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A B S T R A C T

Black drum, Pogonias courbina, is an important but overexploited fishery resource in southeastern Brazil lagoon 
systems with a vulnerable status on the IUCN Red List of Threatened Species. To improve understanding of 
P. courbina life history and fishery sustainability, otolith microchemistry was used to characterize habitat use in 
two Brazilian lagoon systems in the southwest Atlantic (Saquarema-RJ and Araruama-RJ). Following age esti
mation from annual growth increments, otolith core-to-edge Sr/Ca, Ba/Ca and Mn/Ca signatures for forty (40), 
2-year-old, individuals (20 per site), collected between November 2019 and April 2020, were measured by laser 
ablation inductively coupled to plasma mass spectrometer (LA-ICP-MS) to document ontogenetic chemical 
variations. Spearman correlation, Generalized Addictive Models (GAMs) and Change point analysis were used to 
assess habitat-use patterns among the study individuals. Two habitat-use patterns for P. courbina were identified 
consistent with estuaries with a well-defined salinity gradient: (i) movements in mesohaline waters with low 
salinity, and (ii) movements in polyhaline waters with intermediate salinity. These findings confirm that 
P. courbina is estuarine-dependent, likely utilizing different salinity environments as nurseries. The species shows 
high habitat-use plasticity. Ba/Ca and Sr/Ca fluctuations track distinct movement patterns (profiles), while Mn/ 
Ca peaks reflect rapid somatic growth during the larval-juvenile transition, making these otolith chemical 
markers effective tracers of P. courbina life history.

1. Introduction

Coastal lagoons play a crucial role in the export of nutrients, detritus, 
and fish biomass to coastal areas (Friedman, 2011; Ramos et al., 2016; 
Almeida et al., 2023). Various fishes contribute to this dynamic, moving 
in response to feeding, shelter, and reproductive needs at both the 
population and individual levels (Nagelkerken, 2009; Ramos et al., 
2014; Pelage et al., 2021).

The connectivity among coastal waters, nearby estuaries and coastal 

lagoons, and spawning grounds areas is vital for defining habitat use by 
fish, including crucial nursery areas during vulnerable early life stages. 
Estuaries, in particular, serve as critical development areas, supporting 
fish from juvenile stages until adulthood and facilitating their dispersal 
(Dantas and Barletta, 2016; Camara et al., 2020; Almeida et al., 2023). 
This connectivity underscores the importance of these complex habitats 
in maintaining adult fish stocks in both coastal and estuarine fishing 
zones (Herbst and Hanazaki, 2014; Avigliano et al., 2017; Ferreira et al., 
2023).
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Most species in the Sciaenidae family undergo ontogenetic migra
tions, utilizing a variety of habitats such as beaches, mangroves, estu
aries, coastal lagoons, and bays. As juveniles, they inhabit shallow 
waters within these environments, and as they mature, they migrate to 
offshore habitats like the continental shelf. There, they establish 
different types of aggregations, including schools, spawning groups, or 
feeding assemblages (Militelli et al., 2013; Odell et al., 2017; Franco 
et al., 2023).

The behavioral traits of species within this family align with the 
descriptions and classifications of biological communities, based on 
taxonomic similarities, size and biomass spectrum of individuals, and 
observable functional attributes (Potter et al., 2015). Integrating this 
information with well-documented properties of estuaries—such as 
migration routes, refuge areas, feeding, and reproduction (Elliott et al., 
2007; Olsen et al., 2018; Franco et al., 2019), reinforces understanding 
that these species are obligatory users of estuarine areas. Recognition 
that several commercially important fish species utilize these environ
ments at some stage of their life cycles reiterates their classification as 
estuary-dependent species (Franco et al., 2019; Franzen et al., 2019; 
Almeida et al., 2024a).

Otolith microchemical analysis has emerged as a crucial tool for 
characterizing fish habitat use patterns, enabling the tracking of their 
movements and identifying origin areas. This utility arises because up
take of some elements during otolith growth occurs in proportion to 
those in ambient water, thus otoliths constitute a natural marker of 
experienced habitats (Avigliano et al., 2015b; Santana et al., 2018; 
Almeida et al., 2024b). Accordingly, many researchers have applied 
advanced analytical techniques, such as laser ablation 
inductively-coupled plasma mass spectrometry (LA-ICP-MS), to quantify 
minor and trace elements along the growth axis of otoliths, from core to 
edge, to reconstruct migratory patterns and environmental history of 
fish through life (Vignon, 2015; Corrêa et al., 2022; Ferreira et al., 
2023). On the coast of southeastern Brazil, several studies have used this 
approach, with Sr/Ca and Ba/Ca being the elemental ratios most applied 
as indicators of with water masses of different salinities, whereas Mn/Ca 
is commonly employed as a proxy for terrigenous input and hypoxic 
conditions in estuarine environments (Avigliano et al., 2017; Soeth 
et al., 2020; Lopes et al., 2023).

