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Review article

Otomorphs (= otocephalans or ostarioclupeomorphs) revisited

Gloria Arratia

A morphological revision is presented here on the cohort Otomorpha, a clade currently interpreted as the most primitive
among the large supercohort Clupeocephala. Otomorpha is a morphologically heterogeneous group represented by clupei-
forms, alepocephaliforms, and ostariophysans (gonorynchiforms, cypriniforms, characiforms, siluriforms, and gymnoti-
forms) that inhabit various marine and freshwater environments worldwide. Otomorphs have a long (ca. 145 Ma) and diverse
fossil record. They are the largest fish teleostean clade worldwide, as well as the largest of the Neotropical Region. While
molecular studies strongly confirm the monophyly of Otomorpha, most potential morphological synapomorphies of the group
become homoplastic largely due to the peculiar morphological character states (either losses or transformations) present in
alepocephaliforms. The fusion of haemal arches with their respective vertebral centra anterior to preural centrum 2 stands as
an unambiguous synapomorphy of the clade. The ankylosis or fusion of the extrascapular and parietal bones, and silvery areas
associated with the gas bladder are also interpreted as synapomorphies, although they are homoplastic characters mainly due
to secondary losses or further transformations of the morphological features in the alepocephaliforms.

Keywords: Alepocephaloids, Clupeomorphs, Morphology, Ostariophysans, Synapomorphies.

Se realiz6 una revision morfologica de la cohorte Otomorpha la que se interpreta como el grupo mas primitivo dentro de la
gran supercohorte Clupeocephala. Otomorpha incluye peces con una gran diversidad corporal la que esta representada por
clupeiformes, alopocefaliformes y ostariofisos (gonorinchiformes, cipriniformes, caraciformes, siluriformes y gimnotifor-
mes), los que habitan diversos ambientes marinos y de aguas continentales del planeta. Otomorfos son el grupo de peces mas
grande a nivel mundial y al mismo tiempo, el mas grande de la Region Neotropical. Mientras estudios moleculares confirman
la monofilia de Otomorfa, la mayoria de las sinapomorfias morfolégicas del grupo se interpretan como homoplasticas debido
fundamentalmente a la naturaleza peculiar de ciertos caracteres morfologicos (ya sea pérdidas o transformacion de estados
de caracteres) de alepocefaliformes. La fusion de los arcos hemales con sus respectivos centros vertebrales anterior al centro
preural 2 es una sinapomorfia de la cohorte. La anquilosis o fusion de los huesos extrascapular y parietal y la presencia de
areas plateadas asociadas con la vejiga natatoria son interpretados como sinapomorfias, independientemente de que son ca-
racteres homoplasticos debido a pérdidas o transformaciones de tales caracteres en los alepoceféaliformes.

Palabras claves: Alepocefalidos, Clupeomorfos, Morfologia, Ostariofisos, Sinapomorfias.

Introduction

The largest neopterygian clade, the Infraclass Teleostei,
has undergone major changes in the last 20 years mainly
due to the development of molecular techniques and studies
that changed the content, position and phylogenetic inter-
pretations of numerous clades that were historically based
on morphological characters (Arratia, 2015); changes in the
Teleostei tree include the recognition of new taxa and the
deletion of some nominal orders and families. Such new
approaches, plus the discoveries of new fossil taxa and re-e-
valuation of others, have given a new understanding in age,
content and evolutionary changes of the Infraclass Teleostei
of Betancur-R. ef al. (2017) or the Division Teleosteomor-
pha of Arratia (2001, 2013, 2017) and Nelson et al. (2016)
or the Subdivision Teleostei of Nelson et al. (2016), despite

the assignment of this group to various high-level ranks. An
excellent example of major changes revealed by molecular
studies is the present content and classification of internal
groups comprising the large supercohort Clupeocephala ver-
sus previous classifications in Nelson’s Fishes of the World
(1994, 2006). Independent of the major developments and
changes from molecular studies and the discovery of new
fossils, morphological studies of extant and fossil taxa still
play a major, unique role in providing the characters that
support the monophyly of taxa and taxonomic diagnoses
(Arratia, 2015). Elopomorpha is currently interpreted as the
most primitive taxon and the sister of Osteoglossomorpha
plus Clupeocephala in the crown group Teleostei (or Teleo-
cephala of de Pinna, 1996 or Osteoglossocephala of Arratia
1999 or Osteoglossocephalai of Betancur-R et al., 2017).
This phylogenetic hypothesis is supported by morphologi-
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cal and molecular studies (Arratia, 1997, 1999, 2013, 2017,
Near et al., 2012; Betancur-R et al., 2013, 2017).

Currently, the supercohort Clupeocephala sensu Arra-
tia (2010) includes the cohorts Otomorpha (sensu Wiley,
Johnson, 2010 and Betancur-R et al., 2017 or Otocephala of
Johnson, Patterson, 1996 or Ostarioclupeomorpha of Arratia
1996, 1997, 1999) and Euteleosteomorpha (sensu Betan-
cur-R et al., 2017 or Euteleostei sensu Johnson, Patterson,
1996). The taxon Clupeocephala was erected by Patterson,
Rosen (1977) to contain the Clupeomorpha (e.g., engraulids,
clupeids, and pristigasterids) and the Euteleostei (e.g., cypri-
nids, catfishes, salmonids, atherinids, and cyprinodontids),
in other words, the majority of extant teleosts. This inter-
pretation of Clupeocephala represented the approach of the
time based on morphological evidence, and it was accepted
until 1996, when our understanding of primitive clupeo-
cephalans was changed by both molecular and morpholo-
gical evidence.

Until the 1970s, ostariophysans and gonorynchiforms
were interpreted as disparate groups within the Euteleostei,

clupeomorphs

following mainly the phylogenetic hypothesis of Greenwood
et al. (1966: their Division III). Gonorynchiforms were ac-
cepted as part of the ostariophysans after the work of Rosen,
Greenwood (1970), and consequently, under this new un-
derstanding, the Ostariophysi continued being interpreted as
Euteleostei, an interpretation that was also followed by Fink,
Fink (1981), who assumed that ostariophysans were primiti-
ve euteleosts sensu Patterson, Rosen (1977). The interpreta-
tion of ostariophysans as euteleosts was supported by nume-
rous morphological studies published between the 1970s and
1990s where ostariophysans appeared nested with esocoids,
argentinoids, osmerids and/or salmonids (see Fig. 1a-h).
Starting in 1993, the relationships of ostariophysans
were challenged when a sister relationship with clupeomor-
phs was proposed by molecular analyses of Lé ef al. (1993)
and Lecointre (1993). Although Lecointre, Nelson (1996;
see Fig. 1h) proposed a sister relationship between clupe-
omorphs and ostariophysans based on molecular data from
others, they proposed four morphological characters as pos-
sible synapomorphies supporting monophyly of the assem-
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z esocoids ostariophysans esocoids
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Fig. 1. Clupeocephalan relationships proposed from 1973 to 1994. a. after Rosen 1973, 1974; b. after Rosen, 1982; c. after Fink,
Weitzman, 1982; d. after Lauder, Liem, 1983; e. after Fink, 1984; f. after Rosen, 1985; g. after Begle, 1991, 1992; h. after Le-
cointre, Nelson, 1996. E = Euteleostei. Characters 1 = nuptial tubercles; 2 = stegural; 3 = adipose fin; 4 = absence of tooth plate
over basibranchial 4; § = pleurostyle; 6 = fusion of hypural 2 with first ural centrum; 7 = fusion of extrascapulars and parietal
bones; 8 = fusion of hemal arches and centra anterior to preural centrum 2. (Modified from Lecointre, Nelson, 1996: fig. 1).
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blage, but did not name that new clade. This was done by
Johnson, Patterson (1996; Fig. 2a), in the same volume whe-
re Lecointre, Nelson (1996) published their results. Arratia
(1996, 1997, 1999), based on morphological studies of fos-
sil (1) and extant teleosts, also proposed a sister group rela-
tionship between Ostariophysi and Clupeomorpha, naming
that clade as the Ostarioclupeomorpha (Figs. 2a, 3). Arratia
(1997) also introduced the stem ostariophysan f7ischlinge-
richthys from the Upper Jurassic of Germany, which indica-
tes an age of at least ca. 145 Ma for the clade. Subsequent
molecular studies, in addition, found a close relationship
between otocephalans and alepocephaliforms, but with a
different arrangement within the subgroups. While Ishigu-
ro et al. (2003) proposed alepocephaliforms embedded in
a paraphyletic Otocephala, Lavoué et al. (2005) proposed
an unresolved trichotomy comprised of clupeomorphs, ale-
pocephaliforms, and ostariophysans (Fig. 2b). Recent mo-
lecular studies (Near et al., 2012; Betancur-R et al., 2013;
Betancur-R et al., 2017) support a monophyletic Otomorpha
(a new name), including the clupeomorphs as the sister of
the alepocephaliforms + ostariophysans (Fig. 2¢).

Although the inclusion of alepocephaliforms within the
cohort Otomorpha has been proposed by different molecular
studies, there is no morphological synapomorphy supporting
the monophyly of Otomorpha comprising the subcohorts
Clupei (= Clupeomorpha of Greenwood ef al., 1966), Ale-
pocephali, and Ostariophysi (but see below the section on
Analysis of characters). Consequently, the main goal of this
contribution is to search for and discuss potential morpholo-
gical synapomorphies of this clade. A brief introduction on
the three taxa is presented below.

Content of Otomorpha

The name Otomorpha was introduced by Wiley, John-
son (2010) as synonym of Otocephala of Johnson, Patterson
(1996) and Ostarioclupeomorpha of Arratia (1997, 1999) so
that in this context Otomorpha contains only Clupeomor-
pha and Ostariophysi. Betancur-R ef al. (2017) retained the
name Otomorpha, but included three main groups: clupei-
forms, ostariophysans, and alepocephaliforms, whereas Nel-
son et al. (2016) retained the name Otocephala but added
alepocephaloids. Thus, Otomorpha varies in content depen-
ding on time and authorship. Otomorpha is defined here as
the clade containing clupeiforms, ostariophysans and alepo-
cephaliforms (Fig. 4a-g). The original taxonomic content of
Otocephala or Ostarioclupeomorpha is retained here, i.e.,
the clade including only clupeomorphs and ostariophysans.
Otomorpha is the most primitive clade in Clupeocephala
with about 11,000 extant species, 1,500 extant genera, and
90 extant families, making it one of the largest clades among
the crown-group Teleostei.

