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ARTICLE INFO ABSTRACT

Keywords: The common snook, Centropomus undecimalis, is a catadromous species that is economically important for the
Centropomidae southwest Atlantic artisanal and recreational fisheries. Their complex movement patterns and habitat use
Sagittae

preferences are not fully understood in the Brazilian Atlantic waters, raising some issues regarding the rational
and sustainable management of the fisheries. The present study aimed to identify the habitat use by
C. undecimalis individuals captured in four coastal lagoon systems in the Eastern Rio de Janeiro state, Brazil. Sixty
individuals were collected in the lagoon systems of Itaipu, Marica, Saquarema and Araruama, between November
2019 and March 2020. A selection of 15 individuals per site from the same age group (3 years old), following age
estimation by counting the annual growth increments, were used. Elemental signatures of the otolith’s cores and
edges were obtained using laser ablation inductively coupled-plasma mass spectrometry (LA-ICP-MS). Data were
analyzed using univariate and multivariate statistics to assess the degree of separation among individuals
regarding the natal origin (otolith cores) and moment of capture (otolith edges) from the sampling sites.
Elemental signatures exhibited distinct spatial patterns, driven by Ba/Ca, Li/Ca and Sr/Ca in the otolith cores and
Ba/Ca, Li/Ca, Mn/Ca and Sr/Ca in the edges. A low reclassification was recorded for the otolith’s core (overall:
45%; by lagoon: 53% Saquarema, 53% Maricd, 47% Itaipu and 27% Araruama). However, a highest overall
reclassification was observed for the otolith’s edge (overall: 65%; by lagoon: 73% Itaipu, 73% Saquarema, 60%
Maricd, and 53% Araruama). Differences between otolith core and edge signatures within locations were
detected for Ba/Ca, Cu/Ca, Li/Ca, Mn/Ca and Sr/Ca ratios. The results obtained indicate an ontogenetic habitat
shift, with a similar natal origin of the individuals probably due to marine water influence, and discrimination of
heterogeneous juvenile fish groups driven by distinct phenotypic characteristics of the lagoons.

Natural tags
Chemical analyses

1. Introduction estimate the nursery value of each feeding-growing area (Camara et al.,
2021; Dantas and Barletta, 2016; Nagelkerken et al., 2005). The con-

The connectivity between the inshore waters and the nearby costal nectivity among adjacent nursery grounds through the larval and juve-
lagoons are important issues in defining the habitat use by fishes and to nile stages, as well as the ability of adults to disperse, are key-issues for
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marine fish populations (Sale et al., 2005; Kritzer and Sale, 2006;
Camara et al., 2020). The connectivity between the nursery areas and
the coastal fishing grounds shows the importance of these complex
habitats for the replenishment of adult fish stocks (Vignon, 2012; Avi-
gliano and Volpedo, 2016; Camara et al., 2021). The relevance of the
estuaries as nursery grounds in supporting marine adult populations of
fishes has long been of interest to the scientific community, which
showed that the use of segregated habitats during early life stages is a
key ecological feature for some species (Beck et al., 2001; Able, 2005;
Vasconcelos et al., 2011). All areas used by fishes during their life stages,
from post-settlement to the subadult’s phase, may be considered ‘nurs-
ery’ habitats (Brame et al., 2014). An estuarine nursery ground can be
defined by a sheltered site with variable salinity, whose attributes
coincide with behavioural mechanisms attracting young fish (Ley and
Rolls, 2018). Ontogenetic links between spawning grounds, larval
transport, juvenile and subadult habitats (nursery grounds) are highly
relevant to a better understanding of the spatiotemporal characteristics
of the coastal fish populations (Adams et al., 2009).

The common snook, Centropomus undecimalis (Bloch, 1792), is a
demersal fish widely distributed in the coastal areas of the western
Atlantic Ocean, being found from North Carolina (USA) to Southern
Brazil (Muller and Taylor, 2000; Ley et al., 2010; Menezes et al., 2012).
It is a catadromous species, moving between marine, estuarine and fresh
water environments during different stages of its life cycle (Adams et al.,
2009; Ley et al., 2010; Young et al. 2014), and may present distinct
migratory patterns (contingents) among their regional populations (Ray,
2005; Pereira et al., 2015; Silva et. al., 2019). Centropomus undecimalis is
a protandrous hermaphrodite species, reaching sexual maturity first as a
male (with 46.8 cm of total length), and posteriorly changing to female
genera (at 75.9 cm of total length) (Taylor et al., 2000; Medeiros et al.,
2021;Peters et al., 1998). In Brazil, C. undecimalis is an important hal-
ieutic resource, being captured mainly by artisanal (Begossi et al., 2012;
Lima et al., 2018; Pereira et al., 2020) and recreational fisheries
(Menezes et al., 2012; Barcelini et al., 2013; Freire et al., 2016). In Rio de
Janeiro state, Brazil, according to the government agency, the artisanal
fisheries recorded a decreasing trend of the landings in the last years: 51
tons in 2018, 43 tons in 2019, 49 tons in 2020 and 33 tons in 2021
(FIPERJ, 2022). In the lagoon systems of Eastern Rio de Janeiro were
reported landings of approximately 12.8 tons between November 2019
and December 2020 (Tubino et al., 2021). However, intrinsic species
attributes such as diadromous migratory behaviour, sequential her-
maphroditism and high degree of association with complex habitats
(wood debris, branches, beach rocks, mangrove prop roots and pneu-
matophores), let the stocks vulnerable to overfishing and habitat loss
(Perera-Garcia et al., 2011; Dantas and Barletta, 2016; Lima et al.,
2018).

The main nursery habitats for C. undecimalis are characterized by
calm waters within protected shorelines, mud-sand substrata and mar-
ginal vegetation cover, and include coastal lagoons, mangroves, estu-
aries and beach rocks (Stevens et al., 2007; Dantas and Barletta, 2016).
During the life cycle of C. undecimalis, adult individuals are found in
rivers and coastal waters, when they migrate to spawn in high salinity
coastal areas (tidal channels, bay channels, channels around nearshore
islands and along beaches), with the eggs and larvae carried out to
estuarine areas (Ley et al., 2010). The migratory pattern behaviour of
C. undecimalis begins as a pelagic larvae that moves with the currents to
estuarine nurseries, a pelagic juvenile that lives and feeds in tidal trib-
utary systems, a small demersal juvenile that usually occupies upstream
parts of tidal tributaries, and larger demersal juveniles that can occupy
tidal tributaries, ponds, bays and coastal areas (Ley et al., 2010;
Medeiros et al., 2021). The C. undecimalis juveniles have great envi-
ronmental plasticity, being resilient to pH, conductivity and salinity
variations that occur in coastal lagoons (Pereira et al., 2015). The ju-
venile and young adult stages of C. undecimalis may show regionally
specialized behaviour among populations, leading to potential variation
in habitat use (Stevens et al., 2007; Silva et al., 2019; Pereira et al.,
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2020). The preference of the juveniles for more sheltered nursery hab-
itats, such as mangrove roots and wooden debris, highlights the habitat
complexity required by C. undecimalis, and the need for effective man-
agement plans for the conservation of estuaries and coastal ecosystems,
which represent complex mosaics of habitats that provide refuge, food
availability and allow connectivity for fishes and other aquatic organ-
isms (Dantas and Barletta, 2016; Nagelkerken et al., 2005).