The black drum, Pogonias courbina (Lacepède, 1803), is classified as 
endangered in Brazil primarily due to overexploitation (Brasil, 2014). 
Pogonias courbina was recently discriminated from Pogonias cromis, 
which occurred in the western Atlantic and is now restricted to the 
northwestern Atlantic (Azpelicueta et al., 2019). Pogonias courbina is 
found along the southwestern Atlantic Ocean, from the State of Rio de 
Janeiro (Brazil) to the southern Gulf of San Matias (Argentina), inhab
iting coastal marine areas and estuarine ecosystems (Azpelicueta et al., 
2019; Almeida et al., 2021; Santos and Velasco, 2021). Estuarine envi
ronments host juveniles year-round, whereas adults are more common 
during reproductive periods, suggesting that estuarine ecosystems may 
serve as spawning and recruitment areas (Blasina et al., 2010; Santos 
et al., 2016; Haimovici and Cardoso, 2017). Legal, illegal and 
non-compliant fishery practices targeting black drum in southern Brazil, 
including use of illegal fishing gear and fishing during off-season pe
riods, have contributed to stock collapse and continue to hinder popu
lation recovery (Velasco et al., 2007; Chao et al., 2015; Haimovici and 
Cardoso, 2017). A monitoring program (Eastern Rio de Janeiro Lagoon 
Systems Project) in southeastern Brazil reported catches of 1.4 tons in 
Saquarema Lagoon between autumn and winter 2020, while the Ara
ruama Lagoon system reported 389 tons captured between 2019 and 
2020, identifying the specie as an important fisheries resource (Tubino 
et al., 2021).

The Saquarema and Araruama lagoon systems contribute with 
numerous ecosystem services and provide habitats for species of high 
socioeconomic importance, including P. courbina. These lagoons are 
located at the northern limit of the distribution of P. courbina, and also 
have very different environmental conditions, raising questions about 

the behavior of the species in different scenarios. The movement pat
terns and habitat use of P. courbina in Saquarema and Araruama lagoon 
systems is unknow. Understanding the life history traits of the specie in 
these ecosystems is essential for developing effective management 
strategies for this economically important and threatened species. Here, 
otolith core-to-edge analysis was applied to reconstruct movement 
patterns and habitat use of P. courbina within these ecosystems.

2. Material and methods

2.1. Study area setting

Specimens of Pogonias courbina were collected from Saquarema (SQ) 
and Araruama (AR) lagoon systems in eastern Rio de Janeiro state, 
Brazil, both of which exhibit salinity variations typical of estuarine en
vironments (Miranda et al., 2012). Salinity decreases landward from the 
coastal marine zone to the lagoon's interior in both Lagoons, but Ara
ruama (10x larger, 9x deeper) receives significant freshwater input from 
numerous tributaries draining into the lagoon interior toward the in
termediate zone (Fig. 1; Table 1). The climate in the study region ranges 
from humid in the west to semi-arid in the east, with tidal (mesotidal) 
and salinity variations sensitive to small- and large-scale weather events, 
river runoff, and hydraulic gradient intensity (Barbieri and Coe-Neto, 
1999; Mansur et al., 2012; Miranda et al., 2012). These factors control 
temporal and spatial variations in freshwater-to-marine salinity gradi
ents in both lagoon systems.

2.2. Fish sampling and otoliths processing

A total of 402 individuals from the SQ (N: 145) and AR (N: 257) 
lagoons were obtained directly from artisanal fishermen between July 
2019 and April 2020. Due to the greater abundance in both lagoon 
systems in a restricted period of time (6 months: November 2019 and 
April 2020), age-2+ individuals – the most abundant age class – were 
randomly selected for comparative analyses between SQ (N: 20) and AR 
(N: 20). SQ fish were captured in the innermost part of the lagoon system 
(Mombaça Lagoon), whereas AR fish were collected at Baleia Beach, an 
important fish landing port. Main AR fishing grounds extend AR from 
Ponta da Alcaíra, Massambaba, Ponta do Sudoeste, and Iguaba Grande 
inlet (dotted ellipse in Fig. 1). Twenty (20) P. courbina specimens from 
each lagoon system (SQ TL: 31.2 ± 0.9 cm; AR TL: 30.4 ± 0.05 cm) were 
selected for the present study and stored in ice during transportation 
(Table 2). In the lab, sagittal otoliths were extracted with plastic twee
zers, washed with distilled water to remove organic tissues and stored 
dry in plastic tubes. Otolith pairs (left and right sagittae) were distin
guished according to the position of the rostrum and sulcus acusticus 
(Secor et al., 1992).

