Abstract—The surf silverside (No-
tocheirus hubbsi) is a rare and poorly
known species within Notocheiridae.
However, 2 collections of larval and
juvenile specimens in Chile provided
an opportunity to study unknown
aspects of its morphological develop-
ment and early life history. This study
describes the ossification process and
provides a detailed osteological de-
scription of the juvenile stage which
is compared with adult descriptions
available from the literature. Features
are described in detail for compara-
tive purposes with members of other
atheriniform species, especially of the
genus Iso. A single epural is present
in larval stages of Notocheirus but is
absent in juvenile and adult stages,
hence, Iso and Notocheirus share the
presence of a single epural, whereas
other atheriniforms have 2 epurals.
The pattern of Notocheirus supra-
orbital sensory canal pores is shared
with that of Atherinopsinae. Our ex-
pectation is that similarities such as
these may be tested as homologies,
aiding in the resolution of compet-
ing hypotheses of relationships and
family-level classification. Spinoid
scales and odontodes associated with
dermal bones of the head are unique
for Notocheirus, however they not
always present in juvenile and adult
specimens. The crown of odontodes
on the snout are not associated to
any bones and appear to be unique
for Notocheirus as well.

57

Osteological development of the surf silverside
(Notocheirus hubbsi) (Teleostei: Atheriniformes:

Notocheiridae)

Brian S. Dyer (contact author)?
Francisca Zavala-Mufioz?2
Valentina Bernal-Duran23
Mauricio F. Landaeta?4>

Email address for contact author: briansdyer@gmail.com

Centro de Estudios Generales

Universidad de los Andes

Avenida Monsefior Alvaro del Portillo
12.455

Las Condes, Santiago, Chile

N

Laboratorio de Ictiologia e Interacciones
Biofisicas (LABITI)

Instituto de Biologia, Facultad de Ciencias

Universidad de Valparaiso

Avenida Gran Bretafia 1111

Playa Ancha, Valparaiso, Chile

w

Programa de Doctorado en Ciencias men-
cién Ecologia y Biologia Evolutiva

Universidad de Chile

Las Palmeras 3425

Nufoa, Santiago, Chile

4 Centro de Observacién y Analisis del
Océano Costero (COSTA-R)
Universidad de Valparaiso
Montana 885
Vifa del Mar, Valparaiso, Chile

5 Millennium Nucleus for Ecology and Con-
servation of Temperate Mesophotic Reef
Ecosystems (NUTME)

Osvaldo Marin 1672
Las Cruces, Valparaiso, Chile

Introduction

Atheriniformes include around 388
species of marine, estuarine, and
freshwater fishes (Fricke et al., 2024)
commonly known as silversides, har-
dyheads, rainbowfishes, and blue
eyes (Nelson et al., 2016). The surf
silverside (Notocheirus hubbsi) de-
scribed by Clark (1937) and placed in
Atherinidae (commonly known as Old
World silversides), is a small species
with an unusual morphology among
Atheriniformes (Fig. 1), such as ab-
sence of the first dorsal fin, a later-
ally compressed tear-drop body with
a ventral abdominal keel, the lack of
several bones of the head, highly mod-
ified paired girdles and fins, head and
body with spinoid scales, and pres-
ence of odontodes (dermal denticles
of Sire and Allizard [2001]) on dermal
bones of the skull. Notocheirus and
Iso share the laterally compressed and
tear-drop body shape, which is deep-
est at the pectoral fins that are posi-

tioned high over the body midline,
and the modified pectoral and pelvic
girdles that form a sharp ventral keel.
All these features have been used as
evidence of their close relationship,
but were also interpreted as adap-
tations to the high-energy surf envi-
ronment inhabited by the members
of these genera (Saeed et al., 1994).
The first phylogenetic systematic stud-
ies of Atheriniformes based on mor-
phology (Saeed et al., 1994; Dyer and
Chernoff, 1996) supported the tradi-
tional view of Notocheirus and Iso as
sister taxa. However, recent genetic-
based phylogenies have placed Noto-
cheirus in the subfamily Notocheiri-
nae within Atherinopsidae and Iso in
Isonidae as sister group to Atherini-
dae (Bloom et al., 2012; Campanella
et al., 2015; Betancur-R et al., 2017),
rendering the shared similarities ques-
tionable (Bloom et al., 2012). Analyz-
ing the ontogeny of these morpho-
logical similarities may shed light on
whether some of these features are
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Figure 1

Photograph of the left side of a juvenile surf silverside (Notocheirus hubbsi) (31.20 mm standard length)
caught in Mineral de Talca, Coquimbo, Chile on 23 February 2015. Specimen courtesy of Sergio Carrasco,
and photograph courtesy of Claudio Quezada-Romegialli.

homologous or convergent functional adaptations to surf
environments.

Notocheirus hubbsi is distributed from Coquimbo,
Chile (southeastern Pacific Ocean) and Puerto Deseado,
Argentina (southwestern Atlantic Ocean), to the south-
ern tip of Tierra del Fuego (Dyer and Chernoff, 1996;
Carrasco et al., 2017; Diaz-Astudillo et al., 2019). Most
studies regarding this species have provided morpho-
logical information for systematic studies (Said, 1983;
Saeed et al., 1994; Dyer and Chernoff, 1996; Saeed et
al., 2006), but close to nothing is known about its de-
velopment, biology, or ecology except that it is plank-
tivorous with a low fecundity (Gosztonyi, 1972). Also,
the lunar cycle affects the abundance of early life-stages
in nearshore habitats (Zavala-Muifoz et al., 2021). Al-
though N. hubbsi is extremely rare, a larger number of
post larval and juvenile stages have been collected recent-
ly (Carrasco et al., 2017; Diaz-Astudillo et al., 2019).
Despite the lack of adult specimens to complete the de-
scription of the ossification process, most elements of
the skeleton are almost completely ossified at the juve-
nile stage, based on previously published descriptions

(Rosen, 1964; Said, 1983; Saeed et al., 1994; Dyer and
Chernoff, 1996; Saeed et al., 2006) and data collected
by the first author.

In this paper, a detailed description of the develop-
mental osteology in larvae and juveniles of N. hubbsi is
presented, some of our findings are compared with infor-
mation of other atheriniforms available in the literature,
and homology statements are discussed.

Materials and methods

Light traps were used to collect 19 specimens, from
which 16 larvae (7.89-16.21 mm standard length [SL])
were obtained during the mid-austral spring (October—
December 2015), and 3 juveniles (30.77-34.62 mm SL)
during summer (January 2016, December 2016, Febru-
ary 2017), respectively. The specimens were collected
in El Quisco Bay (33°24'S, 71°42'"W), central Chile, us-
ing light traps (Ecocean, Montpellier, France), installed
weekly on a lunar basis (centered in first quarter, full
moon, third quarter, and new moon) between Septem-
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ber 2015 and February 2016, and between September
2016 and February 2017. Each Ecocean trap consisted
of a buoyant water-tight block containing a 12V battery
and a 55 W 90 LED light, under which was attached,
in a vertical position, a 2-m long conical net with a
2-mm mesh and a narrow funnel in the middle. Three
light traps were deployed on the surface over a bottom
depth of about 20 m using a moored buoy and at 500
m from shore. The codends were removed at the end of
each evening, and the catch were treated with benzocaine
(BZ-20, Veterquimica, Santiago, Chile) before preserva-
tion in 96% ethanol (Diaz-Astudillo et al., 2019).

Measurements were made to the nearest 0.01 mm us-
ing a digital caliper. Six larvae, ranging from 7.89 mm
to 16.21 mm SL, and one 31.16-mm-SL juvenile were
cleared and double stained following a modified version
of Dingerkus and Uhler (1977), and analysed with a
Zeiss Stemi SV 11 (Carl Zeiss AG, Oberkochen, Germa-
ny). Anatomical nomenclature was adopted from Schul-
tze and Arratia (1989), Dyer and Chernoff (1996), Dyer
(1997), Arratia et al. (2001), Arratia (2008), and Brager
and Moritz (2016). Illustrations were made by the sec-
ond author in Procreate, vers. 5.2.6 (Savage Interactive
Pty Ltd., Hobart, Tasmania) based on drawings taken
from a Zeiss’ camera lucida. The 19 specimens were de-
posited at the Museo de Historia Natural de Valparaiso,
under the codes MHNYV 832-840. Comparative materi-
als of adults were: Notocheirus hubbsi: CAS 5525 (holo-
type); Museum Zoology University of Michigan UMMZ
231951; Museo de Zoologia Universidad de Concepcion,
MZUC 18406, 22479; Instituto de Zoologia Universi-
dad Austral IZUA-MP 636; Iso rhothophilus: UMMZ
217631, 212579; Dentatherina merceri: FMNH 99632;
and Atherion elymus: UMMZ 204128.

Results

Each bone or group of bones are first described as they
appear in the juvenile 31.16-mm-SL specimen, followed
by the ontogenetic development of the bones as they ap-
pear in the size series at hand. All descriptions in the text
and the illustrations that accompany them (Figs. 2-11)
refer to the juvenile unless otherwise specified.

