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Abstract: The marine silverside (Odontesthes argentinensis) is an euryhaline species, distributed along
the southwest coast of the Atlantic Ocean, present in estuaries, brackish coastal lagoons and shallow
marine waters. It is a significant economic resource for local fisheries in southern Brazil, Uruguay
and Argentina. The aim of this work was to contribute to knowledge on the stock spatial structure of
the silverside, using otolith shape analysis, based on samples from nine locations in the Argentinian
Sea, covering a large distribution range of the species. A combination of elliptic Fourier descriptors,
Wavelet coefficients and otolith Shape indices were explored by multivariate statistical methods.
The application of wavelet and combined wavelet, Fourier and Shape Indices were the most effective
variables to discriminate between sampling sites (7.42 total error). PERMANOVA analysis of otolith
shape revealed multivariate significant differences between north versus south locations (p < 0.0001).
The results obtained show that the spatial structure of O. argentinensis presents a North-South gradient
with marked differences between the extreme localities of the north (Mar del Plata, Quequén) with
more elliptical shapes than those in the south (San Blas, San Antonio Este) and an isolated group
conformed by Puerto Lobos.

Keywords: morphometry; otolith; stock spatial structure; atherinids

1. Introduction

Marine coastal and euryhaline species have different ecological strategies to survive
in dynamic environments. These strategies include a wide range of diet, reproductive
alternatives and, especially, organization at the level of stock spatial structure [1].

The term “stock” as it refers to fish has been variously defined [2,3]. In summary,
fish stock mainly describes the characteristics of a population unit with genetic integrity
within which some particular type of management is carried out [3]. Common stock as-
sessment techniques and management strategies assume discrete populations [4]; this type
of population structure is the exception more than the rule [5]. It is now clear that the
population structure of marine species falls along a continuum with different arrangements
within the range of distribution, depending on the species and the environmental character-
istics [6-9]. Migration and mixing generate complex stock spatial structures and so caution
is called for in seeking correct management strategies regarding spatial structure and its
complexity within the species [4].
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There are different methods to identify fish stocks, such as catch-recapture, population
parameters, size structure, morphometric and meristic characteristics, genetic identification,
otoliths, among others (e.g., Park and Moran [10]; Volpedo and Cirelli [11]). The otoliths
of teleost fish are complex polycrystalline bodies composed mainly of calcium carbonate
in the form of aragonite and small amounts of other minerals immersed in an organic
matrix [12,13]. In recent years, the use of otolith morphometry, morphology and the
geometric morphometric methods (commonly known as “otolith shape analysis”) has
allowed the identification of breeding areas and fish stocks, as well as the migratory routes
of different commercial species [7,14-17].

Atherinopsids are an important group of coastal fishes for artisanal and/or recreational
fisheries, and have a great inter-population phenotypic plasticity, presenting morphological,
morphometric and meristic differences along the marine coast [18-21] and in continental
environments [22-24]. Due to its complexity, this group has been studied in different
aspects of its biological cycle, but very few authors have established the identification of
stocks of this group [14,18,25,26], and even less so in marine atherinids.

Among the Atherinopsids, Odontesthes argentinensis, commonly known as silverside,
is an euryhaline species, distributed along the southwest coast of the Atlantic Ocean,
between Rio de Janeiro, Brazil (22° S) and Rawson, Argentina (43° S) [27,28], These fish
are found in estuaries, brackish coastal lagoons and shallow marine waters [29]. It is
considered one of the most ecologically and economically important species in the area.
It is a significant economic resource for local fisheries in southern Brazil, Uruguay and
Argentina [30-34].

In Argentina, O. argentinensis is exploited by recreational and artisanal fisheries along
the coast of Buenos Aires province [35], and in the North of Patagonia [34].

Studies show how the otoliths of this species change during growth, using morphology
and geometric morphometry [36,37]. Levy et al. [26], using the parasitic community of
O. argentinenesis specimens caught in the Mar del Plata area (38°02’ S, 57°31’ W) and in
the San Matias Gulf (40°50’ S, 64°50" W), found that the evaluated individuals belonged
to two different stocks. However, little is known about the stock spatial structure of these
species in the rest of their distribution in the Argentinian Sea, where there are important
fisheries for this resource; both in the coastal province of Buenos Aires and in northern
Patagonia [34].

