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A B S T R A C T

Catfish Genidens barbus is a commercially fished species from the south-western Atlantic Ocean. Overfishing of
this species during the last few years has caused a collapse of fisheries and in turn has led to a ban of its
exploitation. In order to identify the migratory patterns of this species in four migration corridors from South
America, we determined the Sr:Ca and Ba:Ca ratios in otoliths, by Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICPMS). Sr:Ca and Ba:Ca ratios range between 0.90 and 9.83 mmol/mol (mean ±
standard deviation: 3.86 ± 1.05 mmol/mol) and between 0.00013 and 0.10 mmol/mol (mean ± SD:
0.0094 ± 0.0160 mmol/mol), respectively. Three types of amphidromous and cyclical (annual) patterns that
include the use of freshwater, estuarine and marine environments are detected. Resident freshwater fish (6.5%)
are found only in Patos Lagoon. Depending on the study site, between 18 and 45% of the analyzed fish
population were spawned in freshwater, while the rest were spawned in estuarine waters. The change-point
analysis shows a positive correlation between changes in the transects of Sr:Ca and Ba:Ca ratios (r = 0.63,
p = 0.0001), whereas the Kruskal-Wallis test shows no significant differences in the number of changes in
transects of the Sr:Ca ratio between sampling sites (H = 2.1, p = 0.53). Only for Patos Lagoon the analyses show
a significantly higher number of changes for the Ba:Ca ratio (H = 9.1, p = 0.03). The data indicate that the
average number of movements among environments is similar between the four corridors. The number of
changes of the Ba:Ca ratio appears to be higher and more variable in relation to the Sr:Ca ratio, indicating that
the former could be more sensitive to environmental changes. In conclusion, this work describes for the first
time, annual amphidromous migrations and dependence on freshwater for different fluvial-marine systems. The
understanding of the habitat use will help design species and estuarine-specific management actions with the
ultimate goal of recovering fisheries.

1. Introduction

Catfish Genidens barbus (Lacépède 1803) is distributed between
latitudes 17°′S–40°′S, from Bahia, Brazil to San Blás, Argentina
(Avigliano and Volpedo, 2015; López and Bellisio, 1965) and it is one
of the most economically important species in estuaries from the
southwestern Atlantic Ocean (MINAGRO, 2016; Reis, 1986a; Tavares

and Luque, 2004; Velasco et al., 2007). While regional fishery statistics
are often incomplete and not very regular, they show a drastic
reduction in catch volume in recent decades (DINARA, 2016; IBAMA,
2009; Velasco et al., 2007). For example, in Patos Lagoon (Brazil), the
main site of exploitation of this resource, the fishery declined steeply
during the late 1990s, where capture dropped from 9000 tons (t) per
year during the period 1972–1973 to less than 200 tons per year since
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1996 (IBAMA, 2009; Velasco et al., 2007).
Due to the decline of stocks supporting fisheries and the limited

knowledge about its biology, this species has been included in the Red
List of endangered species in Brazil. Thus, its capture, transport and
marketing have been prohibited since 2015 (Di Dario et al., 2015;
MMA, 2014). In Argentina, the situation is similar and Baigún et al.
(2012) classified the species as vulnerable, although its capture is still
allowed.

Some aspects about the life history for this species are known
(Avigliano et al., 2015a, 2015b; Denadai et al., 2012; Reis, 1986b);
adults (age > 7) perform reproductive migrations in spring to regions
of relatively low salinity (rivers, coastal lagoons or estuaries) (Avigliano
et al., 2015b; Reis, 1986b; Velasco et al., 2007; Velasco and Reis, 2004).
After females spawn in estuarine or freshwater environments, males
return to estuarine waters with the eggs inside their oropharyngeal
cavity (Reis, 1986a; Velasco and Reis, 2004) and the juveniles are
released into the lower estuary waters (Reis, 1986a; Velasco and Reis,
2004).

Despite such recent works and increased interest in relation to the
vulnerability of this species, its life history is not well understood.
Improved understanding such as the proportion of individuals with
different migratory patterns, and age at which changes in habitat and
frequency of migration take place is essential to generate policies and
management actions with the ultimate goal of recovering the resource,
sustaining both biodiversity and commercial exploitation in the future.

In the last decade, analysis of the Sr:Ca and Ba:Ca ratios of otolith
has contributed to understanding the life history of several species that

move between environments with different salinity (Daros et al., 2016;
Fowler et al., 2016; Freshwater et al., 2015; Morales-Nin et al., 2012).
Fish otoliths are apposition structures composed of calcium carbonate
(∼96%) deposited mainly as aragonite crystals in a protein matrix, and
small quantities of other elements (Campana et al., 1997). As the trace
elements acquired by an individual fish are preserved within the otolith
microstructure formed during the corresponding ontogenetic period,
their concentrations may reflect the passage of the fish through
environments with differing chemical signatures (Mai et al., 2014;
Phung et al., 2015; Schuchert et al., 2010; Zlokovitz et al., 2003).

