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Abstract

We use otolith trace element-to-calcium elementeatraton ratios (Ba:Ca, Cu:Ca, Mg:Ca, Mn:Ca,
Ni:Ca, Sr:Ca and Zn:Ca) and shape to evaluate ¢lgecd of segregation and presence of different
nursery areas and fish stocks @énidens genidens in the Brazilian coastal area. Otolith core
(juvenile stage) and edge (adult stage) elementir€gerprints (N=89), as well as otolith elliptic
Fourier descriptors (N=147) were compared between éstuaries. Several element:Ca ratios were
significantly different between estuaries for dtolicore and edge (p<0.05). MANOVA,
PERMANOVA, linear and quadratic discriminant analysbased on Fourier descriptors (12
harmonics) and microchemistry were effective foscdiminating between all sampling sites
(p<0.05), except Itapanhau River and Paranagua(Ba9.05). The discriminant analyses showed
jackknifed classification from 54.1% to 100% comsidg young (core microchemistry) and adult
life stages (edge microchemistry and shape). Whatitto microchemistry and shape were
combined, the jackknifed classification increasedelation to the separates methods, ranged from
89.5 to 100% (mean 95.2%). The high degree of gatje (low connectivity) in juvenile and adult
stages between the estuaries is consistentiathresence of isolated populations, and advobates
estuary-specific management strategies.

Key words: catfish; estuaries; nursery grounds; segregati®sipck; trace-elements.
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1. Introduction

Estuaries play vital roles in the life cycle of eeadl species of ichthyofaunal, making them
one of the most important environments for the nesiance of world fisheries (Blaber, 2000). Here
estuaries are defined as transitional waters uihgeinfluence of both freshwater and marine systems
(Elliott et al., 2007). Numerous species of fishrid in estuaries use these systems in differensway
For example, some fish species use estuaries ittenthy for spawning or feeding, whereas other
species complete their entire life cycle withinragke estuary (Elliott et al., 2007; Potter et 2D15).
Many concepts have been proposed to categorizeafisbrding to their habitat use patterns and
applicability; such categorizations are challengtogestablish for fish groups that exhibit high
plasticity (Able, 2005; Blaber, 2000; Elliott et,&2007; Potter et al., 2015).

Catfish of the Ariidae family are the dominant dpecin estuarine environments in the
Southwestern Atlantic Ocean (Gomes et al., 200khjs Tamily includes catfish from tropical and
subtropical regions, occurring in marine, estuaend freshwater environments, usually abundant in
muddy and shallow bottom coastal waters (Schmicil.et2008; Silva-Junior et al., 2013). With
catches that have exceeded 28,781 t in Brazil rig-ret al., 2015), they are among the most
economically important resources for artisanal ifigh mainly off southeastern and south Brazil
(Fischer et al., 2011; Gomes and Araujo, 2004; Blaei al., 2018a). Ariids can exhibit seasonal
movements between environments with different gads related to different biological aspects,
such as reproduction, feeding and ontogeny (Awigli@t al., 2017c; Schmidt et al.,, 2008). The
estuarine and coastal regions are considered peeteng, breeding and shelter areas for this group
(Avigliano et al., 2017c; Schmidt et al., 2008;va&iJunior et al., 2013¥enidens genidens (Cuvier,
1829) is one of the most abundant species in estuaystems off Brazilian coast (Andrade-Tubino
et al.,, 2008; Schmidt et al., 2008), occurring ba eastern coast of South America, from Bahia
(Brazil) to Buenos Aires (Argentina), inhabitingadlow coastal waters, estuaries and lagoons
(Fischer et al., 2011). This catfish has a pecuggroductive biology, where females produce large
oocytes and males carry out oral incubation ofdfigpring, with the reproductive period occurring
once a year during the hot months, from late springarly autumn (Maciel et al., 2018a; Wallace
and Selman, 1981). AlthoudB. genidens is an important commercial species for artisarsery
(Silva-Junior et al., 2013), its population struetand life history are not well known, and the few
existing management policies aimed at this resoareerestricted only to a few regions (MMA,
2004; SUDEPE, 1984). Therefore, that knowledge isiemessary input to design adequate

management strategies and guarantee the sustainabihe resource (Cadrin et al., 2014).
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In addition to the relevance as a fishery, thiscEsealso has ecological significance. While
Barbieri et al. (1992) and Hostim-Silva et al. (2D8uggested thds. genidens leaves the estuary
after the reproductive period, other authors (Maeieal., 2018a; Silva-Junior et al., 2013) sugeest
that it completes its entire life cycle within tlestuarine environment. Then, Silva-Junior et al.
(2013) have suggested that this catfish could bd assentinel species for biomonitoring pollution i
Guanabara Bay (Brazil). If this were the case, $ipiscies would have the potential to be used as a
sentinel in other estuaries. However, knowledges gdpout the degree of connectivity between the
populations and pattern of habitat use across thege of distribution still exist, which can irfexe
with its applicability as a potential sentinel sigscof these ecosystems.