Fish otoliths could be used as natural tags to discriminate groups of
individuals with intrinsic local characteristics associated to their in-
teractions with the environment according to their life history, move-
ment and ontogeny attributes (Avigliano et al., 2020; Correia et al.,
2021; Shroeder et al., 2022). Otoliths are polycrystalline calcium car-
bonate structures located in the inner ear of fish that grow continuously
and aggregate chemical elements present in the water, serving as tracers
of the fish’s use of the habitat (Izzo et al., 2018; Avigliano et al., 2019;
Reis-Santos et al., 2022). Otoliths allow to infer about the particular
characteristics of the habitats of individuals from the beginning to the
end of their life cycle, making it possible to assess the movement of
individuals among different habitats and identify their places of origin
(Dahlgren et al., 2006; Reis-Santos et al., 2013; Daros et al., 2016). The
multi-elemental signatures of otoliths at the beginning of the fish’s life
cycle (core), at the moment of capture (edge) or throughout its
life-history (core-to-edge transect), allow us to identify nursery areas,
distinct populations and movement patterns (Franco et al., 2019; Soeth
et al., 2020; Moreira et al., 2022).

The present study aimed to identify the patterns of habitat use by
C. undecimalis captured in four lagoon systems in the eastern Rio de
Janeiro state, inferred by the elemental signatures of the core (natal
origin) and edge (moment of capture) of otoliths of a particular fish year-
class recruitment. The up-dated gathered information about the move-
ment, connectivity and use of habitats by C. undecimalis will allow us to
define appropriate management and conservation actions for fish and
habitat protection, which due to their characteristic lifestyle habits
(hermaphrodites and diadromous), make them vulnerable populations
to overfishing and anthropic impacts.

2. Material and methods
2.1. Study area characterization

Centropomus undecimalis juveniles were collected in four lagoon
systems distributed along the eastern coastal plain of the state of Rio de
Janeiro, Brazil, located at the upper limit of the marine ecoregion of
southeast Brazil, in the southwest Atlantic Ocean: 1) Itaipu, 2) Marica, 3)
Saquarema and 4) Araruama (Fig. 1; Table 1). The climate gradient in
the study area varies from humid to semi-arid, being governed by the
presence of the continental equatorial air mass in summer, and the
tropical Atlantic air mass during the rest of the year, including the
passage of cold fronts mainly during spring (Barbiéri and Coe Neto,
1999; Alvares et al., 2013). The geomorphological configuration, the
nature and extent of tidal channels, the continental drainage runoff, and
the high urbanization are some factors that determine the hydrody-
namics of these systems (Dias et al., 2021). Variations in water level and
salinity occur as a result of small-scale (e.g. meso-tides) and large-scale
weather events (e.g. cold fronts), river runoff, changes in the hydro-
logical gradient, as well as the strength and direction of winds (Mansur
et al, 2012). These characteristics lead to salinity gradients that
distinguish zones with different levels of fresh and salt water influence in
these lagoon systems (Mansur et al., 2012).

Located in the Niterdi city (516,981 inhabitants), the coastal lagoon
of Itaipu is an estuarine ecosystem connected by artificial channels to
the Piratininga lagoon (Camboatd channel) and to the sea (Itaipu
channel) (Fig. 1). The surrounding area is intensely urbanised, but its
shores are covered by some remnants of mangrove forests, aquatic
(rooted) vegetation, trees, shrubs, grasses, bluff, and small sandy bea-
ches (Barroso et al., 2000; Silva and Molisani, 2019) (Table 1).
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Fig. 1. Location of Brazil in the South America (inlet map), Rio de Janeiro state and the four sampling locations (Itaipu Lagoon System, Marica Lagoon System,
Saquarema Lagoon System and Araruama Lagoon System) of Centropomus undecimalis caught on the Southwest Atlantic from November 2019 to March 2020.

Table 1
Geographic coordinates descriptive parameters, trophic state and main anthropogenic contributions of the four lagoon systems of eastern, Rio de Janeiro, Brazil.
Lagoon Coordinates Lagoon Dranaige Depth Water Water Salinity Average Trophic Predominant
system area basin area range residence temperature range* rainfall state*** anthropogenic
(km?)* (km?)* (m)* time (days)  range (°C)** (mm. contribution****
* year’l)**
Itaipu 22°96°S 2 23 0.7-4.0 3 22-33 12-31 1.4 hypereutrophic ~ Domestic sewage
43°04'W
Marica 22°95°S 34 330 0.5-2.0 28 21-33 3-25 1.3 hypereutrophic ~ Domestic sewage/
42°69°'W agricultural waste
Saquarema 22°93’S 21 215 0.6-2.4 27 18-33 9-34 1.3 supereutrophic Domestic sewage/
42°49°'W agricultural waste
Araruama 22°88’S 225 285 0.5-18 84 21-29 12-60 0.9 supereutrophic Domestic sewage/
42°01'W agricultural waste/

mineral extraction: salt
and shell limestone

Source: The authors based this information on data from Dias et al# (2021)*, Knoppers et al# 2009**, Silva and Molisani (2019)***, Dias et al., 2017 *** and Barroso

et al# (2000)****,

Located in Marica city (167,668 inhabitants), the Marica lagoon
system is an estuarine ecosystem composed of four elliptical cells. Three
coastal lagoons (Marica, Barra, and Padre; in a west-east direction),
connected to each other, and connected intermittently through a chan-
nel to Guarapina lagoon (the last one). Guarapina lagoon is the only one
that has an extensive channel of communication with the sea. Occa-
sionally, the Barra lagoon can breach due to the narrowing between the
sandbar and the lagoon’s interior, caused by extreme events such as
meteorological tides. This situation allows for a quick exchange of water
between the innermost lagoons of this system (Fig. 1). Its surroundings

have a large urban occupation and some rural areas (Barroso et al.,
2000; Silva and Molisani, 2019). Along its banks, there is a predomi-
nance of remnants of mangrove forests, rooted aquatic vegetation, and
many non-vegetated areas (Costa et al. 2021).

