing varying salinity periods 
on the Brazilian Amazon 
coast. Gray bars represent 
low salinity levels (12.00–
22.00 ppt), while black bars 
denote high salinity condi-
tions (22.10–42.00 ppt). 
Statistics performed by 
PERMANOVA, comparing 
the abundance of ray indi-
viduals among life stages, 
pseudo-F = 1.86; df = 1.10; 
p = 0.16
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41.30 ppt. The size of pregnant H. guttatus varied 
between 612 to 1030 mm of disc width (DW), with 
recorded uterine fecundity ranging from 1 to 4 eggs 
or embryos in the left uterus. Generally, rays present a 
pair of uteruses in their reproductive system, although 
this can vary in some species. In the case of H. gut-
tatus, only the left uterus is functional. This coincided 
with the presence of vitellogenic follicles exceeding 
1.00 cm in diameter in the ovaries. In the case of G. 
aff. micrura, two pregnant females were documented 
during a high salinity period (37.50 and 41.30 ppt), 
measuring 463 and 520 mm DW and carrying both 

eggs and embryos in the uterus. Regarding H. gei-
jskesi, a pregnant female measuring 930 mm DW was 
observed with an egg in the uterus at the onset of the 
most saline period, characterized by a monthly aver-
age salinity of 36.40 ppt.

Hypanus guttatus captures occurred year-round 
across varying salinity levels, ranging from 12.90 to 
41.30 ppt (30.80 ± 10.87 ppt). Neonates and juve-
nile individuals comprised 66.7% of the total cap-
tures, with their prevalence extending through 75% of 
the monitoring period (Fig.  5). This prevalence was 
especially pronounced when average salinity values 
exceeded 20.00 ppt. Neonates were observed during 
periods marked by salinity fluctuations, ranging from 
12.90 to 41.30 ppt (33.00 ± 9.19 ppt), with a notewor-
thy increase in their presence in high salinity condi-
tions. Neonates exhibited disc widths spanning from 
132 to 193 mm, indicating that the species birth size 
falls within this range. Juvenile individuals (except 
subadults), with disc widths ranging from 168 to 
345 mm, were observed during high and low salinity 
periods, apparently supporting values ranging from 
13.70 to 41.30 ppt (33.70 ± 10.90 ppt). Despite this, 
juveniles were most predominant in the most saline 
period. Adults were recorded during both salinity 
periods, displaying a broad tolerance of salinity vari-
ation. The sex ratio between males and females of H. 
guttatus specimens in the study region was 1:1.38 for 
all developmental stages (χ2 = 0.11; p > 0.005).

Gymnura aff. micrura individuals were observed 
during the high salinity period (38.90 ± 4.00 ppt; 
range 18.80–41.30 ppt). Neonates and juveniles con-
stituted 75% of the total catches of this species, with 

Fig. 4   Correlation between ray species richness and salinity 
(ppt) in the Camará River estuary. Statistics were performed 
by Pearson correlation, associating richness of ray species with 
salinity, p = 0.006; r = 0.73; r2 = 0.54; a = 0.34 (− 1.36–2.04); 
b = 0.90 (0.03–0.15)

Table 1   Data on pregnant 
females and embryos, 
for individual animals, 
belonging to different ray 
species captured at the 
Camará River estuary. *Size 
data are not available

Species Females 
(DW) 
(mm)

Embryos/
uterine eggs 
(n)

Embryos (DW)
(mm)

Monthly salin-
ity average (ppt)