Otolith chemical composition has been used as alatoarker being a useful tool to resolve
biological issues such as stock and nursery argaitiion (Kerr and Campana, 2014). Otolith are
calcified structures present in the inner ear @agtean fish (Campana, 1999; Panfili et al., 2002)
Otoliths are acellular and metabolically inert, algments deposited on their growing surface are
permanently retained, with the predominant sourcenost of the inorganic elements being the
surrounding water (Avigliano et al., 2019; Camp&al209; Kerr and Campana, 2014). In this sense,
the elements that are deposited in the core carnespo early stages of life, while those that are
incorporated in the edge correspond to recent g&rio

In recent decades, the integration of otolith clstmpiwith otolith shape has improved
understanding of population structures for sevgralips of fish (Avigliano et al., 2014; Soeth et al
2019). Because otoliths record geochemical timesdhroughout the life histories of fish, otolith
chemical fingerprints have been widely applied ébrdit fish stocks and nursery areas (Avigliano et
al.,, 2019, 2017a; Kerr and Campana, 2014; Longnatral., 2010). Such studies contribute
important information for the management and coreg@n of species with complex habitat use
patterns (Albuguerque et al., 2012; Avigliano et @D17c; Tanner et al.,, 2016). Several otolith
chemical markers have been useful for delineatingufation structures and life histories of
congeners such & barbus from the Southwestern Atlantic Ocean (Aviglianakf 2017c, 20174,
2016). In particular, in many diadromous speciéggnsium-to-calcium ratio (Sr:Ca) has been very
useful to describe movements between environmeititsditferent salinity, because this is positively
related to salinity in some estuarine systems (Brawd Severin, 2009). In addition, otolith contour
(shape) can also vary between different populationgelation to the environmental (depth,
temperature, salinity), genetic or physiologicahm@tteristics, and thus, may be useful to delihet t
populations and even closed species (Bani et @L3;2Reichenbacher and Reichard, 2014; Vignon
and Morat, 2010).
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Here we compared element:Ca signatures of otobitesc(juvenile stage) and edges (adult
stage), as well as otolith shapes (using elliptarier descriptors) between tropical and subtrdpica
estuaries from Southwestern Atlantic, to evaluagregation degree, and presence of different
nurseries and fish stocks & genidens. In addition, a exploration of otolith edge Sr:@mporal

variations was carried out to evaluate its abdiya salinity proxy for future studies.

2. Materials and methods

2.1. Sudy area and sampling

The study was conducted from fish captured in festuaries (Paraiba do Sul River,
Guanabara Bay, Itapanhal River and Paranagua Bayg the southeastern and southern coast of
Brazil (Fig. 1).

Paraiba do Sul River has 1145 km, with a drainaggnbof 55.400 kr It crosses three of
the most important and developed states of Briiihds Gerais, Sdo Paulo and Rio de Janeiro) and
suffers the impacts of industrial and urban disgharalong its course (Carvalho et al., 1999). The
estuary of the Paraiba do Sul River, located antréh of the coast of the state of Rio de Janeiro,
near the frontier with the state of Espirito Sam@s classified as a delta with a salinity range
between 0-30 (Krlger et al., 2006). It is charazser by the development of beach ridges on the
sides of the channel, having an outlet called termastuary (Atafona region), and other outlet, the
secondary estuary (near Gargau) (21°36'23.9"S #t243.8"W) (Bernini and Rezende, 2004).

Guanabara Bay is located in the state of Rio deidai(22°48'24.3"S and 43°09'14.7"W).
The bay area is 380 Kmwith a drainage basin of 4080 knand is characterized as a semi-enclosed
coastal ecosystem of estuarine nature, with sgplirahge between 0-35 (Kjerfve et al., 1997,
Meniconi et al.,, 2012). Surrounded by the metrdpoliregion of the state, the bay is directly
affected by the high population density and theustdal park in its surroundings, impacting by
wastewater, agriculture and industry, being consdl@ne of the most degraded estuarine systems of
the Brazilian coast (Meniconi et al., 2012; Silvavdr et al., 2016).