Neurocranium
Ethmoid region

The ethmoid cartilage is a large and bulbous structure to
which all elements of this region are connected (Fig. 2).
It projects posteriorly towards the interorbital cartilage
between the frontal and the parasphenoid. It is rounded
anteriorly (Fig. 3A) with a bulging lateral process that is
flattened laterally (Fig. 3, A and B) to which the lacrimal,
the tip of the pars autopalatina, and maxilla are connect-

ed (Fig. 2). The nasal capsules are fully separated by the
ethmoid cartilage which is wider and deeper at the pre-
orbital region (Fig. 3A), where it extends ventro-medially
as a single continuous unit under the parasphenoid (Fig.
3, B and C). The ethmoid cartilage extends ventrally to
the parasphenoid in larvae 7.89 to 16.21 mm SL, but
does not extend below and under it as in the juvenile.
The preorbital region of the ethmoid cartilage has a ver-
tically oriented lateral rim articulated with the lacrimal,
and a horizontally oriented ventral rim that articulates
with the pars autopalatina.

The lateral ethmoid forms the posterior wall of the
nasal capsule and the anterior wall of the orbit (Figs. 2
and 3, B and C). This bone is flattened antero-posteriorly
at the center and expanded dorsally, laterally, and ven-
trally. The lateral ethmoid is expanded dorsally but does
not reach the nasal bone or the anterior end of the fron-
tal in the juvenile. This bone barely reaches the lateral
rim that has a vertically elongated cartilaginous surface
articulated with the lacrimal (Fig. 3A). The ventral carti-
laginous rim is transversally oriented and articulates with
the medial process of the pars autopalatina (Fig. 2). The
preorbital ethmoid cartilage is continuous medially with
the interorbital cartilage to form the anterior myodome
and the medial extension ventral to the parasphenoid
(Figs. 2 and 3B). A lateral ethmoid ossification is not ob-
served at 7.89 mm SL but is present as an incipient os-
sification at 9.77 mm SL, at the center of the preorbital
section of the ethmoid cartilage and extended radially in
larger larvae in a roughly circular shape, but not fully os-
sified in the juvenile specimen.

The nasal is a thin dorsally concave bone, which
slightly overlaps the antero-medial edge of the frontal
(Fig. 3A). It is widest at its middle and the anterior tip is
gently curved ventrally around the anterior part of the
nasal capsule to join the lacrimal-pars autopalatina-nasal
juncture (Fig. 2). The nasal contains the anterior section
of the supraorbital sensory canal with 2 membranous
pores. It is visible first at 9.77 mm SL, clearly ossified
at 13.82 mm SL, and completely ossified by 16.21 mm
SL.

A cluster of 10 tooth-like spines of dermal origin,
grouped together in a circle resembling a crown of spines
(Figs. 2 and 3, A and B), is located dorso-anteriorly of
the ethmoid cartilage and is not associated with any
bone or underlying scale or cartilage. A vomer and mes-
ethmoid are lacking (Figs. 2 and 3A-C) as is the case
for adults.

Orbital region

The frontal (=parietal of Schultze [2008]) is the largest
bone of the neurocranium, forming the roof of the orbit
and anterior half of the otic region (Fig. 3, A and B). It is
roughly triangular in shape and partially ossified along



60

Professional Paper NMFS 24

Lateral ethmoid

Entopterygoid

Metapterygoid

Figure 2

Illustration of the head in lateral view of a surf silverside (Notocheirus hubbsi) (31.16 mm standard length)
caught in El Quisco Bay, Chile, on 19 January 2016. Dashed lines correspond to the outline of anterior in-
fraorbital bones, extension of sphenotic and parietal under the frontal, and supraoccipital under the parietal.

Subopercle

Interopercle

the lateral and posterior margins at 9.77 mm SL. Ante-
riorly it articulates with the nasal and ethmoid cartilage,
overlapping the posterior end of the nasal capsules. Pos-
teriorly, the frontal is sutured to the supraoccipital, pari-
etal, and sphenotic (Fig. 3A). Medially, the counterparts
alternate overlapping each other, except for the anterior
one-fifth over the ethmoid cartilage where both separate
(Fig. 3A). All sensory canals of the head are open canals
with odontodes on the lateral and medial bony ridges
(Fig. 3, A and B). The frontal carries the supraorbital
sensory canal with pore 3 which opens antero-lateral-
ly, and pores 4 and 5 which open postero-medially (Fig.
3A). The sensory canal system continues anteriorly with
pore 2 on the nasal bone and continues posteriorly into
the otic canal, with pore 6 between both canals (Fig. 3A).
Odontodes are also present medially on the frontals in a
sparsely uniform pattern, seen only in juvenile and adult
specimens (Fig. 3, A and B).

Anteriorly, the parasphenoid is a laminar bone flat-
tened dorso-ventrally and joined to the ventral surface

of the ethmoid cartilage, through which it traverses at
the preorbital region (Fig. 3, B and C). More posterior-
ly, it appears as an inverted T in cross-section, not con-
tacting the lateral ethmoid (Fig. 3, B and C). Between
the lateral ethmoid and the prootic, the parasphenoid
shaft is notably arched postero-ventrally as a laterally
compressed blade-like process that is widest at the in-
terorbital cartilage (Figs. 2 and 3B). Posterior to the or-
bit, the parasphenoid extends under the ventral portion
of the prootic and the anterior half of the basioccipital,
forming the floor of the posterior myodome (Fig. 3, B
and C). Ventral to the enlarged anterior opening of the
posterior myodome is a dorso-lateral wing (ascending
process) on either side sutured to the prootic (Fig. 3,
B and C). Ventrally is a curved medial process that ex-
tends towards the entopterygoid (Figs. 2 and 3B). The
main shaft of the parasphenoid is ossified and relatively
straight at 7.89 and 9.77 mm SL, with incomplete ossi-
fication at the anterior end ventral to the ethmoid car-
tilage, at the posterior end ventral to the basioccipital,
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Illustrations of the neurocranium from different viewpoints of a surf silverside (Notocheirus hubbsi) (31.16 mm stan-
dard length) caught in El Quisco Bay, Chile, on 19 January 2016; soc=supraoccipital; L.e.=Lateral ethmoid. (A) Dorsal
view. Dotted lines on the left side show the supraorbital sensory canal and pores (p1-p8). Dashed lines are extensions
of bones underlying neighboring bones. (B) Lateral view showing the crown of spines anteriorly. (C) Ventral view. (D)
Posterior view.
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and at the distal end of the ventro-median process. The
parasphenoid is slightly curved in intermediate sizes
and completely curved and ossified in the juvenile spec-
imen.

The pterosphenoid is in the postero-dorsal corner of
the orbit, dorsally sutured to the frontal ventro laterally
and posteriorly to the sphenotic and prootic (Fig. 3C).
The ventral edge is concave (Fig. 3B) and wider anteri-
orly, and forms a median process with a flat anterior fac-
et (Saeed et al., 2006). The mid-section begins to ossify
ventrally at 9.77 mm SL and is fully ossified in the mid-
section by 13.82 mm SL, with an increasing extension of
bone towards the anterior and posterior ends in the ju-
venile. The basisphenoid and sclerotic bones are absent
in all specimens examined.

Otic region

The parietal (=postparietal of Schultze [2008]) is the
largest bone of the otic region (Fig. 3A), is covered by
the frontal anteriorly, and forms the anterior ridge and
floor of the posttemporal fossa. It is sutured laterally to
the sphenotic, overlaps the supraoccipital medially and
the epiotic posteriorly (Figs. 2 and 3A). The parietal ap-
pears first at 11.14 mm SL along the chondral ridge with
the frontal, and is in contact with the sphenotic and epi-
otic at 13.82 mm SL. This bone carries a few odontodes
on its dorsal surface. The floor of the posttemporal fossa
is not ossified in the juvenile specimen.

The sphenotic (=autosphenotic of Schultze [2008])
is sutured anteriorly to the frontal and pterosphenoid,
dorso-medially to the parietal, and posteriorly to the
pterotic bones (Fig. 3A-C). It bears a small tendon
bony process oriented ventrally and lacks a sensory ca-
nal (Figs. 2 and 3B). Together with the pterotic bone,
they form the socket of the hyomandibular condyle,
with a pterotic capsule posteriorly and the base of the
sphenotic process anteriorly (Fig. 3, B and C). Dorsal
to this articulation is the otic sensory canal, two-thirds
of which is fused to the pterotic, with the anterior third
overlapping the sphenotic (Figs. 2 and 3A). The otic
sensory canal is not connected to the preopercular or
the infraorbital sensory canal, with only pore 6 ante-
riorly and pore 8 posteriorly, and has one or 2 odon-
todes at either end of the medial ridge (Fig. 3, A and
B). The sphenotic and pterotic appear as small bones at
9.77 mm SL, the former around the base of the postor-
bital process and along the antero-medial edge between
the prootic and pterosphenoid, and the latter posterior
to the hyomandibular articulation. By 11.14 mm SL, all
3 bones have extended their ossification, and by 15.42
mm SL the sphenotic bone is extended under the fron-
tal along the orbital rim and contacts the pterotic over
the hyomandibular articulation. By 16.21 mm SL, the
pterotic has reached the exoccipital medially and the

sphenotic process projects ventrally, extending below
the hyomandibular articulation. All bones are connect-
ed to each other in juveniles, with the otic sensory ca-
nal fully formed and only the parietal with odontodes.

