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Abstract

Otolith composition (edge vs core: Mg/Ca, Mn/Ca, Zn/Ca, Sr/Ca, Ba/Ca) by LA-ICP-
MS and Elliptic Fourier analysis were integrated to evaluate spatial segregation of adult
and juvenile stages of Genidens barbus from specimens collected from five coastal
areas off Brazil (Paraiba do Sul River, Guanabara Bay, Itapanhalu River mouth,
Paranagud Bay), Argentina and Uruguay (La Plata Estuary). Fisheries of this
diadromous catfish have largely collapsed in the southwest Atlantic coastal region due
to overexploitation. An understanding of population structure is now critically needed
for improved management strategies for this endangered species. PERMANOVA based
on chemistry showed significant differences (p<0.05) between all sites, except
Itapanhal River and Paranagua Bay (edge). Shape, by comparison, found significant
differences between all sampling sites, except Guanabara Bay and Paranagua Bay, and
Itapanhau River and Paranagua Bay. Discriminant analysis cross-classification success
based on chemistry ranged from 33.3 (Paranagua Bay) to 100% (La Plata Estuary), and
66.7 (Paranagué Bay) to 100% (La Plata Estuary) for otolith edges (mean=61.3%) and
cores (mean=78.9%). For otolith shape, the jackknifed rate (mean=45.9%) was
relatively low for all sites (32.1-44.7%) except La Plata Estuary (67.6%). Although we
do not find otolith shape to be particularly useful; otolith microchemistry supports the
presence of different management units. The results revealed that on a small geographic
scale (~300 km) microchemistry might not be efficient to discriminate between some

sampling sites.

Key words: catfish; estuaries; fish stock; segregation; trace elements.
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1. Introduction

The diadromous catfish Genidens barbus (Lacépede 1803), family Ariidae, inhabits
freshwater, estuarine and marine environments ranging from Bahia (Brazil) to Patagonia
(Argentina) (Caille et al., 1995; Lopez and Bellisio, 1965). This catfish presents a
plastic and complex life cycle, including differing amphidrome migration patterns and
resident freshwater specimens (Avigliano et al., 2021, 2017c, 2015b). Amphidromus
specimens typically migrate from the sea/estuary to lower salinity waters during
reproduction period (Avigliano et al., 2017c). Males perform oral incubation of
offspring, releasing them in the mouth of the estuary, where they remain until complete
development, and then migrate as far as the continental platform (Avigliano et al.,
2017c, 2015b, 2015c; Reis, 1986a).

Formerly an important species for artisanal fishing, mainly in Southern Brazil (Gomes
and Araujo, 2004; Reis, 1986b; Velasco et al., 2007), the catch rate has dropped
significantly in recent decades. In response to dramatic declines in landings (e.g., from
30,000 in 1962 to to 10,000 in 2011; (Mendonca et al., 2017), G. barbus was added to
the List of Endangered Brazilian Fauna, subsequently banning its capture, transport, and
storage (MMA, 2014). Factors besides overfishing, such as pollution and habitat loss,
also contribute to this decline (Barletta and Lima, 2019; Kime, 1995). Complex
reproduction and high age of first maturity (8.5 years for females and 9 years for males,
(Reis, 1986a) also hinder the recovery of this fishery species. Thus, effective
management of G. barbus stocks is essential to their recovery. The term “fishing stock”
refers to a commercially exploited resource that is included within fishery management
strategies (Begg and Waldman, 1999). Fishing stocks are basic work units in which the
state of fisheries is assessed and management policies applied to implement sustainable

exploitation (Tanner, et al., 2015). Among the various techniques available for
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identifying fish stocks, chemical fingerprinting of calcified structures, such as otoliths,
has proven to be one of the most efficient. Otoliths are calcified structures present in the
inner ear of teleost fish that form by continuous outward (radial) growth through life
(Campana, 1999). Ambient water is the predominant source of most inorganic elements
deposited in its matrix (Campana, 1999; Hussy et al., 2020; Kerr and Campana, 2014),
although diet, ontogeny and genetics can also affect its chemical composition (Clarke et
al., 2011; Elsdon, and Gillanders, 2003; Morales-Nin, 2000). Because otoliths are
metabolically inert structures, the elements deposited in their accreting surface layers
are permanently retained (Campana, 1999), and the core-to-edge chemical composition
can be used as a biological tracer to discriminate between fish groups that spend parts of
their lives in different areas (Kerr and Campana, 2014). In fact, otolith core and edge
elemental signatures have proven useful for identifying both nursery areas (Avigliano et
al., 2016; Bailey et al., 2015; Patterson et al., 2008) and discriminating fish stocks
(Avigliano, 2021; Kerr and Campana, 2014; Soeth et al., 2019; Tanner, et al., 2015).