This study is guided by two central hypotheses: first, that there are at least two differ-
ent stocks in the analyzed area, as proposed by Levy et al. [26], and, second, that there is a
spatial structure to these stocks, and the oceanographic barrier that structures them is the
area known as El Rincon. In this context, the objective of this study is to evaluate, for the
first time, the stock spatial structure of O. argentinensis in a great portion of its distributions
in the Argentinian Sea (>1000 km). The aim was to establish the amount of stock present in
the area, their spatial distribution and the relations between them, taking into account the
ones considered by Levy et al. [26], so as to generate management recommendations of the
correct scale, with a focus on local fisheries of the area.

2. Materials and Methods
2.1. Study Area

The study area extends 1000 km over the coast of the Argentinian Sea and includes
nine sampling sites approximately 150 km apart (Figure 1). The sites are located from north
to south in Buenos Aires province: Mar del Plata (MDQ), Quequén (QQN), Claromecé
(CLM) Monte Hermoso (MTH), La Chiquita (LCH), San Blas (SBL), and in Rio Negro
province: El Condor (ELC), San Antonio Este (SAE) and Puerto Lobos (PLB), (Figure 1).
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Figure 1. Sampling sites. MDQ: Mar del Plata; QQN: Quequén; CLM: Claromecd; MTH: Monte Her-
moso; LCH: La Chiquita; SBL: San Blas; ELC: El Céndor; SAE: San Antonio Este; PLB: Puerto Lobos.

The sites in Buenos Aires province are dominated primarily by extensive sandy
beaches with fields of coastal dunes, which are interrupted by estuaries, such as those of
the Quequén River, Colorado and the estuary of Bahia Blanca. Blanca and Anegada bays
represent wide environments dominated by strong sludge deposits [38]. SBL and LCH are
located within the coastal area denominated El Rincén (39°—41°30’ S), an area where the
characteristics of water mass (temperature, salinity, density) differ from the rest of the coast
of the province of Buenos Aires, due to the conjunction of inland waters from the Negro
and Colorado rivers, high salinity waters from the San Matias Gulf and the typical shelf
waters [39,40].

ELC is located on the estuary of the Negro River, at the entrance of the San Matias
Gulf, and it is characterized by wide sandy beaches and large cliffs [34]. The localities
PLB and SAE are located in the interior of the San Matias Gulf (Figure 1). This area has
oceanographic characteristics different from the rest of the coastal area of the Argentinian
Sea, because its geomorphology restricts the exchange of water with the open sea [40].

2.2. Sampling

Sampling was carried out during the months of September 2018 and March 2019 using
different fishing gear (gillnets having mesh sizes of 30, 40 and 50 mm, and 25 m long, coastal
trawl and with rod by the contribution of sport fishing participants). The individuals
were identified according to the taxonomic keys proposed by Dyer [27] and Mancini
et al. [41]. First, 354 fish were collected and frozen (—18 °C) until laboratory analysis.
Each individual’s weight (W) in g, total length (TL) and standard length (SL) in mm were
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recorded (Table 1). The fishes were adults and the TL of all the sampling sites showed high
overlap sizes.

Sagittae otoliths were extracted and cleaned with Milli-Q water with a resistivity of
18.2 mQ) cm (Merck Millipore) and dried.

Table 1. Sampling locations ordered from north to south. Mean values of Total Length (TL) and
Standard Length (STL) & Standard Deviation. N: sample number.