For age determination and microchemical analysis, left otoliths were 
embedded in clear epoxy resin (Buehler, Epothin), then sectioned 
transversely with a precision low-speed diamond saw (Buehler, Isomet), 
to obtain 0.6 mm-thick slices intersecting the core region. The obtained 
transverse sections were mounted to slides using crystal bond and then 
ground using silicon abrasive papers of varying grit sizes (800, 1200, 
and 2400; Buehler, Ø 200 mm SiC Paper) to reveal the core, then pol
ished using 6, 3, and 1 μm diamond pastes (Buehler, Metadi II) (Correia 
et al., 2012) to provide transparent otoliths with smooth flat surfaces. 
Otolith slices, immersed in glycerol, were examined under magnifica
tion (Leica S9i stereoscopic microscope,6× magnification) to visualize 
annual growth increments (annuli) for age estimation. Only otoliths 
from adults with ages corresponding to the 2+ age group (A50: 2 years) 
(Olsen et al., 2018; Santos and Velasco, 2021), as determined indepen
dently by two experienced readers (Almeida et al., 2024a), were selected 
for analysis.

Elemental concentrations were determined using an Elemental Sci
entific NWR193UC (193 nm wavelength, <4 ns pulse width) laser sys
tem, coupled to an Agilent 7500ce inductively coupled mass 
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spectrometer. The laser system was equipped with a large format two- 
volume laser cell with fast washout (<1s), which accommodated all 

otolith samples and standards in two separate loadings. Laser ablation 
parameters were optimized for sensitivity and signal stability from test 
ablation transects on representative unknowns (Table 3). Prior to anal
ysis, samples and standards were pre-ablated to remove potential sur
face contamination. Laser analyses of unknowns were bracketed hourly 
by standard measurements (MACS-3 and NIST 612, typically measured 
in triplicate for 60-s).

To characterize ontogenetic movement patterns, otoliths were 

Fig. 1. Maps of the southeastern coast of Brazil, Rio de Janeiro (A), highlighting Saquarema (B) and Araruama (C) lagoon systems of the Eastern Fluminense region, 
RJ, showing mesohaline (M), polyhaline (P) and transitional (M–P) salinity regions (adapted from SisBaHiA® 2024) and fishery capture regions (dotted fields).

Table 1 
Location, hydrological parameters, trophic state and anthropogenic influences for Saquarema and Araruama lagoon systems, eastern Rio de Janeiro, Brazil.

Lagoon System Coords. Area 
(km2)

Drainage 
basin 
(km2)

Depth 
range 
(m)

Water 
residence 
time (days)

Water 
Temp 
(◦C)

Salinity 
(‰)

Average 
rainfall 
(mm/yr)

Type and Trophic 
state

Predominant 
anthropogenic 
contributions

Saquarema 22◦93′S 
42◦49′W

21.2 215 0.6–2.4 27 18–33 9–34 <
coastal 
region

1.3 Suffocated 
Lagoon 
supereutrophic

Domestic sewage/ 
agricultural wasteSubsaline: Positive 

FW balance (ppn 
+ river discharge 
– evap >0).

Araruama 22◦88′S 
42◦01′W

225 285 0.5–18 84 21–29 12–60 >
coastal 
region

0.9 Suffocated 
Lagoon 
supereutrophic

Cultural eutrophication/ 
intense tourism/mineral 
extraction: salt and shell 
limestone

Hypersaline: 
Negative FW 
balance (ppn +
river discharge – 
evap <0).

Table 2 
Sample size (N) and total length (TL) of Pogonias courbina individuals collected 
in the two lagoon systems of eastern Rio de Janeiro, Brazil. Values are presented 
as means, standard errors (SE) and ranges.

Lagoon System N TL (cm)

Date of collection Mean ± SE Range

Saquarema (SQ) 6 Nov. 2019 31.4 ± 1.2 19.9–39.0
1 Jan. 2020 ​ ​
1 Feb. 2020 ​ ​

11 Mar. 2020 ​ ​
1 Apr. 2020 ​ ​

Araruama (AR) 2 Dec. 2019 30.7 ± 0.5 26.4–34.4
6 Jan. 2020 ​ ​
9 Feb. 2020 ​ ​
3 Mar. 2020 ​ ​

Table 3 
Spearman correlations among otolith element/Ca ratios of Pogonias courbina by 
lagoon system and age group. *p < 0.01; **p < 0.001; ***p < 0.0001.

Element/Ca SQ AR

Age 1 Age 2 Age 1 Age 2

Sr/Ca vs Ba/Ca 0.20*** 0.17*** 0.44*** 0.35***
Sr/Ca vs Mn/Ca 0.16*** 0.01 − 0.01* − 0.05***
Mn/Ca vs Ba/Ca − 0.05*** 0.15*** − 0.10*** − 0.10***
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continuously ablated in core-to-edge transects, using a 35 μm spot at a 
scan rate of 10 μm/s. The quadrupole time-resolved method measured 7 
masses using integration times of 10 ms (43-44Ca, 88Sr), 20 ms (55Mn), 
and 50 ms (137Ba). The sampling period of 0.4032 s corresponds to 
94.25 % quadrupole measurement time. The scan rates of 10 μm/s 
respectively correspond to analyte measurements every 4.032 μm along 
transects. Time-resolved intensities were converted to concentration 
(ppm) equivalents using Iolite software (Hellstrom et al., 2008), with 
43Ca set as the internal standard and a Ca index value of 38.3 wt %. 
Baselines were determined from gas blank intervals (35 or 60 s), 
measured while the laser was off and all masses were scanned by the 
quadrupole. USGS MACS-3 was used as the primary reference standard 
and accuracy and precision were proxied from replicates of NIST 612 
analyzed as an unknown. Average analyte recovery factors for all runs of 
NIST 612 were 0.98 ± 0.05 (N = 64) relative to GeoREM preferred 
values (http://georem.mpch-mainz.gwdg.de). The raw data (counts/s) 
in ppm were converted to elemental concentration rationed to calcium 
(element/Ca) and presented as molar ratios, expressed as mmol/mol for 
Sr/Ca and μmol/mol for Mn/Ca and Ba/Ca.