Month

Hypanus guttatus 612 2 Uterine eggs 36.40 Jun
Hypanus guttatus 630 1 Uterine egg 37.50 Jul
Hypanus guttatus 755 4 115—118 36.40 Jun
Hypanus guttatus 835 2 61—67 13.70 Apr
Hypanus guttatus 860 1 70 37.50 Jul
Hypanus guttatus 903 3 Uterine eggs 39.60 Oct
Hypanus guttatus 1030 2 37—39 18.80 May
Gymnura aff. micrura 463 1 Uterine egg 37.50 Jul
Gymnura aff. micrura 520 2 Embryos* 41.30 Sep
Hypanus geijskesi 930 1 Uterine egg 36.40 Jun
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a progressive increase in immature individuals from 
May to September. Neonates measuring between 
175 and 200 mm DW were found in waters with 
high and relatively stable salinity (38.50 ± 2.10 ppt; 
36.40–41.30 ppt), while juveniles were observed dur-
ing periods of large amplitude salinity values (38.90 
± 5.20 ppt; 18.80–41.30 ppt). One adult male was 
recorded at the salinity peak (41.30 ppt), whereas 
adult females were present during the high salinity 
period (38.90 ± 2.10 ppt; 36.40–41.30 ppt). The sex 
ratio between males and females was 1:2.03 (χ2 = 
0.01; p < 0.005) (Fig. 6).

Concerning H. geijskesi, neonates were recorded 
exclusively during low salinity periods (13.40 
± 0.50 ppt; 13.00–13.70 ppt), averaging 215 mm 
in DW. Juveniles were observed in both salinity 
periods throughout the year, indicating their puta-
tive tolerance to salinity variations (25.20 ± 11.60 
ppt; 13.00–40.00 ppt). Subadults were captured 
during the high salinity period (41.30 ppt). Adults 
of both sexes, including a pregnant female, were 
most abundant during the early high salinity period 
(33.90 ± 6.70 ppt; 18.80–36.40 ppt) (Table 1). One 

subadult female measured 657 mm DW, while the 
smallest adult female measured 820 mm DW, indi-
cating a sexual maturation size within this DW 
range. Male subadults were not captured, and the 
smallest adult male measured 550 mm DW (Fig. 7). 
The sex ratio between males and females for this 
species was 1.33:1 (χ2 = 0.16; p > 0.005) for all 
developmental stages.

Styracura schmardae was recorded at various 
developmental stages, ranging from neonates to 
subadults. A 168 mm DW neonate was observed 
during a high salinity period (40.00 ppt), while 
all juveniles were sampled during the end of this 
period (28.20 ppt; all caught on the same day). Sub-
adults were captured during the early high salinity 
period (37.20 ± 0.60 ppt; 36.40–41.30 ppt), with the 
largest individual comprising a subadult male meas-
uring 934 mm DW (Fig. 8).

Immature A. narinari, H. berthalutzae, and P. 
percellens specimens were recorded during the high 
salinity period (35.30 ± 9.70 ppt; 28.20–41.30 ppt) 
(Fig. 9).

Fig. 5   Seasonal distribution of Hypanus guttatus at various 
developmental stages across salinity variations in the Camará 
River estuary. Diamonds represent the neonates; triangles, the 
juvenile individuals; squares, the subadult individuals; and 
circles, the adult individuals. Dark geometric figures repre-

sent male specimens, while white geometric figures represent 
female specimens. Below the x-axis, the solid line indicates 
the low salinity period, with this factor ranging from 12.00 
to 22.00 ppt, while the dashed line denotes the high salinity 
period, with a range between 22.10 and 42.00 ppt
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Fig. 6   Seasonal distribution of Gymnura aff. micrura at 
various developmental stages across salinity variations in the 
Camará River estuary. Diamonds represent the neonates; trian-
gles, the juvenile individuals; squares, the subadult individuals; 
and circles, the adult individuals. Dark geometric figures repre-

sent male specimens, while white geometric figures represent 
female specimens. Below the x-axis, the solid line indicates 
the low salinity period, with this factor ranging from 12.00 
to 22.00 ppt, while the dashed line denotes the high salinity 
period, with a range between 22.10 and 42.00 ppt