Extant otomorphs are primarily freshwater fishes, inclu-
ding most otophysans, most gonorynchiforms (ca. 80%),
and a few clupeomorphs (ca. 10%). They are the richest
components of the Neotropical Region, extending from
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Otomorpha —Alepocephali
L_ Otocephala) Ostariophysi
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Otomorpha
(= Otocephala)
c Ostariophysi

Alepocephali

Fig. 2. Hypotheses of Otomorpha relationships according to
molecular and morphological evidence (a) and only mole-
cular evidence (b and ¢). a. after L¢é et al., 1993; Lecointre,
1993; Lecointre, Nelson, 1996; Arratia 1996, 1997, 1999,
2010; Wiley, Johnson, 2010; b. after Lavoué et al., 2005,
Lavoué et al., 2008; Poulsen et al., 2009; c. after Near et
al., 2012; Betancur-R. et al., 2013; Betancur-R. ef al., 2017.
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Fig. 3. Hypothesis of phylogenetic relationships of the Osta-
rioclupeomorpha (= OST-CL; Otocephala) among the crown
Teleostei, based on fossil () and recent teleosts (abbreviated
from Arratia, 1999:fig. 19).

southern Mexico to the southernmost region of tempera-
te South America, with an extraordinary diversification
of siluriforms and characiforms, including gymnotiforms,
which are unique to the region. While the cypriniforms are
present in the southern part of North America and Central
America, they are not native members of South America [A
piece of a fossil bone was interpreted by Gayet (1982) as
a palate bone of a supposedly cyprinid named tMolinich-
thys inopinatus from the Late Cretaceous of Bolivia; a view
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Fig. 4. Diagrammatic representation of different otomorph groups such as: a. clupeiformes; b. alepocephaliforms; c. go-
norynchiforms; d. cypriniforms; e. characiforms; f. siluriforms; g. gymnotiforms.

that has not been corroborated (Arratia, Cione, 1996; Fink, The oldest-known otomorph, §7ischlingerichthys (Fig.
Fink, 1996)]. In contrast to most otophysans, clupeomorphs ~ 5a), was recovered in marine sediments from the Upper Ju-
and alepocephaliforms are mainly or exclusively marine  rassic, Upper Tithonian of the Moérnsheim Formation, Ba-
forms, respectively. varia, Germany (Arratia, 1997; Arratia, Schultze, 2015).
e180079[4]
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Fig. 5. Fossil otomorphs in lateral view. a. ostariophysan in-
certae sedis TTischlingerichthys viohli Arratia, 1997; Upper
Jurassic, Germany; holotype JM-E Moe 8; photograph cour-
tesy of H. Tischlinger; b. clupeomorph fSantanaclupea sil-
vasantosi Maisey, 1993; Lower Cretaceous, Brazil; paratype
DNPM DGM1338-P; photograph courtesy of D. Mayrinck;
¢. clupeomorph tRanulfoichthys dorsonudum Alvarado-Or-
tega, 2014; Lower Cretaceous, Mexico; paratype IGM 9034;
photograph courtesy of J. Alvarado-Ortega; d. gonorynchi-
form tGordichthys conquensis Poyato-Ariza, 1994; holotype
MCCM-LH-1228; Lower Cretaceous, Spain; photograph by
J.A. Gracia; courtesy by F.J. Poyato-Ariza. Scale bars = 1 cm.

Other comparatively younger otomorphs (Early Cretaceous)
have been recovered in marine, estuarine and/or freshwater,
including the oldest marine gonorynchid (fSapperichthys
from Cenomanian strata of Mexico; Amaral ef al., 2013) and
a clupeomorph that has been interpreted as the most primi-
tive within the group (Fig. 5b; TRanulfoichthys from marine
Albian strata of Mexico; Alvarado-Ortega, 2014). In com-

parison, Denticipitoidei is a younger group, with the oldest
representatives-TPaleodenticeps tanganikae Greenwood,
1960 and fPaleodenticeps sp. (Fig. 6)- known from deposits
in Mahenge, Tanzania, which are assigned an Eocene age
(about 46 Ma; Harrison et al., 2001; Kaiser et al., 2006). Al-
though gonorynchiforms were well represented in the Lower
Cretaceous of the Neotropical region, being very abundant
in Brazilian basins (for a review see Brito, Amaral, 2008),
modern forms do not inhabit the Neotropical Region, ex-
cept, perhaps, for Chanos, which has an Indo-Pacific dis-
tribution that extends from California to Ecuador (although
this distribution may show strong periodic changes associa-
ted with the El Nifio/La Nifa currents).

i Roxt o, i < i ,"A,_;ﬁ”“"i‘
Fig. 6. Fossil otomorph in lateral view: TPaleodenticeps sp.;
Eocene, Mahenge, Tanzania (MB uncatalogued); photograph
courtesy of C. Quezada-Romegialli. Scale bar equals 5 mm.

Numerous important fossils representing some stem clu-
peomorphs (e.g., tSantanaclupea silvasantosi; Fig. 5c) and
otophysans are known from Lower Cretaceous strata of the
Neotropical Region, especially Brazil, and others with pecu-
liar cranial morphologies -and still unknown phylogenetic
relationships within siluriforms- are known from the Creta-
ceous-Paleocene of Bolivia (Arratia, Gayet, 1985).

Clupei. Clupei (sensu Betancur-R et al., 2017) or Clu-
peiformes are characterized by a series of characters, with
the most conspicuous being an otophysic connection be-
tween the swim bladder and inner ear involving a pair of
anterior extensions of the swim bladder that enters the skull
through the exoccipital to connect with the utriculus of the
inner ear, forming ossified bullae in the prootic, and usually
also in the pterotic too; base of hypural 2 fused to ural cen-
trum 2 (= of polyural terminology sensu Schultze, Arratia,
2013; Wiley et al., 2015) from early ontogenetic stages and
an autogenous hypural 1 without connection with the verte-
bral column from early ontogeny; one or more abdominal
scutes (including pelvic scutes), each of a single element
that crosses the ventral midline; and development of dorsal
scutes with a median keel. For other characters see Gran-
de (1985), Di Dario (2004), and Di Dario, de Pinna (2006)
and the compilation of synapomorphies by Wiley, Johnson
(2010).

The clupeiforms are represented by about 400 extant
species in ca. 90 genera and five families (Nelson et al.,
2016) and an extensive fossil record, extending back to the
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Early Cretaceous (e.g., Grande, 1985; Malabarba, Di Dario,
2017). Two extant suborders (Denticipitoidei and Clupeoi-
dei) and a fossil one (fEllimmichthyioidei) are currently
recognized (Nelson et al., 2016). Clupeiforms have a world-
wide distribution. They typically inhabit marine water, but
about 80 species are primarily freshwater. Many species are
economically important (e.g., Whitehead, 1985; Whitehead
etal., 1988; Lavoué et al., 2014).

Despite the biological and economic importance of the
group, it is remarkable that the only comprehensive study in-
cluding fossil and extant species supporting the monophyly
of the group was published a few decades ago (Grande,
1985). Only few studies, either morphological (Di Dario,
2002, 2004, 2009; Di Dario, de Pinna, 2006; de Pinna, Di
Dario, 2010) or molecular (Li, Orti, 2007; Lavoué et al.,
2013; Bloom, Lovejoy, 2014), were published on extant
clupeomorphs during this period. In contrast, contributions
on fossils have maintained the attention on the group, either
on potentially oldest representatives, analyses of characters,
and/or past biogeographical patterns of distribution (Maisey,
1993; Chang, Maisey, 2003; Zaragueta-Basil, 2004; Forey,
2004; Alvarado-Ortega et al., 2008; Murray, Wilson, 2013;
Alvarado-Ortega, 2014; Malabarba, Di Dario, 2017).

Ostariophysi. Ostariophysans are characterized by nu-
merous features, with only a few listed here: basisphenoid
absent; sacculi and lagena with a posterior position and nea-
rer midline; dermal portion of the palatine (= dermopalatine)
absent and represented only by the autopalatine; gas bladder
divided into smaller anterior and larger posterior chambers;
presence of a unique alarm substance in epidermis (absent
in gymnotiforms, with electrical signaling); and presence of
nuptial tubercles with well-developed keratinous caps. For
other characters and comments see Fink, Fink (1981, 1996),
Fink et al. (1984), Lecointre, Nelson (1996), and Wiley,
Johnson (2010).

Ostariophysans (Fig. 4c-g) comprise ca. 10,400 species
contained in about 1,350 genera, 80 families and five orders
(Nelson et al., 2016) included in two sections, Anatophysa
(sensu Betancur-R et al., 2017 or Anatophysi of Fink, Fink,
1981), which contains Gonorynchiformes and Otophysa
(sensu Betancur-R et al., 2017 or Otophysi of Fink, Fink,
1981), which in turn, includes Cypriniformes, Characifor-
mes, Siluriformes, and Gymnotiformes. Although there are
differences between morphological and most molecular phy-
logenetic hypotheses of the orders, there is now consensus
concerning the monophyly of the group (Fink, Fink, 1981,
1996; Betancur-R et al., 2017; Arcila et al., 2017) and also of
the otophysans. Major differences include: (1) a few molecu-
lar studies have questioned the monophyly and relationships
of'the Characiformes (Nakatani et al.,2011; Chen et al., 2013;
Chakrabarty et al., 2017), but monophyly of the group and its
position as the sister to Gymnotiformes + Siluriformes was
recently supported by other molecular studies (Arcila et al.,
2017; Betancur-R et al., 2017); (2) the family Diplomystidac
appears as the most primitive catfish group in morphological

¢180079[6]

studies of Siluriformes (e.g., Arratia, 1987; Grande, 1987),
whereas Nematogenyidae plus other loricarioids is the sister
to Diplomystidae plus all other catfishes in molecular studies
(e.g., Sullivan et al., 2006; Arcila et al., 2017; Betancur-R
et al., 2017). For other references on the subject see Arratia,
Quezada-Romegialli (2017). Most extant ostariophysans are
primarily freshwater fishes with a global distribution (except
Antarctica, Greenland, and New Zealand), but there are about
120 marine species restricted to the Siluriformes (Nelson et
al., 2016). Numerous fossils interpreted as possible stem taxa
have been recovered in marine or estuarine strata, a fact that
opens interesting questions concerning the evolution of the
environment of Ostariophysi or of its particular orders.

Contrary to the current state of clupeiform research, os-
tariophysans -fossil and extant species- receive an enormous
amount of attention, especially those living in the Neotropi-
cal Region; this is reflected in hundreds of publications pro-
duced by special projects, such as the “All Catfish Species
Inventory” and “Cypriniformes Tree of Life” and other spe-
cial publications (Malabarba ef al., 1998; Reis et al., 2003;
Arratia et al., 2003; Grande et al., 2010; Albert, Reis, 2011).