2.3. Data analyses

Otolith transect distances were measured for age group 1 (from the 
core to the first annulus) and age group 2+ (from the first annulus, 
through the second annulus, to the otolith edge) to evaluate whether 
age-specific distances were comparable between lagoon systems (Soeth 
et al., 2020). Differences between average element/Ca ratios by age 
group and location were evaluated using a bifactorial PERMANOVA 
(Soeth et al., 2020). Then bifactorial PERANOVAS were also performed 
for each element separately. The results are presented as mean ± stan
dard errors. Correlations among otolith element/Ca ratios across lagoon 
systems and age groups were assessed using Spearman correlation 
coeficient (Fowler et al., 2016; Avigliano et al., 2017; Soeth et al., 2020). 
The univariate and multivariate analysis were executed in the vegan 
(Oksanen et al., 2021) and exchange packages in the R programming 
environment (R Development Core Team, 2025). A significance level of 
p < 0.05 was assumed.

Sr/Ca, Ba/Ca, and Mn/Ca ratios along the otolith transect, from the 
core to the edge, were evaluated by lagoon system, age group, and 
capture date using Generalized Additive Models (GAMs). Models were 
fitted assuming a Gaussian distribution with an identity link function 
and thin-plate regression spline smoothers. Ninety-five percent confi
dence intervals and p-values were estimated using a Bayesian frame
work (Brennan et al., 2015; Soeth et al., 2020; Ng et al., 2025). The 
analyses were implemented with the MGCV package in the R pro
gramming environment (R Development Core Team, 2025).

The “Identifying Changes in Mean” (ICM) algorithm, from the 
changepoint R package (Killick and Eckley, 2014), was applied to Sr/Ca, 
Ba/Ca and Mn/Ca profiles to evaluate significant changes in fish 
movement patterns. The assumption of a positive correlation between 
Sr/Ca ratios and gradient salinity was used to evaluate the movement 
patterns of P. courbina across different habitats. Transition thresholds 
between water masses of varying salinities were estimated based on the 
last three spot's readings (approximately 12 μm) at the otolith edge
—representing the elemental signature of the capture site—of in
dividuals collected in the inner zone of SQ (Tabouret et al., 2010). To 
assess transitions between lower and higher salinity zones, threshold 
values were calculated based on Sr/Ca ratios from otolith of black drum 
caught in the upper estuarine zone of SQ (a typically estuarine brackish 
ecosystem) to estimate the entry of individuals in the sea water coastal 
line, using the formula: Mean + 1 × Standard Deviation (adapted from 
Tabouret et al., 2010; Menezes et al., 2021; Ferreira et al., 2023). Values 
of Sr/Ca below the calculated threshold (2.64 mmol/mol) were classi
fied as mesohaline waters, while higher values were classified as poly
haline waters. Individuals exhibiting Sr/Ca ratios consistently below the 
defined threshold along the entire otolith transect, from core to edge, 

were classified as mesohaline residents (M). In contrast, individuals for 
which the Sr/Ca ratio exceeded the threshold at least once along the 
transect were classified as mesohaline–polyhaline (MP). The threshold 
was applied exclusively to Sr/Ca ratios; however, Ba/Ca and Mn/Ca 
ratios were used as complementary indicators of water-mass charac
teristics. The Ba/Ca, Mn/Ca and Sr/Ca profiles with change points and 
the calculated threshold were plotted together using the R package 
CPecopesca (Cadilho et al., 2023; R Development Core Team, 2025).

3. Results

The measurements of the transects from the core to the first and 
second annuli did not show differences between lagoons (PERMANOVA; 
pseudo-F = 0.4177; df = 1; p > 0.05), and were presented with the 
following values: from the core to the 1st annulus (mean ± SE) was 
1079.11 ± 66.35 μm, and from the core to the 2nd annulus was 1596.46 
± 65.85 μm for SQ. In the case of AR, the measurements were as follows: 
from the core to the 1st annulus was 1125.65 ± 53.48 μm, and from the 
core to the 2nd annulus was 1533.73 ± 54.87 μm.