Fig. 7   Seasonal distribution of Hypanus geijskesi at various 
developmental stages across salinity variations in the Camará 
River estuary. Diamonds represent the neonates; triangles, the 
juvenile individuals; squares, the subadult individuals; and 
circles, the adult individuals. Dark geometric figures repre-

sent male specimens, while white geometric figures represent 
female specimens. Below the x-axis, the solid line indicates 
the low salinity period, with this factor ranging from 12.00 
to 22.00 ppt, while the dashed line denotes the high salinity 
period, with a range between 22.10 and 42.00 ppt
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Fig. 8   Seasonal distribution of Styracura schmardae at vari-
ous developmental stages across salinity variations in the 
Camará River estuary. Diamonds represent the neonates; trian-
gles, the juvenile individuals; and squares, the subadult indi-
viduals. Dark geometric figures represent male specimens, 

while white geometric figures represent female specimens. 
Below the x-axis, the solid line indicates the low salinity 
period, with this factor ranging from 12.00 to 22.00 ppt, while 
the dashed line denotes the high salinity period, with a range 
between 22.10 and 42.00 ppt

Fig. 9   Seasonal distribution of Aetobatus narinari, Hypanus 
berthalutzae, and Pseudobatos percellens at various develop-
mental stages across salinity variations in the Camará River 
estuary. Diamonds represent the neonates, and triangles rep-
resent the juvenile individuals. Dark geometric figures repre-

sent male specimens, while white geometric figures represent 
female specimens. Below the x-axis, the solid line indicates 
the low salinity period, with this factor ranging from 12.00 
to 22.00 ppt, while the dashed line denotes the high salinity 
period, with a range between 22.10 and 42.00 ppt



	 Environ Biol Fish

Vol:. (1234567890)

Discussion

Estuaries along the BAC stand out from other Neo-
tropical Atlantic estuaries, primarily due to their 
substantial discharge volume (Filizola et  al. 2025). 
This creates a complex environment characterized by 
high productivity and seasonal variability, requiring 
that local species develop strategies and adaptations 
to cope with the imposed physiological stress (De 
Almeida-Val et  al. 2005; Val and Wood 2022). Pre-
vious research in the BAC region has linked salinity 
variations to the speciation and endemicity of sev-
eral marine taxa, including elasmobranchs (Tourinho 
et  al. 2012; Sales et  al. 2017; Wosnick et  al. 2019a; 
Rodrigues-Filho et  al. 2023; Gales et  al. 2024). 
Within this context, this study investigated the habitat 
use of ray species in a typical BAC estuary, explor-
ing the influence of salinity variation. According to 
Grant et al. (2019), our findings suggest that H. gut-
tatus is not an euryhaline generalist species, as sug-
gested in the review by Kyne and Lucifora (2022). 
Instead, this species seems to be an estuarine general-
ist species, similar to its congener H. geijskesi. On the 
other hand, G. aff. micrura seems to be a non-marine 
transient species and only approaches the coast dur-
ing the high saline periods, potentially to give birth. 
Styracura schmardae, P. percellens, A. narinari, and 
H. berthalutzae also approach the coast during high 
saline periods.

A prominent factor for biological processes

The salinity variations across the two Amazon sea-
sons (rainy and dry seasons) seem to play an impor-
tant role in the movements of the studied species, pro-
viding a broad view on their specific preferred times 
for each developmental stage. While acknowledging 
the multidimensional factors influencing the distribu-
tion and abundance of elasmobranchs in each region, 
especially in the diverse and resource-rich BAC envi-
ronment, it is well known that seasonal temperature 
variability in tropical settings is minimal (Sousa et al. 
2013; De Freitas et al. 2020). This highlights salinity 
as an important driving force of temporal habitat use 
in the study region, due to the substantial freshwater 
discharge from various river basins and high rainfall 
indices (Camargo and Isaac2003; Sousa et al. 2013).