The oldest known ostariophysan is the Late Jurassic §7is-
chlingerichthys viohli from Germany, which is interpreted as
incertae sedis (Fig. 5a). Numerous Early Cretaceous ostario-
physans belonging to the Gonorynchiformes are known from
Spain and Brazil [e.g., TRubiesichthys, TGordichthys (Fig.
5d), and fDastilbe; see Dietze, 2007; Brito, Amaral, 2008;
Poyato-Ariza et al., 2010] and Mexico (fSapperichthys;
Amaral et al., 2013). Additionally, +Chanoides macropoma
from the Middle Eocene of Monte Bolca, Italy and Nardo-
noides chardoni from the Upper Cretaceous of Nardo have
recently been confirmed as stem otophysans (Mayrinck ef al.,
2015a). Restudy of {Santanichthys diasii from the Early Cre-
taceous (Albian) of Brazil, which was previously described
as the oldest characiform (Filleul, Maisey, 2004), has been
re-interpreted as a stem otophysan (Malabarba, Malabarba,
2010). tSalminops ibericus from the Cenomanian of Portu-
gal previously described as one of the oldest characiforms
(Gayet, 1985) is not an ostariophysan, but possibly a crossog-
nathiform (Mayrinck et al., 2015b), and Sorbinicharax ver-
raesi from the Upper Cretaceous of Nardo, Italy, previously
interpreted as another characiform, has been re-interpreted as
Teleostei incertae sedis by Mayrinck et al. (2017).

Alepocephali. Alepocephaliforms (Fig. 4b) are charac-
terized by the presence of parietal bones [of traditional ter-
minology] separated by the supraoccipital; branchiostegal
cartilages; one postcleithrum; epipleural bones extending
forward to about abdominal vertebra 3; opercle reduced
dorsally and by several absent structures such as posttem-
poral fossa; gas bladder; adipose fin; and urodermal bone
(Johnson, Patterson, 1996). Although general descriptions
of some alepocephaliform structures, such as the skull roof
bones, crumeral organs, and caudal skeletons, were pu-
blished by Greenwood, Rosen (1971), new information on
the posterior part of the skull roof, including extrascapulars
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and the ontogenetic transformation of vertebral structures
and caudal skeleton, are provided below.

In comparison to clupeiforms and ostariophysans, the
Alepocephali comprise a small group of 137 species, 32 ge-
nera, three families and one order, all living in marine waters
(Nelson et al., 2016). Most species of the assemblage inhabit
meso- to bathypelagic environments (Nelson ef al., 2016).

Early taxonomic studies associated alepocephaliforms
with clupeiforms (e.g., Berg, 1937, 1958; Gosline, 1960)
and other primitive teleosts on the basis of common simi-
larities, the traditional approach of the time. However, this
can be misleading without completely understanding the or-
der Clupeiformes as defined by Berg, which included not
only the suborders Clupeoidei and Alepocephaloidei, but
also several other clades, such as fLycopteroidei, Chanoi-
dei, Phractolaemoidei, and Salmonoidei. During the last 50
years, alepocephaliforms have been traditionally included
within the Euteleostei, closer to the salmoniforms (Gre-
enwood et al., 1966; Markle, 1976) or specifically within
the Argentinoidei (Greenwood, Rosen, 1971; Lauder, Liem,
1983; Begle, 1992; Johnson, Patterson, 1996; Diogo, 2008;
Wiley, Johnson, 2010).

The inclusion of alepocephalids within the argentinoids
is based on the presence of a crumenal organ, the descended
position of the distal part of the two to four epineurals, and
caudal median cartilages supporting the lowermost ray of
the upper caudal lobe (Johnson, Patterson, 1996). Althou-
gh those features are present in alepocephalids and argen-
tinoids, under the new taxonomic interpretations given by
molecular studies, they need further revisions. For instance:

1. A crumenal organ is a specialization of alepocephali-
forms and argentinoids. It is a posterior branchial structure
that was referred to as an epibranchial organ until Greenwood,
Rosen (1971) named it “crumenal organ”. The main distinc-
tion between the crumenal organ and the epibranchial organ
is the presence of a distinct accessory cartilage that may have
arisen by segmentation from the posterior articular surface of
ceratobranchial 5 in alepocephalids and argentinoids (Nelson,
1967; Greenwood, Rosen, 1971) and in Denticeps (de Pinna,
Di Dario, 2010). Thus, the finding of this accessory cartilage
in Denticeps opened the necessity for extensive comparative
studies in various teleosts.

2. The third feature proposed as shared by argentinoids
and alepocephalids, the caudal median cartilages supporting
the lowermost ray of the upper caudal lobe (Johnson, Patter-
son, 1996) is controversial due to its variability. The caudal
medial cartilages (mc) are commonly associated with the
middle principal caudal rays (PR) in argentinoids (mc versus
PR10 and 11) and not with the lowermost ray of the upper
caudal lobe. The condition as shown in Fig. 7 for Argentina
is also found in alepocephalids (see below, the section on
Analysis of characters), salmonids (Fujita, 1990; Arratia,
Schultze, 1992), and other euteleosts (Fujita, 1990).

3. The caudal skeleton is a complex structure in need
of further investigation in alepocephaliforms (see below,
Analysis of characters) and in argentinoids. Unlike most

other euteleosts (and also in alepocephaliforms), argenti-
noids have one vertebral centrum bearing the parhypural and
hypurals 1 and 2, a centrum that was interpreted as formed
by preural centrum 1 plus ural centrum 1 [of the diural ter-
minology] by Patterson (1970:figs. 38, 40] in Argentina sia-
lis and preural centrum 1 plus ural centrum 1 plus uroneural
1 in Bathylagus antarcticus. However, it is unknown how
many vertebral centra form this centrum that I interpret, in
a preliminary way, as compound (CC in Fig. 7), but noting
that its origin and composition is still unknown (currently
under study by GA based on its ontogenetic series). A simi-
lar structure has been interpreted as a compound centrum in
adult engraulids, e.g., Engraulis and Coilia, where the cen-
trum includes preural centrum 1 plus ural centra 2 and 3+4
[of the polyural terminology] (Schultze, Arratia, 2013:figs.
18, 19A-D), and in ostariophysans (e.g., Monod, 1968; Lun-
dberg, Baskin, 1969; Fink, Fink, 1981; Schultze, Arratia,
1989, 2013; Fujita, 1990). However, it is unknown whether
the structure interpreted as a compound centrum in osta-
riophysans forms the same way in different ostariophysan
subgroups (see Schultze, Arratia, 2013; Wiley et al., 2015).
The fossil ostariophysan t7ischlingerichthys also has a long
vertebral centrum bearing the parhypural and hypurals 1 and
2 (Arratia, 1997:fig. 67). Consequently, argentinoids differ
from many other euteleost clades, and also from alepocepha-
liforms, in the presence of a possible compound vertebral
centrum that articulates with the parhypural and hypurals 1
and 2, ventrally.

4. The most anterior uroneural or modified uroneural or
stegural with an antero-dorsal membranous outgrowth is in-
terpreted as a euteleostean synapomorphy, but its absence
in argentinoids is considered to be secondary by parsimony
optimization (Wiley, Johnson, 2010). The element interpre-
ted as the most anterior uroneural in argentinoids and alepo-
cephaliforms is different in both groups. The most anterior
uroneural has a complex structure in argentinoids. It was
identified as uroneural 1 by Patterson (1970:fig. 37), Gre-
enwood, Rosen (1971:figs. 12, 14), and Fujita (1990:figs.
56-59). According to my studies, the first and enlarged uro-
neural bearing an expanded membranous outgrowth is an
autogenous element lying on the dorsal surface of the com-
pound centrum in juvenile and sub-adult specimens of Ar-
gentina sialis and has an overall resemblance to the stegural
of salmonids (see Arratia, Schultze, 1992; Griinbaum, Clou-
tier, 2010) and other euteleosts. However, the antero-late-
ral base of this element fuses to the dorso-lateral surface of
the centrum in larger specimens, resembling a pleurostyle
(Fig. 7a, b). Consequently, this element differs from the eu-
teleostean stegural (that is always an autogenous element;
Arratia, Schultze, 1992; Griinbaum, Cloutier, 2010), but it
also differs from the pleurostyle present in ostariophysans
and clupeiforms, except for Denticeps (for information on
the pleurostyle see below, section on Analysis of characters).
Thus, I term this element a “pseudopleurostyle” to note its
different formation than that of the pleurostyle and stegural.
Summarizing, there are disagreements concerning the inter-
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; R

m —_PR19
Fig. 7. Caudal skeleton of Argentina sialis (SIO 66-4) in lateral view. a. photograph of specimen of 144.2 mm standard len-
gth; photograph courtesy of C. Quezada-Romegialli; b. interpretative drawing. Note that the posterior hemi-lepidotrichia of
principal ray 10 is displaced. The color orange is used to denote a modified uroneural named pseudopleurostyle herein. CC
= compound vertebral centrum; E = epural; H1,3,6 = hypurals 1,3,6; hsPU2 = haemal spine of preural centrum 2; naPU1 =
neural arch of preural centrum 1; PR1 = 10,11,19 = principal caudal ray 1,10,11,19; PU3 = preural centrum 3; ‘UD’ = ten-
don-bone urodermal; UN = uroneural.
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pretations of alepocephaliforms as argentinoids and also of
alepocephaliforms as salmoniforms based on morphological
characters.

These older interpretations based on morphological evi-
dence (e.g., Greenwood et al., 1966; Greenwood, Rosen,
1971; Markle, 1976; Lauder, Liem, 1983; Begle, 1992;
Johnson, Patterson, 1996; Diogo, 2008; Wiley, Johnson,
2010) have been challenged by molecular evidence, which
supports the inclusion of the alepocephaliforms within the
Otomorpha (see Fig. 2b, c), specifically as sister to the Os-
tariophysi (Betancur-R ef al., 2017). Lavoué et al. (2008),
in turn, found the Alepocephaliformes - Ostariophysi affini-
ty more likely than the Alepocephaliformes - Clupeiformes
one, but no definitive conclusion was proposed.

In comparison to the clupeiforms and ostariophysans,
the alepocephaliform fossil record is young (Cenozoic) and
sparse. It is represented by TCarpathichthys polonicus (see
Fig. 8) from the Miocene-Oligocene, about 30 to 23 Ma, of
Carpathians (Jerzmanska, 1979) and alepocephaliform oto-
liths of the Mediterranean Basin, Quaternary of Italy (Giro-
ne, 2003; Girone et al., 2006).

