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Goatfishes (Teleostei, Mullidae) are a group of mainly coastal fishes that form an important part of food
chains, and also have commercial value. In the marine waters of Iran, they are found in the Persian
Gulf and Oman Sea (Gulf of Oman). This study evaluated whether otolith morphology can be used to
distinguish of species and genera, and also to interpret whether otoliths of the same species differ among
two studied marine systems. To do this objective, the otolith morphology of ten species belonging to three
genera were analyzed by SEM photography and shape analysis. Among the morphometric variables,
relative rostrum length was found to be the most important otolith variable for discriminating Mulloidichthys
(RRL = 32.29 ± 0.59) and Parupeneus (RRL = 37.39 ± 1.10), while rectangularity (REx) was the most
important shape index for discriminating Mulloidichthys (REx = 0.99 ± 1.94) from Parupeneus (REx =
0.77 ± 1.21). By considering otolith morphology, Upeneus showed a better separation than the two other
genera. The otoliths of Upeneus are diagnosed by short dorsal length (RDL = 69.35 ± 1.51), higher
rostrum height (RRH = 53.63 ± 1.99), short rostrum (RRL = 31.12 ± 1.99), and antirostrum lengths (RanL
= 12.38 ± 1.51). The most diverged phenotype within the genus Parupeneus was found for the otoliths of
P. rubescens, and the most diverged phenotype within the genus Upeneus was found for the otoliths of
U. sundaicus. The otoliths of the same species did not demonstrate large variation between the Persian
Gulf and the Gulf of Oman. This study provides additional morphological evidence for the separation of
goatfishes at the species and genus levels. We also underline that the slight observed differences between
the otoliths of two marine systems are mainly caused by the ecological differences known between these
two main systems.
Key words: Sagitta, Marine fish, Scanning Electron Microscope, Shape analysis, Phenotypic divergence.

the upper slope (Uiblein 2007). Goatfishes form an
important part of food chains in coastal ecosystems,
and have a commercial value in many regions around
the world (Pavlov 2012). They are valuable fishes
for ecosystem monitoring and management because
they are sensitive to human-induced activities such as
fisheries and habitat modification (Uiblein 2007). They

BACKGROUND
Goatfishes (Teleostei, Mullidae) are predominantly
benthivores that live in marine and brackish waters
above sandy to muddy bottoms as well as coral reefs.
They are distributed worldwide in tropical, subtropical,
and temperate habitats between the upper littoral and
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act as allochthonous ecosystem engineers through
their vigorous foraging behavior with barbels and
mouth, which leads to the stirring-up of sediments and
associated detritus particles high into the water column
(Uiblein 2007, table III, p. 279).
A total of six genera and 97 species are known
worldwide, of which only three genera and 10 species
are known from the Persian Gulf and the Gulf of Oman
(Ketabi et al. 2017; Eagderi et al. 2019; Fricke et al.
2020). They are characterized by the deep body, forked
caudal fin, widely separated dorsal fins, and a pair of
well-developed long chemosensory barbels positioned
on the chins of adult individuals (Kim et al. 2001). The
chemosensory barbels help fish to detect food items on
or slightly below the surface of the substrate (Lombarte
and Aguirre 1997; Kim et al. 2001).
Goatfishes are usually small fishes, with the
largest one (i.e., the dash-and-dot goatfish; Parupeneus
barberinus) reaching up to 550 mm in length (Rajan
2012) and used as valued food around the world.
Goatfishes are also known for their high morphological
variability (Golani and Galil 1990; Stepien et al.
1994). Various morphological traits (e.g., body size,
body coloration, head form, otolith shape, the scale
ornamentation), and meristic characters (e.g., the
number of gill rakers, fin rays, and vertebrae) have
been investigated and found to show interspecific
variation (Thomas 1969; Aguirre 1997; Labropoulou
et al. 1997; Platell et al. 1998; Uiblein et al. 1998; Kim
and Nakaya 2002; Randall 2004; Teimori et al. 2020)
or within-species variation (McCormick and Milicich
1993; McCormick and Molony 1995); Aguirre 1997;
Uiblein et al. 1998; Mahé et al. 2005; Pothin et al. 2006;
Sabatini et al. 2007).
Nevertheless, there is a considerable lack of
basic systematic and taxonomic knowledge of these
fishes (Uiblein 2007), and more information may
still be hidden in morphological characters. New
species are still being described and intraspecific
morphological variation and genetic differentiation
require more detailed studies. This study aimed to
provide comprehensive data on otolith morphology as a
possible means of discriminating between mullets from
the Persian Gulf and the Gulf of Oman. It is proposed
that some degrees of genetic isolation exist between the
fishes of the Persian Gulf and the Gulf of Oman (Teimori
et al. 2012b). Therefore, we compare qualitatively the
otoliths between these marine systems to evaluate if the
otoliths of the same species are different.
Otolith
Otoliths are hard tissues positioned in the
membraneous labyrinth of the inner ear of all teleost
© 2021 Academia Sinica, Taiwan
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fish and mainly serve as a balance organ and also
contribute to hearing (Platt and Popper 1981; Gauldie
and Nelson 1988; Campana and Thorrold 2001). They
are composed mainly of calcium carbonate (CaCO3),
mostly in the form of aragonite, and are found in three
pairs named sagittae (the largest pair), lapilli, and
asterisci (Mendoza 2006).
The otolith structure is three-dimensional, but it
does not necessarily grow at the same rate equally in all
dimensions. Also, the size and shape vary considerably
among species (Campana and Thorrold 2001; Panfili
et al. 2002; Reichenbacher et al. 2007; Teimori et al.
2018; Ghanbarifardi et al. 2020; Sadeghi et al. 2020).
The largest otolith (saccular) has a distinct general
morphology and is known to be taxon-specific. In the
following text, the term “otolith” refers to the saccular
otoliths only.
For a long time, otoliths have been used
traditionally to obtain information about paleodiversity
(Nolf 1985), and were later applied to investigate
various aspects of the fishes, including fish biology
(Shen et al. 1998; Woydack and Morales-Nin 2001;
Brazner et al. 2004), trophic ecology (de Carvalho
et al. 2019), species separation and reconstruction
of phylogenetic relationships and biogeographic
distribution (Stransky and MacLellan 2005; Stransky et
al. 2008; Teimori et al. 2012a 2020), the identification
of fish stock (Campana and Casselman 1993; Volpedo
and Echeverría 2000; DeVries et al. 2002) and the
characterization of local populations (Mérigot et al.
2007).
Also, fish, seal, and seabird biologists, as well
as taxonomists and archaeologists (Van Neer et al.
2002), often rely on the shape and size of preserved or
undigested otoliths to measure fish biodiversity and to
reconstruct the species and size compositions of the diet
of fish predators (Lin et al. 2020) and determine specific
developmental stages (Campana and Casselman 1993;
Hare and Cowen 1994; Tuset et al. 2016; Sanjarani
Vahed et al. 2018 2019; Motamedi and Teimori 2019;
Motamedi et al. 2019a; Cerna et al. 2019; Souza et al.
2020; Teimori et al. 2020).
Available studies on the otoliths of goatfishes are
limited to Pothin et al. (2006), Pavlov et al. (2012) and
Osman et al. (2020). Pothin et al. (2006) used otolith
morphometrics for discriminating between the yellowstriped goatfish Mulloidichthys flavolineatus juveniles
from the Reunion Island and Mauritius Island (southwest
Indian Ocean) to estimate the stocks of this species.
A further study by Pavlov et al. (2012) demonstrated
the characteristics of otoliths in the freckled goatfish
Upeneus tragula and revealed an irregular rhomboid
shape for the lapillus and a triangular shape with
rounded edges for the asteriscus. In addition, three
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goatfish species from the northern Red Sea were
compared and discriminated by otolith morphometrics
and ultrastructure (Osman et al. 2020).
MATERIALS AND METHODS
Studied region and fish sampling
A total of 182 specimens belonging to 10 species
were collected from six sites in the Persian Gulf and
the Gulf of Oman using artisanal fishing gear (gill
net and trammel net) from August 2017 to December
2019 (Fig. 1). All fish specimens were photographed
immediately after sampling and were identified using
the morphological-based diagnostic key described by
Ben-Tuvin and Kissil (1998), Randall and Kulbicki
(2006), Barman et al. (2007), and Uiblein and Heemstra
(2010). The photographs of the studied fish species are
shown in figure 2. The list of species, the details on
sampling sites, and the number of examined individuals
for each species are provided in table 1. The total length
(TL) and standard length (SL) were measured to the
nearest 0.05 millimeter following Smith (1949), Munro
(1995), and Talwar and Kacker (1984).