The epiotic lies postero-laterally to the supraoccipital
and postero-ventrally to the parietal, which overlaps it
dorsally. This bone forms a wide ridge to which the post-
temporal is connected and the ridge continues ventrally
by the exoccipital (Fig. 3, A and D). The epiotic appears
ossified at 9.77 mm SL in the area where it articulates
with the posttemporal and ventrally along the ridge to-
wards the exoccipital. By 16.21 mm SL, the epiotic has
expanded and sutures with the parietal dorsally.

The prootic sutures to the pterosphenoid antero-dor-
sally, to the sphenotic dorsally, ventrally to the paras-
phenoid, and posteriorly to the pterotic, exoccipital, and
basioccipital (Fig. 3, B and C). The prootic sutures its
counterpart medially and forms the roof of the posterior
myodome. A thin fan-like ridge extends antero-lateral-
ly from the ascending process of the parasphenoid and
forms a trigeminal arch dorsally (Fig. 3, B and C). The
large single trigeminal foramen is fully enclosed by the
prootic (see Dyer, 1997:15). Ventrally, the prootic and
basioccipital form a protruding cartilaginous surface that
articulates with the pharyngobranchials 2 and 3. By 7.89
mm SL, the prootic is ossified at the center where the tri-
geminal arch and foramina are located. Ossification is
extended medially towards its counterpart to form the
posterior myodome roof and posteriorly towards the ex-
occipital at 9.77 mm SL, dorsally toward the sphenotic
by 11.14 mm SL, and fully ossified in the juvenile.

Some elements of the otic region can be differentiated
at 7.89 mm SL as thin plates of perichondral ossifica-
tions. By 31.16 mm SL, the parietal, sphenotic, prootic,
and epiotic bones are almost completely ossified, but the
pterotic is still in process of ossification. Extrascapulars
are absent in the material examined and in adults.

Occipital region

The supraoccipital is located medially in the postero-
dorsal part of the braincase, with a reduced supraoccipi-
tal process (Fig. 3, A, B, and D). The supraoccipital ex-
tends anteriorly under the median ends of the frontals
and laterally under the parietals. The posterior part of
the neurocranium, between the supraoccipital and the
foramen magnum, remains cartilaginous in all specimens
(Fig. 3, A and D). Postero-ventrally, the supraoccipital is
separated from the epiotics by cartilage (Fig. 3, A and
D). First hints of ossification are seen around the pos-
terior border of the pineal organ concavity at 9.77 mm
SL and it is more clearly ossified by 13.82 mm SL, with
a visible supraoccipital process. It is almost completely
ossified anteriorly under the frontals by 15.42 mm SL,
laterally to parietals by 16.21 mm SL, and completed by
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31.16 mm SL, except for the medial postero-ventral por-
tion that remains cartilaginous.

The exoccipital is sutured dorsally to the epiotic,
ventrally to the basioccipital, anteriorly to the prootic,
and dorso-laterally to the pterotic (Fig. 3), forming the
sides of the foramen magnum and also an articular sur-
face for the first vertebra (Fig. 3B-D). Baudelot’s liga-
ment is attached to the exoccipital at the base of the
articular process to the first vertebra and posterior to
the foramina of nerves IX and X (see Dyer, 1997:18).
By 7.89 mm SL, the exoccipital is clearly ossified in a
flattened-hourglass shape, and by 9.77 mm SL, it is in
contact with the basioccipital ventrally. By 11.14 mm
SL, the condyle of the exoccipital to the first vertebra is
ossified, and by juvenile size, the counterparts are sepa-
rated dorsally by cartilage.

The basioccipital articulates posteriorly with the first
vertebra (Fig. 3C). Anterior to this large circular con-
dyle is a medio-ventral groove that forms the roof and
lateral walls of the posterior myodome. It articulates
dorso-laterally with the exoccipitals (Fig. 3D) and an-
teriorly with the prootic with which it forms the articu-
lation with the pharyngobranchials. The basicranial re-
gion is the first part of the neurocranium to ossify, spe-
cifically, the basi- and exoccipital bones, the prootic,
and parasphenoid by 7.89 mm SL. The intercalar is ab-
sent in all specimens, including adults.

Infraorbital sensory canal bones

The infraorbital canal is reduced to 2 bones, the lacrimal
(infraorbital 1) and the infraorbital 2. The posterior rim
of the lacrimal articulates with the lateral ridge of the
preorbital region of the ethmoid cartilage. A wide dor-
sal lamina of the lacrimal projects towards the nasal and
forms a bony separation between the nasal pores (Fig.
2). The anterior tip articulates with the lateral process
of the ethmoid cartilage, posterior to the dorsal process
of the maxilla and lateral to the anterior tip of the pars
autopalatina (Fig. 2). A subnasal shelf projects medially
under the nasal capsule and over the autopalatine. The
first ossification appears along an antero-medial ridge at
9.77 mm SL and along a dorso-medial ridge (parallel to
the preorbital process) by 11.14 mm SL, forming an L-
shaped ossification. The ossification is almost complete
by 16.21 mm SL.

Infraorbital 2 is a long laminar bone that extends pos-
tero-ventrally slightly below the eye and beyond the tips
of the maxilla and premaxilla (Fig. 2), with a membra-
nous sensory canal pore at either end. It appears first by
11.14 mm SL and is fully ossified by 16.21 mm SL. The
infraorbital sensory canal has 3 membranous pores--a
dorsal pore over the lacrimal, a ventral pore under infra-
orbital 2, and a middle pore between both infraorbital
bones. Both infraorbitals carry a row of odontodes on

either side of the sensory canal in the juvenile (Fig. 4A).
The species lacks a dermosphenotic.

Oral jaws

The premaxilla is the largest element of the upper jaw
with a reduced ascending process. The proximal end is
laminar and convex (Figs. 2 and 4), where the odontodes
are present in juvenile and adult specimens. Five or 6
conical oral teeth are confined along its antero-ventral
rim. Two or 3 teeth are already present at 7.89 mm SL.
Between the ascending processes is a small, ovoid rostral
cartilage (Fig. 4B). The distal end of the alveolar arm of
the premaxilla is rounded where it overlaps the lower
jaw and lies medial to the maxilla (Figs. 2 and 4A). This
bone is partially ossified at 7.89 mm SL and complete
by 16.21 mm SL.

The dorsal process of the maxillary head is reduced
to a dorsal crest that articulates with the anterior part
of the lateral process of the ethmoid cartilage, the ante-
rior tip of the pars autopalatina and the lacrimal (Figs.
2 and 4). This articular region of the maxilla has a well-
developed ventral process that projects antero-medially
towards the rostral cartilage. The shaft of the maxilla
is slightly convex and wider postero-ventrally, extend-
ed slightly beyond the tip of the premaxilla (Figs. 2 and
4), and joined by ligament to the anguloarticular of the
lower jaw. This bone is partially ossified at 9.77 mm SL
and complete by 13.82 mm SL.

The dentary is the largest element of the lower jaw
and has a disorderly row of about 20 small conical teeth
along the anterior half of its dorsal rim (Fig. 4B), except
at the symphysis (Fig. 4A, insert). The dentary and the
anguloarticular form the coronoid process, with a very
narrow spacing in between the 2 bones (Figs. 2 and 4B).
Ventrally, the dentary houses the mandibular section of
the sensory canal with 4 pores. It is partially ossified along
the ventral shaft near the trajectory of the sensory canal
at 7.89 mm SL and completely ossified at 9.77 mm SL.

The anguloarticular articulates with the internal sur-
face of the ventral shaft of the dentary. It has a condylar
articulation with the quadrate and a bony spur projected
posteriorly below the mandibular articulation (Fig. 4B).
This bone does not carry a sensory canal. A hook-shaped
retroarticular is present on the postero-ventral corner of
the lower jaw (Fig. 4). It appears first at 9.77 m SL and
is disconnected from the anguloarticular in all larvae.
Meckel’s cartilage is fully developed by 9.77 mm SL and
extends along the medial surface of the anguloarticular
and dentary (Fig. 4B). The anguloarticular is clearly vis-
ible by 9.77 mm SL and is the last to fully ossify in the
juvenile. The coronomeckelian is first seen at 15.42 mm
SL and lies between Meckel’s cartilage and the base of
the anguloarticular (Fig. 4B). Odontodes are only pres-
ent in the juvenile specimen, mostly on the ridges of the
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Figure 4

Illustrations of the suspensorium, opercular series, and oral jaws in (A) lateral and (B) me-
dial views of a surf silverside (Notocheirus hubbsi) (31.16 mm standard length) caught in El
Quisco Bay, Chile, on 19 January 2016; rc=rostral cartilage. Infraorbital bones are transposed
in panel A. The insert shows the dentary diastema from an anterior view of the lower jaw.
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mandibular sensory canals, but also present on the ret-
roarticular and around the base of the anguloarticular
(Figs. 2 and 4A).

Suspensorium

The elongated and slender hyomandibula is the largest
element of the suspensorium, which articulates with a
double-condyle head with the neurocranium. A posteri-
or directed condyle articulates with the opercle (Figs. 2
and 4). The vertical shaft of the preopercle is connected
by tissue to the lateral ridge of the hyomandibular shaft
(Fig. 4A). Cartilage separates the hyomandibula from the
symplectic (Fig. 4B). This cartilage articulates also with
the cartilaginous posterior tip of the metapterygoid and
the interhyal (Fig. 4B). An anterior oriented lamina of
membrane bone of the hyomandibula articulates with
the dorsal wing of the metapterygoid, forming an arch
through which passes the hyomandibular nerve (Fig. 4).
The shaft of the hyomandibula is mostly ossified at 7.89
mm SL, with a weak perichondral ossification of the
symplectic, metapterygoid, and quadrate.