The Ba/Ca, Mn/Ca, and Sr/Ca ratios showed significant differences 
in the multivariate analyses between lagoon systems and ages (PER
MANOVA Bifactorial, pseudo-F = 17.683, df = 3, p < 0.0001). In the 
univariate analyses, only Sr/Ca showed significant differences, with 
higher mean values in AR than in SQ for both age groups, as well as 
higher mean values for age group 1 in SQ and for age group 2 in AR. 
(PERANOVA Bifactorial, pseudo-F = 3.928, df = 1, p < 0.05) (Fig. 2).

Sr/Ca and Ba/Ca ratios were positively correlated across lagoon 
systems and age groups (Spearman correlation, p < 0.0001; Table 3). In 
SQ, Sr/Ca and Mn/Ca ratios were positively correlated for age group 1 
(p < 0.0001), whereas no significant correlation was observed for age 
group 2 (p > 0.05; Table 3). In AR, Sr/Ca and Mn/Ca ratios exhibited a 
negative correlation for both age groups (p < 0.05; Table 3). Mn/Ca and 
Ba/Ca ratios were negatively correlated for age group 1 and positively 
correlated for age group 2 in SQ (p < 0.0001; Table 3). In contrast, in AR, 
Mn/Ca and Ba/Ca ratios showed negative correlations for both age 
groups (p < 0.0001; Table 3).

Sr/Ca, Ba/Ca, and Mn/Ca ratios along the otolith transect, from the 
core to the edge, differed significantly among lagoon systems, age 
groups, and capture dates (GAM, p < 0.0001). When examined by 
location, Sr/Ca ratios exhibited an increasing trend in AR and a 
decreasing trend in SQ (Fig. 3A). Ba/Ca ratios showed a relatively stable 
pattern in AR, whereas elevated values were observed in SQ at 
approximately 1500 μm along the transect from core to edge (Fig. 3B). 
Mn/Ca ratios displayed similar patterns in both lagoon systems, with 
higher values concentrated between 0 and 500 μm from the otolith core 
(Fig. 3C). When analyzed by capture date, elemental ratios exhibited 
similar core-to-edge trends between lagoon systems, with differences 
primarily reflected in concentration magnitudes among sampling pe
riods (Fig. 4A–F). Capture dates with insufficient sample sizes were not 
plotted for statistical robustness (Fig. 4A–C, and E).

Variations were observed in the Sr/Ca, Ba/Ca and Mn/Ca ratios 
along otolith core-to-edge transects using the changepoint routine, 
evidencing similar movement patterns between lagoon systems (Figs. 5 
and 6; Supplementary data, Fig. S1–S6). Respective across-transect 
ranges for Sr/Ca (13.5x), Ba/Ca (91x) and Mn/Ca (5600x) were 
0.53–7.16 mmol/mol, 0.79–72.13 μmol/mol and 0.01–55.98 μmol/mol, 
respectively (Figs. 5 and 6; Supplementary data, Fig. S1–S6). Two 
movement patterns were identified, based on the concept of a natural 
estuarine zonation gradient, commonly observed in SQ. Although AR is 
classified as hypersaline, a similar estuarine zonation pattern was 
detected from the intermediate zone toward the innermost part of the 
system, where the largest input of freshwater occurs (Fig. 1). The first 
movement pattern was restricted to mesohaline waters (innermost zone 
- M; Relative frequency-overall: 27.5 %; SQ: 90.9 %; AR: 9.1 %) 
(Fig. 5A–C; Fig. 6A; Table 4). The second movement pattern indicated 
movements between mesohaline waters, alternating with polyhaline 
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waters (from the innermost zones to the intermediate and outer zones - 
MP; Relative frequency-overall: 72.5 %; SQ: 34.5 %; AR: 65.5 %) 
(Fig. 5D–F; Fig. 6B–F; Table 4). Because Sr/Ca and Ba/Ca ratios were 
positively correlated in some AR profiles, Mn/Ca was used as the pri
mary indicator of terrigenous input from continental waters, as it 
exhibited an inverse correlation with Sr/Ca in this environment 
(Fig. 6B–D).

4. Discussion

Results of this study reveal variations in elemental profiles of 
P. courbina otoliths between SQ and AR lagoon systems, consistent with 
heterogeneity in habitat use and movement patterns. Our findings sug
gest that individuals utilize both lagoon systems primarily as nursery 
habitats until reaching the age of first sexual maturity (approximately 
two years). These patterns demonstrate that both environments offer 
suitable conditions for early development, supporting the idea of high 

Fig. 2. Means and standard errors of elemental concentrations (Sr/Ca, Ba/Ca, and Mn/Ca) of Pogonias courbina otoliths classified by lagoon systems and age group. 
Age 1: from the core to the first annulus; Age 2: from the first annulus, through the second annulus, to the otolith edge. N = 40 individuals.
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plasticity in estuarine habitat use by P. courbina. Such plasticity may 
reflect an adaptive strategy to optimize juvenile survival and growth 
across distinct, yet functionally similar, coastal systems. To better un
derstand the nature of these habitat transitions, we further explored the 
chemical signatures embedded in the otolith profiles.