Otolith preparation and imaging
The otolith extraction followed Reichenbacher
et al. (2007). Otoliths were cleaned in distilled water,
with the remaining tissue eliminated with 1% potassium
hydroxide solution for 6 h, and eventually washed with
distilled water. Scanning Electron Microscopy (SEM)
was used to image the inner face of the left saccular
otolith. To achieve this objective, the otoliths were
air-dried and mounted on an aluminum stub using
double-sided carbon tape. Thereafter, they were fixed
on a specimen holder using sticker tape and coated
with a 30-nm layer of gold. Electron micrographs
were produced on a GAOL, GSMS 400 LV scanning
electron microscope in back-scattering mode and on a
Stereo Scan Cambridge Mark 2A (15 KV) at the Shiraz
University Electron Microscope Center, Shiraz, Iran.
Otolith terminology follows Tuset et al. (2008) (Fig.
3a).
In addition, a light microscope (Nikon Eclipse
80i Digital Imaging Head, New York, USA) integrated
with a PC, was used to capture otolith images. For
digital photography, the otoliths were oriented with the
outer/lateral side down and ventral rim parallels to a
horizontal line. The fish materials and their otoliths were
deposited in the collection of the Zoological Museum of

N

Fig. 1. Map of six sampling locations from the Persian Gulf and the Oman Sea. The collected species from each location are indicated.
© 2021 Academia Sinica, Taiwan
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Shiraz University, Iran (ZM-CBSU).
Otolith morphometry
Digital images were used for morphometric
analysis. Seven linear distances were measured for
every otolith: relative dorsal length (RDL), relative
medial length (RML), relative antirostrum height
(RAH), relative rostrum height (RRH), relative
antirostrum length (RAL), relative rostrum length
(RRL), and Length-height-index (L.H index) (Fig. 3b)

Fig. 2. Studied mullid species from the Persian Gulf and the Gulf of Oman.
© 2021 Academia Sinica, Taiwan
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(Reichenbacher et al. 2007). These linear measurements
were standardized as a function of length and height of
otolith, respectively, and used for statistical analyses.
In addition, 14 morphological characters of the sagittae
were described and coded numerically. These data were
used to prepare a data matrix, which was in turn used as
input for morphological analysis (Tables 2–3).
Analysis of shape indices
Eight size parameters were calculated and used
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to estimate the shape variation of otolith in each
species as shown in figure 3c–d (Tuset et al. 2003). To
estimate the shape index [sulcus area (SS)/otolith area
(OS)] (Pothin et al. 2006), the otolith surface (OS) and
sulcus surface (SS) were measured using the Image J
software (Schneider et al. 2017) (Fig. 3c). Additionally,
six size parameters related to the otolith dimension
were measured: Feret length (FL), Feret width (FW),
maximum radius (Rmax), minimum radius (Rmin),

maximum Feret length (Fmax), and minimum Feret
length (Fmin) (Tuset et al. 2003) (Fig. 3d). These
parameters were used to calculate the following indices;
Roundness [ROx] (4π), Rectangularity (REx), Ellipticity
(ELx), Radius ratio (RAr), Feret ratio (FEr), and Aspect
ratio (ASr). The larger values for Radius, Feret, and
Aspect ratios show more elongation (Ponton 2006;
Teimori et al. 2020). Also, the E-index was calculated
to indicate the tendency of the otolith shape (i.e.,

Table 1. List of the studied species, sampling sites, and their coordinate points, and standard length (SL) ± s.d. of the
fishes from each site. N refers to the number of examined individuals from each site
Species

Sampling site and coordinate points

SL ± s.d. (mm)

N

Mulloidichthys vanicolensis

Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Gulf of Oman (Pozm)
N: 25°16'12.29"
E:60°28'36.60"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Persian Gulf (Bandarabbas)
N: 27°10'18.78"
E: 56°16'00.29"
Persian Gulf (Bandarabbas)
N: 27°10'18.78"
E: 56°16'00.29"
Persian Gulf (Dayyer)
N: 27°49'43.85"
E: 51°56'39.29"
Persian Gulf (Dayyer)
N: 27°49'43.85"
E: 51°56'39.29"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Persian Gulf (Bushehr)
N: 28°54'20.61"
E: 50°46'45.43"
Gulf of Oman (Chabahar)
N: 25°21'14.1"
E: 60°36'04.5"
Persian Gulf (Jask)
N:25°41.1'6.8"
E:57°53'26.46"

210.33 ± 23.35

20

251.64 ± 31.43

20

198.55 ± 12.60

10

243.66 ± 14.31

10

324.25 ± 39.16

20

148.45 ± 12.36

10

121.78 ± 13.01

10

157.87 ± 1.16

2

163.73 ± 10.98

20

177.72 ± 24.93

20

228.33 ± 34.44

9

175.63 ± 10.16

11

189.53 ± 14.27

10

175.11 ± 10.93

10

Parupeneus heptacanthus

Parupeneus margaritatus

Parupeneus rubescens

Upeneus doriae

Upeneus guttatus

Upeneus pori

Upeneus sundaicus

Upeneus tragula

Upeneus vittatus

© 2021 Academia Sinica, Taiwan

Zoological Studies 60:36 (2021)

circular or elongate). The E-index = gh/ef, where gh is
the maximum width of otolith and ef is the maximum
length of otolith (Volpedo and Echeverría 2000).
Statistical analysis
The univariate analysis of variance (ANOVA,
with Duncan’s post hoc test, P < 0.05) was applied
to test the differences in morphometric variables and
otoliths shape indices among the studied taxa. The
Canonical discriminant analysis (CDA) was used for
multivariate analyses to show the classification success
of the groups. Otolith variables were analysed using
the IBM SPSS Statistics software v.25 and PAST,
Palaeontological Statistics, version 2.7 (Hammer et al.
2001).
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RESULTS
General otolith characteristics in 10 Mullidae
species
Generally, the otoliths of ten Mullidae species
were lanceolated, elliptic to oval, fusiform, triangular,
and trapezoid in shape (Figs. 4–5). The sculpture of
otolith margin varied from dentate to crenate to lobed.
Sulcus acusticus: heterosulcoid, ostial, median (rarely
supramedian). Ostium: rectangular or funnel-like,
shorter than the cauda. Cauda: elliptic, curved, slightly
or markedly flexed from the middle region, ending
close to the posterior margin. Anterior region: peaked
and blunt; rostrum thick, broad, pointed, blunt or
irregular; antirostrum short, broad, pointed, sometimes
absent or fused with the rostrum; excisura wide with a
deep and acute notch, sometimes excisura not clearly

Fig. 3. (a) Left sagitta otolith showing the terminology of otolith characters according to Tuset et al. (2008), (b) linear measurements according to
Reichenbacher et al. (2007), a–b = medial length, c–d = dorsal length, e–f = length, g–h = height, i–b = antirostrum height, j–d = antirostrum length, k–
f = rostrum length, b–l = rostrum height, (c) measurements related otolith surface area, OS = otolith surface, SS = sulcus surface (D) measurements
related to the otolith dimension for calculating of shape indices, O = core, AB = Feret width, CD = Feret length, OE = minimum radius, OF =
maximum radius, GH = longest Feret length, GI = smallest Feret length.
© 2021 Academia Sinica, Taiwan
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Table 2. The numerical coding of otolith morphological features
Character