Localities Latitude Longitude N TL (mm) STL (mm)
Mar Del Plata MDQ 38°02 57°31 57 209 + 30 175 £ 25
Quequén QON 38°24’ 58°40' 75 200 £ 30 168 + 25
Claromeco CLM 38°51’ 60°04 47 208 + 67 178 + 57
Monte Hermoso MTH 38°59 61°15' 39 226 + 68 191 £+ 60
La Chiquita LCH 39°35 62°05' 13 255 £99 214 £ 85
San Blas SBL 40°31’ 62°16' 64 269 + 45 227 + 36

El Condor ELC 41°00 62°48' 20 317 £53 267 + 49
San Antonio Este SAE 40°50 64°50 30 280 £ 46 245 £ 41
Puerto Lobos PLB 41°51 65°02 19 334 +£17 285 + 14

The left sagitta otolith of each specimen was photographed on a dark background
(Figure 2) with a Leica® MC170HD camera mounted on a Schénfeld stereoscopic magnifier®
and the Leica Application Suite software (LAS version 4.5). The left otolith was used since
both otoliths are morphologically equal [36].
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Figure 2. Left sagitta otolith of Odontesthes argentinensis. Features variables. AR: Anti rostrum.
R: Rostrum.

2.3. Shape Analysis

Otolith contours were analyzed using the ShapeR package [42] of the statistical soft-
ware R. The “detect. outline” function was used to extract the contour of all the otoliths
(threshold = 0.15) and to eliminate the pixel noise around the contours that could impair
the analyses; the “smooth out” function was used [42,43].

The Fourier descriptors (FD) and Wavelet coefficients (WC), respectively, were ex-
tracted from the digital images using the Wave thresh package [42,44]. The deviation of the
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reconstructed otolith’s outline from the original outline was evaluated with the ShapeR
package [42] to determine the number of FD and WC needed for the analysis, with 45 FD
and 64 WC; an accuracy rate higher than 98.5% was obtained. The contour coefficients
that showed a relationship with the length of the fish (p < 0.05) were discarded from the
analysis [45,46]. Among the 45 FD and 64 WC integrated within the ShapeR package,
only 24 FD and 44 WC met our assumptions and were, therefore, used in the following
statistical analysis.

The mean otoliths reconstructed by normalized WC for each group of samples were
plotted and the differences among the groups visually evaluated.

To estimate which part of the otolith outline contributed most to the difference between
the potential stocks, mean shape coefficients and their standard deviation (SD) were plotted
against the angle of the outline from where the coefficients were extracted, using the
function plotCI from the plots package [47].

2.4. Morphometric Analysis

Morphometric variables, such as otolith length (OL mm), width (OW mm), area (OA mm?)
and perimeter (OP) in mm, were obtained from the contours of otoliths using ShapeR [42].
Four morphometric indices (MI) were calculated: (i) Circularity (OP%/0A) [37,48,49]; (ii) rect-
angularity (OA/(OW x OL)) [37,48,49]; (iii) aspect ratio (OW /OL), [37]; (iv) roundness
(4 x OA)/(m x OL?) [13]. All morphometrical variables fitted a normal distribution and
homogeneity of variance (Shapiro-Wilk, p > 0.05; Levene, p > 0.05). The morphometric
indices were then analyzed by ANOVA, and Bonferroni contracts were used to evaluate
the differences among sampling areas.

Indices were corrected to eliminate possible allometry effects in otolith shape related to
fish body size, for a proper comparison between groups; the formula: y’ = yi x (x0/xi)b was
used, in which y’ is the corrected predictive variable, yi is the original value of the obtained
index, x0 is a referential standard length (SL) value (SL minimum = 142 mm), xi is the
original SL value, and b is the Huxley coefficient of each regression index to SL [37,49,50].

2.5. Multivariate Analysis

A Linear Discriminant Analysis (LDA) using morphometric indices, Fourier de-
scriptors, and Wavelet coefficients separately and together was performed using the
R “MASS” [51]. The overall power of the discriminant function analysis was evaluated by
Wilks” A test [52]. The success of classification among the different groups was evaluated
using a Jackknifed classification matrix [52]. Comparisons among sample locations, as well
as among the groups retrieved from the LDA, were conducted using a permutational mul-
tivariate analysis of variance [PERMANOVA; [53], based on the Bray—Curtis dissimilarity
measure (4999 random permutations)].

Statistical analyses were performed with R (R Core Team, 2021) using ShapeR packages
ShapeR [42], Vegan [54], ipred [55] and MASS [51].