The quadrate articulates via a large condyle with the
anguloarticular and has a posterior process that articu-
lates ventrally with the anterior end of the horizontal
shaft of the preopercle (Fig. 4B). The symplectic is large
and articulates with the main body of the quadrate and
its posterior process and dorsally with the metaptery-
goid (Figs. 2 and 4). The quadrate, metapterygoid, and
symplectic are almost completely ossified in the juvenile
specimen.

The entopterygoid supports the eye ventrally, and its
lateral rim is folded ventrally and connected medially to
the mid-section of the palatoquadrate bones and pars
palatoquadrate in the juvenile (Fig. 4). The entoptery-
goid is joined anteriorly to the pars autopalatina and to
its lateral ethmoid ligament, medially to the quadrate
and pars quadrata in the mid-section, and posteriorly to
the metapterygoid (Figs. 2 and 4B). This bone is absent
at 7.89 mm SL, but present at 9.77 mm SL and fully os-
sified by 16.21 mm SL. An ectopterygoid is lacking in all
specimens and is absent in adults.

The autopalatine is reduced to a small cone-shaped
bone at the base of the pars autopalatina anterior pro-
cess, with the most anterior tip cartilaginous, which ar-
ticulates with the lateral process of the ethmoid cartilage
(Figs. 2 and 4A). The posterior part of the autopalatine
remains cartilaginous (pars autopalatina) and articulates
with the ventral cartilaginous rim of the lateral ethmoid
and via a ligament (Fig. 4B). The autopalatine is present
only in the juvenile and adults.

Opercular series

The preopercle is boomerang-shaped, with almost a 90°
angle between the vertical and the horizontal shaft. The

longer vertical shaft is narrower dorsally than ventrally
and attaches by connective tissue to the lateral side of
the hyomandibular shaft (Figs. 2 and 4). The horizon-
tal shaft equally attaches to the symplectic and posterior
process of the quadrate. The preopercular sensory canal
has 4 pores on the vertical shaft and 3 pores on the hori-
zontal shaft, the latter shaft only with odontodes in the
juvenile. The preopercle is most ossified at its angle at
7.89 mm SL and fully ossified at 9.77 mm SL.

The rhomboidal-shaped opercle articulates antero-
dorsally with a condylar articulation of the hyomandibu-
la and attaches ventrally to the subopercle (Fig. 4B). The
antero-dorsal process of the opercle lies between the pre-
opercle and the hyomandibula (Fig. 4A). The subopercle
connects medially to the ventral margin of the opercle
and laterally to the posterior margin of the interopercle
(Figs. 2 and 4). The dorsal half of the triangular-shaped
interopercle lies medially to the preopercle with the dor-
sal margin indented in specimens 15.42, 16.21, and
31.16 mm SL (Fig. 4B), where the preopercular-ceratohy-
al ligament crosses over it. The interopercle connects via
a ligament to the retroarticular anteriorly, medially to the
posterior ceratohyal, and the posterior margin overlaps
the subopercle. The interopercle has odontodes along the
anterior half of the lateral ventral margin (Figs. 2 and
4A). Ossification of the opercle appears strongest at the
condyle at 7.89 mm SL and is faintly visible ventrally
and posteriorly, as are the subopercle and interopercle.
The opercle is visibly ossified yet incomplete at 9.77mm
SL, as are the subopercle and interopercle. The opercular
series is fully ossified at 16.21 mm SL.

Branchial basket
Hyoid arch

The dorsal and ventral hypohyals are joined by connec-
tive tissue to each of their counterparts medially (Fig. 5).
The dorsal hypoyal also articulates with the basihyal.
The hypohyal shows first ossification at 9.77 mm SL as
tiny superficial spines and the first perichondral ossifica-
tion begins at 16.21 mm SL.

The anterior ceratohyal is the largest bone of the arch,
separated by cartilage from the hypohyal and the poste-
rior ceratohyal, but connects to the latter by a long bony
strut along the medial and lateral surfaces (Fig. 5, A and
B). The medial strut is already visible at 7.89 mm SL to-
gether with perichondral ossification. The posterior cer-
atohyal has a posterior shelf which articulates with the
interhyal, and anteriorly is a short ligament that connects
laterally to the interopercle. The posterior ceratohyal os-
sifies first at 9.77 mm SL, posteriorly where it articulates
with the interhyal, and is mostly ossified in the juvenile.

The interhyal is a short tubular bone that connects
the posterior end of the hyoid arch to the suspensorium
at the hyomandibular-symplectic-metapterygoid junction
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Ilustrations of the hyoid arch of a surf silverside (Notocheirus hubbsi) (31.16 mm standard
length) caught in El Quisco Bay, Chile, on 19 January 2016: (A) lateral view, (B) medial view, (C)
dorsal view of the basihyal, and (D) lateral view of the urohyal.
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(Figs. 4B and 5). The ossification is first observed at
13.82 mm SL.

The dorso-ventrally flattened basihyal is connected
posteriorly to the dorsal hypohyals (Fig. 5, A and B).
The anterior end is 3 times as wide as its posterior end
with a concave to flat anterior margin (Fig. 5C). Ossifica-
tion appears first at its posterior margin in the juvenile.

The urohyal is an elongated laminar bone about as
long as the hyoid arch (Fig. 5D), that lies ventral to the
basibranchial series. It has a slightly spatulate anterior
process that is connected by 2 dorsal and 2 ventral lig-
aments to the hypohyals and a dorsal process that is

joined by connective tissue to the anterior ventral surface
of basibranchial 2. The dorsal rim of the median shaft
and the dorsal and anterior bifid processes are first seen
at 7.89 mm SL. Ossification progresses posteriorly with
size, with the reduced dorsal process appearing ossified
first at 15.42 mm SL and fully ossified at 16.21 mm SL.

There are 6 branchiostegals with the posterior ray the
largest and supported by the posterior ceratohyal (Fig.
5, A and B). The remaining 5 are supported by the an-
terior ceratohyal, of which the shortest 2 anterior rays
are joined to the medial side (Fig. 5, A and B). The bran-
chiostegals are among the earliest dermal bones to ossify;
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the 4 posterior rays are visible at 7.89 mm SL and all
branchiostegals are completely ossified at 11.14 mm SL.

Gill arches

Basibranchial 1 is reduced to a small cartilaginous nod-
ule anterior to basibranchial 2 (Fig. 6A). A space half the
length of the basihyal is between the basihyal-hypohyal
juncture and the basibranchials. Basibranchial 2 is ante-
riorly narrow to a point between the first hypobranchials
and is extended posteriorly to the second hypobranchial
articulation at the anterior end of basibranchial 3 (Fig.
6A). Basibranchial 3 is narrow anteriorly between the
second hypobranchials, extends posteriorly to the third
hypobranchial articulation and slopes under basibran-
chial 4. The diamond-shaped basibranchial 4 is cartilag-
inous and joined laterally by hypobranchials 3 and pos-
teriorly to ceratobranchials 4 (Fig. 6A). Basibranchials 2
and 3 are partially ossified at 11.14 mm SL, and ossifica-
tion is almost complete in the juvenile specimen.

Hypobranchial 1 articulates medially with basibran-
chial 2 and laterally to its corresponding ceratobranchial
1 (Fig. 6A). Hypobranchial 2 articulates with the ante-
rior end of basibranchial 3 and hypobranchial 3 articu-
lates with basibranchial 4, slightly dorsal to posterior
end of basibranchial 3. Laterally, hypobranchials 2 and
3 articulate posteriorly with their corresponding cerato-
branchials 2 and 3 and have a developed antero-ventral
process. Ossification is first observed at 11.14 mm SL
and is well ossified by 31.16 mm SL.

Ceratobranchials 1 to 4 are elongated bars, roughly
of equal length, curved dorsally and articulated poste-
riorly with their corresponding epibranchials (Fig. 6A).
Each ceratobranchial has a narrow central ridge with a
laminar flange expanded ventrally towards the gill fila-
ments. Dorsally, on either side of the central ridge are 2
rows of gill rakers, except ceratobranchial 4 that bears
a single series of 7 spine-patches along the lateral side.
Ceratobranchial § is the shortest of all ceratobranchi-
als and bears the lower pharyngeal tooth plate. Its an-
terior half articulates medially to its counterpart (Fig.
6A). Ceratobranchial § is curved postero-laterally in
the midsection roughly at a 30° angle and has a well-
developed ventro-medial wing of membrane bone. The
lower pharyngeal tooth plate has long conical teeth in
the anterior section, followed by shorter teeth in the
midsection, and along the postero-medial border there
are larger and thicker unicuspid teeth (Fig. 6A). Cerato-
branchials 1 through 4 are weakly ossified at 7.89 mm
SL and well ossified at mid-bar at 11.14 mm SL. Cera-
tobranchial 5 and its associated tooth plate are well os-
sified at 7.89 mm SL.