State

Shape

Oval
Elliptic to Oval
Elliptic to triangular
Round to slightly flattened
Wedge shape/ Elliptic
Ovate
Ovate to elliptic/ Irregular
Triangular to elliptic
Peaked
Peaked to blunt
Pointed to round
Round to angled
Round to angle/ Oblique irregular
Round to angle/ Oblique/ more or less straight
oblique
Round/ Irregular
Heterosulcoid, ostial, median
Angle to oblique/ Heterosulcoid, ostial, medium
Heterosulcoid, ostial, median/ longitudinal
C-Heterosulcoid
Distinct and ridge-like/Well development
Distinct and ridge-like
Distinct and ridge-like/ well development but broken
Distinct and ridge-like/Well development
Distinct and ridge-like
Funnel-like to Elliptic
Funnel-like
Curved to Oval, descending/Tubular, strongly curved
Curved, descending
Curved to elliptic, descending
Curved to elliptic/ Tubular, slightly curved
Curved to Oval/ descending
Curved to Oval or elliptic, descending
Wavy forming or less conspicuous round/ slightly irregular
Slightly irregular, Slightly emarginated/ Enteric
Composed of conspicuous and irregularly spaced protuberances
Enteric/ well development/ slightly emarginated
Enteric
Ridge like /slightly irregular, slightly emarginated
Wavy forming or less conspicuous round/ slightly irregular
Slightly irregular, slightly emarginated/ Enteric
Composed of conspicuous and irregularly spaced protuberances
Enteric/ well development/ slightly emarginated
Enteric
Ridge like /slightly irregular, slightly emarginated
Short, very broad, blunt
Broadly pointed
Broad, short pointed to round
Pointed to round
Medium, wide, irregular
Pointed
Large
Medium
Pointed
Long Pointed
Pointed to round
Broadly pointed
U-Shape
V-Shape

Anterior region

Posterior region

Sulcus acusticus

Crista superior

Crista inferior
Ostium
Cauda

Dorsal margin

Ventral margin

Rostrum

Rostrum size
Rostrum shape

Excisura

Code
0
1
2
3
4
0
1
2
3
4
5
0
1
2
3
4
0
1
2
3
0
1
2
0
1
0
1
0
1
2
3
4
5
0
1
2
3
4
5
0
1
2
3
4
5
0
1
2
3
4
5
0
1
0
1
2
3
0
1
© 2021 Academia Sinica, Taiwan
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Fig. 4. Otoliths of four mullid species from the Gulf of Oman. Mulloidichthys vanicolensis (a–d), Parupeneus heptacanthus (e–i), Parupeneus
margaritatus (j–n), and Parupeneus rubescens (o–s). All images are SEM micrographs, showing left otoliths in medial view.

Table 3. Data matrix of the otolith morphological features
Species
M. vanicolensis P. heptacanthus P. margaritatus P. rubescens U. doriae U. guttatus U. pori U. sundaicus U. tragula U. vittatus
Characters
Shape
Anterior region
Posterior region
Sulcus acusticus
Crista superior
Crista inferior
Ostium
Cauda
Dorsal margin
Ventral margin
Rostrum
Rostrum size
Rostrum shape
Excisura

5
1
5
2
2
0
1
0
0
4
4
0
2
1

© 2021 Academia Sinica, Taiwan

6
1
5
2
2
0
1
0
0
4
4
0
2
1

7
1
4
3
0
0
0
5
5
5
5
0
3
1

1
3
5
0
0
1
2
3
6
6
4
1
4
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0

5
4
3
0
0
0
0
4
0
0
1
0
0
0

4
1
4
0
1
1
0
4
4
3
3
0
1
0

3
2
3
0
1
1
0
3
3
2
2
0
2
0

2
1
2
1
0
0
0
2
2
1
1
0
0
0

1
0
1
0
0
0
0
1
1
1
1
0
1
0
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distinguishable. Posterior region: round to angledirregular (Figs. 4–5).
The otoliths of a single species of Mulloidichthys
(M. vanicolensis) were elliptic (Fig. 4a–d), and otoliths
of one species of Parupeneus (i.e., P. heptacanthus)
were elliptic to oval (Fig. 4e–i), while the otoliths of P.
margaritatus (Fig. 4j–n) and P. rubescens (Fig. 4o–s)
were elliptic to lanceolate in shape.
The otoliths of six species of Upeneus
demonstrated three morphotypes. The elliptic shape
was found in U. doriae, U. guttatus, U. tragula, and
U. vittatus, the fusiform to trapezoid were found in U.
pori, and the elliptic to fusiform shape was detected
in U. sundaicus. The morphological characteristics of
otoliths are summarised in appendix 1. The following
features were described for the otoliths of each species;
sulcus acusticus, ostium, cauda, anterior region, rostrum
and antirostrum, excisura, posterior region, dorsal and
ventral rimes.
Genus Mulloidichthys Whitley, 1929
Mulloidichthys vanicolensis (Valenciennes,
1831): Yellowfin goatfish
Shape: elliptic. Anterior region: double peaked;
rostrum: round and irregular; antirostrum: short and
pointed; excisura: U-shape and deep. Posterior region:
angled. Margin: ventral dentate to lobed. Sulcus
acusticus: heterosulcoid with a median ostial: ostium
rectangular; cauda: tubular, slightly curved ending close
to the posterior margin (Fig. 4a–d). Roundness (ROx)
= 0.31 ± 2.22, Rectangularity (REx) = 0.99 ± 1.94,
Ellipticity (ELx) = 0.16 ± 1.70.
Genus Parupeneus Bleeker, 1863
Parupeneus heptacanthus (Lacepède, 1802):
Cinnabar goatfish
Shape: elliptic to oval. Anterior region: peaked
to blunt; rostrum blunt; antirostrum slightly pointed
and very short (Fig. 4e and h), or elongated (Fig. 4f–g
and i); excisura U-shape (Fig. 4e and h) or V-shape and
deep (Fig. 4f–g and i). Posterior region: round to angle.
Margin: ventral dentate; dorsal lobed and irregular.
Sulcus acusticus: median and ostial; ostium funnel-like;
cauda elliptic, curved, markedly flexed from the middle
region, ending close to the posterior margin (Fig. 4e–i).
Roundness (ROx) = 0.75 ± 1.96, Rectangularity (REx)
= 0.85 ± 1.67, Ellipticity (ELx) = 0.18 ± 1.34.
Parupeneus margaritatus Randall & Guézé,
1984: Pearly goatfish
Shape: elliptic to lanceolated. Anterior region:
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peaked to blunt; rostrum thick and blunt; antirostrum
elongated, peaked, smaller than rostrum; excisura
V-shape and deep. Posterior region: round. Margin:
ventral dentate to lobed; dorsal irregular, sometimes
with dorsal tip. Sulcus acusticus: heterosulcoid, ostial,
median, straight; ostium funnel-like; cauda elliptic,
curved, markedly flexed from the middle region, ending
close to the posterior margin (Fig. 4j–n). Roundness
(ROx) = 0.93 ± 1.65, Rectangularity (REx) = 1.04 ±
1.52, Ellipticity (ELx) = 0.17 ± 1.46.
Parupeneus rubescens (Lacepède, 1801): Rosy
goatfish
Shape: elliptic to lanceolated. Anterior region:
peaked to blunt; rostrum thick, blunt or pointed;
antirostrum elongated, peaked, smaller than rostrum;
excisura V-shape and deep. Posterior region: round.
Margin: ventral dentate; dorsal irregular. Sulcus
acusticus: heterosulcoid, ostial, median, straight; ostium
funnel-like; cauda elliptic, curved, markedly flexed
from the middle region, ending close to the posterior
margin (Fig. 4o–s). Roundness (ROx) = 0.36 ± 2.07,
Rectangularity (REx) = 0.42 ± 1.92, Ellipticity (ELx) =
0.19 ± 2.08.
Genus Upeneus Cuvier, 1829
Upeneus doriae (Günther, 1869): Gilded
goatfish
Shape: elliptic. Anterior region: peaked;
rostrum short, very broad, round; antirostrum absent;
excisura wide, without a notch. Posterior region:
oblique. Margin: ventral crenate, sometimes smooth;
dorsal entire. Sulcus acusticus: heterosulcoid, ostial,
supramedian; ostium funnel-like, shorter than the cauda;
cauda: tubular, curved, markedly flexed posteriorly,
ending in the posterior-ventral region. (Fig. 5a–e).
Roundness (ROx) = 0.43 ± 2.52, Rectangularity (REx)
= 0.32 ± 2.52, Ellipticity (ELx) = 0.28 ± 2.54.
Upeneus guttatus (Day, 1868): Two-tone goatfish
Shape: elliptic. Anterior region: blunt, a welldeveloped tip that forms acute angle; rostrum blunt
to round; anti-rostrum short and pointed; excisura
U-shape, sometimes V-shape. Posterior region:
oblique and angled, regularly curved. Margin: ventral
crenate; dorsal tip present in the dorsal margin. Sulcus
acusticus: heterosulcoid, ostial, median; ostium funnellike to elliptic, shorter than the cauda; caudal curved to
oval, ending close to the posterior margin (Fig. 5f–g).
Roundness (ROx) = 0.57 ± 0.86, Rectangularity (REx)
= 0.72 ± 0.98, Ellipticity (ELx) = 12.7 ± 1.69.
© 2021 Academia Sinica, Taiwan
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Upeneus pori Ben-Tuvia & Golani, 1989: Por’s
goatfish
Shape: fusiform to a trapezoid. Anterior region:
blunt, a well-developed tip, sometimes pointed; rostrum
blunt to pointed; anti-rostrum short and pointed, smaller
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than rostrum; excisura V-shape, deep. Posterior region:
rounded, oblique to angled. Margin: ventral dentate;
dorsal entire, sometimes irregular. Sulcus acusticus:
heterosulcoid, ostial, median; ostium funnel-like
to elliptic, shorter than the cauda; caudal curved to
oval, ending close to the posterior margin (Fig. 5h–i).