Sr:Ca and Ba:Ca ratios represent useful indicators of habitat in
environments with salinity gradients, because the Sr:Ca ratio of the
otolith shows a positive correspondence with salinity (Bath et al., 2000;
Martin et al., 2004; Secor and Rooker, 2000; Sturrock et al., 2012),
whereas the Ba:Ca has an inverse relationship with salinity (Martin and
Thorrold, 2005; Miller, 2011, 2009; Walther and Thorrold, 2006). In
Latin America, several diadromous species (Avigliano and Volpedo,
2016; Daros et al., 2016) have been studied, and the relationship
between water element:Ca ratios and salinity in large estuaries has been
reported (Albuquerque et al., 2012; Avigliano and Volpedo, 2013).
Particularly in G. barbus, otolith element:Ca ratios have been useful to
discriminate fish stocks and nursery areas among different South
American estuaries (Avigliano et al., 2016, 2015b), as well as to
describe some migratory aspects (Avigliano et al., 2015a). Moreover,
the presence of homing behavior has been suggested in some estuaries
from the southwestern Atlantic Ocean using otolith chemistry
(Avigliano et al., 2016, 2015b).

Fig. 1. Sampling sites of the catfish Genidens barbus (red arrows). The pie charts show the proportion of each migratory pattern for each collection site. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Several techniques have been used to determine ontogenetic
changes of the Sr:Ca and Ba:Ca ratios in otoliths, such as electron
probe micro-analysis (EPMA), micro-proton-induced X-ray emission
(micro-PIXE) (Daros et al., 2016; Hedger et al., 2008; Lin et al.,
2007), and more recently laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICPMS) (Fowler et al., 2016; Kissinger et al.,
2016; Morales-Nin et al., 2014; Tabouret et al., 2010). Spot and/or line
scans have been performed to determine the element:Ca ratio in otoliths
by LA-ICPMS.

Our specific objectives are to describe in detail the life history of
specimens and estimate the proportion of different migratory patterns.
We determined the Sr:Ca and Ba:Ca ratios in G. barbus otoliths using LA-
ICPMS. We then analyzed the element:Ca profiles obtained for fishes
caught in the 4 main migratory corridors of the species (Plata estuary,
Argentina and Patos Lagoon, Paranaguá Bay and Guanabara Bay in
Brazil). This type of information is valuable to inform resource manage-
ment actions and thus contribute to their recovery.

2. Materials and methods

2.1. Study area

Sampling were conducted in the Guanabara Bay (GB), Paranaguá
Bay (PB), Patos Lagoon (PL), and Plata estuary (PE) from north to south
(Fig. 1, Table 1). Guanabara Bay is an estuary situated in Río de Janeiro
state (Brazil). It covers an area of 338 km2 (Fig. 1). The bay is 28 km
from west to east and 30 km from south to north, but the narrow
entrance to Guanabara Bay is only 1.6 km wide (Kjerfve et al., 1997).
The Paranaguá Bay estuary is in the Paraná state, Brazil and has an area
of 601 km2 (Fig. 1). It is partially mixed with stratification of the water
column (Kjerfve et al., 1997) (Table 1). The PL, one of the most
important and larger coastal ecosystems in Brazil is a large coastal
lagoon, located on the coast of Rio Grande do Sul state with a total land
area of 10,360 km2. The southern part of the system is an estuary whose
total area accounts for 10% of the lagoon. The system is connected to
the Atlantic Ocean by a narrow channel that is 4 km long and 740 m
wide (Fig. 1). The Plata estuary represents the brackish environment of
the Plata Basin (Argentina and Uruguay), with a total area of
35,000 km2 and an average discharge of 23,000 m3/s into the Atlantic
Ocean (Guerrero et al., 1997). The outer section is 300 km wide
(Guerrero et al., 2010) (Fig. 1). In relation to relative low water flow
and the slope of the bottom, Guanabara and Paranaguá estuaries have a
strong salinity range of 18–36 and 12–34 PSU, respectively (Table 1).
The salinity range of PL and PE varies between 0 and 32 PSU (Acha
et al., 2008; Seeliger et al., 1997) due to the high discharge flow of their
tributaries. Patos Lagoon and Plata estuaries generate a large plume of
relatively low salinity (∼20–30 PSU) up to 1000 km long on the marine
shelf (latitude: 26°–38°S) (Piola et al., 2008; Piola and Romero, 2004).
The area of low salinity is larger in winter and connects both estuaries
systems (Piola et al., 2008; Piola and Romero, 2004).

2.2. Sample collection

Adult catfish were caught in four estuaries (Fig. 1) with hooks,
longlines and gillnets, at depths ranging from 8 to 33 m between
November 2010 and May 2015. The total fish length (in cm) was
recorded (Table 2) and both lapilli otoliths were removed, rinsed with
ultrapure water (18.2 mΩ/cm) (Millipore, São Paulo, Brazil) and later
cleaned of any remaining tissue with a plastic toothbrush.

