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Abstract

The otoliths of teleosts are part of the inner ear. They are related to the balance system and are also
mechanical components of sound transmission, responsible for hearing in fish. Their morphology
is determined by the function they perform and is also influenced by environmental factors. In this
context, our goal was to: analyse the possible morphological changes of sagitta otoliths of Microp-
ogonias furnieri (Desmarest, 1823) during its ontogeny, based on six biometric indexes. We analysed
162 sagittae otoliths of Micropogonias furnieri collected in the Rio de la Plata estuary. The variation
of the indexes was associated with the different size groups. Rectangularity and aspect ratio [otolith
length/total fish length (OL/TL) and sulcus area/otolith area (SA/OA)] were the indexes that con-
tributed the most to the discriminant function. Biometric index differences were related to diverse
juvenile environments. The observed shift in the SA/OA relationship could be attributable to a need
to respond to a change in the perception of sound (pulse and frequency) experienced by individuals
larger than 20 cm that begin to frequent the same areas as spawning adults. In this sense, the onto-
genetic morphological change of sagitta otoliths plays an important role in perception and acoustic
communication for this species.
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Introduction

The sagitta otoliths of teleost fishes are structures composed of calcium carbonate
(aragonite, vaterite), organic matter and trace elements (Simkiss, 1974; Morales-
Nin, 1987; Gauldie & Nelson, 1990). They are located inside the skull, in the otic
capsule, being part of the inner ear, are mechanical components of sound transmis-
sion, and also function as an organ of equilibrium (Fay & Coombs, 1983; Campana
& Casselman, 1993; Popper & Platt, 1993). In addition to being genetically estab-
lished, its morphology is also determined by its function (Gauldie, 1988; Lombarte
et al., 2006; Tuset et al., 2008). It is also influenced by intrinsic and extrinsic factors,
such as reproduction, feeding, depth, salinity and water temperature (Casselman,
1990; Lombarte & Lleonart, 1993; Lombarte et al., 2003). Owing to its relevance as
a sensory organ, the morphology of sagitta otoliths in sciaenids has been described
in numerous works. The main reason is that most members of this family are char-
acterized by being specialized in acoustic communication, finding a relationship
between the structure of the otolith, the swim bladder and the auditory function
(Ramcharitar et al., 2001, 2004, 2006; Cruz & Lombarte, 2004; Ramcharitar &
Popper, 2004).

In that context, the study of otolith biometric indexes (shape) variation during
fish growth has implications for the function they fulfill throughout development,
particularly in long-lived species such as Micropogonias furnieri (Desmarest, 1823)
(Norbis & Verocai, 2005) (42 years) which presents the largest otoliths among the
Rio the Plata estuary sciaenids (Chao, 1978; Baldés et al., 1997).

Despite the existence of other very suitable methods to analyze otolith shape for
species classification (Tuset et al., 2021), we investigate the morphological vari-
ation of the sagitta otoliths based on the relationships that exist among different
otolith biometric proportions (indexes), with a detailed anatomical description that
helps to interpret its ontogenetic variation. These will contribute to knowing the
morphometric relationships between fish total length (TL) and otolith (Tuset et al.,
2003; Carvalho et al., 2015; Lombarte & Tuset, 2015; Giménez et al., 2016). Micro-
pogonias furnieri sagitta morphometry has been described in previous works using
some of these biometric indexes (Corréa & Vianna, 1992; Volpedo & Echeverria,
1999; Waessle et al., 2003; Rossi-Wongtschowski et al., 2014). However, otolith
ontogenetic development described by biometric proportions (indexes), (Tuset et
al., 2008), has not been employed for the study of this species.