Material and Methods

Institutional Abbreviations. Institutional abbreviations
where extant material is deposited are listed in Sabaj Perez
(2014). Other institutions, which are not listed in Sabaj Pe-
rez (2014), are: BGHan = Bundesanstalt fiir Geowissens-
chaften und Rohstoffe, Niedersdchsisches Landesamt fir
Bodenforschung, Hannover, Germany. BSPG = Bayerische
Staatssammlung fiir Paldontologie und historische Geolo-
gie, Miinchen, Germany. DNPM = Departamento Nacional
de Producdo Mineral, Rio de Janeiro, Brazil. GBA = Geo-
logische Bundesanstalt Wien Abteilung, Palaontologie und
Sammlungen, Vienna, Austria. GPIT = Institut und Museum
fiir Geologie und Paldontologie, Tiibingen, Germany. GOE =
Institut und Museum fiir Geologie und Paldontologie, Georg-
-August Universitit, Gottingen, Germany. IGM = Geological
Institute, National University of Mexico, Mexico City. [IVVP
= Institute of Vertebrate Palacontology and Palacoanthropo-
logy, Beijing, China. JM-E = Jura Museum Eichstitt (SOS
indicates that the fish was recovered in the Solnhofen Limes-
tone), Eichstitt, Germany. KUVP = Division of Vertebrate

HA

Fig. 8. Fossil otomorph in lateral view:

ene, Polish Carpa-

thians, Europe (ZPALWr a/2004, holotype). b. Carpathichthys sp. from the same locality and age (ZPALWr N/6116). Photo-

graphs courtesy of Malgorzata Bienkowska-Wasiluk.
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Paleontology, Natural History Museum, University of Kan-
sas, Lawrence, Kansas. LBUCH = Laboratorio de Biologia,
Universidad de Chile, Sede Santiago-Sur, Chile. MB = Mu-
seum of Natural History, Berlin, Germany. MCCM = Scien-
ce Museum of Castilla-La Mancha, Las Hoyas collection,
Cuenca, Spain. Innsb, Department of Geology, University of
Innsbruck, Innsbruck, Austria. MCSNB = Museo Civico di
Scienze Naturali, Bergamo, Italy. MCSNIO = Civico Museo
Insubrico di Storia Naturele, Unduno-Olona, Italy. NHMW
= Natural History Museum, Vienna, Austria. SenkM = Sen-
ckenberg Museum, Frankfurt-am-Main, Germany. SMNS
= Staatliches Museum fiir Naturkunde, Stuttgart, Germany.
UALVP = University of Alberta, Laboratory for Vertebrate
Paleontology, Edmonton, Canada. ZPALWr = Department of
Palacozoology, Institute of Environmental Biology, Faculty
of Biological Sciences, University of Wroctaw, Poland.

Methods. Cleared and stained specimens have been
prepared following Dingerkus, Uhler (1977) and Arratia,
Schultze (1992). The morphological characters here studied
were optimized on the tree of Betancur-R. et al. (2017) using
ACCTRAN and DELTRAN (Swofford, Maddison, 1987,
Wiley, Lieberman, 2011).

Analysis of characters. The search for potential synapo-
morphies of Otomorpha was focused on skeletal structures
beginning with a revision of characters previously proposed
as synapomorphies of clupeiforms plus ostariophysans. The
presentation of characters follows the sequence as presented
in Lecointre, Nelson (1996).

Results and discussion

Pleurostyle (Lecointre, Nelson, 1996: character 5; Arra-
tia, 1999: character 141). The term pleurostyle was introdu-
ced by Monod (1968) as the paired postero-dorsal processes
of preural centrum 1 that occur in all extant clupeoids (=
Clupeiformes minus Denticeps) and ostariophysans (Fig.
5). The large uroneural present in Denticeps was interpreted
(Grande, 1985) as a possible result of ontogenetic fusion of
uroneurals, which is an assumption not supported by pri-
mitive otomorphs, i.e., fossil clupeomorphs have indepen-
dent uroneurals (e.g., Maisey, 1993:fig. 6; Alvarado-Ortega,
2014:fig. 8), with the first one being the largest. None of
those uroneurals is fused with preural centrum 1. Unlike the
condition present in fossil clupeomorphs, the primitive fos-
sil ostariophysan Tischlingerichthys viohli presents the first
uroneural partially fused laterally with the wall of preural
centrum 1, which is fused with ural centra 1 + 2 (polyu-
ral terminology), forming an elongate compound centrum
(Arratia, 1997:fig. 67). Each hypural is associated with its
own ural centrum, in a 1:1 relationship, in the polyural ter-
minology (Nybelin, 1977; Schultze, Arratia, 1989, 2013;
Arratia, Schultze, 1992; Wiley et al., 2015). In contrast, one
ural centrum supports more than one hypural in the diural
terminology, e.g., ural centrum 1 supports hypurals 1 and 2,
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whereas ural centrum 2 supports hypurals 3 and 4 or hypu-
rals 3, 4 and 5.

Ontogenetic studies of clupeiforms and ostariophysans
have shown that the so-called processes of the preural cen-
trum 1, or pleurostyle of Monod (1968), may have different
origins and topographic relationships. In members of the
Clupeoidei, the pleurostyle forms as independent, paired,
membranous ossifications of the neural arches of an ural
centrum (ural centrum 2 of the polyural terminology) that
fuses to the dorsoposterior corner of preural centrum 1 (Fig.
9a; Arratia, 2010:fig. 13c, d; Schultze, Arratia, 2013:figs. 18,
19, tb. 3). In contrast, in ostariophysans the paired, membra-
nous ossification or pleurostyle (modified neural arch of ural
centrum 1 or 2 or 3 of the polyural terminology) may fuse
to the dorsoposterior corner of the ural centrum 1+2 or ural
centrum 1+2+3 (polyural terminology), forming part of the
so-called compound centrum (Fig. 9d, e; Arratia, 2010:fig.
13a, b; Schultze, Arratia, 2013:figs. 4, 7b, c, 20, tb. 3). Con-
sequently, the origin of the pleurostyle differs in groups of
otomorphs. For instance, the pleurostyle may originate as a
transformation of ural neural arch 2 or 3 in Chanos chanos or
as a transformation of ural neural arch 1 or 2 in catostomids
(Schultze, Arratia, 2013:fig. 7b) and the cyprinid Danio re-
rio (Schultze, Arratia, 2013:fig. 20). It is still unknown how
the pleurostyle of most ostariophysans originates, because it
is a common practice in ontogenetic studies of teleosts not
to mention the origin and development of vertebral centra
(e.g., chordacentra or autocentra) nor the development of the
pleurostyle or other uroneurals. In summation, according to
available information, the homology of the structure named
“pleurostyle” in clupeoids and ostariophysans is unclear.

The pleurostyle is absent in alepocephaliforms, but they
have a free structure, unfused with preural centrum 1 or a
ural centrum that externally resembles a stegural (Figs. 10,
11), which is a modified uroneural characteristic of eutele-
osts. This is also the condition present in fossil alepocepha-
liforms (Jerzmanska, 1979:fig. 6). Although the daily on-
togenetic formation of the stegural is well documented in
salmonids (Arratia, Schultze, 1992; Griinbaum, Cloutier,
2010), a comparison with the stegural-like morphology in
alepocephaliforms cannot be provided at this time due to
a lack of smaller specimens than those studied here (12.4
mm SL; see Material studied). Salmonid specimens of the
same size already present an elongate uroneural reaching
anteriorly to the neural arch of preural centrum 2. In con-
trast, in alepocephaliforms of this size, the vertebral centra
are not yet formed; see Fig. 10a, b). According to current
ontogenetic information concerning the different origins and
relationships of the pleurostyle in clupeoids and ostariophy-
sans and the absence of a pleurostyle in Denticeps and ale-
pocephaliforms, this character does not stand as a synapo-
morphy of Otomorpha.

Fusion of hypural 2 with first ural centrum (Lecoin-
tre, Nelson, 1996: character 6). The base of hypural 2 fused
to ural centrum 1 (= diural terminology) or ural centrum 2
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0.5 mm

0.5 mm PH

Fig. 9. Diagrammatic caudal skeletons in lateral view illustrating the pleurostyle, its relationships (a-c) and early develo-
pment (d, e). a. clupeoid; b. gonorynchiform; c¢. cypriniform; d. part of caudal skeleton in lateral view of the cypriniform
Catostomus commersoni, 13.4 mm SL (KU:KUI 38655); e. part of caudal skeleton in lateral view of the cypriniform Luxilus
zonatus, 8.7 mm SL (KUI uncat.). CC = terminal caudal compound centrum; H3 = hypural 3; naPU1 = neural arch preural
centrum 1; naU1, naU2 = neural arch of ural centrum 1, of ural centrum 2 [of the polyural terminology; ural centrum 1 of the
diural terminology]; PH = parhypural; P1 = plurostyle; PU1 = PU3 = preural centrum 1, 3; U2+H2 = ural centrum 2 + hypural
2 [=ural centrum 2 of polyural terminology; ural centrum 1 of diural terminology]; U1-3 = ural chordacentrum 1, 2, 3 [of the

polyural terminology, each associated with its correspondent hypural].

(of the polyural terminology) was proposed by Lecointre,
Nelson (1996) as a possible synapomorphy of the clade
formed by extant clupeomorphs and ostariophysans. The
authors remarked that this fusion is lacking in gonorynchi-
forms, such as fRubiesichthys, TTharrhias, and the extant
Chanos. It is also lacking in other extant gonorynchiforms
(Grande, Arratia, 2010:fig. 2.12). Hypural 2 is also unfused
in the Late Jurassic ostariophysan incertae sedis 1 Tischlin-
gerichthys (Arratia, 1997:fig. 67).

Studies of the caudal skeleton based on ontogenetic se-
ries of clupeomorphs and ostariophysans have shown that
early in ontogeny the base of hypural 2 fuses to ural centrum
2 (polyural terminology) in clupeiforms, such as Denticeps
and clupeoids (which are missing ural centrum 1 in front of
the base of hypural 1 early in ontogeny; Arratia, 2010:fig.
13c, d; Schultze, Arratia, 2013:figs. 7c, 18, 19), as well as
in ostariophysans (Arratia, 2010:fig. 13b; Schultze, Arratia,
2013:figs. 4, 18-20), but not in the gonorynchiform Chanos

chanos (Fig. 9b), which has a free hypural 2 from early on-
togeny. In siluriforms, at least the bases of hypurals 1 and 2
are fused to the so-called compound centrum present in most
primitive forms, such as in Diplomystes and Nematogenys,
but further fusions including other hypurals are observed in
different catfish lineages (Lundberg, Baskin, 1969; Arratia,
1982), whereas in gymmnotiforms, the caudal skeleton is
highly modified and reduced (de Santana et al., 2013).
Hypural 2 and the remaining hypurals are autogenous
(Figs. 10, 11) in alepocephaliforms from early in ontogeny.
Alepocephaliforms, contrary to clupeiforms and ostario-
physans, present a continuous haemal cartilage (Fig. 10b-d)
that extends from the haemal arch of preural centrum 5 or
6 posteriorly, reaching the base of hypural 3 in the smallest
specimens studied. The haemal cartilage separates the hae-
mal arch from the ventro-lateral wall of the notochord or the
centra, depending on the growth stage. Considering the dis-
tribution of this character in a phylogenetic hypothesis either
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A

PH
hsPU2

Fig. 10. Ontogenetic development of the caudal skeleton in alepocephaliforms. a. larva of Talismania bifurcata of 28.18 mm
standard length (KU:KUI 41395) illustrating a functional notochord and formation of neural and haemal arches and spines
developing from caudad to rostrad direction; b. detail of the caudal skeleton of specimen illustrated in a; note the unusual
extension of the haemal cartilage; ¢. larvae of 68 mm standard length; note the marked differences in the development of
chordacentra; small arrows point to the haemal cartilage d. Searsia koefoedi; specimen of 126 mm standard length; note the
development of the first uroneural or stegural-like element and the lack of chordacentra in front of hypurals 1 and 2. Photogra-
ph courtesy of C. Quezada-Romegialli. cPU1 = preural chordacentrum 1; cU1, 4 = ural chordacentrum 1, 4 [polyural termino-
logy; ural centrum 1, 2 of diural terminology]; E = epural; h1-6 = hypural 1-6; hd = hypural diastema; hsPU2, hsPU3, hsPU4
= haemal spine of preural centrum 2, 3, 4; mc = median caudal cartilages; naPU1 = neural arch of preural centrum 1; ns PU2,
nsPU3 = neural spine of preural centrum 2, 3; no = notochord; op.c = ophistural cartilage; PH = parhypural; UN = uroneurals.
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PU2+3?