In Southwestern Atlantic (South America) coastal waters, a relationship between the
water and G. barbus otoliths has been reported for Ba:Ca and Mn:Ca ratios (Avigliano
et al., 2019). Other microchemical studies have identified four G. barbus nursery areas
using otolith core compositions (Avigliano et al., 2016) and five fish stocks through
integration of dorsal fin spine and otolith edge compositions (Avigliano, et al., 2017,
Avigliano et al., 2019). However, evidence supporting the existence of different stocks
is fragmented because the studies have thus far been limited to widely separated
geographic areas (e.g., 700-1000 km spacing) and have sampled limited portions of life
histories (e.g., otolith edges). Critically needed are studies integrating sampling sites

with differing spacings but covering the entire distribution area of this fishery.
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Besides the life history information gained from otolith chemistry, otolith shape can
provide complementary marker information for stock discrimination (Biolé et al., 2019;
Hissy et al., 2016; Ibafiez et al., 2017). Genetic and environmental factors (e.g.
temperature, depth, salinity and food availability) can significantly impact fish growth
rates and otolith growth patterns (Longmore, et al., 2010; Vignon and Morat, 2010a).
Accordingly, fish that experience different environmental conditions may tend to
present differences in otolith shape, and these differences can be statistically
characterized. Otolith shape (morphometry) analysis is also much more economical than
microchemistry and has proven useful for discerning habitat use (Avigliano et al.,
2015d, 2014), sexual dimorphism (Maciel et al., 2019), species (Avigliano et al., 2018;
Gut et al., 2020), relative growth (Maciel et al., 2019; Perin and Vaz-dos-Santos, 2014),
stocks (Annabi et al., 2013; Biolé et al., 2019; Soeth et al., 2019) and nursery areas
(Avigliano et al., 2017b). More efficient and accurate stock characterization may thus
be obtained from integrated studies of otolith morphometry and chemistry (Biolé et al.,
2019; Longmore, et al., 2010; Soeth et al., 2019).

Toward improved management strategies of this endangered species, we integrate
otolith microchemistry and morphometry to discern G. barbus population structure in

the main area of its distribution.in the Southwestern Atlantic coastal region.

2. Materials and methods

2.1. Study area
Genidens barbus specimens were collected from five Southwestern Atlantic coastal
river mouth estuaries, four off Brazil: 1) Paraiba do Sul River, 2) Guanabara Bay, 3)
Itapanhau River, 4) Paranagua Bay, and one off Argentina-Uruguay: 5) La Plata (Figure

1),
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Paraiba do Sul River mouth is a delta (Kruger et al., 2006) located in Rio de Janeiro
state (21°36'23.9"S, 41°02'43.8"W), near the frontier with Espirito Santo state (Brazil).
The delta is characterized by beach ridges, that separate a main estuary in the Altafona
region from a secondary estuary in the Gargau region (Bernini and Rezende, 2004).
Paraiba do Sul River has a length of 1145 km, a drainage basin of 55.400 km? and
salinities ranging from 0 to 30%. (Kriiger et al., 2006). Guanabara Bay, southeast of Rio
de Janeiro State (Brazil) (22°4824.3"S, 43°09'14.7"W), is a semi-closed estuarine
coastal ecosystem (Meniconi et al., 2012). It has an area of 380 km?, a contributing
drainage basin of 4080 km? and salinities ranging from 0 to 35%. (Kjerfve et al., 1997).
This bay is currently considered to be one of the most degraded estuarine systems off
the Brazilian coast (Meniconi et al., 2012; Valentin et al., 1999). Itapanhal River
estuary, east of Sdo Paulo state (Brazil) (23°49'47.1"S, 46°09'12.8"W), contributes to the
Bertioga Channel, adjacent to Santos Bay, the largest port terminal of Latin America
(Ambrozevicius and Abessa, 2008). It has a drainage basin of 260 km? (Bernardes and
Miranda, 2001) and salinities ranging from 0 to 35%. (Maciel, unpublished data).
Paranagué Estuarine Complex, located in coastal Parana state (Brazil) (25°29'26.7"S,
48°29'55.6"W), is divided into into north-south (Laranjeira and Pinheiro) and east-west
(Paranagua Bay) regions, with an area of 612 km? (Lana et al., 2001) and salinities
ranging from 0 to 31%. (Dias et al., 2016). La Plata Estuary is formed by the
convergence of the Parana and Uruguay rivers (Guerrero et al. 1997), between
Argentina and Uruguay (34°30'S e 58°10'W). With an area of 35,000 km?, the estuary is
the second largest fluvio-marine system in the Americas, with a contributing drainage
basin area of 3,170,000 km?. Salinities range from 0 to 32%. (Acha et al., 2008;