The whitemouth croaker Micropogonias furnieri is a coastal sciaenid (depth <
50 m), benthic and euryhaline species. It is distributed from the Yucatan Penin-
sula (Mexico), along the east coast of South America to the Gulf of San Matias
(Argentina) (41°S) (Isaac, 1988). It is particulaDrly abundant in the Rio de la Plata
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estuary and it is the main resource of artisanal and industrial coastal fisheries in
southern Brazil, Uruguay and Argentina (Norbis, 1995; Haimovici &d Ignacio,
2005; Norbis et al., 2006). It is a benthic predator that feeds mainly on crus-
taceans (crabs) and polychaetes (Puig, 1986; Masello et al., 2002; Olsson et al.,
2013). Their spawning period spans from October to March (austral summer) and
spawning occurs mainly in the frontal region of the Rio de la Plata estuary and the
Uruguayan Atlantic coast (Macchi et al., 1996, 2003; Vizziano, 2002). Like many
sciaenids, M. furnieri also produces sound. Two different types can be identified:
advertisement calls during the reproductive season (only by males) and disturbance
calls (by both sexes) (Tellechea et al., 2010). Due to its great economic importance,
the whitemouth croaker is the most studied fish in the Rio de la Plata; however,
there are few works that focus directly on the ontogenetic trajectory of the otolith
using biometric indexes.

The goal of this work was knowing whether the whitemouth croaker sagitta
otolith changes its shape in correlation with the five length categories of the fish, in
addition to knowing if changes can be interpreted as morphological and functional
variations of these biometric indexes.

Methods

The otoliths of M. furnieri caught in the Rio de la Plata estuary (fig. 1) were obtained
in 2018 from samplings of industrial landings carried out by Direccion Nacional de
Recursos Acuaticos (DINARA) and artisanal fisheries. The total length (TL) (cm)
was recorded for each individual. Based on the distribution of lengths (Waessle
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Figure 1. Study area indicating (shaded area) the sampling site in the Rio de la Plata estuary.
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et al., 2003; Verocai, unpublished data) five groups (G) were determined (G1, 5.0
to 9.9 cm; G2, 10.0 to 14.9 cm; G3, 15.0 to 19.9 cm; G4, 20.0 to 29.9 cm; and
G5, 30.0 cm and greater). Sagitta otoliths were extracted and cleaned with 98%
isopropyl alcohol and dry-stored in paper envelopes.

Otolith measurements

The medial surface of the right sagitta otolith was photographed with a digital cam-
era attached to a binocular loupe (Olympus SZ61, Lumenera Infinity 1 camera).
All images were analyzed using Image J v.1.50 software. Otoliths were described
morphologically, according to the terminology proposed by Tuset et al. (2008).
Otolith length (OL) and maximum otolith width (OH) were recorded in centimeters.
Perimeter (OP), area of the medial surface of the otolith (OA) and area of the acous-
tic sulcus (SA) were also measured (fig. 2). Potential equations were used so as to
analyze the relationships between TL and OL and between TL and OH. Also, the
relationships between SA and TL, SA and OH and SA/OA and TL were analyzed.
For these relationships, allometric coefficients were calculated using the log-linear
version of the equation y = aX?, and tested for significant deviations from isom-
etry (b =1 for SA vs OA comparisons, and b = 2 for OA vs TL and SA vs TL).

Dorsal

Posterior | i Anterior

Figure 2. Measuremens made on the inner face of sagitta otoliths of Micropogonias furnieri: OH,
otolith height; OL, otolith length; sulcus (ostium and cauda).
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Six biometric indexes were used for each of the five length classes: rectangularity
(REC) (describing variations in length and width with respect to area, with values of
1 when it is a perfect square) [OA/(OL x OH)]; circularity (CIR), which provides
information on the similarity to a circle, with a value of 1 when it is a perfect circle
(40A/OP?) (Takashimizu & Tliyoshi, 2016); aspect ratio (OH/OL), which indicates
to what extent the otolith is circular or elongated (Francus, 1999); (OL/TL); rel-
ative surface area of the acoustic groove (SA/OA); and ellipticity (ELE) [(OL —
OH)/(OL + OH)] (Tuset et al., 2003, 2008). In this work, an interpretation of the
meaning of the indexes in relation to the ontogenetic development of otoliths was
made considering anatomical changes and taking into account size categories.