3. Results
3.1. Mean Shape Features

Otolith contours of the fish from the different studied localities presented differences
in mean shape (Figure 3). The morphometry of the otoliths presented modifications
in the rostrum-antirostrum, the dorsal margin and the posterior end (Figure 4). These
modifications were displayed in the wavelet coefficients (ICC) for these regions on the
otolith outline at 170°-200°, 260°-290° and 320°-20° (Figure 4).
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Figure 3. Mean shape of otolith shapes of silverside from nine localities. MDQ: Mar del Plata;
QQON: Quequén; CLM: Claromecé; MTH: Monte Hermoso; LCH: La Chiquita; SBL: San Blas; ELC: El
Céndor; SAE: San Antonio Este; PLB: Puerto Lobos.
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Figure 4. Mean and Standard deviation (SD) of the wavelet coefficients representing shape for all
combined otoliths and the proportion of variance among silverside of different localities or interclass
correlation (ICC, black solid line). The central axis shows the angle in degrees (°) based on polar
coordinates where the centroid of the otolith is the central point of the polar coordinates.

The otoliths of the fish show a gradient from the northern localities (MDQ, QQN,
CLM) that have a more elliptical shape, unlike the otoliths of the fish caught in the localities
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of the extreme south (PLB and SAE). The otoliths of the fish caught in MTH, LCH, SBL and
ELC presented intermediate forms.

3.2. Shape Indices

The shape indices obtained from the variables OL, OW and OP showed higher values
of circularity towards the south of the spatial distribution studied, while higher values of
Aspect ratio and Roundness towards the North were observed. The rectangularity values did
not show major latitudinal changes (Table 2).

Table 2. Median values + standard deviation of shape indices by locality, (ANOVA statistical analysis:
F [statistic] and p [significance]). MDQ: Mar del Plata; QQN: Quequén; CLM: Claromecé; MTH:
Monte Hermoso; LCH: La Chiquita; SBL: San Blas; ELC: El Céndor; SAE: San Antonio Este; PLB:
Puerto Lobos.

Shape Indices MDQ QQON CLM MTH LCH SBL ELC SAE PLB F p
Gy | SRE  WRE  RE  GAE  ums  mmr  wer  wni w6 np  ome
. 0.73 + 0.74 + 0.74 £ 0.73 £ 0.73 + 0.74 £ 072 £ 0.74 + 0.74 +
Rectangularity 0.02° 0.01° 0.022 0.02° 0.01° 0.02° 0.032 0.02° 0.02° 193 0.0544
. 0.63 + 0.64 + 0.63 += 0.62 + 0.65 + 0.59 + 0.56 + 0.53 + 0.53 + -
Aspect ratio 004° 003° 005° 005° 0.08 2 004° 0.06 ¢ 005° 03c 2041 <0001
T A NN LT
** Significant p value. Different letters show significant differences (p < 0.05).
3.3. Multivariate Analysis
The results of the Linear Discriminant Analysis showed different percentages of errors
in the classification of individuals, depending on the variables used in the analysis (Table 3).
Table 3. Cross-classification table of Linear Discriminant Analysis. MDQ: Mar del Plata; QQN:
Quequén; CLM: Claromecé; MTH: Monte Hermoso; LCH: La Chiquita; SBL: San Blas; ELC: El
Condor; SAE: San Antonio Este; PLB: Puerto Lobos. ** Significant p value.
Localities MDQ QON CLM MTH LCH SBL ELC SAE PLB Error (%)  Total Error (%)
(a) Morphometric Indices (MI) (Wilks” A = 0.652, p < 0.001 **)
MDQ 14 19 10 4 4 0 4 1 1 75
QON 9 42 18 4 0 1 1 0 0 44
CLM 3 23 10 2 0 0 4 2 3 79
MTH 6 7 8 6 1 1 5 3 2 85
LCH 2 2 3 0 0 0 4 0 2 100 72.25
SBL 7 3 7 8 3 7 13 7 9 89
ELC 2 1 0 1 1 2 7 2 4 65
SAE 3 2 2 1 2 2 8 3 7 90
PLB 0 0 0 0 2 1 4 0 12 37
(b) Wavelet coefficients (WC) (Wilks” A = 0.059, p < 0.001 **)
MDQ 45 3 1 2 1 4 0 1 0 21
QON 3 67 2 1 0 2 0 0 0 11
CLM 0 2 41 1 0 1 0 2 0 13
MTH 0 0 2 34 1 1 0 1 0 13
LCH 0 0 0 1 12 0 0 0 0 8 17.86
SBL 6 2 0 4 4 43 2 3 0 33
ELC 1 0 1 0 1 1 15 1 0 25
SAE 2 0 1 0 3 1 0 23 0 23
PLB 0 0 0 0 0 0 0 0 19 0
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Table 3. Cont.