As a result, the Camará River estuary salinity lev-
els undergo a significant decrease during the rainy 

season, while other factors such as temperature, dis-
solved oxygen, and pH exhibit minimal variations, 
following the pattern from the BAC region to the sur-
face waters of the Amazon plume (Sousa et al. 2013). 
In response to seasonal salinity and freshwater flow 
variations, some previously studied estuarine elas-
mobranchs (e.g., Glyphis glyphis (Müller & Henle, 
1839) and Carcharhinus leucas (Valenciennes in 
Müller & Henle, 1839)) have displayed movements, 
such as migrations, apparently in search of saline gra-
dients that would reduce their energetic costs (Lyon 
et  al. 2017; Constance et  al. 2023). This reinforces 
the hypothesis that these animals use the behavior of 
seeking optimal environments to reduce the metabolic 
demands associated with physiological processes 
such as osmoregulation. In this way, the animals 
may direct this energy towards their growth, reduc-
ing their times in size classes in which mortality rates 
are higher (Froeschke et al. 2010). Thus, osmoregula-
tion capacity emerges as a critical determinant for the 
presence of rays in the BAC.

A key region for reproduction

The dominant presence of neonates and juveniles, 
constituting approximately 70% of the total rays 
recorded captures year-round, is particularly note-
worthy. This aligns with previous propositions for 
the BAC as a nursery for sharks and rays (Almeida 
et  al. 2000; Feitosa et  al. 2020, 2021). Addition-
ally, the presence of mature and gravid females with 
embryos at various developmental stages indicates 
the importance of the study area for the life cycle of 
various elasmobranch species. It is possible that the 
number of pregnant females is underestimated, as 
the count may have been impaired due to premature 
births induced by capture stress (Adams et al. 2018; 
Wosnick et  al. 2019b), identifying them as possible 
neonates given that they were at term. While defini-
tive determination of the area as a pupping or nursery 
ground remains challenging due to the lack of long-
term monitoring data and resources, the prevalence 
of neonates and juveniles, as well as the presence 
of pregnant females, is evidence of the importance 
of the Camará River estuary for the reproduction of 
coastal rays. This holds scientific significance, as key 
regions for critical biological processes such as repro-
duction emerge as focal points for strategic conser-
vation planning (Chin et al., 2023). In this sense, the 
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data derived from the present study contribute further 
empirical support to position the BAC region as inte-
gral for the global conservation initiatives targeting 
the ray species recorded here.

Habitat use of the species recorded in the BAC

The rays species recorded at the Camará River estu-
ary exhibited different habitat uses throughout the 
year, correlating to seasonal salinity variations in 
the region, revealing the ability of some species to 
use this estuarine environment even during the low 
salinity period. Among the identified species in the 
estuary, H. guttatus and H. geijskesi exhibit a note-
worthy adaptability to a broad range of salinities dur-
ing different seasons but do not seem to use freshwa-
ter rivers during part of their life cycles (usually as 
nurseries). Thus, both appear to fit into the estuarine 
generalist species category according to Grant et  al. 
(2019).

Hypanus guttatus exhibits a strong association 
with estuarine areas (Feitosa et  al. 2021; Queiroz 
et  al. 2024), which may explain its local abundance 
(Camargo and Isaac 2003; Rodrigues-Filho et  al. 
2020), as the Camará River estuary is located within 
the second largest extension of mangrove ecosystems 
in the world (Souza-Filho 2005). These environments 
are strongly influenced by tides, leading to continu-
ous changes in abiotic conditions, including salin-
ity regimes (Camargo and Isaac 2003). Therefore, to 
capitalize on the advantages of more sheltered areas, 
species must cope with highly variable environmental 
conditions. Previously, H. guttatus was categorized as 
a euryhaline generalist (Grant et al. 2019), with some 
uncertainty, as it has never been recorded in a strictly 
freshwater habitat (Kyne and Lucifora 2022). How-
ever, the evidence presented herein indicates that neo-
nate and young H. guttatus individuals occur mainly 
in high salinity, not in freshwater.