The results of the GAMs and Spearman correlation analyses reinforce 
and refine the interpretation of habitat-use patterns inferred from in
dividual otolith chemical profiles. GAMs revealed consistent ontoge
netic trends in Sr/Ca, Ba/Ca, and Mn/Ca ratios along the core-to-edge 
transect, with marked differences among lagoon systems, age-groups, 
and capture periods (Figs. 3 and 4).In Araruama Lagoon, the progres
sive increase in Sr/Ca along the otolith transect (Fig. 3A) indicates 
increasing exposure to higher-salinity water masses, consistent with the 
mesohaline–polyhaline movement pattern identified by changepoint 
analyses (Fig. 5D–F; Fig. 6B–F). In contrast, individuals from Saquarema 
Lagoon exhibited a declining Sr/Ca trend coupled with Ba/Ca peaks at 
intermediate otolith regions (Fig. 3A and B), suggesting prolonged res
idency in inner estuarine environments. This pattern is consistent with 
the predominantly mesohaline habitat use observed for most individuals 
in this system (Fig. 5A–C; Fig. 6A). Spearman correlation analyses 
corroborate these patterns, with positive and negative associations 
among Sr/Ca, Ba/Ca, and Mn/Ca varying among lagoon systems and 
ontogenetic stages, reflecting differences in water-mass dynamics and 
local geochemical processes, as previously described for contrasting 
estuarine and lagoonal environments (Avigliano et al., 2017; Soeth 
et al., 2020; Franco et al., 2019).Moreover, elevated Mn/Ca values near 
the otolith core, well captured by the GAMs (Fig. 3C), support their 
association with early-life rapid growth and endogenous physiological 

influences. In contrast, the weakening of Mn/Ca correlations with Sr/Ca 
at later ontogenetic stages suggests a shift toward stronger environ
mental control on Sr and Ba incorporation into otoliths (Thomas and 
Bendell-Young, 1999; Aschenbrenner et al., 2016; Soeth et al., 2020). 
Taken together, these complementary statistical approaches demon
strate that the smoothed population-level trends identified by GAMs are 
fully consistent with the individual life-history trajectories revealed by 
changepoint analyses. This convergence strengthens the interpretation 
of otolith chemical signatures as reliable archives of habitat-use history 
in Pogonias courbina.

To further interpret this plasticity, we estimated the threshold value 
between mesohaline and polyhaline waters based on otolith terminal Sr/ 
Ca recorded closest to the time of fish capture for regions of know 
salinity. This approach has been widely adopted in similar studies to 
define transitions between water masses in estuarine and lagoonal en
vironments (Fowler et al., 2016; Avigliano et al., 2017; Soeth et al., 
2020). Reported Sr/Ca thresholds distinguishing estuarine from marine 
habitats vary by species—for instance, 6.40 mmol/mol for Mugil ceph
alus (Fowler et al., 2016), 5.98 mmol/mol for Genidens barbus (Avigliano 
et al., 2017), and 3.98 mmol/mol for Micropogonias furnieri (Franco 
et al., 2019). The regional catchment geological composition can also 
affect the elemental concentrations of endmembers, influencing the 
salinity-based mixing curve and the variation of salinity thresholds 
estimated in different geographic locations (Ingram and Weber, 1999; 
Crook et al., 2016; Höpker et al., 2022). Experimental evidence also 
supports a positive correlation between Sr/Ca ratios and salinity; for 
example, Pogonias cromis Sr/Ca values of 2.34–3.06 mmol/mol corre
sponded to salinities of 5–35, respectively (Rooker et al., 2004). Thus, 

Fig. 3. Fitted Generalized Additive Models (GAMs) and 95 % confidence interval for Sr/Ca (A), Ba/Ca (B) and Mn/Ca (C) elemental ratios in Pogonias courbina 
otoliths, classified by lagoon system (SQ: blue; AR: red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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although we did not obtain in situ salinity measurements, our Sr/Ca 
threshold of 2.64 mmol/mol for distinguishing mesohaline from poly
haline waters is consistent with previous experimental and interspecific 
comparison results. Our results underscore how movements between 
chemically distinct habitats are reliably recorded in otolith core-to-edge 
transects, allowing for assessments of habitat plasticity and shifts 
through ontogeny (Artetxe-Arrate et al., 2019; Franco et al., 2019; 
Almeida et al., 2024b).

SQ has a typical estuarine environment with a positive water bal
ance, influenced by tidal variations and a small channel. In contrast, AR 
is hypersaline due to its negative water balance, resulting from high 
evaporation and low fluvial and pluvial discharges (Kjerfve et al., 1996; 
Miranda et al., 2012; Dias et al., 2021). The distinct environmental 
conditions of these lagoon systems—SQ's estuarine and AR's hypersaline 
characteristics (Table 1), have been shown to significantly influence 
elemental incorporation into fish otoliths (Franco et al., 2019; Almeida 
et al., 2024a, 2024b).