Epibranchials 1 to 3 are cylindrical and of decreasing
length posteriorly, with epibranchial 3 roughly one-half
the length of the first and with an uncinate process prox-

imally (Fig. 6, A and B). Epibranchial 1 lacks an uncinate
process and an interarcual cartilage to epibranchial 2.
Epibranchials 2 and 3 are joined to pharyngobranchi-
als 2 and 3, respectively (Fig. 6, A and B). Epibranchial
4 is the largest of this series with a large dorsal process,
a small subterminal uncinate process to epibranchial 3,
and a wide subcircular cartilaginous articulation with
pharyngobranchial 3 (Fig. 6, A and C). Epibranchials 2
and 3 are partially ossified at 15.42 mm SL and epibran-
chial 1 is first ossified at 16.21 mm SL. Epibranchial 4
has its dorso-lateral wing ossified at 7.89 mm SL and is
fully ossified at 16.21 mm SL.

Pharyngobranchial 2 is vertically positioned and ar-
ticulates dorsally to the neurocranium, wider ventrally,
and fused to upper pharyngeal tooth plate 2, with a sin-
gle row of 3 teeth (Fig. 6, A and C). Pharyngobranchial
3 is the largest bone of the upper series, with an antero-
dorsal process that articulates with the neurocranium
in tandem with pharyngobranchial 2, and a wider pos-
tero-dorsal extension that articulates with epibranchial
4 (Fig. 6, A and C). Pharyngobranchial 3 is fused to the
larger upper pharyngeal tooth plate 3 with long conical
teeth laterally and medially with strong, flattened, and
asymmetrically bicuspid teeth (Fig. 6C). These bones are
observed partially ossified and with teeth at 7.89 mm
SL. Pharyngobranchial 1 is absent, not epibranchial 1 as
mentioned by Saeed et al. (2006).

Gill rakers are only present on the first hypobranchial
and ceratobranchial (Fig. 6D). The lateral row of the first
branchial arch has gill rakers with a wide base, laminar
and tapering distally, and a thicker medial rim with a sin-
gle row of up to 10 spines on the internal face. In the ju-
venile, 10 gill rakers are counted; the first is a very small
raker at the angle between upper and lower branches,
rakers 2 to 4 are successively longer, rakers 5 through 7
are the longest, and rakers 8 to 10 decrease in length an-
teriorly (Fig. 6D). The first gill rakers (6) are observed at
9.77 mm SL in the middle section of the ceratobranchial.

Axial skeleton

The 7 cleared and stained specimens have 39-42 verte-
brae in total (including the urostyle), 12-13 precaudal
and 25-29 caudal vertebrae. The anterior 6 or 7 precau-
dal vertebrae have a broad laminar neural spine, reduced
in width posteriorly. The posterior 5 vertebral centra,
preural centra 2 to 6, have elongated neural and hae-
mal spines with cartilaginous distal ends, supporting the
dorsal and ventral procurrent rays of the caudal fin (Fig.
7A). Preural centrum 2 articulates posteriorly with the
urostyle and has a well-developed neural arch fused to
the neural spine which in turn articulates with the poste-
rior-most procurrent ray. The haemal arch is equally well
developed and has a wider haemal spine that articulates
with the last 2 principal rays.
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Figure 6

Illustrations of branchial arches of a surf silverside (Notocheirus hubbsi) (31.16 mm standard length) caught in El Quis-
co Bay, Chile, on 19 January 2016; bbr=basibranchial; cbr=ceratobranchial; epbr=epibranchial; hbr=hypobranchial;
phbr=pharyngobranchial. (A) dorsal view with the gill rakers removed, (B) medial view of the upper pharyngeal jaws,
(C) upper arches of the right side in ventral view, and (D) lateral view of gill rakers on the first gill arch on the left side.
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The vertebrae are formed by an autocentrum fused
to the dorsal and ventral arcocentra, each with their
corresponding remnant basidorsal and basiventral car-
tilaginous arcualia (still visible at 11.14 mm SL; Fig.
7C). At 7.89 mm SL, only the first 4 vertebrae are par-
tially ossified, of which only the first vertebra has a
very short neural spine. Neural arches of vertebrae 2 to
4 have no spine visible. Vertebrae 5 to 7 have incom-
plete neural arches and lack spines, due to damage. The
neural arches, from vertebrae 8 to 14, have their dis-
tal halves cartilaginous and continuous with the neu-
ral spine. From vertebrae 15 caudad, neural arches only
have a single cartilaginous spine extending dorsally
from the fusion of the dorsal arcocentra. A remnant of
the basidorsal arcualia is visible at the base of all larval
neural arches (Fig. 7). The centers of ossification of the
vertebrae begin with the dorsal arcocentra around the
basidorsal arcuale and the gradual ossification of the
autocentrum and the external sheath around the noto-
chord. From vertebrae 4 caudad, the ventral arcocentra
around the basiventral arcuale are also ossified, which
give rise to the parapophyses that by vertebra 12 are
directed ventrally and complete the first haemal arch.
Preural centrum 2 has 2 neural arches, each with a car-
tilaginous neural spine. Ventrally, there is a single hae-
mal arch with a broad cartilaginous rod as a haemal
spine. Haemal arches are present from vertebra 14 cau-
dad and are non-cartilaginous (except for the basiven-
tral arcuale remnants), with a single cartilaginous hae-
mal spine extending distally from the fusion of both
ventral arcocentra.

At 9.77 mm SL, the first 7 vertebrae are partially ossi-
fied (autocentrum and dorsal arcocentra) and the first 4
have the initial stages of the broad laminar neural spines.
Vertebrae 6 and 7 have non-ossified neural spines ex-
tending distally from a cartilaginous base where both
dorsal arcocentra meet. Vertebral centra 8 and caudad
are not ossified, with cartilaginous neural and haemal
spines (Fig. 7B). The neural and haemal arches are com-
pletely ossified, except for the remnants of the basidorsal
and basiventral arcuale. The first haemal arch is formed
on vertebrae 12 and the first haemal spine on vertebrae
15. The 4 posterior-most vertebrae have broader neural
and haemal cartilaginous spines. Preural centrum 2 has
a single neural arch at the anterior end of the centrum
and, posterior to its cartilaginous spine, a cartilaginous
rod not attached to the centrum (Fig. 7B). Four cartilag-
inous ribs are observed connected to the parapophyses
of vertebrae 3 to 6.

At 11.14 mm SL, the anterior 13 vertebrae are par-
tially ossified (autocentra, dorsal, and ventral arcocen-
tra) with weaker ossification posteriorly as in 9.77 mm
SL, but it also has the final 23 caudal vertebrae partial-
ly ossified with increased ossification posteriorly. All
caudal vertebrae have cartilaginous neural and hae-

mal spines. Preural centrum 2 has 2 neural arches, each
with a cartilaginous spine, but only the anterior dorsal
arcocentrum is partially ossified (Fig. 7C). The haemal
arch is partially ossified with a cartilaginous spine. The
autocentra are faintly ossified from vertebra 22 caudad,
however the dorsal and ventral arcocentra are slightly
ossified at the base of the arches (around the remnants
of the basidorsal and basiventral arcuale) throughout
the entire length of the axial skeleton. The first 5 ver-
tebrae have broad laminar neural spines, and the re-
mainder of the spines are cartilaginous proximally. Sev-
en cartilaginous ribs are joined to the parapophyses of
vertebrae 3 to 9.

Specimens 13.82-16.21 mm SL (Fig. 7, D and E) have
all vertebral centra and neural arches completely ossified,
though spines partially so, including the juvenile. These
specimens have 8-10 ribs, proximally ossified and dis-
tally cartilaginous; the anterior 4 to 6 ribs are joined to
the fused dorsal and ventral arcocentra and the posteri-
or 4 are successively placed more ventrally on the par-
apophyses. The juvenile has 11 ribs; the first rib is short,
connected to the parapophysis and centra of vertebra
2, not reaching the pectoral girdle. This first short rib
is absent in the 6 larval specimens. Intermuscular bones
are absent.

Paired fins
Pectoral girdle and fin

The posttemporal has a pointed dorsal process which
articulates with the epiotic and a wider postero-ventral
process which articulates with the cleithrum (Fig. 8).
This bone lacks a ventral process (anterior process in
Dyer [1997]) that attaches to the exoccipital and lacks a
sensory canal. The posttemporal bone appears faintly at
9.77 mm SL and is fully ossified at 16.21 mm SL.

The cleithrum is the largest element of the pectoral
girdle and is the first to develop. The dorsal wing of the
cleithrum is pointed and its antero-dorsal surface articu-
lates with the posttemporal (Fig. 8, A and B). The scap-
ula and coracoid are joined to the medial face of a lam-
inar flange extended posteriorly (Fig. 8, A and B). The
ventral end of the cleithrum is spatulate in shape and
sutured to its counterpart along the ventral midline as
a dentate sutura dentata. This bone appears as a slender
rod of bone at 7.89 mm SL and is gently curved at 13.82
mm SL and over.

The postcleithrum is a single long rib-like bone that
articulates dorsally to the internal face of the coracoid
(Fig. 8, A and B). Its ventral extension is slightly wider
where it is sutured to its counterpart along the ventral
midline as a slightly dentate sutura dentata. A partially
ossified postcleithrum is present at 9.77 mm SL and is
fully formed at 16.21 mm SL.