In Northeastern Brazil, trace element concentra-
tions in vertebrae also indicate that pups use high-
salinity environments during their first year of life 
(Feitosa et  al. 2021), later moving to low-salinity 
estuarine areas (Queiroz et  al. 2023; Queiroz et  al. 
2024). As a result, this species plays an important role 
in the energy flow between these areas in the South-
west Atlantic Ocean with hypoxic zones, such as 
mangroves in this case (Queiroz et al. 2024). There-
fore, H. guttatus appears to fit the criteria of estuarine 

generalist species, as it inhabits both estuarine and 
marine environments, does not withstand prolonged 
exposure to freshwater, and uses estuarine environ-
ments for certain life stages, such as parturition and/
or as nursery areas (Grant et al. 2019).

Catch composition records for offshore shrimp 
trawls on the northern Brazilian coast indicate that 
H. guttatus comprised 90% of the catches and H. gei-
jskesi, 10%, constituting the main species recorded in 
research cruises (Holanda et al. 2008). Although the 
endemic H. geijskesi is a rarer species in the region’s 
fisheries, they inhabit the same type of environment, 
and a similar tolerance pattern to low salinity was 
noted for H. guttatus, indicating that this species may 
also benefit from coastal and sheltered areas within 
the BAC, even under more extreme saline regimes. 
However, H. geijskesi neonates occurred at low salin-
ity in the Camará River estuary, indicating a tolerance 
of this life stage to less saline waters. In contrast, the 
presence of mature individuals of both sexes recorded 
mainly during the beginning of the dry season may 
be an indication of this species approaching the coast, 
in shallow high salinity waters, for mating. Due to 
the species’ physiological capacity to penetrate the 
lower salinity waters of the Camará River estuary for 
prolonged periods, H. geijskesi can be considered an 
estuarine generalist species.

Gymnura aff. micrura, although prominently abun-
dant in the studied estuary, was limited to the high 
salinity period. This pattern observed in BAC sug-
gests that the species operates within a narrow win-
dow of physiological tolerance compared to the afore-
mentioned species. It is also plausible that G. aff. 
micrura employs behavioral strategies, such as swim-
ming to other locations with preferred environmental 
conditions during low salinity periods to evade the 
physiological challenges posed by low salinity stress 
(Schlaff et  al. 2014). This strategy was not, how-
ever, observed for the species in Northeastern Brazil, 
where G. aff. micrura was captured throughout the 
year, and noted as employing the coast of Caiçara 
do Norte for reproduction (Yokota and Lessa 2006; 
Yokota et al. 2012). Salinity variations are very small 
near the shelf break in this region, between 36.00 and 
37.00 ppt (Castro and Miranda 1998), and rays do not 
need to move to other locations in search of optimal 
environments. This reinforces the role of salinity as 
a driver for the movement of populations of species 
that inhabit the BAC and appears to place G. aff. 
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micrura in the non-marine transient category. In con-
trast to the observed sex ratios in the other analyzed 
species, G. aff. micrura exhibited a significantly dif-
ferent sex ratio of two females for each male. A pos-
sible explanation would be that females approach 
the coast to give birth while males remain in greater 
depth areas and, thus, are not captured by fishing pens 
located in the shallow waters of the tidal flat of the 
Camará River estuary. However, in Caiçara do Norte 
(Northeastern Brazil), G. aff. micrura catches reveal 
a greater number of adult males in the beach trawl 
fishery, indicating that males can indeed approach the 
coast (Yokota et  al. 2012). Thus, it is plausible that 
the observed sex ratio for the species results from a 
complex interaction of multiple factors, including the 
influence of salinity on male physiology and metabo-
lism. Further investigations are, therefore, required 
to determine the mechanisms contributing to the 
sex ratio dynamics of G. aff. micrura in the studied 
region and the potential diverse influences shaping its 
demographic composition.