We used lapilli otoliths rather than sagitta or asteriscus otoliths
because they are larger and easier to manipulate in the Ariidae catfishes
(Avigliano et al., 2015b).

2.3. Age determination, sample selection and otolith preparation

Otoliths (N = 120) were weighed using a Sartorius AG ED 2242 Ta
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(Göttingen, Germany) analytical balance, washed with Milli-Q water
and dried. The left otolith of each pair was embedded in epoxy resin
and sectioned transversely through the core to a thickness of 700 μm
using a Buehler Isomet low speed saw (Hong Kong, China) equipped
with twin diamond edge blades and spacers. The number of rings in the
otolith section was counted with the piece immersed in ultrapure water,
using a stereomicroscope (Leica EZ4-HD, Singapore) at 40X magnifica-
tion. Annual periodicity of ring formation was validated by Reis
(1986a).

To avoid the effect that the fish age could have on the interpretation
of the results, only individuals between 8 and 12 years were selected for
analysis, except for two individuals of 21 and 27 years old captured in
PB and PL, respectively (total N = 49) (Table 2). The analysis of elderly
specimens (> 20 years) is of great interest because catches are cur-
rently extremely rare and movement patterns are unknown.

Otolith sections were fixed to glass slides using clear epoxy resin,
followed by rinsing 3 times in Milli-Q water and drying in a laminar
flow hood.

2.4. Determination of Sr:Ca and Ba:Ca ratio by LA-ICP-MS analysis

Elemental concentrations were measured using LA-ICPMS located at
the Andean Geothermal Center of Excellence (CEGA), Department of
Geology, Universidad de Chile, using a 193 nm ArF laser ablation
system (Photon Machines Analyte G2) coupled to an ICP-MS iCapQ
ThermoFisher (analytical conditions are summarized in Table 3).

Fifty μm line-scans were carried out from core to edge of each
otolith to determine the abundances of isotopes 43Ca, 88Sr and 138Ba.
NIST SRM 612 silicate glass reference material was used as an external
standard (Jochum et al., 2011; Pearce et al., 1997), whereas the USGS
synthetic calcium carbonate MACS-3 (Jochum et al., 2012) and silicate
glass NIST SRM 610 were analyzed as secondary standards. The
analytical sequence comprised ablation of standards (NIST 612, NIST

610, MACS-3), ablation of two otoliths and ablation of standards.
Prior to recording transect measurements, the otolith surface was

pre-ablated using the following conditions: a spot size of 85 μm, scan
speed of 30 μm/s, energy density of 5 mJ/cm2, and a repetition rate of
10 Hz. For element abundance determination, two ablation transects
were carried out on the pre-ablation line in order to eliminate noise
peaks. The ablation scans were performed using a 50 μm spot size, a
scan speed of 10 μm/s, an energy density of 5 mJ/cm2, and a repetition
rate of 10 Hz. All transects started at the core and ended at the edge of
the otolith.

Data reduction was done using the Iolite (Paton et al., 2011)
software and concentration abundances were calculated based on the
equation developed by Longerich et al. (Longerich et al., 1996). 88Sr
and 138Ba raw intensities were background corrected (Fowler et al.,
2016). Then, the external standard (NIST SRM 612) was used to
determine the sensitivity factor of the mass spectrometer. Finally, the
concentrations of Sr and Ba were calculated and normalized to the
internal standard (43Ca). The Ca concentration of the otolith matrix is
38.8 wt.% (Hamer et al., 2015; Yoshinaga et al., 2000). Concentrations
were determined for each element every 10 μm along the continuous
transects.

Accuracy and precision were determined using secondary standards.
The average concentration of Sr in NIST SRM 610 measured during the
analytical session was 509 ± 40 ppm, which is in acceptable agree-
ment with the reported value of 507 ± 43 ppm (Jochum et al., 2011).
The maximum deviation observed during one analytical session was
3%. For Ba, the average concentration measured is 453 ± 35 ppm,
which overlaps within error with the published value of
451 ± 22 ppm (Jochum et al., 2011). The maximum deviation ob-
served during any one analytical session was 4%. The uncertainty was
determined by replicate analysis of NIST SRM 610 and NIST SRM 612.
A 9% uncertainty was calculated for Sr and Ba. The limits of detection
(LOD) are calculated from the standard deviation of the blank. The
LOD, normalized to Ca, were 0.00235 mmol/mol for Sr:Ca and
0.00075 mmol/mol for Ba:Ca.

Concentration of Sr and Ba were expressed as molar ratios
(element:Ca = mmol/mol) to account for fluctuations in the amount
of material analyzed and the loss of material during the preparation
process (Bailey et al., 2015; Sinclair et al., 1998).

2.5. Pattern classification and data analysis

To evaluate the consistency of the data, we used Pearson correlation
between Sr:Ca and Ba:Ca ratios (Fowler et al., 2016) and bootstrap 95%
confidence intervals.

