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Abstract.  Strontium : calcium (Sr: Ca) ratios were measured in sagittal otoliths of silverside (Odontesthes bonariensis)
from a freshwater—marine environment (Parana River Delta and Rio de la Plata River, South America) in order to
understand its seasonal movements. Conductivity was recorded and the water Sr: Ca ratio was determined by inductively
coupled plasma—atomic emission spectrometry (ICP-OES). A calibration curve of water Sr : Ca ratio versus otolith Sr: Ca
ratio from four isolated lentic water bodies was made to predict silverside displacements in the lower section of the Plata
Basin during summer (lotic water bodies). Otolith Sr: Ca ratio of silversides from the Parana River Delta was associated
with the conductivity of water at the locations where the sample was collected. According to this association and the
obtained results in the calibration curve, the silversides were displaced from zones where conductivity was 7.45
(mScm "), corresponding to the water Sr: Ca ratio in the outer section of the Rio de la Plata River (1.92 mmol mol ).
The high values of otolith Sr: Ca ratio found for some fish may indicate that during summer they moved from estuarine
waters where salinity increases gradually to the Argentinian Sea.
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Introduction

The Rio de la Plata estuary is a freshwater—marine environment
receiving the waters of the vast the Plata Basin, which is the
fourth largest basin of the world, with an area of 3 170 000 km?.
This basin includes Argentina, Brazil, Uruguay and Paraguay
(South America). The Rio de la Plata River, which covers an
area of 30 362 km?, discharges an average of 23 000m>s ™' into
the sea (Guerrero et al. 2010). It is divided into three sections
along the freshwater—marine gradient: the inner, middle or
transition and outer sections (Fig. 1), according to different
characteristics (water quality, geomorphology and ecology;
FREPLATA 2005). The inner — freshwater — section has a
salinity lower than 0.2 gL~ and the coarsest sediments, while
the middle or transition section shows salinities ranging between
0.04 and 10gL"" and fine sediments. The outer section has
salinities between 5 and 25 gL~ and is characterised by sedi-
ments bordering a large sandy body (Urien 1967; Guerrero et al.
2010). This section extends from the continental coast to
the 50-m isobath and includes a salt wedge (marine water
intrudes beneath the fresh water and lies close to the bottom).
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The salt-wedge intrusion is best developed before reaching
‘Barra del Indio’, a bar of ~100km placed along a line from
Punta Piedras (Argentina) to Montevideo (Uruguay) (Fig. 1).
The location of the salt wedge is mainly determined by
bathymetry, but it is also influenced by increasing flow rate. The
main forcing factors in the system are the strong south-easterly
winds, as they homogenise the water column (Guerrero and
Piola 1997).

This freshwater—marine environment supports a great
diversity of fish species, including 19 Chondrichthyes, 170
freshwater teleosts and 73 marine teleosts (Garcia et al. 2010).
Some species, such as the shad (Prochilodus lineatus), the
whitemouth croaker (Micropogonias furnieri) and the silverside
(Odontesthes bonariensis), constitute important fisheries. These
species entail different management challenges because
there are regulations for the shad and whitemouth croaker but
not for the silverside. Therefore, it is essential to develop tools
contributing to the sustainable management of fishery stocks
(each of which is defined as a fish population unit with genetic
integrity).

www.publish.csiro.au/journals/mfr
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Fig.1. Sampling sites. (¢) Numbers indicate the sampling sites of water (1-13) and fish (3—10) in lower

section of the Plata Basin. A, Inner section (freshwater environment); B, Middle section (estuarine
environment); and C, Outer section of the Rio de la Plata River (estuarine—marine environment).
(b) Black circles indicate sampling sites of water and fish in the Parana River Delta.

The silverside is widely distributed in continental waters of
South America (Argentina, Bolivia, Brazil, Chile, Uruguay and
Pertl), as a result of both natural and anthropogenic factors
(Tombari and Volpedo 2008). The silversides’ physiological
plasticity allows for its tolerance to high salinity (Lopez et al.
2005; Solari et al. 2009; Kopprio et al. 2010).

In Parana River Delta, inner section of the Rio de la Plata
River, and Uruguay, Parana Guazi and Parana Rivers (Argentina),
the silverside is usually present approximately between April

and September. During this period, which may vary slightly
depending on local climatic conditions, the silverside undergoes
reproduction and spawning, and commercial and sport fishing
activities are carried out. Its distribution during summer (from
November to March) is unknown because of the lack of official
and representative capture records.