Styracura schmardae occurs from the Gulf of 
Campeche, Mexico, to the state of Ceará in Brazil, 
and in the Greater and the Lesser Antilles and the 
Bahamas (Dulvy et al. 2021). It, however, stands out 
as one of the rarest species east of the Amazon River 
mouth, with isolated records off northeastern Bra-
zil (Nunes and Nunes 2020; Sales et  al. 2020). This 
species with benthic habits appears to have occupied 
very specific niches in the region’s estuaries, where 
it is found on sandy or muddy bottoms (Nunes and 
Nunes 2020; Dulvy et  al. 2021). Moreover, the cap-
ture of a free-swimming individual with an umbilical 
scar suggests that S. schmardae may use the region 
for parturition, at least during the high salinity period. 
This individual, the smallest specimen ever recorded 
for the species, is cataloged in the ichthyological col-
lection of the Federal University of Paraíba (UFPB 
7548, 168 mm DW). Although the size at maturity for 
this species has been estimated at 850 mm DW based 
on specimens from the Bahamas (O’Shea et al. 2021), 
field analyses at Camará River estuary recorded an 
immature male specimen over 900 mm DW. Thus, the 
species needs to be monitored at the BAC to better 
understand its life history. Kyne and Lucifora (2022) 
state that rays of the subfamily Styracurinae, which 
include S. schmardae and Styracura pacifica (Beebe 
& Tee-Van, 1941), are neither obligatory freshwa-
ter nor euryhaline generalist species. Despite being 

considered a marine species (Kyne and Lucifora 
2022) and given its presence in such specific BAC 
habitats (Nunes and Nunes 2020), we strongly sug-
gest that monitoring during the low salinity period be 
continued to verify the possibility of S. schmardae fit-
ting into the estuarine generalist category.

Regarding the other evaluated species, the data 
indicate that they are less tolerant to low salinity than 
the aforementioned species, as juvenile A. narinari, 
H. berthalutzae individuals, and a single neonate P. 
percellens were all captured at high salinity.

Conservation and the climate change challenges

Research efforts should also aim to inform evidence-
based management strategies that are paramount in 
ensuring the conservation of ray populations within 
the BAC. Firstly, given the similarity in temporal hab-
itat use across all life stages for H. guttatus and H. gei-
jskesi, it is plausible to infer that conservation meas-
ures beneficial to one will likely extend their positive 
impacts to the other. Considering the high level of 
endemism and the risk of extinction faced by H. gei-
jskesi, currently categorized as Critically Endangered 
by the International Union for Nature Conservation 
(IUCN Red List) (Pollom et al. 2020a), conservation 
strategies focused on preserving the study area and its 
unique environmental characteristics can yield ben-
efits not only for this species but also for H. guttatus, 
categorized as Near Threatened (Carlson et al. 2020). 
Even within this category, H. guttatus is experienc-
ing intense fishing pressure in the region (Marceniuk 
et al. 2019), requiring additional management meas-
ures. On the other hand, conservation measures based 
on spatial planning, beneficial for the previously men-
tioned species, may not necessarily apply to G. aff. 
micrura, as this species presents a different behavio-
ral strategy apparently caused by lower tolerance to 
the local low salinity.

This adaptive plasticity of some species across 
fluctuating salinity gradients also holds conservation 
implications (Martin 2005; Constance et al. 2023). In 
the face of ongoing climate changes, understanding 
both climate-induced shifts in salinity patterns and 
adaptive elasmobranch strategies to cope with these 
shifts becomes paramount, especially for freshwater/
estuarine and coastal/inshore sharks and rays (Chin 
et  al. 2010). As an example, some of the predicted 
climate alterations will influence saltwater circulation 
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patterns and transport within coastal environments, 
modifying the hydrodynamics of estuaries and the 
recruitment of fish species dependent on these areas 
(Kennedy et  al. 2002). In addition, changes in pre-
cipitation and runoff can alter coastal and estuarine 
salinity gradients and, consequently, long-term salin-
ity patterns (Wiseman 1986; Röthig et  al. 2023). 
Thus, ecological communities will need to adapt to 
new high or low salinity conditions (Kennedy et  al. 
2002). Such insights contribute to the predictive 
modeling of elasmobranch responses to changing 
environmental conditions and allow for conserva-
tion measures focused on preserving these species 
in an ever-dynamic aquatic landscape. In this sense, 
ecological models can demonstrate how important 
salinity is for characterizing sites with suitable envi-
ronmental conditions for elasmobranchs’ critical life 
history stages (Santana et al. 2025).