Avigliano et al., 2017c).
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2.2. Sampling
All sample specimens were obtained from small scale artisanal landings, except those
from La Plata Estuary, Argentina (Parana Guaz(U and Sauce rivers), which were
collected by scientific collections using hook. Fishes were identified based on
Marceniuk (2005) and Marceniuk and Menezes (2007) keys, measured (total length -
TL, = 0.1 cm) and the lapillus otoliths were removed, washed with ultrapure water, air

dried and weighed (£ 0.001g). Table 1 shows the biometrics information.

2.3. Otolith chemistry
Genidens barbus left otoliths (Table 1) were decontaminated with 3% H20,, 2% HNO3
(Merck KGaA, Garmstadt, Germany) and washed with Milli-Q water (resistivity 18.2
mOhm/cm), and dried (Avigliano et al., 2017d). Otoliths were inserted into epoxy resin,
and 700 um thick central sections were obtained from cured mounts using a Buehler
Isomet low speed saw (Hong Kong, China). The sections were fixed onto glass slides
using epoxy resin, and the upper otolith surface polished with 10 um grit sandpaper and
then thoroughly rinsed with Milli-Q water. As age may influence the chemical
composition of calcified structures, annual otolith growth rings (Reis 1985b) were
counted under magnification (40x) using a Leica EZ4-HD stereomicroscope. Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) was used to
measure “3Ca, 24Mg, 51/ 55Min. N, 83Cu, %Zn, 85Rb, 88Sr, 1°7Ag, 11cq, 138, 202Hg
and 2%Pb in otolith cores and edges at the University of Texas at Austin Department of
Geosciences (USA). The LA-ICP-MS system consisted in an ESI NWR193-UC
excimer laser ablation system (193 nm, 4ns pulse width) coupled to an Agilent 7500ce

ICP-MS. A rectangular aperture of 25x100 pm was used at 8 um s (repetition rate/ of
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10 Hz, energy densities/ 3.8 Jcm??). To minimize the temporal sampling alias, the long
axis of the aperture was maintained parallel to growth banding in all the transects.

Based on the growth ring chronologies, the sampled core and edge regions correspond
to within the first year (inner 1,000-1,500 um) and last two years (outer 300 um) of life,
respectively. Prior to measurements, the surface contaminants were removed by pre-
ablation, using a spot size of 25x125 um at 50 m s*. The ICP-MS was operated at
power of 1600 W with using argon as carrier gas (flow/800 mL min?). Ratios
232Th'®0/%32Th (<0.35%) and 2*8U/%%2Th (~1) were used during tuning to monitor the
oxide production and mass fractionation plasma robustness. NIST 612 and USGS
MACS-3 reference materials, analyzed in replicate each hour, were used as external and
primary standards, respectively (Jochum et al., 2011).

Analyte intensities were converted to elemental concentrations (mg kg™?) using lolite
software (Paton et al., 2011), with “3Ca (38.3 weight %) as the internal standard
(Yoshinaga et al. 2000).

Reference materials recoveries averaged and were within 7% of to GeoREM preferred
values (Jochum et al. 2011): 98% for 1*Ba, 106% for ®3Cu, 96% for ?*Mg, 103% for
5Mn, 102% for 5°Ni, 100% for &Sr and 93% for ®Zn. Detection limits (LOD, mg kg™?)
based on three times the standard deviation of the estimated baseline intensity during
bracketing gas blank intervals were 0.01 for *®Ba, 0.21 for ®3Cu, 0.12 for ?*Mg, 0.16 for
5Mn, 0.07 for ©Ni, 0.01 for 8Sr and 0.28 for %Zn. Concentrations were expressed as
molar ratios in relation to Ca (element/Ca, mmol mol™). Otolith >V, 8Ni, ¢3Cu, ®Rb,
W7Ag, 1MCd, 2Hg and 2%Pb levels were below LOD, thus, further data analysis is

based on concentrations of Mg, Mn, Zn, Sr and Ba.

2.4. Otolith morphometry
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Digital images of the distal face of G. barbus right lapilli otoliths (Table 1) were
recorded (Nikon Coolpix L110) at the same magnification against a black background
with a scale.