The third sampling site, the Itapanhal River estuigrlocated at the eastern of state of S&o
Paulo coast, being connected to Bertioga Chanet4@87.1"'S and 46°09'12.8"W). It is an
anthropized environment, being close to the largest terminal in Latin America and several
industrial poles (Ambrozevicius and Abessa, 200@panhal River has a drainage basin area of
approximately 260 kM being the main responsible for the fluvial cdmition to the chanel

(Bernardes and Miranda, 2001). This region is daeid by tidal waves, and the salinity in Bertioga
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Chanel range between 20-33 (Eichler et al., 200@#)je in the estuary of the Itapanhal River
ranging from 0-35 SPU (Maciel, 2019, unpublishetafia

Paranagua Estuarine Complex, due to its continummger of the Atlantic Forest, is
considered a Natural Patrimony of Humanity (Diegu€95). However, the area suffers impacts of
ports and industries installed in the region (Samtbal., 2006). It is located on the coast ofdtate
of Parand, occupying an area of 612°kuivided in two main axes, north-south (Laranjeirad
Pinheiro Bay) and east-west (Paranagua Bay) (ZB828'S and 48°29'55.6"W) (Lana et al., 2001).
This estuary is dominated by tidal waves, charasdras semi-diurnal tides with a salinity range
between 0-31 (Dias et al., 2016).

Genidens genidens specimens (total N=147) were obtained from ar@sdisheries landings
in the four study estuaries between January 20d4&cember 2017. The specimens were identified
according to Marceniuk (2005) and Marceniuk and &kes (2007) and measured (total length - TL,
+1 mm). Thelapilli otoliths were removed, washed with milli-Q water;dried, and subsequently
weighed individually with an electronic scale (#01@). Annual periodicity of annuli formation was
validated by Maciel et al. (2018b). To reduce tlo¢eptial effect of age on chemical variables, the
analysis of otolith microchemistry was restrictedish aged between 5 and 11 years, resulting in 22
fish for Paraiba do Sul River, 25 fish for GuanabRay, 23 fish for Itapanhau River and 19 fish for
Paranagua Bay (Table 2). Weights, lengths and a@fgée study specimens are shown in Table 1.

2.2. Otoliths morphometry

For morphometric analysis, we photographed 147t rgbliths of G. gendiens (Paraiba do
Sul River N= 30; Guanabara Bay, N= 30; IltapanhaleRiN= 26; Paranagua Bay, N= 61, Table 1)
on a black background, next to a scale, with digitanera (Nikon Coolpix L110), using the same
focal length.

Elliptic Fourier analysis (EFA) was performed toaqtify differences in otolith contour
between estuaries. In this analysis, otolith cumeais modelled as a two dimensional closed curve
by applying a combination of harmonically relatedesand cosine functions (descriptors), where
each function is composed of four Fourier coeffitse(FC). According to Fourier power spectrum
(Crampton, 1995), the first 12 harmonics achiev®®%6 of the cumulated power and 48 FCs can
represent the otoliths outline. The first harmowas used to normalize the FCs, so they remain
invariant with respect to otolith size and rotati{frerson et al., 1985). As this normalization
transforms the first three FCs into constants,dlvesre excluded, resulting in 45 variables instefad

48. The FCs were calculated from Shape 1.3 software



173 2.3. Otolith chemistry

174 The leftlapilli otoliths were decontaminated with 3% hydrogen xide 2% HNQ (Merck

175 KGaA, Garmstadt, Germany) (Avigliano et al., 2013@byl rinsed with Milli-Q water (resistivity of
176  18.2 mOhm/cm). Otoliths were embedded in epoxyiraad sectioned transversely using a Buehler
177  Isomet low speed saw (Hong Kong, China) to obtdl@iim-thick central sections. Sections were
178  fixed to glass slides using epoxy resin, polishsitig 10 pm-grit sandpaper and rinsed with Milli-Q
179  water. In order to account for the possible effeictish age on last-growth compositions, otolith
180 annuli were counted using a stereomicroscope (lE&E&HD, Singapore) at 40X magnification, and
181  only fish aged between 5 and 11 years were selélte89), as previously explained.

182 To assess the population structur®Ba, ®3Cu, **Ca, **Mg, **Mn, ®Ni, #sr and®®zn were

183 analyzed in otolith core (~first year) and edgea¢tltwo years) by Laser Ablation Inductively
184  Coupled Plasma Mass Spectrometry (LA-ICP-MS) atUheversity of Texas at Austin Department
185 of Geosciences (USA) (Fig. 2). The laser systensisted in an ESI NWR193-UC excimer laser
186  ablation system (193nm, 4ns pulse width) couple@noAgilent 7500ce ICP-MS. A rectangular
187  aperture of 25x100 pm was used at 8 [infrepetition rate/ of 10 Hz, energy densities/ X&f™).