Fig. 11. Caudal skeleton of Alepocephalus tenebrosus (UW 042217 #4). a. photograph of specimen of 363 mm standard
length; photograph courtesy of C. Quezada-Romegialli; b. interpretative drawing. Note the articulation between the proximal
region of hypural 3 and the haemal cartilage (arrow) uniting hypurals 1 and 2. E = epural; H1, 3, 6 = hypural 1, 3, 6; hd =
hypural diastema; hsPU2 = haemal spine of preural centrum 2; mc = median caudal cartilages; naPU1 = neural arch of preural
centrum 1; no = notochord; PH = parhypural; UN = uroneurals; the small third one is not shown.
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morphological (Figs. 2, 3) or molecular (Fig. 2), the lack
of fusion between hypural 2 and ural centrum 2 (polyural
terminology) in alepocephaliforms and most gonorynchifor-
ms represents the plesiomorphic condition in teleosts (that
is interpreted as secondary loss at this phylogenetic level);
whereas their fusion in clupeiforms, a few gonorynchiforms,
and otophysans is a unique feature among teleosts that could
be interpreted as an otomorph synapomorphy (see Fig. 12,
black star). However, ACCTRAN and DELTRAN analyses
of this character show this to be ambiguous as a synapomor-
phy of Otomorpha, thus no conclusion can be reached as to
its absence in Alepocephaliformes and most gonorynchifor-
ms relative to other otomorphs.

Fusion of extrascapular and parietal bones (Lecointre,
Nelson, 1996: character 7; Arratia, 1999: character 32). The
otic canal passes near the lateral margin of the (lateral) extras-
capula in teleosts where the bone is present. The canal gives
off a branch, the supratemporal canal or supratemporal com-
missure or extrascapular commissure, that extends medially,
ending in the extrascapula(e) or on the parietals and supra-

occipital, uniting both left and right extrascapular series. It
has been assumed that when the supratemporal canal passes
through parietal bones, a medial extrascapula has fused with
the parietal lying below, but this assumption does not explain
the canal passing above or in a groove of the supraoccipital.

A supratemporal canal or commissure primitively pas-
sing through parietals and the supraoccipital is considered a
synapomorphy of clupeomorphs (e.g., Grande, 1985) inclu-
ding Denticeps (e.g., Di Dario, de Pinna, 2006). The presen-
ce of a medial extrascapula that may fuse or ankylose late in
ontogeny with the parietal bone lying below is observed in
the ontogenetic series of Chanos chanos (Fig. 13a, b) and
other gonorynchiforms, with the exception of the highly mo-
dified kneerids, which lack parietal bones, even in their fos-
sil representatives (Davis et al., 2013). A similar pattern of
fusion is observed in other extant ostariophysans (Fig. 13c,
d; Arratia, Huaquin, 1995:fig. 3).

Lecointre, Nelson (1996:p. 202) first proposed that a
fusion of a medial extrascapula and the parietal bone is a
synapomorphy of ostariophysans and clupeomorphs. Later,
Arratia (1999:p. 325) described the character for her Os-

Elopomorpha

0 Osteoglossomorpha
ha (= hal
o Otomorp a(. Otocephala) * B A O Clupeiformes*
eleostei — —
5 - N A Alepocephallformes“
stariophysi — W A O
o TR = Gonorynchiformes Q/g\/
Osteoglossocephalai pny * B A O ¢ iniformes <
® X B AO Characiformes g/l—g
o— L A — Gymnotiformes @7
Clupeocephala * B A — gjyriformes -
Lepldogalaxnformes
Protacanthopterygii Argentiniformes
& £ Galaxiiformes
Euteleosteomorpha Esociformes
(= Euteleostei) H_.—
- Salmoniformes
S\tomlata ° Osmeriformes
O i Stomiatiformes
@— Ateleopodiformes
0 A Aulopiformes

Neoteleostei

more advanced neoteleosts

Fig. 12. Abbreviated phylogenetic hypothesis of teleosts (modified from Betancur-R. et al., 2017) with distribution of certain
character states discussed in the text. Yellow circle = fusion or ankylosis between medial extrascapular and parietal bones;
red triangle = vertebrae anterior to preural centrum 2 with haemal arches and centra fused in juvenile-adult individuals; green
square = silvery areas associated with gas bladder; black star = hypural 2 fused with ural centrum 2 [of the polyural termino-
logy; ural centrum 1 of the diural terminology]. N = non applicable.
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Fig. 13. Posterior cranial region of otomorphs illustrating the relationships of the extrascapular and parietal bones and sen-
sory canals. a. gonorynchiform Chanos chanos of 45 mm standard length; KUI 38796; b. Chanos chanos of 370 mm standard
length; KUI 40935; ¢. diagrammatic drawing of Chanos chanos; d. diagrammatic drawing of the cypriniform Opsariich-
thys bidens (CAS 15639); e. diagrammatic drawing of the characiform Xenocharax spilurus (CAS 32512); f. diagrammatic
drawing of the alepocephaliforms Leptoderma sp.; g. diagrammatic drawing of the alepocephaliform Searsia koefoedi. c-e,
modified from Arratia, Huaquin, 1995 and f, g, modified from Greenwood, Rosen, 1971. Exc = ossicle-like extrascapular
bones; 1. Exc = lateral extrascapula; m.Exc = medial extrascapula; Pa = parietal bone [of traditional terminology]; Ptt = post-
temporal; Soc = supraoccipital.
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tarioclupeomorpha (= Otocephala) as “clupeocephalans in
which primitively there is an ankylosis or fusion between
the medial extrascapula and parietal alone or parietal and
supraoccipital”.

Alepocephaliforms do not present this character. An
ossicle-like lateral extrascapula is present in some genera
(e.g., Leptoderma sp. and Searsioides; Fig. 13¢e) and a me-
dial ossicle-like extrascapula is absent so that a supratem-
poral canal is absent or very short. Other alepocephaliforms
have an irregular series of two or more small ossicle-like
extrascapular bones, but a supratemporal canal passing on
the parietals or parietals plus supraoccipital is not present
(e.g., Paraholtbyrnia, Pellisolus, Mirorictus, and Searsia;
Fig. 13f; see also Greenwood, Rosen, 1971).

Primitively, both the clupeiforms and ostariophysans are
unique among teleosts in possessing a fusion or ankylosis of
the medial extrascapula with the parietal bone so that the su-
pratemporal canal passes through both bones. This condition
is lacking in alepocephaliforms, which have one or multiple
ossicle-like free extrascapulars and no medial extension of
the supratemporal canal. Absence in alepocephaliforms and
most advanced ostariophysans (Fig. 12, yellow circle) is
secondary by parsimony optimization. Thus, following this
interpretation, this character can be interpreted as a synapo-
morphy of otomorphs.

Fusion of hemal arches and centra anterior to preu-
ral centrum 2 (Lecointre, Nelson, 1996: character 8). The
original character description indicated a fusion between
haemal spines and centra. However, the centra are the ones
fused to their respective arches during ontogeny.

This character was suggested first as an ostariophysan
synapomorphy by Fink, Fink (1981, 1996), who also men-
tioned that the fusion is present in the caudal region of all
clupeiforms, suggesting a possible relationship among the
groups. However, clupeiforms lack an adipose fin and nup-
tial tubercles, which are features that are present in ostario-
physans that link them to euteleosts, a view favored by Fink,
Fink (1981).

Lecointre, Nelson (1996:p. 202) pointed out that this fe-
ature is consistently present in all extant clupeomorphs and
ostariophysans (see also Monod, 1968; Fujita, 1990) and
in their fossil representatives (Arratia, pers. observations).
However, and following Fujita’s (1990) caudal skeleton sur-
vey, Lecointre, Nelson (1996) stated that this feature might
be also present in some euteleostean subgroups of various
phylogenetic positions, but not in all members of each sub-
group, e.g., in Umbra among esociforms and in Bathylagus
among osmeriforms. Some species with all haemal arches
anterior to preural centrum 2 fused to their centra are found
in some Stomiatiformes, Myctophiformes, and a few more
advanced neoteleosts (e.g., Aulopiformes). Those occurren-
ces outside the otocephalans or ostarioclupeomorphs make
this feature homoplastic.

Juvenile and adult alepocephaliforms present all haemal
arches anterior to preural centrum 2 fused to their centra
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(Fig. 11). In early ontogenetic stages (Fig. 10), the haemal
arches anterior to preural centrum 2 are unfused with their
respective centra represented by chordacentra. Autocentra
of the caudal region begin to form in the juvenile so that
the fusion between dorsal and ventral arcocentra to their
respective autocentrum is comparatively later than in other
otomorphs. Thus, clupeiforms, alepocephaliforms, and os-
tariophysan share the presence of fused arches and centra
anterior to preural centrum 2 in juvenile-adult growth sta-
ges. According to the distribution of this character in the
phylogenetic hypothesis shown in Fig. 12 (red triangle), this
feature stands as a synapomorphy of Otomorpha, including
the alepocephaliforms. Its erratic occurrence in some Sto-
miatiformes and Myctophiformes can be interpreted as inde-
pendently acquired (This character has not been represented
in Fig. 12 where it occurs only in one genus, e.g., Umbra
within Esociformes).

Bases of hypurals 1 and 2 not joined by cartilage at
any growth stage (Arratia 1999: character 135). Arratia’s
(1999; Fig. 3 herein) phylogenetic hypothesis included fos-
sil and extant teleosts, and because of this and the fact that
in primitive fossil clupeiforms (e.g., TSantanaclupea) and
fossil ostariophysans (e.g., TTischlingerichthys) the bases of
hypurals 1 and 2 are not joined by cartilage, Arratia (1999:p.
325) specifically wrote that this feature stands as a synapo-
morphy at the primitive level of the Ostarioclupeomorpha
(= Otocephala). Most extant clupeiforms and ostariophysans
may show cartilage at the base of one hypural, or at the base
of hypural 1 and arch of the parhypural, or both are fused to
the autocentrum from early stages of development. In adult
clupeiforms and ostariophysans, the bases of hypurals 1 and
2 are not connected by cartilage, a unique feature among
teleosts (see also Monod, 1968; Fujita, 1990).