Following the methods described in previous studies (Rohtla et al.,
2014; Smith and Kwak, 2014; Wynne et al., 2015), we use the Sr:Ca
ratio for pattern classification, because the Ba:Ca ratio could be
influenced by changes in the flow of freshwater that enters the studied
systems. Transition thresholds between habitats were estimated to
facilitate the interpretation of transects. The transition threshold
between freshwater and estuary was calculated as the mean of the
Sr:Ca ratio of the edge of the otolith from sampling in freshwater
habitats (Patos Lagoon, N = 10) plus twice the standard deviation
(mean + 2 * SD) as suggested by Tabouret et al. (2010) and Lin et al.
(2014). According to the methodology of Tabouret et al. (2010) to
estimate the threshold limiting migration between estuary and sea, we
used the Sr:Ca ratio of the edge of otoliths of fish caught in the outer
portion of an estuary. In this work, 11 otoliths from GB (salinity ∼27
PSU) were used, and the threshold was estimated as the mean of the
Sr:Ca ratio + 2 * SD (Lin et al., 2014; Tabouret et al., 2010).

Several algorithms have been used to facilitate the interpretation of
fish movement patterns and to infer the number of habitat changes
during their life history (Hedger et al., 2008; Hegg et al., 2015; Walther
et al., 2011; Wynne et al., 2015). In this work we used Change-Point
analysis (CPA) to facilitate the classification of individuals and quantify

Table 2
Descriptive statistics of individuals from each sampling site. N: sample size; SD: standard
deviation.

Age (year) Total length (cm)

mean ± SD range mean ± SD Range N

Plata Estuary 10.5 ± 1.60 8–13 64.4 ± 7.62 52.0–78.1 14
Patos Lagoon 10.1 ± 1.69 8–13 60.7 ± 6.02 54.7–71.2 10
Paranaguá Bay 9.09 ± 1.31 8–12 64.6 ± 5.85 58.0–81.0 13
Guanabara Bay 8.73 ± 1.27 8–12 59.2 ± 9.16 45.9–75.4 11

Long-lived fish
Patos Lagoon 27 83.7 1
Paranaguá Bay 21 75.5 1
Total

Table 3
LA-ICPMS operating conditions.

Instrument Parameter Value

ArF 193 nm laser
ablation

Laser fluence 5 mJ/cm2

Repetition rate 10 Hz
Pit size Pre ablation: 85 μm. Ablation:

50 μm
Ablation Cell Helex-2
Cell He gas Flow between 0.5 and 0.7 l/min
Scan Speed Pre ablation: 30 μm/s. Ablation:

10 μm/s

ICP-MS
Acquisition mode Time resolved
Nebulizer gas flow around 0.9 l/min
Isotopes measured 43Ca, 88Sr and 138Ba
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the number of changes in otolith elemental ratios (Hegg et al., 2015;
Shrimpton et al., 2014). CPA determined whether there had been a
change in the underlying process that generated the sequence of events
and identified where the change occurred. The procedure used to
perform a CPA comprises a combination of cumulative sum charts
(CUSUM) and bootstrapping to detect changes. The analysis provides
both confidence levels and confidence intervals for each change (95%
confidence is used for all confidence intervals) and it is robust to issues
of non-normality (Shrimpton et al., 2014). The Change-Point Analyzer
2.3 software package (Taylor, 2000) was used for CPA.

After plotting the transects, thresholds and changes of CPA, habitat
use patterns and transitions were visually classified by changes in the
Sr:Ca ratio along the otolith transect (Wynne et al., 2015). The
percentage that each migratory behavior is represented as a percentage
in pie charts for each estuary (Fig. 1).

In this work, the patterns were defined based on habitat use,
assuming similar approaches as Hedger et al. (2008) and Thibault
et al. (2007), and considering the environment where the fish were
spawned. These classifications only take into account habitat use with
no necessary association with reproductive movements. According to
Elliott et al. (2007) and McDowall (2007), amphidromy was reserved
for species that migrate between freshwater and the sea, or vice versa,
that is not related to breeding migrations.

We evaluate whether there is a relation between the number of
changes obtained from the CPA for the Sr:Ca and Ba:Ca ratios and the
fish age using ANCOVA (number of changes as a variable and age as
covariate) and Pearson correlation. The existence of a co-variation with
the age could affect the interpretation of the variable number of
changes of the Sr:Ca and Ba:Ca ratios. Then, a Pearson Correlation
Coefficient was calculated with the number of changes between
patterns of Sr:Ca and Ba:Ca ratios in order to determine whether there
is consistency between the two variables and if both are plausible as
indicators of movements.

Finally, following Walther et al. (2011) and Shrimpton et al. (2014),
the variable “number of changes” was compared. The Kruskal Wallis
test was used to compare the number of changes (Sr:Ca and Ba:Ca
ratios) between locations, while the Wilcoxon test was used to assess
differences between transects of the Sr:Ca and Ba:Ca ratios for each site
separately. Non-parametric tests were used because the variables did
not fit the normal distribution and homogeneity of variance (Shapiro-
Wilk, p < 0.05; Levene, p < 0.05) even after transformation log (x
+ 1).