The scapula is the dorsal bone with the scapular
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Figure 7

Photographs of the cleared and stained caudal fin of 4 surf silverside (Notocheirus hubbsi) specimens caught in El
Quisco Bay, Chile; LHyP=lower hypural plate; UHyP=upper hypural plate. (A) Juvenile specimen (31.16 mm standard
length [SL]) caught on 19 January 2016 with fractured hypural plates and neural spines of preural centrum (PU) 2 and
PU3. (B) Larval specimen (9.77 mm SL) caught on 11 November 2015. (C) Larval specimen (11.14 mm SL) caught on
4 November 2015 with fractured epural and neural spines of PU2 and PU3. (D) Larval specimen (13.82 mm SL) caught
on 10 December 20135. (E) Larval specimen (15.42 mm SL) caught on 11 November 2015.
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Ilustrations of pectoral girdle and fin of a surf silverside (Notocheirus hubbsi) (31.16 mm
standard length) caught in El Quisco Bay, Chile, on 19 January 2016. (A) Lateral view, with
postcleithrum underlying the coracoid. The insert shows the detail of the first pectoral fin
ray in dorsal view. (B) Medial view. (C) Detail of the first pectoral fin rays in lateral view.
(D) Detail of the first pectoral fin rays in medial view.

foramen fully enclosed. It articulates along its ventral initial ossification is observed at 15.42 mm SL where it
cartilaginous rim to the coracoid, both of which are articulates with the most dorsal fin ray.
joined anteriorly to the cleithrum (Fig. 8, A and B). The The coracoid is widest at its articulation with the

scapula is above the horizontal septum and the first 3 scapula and extends to the posterior margin of the fourth
proximal radials articulate with its posterior margin. The radial with which it is fused. It is tapered ventrally in a
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Y-shaped process and joined to the medial surface of
the cleithrum (Fig. 8B). The coracoid is slightly ossified
along its posterior rim at 11.14 mm SL and is partial-
ly ossified along the anterior and posterior margins at
16.21 mm SL.

The first proximal radial is the smallest of the series
and sutured to the posterior edge of the scapula, with a
fenestra between it and the second radial. The second
radial is joined to the scapula by cartilage. A small fo-
ramen is present between the second and third radial.
The third radial attaches to the scapula-coracoid suture
and is tightly attached to the fourth and largest radial,
which overlaps medially the posterior end of the cor-
acoid (Fig. 8B). Radials are faintly visible at 7.89 mm
SL and clearly visible at 9.77 mm SL as separate elon-
gated cartilages, but appear shorter and fused to each
other in the juvenile, when the initial ossification is ob-
served. The distal radials are all cartilaginous and the
supracleithrum and dorsal postcleithrum are absent in
all specimens (Fig. 8).

Each of the 11 pectoral fin rays (first unbranched
and 10 branched) are associated with a distal radi-
al and articulate with the scapula and proximal radi-
als (Fig. 8, A and B). The leading first fin ray has a wid-
er and robust medial branch that saddles the posterior
rim of the scapula with which it articulates via a liga-
ment with an apophysis on either side (Fig. 8A, insert).
The first distal radial is fused to the enlarged medial
hemitrich of the first fin-ray and remains cartilaginous
in the juvenile specimen. The first free distal radials are
enlarged. Subsequent distal radials decrease in size ven-
trad. The distal radial of the eleventh fin ray is the only
one not located between the hemitrichs of the rays (Fig.
8, A and B). The first fin ray is visible at 7.89 mm SL,
however at 9.77 mm SL it is only partially ossified with
a cartilaginous element at the base of the fin-ray that
articulates with the scapula (Fig. 8, C and D). Distal ra-
dials appear first at 15.42 mm SL and all are present in
the juvenile.

Pelvic girdle and fin

The basipterygium and fin rays (Fig. 9) are present only
in the juvenile specimen and are completely formed and
ossified. The pelvic girdle and fins are missing in all lar-
vae due to damage caused by megalopa evisceration dur-
ing capture.

In lateral view, the pelvic bone has a roughly trian-
gular shape with an elongated dorsolateral process that
is connected to rib 4 (Fig. 9A). The anterior margin is
rounded and meets ventrally at the midline with its
counterpart bone, with which it is tightly joined to form
a ventral keel (Fig. 9B). Dorsal to the bony keel is a large
pelvic foramen traversed by medial muscles to the lat-
eral hemitrichs of the pelvic fin. The median processes

posterior and dorsal to the pelvic foramen, are tightly
sutured and overlap each other with a short posterior
process extended from the dorsal part of the symphy-
sis (Fig. 9C). This bone lacks the anterior process with
which the lateral and medial plates are associated in oth-
er atheriniforms. Two distal radials, one pelvic splint (a
single hemitrich), and 5 rays are present (Fig. 9, B and
C), reaching posteriorly to the vent (Fig. 1).

Median fins

A single dorsal fin is present with 2 short procurrent rays
(Arratia, 2008), followed by 16 segmented rays, over the
mid-section of the anal fin. Each dorsal pterygiophore
has a bar-like proximal-middle radial and a round car-
tilaginous distal radial which is embraced by the hemi-
trichs of a single fin ray, except for the last pterygio-
phore which has an elongated distal radial that sup-
ports 2 small fin rays (Fig. 10A). The proximal ends of
the pterygiophores do not insert deeply into the vertical
septum between the neural spines. There are one to 3
pterygiophores inserting between the neural spines, with
2 as the most observed pattern. The second pterygio-
phore is the largest in the series. The first dorsal fin and
its pterygiophores are absent.

The dorsal and anal fin elements seem to develop si-
multaneously. At 7.89 mm SL, the cartilaginous pterygi-
ophores of both fins are faintly visible, though the mid-
dle pterygiophores appear to be more stained than the
anterior or posterior ones. In the 9.77-16.21 mm SL
specimens, the distal radials and pterygiophores are pro-
gressively more robust, but all unossified. In the juvenile
specimen, the pterygiophores are partly ossified, the dis-
tal radials remain cartilaginous, and the rays are ossified.
The anterior proximal radials are more ossified than the
posterior ones.

The anal fin is longer with 2 procurrent rays and 30
segmented rays. The first procurrent ray is very short
and associated directly with the proximal-middle radial.
The second procurrent ray has a distal radial (Fig. 10B).
The first anal pterygiophore is the largest of the series
and is attached dorsally to the anterior surface of the
first haemal spine. Ventrally, it articulates with 2 small
procurrent rays, 2 distal radials, and an unbranched seg-
mented ray. Each anal pterygiophore is formed by a bar-
like proximal-middle radial with a rounded cartilaginous
distal radial associated with a single fin ray, except the
first and last pterygiophores. The posterior-most proxi-
mal radial has an elongated distal radial that supports
2 small rays (Fig. 10B). The anterior 3 pterygiophores
insert deeper between the haemal spines to about one-
third of their length. As in the dorsal fin, there are be-
tween one and 3 pterygiophores inserting between the
haemal spines, with 2 pterygiophores being the most fre-
quent pattern.
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Figure 9

Illustrations of the pelvic girdle and fin in (A) lateral (left side), (B) ventral, and (C)
dorsal views of a surf silverside (Notocheirus hubbsi) (31.16 mm standard length)
caught in El Q uisco Bay, Chile, on 19 January 2016.

Caudal fin

The juvenile specimen (31.16 mm SL) has 18 principal
rays, and 11 dorsal and 16 ventral procurrent fin rays
(Fig. 7A). The upper and lower hypural plates support 9
principal rays each. The upper plate is a compound ele-
ment consisting of the uroneural fused to the urostyle, to
which hypurals 3-5 are fused. The lower plate consists of

the parhypural and hypurals 1 and 2. Both hypural plates
are fused to the urostyle which articulates with preural
centrum 2 of the axial skeleton. The urostyle is assumed
herein to be the fusion of 2 ural centra (Thieme et al.,
2021), as it is fully formed in the smallest specimen (7.89
mm SL). The parhypural is fused to the centrum, has a
well-developed parhypurapophysis, and the foramen in
the lower hypural plate marks its anterior end. Its arch
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Illustrations of the (A) dorsal and (B) anal median fins of a surf silverside (Notocheirus hubbsi) (31.16 mm
standard length) caught in El Quisco Bay, Chile, on 19 January 2016, detailing the anterior and posterior sec-
tions only; v=neural and haemal-spine tips of numbered vertebrae.

radials

is fused to the centrum, as are all ossified haemal arches
fused to the autocentra in the caudal vertebrae.

The absence of an epural in the juvenile and adults is
a diagnostic feature of this species (Dyer and Chernoff,
1996; Saeed et al., 2006). However, larval specimens
(9.77-15.42 mm SL) have a median cartilaginous rod
above and anterior to the uroneural (Fig. 7B-E). This
larval epural is interpreted as a detached neural spine
(sensu Schultze and Arratia, 1989) of the posterior neu-
ral arch of preural centrum 2, the latter still visible at
7.89, 11.14, and 15.42 mm SL (Fig. 7, C and E). Both
the epural and posterior neural arch are absent in speci-
mens 16.21 and 31.16 mm SL (Fig. 7A).