Localities MDQ QON CLM MTH LCH SBL ELC SAE PLB Error (%)  Total Error (%)
(c) Fourier descriptors (FD) (Wilks” A = 0.016, p < 0.001 **)

MDQ 47 0 1 4 1 2 0 2 0 18

QON 0 63 0 3 4 4 0 1 0 16

CLM 0 2 38 1 2 2 0 2 0 19

MTH 2 3 0 26 4 3 0 1 0 33

LCH 0 0 0 0 9 1 2 1 0 31 25.27
SBL 1 1 2 14 3 33 4 6 0 48

ELC 0 0 1 0 1 2 16 0 0 20

SAE 0 3 2 2 0 2 0 21 0 30

PLB 0 0 0 0 0 0 0 0 19 0

(d) MI + FD + WC (Wilks” A = 0.002, p < 0.001 **)

MDQ 55 0 0 0 0 1 0 1 0 4

QON 0 72 0 0 0 3 0 0 0 4

CLM 0 0 45 0 0 1 0 1 0 4

MTH 1 0 0 36 0 2 0 0 0 8

LCH 0 0 0 0 11 2 0 0 0 15 7.42
SBL 2 0 0 2 1 57 0 2 0 11

ELC 0 0 0 0 0 4 16 0 0 20

SAE 0 0 1 1 0 2 0 26 0 13

PLB 0 0 0 0 0 0 0 0 19 0

The highest percentage of total error presented in the cross-classification was obtained
by using only the MI as a variable (72, 25% of poorly classified individuals) (Table 3a).
The poorly classified individuals were from the localities of LCH, SAE, SBL and MTH. This
is also shown in Figure 5a, where no defined clusters are observed between the localities,
although there is a North-South gradient. In relation to Fourier descriptors (FDs) the per-
centage of error in the classified individuals was reduced to 25.27%, (Table 3c). The locality
with the highest percentage of classification error was SBL with 48%. Figure 5b—d show
that the locality of PLB was separated from the rest by canonical axis 1, while the remaining
localities did not form a clear grouping on canonical axis 2. The QQN and MDQ localities
were at opposite points of the point cloud (Figure 5c).

The results of the application of wavelet coefficients (WCs), show that the percentage
of error in the classified individuals was less than 17.86 (Table 3b). The locality with the
highest percentage of classification error was SBL (33%). Figure 5c shows that the otoliths
of PLB fish were separated from the rest of the samples by canonical axis 1. In addition,
a North-South gradient of the localities of origin of the samples was also observed in the
canonical axis 2 (Figure 5c).

The lowest percentage of classification error (7.42%) was obtained by applying the MI,
FD and WC together (Table 3d). Figure 5d shows that the locality of PLB was separated
from the rest on canonical axis 1, showing a North-South gradient on canonical axis 2
(Figure 5d). This analysis, including the three types of variables, presented a classification
more in line with the geographical reality of the localities evaluated, showing, in addition,
the lowest percentage of misclassification (Table 3).

PERMANOVA tests were performed on different groups, considering ADL classifica-
tion errors (Table 2) and groups in the ADL figures (Figure 5). The tests were done over all
standardized variables (SI + DF + WC). The PERMANOVA tests showed significant differ-
ences among the proposed aggrupation’s North (MDQ, QQN, CLM) against South (MTH,
LCH, SBL, ELC, SAE, PLB) (pseudo-f: 36.76, p < 0.0001); also, with North (MDQ, QQN,
CLM) against South (MTH, LCH, SBL, ELC, SAE) and PLB alone (pseudo-f: 28.54 p < 0.0001)
and between North localities against PLB and South localities versus PLB (Table 4).