3. Results

3.1. Relation between Sr:Ca and Ba:Ca ratios and threshold estimations

Otolith Sr:Ca ratio ranged between 0.90 and 9.83 mmol/mol
(mean ± SD: 3.86 ± 1.05 mmol/mol), while the Ba:Ca ratio varied
between 0.00013 and 0.10 mmol/mol (mean ± SD:
0.0094 ± 0.016 mmol/mol).

The reference value for movements between environments was
3.75 mmol/mol (N = 10) and 5.98 mmol/mol (N = 15) for freshwater-
brackish and brackish-marine water, respectively. Then, Sr:Ca values
above 5.98 were considered as corresponding to seawater, whereas
values below 3.75 to freshwater. Values between the thresholds
(3.75–5.98) were taken as estuarine. A weakly significant and negative
correlation was found (r = −0.3; p< 0.001; N = 23,925) between
the Sr:Ca and Ba:Ca ratios among all specimens analyzed. Bootstrap
95% confidence intervals were 3.85–3.89 (mean = 3.86) for Sr:Ca and
0.0092–0.0096 (mean = 0.0094) for Ba:Ca.

3.2. Life history and migration patterns allocation

Sixty-seven, 78, 55 and 82% of the fish caught in PE, PL, PB and GB,
respectively, showed values below the Sr:Ca reference value of

3.75 mmol/mol (1.90–3.72 mmol/mol), suggesting that these were
spawned in freshwater environments. The remaining individuals,
representing 33, 22, 45 and 18% of the fish caught respectively in
PE, PL, PB and GB were spawned in an estuarine environment
(3.90–5.21 mmol/mol).

Based on our data, the patterns were defined as follows (Fig. 2): 1)
amphidromous “type a”: this pattern was defined as fish spawned in
freshwater and moved at least once to a marine environment (fresh-
water-brackish-marine water), 2) amphidromous “type b”: defined as
individuals spawned in freshwater that migrate to brackish water
(freshwater-brackish); 3) amphidromous “type c”: defined as indivi-
duals spawned in estuarine water that migrate to freshwater, marine or
both (brackish-variable), and 4) freshwater resident; defined as perma-
nence in freshwater throughout life.

Two migratory patterns are common among sampling sites; amphi-
dromous “type a” and “type c” (Figs. 1 and 3). The amphidromous
pattern “type a” was observed in 55% of PB and GB populations, and 27
and 34% in PE and PL, respectively.

On the other hand, the amphidromous pattern “type c” was present
in 33, 22, 45, and 18% of the fish caught in PE, PL, PB, and GB,
respectively (Fig. 1). In PE, the amphidromous specimens “type b”
represented the largest proportion between the patterns found (40%)
with smaller proportions for PL and GB (11 and 27%, respectively)
(Fig. 1). Freshwater resident pattern was present only in PL, represent-
ing 33% of individuals (Fig. 1).

Large cyclical oscillations in transects with amplitudes that exceed
1 mmol/mol for the Sr:Ca ratio and highly variable Ba:Ca ratios were
observed in all individuals except those classified as residents (6.5%).
These large oscillations are generally annual, corresponding to the
growth rings of otoliths, although this annual frequency is less evident

Fig. 2. Patterns obtained for Genidens barbus. Note the co-occurrence (cyclic) of several
size-classes in different environments. a) amphidromous “type a”: defined as fish spawned
in freshwater and moved at least once to a marine environment (freshwater-brackish-
marine water), b) amphidromous “type b”: defined as individuals spawned in freshwater
that migrate to brackish water (freshwater-brackish); c) amphidromous “type c”: defined
as individuals spawned in estuarine water that migrate to freshwater, marine or both
(brackish-variable), and d) freshwater resident; defined as permanence in freshwater
throughout life. The schemes do not represent gastric incubation. The definition of
amphidromy was taken from McDowall (2007). Scheme modified from Potter et al.
(2015a,b).
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Fig. 3. Otolith microchemical profiles of Genidens barbus from core to edge (age: 8–12). Vertical arrows indicate otolith annuli (age) and black dashed lines indicate upper (marine) and
lower (freshwater) thresholds for Sr:Ca. TL= total length. The data were averaged with a 10-μm interval.
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in fish from GB (Fig. 3). In all amphidromous fish “type a” and “type b,”
the first migration to the estuarine environment occurred during the
first year of life (Fig. 3). In all amphidromous fish ‘type a’, the age of the
first entering into seawater (salinity over 27 PSU) was highly variable
among individuals caught in PE, PL, and PB with a range of 1–12 years,
however, the first entering occurred between the first and second year
of life for all fishes from GB. A tendency to perform cyclic movements
between environments of lower salinity, on the threshold limiting
freshwater and estuarine was observed in all amphidromous specimens
“type a” from PB, after entering the marine environment (Fig. 3).

In amphidromous specimens “type b” and “type c” no obvious
changes were observed in migratory patterns throughout ontogeny
(Fig. 3).