Fig. 5. Otoliths of six species of the genus Upeneus from the Gulf of Oman and the Persian Gulf. Upeneus doriae (a–e), U. guttatus (f–g), U. pori (h–
i), U. sundaicus (m–q), U. tragula (r–v), and U. vittatus (w–z1). All images are SEM micrographs, showing left otoliths in medial view.
© 2021 Academia Sinica, Taiwan
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Roundness (ROx) = 0.11 ± 1.1, Rectangularity (REx) =
1.96 ± 1.14, Ellipticity (ELx) = 0.24 ± 1.69.
Upeneus sundaicus Bleeker, 1855:
Ochrebanded goatfish
Shape: elliptic to fusiform. Anterior region: wide
and thick; rostrum pointed, sometimes rounded; antirostrum short and pointed; excisura U-shape, sometimes
V-shape. Posterior region: oblique and angled, rounded.
Margin: ventral lobed; dorsal lobed to irregular. Sulcus
acusticus: heterosulcoid, ostial, median; ostium funnellike to elliptic, shorter than the cauda; caudal curved to
oval, ending close to the posterior margin (Fig. 5m–q).
Roundness (ROx) = 0.31 ± 0.3, Rectangularity (REx) =
0.34 ± 0.32, Ellipticity (ELx) = 0.17 ± 0.34.
Upeneus tragula Richardson, 1846: Freckled
goatfish
Shape: elliptic. Anterior region: peaked; rostrum
short, very broad, pointed, sometimes blunt; antirostrum
short and pointed; excisura V-shape and deep or
U-shape, without a notch. Posterior region: oblique.
Margin: ventral crenate; dorsal lobed, sometimes
irregular. Sulcus acusticus: heterosulcoid, ostial,
supramedian; ostium funnel-like, shorter than the cauda;
cauda: tubular, curved, markedly flexed posteriorly,
ending in the posterior-ventral region (Fig. 5r–v).
Roundness (ROx) = 0.59 ± 2.54, Rectangularity (REx)
= 0.79 ± 2.22, Ellipticity (ELx) = 0.26 ± 2.13.
Upeneus vittatus (Forsskål, 1775):
Yellowstriped goatfish
Shape: elliptic. Anterior region: peaked; rostrum

short, very broad, pointed; antirostrum absent; excisura
wide, without a notch. Posterior region: oblique.
Margin: ventral crenate; dorsal lobed, sometimes
irregular. Sulcus acusticus: heterosulcoid, ostial,
supramedian; ostium funnel-like, shorter than the cauda;
cauda: tubular, curved, markedly flexed posteriorly,
ending in the posterior-ventral region (Fig. 5w–z1).
Roundness (ROx) = 0.43 ± 2.41, Rectangularity (REx)
= 0.49 ± 2.23, Ellipticity (ELx) = 0.18 ± 2.25.
Analysis of otolith morphology and shape
indices
The details of descriptive analysis of the otolith
morphometric variables and the otolith shape indices
were provided in tables 4 and 5, respectively. The
univariate analysis showed that three studied genera
differ significantly in both morphometric and shape
indices. Mulloidichthys and Parupeneus differed
significantly in two shape indices, including REx and
RRL (ANOVA with post-hoc test, Duncan, P < 0.05).
The genus Upeneus significantly differed from two
other genera in four morphometric variables (RDL,
RRH, RRL, and RanL) and two shape indices i.e., FEr,
and ELx (ANOVA with post-hoc test, Duncan, P < 0.05)
(Table 6).
We also used ANOVA with post-hoc test
to compare differences within Parupeneus and
Upeneus. Since only a single species was studied for
Mulloidichthys, we only examined differences among
the species of the two other genera. Whitin Parupeneus,
P. heptacanthus was different in a single morphometric
variable (RML) and a single shape index (FF), while
P. margaritatus was differed from other two species
only in a single shape index (FF), and P. rubescens was
differed in a single morphometric variable (FF) and

Table 4. The otolith morphometric variables (means ± standard deviations) for the studied fish species. RDL (Relative
dorsal length), RML (Relative medial length), RanH (Relative antirostrum height), RRH (Relative rostrum height),
RanL (Relative antirostrum length), RRL (Relative rostrum length). N refers to the number of examined individuals
from each site
Morphometric variable
Mulloidichthys vanicolensis
Parupeneus heptacanthus
Parupeneus margaritatus
Parupeneus rubescens
Upeneus doriae
Upeneus guttatus
Upeneus pori
Upeneus sundaicus
Upeneus tragula
Upeneus vittatus

RDL

RML

RanH

RRH

RanL

RRL

LH

N

75.34 ± 0.68
74.10 ± 0.82
73.63 ± 0.72
76.45 ± 0.64
69.43 ± 1.29
66.08 ± 0.04
64.82 ± 0.24
69.29 ± 0.25
70.50 ± 0.84
76.03 ± 0.86

82.56 ± 0.79
71.06 ± 0.71
79.59 ± 0.88
82.34 ± 0.74
84.66 ± 1.44
85.32 ± 0.03
71.95 ± 0.24
77.06 ± 0.34
77.20 ± 0.9
84.71 ± 0.88

11.02 ± 0.32
12.74 ± 0.48
10.92 ± 0.54
11.79 ± 0.34
8.06 ± 0.66
8.61 ± 0.12
8.76 ± 0.09
13.13 ± 0.5
9.77 ± 0.43
8.99 ± 0.37

46.98 ± 0.59
39.53 ± 0.56
37.51 ± 0.50
46.92 ± 0.4
31.30 ± 0.86
38.87 ± 0.03
53.82 ± 0.16
116.44 ± 0.33
44.40 ± 0.58
36.99 ± 0.56

16.00 ± 0.76
14.83 ± 0.65
13.47 ± 0.58
17.40 ± 0.43
10.69 ± 0.93
14.91 ± 0.06
8.19 ± 0.21
18.53 ± 0.26
10.68 ± 0.66
11.33 ± 0.64

32.29 ± 0.59
37.80 ± 0.78
37.51 ± 0.82
36.88 ± 0.56
39.20 ± 1.33
29.78 ± 0.09
29.19 ± 0.19
30.22 ± 0.60
29.76 ± 0.77
28.62 ± 0.81

1.36 ± 0.59
1.36 ± 0.78
1.31 ± 0.82
1.32 ± 0.56
1.44 ± 1.31
1.53 ± 0.09
1.74 ± 0.19
3.56 ± 0.60
1.67 ± 0.77
1.46 ± 0.81

20
20
20
20
20
2
20
20
20
20
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five shape indices (FEr, ELx, REx, RRL, and RanL)
(ANOVA with post-hoc test, Duncan, P < 0.05) (Table
6).
Also, the CDA was conducted based on the data
matrix of the otolith morphological features, all seven
morphometric variables, and eight shape indices. The
Parupeneus species revealed a high classification
success (80.0%) (Wilk’s lambda k = 0.197, Table 7 and
Fig. 6A).