Differences in otolith contour between estuaries were calculated using Elliptic Fourier
Analysis (EFA), where otolith curvature was modeled as a two-dimensional closed
curve applying a combination of harmonically related sine and cosine functions
(descriptors), with each function composed of four Fourier Coefficients (FCs). The first
12 harmonics obtaind 99.99% of the accumulated power, according to the Fourier
Power Spectrum (Crampton, 1995) (Figure 2). The first three descriptors were used to
normalize the FCs, being converted into constants, totaling 45 FCs instead of 48. The

FCs were calculated using the Shape 1.3 software.

2.5. Statistical analysis

A covariance analysis (ANCOVA) was used to verify the effect of total length (TL) on
FCs. One FC (b8) co-varied with TL (F=4.0, p=0.045) and were corrected by
subtracting the common slope of the ANCOVASs. To avoid potential allometric effects,
FCs were normalized to TL using the allometric ratio and standardized to a fish length
of 58.5 cm (mean TL for all fish) (Lleonart et al. 2000). A principal component analysis
(PCA) was performed to reduce the dimension of the morphometric data matrix (Tuset
et al., 2020) and convert the 45 FCs into 11 independent principal components (PCs),
created through the orthogonal combination of the original variables, which
accumulated 99.9% of the variability. This process also reduces multi-collinearity
between the FCs.

Shapiro-Wilk and Levene tests were performed to test elemental ratios for normality

and homogeneity of variance, respectively. Spearman and ANCOVA correlation were
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used to test the effect of age, TL and otolith weight on the element:Ca ratios (Longmore
et al. 2010; Kerr and Campana 2014). Only Mg:Ca, Mn:Ca, Zn:Ca and Sr:Ca in the core
co-varied with age (7.0<F<37 0.0001<p<0.01) and this trend was removed by
subtracting the common slope of the ANCOVAs. Since core Mg:Ca, Zn:Ca and Sr:Ca
ratios fulfilled the assumptions of normality and homogeneity (Shapiro-Wilk and
Levene tests, p>0.05), ANOVA and Tukey tests were used to make univariate
comparisons between sampling sites. Core Mn:Ca and Ba:Ca ratios and edge
elemental:Ca ratios did not meet the assumptions simultaneously (Shapiro-Wilk and
Levene tests, p<0.05), so Kruskal Wallis was used for the same purpose.

Permutational multivariate analysis of variance (PERMANOVA) based on the distances
of Mahalanobis with 9999 permutations (Anderson 2006) was used to evaluate otolith
morphometric (PCs) and multi-elemental (core and edge separately) differences for each
sampling site.

Discriminant analyses were performed to assess the ability of the data to be classified
in their respective capture areas. Because the variance—covariance matrices were not
homogeneous (Box test, p <0.05), quadratic models (QDA) instead of linear were
applied to assess classification by otolith shape (PCs), otolith core and edge chemistry.
An additional discriminant analysis (lineal model, LDA) was conducted using the
otolith shape variables (PCs) and the edge elemental ratios together to determine if the
integrated use of these two methods of stock assessment can improve discriminatory
ability in relation to their independent use. LDA was used because co-variance matrices
were homogeneous (Box test, p>0.05).

Prior to discriminant analyses, multi-collinearity was verified by using the tolerance and
F-to-remove values (Hair et al., 2013). The classification accuracy of the QDA and

LDA were tested by leave-one-out cross-validation (stepwise jackknifed procedure).
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Finally, the expected prior probability classification (random rate) was estimated on
sample sizes and group numbers, and then, proportion tests were performed to assess

the difference between random and the percentage of correctly classified individuals.

Statistical analyses were performed using Mystat 13 and SPSS 17.0 software.

3. Results

3.1. Otolith chemistry

Three element:Ca ratios (Mg:Ca, Sr:Ca, Ba:Ca) were significantly different
(p<0.05) between several sampling sites for otolith edge measurements (Figure 3),
whereas no differences were observed for Mn:Ca (H= 2.98; p= 0.5613) and Zn:Ca (H=
2.78; p= 0.5950). Otolith edge Mg:Ca was higher in Paranagua Bay and lower in
Paraiba do Sul River (H= 13.40; p= 0.0095). Edge Sr:Ca was higher in Paraiba do Sul
River, Itapanhal River and Paranagua Bay, and lower in Guanabara Bay. Edge Ba:Ca
ratio was high in La Plata Estuary and low in Guanabara Bay.