3.3. Quantification of changes in the life history

The average number of changes (moving indicators) in transects of
the Sr:Ca ratio is 19.6 ± 9.3 (range: 11–46), while for the Ba:Ca ratio
is 38.7 ± 11.0 (range: 20–66) (Fig. 4).

ANCOVA shows that there is no co-variation between age and
number of changes (p > 0.05), whereas no correlation was found
between age and number of changes of the Sr:Ca (r = 0.11, p = 0.4)
and Ba:Ca (r = 0.22, p = 0.1) ratios. For this reason, it was not
necessary to make age corrections in variables. A positive correlation
was observed between the number of changes in transects of Sr:Ca and
Ba:Ca (r = 0.63, p = 0.0001) ratios, which indicates that both vari-
ables are equally useful in the quantification of microenvironments.

Additionally, the Wilcoxon test shows significant differences in the
number of changes between the Sr:Ca and Ba:Ca profiles only for PL
(W = 152, p = 0.0004), but no difference between the two variables
for the rest of the sites (150 < W < 166, 0.06 < p < 0.1) (Fig. 4).
The Kruskal-Wallis test shows no significant differences in the number
of changes in transects of Sr:Ca between sampling sites (H = 2.1,
p = 0.53), while the number of changes for Ba:Ca is significantly higher
in PL (H = 9.1, p = 0.03) (Fig. 4).

3.4. Long-lived fish

The 27 year old specimen captured in the freshwater portion of PL
showed Sr:Ca values in the core lower than the threshold between
freshwater and estuarine. However, the threshold was exceeded several
times before the first year of life (Fig. 5m). Then it showed an
amphidromous migratory behavior “type c” until the age of 10. From
age 9 and up, changes continued with an annual trend, maintaining
Sr:Ca levels between both thresholds (freshwater-brackish and brack-
ish-marine water, respectively). After the age of 22, the values of Sr:Ca
are below the freshwater-brackish threshold. These displacements were
represented by 19 and 46 changes detected by the CPA, for transects of
the Sr:Ca and Ba:Ca ratios, respectively.

The 21 year old specimen captured in PB showed Sr:Ca values in the
core between both thresholds. In addition, the threshold was briefly
overcome only before the first year of life, suggesting an amphidromous
pattern “type c” (Fig. 5n). The Sr:Ca transect shows oscillations in a
markedly cyclical and annual pattern between environments and
freshwater threshold with a tendency not to exceed the reference value.
In this case 45 and 35 changes were detected by CPA, for transects of
the Sr:Ca and Ba:Ca ratios, respectively.

4. Discussion

This work describes for the first time the cyclical amphidromous
behavior pattern in G. barbus (in its variant types “a”, “b”, and “c”) and
confirmed a high plasticity in migratory patterns (Fig. 2) inferred by
otolith Sr:Ca and Ba:Ca rarios.

The incorporation of Sr and Ba in the otolith is related to the
presence of these elements in water (Macdonald and Crook, 2010;
Walther and Thorrold, 2006). The oceans are particularly rich in Sr due
to the presence of Sr salts (Brass and Turekian, 1974), while freshwater
systems are considered as Ba sources due to the presence of this element
in the sediments (Coffey et al., 1997; Li and Chan, 1979). In addition, in
marine environments, upwelling could also be source of Sr and Ba
(Begg et al., 2005; Ferguson et al., 2011; Lea et al., 1989).

However, the incorporation of Sr and Ba in the otolith could also be
influenced by environmental (salinity, temperature) (Brown and
Severin, 2009; Elsdon and Gillanders, 2003; Martin et al., 2004),
genetic (Barnes and Gillanders, 2013) and physiological factors (growth
rates, metabolic changes) (Kalish, 1991; Radtke and Shafer, 1992;
Sturrock et al., 2014). According to Brown and Severin review (2009),
the relation between Sr concentration of otolith and salinity would
seem to be universal for diadromous species, although the Sr incorpora-
tion ratio and the magnitude may differ between species. Even relations
between salinity and otolith/water chemistry may change especially at
low salinities (< 5 PSU) (Macdonald and Crook, 2010). It has been
reported that the incorporation of Sr in otoliths in certain species such
as A. japonicus is genetically influenced, although the relation between
Sr:Ca and salinity remains positive (Barnes and Gillanders, 2013). The
Ba incorporation ratio in the otolith is also species-dependent and may
be influenced (Miller, 2011) or not (Bouchard et al., 2015; Martin and
Thorrold, 2005; Martin and Wuenschel, 2006) by other factors such as
temperature. In this sense, the relation between the elements and
salinity should not be deliberately assumed and it is necessary to know
what factors influence the incorporation of these ones in the otolith, in
order not to perform incorrect interpretations.