Three morphometric variables (i.e., RRH, RanH,
and LH) and seven otolith shape indices were different
among the six examined species of Upeneus (Table
6). Among them, two indices (i.e., PA and FF) were
significantly different among all the six examined
species (Table 6). The CDA analysis for all Upeneus
species indicated 91.2%, classification success (Wilk’s
Lambda’k = 0.009, Table 7 and Fig. 6B).

Table 5. The otolith shape indices (means ± standard deviations) for the studied fish species. ROx (Roundness), REx
(Rectangularity), ELx (Ellipticity), RAr (Radius ratio), FEr (Feret ratio), ASr (Aspect ratio), PA (Squared perimeter to
area ratio), and FF (Form factor). N refers to the number of examined individuals from each site
Morphometric variable
Mulloidichthys vanicolensis
Parupeneus heptacanthus
Parupeneus margaritatus
Parupeneus rubescens
Upeneus doriae
Upeneus guttatus
Upeneus pori
Upeneus sundaicus
Upeneus tragula
Upeneus vittatus

ROx

REx

ELx

RAr

FEr

ASr

PA

FF

N

0.31 ± 2.22
0.75 ± 1.96
0.93 ± 1.65
0.36 ± 2.07
0.43 ± 2.52
0.57 ± 0.86
0.11 ± 1.1
0.31 ± 0.3
0.59 ± 2.54
0.43 ± 2.41

0.99 ± 1.94
0.85 ± 1.67
1.04 ± 1.52
0.42 ± 1.92
0.32 ± 2.52
0.72 ± 0.98
1.96 ± 1.14
0.34 ± 0.32
0.79 ± 2.22
0.49 ± 2.23

0.16 ± 1.70
0.18 ± 1.34
0.17 ± 1.46
0.19 ± 2.08
0.28 ± 2.54
0.26 ± 1.69
0.24 ± 1.69
0.17 ± 0.34
0.26 ± 2.13
0.18 ± 2.25

3.28 ± 0.72
3.66 ± 0.84
3.56 ± 0.75
3.63 ± 0.86
2.73 ± 0.99
4.22 ± 1.01
3.03 ± 1.01
3.05 ± 0.19
3.79 ± 0.81
3.20 ± 0.54

2.86 ± 1.21
2.59 ± 1.67
2.53 ± 1.05
2.95 ± 1.49
2.58 ± 1.81
3.01 ± 2.01
3.00 ± 2.01
4.08 ± 0.23
2.82 ± 1.44
3.07 ± 0.98

1.51 ± 1.68
1.44 ± 1.31
1.42 ± 1.42
1.48 ± 2.02
0.95 ± 2.50
1.61 ± 1.36
1.64 ± 1.36
1.42 ± 0.30
1.71 ± 2.01
1.46 ± 2.21

15.41 ± 3.24
12.93 ± 3.41
38.37 ± 3.20
8.86 ± 2.65
12.20 ± 4.32
10.91 ± 0.02
3.46 ± 0.02
3.54 ± 0.41
23.43 ± 4.58
20.78 ± 3.46

0.81 ± 3.21
0.97 ± 3.38
0.32 ± 3.17
1.41 ± 2.61
1.02 ± 4.30
1.80 ± 0.01
3.62 ± 0.01
3.53 ± 0.40
0.53 ± 4.52
0.60 ± 3.42

20
20
20
20
20
2
20
20
20
20

Table 6. Significant differences in otolith morphometric variables and shape indices among the three studied genera of
Mullidae, and also among the species within each genus. Characters with a significant difference are indicated
Genera Mulloidichthys, Parupeneus, Upeneus
RDL
Mulloidichthys
Parupeneus
Upeneus

RRH

RanL

RRL

REx

ELx

FEr









ELx

FEr

FF











RML

RRH

RanL

REx

Genus Parupeneus

P. heptacanthus
P. margaritatus
P. rubescens
















RRH

RanL

ROx

REx

FEr

ASr

PA

FF























Genus Upeneus
RanH
U. doriae
U. guttatus
U. pori
U. sundaicus
U. tragula
U. vittatus
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DISCUSSION
Taxonomical significance of otolith morphology
in Mullidae
Typically, the mullid fishes are difficult to identify
using the available morphological literature. A particular
problem in the taxonomy of these fishes is the lack of
diagnostic morphological and meristic characters (Kim

and Nakaya 2002). Some important meristic characters
are the number of dorsal-fin spines, the number of
pectoral-fin rays which may differ among species by
only one ray, and the number of gill rakers. However,
all these characters require careful examination to
detect the minute, recumbent first spine in the eightspine species group that distinguishes it from the sevenspine group (Lachner 1954; Kim and Nakaya 2002).
In this context, the examination of hard structures such

Fig. 6. Discriminant function scores (95% ellipses) based on all seven morphometric variables and eight shape indices of the otolith of the studied
species of the genus Parupeneus (A) and the genus Upeneus (B).

Table 7. Classification matrix of the canonical discriminant analysis based on seven morphometric variables and
eight otolith shape indices in the Parupeneus and Upeneus. The percentages in rows represent the classification into
the species of each genus given in columns (correct classifications are bold-typed). The corresponding numbers of
individuals are given in brackets
Genus Parupeneus (80.0% of original grouped cases correctly classified)
Species
P. heptacanthus
P. margaritatus
P. rubescens

P. heptacanthus P. margaritatus
75%(15)
6(30%)
0

5(25%)
65%(13)
0

P. rubescens

N

0
1(5%)
100%(20)

20
20
20

Genus Upeneus (91.2% of original grouped cases correctly classified)
Species

U. doriae

U. guttatus

U. pori

U. sundaicus

U. tragula

U. vittatus

N

U. doriae
U. guttatus
U. pori
U. sundaicus
U. tragula
U. vittatus

95%(19)
0
0
0
0
0

0
100%(2)
0
0
15%(3)
0

0
0
100%(20)
20%(4)
0
0

0
0
0
80%(16)
0
0

5%(1)
0
0
0
85%(17)
1(5%)

0
0
0
0
0
95%(19)