Fishes 2022, 7,155 9of 15

i o
ﬂ = 9 E * N
A + [=] Em
154 o . + 5 b o
. x Dﬁ S x 5 a
A + + =] og
a o *§ WP O
A at “n ﬁE 1.5 + o+0 ?
-
N P = — e
R AL I 2 e
Sy b G & & a - %n o
—_ 3 & 2 s : a o * al J)a D8
BN Lo o " + 5 2! oa o &' e a0
- wxn ¥ a = 2 (3, o E‘+ = a a ﬁ%ﬁ o o
< *a + o + A x
. A x - * x
x +
228 x i E;A aa GD v & + 40: + o %
o 007 x e *8y % A $ 0k =] B 0.0 & g .- ’éﬁ"‘
< % XX =[] o Aty L.
[m] &% AA'I'D)'!l 5 = & A a® & 5
| x%é,ﬁ +, N a + o o e
x % .2 Bn 2 o £ o a o} |
% it x{_‘xx = & .o a ¥a a + 0 xXx  x
x = g a .
L0 a0 CA - . - a5,
= * n*x a -~ A & e
* e a " + i A = 2
xo @ g a * -1.59 & v¥ha a
2 % a L A x ,(x)§ %
x
B a x X
-1.5+ K R i . g
a = g - ax SRR o
= * i B 5 xx KX
x x
*x
x
T T T -3.0 T T T
-1.5 0.0 1.5 =10 ~5 0
LDA1 (87.50%) LDA1 (48.92%)
m
++ o
*
g woh * =
o +.
s i Sﬁﬁh
A o
P S + Bg 0o N
A ’ Sfle
A & A
s g iy s -
I + & fu}
— Y o a i a e E ¥l
< Wt e ; S |egpss 2 s
A & 2
= Srege b = < 0 = of
a 3 a
- %ﬁg ‘ A c .| 1SR, 1A &,
ool e e | 5 o
= on a o~ a
% & LEEF" . s & < a X%
- +ﬁ D¢: e >§x a
" )(qvﬁ C x
+, ,ék" i
X x* a X
R Ly
4 X Ky x o
o] + X
S 2 X
el x. %
* x %
ok o L
o * x K x
LI x¥x
x -5 x"o‘
K’%
x
—4 T T T T T T
0 5 10 0.0 7.5 15.0

LDA1 (69.09%) LDA1 (64.67%)

Figure 5. Linear Discriminant Analysis (a) Morphometric indices (MI); (b) Wavelets coefficients
(WC); (c) Fourier descriptors (FD); (d) MI + WC + FD. MDQ: Mar del Plata; QQN: Quequén; CLM:
Claromec6; MTH: Monte Hermoso; LCH: La Chiquita; SBL: San Blas; ELC: El Céndor; SAE: San
Antonio Este; PLB: Puerto Lobos. The centroid of each study area is shown as a larger symbol.

Table 4. Overall PERMANOVA comparison among groups for combined silverside otolith shape
indices, Fourier descriptors and Wavelet coefficients, including pairwise comparisons between groups.
MDQ: Mar del Plata; QON: Quequén; CLM: Claromecé; MTH: Monte Hermoso; LCH: La Chiquita;
SBL: San Blas; ELC: El Céndor; SAE: San Antonio Este; PLB: Puerto Lobos. ** Significant p value.

Variables Localities Groups F. Model p Value
Combined MDQ, QQN, CLM vs. MTH, LCH, SBL, ELC, SAE, PLB 36.76 <0.0001 **
ombined MDQ, QON, CLM vs. MTH, LCH, SBL, ELC, SAE vs. PLB 28.54 <0.0001 **
Morphometric indices, -
oo e | MDQ, QQN, CLM vs. MTH, LCH, SBL, ELC, SAE 29.57 <0.0001
%‘;r‘er : esmg,“’,rs an MDQ, QQN, CLM vs. PLB 44.95 <0.0001 **
avelet coefficients MTH, LCH, SBL, ELC, SAE vs. PLB 15.28 <0.0001 **
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4. Discussion

Marine and euryhaline coastal species inhabit dynamic environments so they gen-
erally show high plasticity [56], such as atherinids, mugilids and sardines [17,37,57-59].
This plasticity can be reflected in otoliths.