Statistical analysis

In order to determine whether each of the shape indexes presented differences
among length groups, the Kruskal-Wallis nonparametric analysis of variance was
used (Sokal & Rohlf, 1995). If significant differences were found among groups, the
Mann-Whitney test corrected by the Bonferroni criterion was used, so as to deter-
mine among which groups there were differences (Sokal & Rohlf, 1995). Canonical
Discriminant Analysis (CDA) was used to compare the five length groups accord-
ing to the six indexes. It was also used to determine which indexes contributed
more to group discrimination. The CDA assesses the separation among individuals
by stage through canonical and discriminant axes, evaluating the presence of groups
in a multivariate space by maximizing the variations among them. Wilk’s lambda
was used to test the significant differences among groups (Manly & Alberto, 2016).
Wilks’ lambda is a measure of how well each function separates cases into groups.
This statistic varies between O and 1; smaller values of Wilks’ lambda indicate
greater discriminatory ability of the function. This statistic follows an asymptotic
Snedecor F distribution with the number of groups and variables in the numerator,
and the degrees of freedom of the dispersion matrices in the denominator (Rao,
1952). PERMANOVA (Anderson, 2001) was also used to compare size groups
according to the indexes and to test for significant differences among them. Maha-
lanobis distance was used and p = 0.05, in all cases. All statistical analyses were
performed using Past software (Version 4.07) (Hammer et al., 2001).

Results

A total of 164 individuals were analyzed (length range: 5.5 to 46.0 cm). A gen-
eral pattern of sagitta otolith shape was determined. They presented a dorsal areal
depression, a rounded anterior region, a concave external face, and a convex inter-
nal face. It had no rostrum nor antirostrun. The acoustic sulcus had the following
characteristics: position: supramedial; opening: pseudo-ostial; orientation: horizon-
tal; morphology: heterosulcoid, laterally bent and concave ostium, and a tubular

and notoriously curved cauda in adults, more than in young fish (fig. 2).
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Figure 3. Relationship between otolith length and fish length (potential fit).

The OL vs TL relationship was potentially and significantly different from 1,
(positive allometry) (TL = 1.9804 x OL!-%86 s, —0.015, r = 0.985, N = 162,
tc =71.83, P < 0.00001) and the OH vs TL was significant but the slope was
equal to 1 (isometry) (fig. 3), (TL = 3.041 x OH%%*, §, = 0.024, r = 0.955,
N =162, tc =41.20, P < 0.00001) (fig. 4). The average SA/OA ratio for all indi-
viduals was 0.393 (£0.0427). The SA presented a significant relationship with OA
(b=1.063, S, =0.0067, r =0.996, N = 162, tc = 157.61, P < 0.00001) and also
presented a positive and significant allometric growth. The relationship between OA
and TL was positive and significant (b = 1.739, S, = 0.026, r =0.982, N =162,

50

45

0o 1 2 3 4 5 6 8 9 10 11 12 13 14 15

7
OH (mm)

Figure 4. Relationship between otolith heigth and fish length (potential fit).
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tc=67.02, P < 0.00001) with negative and significant allometry. The relationship
between SA and TL was positive and significant (b = 1.855, S, = 0.027, r = 0.983,
N =162, tc =67.63, P < 0.0001), with negative and significant allometry. These
two variables are associated with logjg TL, showing a positive and significant rela-
tionship (N = 162, b = 3.29, S, = 0.331, r = 0.618, tc = 9.94 P < 0.00001)
indicating that size is an important predictor of the relationship between sulcus
area and otolith area (SA/OA).

Biometric shape indexes

The Kruskal-Wallis test showed significant differences among length groups (G1 to
G5) (table 1). The Mann-Whitney test showed there were significant differences
between the different groups. The OL/TL index exhibits significant differences
between G1, G2 and the other groups (G3, G4 and G5). The REC and SA/OA
indexes showed significant differences between G1 and G2 to G5. In addition,
G2 showed significant differences with the G4 and G5 groups, respectively. CIR
showed differences between groups G1, G3 and G5 (fig. 5).