20
2
20
20
20
20
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as otolith may help to discriminate different genera
and species. The present study examined the otolith
morphology of 10 mullid species belonging to three
genera (Mulloidichthys, Parupeneus, and Upeneus)
for the first time from the Iranian marine waters of the
Persian Gulf and the Gulf of Oman. The most important
key morphological characteristics for distinguishing
these genera are the teeth on the vomer or palatines
(Uiblein and Heemstra 2010). Mulloidichthys and
Parupeneus do not have teeth on the vomer or palatines,
while in the genus Upeneus, teeth are present on vomer
and palatines (Uiblein and Heemstra 2010). In addition
to the meristic characters, Ramteke et al. (2016) have
recently examined morphological characters and hard
structures such as osteological elements to separate
several species of goatfishes. Here we added additional
morphological evidence to distinguish species and
genera of goatfishes.
The relative rostrum length was the most
important character for discriminating Mulloidichthys
(RRL = 32.29 ± 0.59) and Parupeneus (RRL = 37.39
± 1.10), while rectangularity (REx) was the most
important shape index for discriminating two genera
(0.99 ± 1.94 in Mulloidichthys vs. 0.77 ± 1.21 in
Parupeneus). It means that Mulloidichthys has a more
rectangular otolith than the genus Parupeneus, while
its otolith rostrum is significantly shorter. However,
otolith morphology has more power to distinguish
the genus Upeneus than the two others, because
four morphometric variables and two shape indices
participated in separating it. The otoliths of Upeneus are
diagnosed by short dorsal length (RDL = 69.35 ± 1.51),
higher rostrum height (RRH = 53.63 ± 1.99), short
rostrum (RRL = 31.12 ± 1.99), and antirostrum (RanL
= 12.38 ± 1.51) lengths in comparison to the two other
genera. Also, based on our analysis, Upeneus has more
elliptical otoliths than the other genera.
Otolith morphology seems to be an appropriate
tool for discrimination between species of goatfishes.
Within Parupeneus, P. rubescens showed the most
diverged otoliths. It showed significant differences in
seven otolith characters consisting of RRH and RanL
(morphometric variables) and REx, ELx, FEr, and FF
(shape indices) (see also Table 6). Within Upeneus,
U. sundaicus showed the most diverged otolith. It
showed significant differences in six otolith characters
consisting of RanH, RanL, and RRH (morphometric
variables), REx, PA, and FF (shape indices) (Table 6).
The taxonomic significance of otoliths has already
been examined in Upeneus from Indian marine waters
by Ramteke et al. (2016). They found wedge shape
otoliths in U. guttatus, elliptic to truncate in U. vittatus
and U. sundaicus. They also distinguished the otoliths
of U. tragula by its short rostrum and poorly developed
© 2021 Academia Sinica, Taiwan
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antirostrum, which is in agreement with our data (see
also Fig. 5r–v).
Moreover, based on a combination of the
number of dorsal-fin spines, gill rakers, the number
of pectoral-fin rays, and bars on the caudal fin, four
major species complexes were distinguished within the
genus Upeneus (e.g., Thomas 1969; Sainsbury et al.
1985; Golani and Galil 1990; Kim and Nakaya 2002;
Randall 2004). Of these, we examined otoliths of two
complexes i.e., “tragula” and “vittatus” groups. Based
on our examination, the otoliths of U. tragula and U.
vittatus were largely similar in general shape: in which
both were elliptic in shape with a short rostrum and
had no clear antirostrum (see also Fig. 5r–v and w–z1).
They did, however, show a difference in shape indices,
particularly in the Roundness (ROx) and Rectangularity
(REx). Therefore, we concluded that otolith shape
dimensions have more power to separate these two
complexes than morphometry.
Moreover, the otoliths of three Upeneus species
(i.e., Upeneus doriae, U. tragula, and U. vittatus)
were compared from between the Persian Gulf and
the Gulf of Oman (see also Fig. 1 and Table 1) to see
if the otolith of the same species is different between
the two main water systems. In the case of U. doriae,
otoliths from the Gulf of Oman (Chabahar, Fig. 5a–c)
were similar in general shape (elliptic) to those from
the Persian Gulf (Bandar Abbas, Fig. 5d–e); however,
they do not display crenate margins in comparison to
the otoliths from the Persian Gulf. Upeneus doriae
was described for the first time from the coastal
waters of Bandar Abbas and therefore the otoliths with
almost smooth margins in the Gulf of Oman could be
considered as morphological variation in comparison to
its type morphology. The comparison of U. doriae from
the Persian Gulf and the Gulf of Oman by Kim and
Nakaya (2002) has also revealed geographic differences
in orbit size and caudal-fin length but they considered
the allometric changes during ontogeny for the observed
variation. In the present study, the ontogenetic changes
could be excluded because we used almost the same fish
size for the otolith comparison (see also Table 1).
In the case of U. tragula, otoliths from the Gulf
of Oman (Chabahar, Fig. 5r–s) were similar in general
shape (elliptic) to those from the Persian Gulf (Bushehr,
Fig. 5t–v). However, they displayed almost a deep
and V-shape excisura as well as a more developed
antirostrum (see Fig. 5r–s), in comparison to the U-shape
and wide excisura in the otoliths from the Persian Gulf
(Fig. 5t–v). Based on the previous studies, changes
in the excisura angle and shape are mostly influenced
by environmental factors (Reichenbacher et al. 2009;
Vignon and Morat 2010; Teimori et al. 2012a). The
otoliths U. vittatus from both the Persian Gulf and the

Zoological Studies 60:36 (2021)

Gulf of Oman displayed almost the same morphotype.
CONCLUSIONS
It is concluded that otolith shape dimensions have
more power to separate the species and genera of the
studied Mullidae fishes. Also, the otoliths of the same
Mullidae species did not show large variation between
the two main studied marine systems, and slight
observed differences in the otoliths of the two marine
systems are mainly caused by environmental factors, as
highlighted in previous studies.
Acknowledgment: We would like to thank Dr. F.
Owfi for helping with fish collection and H. Hashemi
for providing fish survey facilities. We thank Dr.
B.W. Coad (Canadian Museum of Nature) for editing
the manuscript and respected reviewers for their
constructive and valuable comments.
Authors’ contributions: SE collected and analyzed
the data, prepared the manuscript, and revised the
drafts. HRE contributed to the study design, analyzed
the data, prepared the manuscript, and revised the
drafts. AT contributed to data analysis, preparing the
manuscript, and revising the drafts. MS performed
sample collection. All the authors approved the final
manuscript. This study was funded by Shiraz University
(grant number SU-9531462).
Competing interests: The authors declare that they
have no conflicts of interest.
Availability of data and materials: The data
generated and analyzed during the present study are
available from the corresponding author. The fish
specimens are available in ZM-CBSU.
Consent for publication: Not applicable.
Ethics approval consent for participate: The
research work was approved by the Ethics Committee
of Biology Department (SU-9531462).
REFERENCES
Aguirre H. 1997. Presence of dentition in the premaxilla of juvenile
Mullus barbatus and M. surmuletus. J Fish Biol 51:1186–1191.
doi:10.1111/j.1095-8649.1997.tb01135.x.
Barman RP, Mishra SS, Kar S, Mukherjee P, Saren SC. 2007. Marine
and estuarine fish fauna of Orissa. Zool Surv India 260:1–186.
Ben-Tuvia A, Kissil GW. 1998. Fishes of the family Mullidae in the
Red Sea, with a key to the species in the Red Sea and the eastern

page 15 of 17

Mediterranean. Ichthyol Bull J L B 52:1–16.
Brazner JC, Campana SE, Tanner DK, Schram ST. 2004.
Reconstructing habitat use and wetland nursery origin of
yellow perch from Lake Superior using otolith elemental
analysis. J Great Lakes Res 30:492–507. doi:10.1016/S03801330(04)70365-2.
Campana SE. 2004. Photographic atlas of fish otoliths of the
northwest Atlantic ocean. NRC Research Press, Ontario, Ottawa,
Canada. doi:10.1139/9780660191089.
Campana SE, Casselman JM. 1993. Stock discrimination using
otolith shape analysis. Can J Fish Aquat Sci 50:1062–1083.
doi:10.1139/f93-123.
Campana SE, Thorrold SR. 2001. Otoliths, increments, and elements:
keys to a comprehensive understanding of fish populations? Can
J Fish Aquat Sci 58:30–38. doi:10.1139/f00-177.
Cardinale M, Peer DA, Manfred K, Henrik M. 2004. Effects of sex,
stock and environment on the shape of known-age Atlantic cod
(Gadus morhua) otoliths. Can J Fish Aquat Sci 61:158–167.
doi:10.1139/f03-151.
Cerna AE, Saavedra-NievasA JC, Plaza-Pasten G, Niklitschek E,
Morales-Nin B. 2019. Ontogenetic and intraspecific variability in
otolith shape of anchoveta (Engraulis ringens) used to identify
demographic units in the Pacific Southeast off Chile Francisco.
Mar Freshw Res 70:1794–1804. doi:10.1071/MF18278.
de Carvalho BM, Spach HL, Vaz-Dos-Santos AM, Volpedo AV.
2019. Otolith shape index: is it a tool for trophic ecology
studies? J Mar Biol Assoc U.K. 99(7):1675–1682. doi:10.1017/
S0025315419000729.
DeVries DA, Grimes CB, Prager MH. 2002. Using otolith shape
analysis to distinguish eastern Gulf of Mexico and Atlantic
Ocean stocks of king mackerel. Fish Res 57:51–62. doi:10.1016/
S0165-7836(01)00332-0.
Eagderi S, Fricke R, Esmaeili HR, Jalili P. 2019. Annotated checklist
of the fishes of the Persian Gulf: diversity and conservation
status. Iran J Ichthyol 6:1–171. doi:10.22034/iji.v6i0.454.
Fricke R, Eschmeyer WN, Van der Laan R (eds). 2020. Eschmeyer’s
catalog of fishes: genera, species, references. http://researcharchive.
calacademy.org/research/ichthyology/catalog/fishcatmain.asp.
Electronic version. Accessed 2 Dec. 2020.
Furlani D, Gales R, Pemberton D. 2007. Otoliths of common
Australian temperate fish: a photographic guide. Clayton, Vic:
CSIRO Publishing. p. vii+208.
Gauldie RW, Nelson DGA. 1988. Aragonite twinning and
neuroprotein secretion are the cause of daily growth rings in fish
otoliths. Comp Biochem Physiol 90:501–509. doi:10.1016/03009629(88)90227-7.
Ghanbarifardi M, Gut C, Gholami Z, Esmaeili HR, Gierl C,
Reichenbacher B. 2020. Possible link between the structure of
otoliths and amphibious mode of life of three mudskipper species
(Teleostei: Gobioidei) from the Persian Gulf. Zool Middle East
66:311–320. doi:10.1080/09397140.2020.1805140.
Golani D, Galil B. 1990. Trophic relationships of colonizing and
indigenous goatfishes (Mullidae) in the eastern Mediterranean
with special emphasis on decapod crustaceans. Hydrobiologia
218:27–33. doi:10.1007/BF00006415.
Hammer Ø, Harper DA, Ryan PD. 2001. PAST: Paleontological
statistics software package for education and data analysis.
Palaeontol Electron 4:9.
Hare JA, Cowen RK. 1994. Ontogeny and otolith microstructure of
bluefish Pomatomus saltatrix (Pisces: Pomatomidae). Mar Biol
118:541–550. doi:10.1007/BF00347500.
Ketabi R, Esmaeili HR, Echreshavi S, Jamili S. 2017. A note on the
cinnabar goatfish, Parupeneus heptacanthus (Lacepède, 1802)
from northern parts of the Persian Gulf and the Makran Sea