Located in the Saquarema city (91,938 inhabitants), the Saquarema
lagoon system is an estuarine ecosystem composed of four elliptical cells
and/or coastal lagoons connected to each other and to the sea by an
artificial channel (Fig. 1). Its surroundings have large rural occupation
and some urban centers (Barroso et al., 2000; Silva and Molisani, 2019)
(Table 1). Its margins are dominated by remnants of mangrove forests,
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aquatic vegetation (rooted), shrubs, branches, and
non-vegetated areas (Costa et al. 2021).

Inserted in the cities of Araruama (136,109 inhabitants), Iguaba
Grande (29,344 inhabitants), Sao Pedro da Aldeia (107,556 in-
habitants), Cabo Frio (234,077 inhabitants), and Arraial do Cabo
(30,827 inhabitants), the lagoon system Araruama is an estuarine
ecosystem composed of three compartments formed by seven elliptical
cells interconnected with each other and to the sea through an artificial
channel (Fig. 1). The surrounding areas are divided into urban and rural
zones, with increasing urbanization driven by the continuous develop-
ment of tourism in the region (Barroso et al., 2000) (Table 1). Along its
shores, there are extensive sandy ridges, diverse vegetation such as
mangroves, trees, bushes, grasses, as well as some stones and rocks
(Costa et al. 2021).

grasses,

2.2. Fish sampling and age estimates

Individuals were acquired monthly directly to artisanal fishermen in
the four lagoon systems (Itaipu, Maricd, Saquarema and Araruama)
between November 2019 and March 2020. Fishermen only operated in
the respective lagoon systems, using fixed gill nets with mesh sizes
varying between 30 and 70 mm. After the collection, specimens were
stored in ice and transported to the laboratory. All individuals were
measured in total length (TL, 0.1 cm) and weighed (TW, 0.1 g). A total
of 60 pre-selected juvenile individuals ranging from 24.3 cm to 47.1 cm
of TL were used in this study (Table 2). Thereafter, the sagittal otoliths
were extracted with plastic tweezers, washed with distilled water to
remove organic tissues and stored dry in plastic tubes. The pairs of
sagittal otoliths (left and right sagittae) were distinguished according to
the position of the rostrum and sulcus acusticus (Secor et al., 1992). Only
well preserved and entire otoliths were used for microchemical analyses.

For age readings, otoliths were positioned with the sulcus acusticus
down, under transmitted light using a Leica S9i stereoscopic microscope
with 6X magnification (Vaz-dos-Santos, 2015). The counts of the annual
growth increments were performed by two independent and experi-
enced readers, and only otoliths with 100% agreement were used
(Moura et al., 2020). Considering all four lagoon systems, 3-year-old fish
were the most representative in the sampling realized at the capture sites
and with the fishnet mesh sizes used, therefore this was the age group
selected to perform the analyses. [t means that for this study, individuals
selected from each site for further analyses were almost juveniles of age
group 3" [TL < 46.8 cm, total length at first maturity (Medeiros et al.,

Table 2

Geographic location, sample size (N), and total length (TL) [mean + standard
errors (SE), and range] of Centropomus undecimalis individuals collected in the
four lagoon systems of Eastern Rio de Janeiro, Brazil. Values are presented as
means, standard errors (SE) and ranges.

Lagoon Location n Date of Mean + Range
system collection SE
Itaipu 22°96°S;43°04'W 1 Nov. 2019 371+ 25.1-47.1
1.6
5 Dec. 2019
9 Mar. 2020
Marica 22°95’S;42°69°'W 6 Nov. 2019 37.7 £ 27.8-46.9
1.5
3 Dec. 2019
1 Jan. 2020
3 Fev. 2020
2 Mar. 2020
Saquarema 22°93°S;42°49°'W 3 Nov. 2019 381+ 32.1-43.9
0.8
1 Dec. 2019
5 Jan. 2020
6 Mar. 2020
Araruama 22°86°S;42°01'W 3 Nov. 2019 31+1.1 24.3-40.2
5 Fev. 2020
7 Mar. 2020

Regional Studies in Marine Science 73 (2024) 103470

2021)].
2.3. Otolith microchemistry

Right sagittal otoliths were cleaned (removal of organic tissues),
rinsed with ultrapure water, air-dried and mounted in epoxy resin
(Buehler, Epothin). Thereafter, they were sectioned preserving the core
region using a low-speed diamond saw (Buehler, IsoMet) at 600 rpm,
lubricated with ultrapure water (18.2 MQ cm at 25 oC). The thin slices
were grounded with 1200, 2400 and 4000-grade silicon carbide papers
(Buehler @ 200 mm SiC Paper) until the core became visible. Regular
optical inspections were done under a metallographic microscope
(ML7100, Meiji). Finally, samples were polished using 6, 3, 1 and 0.25
pm diamond pastes (Buehler, Metadi II). The polished sections
(~0.6 mm) were fixed on microscope slides with a drop of epoxy resin,
and once dried, sonicated for 3 min in ultrapure water (18.2 MQ cm at
25 oC), and dried in a laminar flow cabinet (Correia et al., 2012).

Trace element analyses were carried out with a NWRFemto femto-
second laser model (Elemental Scientific Lasers) coupled to an ICP-QMS
Agilent Technologies Model 7700x (Santa Clara, USA). A laser spot
diameter of approximately 55 pm was used, with a repetition rate of
50 Hz and a fluence of ~2.5J cm? This laser spot size allows an
adequate balance between the ablated material - resulting signal and the
spatial resolution (Soeth et al., 2020; Schroeder et al. 2023; Ferreira
et al., 2023). Helium was used as the carrier gas (flow: 600 ml/ min) in
the laser ablation cell and argon was added before entering the ICP,
which was operated at a power of 1600 W. NIST 610 and 612 (trace
elements in glass, National Institute of Standards and Technology, USA)
and MACS-3 (trace elements in synthetic calcium carbonate, Geology,
Geophysics, and Geochemistry Science Center, USA) reference mate-
rials, analysed in triplicate at the beginning and at the end of the each
session, were used as primary and secondary standards, respectively
(Pearce et al., 1997). The 238U/?32Th (average 0.96%) and
2321h160 /232 (average 0.26%) ratios in NIST 612 were used for
monitoring the plasma robustness.