In the last decade, migration routes and displacements of
different fish species were studied by relating water-quality
parameters (presence of trace elements and salinity) to otolith
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chemical composition (Secor et al. 1995; Tsukamoto and Arai
2001; Zlokovitz et al. 2003; Tabouret ef al. 2010). Fish otoliths
are complex polycrystalline structures, composed of calcium
carbonate (~96%) precipitated in the form of aragonite, and
small quantities of other minerals, embedded within a protein
matrix (Campana et al. 1997). This structure, which is placed in
the inner ear of fish, is involved in hearing and maintenance of
equilibrium (Popper and Zhongmin 2000).

The otolith strontium: calcium (Sr:Ca) ratio is used to
reconstruct migration routes or displacements of the stocks
along freshwater, estuarine and marine environments, assuming
that the otolith Sr:Ca ratio increases with increasing salinity
(Secor et al. 1995; Zlokovitz et al. 2003; Kraus and Secor 2004;
Schuchert ef al. 2010; Tabouret et al. 2010).

Kraus and Secor (2004) found a direct, positive relationship
between the otolith Sr:Ca ratio and water Sr: Ca ratio. The
analysis of otolith Sr:Ca ratio is useful for studying fish
displacements only if the concentrations of these elements
remain relatively stable over time to ensure that the concentra-
tions incorporated into the matrix of the otolith properly reflect
the characteristics of the water masses. Moreover, the dispersal
of species moving along environments with different salinity
(mesohaline, oligohaline or polyhaline areas) over short
periods (e. g. 1 week) would not be reflected in the otoliths
(Secor et al. 1995).

In brief, the otolith Sr:Ca ratio is closely related to the
salinity gradient of the freshwater—marine environment and
therefore, it can be used to reconstruct migration routes along
this environment. The objective of this study is to evaluate some
water parameters (Sr: Ca ratio, salinity and conductivity) in a
freshwater—marine environment (Parana River Delta, Rio de la
Plata River and Uruguay, Parana Guazu and Parana Rivers) and
the otolith Sr: Ca ratio of a salt-tolerant species (the silverside,
O. bonariensis) caught in the Parana River Delta, in order to
contribute to the knowledge of its seasonal movements.

Materials and methods

Silversides (n = 183) were captured in the Parana River Delta
(site numbers 3—10) between May and September 2010 (Fig. 1).
Fish were measured for total length (cm) and stored at —4°C
until otolith removal. Water and fish samples were collected
simultaneously (Fig. 1). In August 2011 additional water sam-
ples were taken from the localities of Concepcion del Uruguay
(Entre Rios, Argentina, site number 1), Fray Bentos (Uruguay,
site number 2), Punta Indio (Buenos Aires, Argentina, site
number 11), Rio Salado (Samborombon Bay, Argentina,
site number 12) and Punta Rasa (Buenos Aires, Argentina, site
number 13) (Fig. 1). Conductivity was recorded in situ with
a portable meter (HI9033W, HANNA, Italy).

Water samples were preserved by addition of 2 mL of nitric
acid per L of sample (method 3010-B; APHA 1993) and kept at
4°C until further analysis. Samples were filtered to remove
suspended solids that could interfere with the determination of
Sr concentration. The concentration of Sr was determined by
inductively coupled plasma—atomic emission spectrometry
(ICP-OES, Perkin Elmer Optima 2000 DV optical emission
spectrometer, Uberlingen, Germany ; method EPA 200.7). The
instrument was cleaned at regular intervals with MilliQ water
(Millipore, Sao Paulo, Brazil) and 10% nitric acid matrix to
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Fig. 2. Sampling sites. Numbers indicate the sampling sites of water and
fish in lentic waterbodies.

prevent sample memory effects. The concentration of Ca was
determined by titration with ethylenediaminetetraacetic acid
(EDTA) (APHA 1993). All measurements were made in tripli-
cate (standard deviation less than 4%).

Preparation of otoliths and determination of Sr and Ca

The pair of otoliths from each fish (183 pairs) was removed,
cleaned with distilled water and dried. Then, the otoliths were
weighed with an analytical balance to an accuracy of 0.001 g.
Photographs were made with a digital camera attached to a
stereoscopic microscope. Sixty pairs of otoliths belonging to
specimens collected in locations distant from each other were
selected for digestion with 50% nitric acid, and heated on a sand
bath at 400-450°C. The concentrations of Sr and Ca were
determined as described above and measurements were also
made in triplicate (standard deviation less than 4%).