Otolith Sr/Ca is widely recognized as a salinity proxy (Campana, 
1999). Our Sr/Ca profiles measured in age 2+ year old P. courbina in
dividuals caught in SQ and AR demonstrate fluctuations between water 
masses of differing salinity in both lagoon systems. Our profiles are 
similar to those of P. cromis indicating the use of estuarine areas during 
early life stages (Rooker et al., 2004), and support that profile analysis 
can trace large-scale habitat transitions, such as between marine and 
estuarine habitats. Estuary-dependent behavior, based on otolith Sr/Ca 
profiles of comparable amplitude, has also been observed in another 
sciaenid, Micropogonias furnieri, which uses both SQ and AR lagoon 
systems (Franco et al., 2019). Our results are also consistent with earlier 

P. courbina studies indicating that adult individuals close to the age of 
sexual maturity (A50 = 2 years; TL = 30.8 ± 0.5 cm) can make longer 
migrations to marine coastal areas (Urteaga and Perrotta, 2001; Macchi 
et al., 2002; Haimovici and Cardoso, 2017).

In coastal systems, high Sr/Ca ratios in otoliths typically indicate 
marine habitats, whereas higher Ba/Ca ratios suggest freshwater or 
brackish environments (Avigliano et al., 2015a). Integration of these 
element/Ca ratios may distinguish water mass habitats within and be
tween lagoon systems (Elsdon et al., 2008). Fluctuations in Ba/Ca and 
Sr/Ca suggest transitions between freshwater, brackish, and saline en
vironments, with Ba/Ca often linked to estuarine waters rich in Ba 
(Campana et al., 2007; Crook et al., 2016). Microchemical analysis of 
P. courbina otoliths in the present study are consistent with an 
estuarine-dependent behavior during early life stages.

Otolith Ba/Ca has been shown to be closely associated with estuarine 
environments, as Ba tends to be more abundant in low-salinity areas 
influenced by freshwater and fluvial inputs (Bouchard et al., 2015). 
Highest otolith Ba concentrations in this study were found in individuals 
caught in Saquarema lagoon, a typical estuarine system characterized by 
patterns of restricted movement of mesohaline waters. Significant Ba 
peaks occurring at the end of age 1 and after age 2+ individuals support 
the estuarine dependence of P. courbina, as similar movement patterns 
across salinity habitats have been documented for other species in 
estuarine zones (e.g, European eels, Tabouret et al. (2010); Kuhlia spe
cies, Feutry et al., 2012; silversides, Avigliano et al. (2017). Franco et al. 
(2019) also described the migratory behavior of Micropogonias furnieri in 
bays and the Araruama lagoon at different ages. Collectively, these 
studies highlight the significance of the Ba/Ca ratio as an indicator of 

Fig. 4. Fitted Generalized Additive Models (GAMs) and 95 % confidence interval for Sr/Ca (A, B), Ba/Ca (C, D) and Mn/Ca (E, F) elemental ratios of Pogonias 
courbina otoliths, classified by lagoon system and capture date (Nov. 2019: blue; Dec. 2019: orange; Jan. 2020: grey; Feb. 2020: red; Mar. 2020: green; Apr. 2020: 
black). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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habitat utilization and movement in estuarine-dependent species.
Otolith Mn has been shown to be closely related to fish growth and 

ontogeny, whereas Sr and Ba are more directly linked to concentrations 
of these elements in the surrounding water (Limburg et al., 2018; Franco 
et al., 2019; Soeth et al., 2020). Mn/Ca mainly displayed an inverse 
correlation with Sr/Ca ratios, especially in the AR, where variations in 
water masses were more pronounced. High dissolved Mn concentrations 
may enter estuarine environments in association with terrigenous input, 
but soon form insoluble oxide and hydroxide species that are scavenged 
(removed from the water column) by particle sedimentation, thereby 

decreasing Mn availability for uptake in otoliths in oxic water mass 
habitats (Thomas and Bendell-Young, 1999; Laugier et al., 2015; 
Aschenbrenner et al., 2016). While hypoxic conditions cause high Mn 
bioavailability, Saquarema lagoon presents larger areas of anoxic envi
ronments compared to Araruama, such as mangroves and swamps, 
resulting in variations in the Mn/Ca otolith elemental ratios (Limburg 
et al., 2015; Reis-Santos et al., 2022; Almeida et al., 2024b). High Mn/Ca 
relative to Sr/Ca observed in study individuals caught in Saquarema and 
Araruama lagoons indicate that P. courbina utilizes these environments 
as nurseries during its early years.