Multivariate analysis (PERMANOVA) based on otolith edge chemistry reveals
significant differences between all sites (2.4<F<6.1; 0.003<p<0.22), except for
Itapanhall River-Paranagud Bay (F=1.4, p=0.22) and Paraiba do Sul River-Itapanhal
River (F=1.8, p=0.09). The first two axes of the QDA (Wilks's Lambda=0.041, F=22.7,
p<0.0001) explained 97% of the variability, with the first axis being the most
representative (93%). Based on means of standardized coefficients, the most relevant
variables for classification were Ba/Ca (-1.1) and Sr/Ca (0.34) for the first function and
Sr/Ca (0.93) and Zn/Ca (-0.29) for the second one.

Cross-classification matrix indicates that 61.3% of individuals were correctly
classified. For the chemical analyses, expected prior probabilities of classification (in

%) were 18, 24, 31, 8 and 7 for Paraiba do Sul River, Guanabara Bay, Itapanhau River,
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Paranagud Bay and La Plata Estuary, respectively (Table 2). The percentage of
classification was perfect (100%) for the La Plata Estuary and relatively high for
Guanabara Bay (86.4%), indicating they are non-random outcomes (Table 2). For the
other sites, low/moderate (33.3-55.5%) and no significant differences in
classification rate were observed with respect to random (Table 2). However,
misclassified individuals were assigned to geographically proximal sampling sites,
except for La Plata Estuary.

Otolith core Mg:Ca was higher in Paraiba do Sul River and Itapanhal River,
intermediate in Guanabara and Paranagua Bays and lower in La Plata Estuary (F= 13.0;
p= 0.01). Core Mn:Ca ratio was higher in La Plata Estuary and lower in the other
sampling sites (H= 18.1; p= 0.001). Core Zn:Ca was higher in Paranagua Bay and
Paraiba do Sul River, intermediate in Guanabara Bay and Itapanhau River and lower in
La Plata Estuary (H= 11.2; p= 0.02). Sr:Ca was higher in Itapanhal River and
Paranagué Bay, intermediate in Paraiba do Sul River and Guanabara Bay, and lower in
La Plata Estuary (H= 27.0; p<0.0001). The highest core Ba:Ca values were found in
specimens collected from Paraiba do Sul River and La Plata Estuary (H= 46.9;
p<0.0001).

PERMANOVA based on otolith core chemistry demonstrates significant differences
between all sites (2.6<F<6.2; 0.0001<p<0.01). The first two function of the QDA
(Wilks's Lambda=0.088, F=14.9, p<0.0001) explained 83 and 7% of the variability,
respectively (accumulate=90%). Ba/Ca (first function=0.69, second function=0.86) and
Mn/Ca (first function=0.51, second function=-0.77) were the most important variables
for the classification. The mean jackknifed classification percentage was 78.9% and like
otolith edge, the classification percentage was 100% for the La Plata Estuary. The

jackknifed percentages for the other sites ranged from 66.7 to 82.4%. All
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jackknifed classification percentages were significantly higher than random (Table 2).
Except for Paranagua and Paraiba do Sul capture sites, misclassified individuals from

other sites were classified into geographically close sampling sites.

3.2. Otolith morphometry

PERMANOVA showed significant difference in the otolith shape between all sampling
sites (F=3.0; 0.0001<p<0.02), except between Guanabara and Paranagua bays, and
between Itapanhal River and Paranagua Bay (0.051<p<0.12).

According to the LDA (Lambda de Wilks=0.39, p<0.0001) the first two discriminant
functions explained 51.3% and 21.9% (accumulate: 73.2%) of the variability,
respectively.

The percentage of well-classified individuals (mean=45.9%) was relatively low for all
sites (32.1-67.6%), except La Plata Estuary (67.6%). The prior probabilities of
classification (random, in %) were 18 for Paraiba do Sul River, 26 for Guanabara Bay;
19 for Itapanhau River, 18 for Paranagua Bay and 21 for La Plata Estuary. Re-
classification rates were significantly higher than random for Paraiba do Sul River and

La Plata estuary (Table 2).

3.3. Simultaneous use of chemistry and morphometry
According to LDA (Wilks's Lambda=0.05, F=11.7, p<0.0001) based on the concomitant
use of the two techniques , the mean classification percentage (58.2%) was intermediate
in relation to that obtained when both methods were applied separately (Table 2). The
LDA analysis had high jackknifed classification success for La Plata Estuary (100%),

moderate success for Guanabara Bay (66.7%) and relatively low success for the other
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sites (16.7-54.5%). Only Guanabara Bay and La Plata Estuary showed higher

classification rates than chance (Table 2).