In the case of G. barbus, previous studies have shown an opposite
relation between Sr:Ca and Ba:Ca levels in otolith, being consistent with
the salinity reported for different environments (Avigliano et al.,
2015b). Avigliano et al. (2015b) have used transects of Sr:Ca and Ba:Ca
to infer the history and have obtained consistent results in relation to
the previous knowledge on the biology of the species. In this paper, we
found a weak negative relationship between the Sr:Ca and Ba:Ca ratios
and a positive correlation between the number of changes, showing
consistency between relations (Fowler et al., 2016). In this sense, we
assume that significant changes in the transect correspond to changes of
habitat characterized by different chemical signatures of the water
(Freshwater et al., 2015; Hegg et al., 2015; Wynne et al., 2015).
However, we recognize the importance of studying factors that affect
the incorporation of different elements in the otoliths in order to make
more accurate inferences. In this work, some minor issues remain
unresolved, especially some brief increases, apparently simultaneous, in
Sr:Ca and Ba:Ca ratios (Fig. 5). As mentioned above, the relation
between the two elements might be weak at low salinities.

Movement patterns were inferred using transition thresholds esti-
mated at 3.75 and 5.98 mmol/mol (freshwater-brackish and brackish-
marine water, respectively). While transition thresholds between
environments seem to vary among teleost fish, our estimates are

Fig. 4. Distribution of number of changes from Change-Point analysis. Mean ± SD
number of change (habitats or stable chemical signature) in profiles from otoliths grouped
by capture location. Results are shown for both the Sr:Ca (black bars) and Ba:Ca ratios
(open bars). Asterisks indicate a statistically significant (p < 0.05) difference between
element:Ca ratios.
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consistent with those reported for other diadromous species. For
example, Fowler et al. (2016) has reported values between
3.3–6.4 mmol/mol for Mugil cephalus while Kanai et al. (2014) reported
values between 4.2 and 6.4 mmol/mol for Zenarchopterus dunckeri.
However, other species were associated with significantly lower values
of reference, as Osmerus mordax (∼2.3–4.2 mmol/mol) (Bradbury
et al., 2008) or Gobiomorus dormitor (∼3 mmol/mol for freshwater-
brackish) (Smith and Kwak, 2014).

The number of changes for transects Sr:Ca and Ba:Ca ratios were
similar among sites (except for Ba:Ca in PL), suggesting that on average,
the number of fish movements is similar between capture sites. It is
interesting to note that the number of changes tended to be higher for
the Ba:Ca compared to Sr:Ca ratio, being this difference significant only
for PL (Fig. 4). Peaks in Ba levels in water may be associated with
inflow of freshwater to the estuaries, with the Ba:Ca ratio in the otolith
more susceptible to this variation (Hamer et al., 2006; Rohtla et al.,
2014; Tabouret et al., 2011, 2010). In this respect, PL represents a
shallow depth lagoon system (Table 1) and it is plausible that the pulses
of flooding of the tributaries have an effect on the water Ba levels,
which could be recorded as changes in the Ba:Ca ratio in otoliths.

Regarding the life history of G. barbus, after fertilization, males
incubate the eggs in the oropharingeal cavity up to 3 months from the
site of mating to the exterior portion of the estuary (high salinity),
where juveniles are released (Reis, 1986b). Using stable carbon isotopes
in muscle and size structures, Pereyra et al. (2016) and Araújo (1988)
have suggested that births occurred in estuarine waters. Based on the
structure of sizes and ages, Velasco and Reis (2004) suggested that the
juveniles remained in the estuary during the first 3 years of life, and
then moved to the sea to feed, where they remained until about the age
of first sex maturity (> 7 years). Then, adults enter estuarine waters for
reproductive purposes.

According to the Sr:Ca and Ba:Ca ratios obtained here, we conclude
that fishes are spawned in the estuary, as suggested by Reis (1986b),
Araújo (1988) and Pereyra et al. (2016), but also in freshwater (Figs. 3
and 4). This paper is the first to report spawning and hatching of this
species in freshwater because previous studies were performed using
“free” juveniles already incubated. Our results do not support the
current model of estuarine residence during the first 3 years of life,
followed by a marine residence between years 3–7 (Velasco and Reis,

2004) as a common behavior for the species. On the contrary, we
observed considerable variability in migratory patterns during the
juvenile and pre-adult period, including residence and cyclical migra-
tion between freshwater, estuarine and marine environments.

In the long-lived specimens, particularly in the 27 year old speci-
men, changes in patterns throughout their ontogenetic development
were observed, with amphidromous “type c” during its first years of
life, and freshwater residency in the last 4 years (Fig. 5). Freshwater
resident pattern for PL was first reported by Avigliano et al. (2015a) for
specimens between 9 and 14 years old. These authors have also
reported the presence of freshwater residence in a specimen caught in
the PE, during the first 7 years of life. In this paper, the absence of
freshwater residence in PB and GB could be because the freshwater
environments represent a very small surface in these fluvio-marine
systems. However, this could also be related to the capture effort in
freshwater. In this regard, the presence of residence patterns in PG and
GB remains unknown.