Amidst the evolving environmental scenarios, 
including the impacts of climate change and anoma-
lous regimes of both El Niño and La Niña, the salin-
ity dynamics at the BAC faces direct consequences 
from intense drought periods in northern Brazil (Kay 
et al. 2022). Conspicuously, in another BAC estuary, 
years marked by exceptionally low discharge from the 
Pindaré River resulting from reduced precipitation 
rates led to the intrusion of the saline plume reach-
ing approximately 95 km upstream towards smaller 
basins (Yauri and Barbieri 2022). Subsequently, an 
unprecedented event occurred in Lake Viana, 110 km 
above the mouth of the Pindaré River, during the dry 
season, in which a Carcharhinus oxyrhynchus (Valen-
ciennes, 1839) shark individual, an endemic and criti-
cally endangered species (Pollom et  al. 2020b), was 
recorded in a freshwater system, deviating from what 
is considered its natural habitat (Feitosa et al. 2019). 
This unique event raises the possibility that other 
estuarine species may sporadically venture into areas 
with lower salinity waters during the dry season and 
under tidal influence. While the life cycle of eury-
haline generalist species includes phases in brackish 
or even freshwater areas (e.g., Carcharhinus leucas 
(Valenciennes, 1839)) (Heupel and Simpfendorfer 
2008; Feitosa et al. 2016; Grant et al. 2019), the pres-
ence of the C. oxyrhynchus in obligatory freshwater 
systems is uncommon (Feitosa et al. 2019). This spe-
cies appears to be an estuarine generalist species that 
inhabits shallow and turbid estuarine waters (Lessa 
et  al. 1999; Feitosa et  al. 2019) though it cannot 

withstand prolonged exposure in freshwater (Grant 
et  al. 2019). Thus, monitoring the presence of near-
estuarine species in the region, particularly during 
severe El Niño periods and events linked to climate 
change, is paramount given the substantial impact 
these occurrences have on the Amazon region and its 
biodiversity conservation (Kay et al. 2022; Lian et al. 
2023).

Conclusion

The comprehensive analysis of seven ray species in 
this study indicates the importance of the Camará 
River estuary for neonates, juveniles, and mature and 
pregnant females. These findings provide compelling 
evidence that the area serves as an important habitat 
during the early stages of their life cycles. None of the 
species fits into the euryhaline generalist category, as 
none presented the capability of prolonged exposure 
to freshwater environments. Based on the obtained 
data, H. guttatus and H. geijskesi were categorized as 
estuarine generalists, while Gymnura aff. micrura fits 
into the non-marine transient species category. Con-
cerning S. schmardae, A. narinari, H. berthalutzae, 
and P. percellens, more data are required to confirm 
their respective categories.

This study also highlights the importance of ongo-
ing ecological and fisheries monitoring initiatives tar-
geting elasmobranch species within the BAC. These 
investigations play an important role in systematically 
monitoring temporal habitat use among ray popula-
tions, particularly considering the susceptibility of 
less tolerant species to environmental fluctuations and 
anthropogenic influences. The identification of salin-
ity as a key driver influencing the dynamics of the 
temporal distribution of ray species within the stud-
ied region emphasizes the need for future studies to 
delve deeper into understanding how climate change 
and human development might adversely impact the 
presence of elasmobranchs and the temporal use of 
this critical region for elasmobranch conservation on 
a global scale. Furthermore, the insufficiently under-
stood biological characteristics of the species inves-
tigated in the present study further emphasize the 
urgency for future studies investigating other biologi-
cal features that may better explain species tolerance 
or susceptibility to the local dynamic environmental 
features.
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