A single ablation at the otolith core and edge, with three analytical
replicates, was made on sagittal otoliths. The overall laser beam diam-
eter resulting from the replicates sum should represent about 1 month of
life for this species (Tucker et al., 1986). Otolith surface was pre-ablated
before data acquisition to remove any residual surface contamination.
Ion signals from the following isotopes were measured: 1*®Ba, **Ca (as
internal standard: 38.8 wt% in the otoliths, Yoshinaga et al., 2000),
111Cd, 59Co, 6'5Cu, 7Li, 24Mg, 55Mn, 60Ni, 208Pb, 885r and %°7n. However,
ion signals from ''Cd and 2°®Pb were consistently below the detection
limits, and consequently were removed for further statistical analyses.
Background ion signals at the different mass to charge ratios were
measured at the beginning of each analysis. Standard deviation of
background signals was employed in the calculation of detection limits.
Detection limits are also dependent on the amount of material ablated
and were adjusted for each ablation based on ablation yield estimates
(Lahaye et al., 1997). Precision and accuracy were estimated daily for
NIST 610, NIST 612 and MACS-3. Precision (relative standard deviation)
for the individual elements in the three standards were < 10% (1*®Ba =
6.94%, %°Co = 3.45%, 5°Cu = 7.54%, "Li = 5.29%, 2*Mg = 3.89%, >°Mn
= 2.27%, °Ni = 3.82%, 8Sr = 6.56%, and ®5Zn = 8.34%), while ac-
curacy (recovery rates) estimates based on NIST 610 and MACS-3 range
from 101% to 120% (*3®Ba = 111%, >°Co = 113%, %°Cu = 111%, "Li =
120%, 2*Mg = 102%, >°*Mn = 103%, *°Ni = 110%, %8Sr = 101%, and
%671 = 105%). Raw data (counts/s) were converted to elemental con-
centrations rationed to calcium (element/Ca) and presented as molar
ratios (mmol element/mol Ca for Sr and pmol element/mol Ca for the
other elements). The data reduction process was performed with the
lolite package (Paton et al., 2011).
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2.4. Statistical analysis

Otolith concentrations were checked for normality, homogeneity of
variance and the presence of outliers (Grubb’s test) (Correia et al.,
2021), but no elemental ratios fulfilled the assumptions simultaneously
even after being log (x+1) transformed. Non-parametric statistics were
then used. The data from the core and edge samples were treated
separately. Spatial differences in individual fingerprints were explored
among sites by permutacional univariate analysis of variance (PER-
ANOVA). Pairwise PERANOVAs were used, if needed (p<0.05), to
detect differences between sites. Permutational multivariate analysis of
variance (PERMANOVA), based on the Mahalanobis distance (9999
permutations), was employed to test multi-elemental differences in
otolith core and edge fingerprints among sites. Pairwise PERMANOVAs
were used to verify differences in otolith core and edge fingerprints
between sites. The reclassification success of fish to their original loca-
tion taking into account the MES from core and edge were analysed by a
flexible discriminant analysis (FDA) (Gareth et al., 2014; Kassambara,
2017; Shroeder et al., 2022). FDA uses nonlinear combination of pre-
dictors, such as splines, being useful for modelling multivariate non
normality or non-linear relationships between variables within each
group, contributing for a more accurate reclassification and better fit
than the linear and quadratic discriminant function analyses (Kassam-
bara, 2017; Shroeder et al., 2022). The chemical composition of otolith
core corresponds to the early stage of life and may not be related to the
capture area, therefore a Ward’s hierarchical clustering analysis without
prior classification was employed to explore similarity among samples,

Table 3
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where the number of clusters was evaluated by visual inspection of the
dendrograms (Tanner et al., 2012; Avigliano et al., 2020; Moreira et al.,
2022). The cophenetic correlation coefficient (CCC) was employed to
evaluated the match between the dendrograms and the proximity ma-
trix, whose value is considered optimal when exceeds 0.8 (Rohlf, 1970).
Nonmetric multidimensional scaling (nMDS), based in Euclidean dis-
tances, was used to evaluate graphically the core element similarities
(Tanner et al., 2012; Avigliano et al., 2020; Moreira et al., 2022). The
goodness-of-fit was estimate using the stress value, which optimal value
is below 0.1 (Kruskal, 1964). Mann-Whitney U-tests were used to detect
differences between cores and edges fingerprints within each site (Avi-
gliano et al., 2020). Statistical analyses were performed using the vegan
(Oksanen et al., 2021), mda (Leisch et al., 2009) and exchange packages
in the R programming environment (R Development Core Team, 2022).
Results are presented as mean =+ standard errors. A significance level of
p < 0.05 was adopted.

3. Results
3.1. Otolith core elemental analysis

3.1.1. Single elemental analysis

The Ba/Ca, Li/Ca, and Sr/Ca ratios showed differences among sites
in otolith cores (PERANOVAs; p<0.05) (Table 3). The Ba/Ca ratio
(overall range: 0.067 — 8.590 pmol/mol) differed between Itaipu and
Marica, Itaipu and Araruama, and Marica and Saquarema (pairwise
PERANOVAS; p<0.05; Fig. 2). The Li/Ca ratio (overall range: 1.691 —

Comparison of Centropomus undecimalis element/Ca core and edge ratios among locations using a PERANOVA. Significant statistical differences (p<0.05) were marked

in bold. DF = degrees of freedom, SS = sums of squares.

Ba/Ca Co/Ca
Section Source DF SS pseudo-F P DF SS pseudo-F p
Core Location 3 1.06E-05 5.23 0.0030 3 1.32E-08 1.12 0.3502
Residual 56 3.77E-05 56 2.19E-07
Total 59 59
Edge Location 3 8.60E-06 9.55 0.0001 3 1.47E-08 1.22 0.3209
Residual 56 1.68E-05 56 2.25E-07
Total 59 59
Cu/Ca Li/Ca
Section Source DF SS pseudo-F P DF SS pseudo-F p
Core Location 3 4.97E-08 1.52 0.2200 3 4.45E-06 5.18 0.0028
Residual 56 6.11E-07 56 1.61E-05
Total 59 59
Edge Location 3 2.18E-08 0.76 0.5278 3 1.05E-05 11.80 0.0001
Residual 56 5.38E-07 56 1.67E-05
Total 59 59
Mg/Ca Mn/Ca
Section Source DF SS pseudo-F p DF SS pseudo-F p
Core Location 3 1.75E-03 1.75 0.1661 3 7.10E-06 1.05 0.3738
Residual 56 1.87E-02 56 1.26E-04
Total 59 59
Edge Location 3 2.12E-03 1.09 0.3574 3 4.42E-05 7.77 0.0003
Residual 56 3.63E-02 56 1.06E-04
Total 59 59
Ni/Ca Sr/Ca
Section Source DF SS pseudo-F p DF SS pseudo-F p
Core Location 3 1.99E-08 1.39 0.2448 3 9.44E-03 3.58 0.0214
Residual 56 2.67E-07 56 4.92E-02
Total 59 59
Edge Location 3 9.01E-09 0.62 0.5969 3 1.71E-02 3.47 0.0216
Residual 56 2.70E-07 56 9.16E-02
Total 59 59
Zn/Ca
Section Source DF SS pseudo-F P
Core Location 3 1.19E-08 0.74 0.5282
Residual 56 2.98E-07
Total 59
Edge Location 3 2.94E-09 0.17 0.9150
Residual 56 3.18E-07

Total 59
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8.575 pmol/mol) differed significantly between Itaipu and Marica,
Marica and Saquarema, and Saquarema and Araruama (pairwise PER-
ANOVAs; p<0.05; Fig. 2). The Sr/Ca ratio (overall range: 2.666 —
4.129 mmol/mol) differed significantly between Maricd and Saquarema
(pairwise PERANOVAs; p<0.05; Fig. 2). However, the Co/Ca (overall
range: 0.105 - 0.658 pmol/mol), Cu/Ca (overall range: 0.244 — 1.304
pmol/mol), Mg/Ca (overall range: 98.536 — 311.947 pmol/mol), Mn/Ca
(overall range: 1.392 - 13.777 pmol/mol), Ni/Ca (overall range: 0.103 —
0.750 pmol/mol) and Zn/Ca (overall range: 0.167 — 0.834 pmol/mol)
(Fig. 2) ratios did not show any significant differences among locations
(PERANOVAs; p>0.05) (Table 3).