The CDA showed significant differences among the analyzed groups (Wilks =
0.306, F24 548 =9.227, P =1.043 e—27 < 0.05, Pillai trace P = 0.893, F24 260 =
7.67, P =6.407 e—23 < 0.05). G1 and G2 present significant differences between
them and also with the other groups (P < 0.0001), G3, G4 and G5 did not show
significant differences among them (P > 0.005). This showed that the otolith bio-
metric indexes presented the greatest changes in the early stages of the fish life (up
to 15 cm) and little variation after this stage. The percentage of correct classification
was 62.28%; when applying cross-validation, 56.29%. The first factor accumulated
76.22% of the explained variance, separated the length groups along the axis and, in
turn, showed an order from negative to positive values. The second factor explained
14.19% (together more than 90%).

Table 1.
Kruskal-Wallis test for the six biometric indexes
of the sagitta otolith of Micropogonias furnieri.

Index H P

CIR 21.28 0.000
REC 69.94 0.000
ELE 40.82 0.000
OH/OL 40.97 0.000
OL/TL 88.74 0.000
SA/OA 59.28 0.000

CIR, circularity; ELE, ellipticity; H,
Kruskal-Wallis  statistic, OH/OL, otolith
height/otolith length; OL/TL, otolith length/total
fish length; P, probability; REC, rectangularity;

SA/OA, sulcus area/otolith area.
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Figure 5. Mann-Whitney test corrected by the Bonferroni criterion for the six indexes separated by
length group (G1 to GS5): CIR, circularity; ELE, ellipticity; OH/OL, otolith height/otolith length;
OL/TL, otolith length/total fish length; REC, rectangularity; SA/OA, sulcus area/otolith area. Arrows
(G1, green; G2, red) indicate significant differences between groups (Past version 4.06).

Morphological coefficients (table 2) indicate that the rectangularity (REC), and
aspect ratio (OL/TL and SA/OA) indexes contributed most to the discriminant func-
tion, characterizing individuals of length groups G1 and G2 (REC and OL/TL,
respectively) and individuals of length groups G3, G4 and G5 (SA/OA). The REC
index presented an acute angle with CIR, showed significant differences between

Table 2.

Morphometric variables that contributed the most to discrim-
inate the groups with the first two principal factors of the
discriminant analysis that explain 90.41% of the variability.

Factors

Indexes F1

CIR —2.861 0.890
REC —12.064 —4.201
ELE 6.202 —17.560
OH/OL 5.794 8.240
OL/TL —11.030 11.838
SA/OA 10.544 1.674

CIR, circularity; ELE, ellipticity; H, Kruskal-Wallis
statistic; OH/OL, otolith height/otolith length; OL/TL, otolith
length/total fish length; P, probability; REC, rectangularity;
SA/OA, sulcus area/otolith area.
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Figure 6. Discriminant analysis of the six indexes used and the five size groups (G1 to G5) considered
in this work.

G3 and G5, and contributed to characterize G1 and G2, but to a lesser extent.
Otoliths of the G2 group were located along axis 1 as a transition group between
the G1 length group and the other groups (G3 to G5). The OL/TL and OH/OL
indexes contributed to determine this group. These fish showed rapid otolith length
growth, relative to growth in fish length, and a higher (OH/OL) index relative to
the four remaining length groups. Length group G3 presented the slowest otolith
growth with respect to fish length, being less rectangular and with a higher OH/OL
ratio than those in length groups G1 and G2. The G4 and G5 length groups (older
than two years) showed more elliptical, less circular and less rectangular otoliths,
presenting slower otolith growth in relation to fish length growth and larger sulcus
area in relation to the total otolith area (SA/OA, fig. 6). There were significant dif-
ferences between size groups (PERMANOVA, Permutation N: 9999, F = 7.086,
P =0.0001 < 0.05) with similar results to those obtained by CDA.