188  To minimize the temporal sampling alias, the lomgs af the aperture was maintained parallel to
189  growth banding in all the transects. Prior to measients, the surface contaminants were removed
190 by pre-ablation, using a spot size of 25x12b at 50 m/s. The ICP-MS was operated at power of
191 1600 W with using argon as carrier gas (flow/ 800 min™). Ratios***Th*®*0/4**Th (<0.35%) and
192 ?*U/%?Th (~1) were used during tuning to monitor plasoiaustness. NIST 612 and USGS MACS-
193 3 reference materials, analyzed in replicate eatr, twere used as external and primary standards,

194  respectively (Jochum et al., 2011; Pearce et 8@7)L

195 Intensities were converted to concentrations (gighy using lolite software (Paton et al.,
196  2011), with**Ca (38.3 weight %) as the internal standard (Ycaigret al., 2000).
197 Reference materials analysis relative to GeoREMemed values (Jochum et al., 2011)

198  showed acceptable recoveries, namely: 98 %4¥&a, 106 % for*Cu, 96 % for**Mg, 103 % for
199  >°Mn, 102 % for®Ni, 100 % for®®Sr and 93 % fof®Zn. Detection limits (LOD, mg/kg) based on
200 three times the standard deviation of the estimbteskline intensity during bracketing gas blank
201 intervals were: 0.01 for’®Ba, 0.21 fo*Cu, 0.12 fo*Mg, 0.16 for’>Mn, 0.07 for°Ni, 0.01 for®sr

202 and 0.28 for®®Zn. Concentrations were expressed as molar ratiaglation to Ca (element/Ca,
203  mmol/mol).

204

205 2.4. Dataanalysis
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FCs and elemental ratios were tested for normaliy homogeneity of variance using the
Shapiro-Wilk and Levene’s tests. Only FCs (29) tligplayed a normal distribution and
homogeneity of variance after transformation wesedufor the statistical analysis. Because total
length (TL) can confound shape variation among siagngites, the effect of these variables on FCs
was tested by using analysis of covariance (ANCQ\&¥ven variables co-varied with TL and were
corrected by subtracting the common slope of theC@INVAs. After that, FCs were normalized to
TL to avert potential allometric effects using thdometric relationship and standardized to a fish
length of 30.9 cm (mean TL for all fish) (Lleonat al., 2000). Multivariate analysis of variance
(MANOVA) was used to assess differences in theithtohorphology between sampling sites. After
testing the homogeneity of variances-co-variancedrioes by using Box test (p>0.05), linear
discriminant function analysis (LDA) were used &sttthe ability of otolith contour to classify
samples into specific catch areas and prior prdiiabiwas calculated.

No elemental ratios fulfilled the assumptions ofmality and homogeneity simultaneously,
even after being Log (x+1) transformed. Then, nompetric statistics was performed to assess the
special segregation in the young and adult stagiegden estuaries. The effect of age, TL and otolith
weight on the element:Ca ratios were tested uspgp®nan correlation and ANCOVA (Kerr and
Campana, 2014; Longmore et al., 2010). ANCOVA ibusi to violations of the assumption of
normality and homogeneity (Olejnik and Algina, 198Mo significant covariance and correlation
were found between age, TL or otolith weight andnent:Ca ratios for otolith core and edge
(p>0.05). Kruskal-Wallis test was used to make anate comparisons between sampling sites for
otolith core and edge separately. Permutationativawmiate analysis of variance (PERMANOVA)
was used to assess multi-elemental differencesoiittocore and edge chemistry between sampling
sites. These analyses were performed based on Mutad distances (Anderson, 2006) with 9999
permutations. Because the assumption of homogeotNgariances-covariances was not met (Box
test, p<0.001), quadratic discriminant function lgsia (QDA) was used instead of LDA to assess
the ability of elemental ratios (core and edge s#pdy) to sort fish into specific fishing sites.

An additional LDA was carried out integrating moophetry and chemistry data to evaluate
if classification rates improve to those obtaingdusing each method separately. For both LDA
(morphometric analysis) and QDA (microchemistry lgsig), multicollinearity was tested by
obtaining the tolerance value, which was calcul@®d minus Rof the respective variable with all
other variables included in the model (Hair et20.10). The prior probabilities of classificatiorere
estimated on sample sizes and group numbers (VehdeRuttenberg, 2007) and the classification

accuracy was evaluated by leave-one-out crossataiiu (jackknifed procedure).
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The Sr:Ca transects of the last otolith portioragtltwo years) were compared with the
annuli position to evaluate its ability as a salinity pyoand reveal potential temporal patterns of
displacement (Avigliano et al., 2017c). Statistitegts were performed using the Systat 13 and SPSS
19 programs.