The poorly known caudal skeleton of the fossil alepo-
cephaliform tCarphathichthys polonicus (Jerzmanska,
1979:fig. 6) shows spaces between the bases of hypurals 1
and 2 and the ventral margins of the centra, that may indicate
the presence of cartilage during life as the condition present
in extant alepocephaliforms (see Figs. 10, 11). However, I
have not been able to examine the fossil material, only had
access to photographs. Extant alepocephaliforms are unique
in the presence of a long tube-like haemal cartilage surroun-
ding the caudal blood vessels that extends from the haemal
arches of preural centrum 4 or 5 to the base of hypural 3 in
juveniles and is restricted to the bases of hypurals 1-3 in
adults. The posterior part of the haemal cartilage produces
an articular surface for the base of hypural 3 (see Figs. 10,
11), another unique character of this group among otomor-
phs. A similar articulation seems to be present as a conver-
gence in some stomiatiforms and myctophiforms (see Fujita,
1990:figs. 76, 111).

Considering the new information on alepocephaliforms
and the fact that [ have not been able to examine their fossil
representatives, I prefer to postpone further suggestions or
conclusions about this character.
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Silvery area associated with gas bladder. The anterior
chamber of the gas bladder partly to completely covered by
a silvery peritoneal tunic was proposed as a possible synapo-
morphy of Clupeomorpha plus Ostariophysi by Wiley, John-
son (2010), following Fink, Fink (1996), who listed it as an
ostariophysan synapomorphy, but indicated that a similar con-
dition was also present in some clupeomorphs and therefore
might be synapomorphic for the clade (that was given a name
in another chapter of the same volume: Johnson, Patterson,
1996) containing the two groups. A gas bladder is characte-
ristically absent in alepocephaliforms among teleosts (Berg,
1937; Johnson, Patterson, 1996; Wiley, Johnson, 2010); this
absence makes the character ambiguous, because it is impos-
sible to know if the structure primitively had a shiny peritone-
al tunic in the group or not. Another hypothesis is that this ab-
sence in alepocephaliforms (Fig. 12, green square) represents
a secondary loss among otomorphs, and consequently, this
character stands as a synapomorphy of otomorphs, a hypothe-
sis that is supported by parsimony optimization.

Additional cartilage attached to ceratobranchial 5.
The finding of an additional cartilage attached to ceratobran-
chial 5 (Nelson, 1967) was important for separating fishes
with a branchial pouch. The additional cartilage is charac-
teristic of the crumenal organ present in alepocephalids and
argentinoids (Greenwood, Rosen, 1971; Johnson, Patterson,
1996), whereas this cartilage is absent in the epibranchial or-
gan found in gonorynchiforms with different cartilages (Fig.

14b, c). Thus, the finding of a vestigial additional cartilage
attached to ceratobranchial 5 (Fig. 14a) in the clupeomorph
Denticeps clupeoides (de Pinna, Di Dario, 2010) is impor-
tant because it “provides circumstantial support for a pos-
sible relationship between Otocephala and argentinoid and
may indicate a vestigial remnant of an epibranchial organ
in Denticeps” (de Pinna, Di Dario, 2010:p. 251). It may be
argued that this new information may provide a circums-
tantial support of a vestigial crumenal organ in Denticeps
more than an epibranchial organ, because the cartilages in
gonorynchiforms, as illustrated in Figure 14b, c are not the
same as the vestigial cartilage associated with ceratobran-
chial 5 in Denticeps. This character is also present outside
the clade Otomorpha in Argentiniformes.

A survey of other osteological structures, cephalic sen-
sory canals, and pit lines did not provide further support for
the monophyly of otomorphs.

Conclusions

Considering that without exception recently published
molecular studies have indicated that the alepocephaliforms,
clupeiforms, and ostariophysans form a monophyletic as-
semblage, I have revisited this phylogenetic hypothesis from
a morphological point of view. This was based on the fact
that all synapomorphies previously cited for otocephalans
or ostarioclupeomorphs are mainly osteological (Lecointre,
Nelson, 1996; Arratia, 1997, 1999), except one (Fink, Fink,

lev

Fig. 14. Branchial arches and cartilages. a. Denticeps clupeoides illustrating a vestigial cartilage associated with ceratogran-
chial 5 (modified from de Pinna, Di Dario, 2010); b. epibranchials 4 and 5 in left lateral view illustrating the cartilaginous
epibranchial 5 in a young specimen of Chanos chanos (modified from Johnson, Patterson, 1997); c. ceratobranchial 5 and
cartilaginous epibranchial 5 in dorsal view in a large specimen of Chanos chanos of 490 mm SL (KU:KUI 40365). Arrow
point to an elastic fiber membrane supporting branchial lamellae. ac = additional cartilage; bb2-4 = basibranchials 2-4; cb4,5
= ceratobranchials 4,5; c.eb5, cartilaginous epibranchial Seb4 = epibranchial 4gr = gill rakers; lev = levator process; pb4 =
pharyngobranchial 4; tp = tooth plate. Note the reduction in size of the cartilaginous epibranchial 5 in Chanos chanos.
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1996). Thus, a study of alepocephaliform osteology, sensory
canals and pit lines was executed for comparisons among
the three groups. Among otomorphs, alepocephaliforms are
characterized by the loss of several structures and at least
four of them concern characters previously proposed for
otocephalans. The results show that the potential characters
supporting the monophyly of Otomorpha are homoplastic:

1. The fusion of hemal arches and centra anterior to preu-
ral centrum 2 in juvenile and adult individuals is a synapo-
morphy of Otomorpha (Fig. 12, red triangle), although this
fusion also occurs in a few unrelated euteleosts (e.g., sto-
miatiforms and myctophiforms). Under current knowledge,
this is an unambiguous synapomorphy supporting the clade.

2. A fusion of ural centrum 2 [polyural terminology] with
the base of hypural 2 is present in clupeomorphs, cyprini-
forms, characiforms, and siluriforms. The highly modified
caudal skeleton of gymnotiforms may include reduction and
fusion of all its endoskeletal structures. Most gonorynchifor-
ms have unfused elements, as do alepocephaliforms. The fu-
sion between hypural 2 and ural centrum 2 is unique to these
fishes among the crown Teleostei (Fig. 12, black stars) and
its absence among primitive otomorphs (alepocephaliforms
and most gonorynchiforms) is ambiguous.

3. The (medial) extrascapula and parietal bone are fused
so that the supratemporal canal extends into the medial ex-
trascapula or in both the medial extrascapula and supraocci-
pital. This character is not present in alepocephaliforms due
to the absence of well-defined extrascapular bones and a su-
pratemporal canal (Fig. 13f, g). According to the distribution
of this character among teleosts, this loss in alepocephalifor-
ms (Fig. 12, yellow circle) is best interpreted as a secondary
loss, and consequently, the character may still be interpreted
as an otomorph synapomorphy.

4. A silvery area associated with the gas bladder is pre-
sent in clupeomorphs and ostariophysans (Fink, Fink, 1996;
Wiley, Johnson, 2010) among teleosts. In contrast, alepo-
cephaliforms do not share this character, because they do not
have a gas bladder, which is considered a synapomorphy of
the group. According to the occurrence of this character in
otomorphs (Fig. 12, green square) among teleosts, this loss in
alepocephaliforms is interpreted as a secondary loss and the
character still can be considered an otomorph synapomorphy.

Consequently, all characters proposed as synapomor-
phies of Otomorpha are homoplastic, which is a common
condition of many characters supporting different teleoste-
an nodes among the crown Teleostei. This is especially the
case in phylogenetic studies including large numbers of taxa
where losses or reversals at different levels change interpre-
tations of characters, e.g., from those previously interpreted
as uniquely derived to homoplastic.

A survey of the literature reveals that most (or all?)
phylogenetic higher-level hypotheses of teleostean intra-
relationships are heavily based on osteological characters,
including sensory canals. Despite the great efforts spent by
teleostean researchers to understand osteological characters,

¢180079[18]

numerous cases remain unclear, especially those concerning
interpretations of homologous characters of the caudal fin.
See above for information concerning the so-called uroneu-
ral 1 in argentinoids, alepocephaliforms, and ostariophysans
(Figs. 7, 9, 10, 11) or the so-called compound centrum in
some argentinoids, clupeomorphs, ostariophysans (Figs. 7,
9). Although knowledge on branchial arches has increased
during recent years, more effort should be spent on investi-
gations concerning branchial arches, and their cartilages and
muscles, especially within the large diversity of otomorphs
and closely related clades. In the particular case of otomor-
phs, it is suggested that future researchers explore other
anatomical structures outside osteology such as muscles and
ligaments, and soft anatomical complexes, such as the ner-
vous, circulatory, or digestive systems.

Finally, I would like to call the attention to the fact that
among otomorphs there are three main groups characterized
by numerous autapomorphies: Denticipitidae, Alepocepha-
liformes, and Gymnotiformes. The three taxa share being
the youngest clades in Otomorpha, which has a long fossil
history of at least 145 Ma. Among otomorphs, the youngest
ones seem to be the gymnotiforms, with their oldest record
being from the upper Miocene (about 23 Ma; Gayet, Meu-
nier, 1991) and the alepocephaliforms, with the oldest fossil
record of about 30-23 Ma. Has the late origin of these taxa
some bearing on their uniqueness that poses difficulties in
the interpretation of characters?

Material Studied. In addition to the otomorph species, the ma-
terial listed below also includes other teleosts used in comparisons.
The specimens are listed following a taxonomic arrangement and
ordered alphabetically within each taxon. Extinct taxa are identi-
fied with the sign “1’; cl&st = cleared and double stained specimens
for cartilage and bone; skl = dry skeleton.