Fig. 5. Individual otolith microchemical profiles (Ba/Ca: red; Mn/Ca: blue; Sr/Ca: black) and changepoints of Pogonias courbina individuals captured in Saquarema 
(SQ), classified into two movement patterns: (1) mesohaline in A–C; and (2) mesohaline–polyhaline in D–F. The dashed horizontal line indicates the Sr/Ca-based 
salinity threshold (2.64 mmol/mol) separating lower mesohaline from higher polyhaline water masses. Vertical lines indicate specimen age. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

P.R.C. de Almeida et al.                                                                                                                                                                                                                       Estuarine, Coastal and Shelf Science 330 (2026) 109695 

8 



Mn in fish otoliths has also been linked to rapid growth and endog
enous metabolic factors (yolk feeding—maternal effect), particularly 
during early developmental stages, from larval settlement to juvenile 
phases (Liberoff et al., 2014; Artetxe-Arrate et al., 2021). Mn acts as a 
co-factor of a biomineralization protein, extracellular serine threonine 
protein kinase FAM20C, found in otoliths (Tagliabracci et al., 2012; 
Thomas et al., 2019; Hüssy et al., 2021). Mn in primordial regions of 
larval Pacific cod otoliths is 20–100 times higher than concentrations 
found in older growth (DiMaria et al., 2010). Mn/Ca peaks are docu
mented in the otolith primordium of various species, including Clupea 

Fig. 6. Individual otolith microchemical profiles (Ba/Ca: red; Mn/Ca: blue; Sr/Ca: black) and changepoints of Pogonias courbina individuals captured in Araruama 
(AR), classified into two movement patterns: (1) mesohaline in A; and (2) mesohaline–polyhaline in B–F. The dashed horizontal line indicates the Sr/Ca-based 
salinity threshold (2.64 mmol/mol) separating lower mesohaline from higher polyhaline water masses. Vertical lines indicate specimen age. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 4 
Relative and absolute frequency of the movement patterns of Pogonias courbina 
in the two lagoon systems of eastern Rio de Janeiro, Brazil.

Lagoon System Mesohaline (M) Mesohaline-Polyhaline (MP)

Saquarema (SQ) 50 % (10) 50 % (10)
Araruama (AR) 5 % (1) 95 % (19)
Total N 11 29
Total % 27.5 % 72.5 %
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harengus (Brophy et al., 2004), Oxylebius pictus, Dascyllus marginatus, 
Stegastes beebei, Thalassoma bifasciatum, Galaxias maculatus, and Sebastes 
atrovirens (Ruttenberg et al., 2005), as well as Sicydium punctatum and 
Sillaginodes punctatus (Rogers et al., 2019). Elevated Mn/Ca may indicate 
periods of intense somatic growth and high protein synthesis, reflecting 
significant metabolic changes during the transition from larval to ju
venile stages (Avigliano et al., 2021). Our P. courbina microchemical 
results demonstrate elevated Mn/Ca ratios with a decreasing trend until 
age 2+, along with pronounced peaks near the otolith nucleus. These 
patterns may indicate that Mn uptake follows an endogenous pathway 
associated with an ontogenetic shift in axial growth, namely rapid 
protein accumulation before a more crystalline mode of otolith forma
tion begins.

Our documented Mn/Ca, Ba/Ca, and Sr/Ca profiles for P. courbina 
show clear variations between birth and age 2+, suggesting that the 
incorporation of these elements may be influenced by both endogenous 
and exogenous factors, such as the physicochemical characteristics of 
the water masses in each lagoon system (Sturrock et al., 2015; Avigliano 
et al., 2021; Hüssy et al., 2021). Statistical comparison of these profiles 
identified two movement patterns, between mesohaline and polyhaline 
waters, reflecting the species' ability to transition between areas with 
different salinity gradients, during development. The mesohaline 
pattern was associated with the early stages of development, while later 
alternating pattern between mesohaline and polyhaline waters are 
consistent with wider movements toward areas with greater marine 
influence, possibly suggesting an exit from the lagoon system, especially 
in Saquarema, where this salinity gradient is well-defined.

In summary, our study demonstrates that P. courbina exhibits sig
nificant plasticity in habitat use, with distinct movement profiles, which 
reduces the risk of negative impacts on its populations (Almeida et al., 
2023), as such behavioral diversity increases the resilience of the species 
to environmental fluctuations and anthropogenic disturbances. 
Furthermore, this adaptive flexibility and environmental plasticity 
already reported for other fish species (Wright et al., 2018; Daros et al., 
2016; Ferreira et al., 2023), is essential in maintaining population sta
bility, as it enables individuals to move through dynamic environments, 
ensuring survival under varied ecological conditions.
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Pogonias courbina (Lacepède, 1803) (Teleostei: sciaenidae), with a redescription and 
neotype designation. PLoS One 14 (6), e0216280. https://doi.org/10.1371/journal. 
pone.0216280.

Barbieri, E., Coe-Neto, R., 1999. Spatial and temporal variation of rainfall of the East 
Fluminense coast and Atlantic Serra do Mar, State of Rio de Janeiro, Brazil. In: 
Bidone, Abrão, J.J. (Eds.), Environmental Geochemistry of Coastal Lagoon Systems 
of Rio De Janeiro, Brazil. Niterói. FINEP, pp. 47–56.
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