The principal rays are partially ossified at 9.77 mm
SL with the middle rays more so than the dorsal and
ventral rays, and all completely ossified at 13.82 mm SL.
The most posterior procurrent rays are only slightly os-
sified at 16.21 mm SL and fully ossified in the juvenile.
The dorsal procurrent rays are supported by the tips of

the neural spines of preural centra 2 through 6 and the
ventral procurrent rays are supported by the haemal-
spine tips of preural centra 2 through 7 (Fig. 7A). The
procurrent rays are faintly visible at 13.82 mm SL (Fig.
7D), with a more developed ossification in a posterior to
anterior progression at 15.42 (Fig. 7E) and 16.21 mm
SL. All procurrent rays are completely ossified in the ju-
venile specimen (Fig. 7A).

At 7.89 mm SL, S cartilaginous elements posterior
and ventral to the flexed notochord are present. The dor-
sal-most hypural is greatly reduced and the other 2 hy-
purals of the upper plate are separated. The largest car-
tilaginous element ventral to the diastema corresponds
to the fusion of the distal two-thirds of the parhypural
and hypurals 1 and 2. These are clearly separate elements
proximally. At 9.77 mm SL, the fusion of the lower car-
tilaginous plate is developed to roughly three-fourths its
length with 2 foramina. The upper plate consists of hy-
purals 3,4, and 5. A large foramen marks the border be-
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tween hypurals 3 and 4 (Fig. 7B) which persists to the
juvenile stage (Fig. 7A). At 11.14 mm SL (Fig. 7C) the
upper and lower plates are almost fully fused and the
parhypurapophysis is developed.

Scales

The head and body are covered with spinoid scales only
in the juvenile and adult specimens. No scales are seen
in larval specimens. The head is bristly in juveniles and
adults with or without odontodes, with non-imbricated
spinoid scales of varying shape from snout to nape, the
cheek, opercular bones, base of the jaws, and pre-pec-
toral fin area (Figs. 1 and 11A). Body scales are dorso-
ventrally oblong, with anterior and posterior margins
smooth and posterior margin curved laterally, focus not
visible, circuli in anterior field, and with 3 to 6 lateral
spines in middle to posterior field (Fig. 11, B and C). Ac-
cording to Saeed et al. (1994), this type of scale is unique
among teleosts; it also was not reported by Roberts
(1993) for any atherinomorph or by Brager and Moritz
(2016) for any of the Mediterranean teleosts.

Discussion

Most of the comparative osteological studies of atheri-
niforms known to us have dealt with adult specimens
exclusively. Exceptions are Richter and Moritz (2017)
and Thieme et al. (2021). Thus, our analysis of the oste-
ological development of Notocheirus differs from previ-
ous studies (Rosen, 1964; Said, 1983; Saeed et al., 1994;
Dyer and Chernoff, 1996; Saeed et al., 2006) and needs
to be further elaborated.

There are several bones that are either reduced in size
or absent in Notocheirus. Bones of the head that are
greatly reduced in size are the autopalatine (Figs. 2 and
4), basibranchial 1 (Fig. 6A), and the lack of the antero-
ventral process of the posttemporal (Fig. 8). The first gill
raker (at the angle between upper and lower branches) is
very small (Fig. 6D), while in atherinopsids it is the lon-
gest (Dyer, 1997; Mancini et al., 2016, fig. 13).

Bones that are lacking in the head are the vomer, mes-
ethmoid, basisphenoid, dermosphenotic, extrascapular,
intercalar, ectopterygoid, pharyngobranchial 1 (errone-
ously identified as epibranchial by Saeed et al. [2006]),
and gill rakers on the upper branch or epibranchial 1.
Based on the character descriptions of Dyer and Cher-
noff (1996), the absence of the vomer is unique among
atheriniforms; the mesethmoid is also absent in Neoste-
thus, Pseudomugilidae, Craterocephalus, and Odontes-
thes; the intercalar is missing in atherinopsids, Iso, Den-
tatherina, and Phallostethidae; the ectopterygoid is also
absent in pseudomugilids and Basilichthys. Among the
atheriniforms, Notocheirus shares the presence of the

parietals only with atherinopsids. These characters are
potentially diagnostic for the Notocheirus relationship
within Atherinopsidae, as first proposed by Bloom et al.
(2012). Notocheirus and Iso share the lack of the su-
pracleithrum, the elongation of the cleithrum and post-
cleithrum, and the dorsal position of the pectoral fin,
indicating a possible sister-group relationship. The dor-
sal postcleithrum is also absent in Iso and many other
atheriniforms.

Our hypothesis is that the tear-drop shape of this spe-
cies is due to a relative shortening of the ethmoid re-
gion and branchial basket, together with a contrasting
increase in depth of the braincase, pectoral girdle, and a
dorsal positioning of the pectoral fin. A morpho-geomet-
ric study may be able to detect these apparent growth
patterns and provide a more general explanation to the
reduction, absence, or lengthening of bones in specific re-
gions of the head and body. The first dorsal fin is absent
in all stages of development observed and is unique to
Notocheirus in Atheriniformes.

Head

The premaxillary dorsal process is described by Rosen
(1964:227) in his diagnosis of Isonidae as a “swollen
symphyseal part to which clustered upper jaw teeth are
attached.” This feature, however, is restricted to No-
tocheirus only and is 2 independent characters: the
“teeth-like appendages on scales and head” and the
“swollen premaxilla symphysis” (Said, 1983: tables 12
and 13). Saeed et al. (2006:40, 41) described the “pre-
maxilla bearing laterally-placed teeth” in Notocheirus
and reiterated the premaxillary symphysis being “bul-
lous” with a unique distribution of premaxillary teeth.
However, the premaxillary dorsal process is not inflat-
ed, but a thin convex lamina with a median edge that
provides a wide attachment to its adjoining counter-
part, dorsal to the rostral cartilage. Furthermore, our
observation is that the cluster of teeth on the dorsolat-
eral surface of the premaxilla are in fact not oral teeth
but instead odontodes or dermal denticles as in Athe-
rion and Denticeps (Sire and Allizard, 2001), which
are present only on dermal bones of the head in adults.
Larval specimens have oral jaw teeth along the ventral
edge of the premaxilla from 7.89 mm SL and up. These
“teeth on the premaxillary facet” are absent in larval
specimens, in the juvenile specimen (30.77 mm SL)
without odontodes, and in some adult specimens ex-
amined by Dyer (2000, 2006). These juvenile and adult
specimens without odontodes have their correspond-
ing teeth on the oral jaws. Presence of odontodes in
Atherion is suggested to be unique to atherinomorphs
by Sire and Allizard (2001). This character was pre-
viously described for these species in Dyer and Cher-
noff (1996). A comparison of their structure and dental
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anal fins.

Figure 11

Lateral view of the scales of a surf silverside (Notocheirus hubbsi) (31.16 mm standard length)
caught in El Quisco Bay, Chile, on 19 January 2016. (A) Photograph of the head (outlined) and
body scales. (B) Illustrations of body scales. (C) Photograph of the body scales and dorsal and

nature with Notocheirus is of interest to determine any
atheriniform novelties.

The crown of spines is a cluster of odontodes joined
to each other in a circular pattern not connected to the
premaxillary dorsal process or any other dermal bone
of the snout (Figs. 2 and 3, A and B). This disconnected
odontode formation is quite noticeable in the cleared
and stained specimens (Fig. 11A) and is described for the
first time herein; it is absent in odontode-free specimens

examined so far. The occurrence of odontodes in juve-
niles and adults, and this crown of spines on the snout,
requires further study when more specimens are made
available to determine whether it is a case of intraspecific
variation (e.g., sexual dimorphism) or a relevant identifi-
cation character at the species level.

The pattern of supraorbital sensory canal pores on the
frontal bone was first studied by Gosline (1949) as a sys-
tematic feature for Cyprinodontiformes. The pattern in
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Notocheirus was confirmed herein to share a relatively
derived pattern with Atherinopsinae, in which the fifth
pore is oriented medially instead of laterally as in other
atheriniforms (Dyer, 1997:11, fig. 10d). The pores may
vary significantly in their position anteriorly or posteri-
orly, but the direction of the pore opening seems to be
conserved enough to propose homology of the pores.
Such is the case of pore 5, which is oriented laterally in
atheriniform outgroups and Old World silversides. The
derived medial orientation of all atherinopsines and No-
tocheirus (Fig. 3A), is a character in partial support of
the genomic-based placement of N. hubbsi in the atheri-
nopsid family, but not in support of its sister group rela-
tionship with Menidiinae (Bloom et al., 2012; Campan-
ella et al., 20135).

The parasphenoid is a straight bone in early larval
stages 7.89-9.77 mm SL, curved between the ethmoid
and the otic regions at 11.14-16.21 mm SL, and greatly
curved in the juvenile. This characteristic curvature of
the parasphenoid in late larvae and juveniles (Fig. 3B)
seems to be a product of the greater depth of the brain-
case relative to the ethmoid region, related to the in-
creased depth of the body at the pectoral-fin origin and,
hence, the tear-drop shape of the body. Another unique
feature within atheriniforms is the parasphenoid tunnel-
ing through the ethmoid cartilage at the preorbital re-
gion, appearing on the ventral surface of the ethmoid
cartilage anteriorly.