3.1.2. Multi-elemental analysis

Significant differences among the lagoon systems for the otolith core
MES were found in the overall PERMANOVA (pseudo-F = 1.9116; df= 3;
p<0.05) (Table 4). In the pairwise comparisons, the Marica lagoon
system differed from the Saquarema (axis 1) and Itaipu from Marica
(axis 2) (pairwise PERMANOVAs; p<0.05) (Table 4). The FDA using the
otolith core MES, showed a partial overlap among Itaipu (green),
Saquarema (ourp+le) and Araruama (red) in comparison to the Marica
lagoon system (Fig. 3). The values of the reclassification matrix showed
an overall reclassification of 45% for the individuals to their original
lagoon systems (53% Saquarema, 53% Marica, 47% Itaipu and 27%
Araruama) (Table 5). The Ward’s hierarchical clustering analysis using
the otolith core MES produced three main clusters with 13, 29 and 18
samples, respectively (Fig. 4), with a moderate CCC (0.62) and an
apparent clustering between individuals from Saquarema (cluster 1) and
Marica (cluster 3). With a stress value of 0.001, the nMDS corroborated
the separation suggested in the cluster analysis, supporting the
discrimination between Marica and Saquarema along coordinate 1. The
Ward’s hierarchical clustering analysis using otolith edge MES produced
three main clusters with 21, 14 and 25 samples, respectively (Fig. 5).
These clusters exhibited a moderate CCC (0.58), and there was an
apparent clustering between individuals from Araruama (cluster 1) and
Marica (cluster 3), with the latter not being as robust. With a stress value
of 0.002, the nMDS showed a good clustering ability, supporting the
discrimination between them along coordinate 1.

3.2. Otolith edge elemental analysis

3.2.1. Single elemental analysis

The otolith edges showed differences among sites for Ba/Ca, Li/Ca,
Mn/Ca and Sr/Ca ratios (PERANOVAs; p<0.05) (Table 3). The Ba/Ca
ratio (overall range: 0.798 — 6.978 pmol/mol) was higher in Marica,
lower in Itaipu and intermediary in Saquarema and Araruama (pairwise
PERANOVAs; p<0.05; Fig. 2). The Li/Ca ratio (overall range: 0.342 —
6.934 pmol/mol) was lower in Maricd compared to the other lagoon
systems (pairwise PERANOVAs; p<0.05; Fig. 2). The Mn/Ca ratio
(overall range: 0.517 - 14.447 pmol/mol) was higher in Itaipu and
Saquarema, and lower in Maricd and Araruama (pairwise PERANOVAs;
p<0.05; Fig. 2). The Sr/Ca ratio (overall range: 2.0006 — 3.6664 mmol/
mol) was lower in Araruama compared to the other lagoon systems

Table 4
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(pairwise PERANOVAs; p<0.05; Fig. 2). However, the Co/Ca (overal
range: 0.120 — 0.699 pmol/mol), Cu/Ca (overall range: 0.167 — 1.033
pmol/mol), Mg/Ca (overall range: 75.454 — 315.242 pmol/mol), Ni/Ca
(overall range: 0.1254 — 0.7052 pmol/mol) and Zn/Ca (overall range:
0.181 - 0.822 pmol/mol) (Fig. 2) ratios did not show any significant
differences among locations (PERANOVAs; p>0.05) (Table 3).

3.2.2. Multi-elemental analysis

The otolith edge MES showed significant differences among the
lagoon systems in the overall PERMANOVA (pseudo-F = 3.9953; df= 3;
p<0.05) (Table 4). In the pairwise comparisons, were founded statisti-
cally differences between all the lagoon systems (pairwise PERMANO-
VAs; p<0.05) (Table 4). For the edges, a spatial separation among the
four systems was observed in the FDA (Fig. 3), with minimal overlapping
of points. Axis 1 separated Saquarema from Araruama, while axis 2
separated Itaipu from Marica. The values of the reclassification matrix
showed an overall reclassification of 65% for the individuals to their
original lagoon systems (73% Itaipu, 73% Saquarema, 60% Maricd, and
53% Araruama) (Table 5).

3.3. Comparison between otolith core and edge elemental analysis

The Ba/Ca, Cu/Ca, Li/Ca, Mn/Ca and Sr/Ca ratios showed differ-
ences between cores and edges (Mann-Whitney U-test; p<0.05) within
sites (Table 6). The Ba/Ca ratio was higher in the cores in Araruama
(Mann-Whitney U-test; p<0.05) (Fig. 2). The Cu/Ca ratio was higher in
the cores in Saquarema (Mann-Whitney U-test; p<0.05) (Fig. 2). The Li/
Ca ratios were higher in the cores than edges in the four lagoon systems
(Mann-Whitney U-test; p<0.05) (Fig. 2). The Mn/Ca was higher in the
core in Marica and Araruama (Mann-Whitney U-test; p<0.05) (Fig. 2).
The Sr/Ca ratios were higher in the cores than edges in the four lagoon
systems (Mann-Whitney U-test; p<0.05) (Fig. 2).

4. Discussion

The results obtained through the otolith multi-elemental signatures
of the core of C. undecimalis 3-year-old juvenile individuals suggest a
natal origin with similar characteristics, i.e., in an exclusively marine
environment or under strong marine influence, such as the connecting
channels between lagoons and the sea. This finding corroborates the
hypothesis proposed by Ley et al. (2010), who observed the formation of
reproductive aggregates of females in salinities greater than 28 to
release eggs. These eggs hatch one day after fertilization, and the larvae,
for approximately 15 days, develop in the water column, moving with
the currents of the spawning sites. Later, they look for a nursery area.
Furthermore, our results showed high plasticity in the use of habitats, i.
e., lagoon systems with different physical-chemical attributes. The
dataset regarding the capture areas (edges) evidenced a microchemical
distinction of the water bodies among the lagoons. These natural tags
suggest the utilization of habitats with distinct physicochemical char-
acteristics by a species with transient estuarine habits, proving its
ecological plasticity. This finding partially supports the hypothesis that

Overall and pairwise PERMANOVA comparisons among the four lagoon systems regarding the otolith core and edge multielemental signatures. Significant statistical

differences (p<0.05) were marked in bold.