Neopterygi; Teleosteomorpha

Teleostei (apomorphy-based group)

tPholidophoriformes. tPholidophoridae: tAnnaichthys pon-
tegiurinensis: MCSNB 11282a, b, ¢ (holotype); MCSNB 11282d;
and MCSNB 11283. tKnerichthys bronni: GBA 1866/004/0009 (ho-
lotype). Innsb. 6b, 6¢; GBA 2006/096/0024); GBA 2006/098/0150;
and GBA 2006/087/0055. fLombardichthys gervasuttii (= 1Pho-
lidophorus gervasuttii): MCSNB 4723a-c (holotype); MCSNB
3462d; MCSNB 4300a-c; MCSNB 4301a-d; MCSNB 4302a-b;
MCSNB 4303a-d; MCSNB 4304a-d; MCSNB 4305; MCSNB
4306a-b (no 3406a-b in Arratia, 2013); MCSNB 4308; MCSNB
4309; MCSNB 4310a-g; MCSNB 4311; MCSNB 4312; MCS-
NB 4313; MCSNB 4317a-c; MCSNB 4318a; MCSNB 4329a-b;
MCSNB 4330; MCSNB 4334; MCSNB 4340; MCSNB 4345a-b;
MCSNB 4346a-d; MCSNB 4416; MCSNB 4418; MCNB 4425;
MCSNB 4438; MCSNB 4453; MCSNB 4455; MCSNB 4469a-b;
MCSNB 4470a-b; MCSNB 4473; MCSNB 4708c; MCSNB 4710;
and MCSNB 4726a-b. tParapholidophorus nybelini: MCSNB
3013 (holotype); MCSNB 431; MCSNB 2889 to MCSNB 2897,
MCSNB 2898; MCSNB 2900; MCSNB 2920; MCSNB 2938;
MCSNB 2959; MCSNB 2962; MCSNB 2963; MCSNB 2966;
MCSNB 2978; MCSNB 2982; MCSNB 2985; MCSNB 2992;
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MCSNB 3001; MCSNB 3005; MCSNB 3072; MCSNB 3090;
MCSNB 3213; MCSNB 3011; and MCSNB 4797g. tParapholi-
dophorus caffii: MCSNB 563 (holotype). tPholidoctenus serianus:
MCSNB 3067 (holotype); MCSNB 2875 to 2877, MCSNB 3012;
MCSNB 3034 to 3063; MCSNB 3064a-m; MCSNB 3065; 3066;
3068 to 3070; MCSNB 3095; MCSNB 3097 to 3090; MCSNB
3312 to 3315; MCSNB 3357; and MCSNB 3373 to 3378. {Pho-
lidophoretes salvus: NHMW 2007z170/0293a and b (holotype);
NHMW 2007z0170/0094; NHMW 2007z0170/0095; NHMW
2007z0170/0296 to NHMW 2007z0170/0339). Pholidophorus la-
tiusculus: Innsb. F123 (neotypus); Innsb. 6b, 6¢; Innsb. 27a; Innsb.
126b; Innsb. 128a; Innsb. 128b (belonging to two different speci-
mens); GBA 2006/096/0024; and NHMUK P1063. +Pholidorhyn-
chodon malzanii: MCSNB 3385 (holotype); MCSNB 3161; MCS-
NB 3164; MCSNB 3243; MCSNB 3244; MCSNB 3274; MCSNB
3276; MCSNB 3281; MCSNB 3284; MCSNB 3285; MCSNB
3286; MCSNB 3287; MCSNB 3353; MCSNB 3381; MCSNB
3386; MCSNB 3285; MCSNB 3286; MCSNB 3392; MCSNB
3848; MCSNB 3859; MCSNB 3862; MCSNB 3887; and MCS-
NB 3914. tZambellichthys bergamensis: MCSNB 4446 (holo-
type); MCSNB 4332b. tEurycormidae: |Eurycormus speciosus:
BSPG AS V510 and BSPG 1960 XVIII 106; IME SOS 2339; JME
SOS 2341; JME 3004; and JME 4615. SMNS 80144/37, SMNS
87316/3; SMNS 87848/21; SMNS 88987/3; SMNS 95445/11;
SMNS 95445/12.

tDorsetichthyiformes. {Dorsetichthys (= Pholidophorus)
bechei: FMNH 2137. MB £.3504 and MB £.19219. SMNS P 944.
MCZ 9873; MCZ 6301; and MCZ 12056.

TLeptolepidiformes. tLeptolepis coryphaenoides: SMNS
87381; SMNS 87382; and SMNS 87383 (these three specimens
are originals from Bonn, 1830). BGHan 1931-4; BGHan 1956-8;
BGHan 1957-2; BGHan 1957-5; and BGHan 1960 (acid-prepared
specimens). GOE uncatalogued, many articulated and disarticula-
ted specimens. Many disarticulated bones prepared for SEM.

tAscalaboidiformes. {Ascalabos voithii: IME SOS 537 (neo-
type). CBM 9491. CMMH 9491. JME 537; JME SOS 1961/122;
JME SOS 2362; JME SOS 2363 JME SOS 2364; JME SOS 2365;
JME SOS 2458; JME SOS 2483; JME SOS 2496; IME SOS 2497,
JME SOS 2886 (peels of scales); and many other specimens de-
posited at the JME. NHM 3672; NHM 3673a; NHM 37062; and
NHM 37080. SHL, collection of H. Leich (Bochum, Germany)
currently deposited in Tierpark und Fossilium Bochum (Bochum).
SMNH P5683. {Ebertichthys ettlingensis: JME ETT 108a and
108b (holotype); IME ETT 11; IME ETT 24; JME ETT 60; JIME
ETT 61; IME ETT 64a; JME ETT 132a, b; JME ETT 148; and
JME ETT 847a. {Tharsis dubius: BSPG 1964 XXIII 280; CBM
4845. FMNH 25076; and FMNH 25124. JME, many specimens
from different localities.

TCrossognathiformes. tBavarichthys incognitus: JME SOS
4934a/b. tChongichthys dentatus: LBUCH 021778a-b and LBU-
CH 15-010277a-b. T Domeykos profetaensis: LBUCH 12-260972a-
b and LBUCH 01277-13a-3b. fProtoclupea atacamensis: LBUCH
1-250277a. tProtoclupea chilensis: R-396a, R396b and LBUCH
190179a-b. flarasichthys ariasi: LBUCH 16-260972a-b; LBU-
CH 012378a; LBUCH 020778a; and LBUCH 020778b. And many
other specimens of fVarasichthys.

tIchthyodectiformes. {Allothrissops mesogaster: FMNH-PF
UC 2021 and FMNH-PF UC 2082; JME SOS 1941/17a; SMNH P
976; SMNH P 2925; and SMNH P 7733. fPachythrissops propte-
rus: BSPG 1986 XXIII 154; JIME SOS 741; MB. f. 3505. 1 Thris-
sops cf. TT. formosus: IME SOS 3024. | Thrissops subovatus: IME
SOS 1953/14a. §Thrissops cf. T. subovatus: JIME SOS 2557.

Elopocephala or Teleocephala (or crown-group Teleostei)

Elopomorpha

Elopiformes. fAnaethalion angustus: JME SOS 2271; IME
SOS 2259; JME SOS 2260; JME SOS 2261a; and JME SOS
2261b. tAnaethalion angustissimus: JME SOS 2271; GPIT/
0S/891; GPIT/OS/1074/1; GPIT/OS/1074/2; and GPIT/OS/Y
1930. tAnaethalion knorri: JIME SOS 2267a-b; JME SOS 2270;
and JME SOS 2282. Elops affinis: SIO 69-167, 1 cl&st, 121 mm
SL. UCLA W 50-29, 4 cl&st., 121.3, 128.4, 157.0, and 165.0 mm
SL. Elops hawaiensis: CAS(SU) 35105, partially disarticulated skl,
braincase of about 90 mm length; OS 5105, 2 cl&st leptocepha-
lous larvae, 26.7 and 32.5 mm SL. Elops saurus: ANSP 147401,
2 cl&st, 97.8 and 99.1 mm SL; CAS(SU) 10847, skl, + 395 mm
SL; TCWC 0503.1, 5 cl&st, 24.0, 24.0, 26, 30.0, and 35.0 mm
SL; TCWC 0782.1, 3 cl&st., 35.7, 43, and 46.4 mm SL; TCWC
2452.2, 5 cl&st, 60.1,97.3, 107, 110.4 and 154 mm SL; UNC 82/8,
2 cl&st, 57 and 76 mm SL. TElopsomolos frickhingeri: JIME SOS
4393. tElopsomolos sp.. NMH 37048. Megalops atlanticus: UF
171286, 5 cl&st, 26.3,27.8,29.1, 29.8, 40.5 mm SL; UF 208605, 5
cl&st, 25.5, 31, 32.7, 41.1, and 44.5 mm SL; UF 208780, 3 cl&st,
85, 90.4, and 122.5 mm SL. Megalops cyprinoides: CAS 145216,
2 cl&st, 17.5 mm and 34.5 mm SL.

Albuliformes. Albula vulpes: AMNH 56840, skl, + 292 mm
SL; AMNH 56743, skl, = 300 mm SL; and AMNH 56878, skl, =
305 mm SL; UCLA W58-96, 2 cl&st, 195 and 220 mm SL. UCLA
W49-122, 5 cl&st, 46.7, 54.6, 63.5, 72.7, and 88.8 mm SL; UCLA
W 49-122, 4 cl&st leptocephalous larvae.

Anguilliformes. Anguilla rostrata: KU:KUI 5029, 6 cl&st, 50,
50.4, 53.8, 55, 82.5, and 103.0 mm SL.

Osteoglocephala or Osteoglossocephalai

Osteoglossomorpha: fLycopteriformes. fLycopteridae: Ly-
coptera davidi: LACM 4959-122316 and LACM 4959-122317.
SMNH P 6553. fLycoptera cf. L. sinensis: FMNH 1291a and
FMNH 1291b.

Hiodontiformes. Hiodon alosoides: JFBM 43312, 1 skl, + 400
mm SL; JFBM 43306, 1 skl, =380 mm SL; KU:KUI 7618, 7 cl&st,
from 22.0 to 56.0 mm SL; KU:KUI 9618, 7 cl&st, from 22 to 55
mm SL; KU:KUI uncat. 3 cl&st, 68, 70, and 72 mm SL; KU:KUI
9661, 2 cl&st, 59 and 67 mm SL; KU:KUI 13993, 2 cl&st, 200 and
305 mm SL. Hiodon tergisus: KU:KUI 9662, 3 cl&st, 48.6, 51.8,
and 55.7 mm SL.

Osteoglossiformes. Osteoglossum ferreirai: KU:KUI 22650, 1
cl&st, 52.3 mm SL. Pantodon buchholzi: KU:KUI 22651, 1 cl&st,
50.0 mm SL.

Clupeocephala

Otomorpha

Clupeiformes. Alosa chrysochloris: KU:KUI 9634, 2 cl&st,
43.7 and 54.3 mm SL. Anchoa mitchilli: KUI 7494, 2 cl&st, di-
sarticulated specimens; KU:KUI 17183, 2 cl&st, disarticulated
specimens. Brevoortia patronus: KU:KUI 15113, 5 cl&st, disar-
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ticulated specimens. Coilia nasus: KU:KUI 40362, 33 cl&st (15
larvae between 10.2 and 22.7 mm SL; 9 between 16.6 and 30.1 mm
SL; 9 specimens between 63.5 and 103.1 SL). Dorosoma cepedia-
num: KU:KUI 12100, 3 cl&st, 30.5, 67, and 71.6 mm SL; KU:KUI
16167, 1 cl&st, 46.9 mm SL; KU:KUI 21801, 169 cl&st (100 sps.
from 8§ mm notochordal length (NL) to 15 mm SL and 69 sps.
from 13.9 to 29.5 mm SL). Dorosoma petenense: KU:KUI 9594,
2 cl&st, 27.3 and 34.5 mm SL. Engraulis encrasicolus: KU:KUI
19941, 8 cl&st, 25 to 50 mm SL. Engraulis ringens: KU:KUI
19347, 10 cl&st, disarticulated specimens. Ethmidium maculatum:
KU:KUI 19349, 2 cl&st, disarticulated large specimens. Jenkinsia
lamprotaenia: KU:KUI 40364, 10 cl&st, from 34.5 to 49.1 mm
SL. Lile stolifera: KU:KUI 5411, 3 cl&st, 29.5, 45.6, and 52.2 mm
SL; UCLA 58-307, 3 cl&st, 71.7, 80, and 88.1 mm SL. Sardinops
sagax: KU:KUI 19345, 6 cl&st larvae, 14 to 19 mm Sl, and 4 cl&st
disarticulated large specimens. Denticipitidae: Denticeps clupeoi-
des: MRAC M.T. 76-32-P-4915-932, 1 cl&st, 29.1 mm SL; MRAC
M.T. 76-44-P-7, 1 cl&st, 18.5 mm SL.