Discussion

This work showed that the biometrical (morphological) changes occurring in the
sagitta otolith of M. furnieri presented variations associated with different length
groups. Otoliths are a permanent record of events occurring in a fish’s life his-
tory. Furthermore, the way in which otolith growth (thickness and density of
deposited material) is related to fish growth is complex, with a dependence between
intrinsic otolith characteristics (size, morphology, and growth) and environmental
factors (temperature, salinity) (Wilson, 1985, Mosegaard et al., 1988, Lombarte
& Lleonart, 1993; Lombarte et al., 2003). These growth, patterns in ofoliths are,,
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reflected in variables associated with the size of the structure that can be quantified
by biometric indexes (Secor et al., 1989; Campana & Casselman, 1993; Lombarte
et al., 2003; Tuset et al., 2008).

For many fish species, size (length) prediction can be achieved from otolith
length (Giménez et al., 2016). In M. furnieri, calcium deposition takes place in
the anteroposterior axis in individuals larger than 10 cm (Volpedo & Etcheverria,
1999). This results in an OL vs TL relationship tending to isometry. However, in
this study, the relationship that explained more than 98% of TL as a function of
OL, was potential and allometric. For individuals smaller than 17 cm, the same
relationship was found (Waessle et al., 2003). The potential relationship between
OH and TL was isometric; this may be a consequence of material deposition in
the transverse axis of the otolith, which takes place from early stages in the sagitta
development (Volpedo & Etcheverria, 1999; Wassele et al., 2003). The whitemouth
croaker shows rapid growth in the first two years of life (Norbis & Verocai, 2005;
Borthagaray et al., 2011) as shown in the G1 and G2 length groups. By means of
CDA, the indexes that most contributed to characterize these differences with the
G3, G4 and G5 groups were REC and OL/TL. Rectangularity can be explained
in terms of the development of accessory planes of growth in the otolith. It is a
measure of ‘boxiness’, i.e., how well the otolith shape fills the area of its smallest
enclosing rectangle (Galley et al., 2006). Growth of the primordium (otolith core)
occurs at a higher rate along the anteroposterior axis than along the dorsal-ventral
axis, (Volpedo & Etcheverria, 1999; Waessle et al., 2003). As a result, the otolith
becomes longer with age. This deposition of material results in the inability to retain
its initial oblong shape (exhibiting small changes in rectangularity with increasing
size). Instead, it develops an irregular elongated shape that progressively fills less
of its surrounding rectangle (Galley et al., 2006).

The littoral shallow waters (<6 m) and deeper waters (>6 m) of the Rio de la
Plata estuary present different hydrodynamic and physical-chemical patterns, cre-
ating different environments (Guerrero et al., 1997; Nagy et al., 2002, 2008). The
M. furnieri juvenile’s preference for littoral waters (individuals < 20 cm), is related
to the protection from predators, food availability and environmental conditions
(Allega et al., 2020), all of which promote faster growth. This habitat preference
varies during its ontogenetic development; larvae are associated with less brackish
and more turbid waters (average < 1 psu) (Wells & Daborn, 1998; Braverman et
al., 2009; Allega et al., 2020), and they make migratory movements, from breed-
ing areas to deeper waters (Acha et al., 1999; Martinez & Retta, 2002; Vizziano et
al., 2002; Jaureguizar et al., 2016). This is probably one of the causes that affect
fish growth, producing modifications in their otoliths to adapt to different environ-
mental conditions. High indexes (OL/TL) would be associated with groups that
are found in high-turbidity environment, such as the waters of the Rio de la Plata
estuary, needing to enhance other sensory systems related to acoustic communi-
cation (Gauldie, 1988; Paxton, 2000; Cruz & Lombarte, 2004). The differences
found between groups G1 and G2 and the other groups might be related to different
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hearing sensitivities. From 12 cm onwards, juvenile M. furnieri migrate to deeper
and more saline waters (Castello, 1986; Vizziano et al., 2002). Although adults
(>32 cm) tolerate a wide range of salinity (0.5-33 psu), the highest concentrations
are located in estuarine and marine waters (>25 psu) (Acha el at., 1999; Garcia
et al., 2010; Lorenzo et al., 2011). High values of the sphericity index (OH/OL)
for all length groups analyzed (G1 to G5) would confirm the hypothesis that indi-
viduals with high values of sphericity frequent environments associated with soft
substrates (Volpedo & Etcheverria, 2003). G2 fish showed a lower OL/TL ratio than
G1 individuals. This indicates a slower growth of the otolith along its anteroposte-
rior axis with respect to the total length of the fish. This variation in the OL/TL
ratio may be a consequence of a faster somatic growth so as to access a better food
supply and to have a greater possibility of predator escape. The diet composition
of M. furnieri varies according to the size of the fish. The mouth size increases as
the fish increases in length, making them able to access prey with more energetic
value (Olsson et al., 2013). Different food items have been linked to morphologi-
cal differences in teleosts otoliths (Aguirre & Lombarte, 1999). G2 corresponds to
individuals that are less than one year old and show great spatial dispersion (Allega
et al., 2020) as a consequence of a long reproductive period. This species repro-
duces from October to March, with two main spawning peaks (Pravia et al., 1995;
Macchi et al., 1996; Viziano, 2002). Two groups arrive at the breeding area, with
different size and growth characteristics (Norbis & Verocai, 2005), giving rise to
the same cohort with a bimodal length distribution (Norbis & Verocai, unpublished
data). Fish larger than 20 cm (G4 and G5) presented otoliths with very similar char-
acteristics to each other. They behave as a single group, being more elliptical in
shape, together with morphotype I defined by Santos et al. (2017) for individuals
that inhabit the Rio de la Plata estuary.