3. Results

3.1. Otolith morphometry

MANOVA was effective for discriminating between athmpling sites (F= 6.41, p<0.0001),
except Itapanhau River and Paranagua Bay (p= Q.8@6prding to the prior probabilities (0.20 for
Paraiba do Sul River, 0.20 for Guanabara Bay, fadRapanhal River and 0.41 for Paranagua Bay)
based on sample sizes and group numbers, meanofatd3A were relatively high (>70%) for
Paraiba do Sul River, Guanabara Bay and Paranaayaril low for Itapanhau River (54%) (Table
2 and Fig. 5).

3.2. Otolith chemistry

All element:Ca ratios in otolith cores showed siigant differences between sampling sites
(Fig. 3). Otolith core Mg:Ca were highest in Itapag River, intermediate in Guanabara Bay and
lowest in Paraiba do Sul River and Paranagua Bay1®2; p= 0.0068). Mn:Ca and Ni:Ca were
highest in Paraiba do Sul River, intermediate im@bara Bay and lowest in the Itapanhau River
and in the Paranagua Bay (H= 46.5 and H= 62.2;0880). Core Cu:Ca were highest in Paraiba do
Sul and Itapanhal River and lowest in GuanabaraPamdnagua Bays (H= 17.5; p= 0.0006), while
Zn:Ca and Sr:Ca were lowest in the Paraiba do $wgrRH= 8.80; p= 0.0321 and H= 31.5;
p<0.0001, restrictively), and no significant digaeces were found between the rest of the sites
(p>0.05). Core Ba:Ca was significantly highest ard?ba do Sul River, intermediate in Guanabara
and Paranagua Bays and lowest in Itapanhal Rive64#; p<0.0001).

Otolith edge Mn:Ca was significantly lowest in Gabara Bay (H= 19.0; p= 0.0003). Edge
Ni:Ca was highest in Paraiba do Sul River, interiatedn Guanabara Bay and lowest in Itapanhau
River and Paranagua Bay (H= 51.8; p<0.0001), wiseeelge Zn:Ca was highest in Paranagua Bay
(H=11.6; p=0.0087). Edge Sr:Ca was highest inM@bara Bay (H= 35.17; p<0.0001). Edge Ba:Ca
was significantly highest in Paraiba do Sul Rivatermediate in Guanabara Bay and lowest in
Itapanhal River and in Paranagu& Bay (H= 63.8;Qi1). No significant differences were found
for the Mg:Ca and Cu:Ca ratios at the otolith e@ye0.05).
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All edge Sr:Ca profiles (~up to 930 um) seem towslaoound two cyclical oscillations per
year in all estuaries with a maximum range of ‘amafrom 2.4 to 9.0 mmol/mol (meantSD:
3.940.54 for core and 3.9+0.51 for edge) (Fig. 4).

For both edge and core, multivariaigalyses of fingerprints were effective for disanating
between sampling sites. PERMANOVA analysis demaiess$r that there were significant
multivariate differences among all comparisons leefwsampling sites (expect between Itapanhau
River and Paranagua Bay for edge, p=0.08) for tht@dge (F= 6.2; p<0.0001) and core (F= 6.9;
0.0001<p<0.022).

According to QDA, the jackknifed classifications neehigher than the expected prior
probability of classification (0.25 for Paraiba &uwl River, 0.28 for Guanabara Bay, 0.26 for
Itapanhal River and 0.21 for Paranagua Bay) fdn,lextge (mean= 75.8%) and core (mean= 86.2%)
(Table 2, Fig. 5). For edges, the percentage of wlatsified individuals obtained was high for
Paraiba do Sul River, Guanabara Bay and Itapanhasil 86.4-87.0%) and low for Paranagua Bay
(42.1%). For cores, the percentage of correctlgsiied individuals was moderate-to-high and
ranged from 73.7 to 100%.

3.3. Integration of morphometry with element: Ca chemistry

Integration of the two methods, morphometric anedmant:Ca signatures, improved the
percentage of correctly classified sites (meanf2%). The cross-classification matrix (Table 2,
Fig. 5d) demonstrates a high percentage of coyrexd#issified individuals ranging from 89.5 to
100%. It is particularly noteworthy that correctasdifications for Paranagua Bay increased
significantly (from 42.1-73.7 to 89.5%) (Table 2g.F5d). In this analysis, the prior probabilities
classification were 0.25, 0.26, 0.28 and 0.21 faraiba do Sul River, Guanabara Bay, Itapanhal
River and Paranagué Bay, respectively.