© 2021 Academia Sinica, Taiwan

Zoological Studies 60:36 (2021)

(Teleostei: Mullidae). Fish Taxa 2:195–200.
Kim BJ, Nakaya K. 2002. Upeneus australiae, a new goatfish
(Mullidae: Perciformes) from Australia. Ichthyol Res 49:128–
132. doi:10.1007/s102280200016.
Kim BJ, Yabe M, Nakaya K. 2001. Barbels and related muscles in
Mullidae (Perciformes) and Polymixiidae (Polymixiiformes).
Ichthyol Res 48:409–413. doi:10.1007/s10228-001-8165-y.
Labropoulou M, Machias A, Tsimenides N, Eleftheriou A. 1997.
Feeding habits and ontogenetic diet shift of the striped red
mullet, Mullus surmuletus Linnaeus, 1758. Fisher Res 310:257–
267. doi:10.1016/S0165-7836(97)00017-9.
Lachner EA. 1954. A revision of the goatfish genus Upeneus with
descriptions of two new species. Proc Nat Mus 103:497–532.
doi:10.5479/si.00963801.103-3330.497.
Lin CH, Lin JS, Chen KS, Chen MH, Chen CY, Chang CW.
2020. Feeding habits of bigeye tuna (Thunnus obesus) in the
western Indian Ocean reveal a size-related shift in its finescale piscivorous diet. Front Mar Sci 7:582571. doi:10.3389/
fmars.2020.582571.
Lombarte A, Aguirre H. 1997. Quantitative differences in the
chemoreceptor systems in the barbels of two species of Mullidae
(Mullus surmuletus and M. barbatus). Mar Ecol Prog Ser
150:57–64. doi:10.3354/meps150057.
Mahé K, Destombes A, Coppin F, Koubbi P, Vaz S, Le Roy D,
Carpentier A. 2005. Le rouget barbet de roche Mullus surmuletus
(L. 1758) en Manche orientale et mer du Nord. Rapport de
Contrat Ifremer Crpmen, Nord-Pas-de-Calais, France.
McCormick MI, Milicich MJ. 1993. Late pelagic-stage goatfishes:
distribution patterns and inferences on schooling behaviour.
J Exp Mar Biol Ecol 174:15–42. doi:10.1016/00220981(93)90249-N.
McCormick MI, Molony BW. 1995. Influence of water temperature
during the larval stage on size, age and body condition of a
tropical reef fish at settlement. Mar Ecol Prog Ser 118:59–68.
doi:10.3354/meps118059.
Mendoza RP. 2006. Otoliths and their applications in fishery science.
Ribarstvo 64:89–102.
Mérigot B, Letourneur Y, Lecomte-Finiger R. 2007. Characterization
of local populations of the common sole Solea solea (Pisces,
Soleidae) in the NW Mediterranean through otolith morphometrics
and shape analysis. Mar Biol 151:997–1008. doi:10.1007/s00227006-0549-0.
Motamedi M, Shamsaldini F, Teimori A, Hesni MA. 2019a.
Histomicroscopy and normal anatomy of the adult killifish
Aphanius hormuzensis (Teleostei; Aphaniidae) from the Persian
Gulf coastal environment. Microsc Res Tech 82:466–480.
doi:10.1002/jemt.23190.
Motamedi M, Teimori A. 2019. Ontogenetic pattern, morphological
sexual and side dimorphism in the saccular otolith of a scaleless
killifish Aphanius furcatus (Teleostei: Aphaniidae). Acta Zool
102:38–50. doi:10.1111/azo.12313. (in press).
Munro ISR. 1955. The marine and fresh waters of Ceylon. New Delhi,
India.
Nolf D. 1985. Otolithi Piscium. Handbook of Paleoichthyology.
Stuttgart, New York, Gustav Fischer, 145 p.
Osman A, Farrag M, Mehanna S, Osman Y. 2020. Use of otolithic
morphometrics and ultrastructure for comparing between three
goatfish species (family: Mullidae) from the northern Red Sea,
Hurghada, Egypt. Iran J Fish Sci 19:814–832. doi:10.22092/
IJFS.2018.120044.
Panfili J, Meunier FJ, Mosegaard H, Troadec H, Wright PJ, Geffen AJ.
2002. Glossary. In: Panfili J, de Pontual H, Troadec H, Wright
PJ (Eds) Manual of fish sclerochronology. Ifremer-Ird coedition
Brest France, pp. 373–383.
Pavlov DA, Ha VT, Thuan LTB. 2012. Otolith morphology and
© 2021 Academia Sinica, Taiwan