In addition, it was shown that the G4 and G5 groups presented a larger acous-
tic groove in relation to the total otolith area (SA/OA). The increase in this index
could be associated with the development of inner-ear perception and hearing abil-
ity. The mechanism of hearing in fish involves a physical interaction between the
sagitta otolith and the macula. Therefore, larger fish have more sensory cells than
smaller fish (Ramcharitar et al., 2001). The SA/OA ratio indirectly describes how
much of the otolith surface area is in contact with the macula (M) through the
acoustic sulcus. The ratio of macula area/otolith area (MA/OA) versus auditory
threshold indicates that there is a strong relationship between MA/OA and otolith
sensitivity at different frequencies. For this reason, fish with a relatively large sul-
cus may be more sensitive to sounds, with a relationship between the SA/OA ratio
and the minimum auditory threshold (Platt & Popper, 1981; Gauldie, 1988). Sci-
aenids are known for their ability to produce sounds and are also called croakers
(Fine et al., 1977, 2004; Myrberg, 1981; Saucier & Baltz, 1993; Ramcharitar et
al., 2006). Micropogonias furnieri is one of the sciaenid species with the largest
otoliths relative to body size (Verocai, unpublished data) and produces two types
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of sound (disturbance calls by both sexes; advertisement calls only by males) (Tel-
lechea et al., 2010, 2011). The disturbance calls are produced at sizes from 10 cm,
with a pronounced change (pulse duration and dominant frequency) from 20 cm,
when the fish are still juveniles (size at first maturity, 32 cm, Norbis & Galli, 2013).
From 20 cm onwards, these sound characteristics stabilize (Tellechea et al., 2010).
The relationship between SA/OA may contribute to the change in sound perception,
related to changes that were found in the G1, G2 and G3 groups. These changes in
juvenile fish could contribute to maintaining their functionality as sound transduc-
ers (Gauldie, 1988). For the G4 and G5 groups, this change in the surface area of
the acoustic groove (increased SA/OA rate) may be due to the need of containing
more hair sensory cells. This is in order to respond to a change in sound percep-
tion experienced by individuals that, from 20 cm onwards, begin to frequent areas
with similar characteristics of salinity and depth as spawning individuals (Macchi
& Christiansen, 1996; Macchi et al., 1996; Jaureguizar et al., 2003). During the
reproductive period, only adult males of M. furnieri produce advertisement calls
(Tellechea et al., 2010, 2011). As a result, the ontogenetic changes described by
means of otolith biometric indexes, would not only respond to environmental fac-
tors related to the development of the fish, but they are also associated with the
sound perception of conspecifics, including those that participate in the reproduc-
tion (Tellechea et al., 2011).
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