Overall PERMANOVA Pairwise PERMANOVA

Section DF SS pseudo-F p Lagoon system Itaipu Marica Saquarema Araruama

Core 3 3.29E+01 1.9116 0.0099 Itaipu 0.0100 0.1690 0.2320
Marica 0.0100 0.0070 0.1757
Saquarema 0.1690 0.0070 0.1486
Araruama 0.2320 0.1757 0.1486

Edge 3 6.24E+01 3.9953 0.0001 Itaipu 0.0001 0.0014 0.0052
Marica 0.0001 0.0002 0.0176
Saquarema 0.0014 0.0002 0.0002
Araruama 0.0052 0.0176 0.0002
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Fig. 3. Flexible discriminant analysis showing spatial differences in the analysis of Centropomus undecimalis multielement signatures of otolith cores and edges.

Itaipu: green; Marica: blue; Saquarema: purple and Araruama: red.

Table 5
Reclassification matrix based on FDA values for Centropomus undecimalis mul-
tielemental signatures of otolith cores and edges in different lagoon systems.

Original locations Predicted locations

Itaipu Marica Saquarema Araruama % Correct

Core

Itaipu 7 1 5 2 47
Marica 3 8 0 4 53
Saquarema 3 2 8 2 53
Araruama 5 4 2 4 27
Total 45
Edge

Itaipu 11 1 3 0 73
Marica 1 9 0 5 60
Saquarema 0 3 11 1 73
Araruama 4 3 8 53
Total 65

C. undecimalis use complex habitats, such as the lagoon systems of
Eastern Rio de Janeiro, as nurseries and growing areas. They inhabit
these ecosystems until reaching sexual maturity (TL > 55 cm; Nasci-
mento et al., 2022), when they leave these ecosystems to constitute the
adult stock in rivers, mangroves, or coastal marine waters (Ley et al.,
2010; Silva et al., 2019). Otolith elemental signatures of juveniles of
C. undecimalis carried out in the Northwest Atlantic showed differences
between different nursery areas, where fish enter in the initial devel-
opment stages and remain residents until reaching the sexual maturity
(Patterson et al., 2005; Ley et al., 2010; Ley and Rolls, 2018). Studies
performed for other estuarine and marine coastal fishes in the southwest
Atlantic using analyses of elemental signatures from otolith cores and
edges have been useful to infer about the population structure and
ontogenetic changes in fish habitats (Franco et al., 2019; Soeth et al.,
2020; Maciel et al., 2021).

The variations found in the elemental concentrations of the cores and
edges of the otoliths are due to the chemical concentrations of the ele-
ments in the water of the different environments that C. undecimalis
inhabits throughout its ontogenetic development, as well as due to
physiological processes related to growing, feeding, metabolism and
energetic cost (Thomas et al., 2017; Ley and Rolls, 2018; Izzo et al.,
2018). The results of the analyses of C. undecimalis otolith’s core and
edge elemental signatures among lagoon systems indicate that differ-
ences were mainly found in the element/Ca ratios related to environ-
mental concentrations (e.g. Sr/Ca, Ba/Ca, Mn/Ca and Li/Ca) (Barnes
and Gillanders, 2013; Walsh and Gillanders, 2018; Reis-Santos et al.,

2022), as opposed to those under strong physiological regulation (e.g.
Co/Ca, Cu/Ca, Mg/Ca and Zn/Ca) (Hiissy et al., 2021), that showed no
differences hereby. Sr, Ba, Mn and Li present highly accurate responses
in estuarine and coastal environments under strong marine (Sr and Li) or
continental (Mn and Ba) influences, whose incorporation into otoliths
may occur by randomly trapping in the interstitial spaces of the arago-
nite matrix, or by interacting with the same protein complexes than Ca
(Izzo et al., 2018; Thomas et al., 2017; Walther, 2019). The Co, Cu, Mg
and Zn are more related to the regulatory processes related to the
physiology of the fish due to their roles as biomoleculars co-factors and
cellular processes, and may present variations due to metabolic pro-
cesses, growth rates and feeding regimes (Sturrock et al., 2015; Thomas
et al., 2017; Hiissy et al., 2021). The C. undecimalis is a resilient fish to
significant environmental changes in the physical-chemical parameters
during its migratory life cycle, which contributes to the lack of differ-
ences among lagoon systems in terms of physiologically regulated ele-
ments (Ley et al., 2010). Ba is strongly correlated with continental
contribution, whose high concentrations indicate a greater freshwater
contribution to the lagoon system and less exchange with the marine
environment (Webb et al., 2012; Santana et al., 2018; Moreira et al.,
2022). These results may indicate some environmental influence of the
lagoon systems in the otolith core signatures, that could represent the
nursery grounds and the migration of the juveniles to the growth area
(Correia et al., 2012; Gibb et al., 2016; Moreira et al.,2022). The Marica
lagoon system is the environment with less water exchange with the sea,
while Itaipu presents daily renewal of its waters, affecting the Ba
incorporation by C. undecimalis (Albuquerque et al., 2010; Dias et al.,
2021). However, high concentrations of Ba can also indicate contami-
nation by pollutants (Gomes et al., 2017; Daros et al., 2022), such as in
Itaipu under strong urban pressure (Fontenelle e Correa, 2014), contri-
bution by underground aquifers (Shaw et al., 1998), such as in Marica
(Cristo et al., 2015), or by coastal upwelling (Elsdon et al., 2008;
Woodson et al., 2013; Artetxe-Arrate et al., 2019). The Ba/Ca ratios
showed higher concentrations in the otolith cores than on the edges in
C. undecimalis collected in the Araruama lagoon system, an ontogenetic
variation that may indicate that 0" individuals from the coastal zone
could be exposed to high concentrations of Ba caused by the coastal
upwelling of South Atlantic Central Water (SACW) that occurs in the
eastern region of Rio de Janeiro (Castro et al., 2006; Madureira et al.,
2020; Correa et al., 2022) before entering in the lagoons system.
Elevated concentrations of Ba in otoliths of sea-caught fish have been
reported for Chaedopterus faber in the southwest Atlantic, an environ-
ment subject to SACW upwelling events (Soeth et al., 2020). Co is an
element whose concentrations in fish otoliths are related to
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Fig. 4. Ward’s hierarchical clustering dendrogram and nonmetric Multidimensional Scaling (nMDS) based on otolith core chemical composition. Itaipu: green;