4. Discussion

The population estructure, connectivity and hahits ofG. genidens is not yet well defined
and controversial, because some authors suggdsa¢dhis catfish leaves the estuary after the
reproductive period (Barbieri et al., 1992; Hostitva et al., 2009), while other authors supported
estuarine resident behavior (Maciel et al., 20B3&a-Junior et al., 2013).

In this study, we used different otolith natural rkeas to reveal different aspects of its
biology, such as population structure, and potéuligplacements. The incorporation rate of these

markes into the otolith can be affect for the sunging water chemistry, as well as environmental,

10
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genetic, and physiological (Clarke et al., 2011sdéh and Gillanders, 2003; Morales-Nin, 2000).
Even a differential fishing pressure among catchasrcould alter fish mortality, growth and
reproduction rates, which could affect otolith micnemical patterns (Catalan et al., 2018).
However, the relative importance of each factor sigecies-dependent. For example, Mg
incorporation into the otolith can be related wighvironmental factors such as salinity and
temperature, and ontogenetic alterations may atseoiroin several fish species (Avigliano et al.,
2015b; Bouchard et al., 2015; Gaetani and Cohedg)2@tolith Mn:Ca could be associated to the
exposure to hypoxic environments, but also can wvatly salinity and temperature (Altenritter et al.,
2018; Elsdon and Gillanders, 2003; Limburg et 2015, 2011). In addition, diet and ontogenetic
changes could also affect the incorporation of Miwo ithe otolith (Elsdon and Gillanders, 2003;
Limburg et al., 2015, 2011). Moreover, freshwaterd aestuarine areas have great chemical
heterogeneity due to fluvial and anthropogenic tapontamination of the environment with
different heavy metals such as Zn, Ni and Cu cddde some influence on otolith element:Ca
signatures (Avigliano et al., 2018b, 2015a). Thensital composition of the diet could have a direct
effect on the incorporation of Zn in the otolith sdme euryhaline species lilagrus auratus
(Ranaldi and Gagnon, 2008). For several diadroman euryhaline fish, the otolith Sr:Ca and
Ba:Ca ratios have respectively positive and negatelated with salinity (Avigliano et al., 2018a;
Kerr and Campana, 2014), though Bouchard et alLlp@ecorded an increase of Ba:Ca ratio with
the salinity inBoreogadus saida. Because any of these factors may influence btaiement:Ca
compositions, specific factors responsible for ipalar element:Ca signatures are difficult to
constrain inG. genidens at the present time. Nevertheless, in other comgspeciesG. barbus), it
has been shown that water chemical compositionrggr factor regulating the incorporation of
some elements in calcified structures such asttahd fin spines (Avigliano et al., 2019).

In this study, otolith Ba:Ca, Mg:Ca and Mn:Ca ratigere up to 10 times higher in the core
(Fig. 3) than in the edge. Avigliano et al. (201Z@15b) found higher levels of Ba:Ca and Mg:Ca in
otolith core ofG. barbus caught in Brazilian estuaries. These authors sigdethat high levels of
Ba:Ca and Mg:Ca is. barbus otolith core could be due to different factors, éaample, changes in
the rate of incorporation during the ontogeny. @& dther hand, high Mn:Ca in cores could indicate
use of hypoxic environments (Limburg et al., 202811) in the juvenile stage. Otolith Mn:Ca ratio
showed an increase in the summer (hypoxic perind)decline in winter (normoxia period) in cod
Gadus morhua while, a general decrease in otolith Mn througiogany has also been observed
(Limburg et al., 2015). Barbieri et al. (1992) aMi@dciel et al. (2018a) reported that the spawning
period of G. genidens spans from October to March (warm months), coingdvith high surface

water temperatures (hypoxic period). Furthermdrnerd is evidence that the juveniles are released
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by males after oral incubation in the inner reganestuaries (Araujo, 1988; Gomes and Araujo,
2004), where, in general, the water quality is pdoe to discharges of anthropogenic origig.(in
Guanabara Bay, <0.2 mg/l of dissolved oxygen wasrded in regions of inner estuary; Silva-
Junior et al., 2016), which may also generate abkigpocondition. Additionally, the low variation
observed among Ni:Ca, Cu:Ca and Zn:Ca levels bettezotolith core and edge could suggest that
both juveniles and adults experience comparableldexf water pollution thoughout their lives.