4. Discussion

This study evaluated otolith microchemistry and shape for the first time as a potential
integrated tool for discrimination of catfish stocks in Southwestern Atlantic estuarine
settings, including two (Paraiba do Sul River and Itapanhal River) estuaries that have
not been considered in previous population structure evaluations. Multivariate analysis
based on otolith chemistry proved effective for delimiting several capture sites. QDA
based on edge chemistry was particularly effective for delimiting samples from La Plata
Estuary and Guanabara Bay, while the other sites had low classification rates. The high
classification rates obtained for La Plata Estuary (100%) and Guanabara Bay (86.4%)
are consistent with previous studies, which reported values of 100% for Guanabara Bay
(Avigliano et al., 2017d) and between 81.3% (Avigliano et al., 2019) and 100%
(Avigliano et al., 2017d, 2015c) for La Plata Estuary. Although classification rates are
sensitive to the variables used and the number of groups, the available evidence
supports that different stocks reside within these two coastal systems.

Based on morphological and chemical analyzes, Paraiba do Sul, the northernmost site
studied to date, showed a high overlap with the sites located to the south (Guanabara
Bay, 500 km) and Paranagua Bay (1,000 km), while high segregation was observed in
relation to the more southern and remote (2,400 km). Itapanhau River, one of the sites
studied for the first time, had a high overlap with sites located to the north (Paraiba do
Sul and Guanabara Bay), but showed high segregation in relation to the southernmost
localities (Paranagua Bay and La Plata Estuary). G. barbus specimens from Paranagua

Bay (N=6) were mostly classified (misclassification=66.7%) in Itapanhal River, but we
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acknowledge that this could be a statistical artifact due to the relatively small sample
size compared to other capture sites. Previous studies have reported classification
percentages of 82-100% using otoliths (Avigliano et al., 2017d, 2019a) and 100% using
spines (Avigliano et al., 2019c, 2020) for Paranagua Bay. However, consistent with
previous otolith and spine studies we observe no overlap with La Plata Estuary
(Avigliano et al., 2020, 2019, 2017d) and relatively low (18%) overlap with Guanabara
Bay (Avigliano et al., 2017d), which supports that the chemical signature of Paranagua

Bay can be distinguished from Guanabara Bay and La Plata Estuary.

The performance of both techniques applied simultaneously was lower than that of the
chemistry used alone. This is probably due to the relatively low efficiency of
morphometry to discriminate between some of the G. barbus stocks (Table 2).
However, when both techniques are moderately efficient to discriminate between
stocks, the simultaneous use of these tends to increase the classification percentages
(Biolé et al., 2019; Longmore, et al., 2010; Soeth et al., 2019), since the variables can
respond to different drivers, for example environmental, physiological, genetic, or

evolutionary (Avigliano, 2021; Tanner, et al., 2015).

The high overlap obtained here among the closest sites (e.g. Itapanhal River and
Paranagué Bay, and Paraiba do Sul, Guanabara Bay and Paranagué Bay) could be due
to a high connectivity between these sampling sites, however, similar environmental or
endogenous pressures (e.g. physiological factors) on these sites could contribute to
similar chemical signatures in the region (Avigliano, 2021). A recent G. genidens
otolith edge microchemical study found high misclassification rates (up to 52.6%)
between Itapanhal River and Paranagua Bay (Maciel et al., 2020). These authors
suggested that G. genidens presents low connectivity between the studied estuaries, so

similar chemical fingerprints in the present study may indicate similar environmental
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pressures rather than high connectivity.

Maciel et al. (2020) also found that otolith core-based classification rates (78.9%) for G.
barbus were somewhat higher than edge-based classification rates (61.3%), suggesting
some segregation between study sites. However, classification of adult fish based on the
otolith cores should be taken with caution because the environment used by juveniles
does not necessarily correspond to that in capture sites. Assuming that there is high
segregation throughout ontogeny, differences in classification success between core and
edge could be due to spatio-temporal environmental variations. For example, Avigliano
et al. (2017a) demonstrated that temporal variation in the chemical signature of the adult

catfish otolith core can affect the percentages of spatial classification.