Marica: blue; Saquarema: purple and Araruama: red.

physiological factors (Thomas et al., 2017). However, no differences
were found in the Co/Ca ratios among lagoon systems, as well as be-
tween otolith cores and edges, demonstrating that the concentrations of
the element in C. undecimalis show some stability between different
environments, as well as ontogenetically. The Cu is an element that can
be physiologically regulated in fish, however high environmental con-
centrations can affect Cu/Ca ratios in otoliths (Correia et al., 2012;
Sturrock et al., 2015). The Cu/Ca ratios did not show differences among
lagoon systems, however the otolith cores from individuals collected in
Saquarema showed higher concentrations than the edges. Environ-
mental temperature and fish condition of the individuals are some of the
factors that influence Cu concentrations in fish otolith, factors subject to
variation with the ontogenetic development and habitat shift of
C. undecimalis (Sturrock et al., 2015). Li is an element whose concen-
trations in otoliths are related to environmental concentrations, being
correlated to high salinity waters (Hicks et al., 2010). The Li/Ca ratios
showed lower concentrations in otolith cores and edges from
C. undecimalis collected in Maricd and Araruama lagoon systems, envi-
ronments with longer residence times of their waters and lower ex-
changes with the sea (Dias et al., 2021). The otolith cores from
C. undecimalis collected in all lagoon systems showed higher concen-
trations in Li/Ca ratios than edges, suggesting that the spawning
grounds where C. undecimalis individuals originated have higher salinity
than the nursery habitats of 3" individuals. Mg is an element whose
concentrations in otoliths are related to physiological factors (Woodcock
et al., 2012). However, differences were not founded in Mg/Ca ratios
among otolith from individuals collected in the lagoon systems, such as
between otolith cores and edges, probably because of the migratory
behaviour of C. undecimalis and their environmental resilience to
physiological effects (Nunes et al., 2018). Mn is an element whose

concentrations in otoliths are related to environmental contribution
(Elsdon et al., 2008; Laugier et al., 2015), including hypoxic conditions
(Limburg et al., 2015), parental transfer (Thomas et al., 2020) and
physiological regulation (Elsdon and Gillanders, 2003). Despite the
absence of differences in Mn/Ca ratios among otolith cores from
C. undecimalis collected in the four lagoon systems, Saquarema and
Itaipu had the highest concentrations at the edges, while Marica and
Araruama had the lowest concentrations. Itaipu and Saquarema have
large vegetated areas with swamps and mangroves in their innermost
zones, anoxic environments capable of contributing with a high amount
of organic matter and fine sediment in suspension, allowing greater
bioavailability of Mn in the water column (Lacerda et al., 1999; Lenz
et al., 2015; Reis-Santos et al., 2022). Ontogenetic variations in Mn/Ca
concentrations between otolith cores and edges were detected, with
Maricd and Araruama showing large reductions in concentrations at the
edges when compared to the cores. The Mn is an element that concen-
trations in otoliths can be affected by parental transfer, justifying the
higher concentrations in the cores than edges in Marica and Araruama
(Correia et al., 2011; Correia et al.; 2012; Thomas et al., 2020).
Furthermore, the Marica and Araruama lagoon systems do not present
relatively large mesohabitats areas with mangroves or swamps that can
contribute with high amounts of Mn, justifying the low incorporation of
this element in the otolith edges of 3™ individuals of C. undecimalis in
these sites (Lacerda et al., 1999; Lenz et al., 2015; Reis-Santos et al.,
2022). Ni is an element whose concentrations in otoliths come from
environmental contribution, which may indicate anthropic impacts such
as the release of mining residues and urban-industrial contaminants
(Friedrich and Halden, 2010). However, the Ni/Ca ratios showed no
differences among samples collected in the lagoon systems, nor between
the cores and edges of the otoliths. Sr is an element whose incorporation
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Fig. 5. Ward’s hierarchical clustering dendrogram and nonmetric Multidimensional Scaling (nMDS) based on otolith edge chemical composition. Itaipu: green;

Marica: blue; Saquarema: purple and Araruama: red.

Table 6

Pairwise comparison of Centropomus undecimalis element/Ca ratios between otolith sections (core and edge) using Mann-Whitney U-tests. Significant statistical dif-

ferences (p<0.05) were marked in bold.

Element ratio

Lagoon system

Itaipu Marica Saquarema Araruama

u p u P u p u p
Ba/Ca 147 0.1607 126 0.5894 97 0.5393 183 0.0027
Co/Ca 101 0.6529 119 0.8195 110 0.9349 107 0.8381
Cu/Ca 159 0.0555 154 0.0892 168 0.0209 148 0.1485
Li/Ca 206 0.0001 220 0.0001 202 0.0001 215 0.0001
Mg/Ca 87 0.3046 133 0.4124 97 0.5393 135 0.3669
Mn/Ca 143 0.2169 194 0.0004 85 0.2625 206 0.0001
Ni/Ca 107 0.8381 132 0.4363 102 0.6827 108 0.8702
Sr/Ca 214 0.0001 179 0.0062 196 0.0003 221 0.0001
Zn/Ca 124 0.6529 119 0.8034 107 0.8381 129 0.5125

into otoliths is subject to environmental concentrations, being highly
correlated with salinity (Elsdon and Gillanders, 2004; Webb et al., 2012;
Daros et al., 2016). Among the samples collected in the lagoon systems,
Saquarema had the lowest concentrations of Sr/Ca for the otolith cores,
while Araruama had the lowest concentrations for the edges. Low Sr/Ca
values were not expected to occur in Araruama because it is a hyper-
saline lagoon system; however it is a heterogeneous environment that
contains several areas of high continental freshwater runoff contribution
and low salinity places where 3" individuals of C. undecimalis prefer to
remain (Bertucci et al., 2016). When comparing cores and edges, Sr/Ca
concentrations were higher in cores for all lagoon systems, indicating
that 0" individuals of C. undecimalis come from areas of higher salinity
than areas where 3" individuals remain (Daros et al., 2016). Zn is an
element whose concentrations in otoliths are due to physiological fac-
tors or food intake (Halden et al., 2000; Ranaldi and Gagnon, 2008;
Thomas et al., 2017). The absence of differences among the Zn/Ca

concentrations in otoliths collected in the lagoon systems, such as be-
tween cores and edges reinforces the physiological resilience of
C. undecimalis to environmental and diet variations (Thomas et al., 2017;
Pereira et al., 2015). In these lagoon systems, their main preys are
shrimps, small fish, and small crabs (Almeida et al., 2021).