Calibration curve

A calibration curve of water Sr: Ca ratio versus otolith Sr: Ca
ratio from four water bodies was made to investigate silverside
displacements in the lower section of the Plata Basin during
summer (December to March). Data were obtained from
four isolated lentic water bodies having no connection with
large rivers or with environments where fish could undergo
long-distance dispersal. These water bodies were as follows
(n=number of fish specimens): Los Alisos (»=16) and Las
Maderas dam (rn = 15) in the province of Jujuy; Cabra Corral
reservoir (n=15) in the province of Salta; and Chascomus
shallow lake (7 = 19) in the province of Buenos Aires, Argentina
(Fig. 2). Fish and water samples were collected in each water
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Fig. 3. Relationship between otolith Sr: Ca ratio (mmolmol ") and total
length (TL) of fish (n = 60) captured in the Parana River Delta (sities 3—10).
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Fig.4. Fitted regression line between the water Sr: Caratio of the different
studied lentic water bodies and the otolith Sr:Ca ratio (mmolmol ') of
silversides (sites 1-4, Fig. 2). P=0.016; R* = 0.97. All measurements were
made in triplicate. Bars indicate the standard deviation.

body to estimate the mean Sr: Ca ratio of otoliths and water. For
each environment of the lower section of the Plata Basin, the
average otolith Sr:Ca ratio was determined and the corre-
sponding mean water Sr: Ca ratio was calculated by interpola-
tion using the calibration curve mentioned above.

Results
Otolith Sr: Ca ratio of silversides from the Parana River Delta

There was some variability in otolith Sr: Ca ratio among silver-
sides from the Parana River Delta (range 1.08-3.2 mmol mol '),
with specimens of similar size showing different Sr: Ca ratios
(Fig. 3). The mean otolith Sr:Ca ratio was 1.69 + 0.36 mmol
mol ™! (mean =+ s.d.).

Calibration curve

The equation of the fitted regression line (P = 0.016; R*> = 0.97)
between the water Sr: Ca ratio of the different studied lentic
water bodies and the otolith Sr: Ca ratio (mmolmol ") of sil-
versides was Y'=0.509X+ 1.055 (Eqn 1; Fig. 4).
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Table 1. Sampling sites ordered along a latitudinal (north—south)
gradient, with their respective water Sr : Ca ratios and conductivities
The values for the Parana River Delta were obtained by averaging data from
eight samples

Sampling sites Water Sr: Ca ratio Conductivity
(mmol mol ") (mSem ™)
(1) Concepcion del Uruguay 0.52 0.056
(2) Fray Bentos 0.71 0.067
(3-10) Parana River Delta 1.18 0.084
(11) Punta Indio 1.66 0.51
(12) Canal 15 2.26 17
(13) Punta Rasa 2.68 30.30
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Fig. 5. Quadratic relationship between the water conductivity (mScm ")
and the water Sr : Ca ratio (mmol mol ') in the different sampling sites (sites
1-13, Fig. 1). R*=0.98. All measurements were made in triplicate. Bars
indicate the standard deviation.

Water Sr: Ca ratio v. otolith Sr: Ca ratio

The water Sr: Ca ratio in the Parana River Delta and the inner
section of the Rio de la Plata River was 1.18 & 0.35 mmol mol !
(mean £ s.d.; n=_8). According to Eqn 1, the predicted water
Sr: Caratio in the Parana River Delta and the inner section of the
Rio de la Plata River corresponding to the mean otolith Sr: Ca
ratio (1.69 4 0.36 mmol mol ') was 1.92 (mmol mol "), with a
95% confidence interval between 1.56 and 2.28.

Water Sr: Ca ratio versus conductivity

The water Sr: Ca ratio increased with increasing conductivity
along a latitudinal (north—south) gradient, with a rapid incre-
ment in the outer section of the Rio de la Plata River (samples 11,
12 and 13, Table 1). The relationship between conductivity and
Sr: Ca ratio of water samples collected in different sites in the
lower section of the Plata Basin (sites 1-13, Fig. 1) is described
by the quadratic equation: ¥ = 11.81X* — 24.3X + 10.57 (Eqn 2;
Fig. 5).

According to Eqn 2, the predicted conductivity correspond-
ing to the water Sr: Ca ratio in the lower section of the Plata
Basin (1.92 mmol mol ') was 7.45 (mScm ™).
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Table 2. Values of otolith Sr: Ca ratio (mmol mol ") of freshwater and estuarine species. (modified from Secor ef al. 1995)
ND, not determined