Ba/Ca, Sr/Ca, Mn/Ca and Zn/Ca were the most important variables for delimiting
groups. In several diadromous species, Ba/Ca and Sr/Ca can negatively and positively
proxy salinity, rather than to other exogenous or endogenous factors (Brown and
Severin, 2009), and thus have been widely used to track migratory routes in saline
gradients (Araya et al., 2014; Hermann et al., 2016). Particularly in G. barbus, these
element:Ca ratios in calcified structures were associated with salinity and surrounding
water concentration (Avigliano et al., 2019), and have been useful in describing the life
history patterns (Avigliano et al., 2017c, 2015b). The incorporation of Mn into the
otolith can be regulated by both endogenous and exogenous factors, and is species-
dependent (Hussy et al., 2020; Sturrock et al., 2015). In some species such as
Micropogonias furnieri (Avigliano, et al., 2021), Micropogonias undulatus (Altenritter
et al., 2018; Dorval et al., 2007) and Morone saxatilis (Mohan et al., 2012), Mn/Ca has
been linked with environmental concentration (Dorval et al., 2007; Mohan et al., 2012),
while in Gadus morhua, Platichthys flesus, Pseudopleuronectes americanus, and M.

undulates, it has been negatively associated to dissolved oxygen. Other factors such as
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temperature, salinity, food composition and/or growth have also been identified as
potential Mn drivers (Hussy et al., 2020; Thomas and Swearer, 2019). For G. barbus,
Mn/Ca values are several times higher in the core than in the edge, as previously
reported by (Avigliano et al., 2017d, 2017a), and similarly reported for other species
(Limburg et al., 2015; Miller, 2009; Rogers et al., 2019), including G. genidens (Maciel
et al., 2020) and other ariids like Cathorops spixii (Maichak de Carvalho et al., 2020).
Mn enrichment in otolith cores has been linked to maternal transfer, transition to free-
embryo or juvenile or growth (Hissy et al., 2020). Literature on otolith Zn
incorporation is scare. Otolith Zn levels seem to be independent of environmental
concentrations (Ranaldi and Gagnon, 2008), but may be influenced by diet (Ranaldi and
Gagnon, 2008), growth (Hissy et al., 2020; Sturrock et al., 2015), ontogeny (Avigliano
et al., 2015a; Ranaldi and Gagnon, 2008) and gonadosomatic activity (Sturrock et al.,
2015). In the present study, Zn/Ca values were comparable between core and and

spatially within the edge, and controlling factor are unclear.

Otolith shape is also affected for endogenous and exogenous factors (Reichenbacher et
al., 2009; Vignon and Morat, 2010b), which may be expressed as inter and intra-specific
morphometric differences. Quantitative characterization of these differences have been
exploited in recent decades to study stock compositions (Biolé et al., 2019; Longmore,
et al., 2010) and species delimitation (Avigliano et al., 2018; Tuset et al., 2013). Among
the main environmental morphologic drivers are temperature, salinity, depth and diet
(Lombarte and Lleonart, 1993; Sea et al., 2008; Tuset et al., 2003; Vignon, 2018),
however, genetics (Annabi et al., 2013; Reichenbacher and Reichard, 2014; Vignon and
Morat, 2010b), growth rate and ontogeny (Vignon, 2012) can also affect morphology.
In this study, multivariate analyses of otolith contours allowed partial site

discrimination, particularly La Plata Estuary and marginally for Paraiba do Sul.
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However, the otolith shape showed low discriminatory power and high overlap in both
PERMANOVA and discriminant analysis, therefore, this methodology is not
recommended for delimiting G. barbus stocks, at least among the sampling sites from
Brazil. Interestingly, EFA provide efficient for delimiting G. genidens catfish
population between Paraiba do Sul River, Guanabara Bay and Paranagua Bay (Maciel et
al., 2020), suggesting that factors that regulate otolith shape are species-dependent
within the genus. On the other hand, G. genidens is considered to be a less migratory
species than G. barbus (Maciel et al., 2020), remaining within estuaries throughout
most of its life. This would not only reduce the chance of connectivity, but could reduce
the variability of environments to which they are exposed, impacting on the otolith

morphometry.

In summary, this work complements the evaluation of catfish population structure in the
Southeastern Atlantic margin between latitude 21° and 34° S, by integrating otolith
shape and microchemistry in previously studied and two new study sites. Otolith shape
was not particularly useful for classification, whereas otolith microchemistry supported
the site specific differences reported by previous studies, and shed light on the regional
population structure as a whole. The results revealed on a smaller geographical scale
(~300 km), microchemistry may confuse between some sampling sites, which could be
revealing the limits of the method's discriminatory capacity or events of high
connectivity. Synthesis of all findings supports the presence of different management
units, corresponding to the La Plata Estuary, Lagoa dos Patos, Paranagua-Itapanhad
River, and Paraiba do Sul-Guanabara. Future studies may improve population
assessments of connectivity and distribution limits by including other methodologies,

such as genetics, capture and recapture assessments.
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Figure 1: Map of the study area in the Southwest Atlantic Ocean. Red arrows indicate

the approximate sampling region of Genidens barbus.