The otolith core MES reached a low overall (45%) and specific (53%
Saquarema, 53% Marica, 47% Itaipu and 27% Araruama) reclassifica-
tions. Moreover, a high overlap among the different lagoon systems in
the FDA for the otolith core MES demonstrated that individuals were
originated in sites with similar environmental characteristics. The
pairwise PERMANOVAs values for the otolith core MES showed differ-
ences between lagoon systems with more environmental dissimilarities
(Itaipu and Maricd, Marica and Saquarema), independently of the dis-
tance between the sites. Spawning aggregations of C. undecimalis occur
in different types of coastal environments, usually characterized by high
salinity, such as bay channels, river mouths, beaches, rocky reefs and

10
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coastal islands (Adams et al., 2009; Ley et al., 2010; Young et al., 2014;
Danta and Barletta, 2016). This ecological trait could influence the
chemical composition of the otoliths of 0" individuals by increasing the
concentration of elements related to high salinities (Ley et al., 2010;
Daros et al., 2016; Ley and Rolls, 2018). However, the clustering be-
tween individuals from Saquarema and Maricd, and the high stress value
of the nMDS for otolith core MES indicate that the chemical composition
was influenced in distinct manner, probably associated to entrance of
the C. undecimalis eggs, larvae, and juveniles in these lagoon systems.
However, the otolith edge MES reached a higher overall (65%) and
specific (73% Itaipu, 73% Saquarema, 60% Maricd, and 53% Araruama)
reclassifications. Additionally, differences in the main and pairwise
PERMANOVAs between all lagoon systems for the otolith edges MES
demonstrate that 3" individuals constitute heterogeneous groups with
distinct phenotypic characteristics. Concerning the FDA for otolith edges
MES, there were higher discrimination rates for the lagoon systems of
Itaipu and Saquarema, the environments studied with the larger abun-
dance of vegetation in their marginal areas and the greatest renewal
rates of their waters (Costa et al., 2021). Regarding the otolith edge
MES, the lowest reclassification rates were founded in Marica and Ara-
ruama lagoon systems, the environments with the longest water resi-
dence times and that suffer more anthropic influences in their marginal
areas (Silva et al., 2016; Dias et al., 2021; Costa et al., 2021). The Marica
lagoon system is a hypereutrophic ecosystem that presents a limited
water exchange in their inner zone because of the narrow channels,
eventually requiring sandbar openings for sea water incoming (Mansur
et al., 2012; Silva and Molisani, 2019; Dias et al., 2021). The Araruama
lagoon system is a hypersaline ecosystem that has been suffering
numerous anthropic impacts, such as the removal of native marginal
vegetation, construction of salt flats, limestone extraction and emissions
of urban-industrial effluents that have been affecting the salinity, pri-
mary productivity, organic matter and pollutants input in the ecosystem
(Souza et al., 2003; Mansur et al., 2012; Dias et al., 2021).

Despite having a pattern of habitat use throughout the different
stages of the life cycle, variations can occur in different populations of
C. undecimalis, indicating that the species can adapt to different habitat
conditions, such as types of vegetation, transitional environments and
nature of tidal channels (Ray, 2005; Ley et al., 2010; Brame et al., 2014).
Differences found between the elemental signatures in the otolith cores
and edges indicate that the C. undecimalis presents ontogenetic shifts in
habitat use, with differences indicating a major influence of coastal
marine waters in the 0" stage and a segregation among lagoon systems
in the 3" stage, driven by environmental local characteristics. In the
elemental signatures of C. undecimalis otolith edges, the lagoon systems
of Itaipu and Saquarema showed distinct patterns from Marica and
Araruama, indicating that the particular characteristics of these eco-
systems influence the life history of the species. The lagoon systems of
Itaipu and Saquarema have shorter water residence times, in addition to
preserved and vegetated marginal areas, allowing greater connectivity
of ecosystems with the sea, as well as large availability of shelter for
juveniles of C. undecimalis (Almeida et al., 2021; Costa et al., 2021; Dias
et al., 2021). However, the Marica and Araruama lagoon systems have
longer water residence times and more impacted margins by urbaniza-
tion and enterprises, therefore presenting limitations regarding the
connectivity of these ecosystems with the sea, as well as less availability
of shelter for juveniles of C. undecimalis (Silva and Rosman, 2016; Costa
et al., 2021; Dias et al., 2021).

Fish populations that migrate among different environments
throughout their life history stages impose numerous challenges for
fisheries management, such as the delimitation of fish stocks, identifi-
cation of areas of reproductive aggregation, and nursery and recruit-
ment grounds (Ray, 2005; Adams et al., 2009; Lowerre-Barbieri et al.,
2014). There are some attributes that can indicate the importance of
nursery grounds, as the connectivity to adult habitats, abundance of
recruits and higher survival rates (Chitarro et al., 2009). The ability to
move among marine, estuarine and freshwater environments has given
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C. undecimalis with evolutionary advantages; however intense fishing
exploitation may threaten the maintenance of the species’ stocks when it
acts on certain population strata of the species (Ley et al., 2010; Young
et al., 2014; Tubino et al., 2021). Anthropic interventions in the estua-
rine and coastal ecosystems such as vegetation removal, shoreline ur-
banization, effluent release, channel openings and obstruction of rivers
can affect the connectivity and integrity of the habitats necessary for the
recruitment and development of C. undecimalis. (Milton, 2009; Mansur
et al., 2012; Costa et al., 2021). Changes in water flow due to variations
in rainfall patterns and sea level rise due to climate change also impose
threats to mesohabitats and nursery areas where C. undecimalis juveniles
occur (Gerlach et al., 2017; Valle-Levinson et al., 2017; Ley and Rolls,
2018). Thus, an accurate identification of the juvenile residence and
connectivity patterns between spawning and nursery grounds is vital in
order to contribute to the conservation of the species in environments
highly subject to human interventions, such as the lagoon systems of
Eastern Rio de Janeiro (Ley et al., 2010; Vasconcelos et al., 2011;
Almeida et al., 2021).

The present study suggests a relationship between the elemental
signatures of otolith cores and waters with higher marine influence, and
discrepancy among otolith edges in different lagoon systems, demon-
strating that C. undecimalis make an ontogenetic habitat shift between
0" and 3" stages. This study emphasizes the importance of accurate
identification of the connectivity patterns among the habitats where
C. undecimalis development occurs. Furthermore, the results demon-
strate that C. undecimalis 3-year-old juveniles are distributed in hetero-
geneous groups with distinct phenotypic features, associated to
environmental characteristics of the lagoon systems of Eastern Rio de
Janeiro. The obtained results reinforce the importance of these ecosys-
tems as nurseries, and the need of management measures aimed at
conserving habitats and maintaining the link between lagoon systems
and marine coastal areas. Further work should focus on identifying
stocks, contribution of nurseries and influence of mesohabitat on the
ontogenetic development of C. undecimalis, in order to implement
management strategies for the conservation of the species and
ecosystems.
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