Axial skeleton

The pattern of development of the axial skeleton can be
inferred from the few larval specimens at hand with the
ossification of the autocentra, the formation of the neu-
ral and haemal arches, and their spines. The first center
of ossification of vertebrae (autocentra, dorsal, and ven-
tral arcualia) is behind the head, with an antero-posteri-
or direction of development (7.89 and 9.77 mm SL). A
second center of ossification begins at the other end of
the axial skeleton, with a postero-anterior direction of
development (11.14 mm SL), with all vertebrae partially
ossified by 13.82 mm SL (Fig. 7D). The development of
the neural and haemal arches appears to be bi-direction-
al, with fully developed arches and spines in the middle
of the body and less developed cartilaginous spines pos-
teriorly and anteriorly. Hence, the bi-directional ossifica-
tion of the vertebrae (autocentra, dorsal, and ventral ar-
cualia) is from ends to middle, but the neural and haemal
spines are bi-directional from middle to ends.

Fins and girdles

The pectoral girdle bones missing dorsally, the post-
temporal reduced to a flattened bone, and the extended
length of the cleithrum and postcleithum, could be ex-
plained by the dorsal shift of the pectoral fin above the

midline and the greater body depth at this point, as a
functional response to the high energy environment of
the surf zone (Saeed et al., 1994). The ventral extension
of the cleithrum and postcleithrum bones provide the
necessary support for the tear-drop body shape (Fig. 1)
and protection of the slim peritoneal cavity. These ex-
tended bones have a further flaring of their ventral ends
to form sharper and stronger ventral keels together with
the pelvic girdle (Fig. 11A). These could all be functional
modifications shared with Iso species for this surf zone
environment or products of a common ancestor, depend-
ing on the phylogenetic relationships these groups share.
This appealing functional explanation, however, still
needs to be tested experimentally to determine wheth-
er the dorsal position of the pectoral fin, the tear-drop
shape of the body, and the ventral keel have in fact any
biomechanical advantage in turbulent waters.

A generalized condition in atherinomorphs is a pec-
toral-fin spur, a bony spur or nodule fused to the proxi-
mal end of the first ray as if it were a reduced pectoral
fin spine (Dyer, 1997:35). No evidence is observed in the
larval stages of a reduced or fused pectoral-fin spine. The
first pectoral fin ray in Notocheirus has instead an en-
larged medial hemitrichium proximally which is extend-
ed laterally and articulates with the posterior rim of the
scapula (Fig. 8A).

The pelvic-fin girdles are sutured to each other by a
strong pelvic symphysis in a V-shaped position. Each
bone has a very thin layer of intervening musculature
between it and the inner lining, and ventrally their mid-
lines are aligned to form a sharp ventral keel (Fig. 9B).
The medio-ventral (Saeed et al., 1994) or postero-ventral
process (Saeed et al., 2006) in Iso species is a posterior
extension of the ventral keel. The posterior process in
Notocheirus however, is very different in that it is a short
posterior extension of the pelvic symphysis (Fig. 9, B and
C). The pelvic bones are strongly articulated by a per-
coid-like symphysis, very different from the flattened and
overlapping median processes in other atherinomorph
taxa (Dyer, 1997). Iso species have no median processes
and the pelvic bones are connected along the extended
postero-ventral midline (Saeed et al., 2006). Also, Noto-
cheirus has 2 distal radials whereas Iso has none.

The dorsal and anal fin rays and their pterygiophores
are all cartilaginous in the larval stages observed and are
partly ossified only in the juvenile specimen, so ossifica-
tion must occur between 16 and 31 mm SL. Cartilagi-
nous pterygiophores with some non-ossified fin rays are
present in the anal (20) and dorsal (13) fins at 7.89 mm
SL. More pterygiophores are added anteriorly and pos-
teriorly in larger larval specimens. Richter and Moritz
(2017) corroborated that for Atherinomorphae the ossi-
fication development pattern of the median fins and their
supports is bi-directional, that is, ossification of pterygi-
ophores and lepidotrichia begins in the middle of the fin
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and progresses anteriorly and posteriorly until fully ossi-
fied. The novel atheriniform development of the first dor-
sal fin, described by Richter and Moritz (2017), cannot
be addressed in Notocheirus by it lacking this fin.

A leading flexible fin spine, followed by unbranched
and branched segmented rays connected to cartilagi-
nous distal radials, is the widespread condition in atheri-
niforms for the anal and second dorsal fins (Dyer and
Chernoff, 1996; Richter and Moritz, 2017). This is also
the case in Notocheirus, except that the procurrent ray
is not fused into a single bony piece in the juvenile spec-
imen, but remains as 2 unsegmented and unbranched
hemilepidotrichs connected to the first proximal radial
of the anal fin or to the first distal radial of the dorsal fin
(Figs. 10 and 11C; procurrent rays sensu Arratia, 2008).
Whether the procurrent rays remain as such or fuse into
a single flexible spine as in other atheriniforms needs to
be corroborated in adult specimens.

The posterior-most proximal radial of both median
fins in Notocheirus was described by Dyer and Cher-
noff (1996:40) as having only one fin ray in Notochei-
rus instead of 2 fin rays articulated with a single distal
radial. This is corrected herein for Notocheirus to have 2
small fin rays articulated with an elongated distal radial
in both median fins (Fig. 10).

Caudal fin

The epural is lacking in the caudal fin of juveniles and
adults, which is regarded as a diagnostic feature for this
monotypic genus. This study has shown a larval epural
to be present in specimens 9.77-15.42 mm SL (Fig. 7,
B-E); still connected to the posterior neural arch of preu-
ral centrum 2 in specimens 7.89, 11.14, and 15.42 mm
SL (Fig. 7, C and E); present but not connected to a pos-
terior neural arch (Fig. 7, B and D); and later reabsorbed
or fused to the neural spine of preural centrum 2 in spec-
imens 16.21 and 31.16 mm SL (Fig. 7A) and adult stages
(Saeed et al., 2006). Hence, the absence of an epural in
adults cannot be considered a case of paedomorphism as
suggested by Saeed et al. (2006). This condition needs to
be reassessed for phylogenetic studies because though it
is present in the larval stages of Notocheirus and fused
in juveniles and adults, a single epural is nevertheless
present in species of Iso, Notocheirus, and Dentatherina
and hence, a derived feature when compared to the ple-
siomorphic condition of 2 epurals (Saeed et al., 1994,
2006).

Conclusions
The presence of odontodes on dermal bones of the head

and spinoid scales on the head and body of Notocheirus
has been mentioned since the description of N. hubb-

si (Clark, 1937; Rosen, 1964; Saeed et al., 1994; Dyer
and Chernoff, 1996; Saeed et al., 2006). These odon-
todes and spinoid scales are absent in larval stages, and
are present only in juveniles and adults, but not in all
specimens. A novel feature is the crown of spines on
the snout, a ring-like formation of odontodes not con-
nected to any underlying bone (Figs. 2, 3, A and B, and
11A). This structure is a unique dermal formation not
seen elsewhere in Atherinomorphae. More specimens are
needed to address the question of presence or absence of
these odontode formations in juveniles and adults. The
supraorbital sensory canal of Notocheirus has a derived
pattern of pore openings on the frontal bone in which
pore 5 opens medially, as do species of Atherinopsinae,
Iso, and Melanotaenidae (Dyer, 1997). This morphologi-
cal feature fits partially with the genomic-based phyloge-
netic hypothesis of atheriniform relationships (Bloom et
al., 2012) in that Notocheirus is a member of Atherinop-
sidae, but conflicts with Menidiinae as its sister group
and Iso as sister group to Atherinidae (Campanella et
al., 2015). Another character that is novel to this study
is the presence of a single epural in the caudal skele-
ton of larval stages in Notocheirus (Fig. 7, B-E). Previ-
ous studies have claimed Notocheirus lacking an epural
bone, Iso and Dentatherina with one epural, and most
atheriniforms sharing 2 epurals (Rosen, 1964; Saeed et
al., 1994). This study shows the presence of a larval ep-
ural bone that is later fused to the neural spine of preural
centrum 2 or is reabsorbed at the juvenile stage (Fig. 7A).
The presence of one epural bone shared by Notocheirus
and Iso adds another character to the 6 diagnostic fea-
tures listed by Dyer and Chernoff (1996) in support of a
sister group relationship between these 2 taxa instead of
Iso placed in its own family, as sister group to Atherini-
dae (Campanella et al., 2015).

This species is notable also for the bones it is lack-
ing or that are greatly reduced in the ethmoid region,
branchial basket, posterior region of neurocranium and
paired fins. These regions have all been affected by the
acquisition of its tear-drop body shape which involves
a shortening of the snout and jaws and an increase in
body depth in the postcranial region. An apparent con-
sequence of this tear-drop body shape is the curvature
of the parasphenoid and the novel feature of it tunneled
through the interorbital cartilage to be attached to the
ventral surface of the ethmoid cartilage. In addition, the
paired fins are also modified in that the pectoral fins are
displaced dorsally above the horizontal septum and the
girdle is extended ventrally to form a ventral keel (Fig.
11A) together with the pelvic girdles. These are flattened
and placed in a V-shaped disposition with a strong ar-
ticulation between them and connected by ligament to a
rib (Fig. 9). The often-cited adaptation of this tear-drop
body form to a surf environment has not been yet ex-
perimentally tested.
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