Otolith edges have mean Sr:Ca between 3.92 andr8rB@l/mol, according to the values
reported for estuarine use in the sympatric spegidsarbus (3.7-5.9 mmol/mol) (Avigliano et al.,
2017c). Nevertheless, we found minimum and maximémCa of 2.4 and 9.0 mmol/mah G.
genidens. For G. barbus, these values (2.4 and 9.0) correspond to theolufeshwater and marine
environments, respectively (Avigliano et al., 201L74a this sense, if both species have comparable
migration thresholds of Sr:C&. genidens otoliths chemical composition suggest that thecsse
completes its life cycle within the estuaries, as\previously described (Maciel et al., 2018a;&ilv
Junior et al., 2013), butould venture into freshwater and saltwater. Tlysathesis is supported by
occasional collections reported on the maritiméf@ten, near the mouth of estuaries (Denadai et al.,
2012; Santos et al., 2016).

Cyclical Sr:Ca oscillations in edge transects (#0930 um or two years) (Fig. 4) are
consistent with regular migrations between diffésalinity environments, as previously reported for
G. barbus (Avigliano et al., 2017c). However, unliké. barbus, these movements seem to be
biannual, not annual (Fig. 4). Nevertheless, altfnoti is generally assumed that salinity is themai
factor influencing Sr:Ca variations in otolithsaibdromous or euryhaline fish (Brown and Severin,
2009), it has not yet been empirically establistied G. genidens. Therefore, the migratory
inferences based on oscillatory Sr:Ca should bentakith caution. Further investigations are
required to verify if otolith Sr:Ca follow naturahlinity variations, as well as to determine fastor
affecting other element:Ca otolith signaturesGenidens spp, and to assess if them are similar
among sympatric species of the same genus.

The multielemental analyzes were efficient for dietnating catfish populations between the
four estuaries with potential for delimiting stoakd nursery areas. Chemical element:Ca signatures
of otolith cores are usually used as nursery habitrkers (Avigliano et al., 2016; Campana, 2005;
Kerr and Campana, 2014), whereas element:Ca sigsatd otolith edges and otolith shape can be
used as stock indicators (Avigliano et al., 2014mpana, 2005; Kerr and Campana, 2014; Soeth et
al., 2019). Our results showed a high segregafimn ¢onnectivity) in juvenile and adult stages

among estuariesuggesting that populations remain relatively igmlahroughout the life cycle.
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To complement the information generated for elen@mtsignatures, we also evaluated
otolith shape. The spatial morphometric differentmsnd are strong evidence that these groups
present a high segregation between estuaries. iG&mein influence otolith shape (Reichenbacher
and Reichard, 2014; Vignon and Morat, 2010), howegavironmental factorse. temperature,
depth, salinity and food availability) can also @aa significant impact on fish growth rates,
producing variation in the otolith growth patternghich in turn affects the otolith morphometry
(Longmore et al., 2010).

Herein, the individual use of otolith shape and nesbemistry proved to be efficient for
discriminating between all sampling sites, with tbeception of Itapanhal River (shape) and
Paranagua Bay (edge microchemistry) (Table 2). [blnest classification rates observed for the
Itapanhal River and Paranagud, could be relatea riglatively low discriminating power of the
employed variables when the methodologies wereiepgkparately. Nonetheless, the effectiveness
was enhanced with simultaneous use of the two tguba (Table 2). This integrated approach may
be an effective tool for further studies of catfigbpulation structure. The ability to differentiate
stocks and nursery areas through integrated otaltbmistry and shape analysis has been
demonstrated for several Southwestern Atlanticisgesuch a®dontesthes bonariensis (Avigliano
et al., 2014)Prochilodus lineatus (Avigliano et al., 2017b)Mugil liza (Fortunato et al., 2017b),
Mugil cephalus (Fortunato et al., 2017a).

The results allow suggesting specific managemaategfies for each estuary, given the
strong evidence that they support four independgotks and nurseries, which probably have
distinct population parameters. Considering the lemreproductive biology of this species, which
makes it extremely vulnerable to fishing pressWeadiel et al., 2018a), we recommend for each
nursery area described here the implementationioinmam catch size and closed catch seasons,
based on the spawning and incubation period.

Our results also have important implications foe tmanagement of these estuarine
ecosystems, which are essentials for the maintenaifisheries. If the anthropogenic interferences
remain in their course and speed, the natural resswand services provided by the estuaries will
face the most severe degradation in the near fgBRadetta and Lima, 2019). Thus, considering that
G. genidens could complete its life cycle within these envinoents, it would be possible to use it as
a sentinel species, as was previously propose@danabara Bay (Silva-Junior et al., 2013). Finally,
this paper highlights the importance of extendihgs tstudy to other estuaries, with the aim of
contributing to fisheries management Gf genidens, as well as to generate knowledge bases for

their potential use for the biomonitoring of thésditats
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Figure captions

Fig. 1. Map showing the sampling sites (red iconsiehidens genidens in tropical and subtropical

coasts from Southwestern Atlantic.