Figure 2: Relationship between the descriptors and the accumulated Fourier Power
Spectrum for Genidens barbus otoliths. The first 12 harmonics reached 99.99% of the

accumulated power.

Figure 3: Genidens barbus otolith edge and core elemental ratios mean = SD
(mmol/mol) for sampling sites. Distinct letters show significant differences between
sites (p<0.05). PSR- Paraiba do Sul River; GB- Guanabara Bay; IR- Itapanhal River;

PB- Paranagua Bay; PE- La Plata Estuary.



770  Table 1: Descriptive statistics of Genidens barbus study specimens (mean and SD)
771 used for chemical (N, sample size=72) and morphometric (N=159) analysis. The
772 specimens used for the chemical analyzes were subsampled at random from the total
773 sample pool (N=159). TL= total length (cm); W = weight (g); SD =standard deviation;

774  Age = age in years.

Site N TL +SD W + SD Age + SD
Chemistry
Paraiba do Sul River 17 61.1+7.3 2265+ 950 13.4+22
Guanabara Bay 22 62.2+8.7 2870+ 1445 14.0+2.0
Itapanhad River 22 61.5+54 2371 + 699 142+19
Paranagué Bay 6 49.9+9.1 2058+ 1201 9.8+1.0
La Plata Estuary 5 65.0+ 45 2861 + 714 11.8+1.1
Elliptic Fourier Analysis
Paraiba do Sul River 28 62.8+119 2742+1720
Guanabara Bay 38 62.2+11.4 2925+ 1677
Itapanhal River 31 61.7+7.0 2544 + 805
Paranagué Bay 28 488+7.8 2295+ 1291
La Plata Estuary 34 55.8+6.1 1700 £ 722

775

776



777  Table 2 Cross-classification matrices of the discriminant analyzes based on for Genidens barbus otolith morphometry and microchemistry. The
778  numbers represent the classification percentage. N: sample size; PSR: Paraiba do Sul; GB: Guanabara; IR: Itapanhad; PG: Itapanhald; RDP: Rio

779  de la Plata.

Paraiba do Sul Guanabara Itapanhal Itapanhal RiodelaPlata| N Random (%) p

Shape (QDA)
PSR 42.9 17.9 17.9 7.1 14.3 28 18 0.04*
GB 18.4 44.7 5.3 15.8 15.8 38 24 0.09
IR 12.9 16.1 38.7 19.4 12.9 31 19 0.17
PG 7.1 21.4 21.4 32.1 17.9 28 18 0.23
RDP 5.9 8.8 5.9 11.8 67.6 34 21 <0.0001*
Mean 45.2

Edge (QDA)
PSR 41.2 23.5 29.4 5.9 0.0 17 24 0.3
GB 4.5 86.4 9.1 0.0 0.0 22 31 0.003*
IR 18.2 36.4 45.5 0.0 0.0 22 31 0.37
PG 0.0 0.0 66.7 33.3 0.0 6 8 0.22
RDP 0.0 0.0 0.0 0.0 100 5 7 0.003*
Mean 61.3

Core (QDA)
PSR 82.4 11.8 0.0 5.9 0.0 17 24 0.003*
GB 4.5 68.2 22.7 4.5 0.0 22 31 0.003*
IR 0.0 18.2 77.3 4.5 0.0 22 31 0.003*
PG 0.0 333 0.0 66.7 0.0 6 8 0.03*
RDP 0.0 0.0 0.0 0.0 100 5 7 0.003*
Mean 78.9

Edge + Shape (LDA)
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PSR
GB
IR
PG
RDP
Mean

52.9
14.3
13.6
33.3
0.0

11.8
66.7
27.3
16.7
0.0

29.4
14.3
54.5
33.3
0.0

5.9
4.8
4.5
16.7
0.0

0.0
0.0
0.0
0.0
100
58.2

17

22

22
6
5

24

31

31
8
7

0.09
0.02*
0.14
0.5
0.003*
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Spatial segregation in young and adult stages of Genidens barbus was studied.

Otolith microchemistry and shape are potential tools for stock identification.

Results suggest the presence of different management units.

High percentages of classification suggest low connectivity between some populations.

The populations should be managed as separate groups.
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