Sr: Ca ratio Species Reference
Mean Range
Estuarine 23 ND-4.1 Morone saxatilis Secor 1992
- 2.5-4 Anchoa mitchilli Secor 1992
1.69 1-3.2 Odontesthes bonariensis This paper (Parana River Delta, site numbers 3-10, Fig. 1)
Fresh water 0.78 0.34-1.31 Odontesthes bonariensis This paper (Las Maderas Dam, site number 1, Fig. 1)
0.3 ND-2.1 Anguilla anguilla Casselman 1982
0.9 ND-1.8 Anguilla rostrata Casselman 1982
- ND-1.0 Stenobius genivittatus Radtke et al. 1988
0.8 0.4-1.0 Salmo trutta Kalish 1989
1.1 0.3-1.8 Oncorhynchus mykiss Kalish 1990
0.6 ND-2.0 Morone saxatilis Secor 1992
Discussion summer they move south-west towards estuarine waters (outer

The relationship between otolith Sr: Ca ratio and total length
(TL) was slightly variable for silversides from the Parana River
Delta, which suggests that they came from areas with different
salinity. The relatively low variability of Sr: Ca ratio found for
some fish (Fig. 3) may indicate that during summer they had
moved together, as a group, along estuarine waters (outer sec-
tion of the Rio de la Plata River and Argentine Sea), where
salinity increases gradually until reaching the Argentine Sea.

Secor et al. (1995) reviewed the ranges of otolith Sr:Ca
ratios for freshwater and brackish fish species from the northern
hemisphere reported in the literature (Table 2). In the present
work, the mean otolith Sr: Ca ratio (mmol mol ") of silversides
from the Parana River Delta (1.69+0.36 mmolmol ') is
within the range for estuarine fish species (undetectable —
4.1 mmolmol "), and the maximum value recorded (range
1.08-3.2 mmol mol ') exceeded the range for freshwater fish
species (undetectable — 2.1 mmol mol ') (Table 2). A direct and
positive relationship between the otolith Sr: Ca ratio and water
Sr: Ca ratio has also been reported by other authors (Kraus and
Secor 2004). The otolith Sr was found to be positively correlated
with water salinity (Kraus and Secor 2004), while the otolith
Sr: Ca ratio was shown to be positively and negatively correlated
with water temperature above and below 10°C, respectively
(Campana, 1999). The fact that the incorporation of Sr into the
otolith is affected by environmental characteristics makes this
element a useful tool to study fish displacements and to
discriminate fish stocks (Zlokovitz et al. 2003; Kraus and
Secor 2004; Schuchert ef al. 2010; Secor et al. 1995; Tabouret
et al. 2010).

In the Parana River Delta, the mean water Sr:Ca ratio
calculated on data from eight water samples (sites 3—10, Fig. 1)
was 1.18 +0.35mmolmol ™" (mean+s.d.). In contrast, the
mean water Sr:Ca ratio estimated from the otolith Sr:Ca
ratio according to the calibration curve was 1.92 mmol mol
with a 95% confidence interval between 1.56 and 2.28. This
difference probably results from seasonal displacements of
the studied fish. A possible explanation might be that during
winter, the fish live in low-salinity waters of the inner or
middle sections of the Rio de la Plata Basin, while during

Rio de la Plata River).

For the outer section of the Rio de la Plata River, the mean
value of conductivity according to the quadratic relationship
between conductivity and water Sr: Ca ratio was 7.45mS cm ™.
The outer section of the Rio de la Plata River, from Barra del
Indio to the outer limit of the Rio de la Plata River (Fig. 1),
includes the Samborombon Bay, which is characterised by
salinity lower than 15gL™" (Guerrero ef al. 2010). Solari et al.
(2009) reported the presence of O. bonariensis in the Sambor-
ombon Bay and in some of its affluents, such as the Ajo and
Salado Rivers, where salinity is highly variable (0.57—4.3 gL ")
and depends on tides (Carol et al. 2008). This suggests that
during summer, silversides could be found to the south-east of
Barra del Indio rather than in the Parana River Delta or upstream
in the main tributaries of the Rio de la Plata River (Fig. 1).

In autumn and winter, the Rio de la Plata River discharges
mainly to the Uruguayan coast, which provokes a decrease in the
salinity of the surface waters, while in spring and summer it
discharges to the Argentine coast (Guerrero ez al. 2010). Then, it
is reasonable to assume that fish may move along the Argentine
coast southward until reaching the Samborombon Bay (mixoha-
line waters) in early spring and along the Uruguayan coast
towards the Delta (less saline waters) in early autumn, depend-
ing on the influence of the Rio de la Plata River. In winter, the
silverside may be distributed throughout the large rivers of the
Delta, including the Uruguay River, up to the northern region of
Entre Rios Province and the Parana River up to Corrientes
Province. Lopez et al. (2005) reported the presence of silver-
sides in this area during winter. However, there is no information
available on the presence of silversides in this area during
summer. The main hypothesis is that silversides could be in
estuarine water (south-east of Barra del Indio) during summer.
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