The results obtained show that the spatial structure of O. argentinensis presents a
North-South gradient (38° S-41°51’ S), where three stocks can be accounted for: one in the
north with the localities of MDQ, QQN and CLM, another in the south/center with MTH,
LCH, SBL, ELC and SAE and the third in the south of the San Matias Gulf in PLB. The latter
should be further studied to have more conclusive evidence of its relations. This latitudinal
gradient marked differences between the extreme localities of the north (MDQ, QQN),
the south/center (SBL, SAE) and the isolated location of PLB. This also coincides with
what was recently found by Gonzalez-Castro et al. [60] when studying molecular diversity.
These authors determined the existence of different populations: an isolated population of
silversides in the Mar Chiquita lagoon, a population in the coastal area of Mar del Plata,
that coincides with the northern group of this study, and another population in San Blas
Bay, that would be included in the south/center group of the localities we studied.

On the other hand, Gonzélez-Castro et al. [60] also found low frequency of haplotypes
in the population of Mar del Plata area, which is also consistent with the gradient found
in this study using the morphometry of the otoliths. In this sense, Levy et al. [26] found
two different stocks of O. argentinensis when studying parasite communities: one in Mar
del Plata and the other in San Antonio. Their findings agree with the stock spatial structure
we propose in this study:.

Furthermore, we can establish that the limit between the two stocks is in the zone
of MTH, which is consistent with the limits of the El Rincon area and oceanographic
region, where the characteristics of the water mass differ from the rest of the coast of the
province of Buenos Aires [39,40]. It is worth mentioning that the Puerto Lobos specimens
can be established as another stock that was unknown until this study. The Puerto Lobos
stock is inside the San Matias gulf, in its southern zone; for example, the gulf has its own
isolated stock of Argentinian Hake [61,62]. These findings should be confirmed by more
studies with the O. argentinensis inside the gulf and further south, because no studies
of characteristics were done with the fish, knowing that the distribution of the species
continues till Rawson (43°19’ S; 65°02' W) [27].

Environmental conditions produce a rapid variation in the morphometric and meristic
characteristics of other species of silversides, such as O. regia [63], which could also generate
variations in the morphometry of the otoliths reflected in the morphometric indices of
shape of the otoliths.

The plasticity and flexibility of the life history of O. argentinensis are manifested in
different conditions of salinity and temperature inhabited by the fish, which allows this
species to be found in freshwater environments, such as the Uruguay River [64] or the
Salada de Pedro Luro [24]. This particularity may occur due to the fact that evolutionarily
they come from an ancestral plastic marine population [65].

Heras and Roldén [66], by analyzing the genetics of individuals from different local-
ities of the Argentinian Sea, proposed that O. argentinensis may be a model of divergent
adaptive selection associated with reproductive events of isolation. This fact could also
explain the separation of the shape of the otoliths from the Puerto Lobos specimens stud-
ied in this work which is very different from the rest. This could be due to an isolation
produced by oceanographic barriers, such as the different bodies of water or the ocean
fronts of this locality. This type of oceanographic barrier also affects the spatial distribution
of other coastal species, like sciaenids [11,67]. These results coincide with the particular
characteristics that the species present in incipient speciation processes in specific areas
like those described by Levy et al. [29] and Gonzalez-Castro et al. [60], applying molecular
genetics in silversides of the Mar Chiquita Lagoon. It is important to note that speciation
processes in this species can occur on a small geographical scale (<20 km) even without
marked geographical barriers [26], so groups that are isolated in particular coastal environ-
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ments, such as coastal lagoons or areas of different oceanographic features, may be able to
differentiate themselves from the rest, as happens with PLB fish.

The values of the morphometric indices of otolith shape obtained by Biolé et al. [37]
in silversides of La Lucila del Mar are different in relation to those obtained in this work.
These differences may be due to the existence of a latitudinal gradient in the species.
The otolith shapes that we found were similar to those referred to by Biolé et al. [37] and
Tombari et al. [36], in La Lucila del Mar, Punta Rasa (36°22’ S-56°45' W) and Miramar
(38°16/S-57°50" W).