Fig. 2. Genidens genidens otolith morphometry and chemistrg. Left lapillus otolith; dorsal (D),

ventral (V), posterior (P), anterior (A) positioredative to the fishb. Otolith contour; black line is
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the real otolith contour and red line is the contgenerated by using 12 harmonicsCross-section
of left lapillus otolith through the core (age/ 5+ years); showing dors3) yentral (V), internal
lateral face (IL), external lateral face (EL) pasits relative to the fish; red lines indicate th&-L
ICP-MS measurement transeatls.Example of element:Ca ratios for an otolith caansect (log

scale used to better show respective element:@atsigs).

Fig. 3. Mean + SD of the elemental ratios (mmol/mol) fdolith core and edge from the four
sampling sites. Different letters indicate statisflly significant differences between sampling site
(p<0.05). PSR, Paraiba do Sul River; GB, GuanaBaya IR, Iltapanhau River; PB, Paranagua Bay.

Fig. 4. Otolith edge Sr:Ca ratio profiles (~two years)Gdnidens genidens from the four estuaries
(core-to-edge direction is to the right). Gray amlite areas correspond to opaque and hyaline
bands, respectively (one year equals to two complatuli). Around two cyclical oscillations per

year were observed.
Fig. 5. Graphic representation of the discriminant analydiGenidens genidens otoliths from the

four sampling sitesa. LDA for otolith shapep. QDA for otolith core chemistry;. QDA for otolith
edge chemistryg. LDA for otolith shape and edge chemistry together.
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Table 1 Summary of fish descriptive statistics (mean antyed for each sampling site. N, sample

size; TL, total length (cm); W, weight (g); SD, stiard deviation; age in years.

N TL £ SD W £ SD Age + SD
Otolith chemistry
Paraiba do Sul Rivel 22 344112 303 +54.9 6.1+1.6
(32.3-36.5) (220-400) (5.0-11.0)
Guanabara Bay 25 286+1.2 192 +394 6.9+1.0
(28.0-32.0) (149-315) (6.0-9.0)
Itapanhau River 23 30.7+1.8 282 £ 66.9 7.3+1.6
(28.0-34.5) (200-410) (5.0-11.0)
Paranagua Bay 19 32.7+15 292 +£56.3 8.6+2.0
(29.2-35.6) (192-409) (5.0-11.0)
Fourier descriptors
Paraiba do Sul Rivel 30 354+24 351+£111 -
(32.3-42.3) (220-680) -
Guanabara Bay 30 29.0x14 200+42.8 -
(28.0-32.0) (149-315) -
Itapanhal River 26 309+21 286 +71.0 -
(28.0-36.0) (200-420) -
Paranagua Bay 61 29.7x54 225 +113 -
(15.7-40.2) (22.5-409) -
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Table 2 Cross-classification matrices of the discriminamalyses. The numbers represent the

classification percentage. N: sample size.

Paraiba do Guanabara Itapanhad Paranagua

Sul River Bay River Bay
Otolith morphometry (LDA)
Paraiba do Sul River 30 96.2 0 3.8 0
Guanabara Bay 30 13.3 70.1 10.3 6.7
Itapanhal River 26 0 18 54.1 17.9
Paranagua Bay 61 0 3.3 16.7 80.1
Mean 75.1
Otolith core chemistry (QDA)
Paraiba do Sul River 22 100 0 0 0
Guanabara Bay 25 0 80 16 4
Itapanhau River 23 0 8.7 91.3 0
Paranagua Bay 19 0 5.3 211 73.7
Mean 86.2
Otolith edge chemistry (QDA)
Paraiba do Sul River 22 86.4 4.5 9.1 0
Guanabara Bay 25 0 88 8 4
Itapanhau River 23 0 0 87 13
Paranagua Bay 19 0 5.3 52.6 42.1
Mean 75.9
Otolith morphometry and edge chemistry (DA)
Paraiba do Sul River 22 100 0 0 0
Guanabara Bay 25 0 100 0 0
Itapanhal River 23 0 0 91.3 8.7
Paranagua Bay 19 0 0 10.5 89.5
Mean 95.2
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Highlights:

Otolith shape and chemistry are good tools for stock identification.

Geniens genidens is estuarine-resident, but could make oceanic incursions.

The results suggest four different populations and nursery areas.

Thereislow connectivity between catfish populations from the studied estuaries.

The populations should be managed as separate groups.
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