Cyclical migration in the non-reproductive juvenile and pre-adult
stages, but juvenile or pre-adult (age< 7) is an interesting behavior,
and it remains unknown if it is linked to trophic habits, evolutionary
history, or either seasonal environmental changes (temperature, sali-
nity). Regular cyclical or annual migration has been previously
reported for other species such as M. curema (Fowler et al., 2016),
Anguilla mossambica (Lin et al., 2014), and A. anguilla (Panfili et al.,
2012), but it is the first time that this pattern is reported for G. barbus.
Annual co-occurrence (cyclic) of several size-classes of G. barbus has
been previously suggested in different regions of estuaries as PL, Chuí,
Tramandaí, Mampituba (Brazil) (Mendoza-Carranza and Vieira, 2008;
Velasco et al., 2007; Vieira, 2006). This supports our conclusions,
mainly that cyclical migration is common not only in the adult stages
but throughout life.

Marine incursions in diadromous fish provides them with the
opportunity to grow more quickly and have higher fecundity through
the exploitation of rich food resources, whereas returning to continental
waters fosters adaptation of stocks to favorable local spawning condi-
tions (Elliott et al., 2007; Lucas et al., 2001; McDowall, 2001).
Furthermore, marine incursions in migratory fish could also facilitate
connectivity between estuaries, as observed in different salmonids
(Cury, 1994; McDowall, 2001). According to McDowall (2001), a low

Fig. 5. Otolith microchemical profiles of long-lived Genidens barbus (age: 27–21) from the core to the otolith edge. Black dashed lines indicate upper (marine) and lower (fresh water)
thresholds for the Sr:Ca ratio, and vertical arrows indicate otolith annuli (age). The data were averaged with a 10-μm interval. Horizontal lines illustrate stable signatures identified using
change-point analysis for the Sr:Ca ratio. TL = total length.
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percentage of straying in species may have long-term evolutionary
advantages. This way the fish could move into new environments, and
perhaps more beneficial ones in terms of food and reproduction,
especially if the natal site had changed.

It has been reported that there is a relative connectivity among
populations of the estuary of PE and PL, although it would predominate
segregation (Avigliano et al., 2016). This corridor of inter-estuarine
connectivity is affected by plumes of relative low salinity (20–30 PSU)
up to 1000 km long on the platform (Braga et al., 2008; Möller et al.,
2008; Piola and Romero, 2004) (Fig. 1). Our movement threshold
between the outer edge of estuaries and the ocean (Sr:Ca: 5.98 mmol/
mol) was calculated for a salinity of ∼27 PSU. However, it is possible
that specimens can move on the plume of moderate salinity, movement
that is not recorded in the otolith Sr:Ca levels exceeding the threshold,
thus underestimating the percentage of individuals amphidromous
“type a” in PE and PL. The hypothesis of displacement between PE
and PL on the plumes could explain the relative low percentages of
individuals entering the sea in relation to those observed for PB and GB
(27 and 34% for RDP and LDP, and 55% for PB and GB, respectively),
and the reported connectivity between both locations (Avigliano et al.,
2016, 2015b).

Other authors have proposed classifications such as semi-anadromy,
catadromy, semi-catadromy, freshwater, estuarine, and marine mi-
grant, based on the reproductive life cycle of fish (Elliott et al., 2007;
Potter et al., 2015a). However, these classifications only consider
“simple” life cycles (only few displacements) and they do not consider
cyclic movements, or “stable” patterns along fish life. In our case, these
classifications do not apply, due to non-reproductive cyclic migration of
pre-adult stages, as well as to variability in ontogenetic patterns of fish.
If we try to use Elliott et al. (2007) and Potter et al. (2015b)
classifications in our results, the amphidromous pattern “type a” could
be associated with anadromy, assuming a reproductive migration of
adults. A few authors have deepened into amphidromy, considering the
great variability of this migratory pattern (McDowall, 2007, 2001,
1988; Miles et al., 2014). Even, variants of freshwater and seawater
have been mentioned. (McDowall, 2001, 1988; Miles et al., 2014).
Even, variants of freshwater and seawater have been mentioned
(McDowall, 1988). In this paper, considering pre-adult stages, this
amphidromous pattern “type a” could be related to a strict amphidromy
(non-reproductive migration among three environments) (McDowall,
1988). Nevertheless, a new term could be introduced to describe “type
b or c” patterns: semi-amphidromy, implying a non-reproductive
migration among two environments (freshwater-brackish or brackish-
variable, respectively).

Finally, in this work it has been highlighted that the distance
between rings (Fig. 5) is relatively variable, suggesting differences in
growth rates among different habitats. Then, considering that different
growth rates can affect the shape of the otolith, it would be interesting
to investigate habitat use through otolith shape and otolith micro-
structure analysis for stocks identification (Ferguson et al., 2011).

In conclusion, G. barbus uses freshwater, estuarine and marine
environments, presenting different migratory patterns that may vary
depending on the ontogenetic stage of development. While the dom-
inance of each pattern varies among the studied sites, the most
important are 3 migrant forms and freshwater resident. This work
needs to be linked to specific management objectives and, based on
these results, the implementation of fishery management actions
throughout the migratory fluvio-marine corridor is suggested. Special
attention should be directed towards places where specimens are
residents, such as the freshwater section of PL.
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