The increase in the rate of circularity towards higher latitudes shows the increase
in the complexity of otoliths [13,49] towards higher latitudes. This could be caused by
environmental changes and the trophic habits of the species.

The shape of the otolith depends on the ecological, evolutionary and phylogenetic
characteristics of each species [67-72]. This can be evident in coastal species that inhabit
dynamic environments, as is the case with O. argentinensis, and can be reflected in the
morphometry of the otoliths.

Biolé et al used traditional morphometry and shape analysis by Fourier descriptors [37]
in specimens of O. argentinensis from La Lucila del Mar in a wider range of sizes than those
studied in this work. In this study, as in Biolé et al., Stage III of O argentinensis [37], the focus
was on sexually mature adult fish. Adults of marine silversides make habitat movements to
reproduce which could be reflected in the shape of otoliths as in other fish species [17,58,73].

Methodologically, the application of the analysis of morphometric indices, Fourier
descriptors and wavelet coefficients was used in different species of the southwest Atlantic
Ocean coast, such as Coryphaena hippurus [74], Menticirrhus americanus [17,71], Pagrus
pagrus [75]. The joint application of the three methods referred to by Sadighzadeh et al. [76]
was used for the first time regarding this species, with different results for the methods.

Tuset et al. [69] demonstrated that the application of wavelet coefficients on otoliths is
a more appropriate methodological option to classify specimens from different localities
than morphometric indices. These results are consistent with what was found in this work,
since when the wavelet coefficients were incorporated, the percentage of the classification
error decreased, while when only the morphometric indices were considered, the classi-
fication error was high. This would suggest that the application of joint methodologies
(morphometric indices, wavelet coefficients, Fourier descriptors and even otolith chemistry)
would be more efficient in otoliths of species that inhabit very environmentally dynamic
areas, as has been shown for Lutjanus spp and Chaetodipterus faber [76,77].

Finally, it is important to highlight that the spatial distribution of the stocks in this
study showed three stocks that are under differential fishing pressures. On one hand,
the northern stock is found within the fishing area of the most important coastal cities of
Argentina, such as Mar del Plata and Necochea, where the fishing for the species is carried
out constantly throughout the year, in shores and docks used for this activity. For the
south/center stock, fishing takes place mainly in fishing tourism areas, such as San Blas
and La Chiquita. In these fishing villages, the fishery is seasonal and the influx of tourism
during summer is most important, especially in San Blas [35,78]. On the other hand,
the last stock falls under two different jurisdictions, the Province of Buenos Aires, where
management measures are carried out by the coastal fishing regulations of Buenos Aires,
and minimum catch size and number of pieces for silverside are set, and the southern part,
in the localities of El Condor, San Antonio Este and also Puerto Lobos, in the Province of
Rio Negro, which does not have any regulations governing marine recreational fishing [79].
This spatial analysis should be incorporated in the management scenario of silverside
fisheries of the marine coast of Argentina [4].

5. Conclusions

The results of this paper allow us to conclude that the spatial structure of O. argenti-
nensis in the study area presents three stocks: one includes fish from MDQ localities; QQN
and CLM, the second stock includes fish from the localities of MTH, LCH, SBL, ELC and
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SAE and the third concerns south of the Gulf of San Matias (PLB). This last stock should be
studied further, expanding the sampling to the southern region and increasing the number
of individuals in order to strengthen the evidence found in this work. On the other hand,
it is important to consider that the limits of these groups of fish are between the localities of
MTH and CLM for the north and south/center stock and between SAE and PLB, for the
south/central and south stocks.

In relation to management applications of these findings, the three stocks have different
problems. The north stock is located under the fishing zone of major coastal cities of
Argentina, such as Mar del Plata and Necochea, which implies that this stock could be
under larger fishing pressure than the other stocks of this species. On the other hand,
the south/center stock is distributed in two jurisdictions, Buenos Aires in the north and
Rio Negro in the south, and these locales have different management measures; Rio Negro
does not have any measurement for the management of silverside fishing. In this context,
fishery management must be carried out by the two jurisdictions, considering that they
share the same resources.
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