Alepocephaliformes. Alepocephalus agassizii: VIMS 6606, 1
cl&st, 100.9 mm SL. Alepocephalus tenebrosus: SIO 91-80, 124
and 154 mm SL; UW 042217 #3, 3 cl&st, 87.7, 119.0 and 150.0
mm SL; UW 042217 #4, 1 cl&st, 363.0 mm SL. Bathylaco nigri-
cans: SI0 91-19, 1 cl&st partially disarticulated; SIO 64-15-8,
1cl&st partially disarticulated. Bajacalifornia burragei: SIO 53-
235, 2 cl&st, 91.7 and 79.6 mm SL; SIO 69-489, 1 cl&st, 133.7
mm SL. Bathytroctes microlepis, 1 cl&st, 61.3 mm SL. Holtbyrnia
latifrons: SIO 71-112, 1 cl&st, 59.6 mm SL. Mirorictus caningi:
SIO 66-20, 1 cl&st, 91.5 mm SL. Mirorictus taaning: SIO 82-85,
97.8 mm SL. Paraholtbyrnia cyanocephala, S1I0 077, 1 cl&st,
126.4 mm SL. Pellisolus eubranchus: S1IO 60-287, 1 cl&st, 93 mm
SL. Photostylus pycnopterus: VIMS 15368, 1 cl&st, 49.9 mm SL.
Sagamichthys abei: SIO 66-468, 1 cl&st partially disarticulated.
Searsia koefoedi: S10 77-38, 1 cl&st, 115.9 mm SL; SIO 77-53, 1
cl&st, 117.9 mm SL. Searsioides multispinus: SIO077-21, 1 cl&st,
aprox. 100 mm SL. Talismania aphos: S10 72-141, 1 cl&st, 103.8
mm SL. Talismania bifurcata: KUI 41394, 1 cl&st, 16.7 mm SL;
KUT 41395, 1 cl&st, 28.2 mm SL; SIO 56-68, 4 cl&st, 18.9, 23.2,
25.8 and 30.6; SIO 64-1027, 2 cl&st, 67.4 and 71.4 mm SL. Xeno-
dermichthys copei: VIMS 3550, 1 cl&st, 82.1 mm SL.

Ostariophysi incertae sedis. Tischlingerichthys viohli: IME
Moe 8.

Ostariophysi

Gonorynchiformes. Chanos chanos: CAS(SU) 35075, 1 skl, di-
sarticulated, braincase of 148 mm length; KUI 39848 to 38796, day-
-to-day series of about 200 specimens from about 4 mm to 10 mm
notochordal length and from 7.0 to 83.5 mm SL; KU:KUI 40365, 4
skl, 370.0 and 376.0 mm SL and 4 cl&st, 150.0, 180.0, 330.0, and
400.0 mm SL; SIO 80-199, 7 cl&st, from 16.1 to 44.5 mm SL. Go-
norynchus abbreviatus: CAS 30993, 1 cl&st, 150.0 mm SL.

Cypriniformes. Aspius aspius: ROM 52742, 4 cl&st, 26.7,
35.8, 51.8, and 59.8 mm SL. Barbatula barbatula: ROM 49713,
5 cl&st, 49.8, 60.9, 64.1, 66, and 75 mm SL. Carpiodes carpio:
KU:KUI 21807, 24 cl&st, 13.3 to 42.3 mm SL. Carpiodes mi-
crostomus: FMNH 35171, 4 cl&st, 34.8, 38.8, 40.5, and 45.7 mm
SL. Catostomus commersoni: JFBM 11495, 7 cl&st, from 22.3 to
31.0 mm SL; JFBM 41727, skl, £ 278.0 mm SL; KUI 38655, +100
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cl&st, between 12.0 to 21.3 mm SL; KUI 40245, day-to-day on-
togenetic series of about 100 specimens, between 6 and 27.9 mm
SL. Cobitis lutheri: KUI 38976, 2 cl&st, 55.6 and 81.5 mm SL.
Cycleptus elongatus: KUI 40695, 1 cl&st, 148 mm SL; KU:KUI
uncat. 6 cl&st, 12.5, 13, 20.2, 20.3, 20.7, 20.8 mm SL. Cyprinus
carpio: FMNH 42392, 1 cl&st, 85.5 mm SL; KUI 3739, 1 cl&st,
80.0 mm SL; JFBM, skl, + 354.0 mm SL. Danio rerio: KU:KUI
uncat., 17 cl&st, 4.8, 5.3, 5.4, 5.5, 5.7, 5.8, 6, 6.6, and 6.8 mm
SL. Hemiculter leucisculus: MCZ 32394, 2 cl&st, 90.8 and 97.2
mm SL. Labeo batesii: USNM 303704, 4 cl&st, 89.7, 95, 195.5,
and 197.4 mm SL. Lepidomeda mollispinus: KU:KUI 11768, 20
cl&st, from 54.8 to 68.7 mm SL. Luxilus zonatus: KU:KUI uncat.,
11 cl&st, 9,9.7,10.1, 10.3, 11, 18.2, 14, and 24.7 mm SL. Misgur-
nus anguillicaudatus: FMNH 57343, 5 cl&st, 47.0, 50.1, 50.7, 53,
and 80.5 mm SL; KUNHM 21447, 2 cl&st, 96.2 and 100.3 mm SL.
Notropis atherinoides: FMNH 72149, 20 cl&st, from 20.2 to 55.5
mm SL. Opsariichthys bidens: CAS(SU) 32512, 2 cl&st, 81.9 and
117.6 mm SL. Opsariichthys uncirostris: KU:KUI 21448, 4 cl&st,
25.0, 29.6, 36.6, and 70.4 mm SL. Parabramis pekinensis: USNM
86494, 5 cl&st, 49.0, 50.5, 54.7, 58.5, and 59.1 mm SL. Sabane-
jewia balcanica: FMNH 63814, 3 cl&st, 33.9, 36.8, and 58 mm
SL. Semotilus atromaculatus: KUI 12594, 5 cl&st, 39.0, 41.0, 42.0,
42.0, 45.0, and 47.0 mm SL. Squaliobarbus curriculus: AMNH
10890, 2 cl&st, 112.6 and 136.0 mm SL. Only a few cypriniforms
are listed here from more than 150 species with cl&st specimens
included in the Tree of Life of Cypriniformes.

Characiformes. Astyanax sp.: KUI 20099, 6 cl&st, 18.8 to
19.9 mm SL. Brycon argenteus, KUI 10543, 3 spec. Cheirodon
pisciculus: LBUCH uncat., 30 cl&st, 20.0 to 55.0 mm SL. Ho-
plias malabaricus KU:KUI 13636, 3 cl&st, partially disarticulated;
KU:KUI 13646, 2 cl&st, partially disarticulated. Xenocharax spi-
lurus: CAS(SU) 15639, 2 cl&st, 74.7 and 92 mm SL.

Siluriformes. Diplomystes nahuelbutaensis: MNHN-Stg un-
cat., 4 cl&st, 150.0 to 180.0 mm SL. Diplomystes viedmensis:
FMNH 58004, 2 cl&st, 80.5 and 91.7 mm SL. See Arratia, Que-
zada-Romegialli (2017) for a list of diplomystids. Noturus exilis:
KU:KUI 17229a, 10 cl&st larvae, from 10.0 to 12.0 mm SL. And
many specimens belonging to Nematogenyidae, Loricariidae, Pi-
melodidae, and Trichomycteridae. See Arratia (1987, 1992, 1998).
Arratia, Gayet (1995), and Arratia. Huaquin (1995) for lists of tho-
se catfishes and others.

Gymnotiformes. Gymnotus carapo: KU-KUI 13793, 9 cl&st.
Gymnotus cylindricus: KU:KUI 1869, 2 cl&st. Brachyhypopo-
mus brevirostris: KU:KUI 13800, 7 cl&st. Hypopygus lepturus,
KU:KUI 20127, 1 cl&st.

Euteleostei

Esociformes. Esox americanus: KU:KUI 5227, caudal skele-
ton only, cl&st; KU:KUI 17864, 4 cl&st, 82.7, 89.5, 112.0, and
123.0 mm SL. Esox lucius: KU:KUI 19092, disarticulated skull,
lower jaw 120.0 mm length, and caudal skeleton.

Salmoniformes. {Erichalcis arcta: UALVP 8598; UALVP
8602; UALVP 8606; and UALVP 8612. 1Humbertia sp.. DMNH
2518-1. fLeptolepides haertesi: IME SOS 2473; JME SOS 2474;
and JME SOS 2554. ftLeptolepides sprattiformis: FMNH-PF
10984 and FMNH-PF 10986; JME SOS 2956; KUVP 60722 and
KUVP 96128; SMNH P 1891; SMNS P 1894; SMNS 55106; and
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SMNS 55928. {Orthogonikleithrus hoelli: IME ETT 2301; JME
ETT 2632; JME ETT 3954; JME ETT 3955; and JME ETT 3956.
TOrthogonikleithrus leichi: JME SOS 2301 and JME SOS 2632.
TOrthogonikleithrus sp.: JIME ETT 30 and JME ETT 216. On-
corhynchus mykiss: KUNHM 12463, 7 cl&st, from 28.0 to 43.0
mm SL; KU:KUI 21936, 20 cl&st, 290.0 to 300.0 mm SL; OS un-
cat., day-to-day ontogenetic series of about 200.0 cl&st, from 13.0
mm NL to 73.0 mm SL. Prosopium cylindraceum: KU:KUI 15417,
2 cl&st, 300.0 and 310.0 mm SL. Prosopium williamsoni: KU:KUI
11817, 13 cl&st, 12 larvae between 20.0 and 33.6 mm SL and 1
specimen of 230.0 mm SL. Thymallus arcticus: KU:KUI 15419,
3 cl&st, 151.0, 166.0, and 177.0 mm SL. Umbra limi: KU:KUI
10370, 6 cl&st, 22.5,26.3, 27, 27.8, 52.0, and 54.4 mm SL.

Argentiniformes. Argentina sialis: SIO 66-4, 3 cl&st, 119,
121.2 and 144.2 mm SL; SIO CR 5208, 4 cl&st, 3 larvae of 9.0 to
14 mm NL, and 1 specimen of 13.5 mm SL.
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