page 16 of 17

periodicity of increment formation on the sagitta of manybar
goatfish Parupeneus multifasciatus (Mullidae). J Ichthyol
52:463–475. doi:10.1134/S003294521204008X.
Platell ME, Potter IC, Clark KR. 1998. Do the habitats, mouth
morphology and diets of the mullids Upeneichthys stotti and U.
lineatus in coastal waters of south-western Australia differ? J
Fish Biol 52:398–418. doi:10.1111/j.1095-8649.1998.tb00807.x.
Platt C, Popper AN. 1981. Structure and function in the ear. In:
Tavolga WN, Popper AN, Fay RR. (Eds.) Hearing and Sound
Communication in Fishes. Verlag, Springer, pp. 3–38.
Ponton D. 2006. Is geometric morphometrics efficient for comparing
otolith shape of different fish species? J Morph 267:750–757.
doi:10.1002/jmor.10439.
Pothin K, Gonzales-Salas C, Chabanet P, Lecomte-Finiger R. 2006.
Distinction between Mulloidichthys flavolineatus juveniles
from Reunion Island and Muritius Island (south-west Indian
Ocean) based on otolith morphometrics. J Fish Biol 69:38–53.
doi:10.1111/j.1095-8649.2006.01047.x.
Rajan PT. 2012. The goatfishes (Family: Mullidae) of Andaman and
Nicobar Islands. Zool Surv India 111:35–48.
Ramteke K, Landge AT, Jaiswar AK, Chakraborty SK, Deshmukhe G.
2016. Taxonomic differentiation of goatfishes (Family-Mullidae)
based on morphological traits and hard parts. Indian J Geo-Mar
Sci 47:381–389.
Randall JE. 2004. Revision of the goatfish genus Parupeneus
(Perciformes: Mullidae), with descriptions of two new species.
Honolulu, HI, USA.
Randall JE, Kulbicki M. 2006. A review of the goatfishes of the genus
Upeneus (Perciformes: Mullidae) from New Caledonia and the
Chesterfield Bank, with a new species, and four new records.
Zool Stud 45:298–307.
Reichenbacher A, Thielscher A, Peer A, Bulthoff HH, Bresciani
JP. 2009. Seeing the hand while reaching speeds up on-line
responses to a sudden change in target position. J Physiol
587:4605–4616. doi:10.1113/jphysiol.2009.176362.
Reichenbacher B, Sienknecht U, Küchenhoff H, Fenske N. 2007.
Combined otolith morphology and morphometry for assessing
taxonomy and diversity in fossil and extant killifish (Aphanius,
†Prolebias). J Morph 268:898–915. doi:10.1002/jmor.10561.
Sabatini A, Follesa MC, Pendugui AA, Pesci P, Cau A. 2007.
Morphological description and intraspecific variability of Mullus
surmuletus (Teleostei, Mullidae) vertebral column. Italian J Zool
74:1–5. doi:10.1080/11250000600973402.
Sadeghi R, Esmaeili HR, Zarei F, Reichenbacher B. 2020. Population
structure of the ornate goby, Istigobius ornatus (Teleostei:
Gobiidae), in the Persian Gulf and Oman Sea as determined
by otolith shape variation using ShapeR. Environ Biol Fish
103:1217–1230. doi:10.1007/s10641-020-01015-1.
Sainsbury KJ, Kailola PJ, Leyland GG. 1985. Continental shelf fishes
of northern and north-western Australia. Canberra: Clouston and
Hall and Peter Pownall Fisheries Information Service, p. viii +
375.
Sanjarani Vahed N, Esmaeili HR, Masoudi M, Reichenbacher B.
2018. Early otolith development in the critically endangered
tooth-carp, Aphanius farsicus (Teleostei: Cyprinodontidae).
Environ Biol Fish 101:1309–1317. doi:10.1007/s10641-0180778-3.
Sanjarani Vahed N, Esmaeili HR, Masoudi M, Reichenbacher B.
2019. Ontogenetic otolith development in an endemic toothcarp, Aphanius vladykovi (Teleostei: Aphaniidae). J Ichthyol
59:336–343. doi:10.1134/S0032945219030172.
Schneider CA, Rasband WS, Kevin WE. 2017. NIH Image to
ImageJ: 25 years of Image Analysis. Nat Methods 9:671–675.
doi:10.1038/nmeth.2089.
Shen KN, Lee YC, Tzeng WN. 1998. Use of otolith microchemistry

Zoological Studies 60:36 (2021)

to investigate the life history pattern of gobies in a taiwanese
stream. Zool Stud 37:322–329.
Smith JLB. 1949. The sea fishes of Southern Africa (Central News
Agency, Ltd., South Africa), p. 580.
Souza AT, Soukalová K, Děd V, Šmejkal M, Blabolil P, Říha M, Jůza
T, Vašek M, Čech M, Peterka M, Vejřík L, Vejříková I, Tušer
M, Muška M, Holubová M, Boukal DS, Kubečka J. 2020.
Ontogenetic and interpopulation differences in otolith shape of
the European perch (Perca fluviatilis). Fish Res 230:105673.
doi:10.1016/j.fishres.2020.105673.
Stepien CA, Randall JE, Rosenblatt RH. 1994. Genetic and
morphological divergence of a circumtropical complex of
goatfishes: Mulloidichthys vanicolensis, M. dentatus, and M.
martinicus. Pacific Sci 48:44–56.
Stransky C, Baumann H, Fevolden SE, Harbitz A, Hoie H, Nedreaas
KH, Salberg AB, Skarstein T. 2008. Separation of Norwegian
coastal cod and Northeast Arctic cod by outer otolith shape
analysis. Fish Res 90:26–35. doi:10.1016/j.fishres.2007.09.009.
Stransky C, MacLellan SE. 2005. Species separation and
zoogeography of redfish and rockfish (genus Sebastes) by
otolith shape analysis. Can J Fish Aquat Sci 62:2265–2276.
doi:10.1139/f05-143.
Talwar PK, Kacker RK. 1984. Commercial sea fishes of India
(Zoological Survey of India), p. 997.
Teimori A, Esmaeili HR, Gholami Z, Zarei N, Reichenbacher
B. 2012b. Aphanius arakensis, a new species of toothcarp (Actinopterygii, Cyprinodontidae) from the endorheic
Namak Lake basin in Iran. Zookeys 215:55–76. doi:10.3897/
zookeys.215.1731.
Teimori A, Esmaeili HR, Hamidan N, Reichenbacher B. 2018.
Systematics and historical biogeography of the Aphanius dispar
species group (Teleostei: Aphaniidae) and description of a new
species from Southern Iran. J Zool Syst Evol Res 56:579–598.
doi:10.1111/jzs.12228.
Teimori A, Jawad LAJ, Al-Kharusi LH, Al-Mamry JM, Reichenbacher
B. 2012a. Late Pleistocene to Holocene diversification and
historical zoogeography of the Arabian killifish (Aphanius
dispar) inferred from otolith morphology. Sci Mar 76:637–645.
doi:10.3989/scimar.03635.26C.
Teimori A, Khajooei A, Motamedi M, Askari Hesni M. 2020.
Characteristics of sagittae morphology in sixteen marine fish
species collected from the Persian Gulf: Demonstration of the
phylogenetic influence on otolith shape. Regional Studies Mar
Sci 29:2352–4855. doi:10.1016/j.rsma.2019.100661.

page 17 of 17

Thomas PA. 1969. Goatfishes (Mullidae) of the Indian seas. Mar Biol
Association India 3:1–174.
Tuset VM, Imondi R, Aguado G, Otero-Ferrer JL, Santschi L,
Lombarte A. 2016. Otolith patterns of rockfishes from the
Northeastern Pacific. J Morph 276:458– 469. doi:10.1002/
jmor.20353.
Tuset VM, Lombarte A, Assis CA. 2008. Otolith atlas for the western
Mediterranean, north and central Eastern Atlantic. Sci Mar 72:1–
198.
Tuset VM, Lombarte A, González JA, Pertusa JF, Lorente MJ. 2003.
Comparative morphology of the sagittae otolith in Serranus spp.
J Fish Biol 63:1491–1504. doi:10.1111/j.1095-8649.2003.00262.
x.
Uiblein F. 2007. Goatfishes (Mullidae) as indicators in tropical and
temperate coastal habitat monitoring and management. Mar Biol
Res 3:275–288. doi:10.1080/17451000701687129.
Uiblein F, Heemstra PC. 2010. A taxonomic review of the Western
Indian Ocean goat fish genus Upeneus (family: Mullidae), with
description of four new species. Smith Bull 11:35–71.
Uiblein F, Köhler C, Tian MC. 1998. Quantitative examination
of morphological variability among goatfishes of the genus
Upeneus from the Malayan Province (Pisces: Perciformes:
Mullidae). Senckenbergiana Biol 28:123–32. doi:10.1007/
BF03043143.
Van Neer W, Ervynck A, Bolle LJ, Millner RS, Rijnsdorp AD. 2002.
Fish otoliths and their relevance to archaeology: An analysis of
medieval, post-medieval and recent material of plaice, cod and
haddock from the North Sea. Environ Archaeol 7:61–76.
Vignon M, Morat F. 2010. Environmental and genetic determinant
of otolith shape revealed by a non-indigenous tropical fish. Mar
Ecol Prog Ser 411:231–241. doi:10.3354/meps08651.
Volpedo AV, Echeverría DD. 2000. Catalogo y claves de otolitos para
la identificacion de peces del mar Argentino. Buenos Aires,
Dunken, p. 88.
Woydack A, Morales-Nin B. 2001. Growth patterns and biological
information in fossil fish otoliths. Paleobiology 27:369–378.
doi:10.1666/0094-8373(2001)027<0369:GPABII>2.0.CO;2.

Supplementary Materials
Appendix 1. Morphological characters and states of
each character in species used in this study. (download)

© 2021 Academia Sinica, Taiwan

