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A new genus and species of redfieldiiform fish, Hiascoactinus boryeongensis gen. et sp. nov., is described based on
a nearly complete specimen from the Upper Triassic Amisan Formation of South Korea. Hiascoactinus is distin-
guished from other redfieldiiforms by having a barely ornamented dermal skull surface except for the snout re-
gion, two heteromorphic suborbitals arranged vertically behind the postorbital, a pistol-shaped suprascapular,
and dorsal and anal fins with divided fin membranes between rays. The morphological features of the snout re-
gion and dorsal and anal fins of Hiascoactinus provide important clues to understand its feeding and swimming
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behavior. All previously proposed Asian redfieldiiform fossils are inaccurately classified, and consequently,

Keywords: Hiascoactinus is regarded as the only valid redfieldiiform taxon in Asia. Hiascoactinus is assigned to the basal
Redfieldiiformes group of redfieldiiforms primarily based on the presence of an antopercle. The basal phylogenetic position of
Paleobiogeography Hiascoactinus indicates that basal redfieldiiforms dispersed from the southern Gondwanaland to the easternmost
Late Triassic

Laurasia through the terrestrial water system, and these two landmasses were connected during the Late Triassic.

Amisan Formation
South Korea
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1. Introduction

A variety of actinopterygian fossils have been found in the Mesozoic
and Cenozoic deposits of South Korea. Despite abundant fossil materials,
however, only a few were reported in research articles. Most of the
Mesozoic specimens were collected from the Lower Cretaceous Jinju
Formation, and are all freshwater fish taxa, including teleosteans
(Osteoglossiformes, Elopiformes, Albuliformes, and Ichthyodectiformes)
and holosteans (Lepisosteiformes and Amiiformes) (Kim et al., 2014;
Yabumoto and Yang, 2000; Yabumoto et al., 2006). Specimens from the
Cenozoic deposits were collected from the Lower Miocene Bukpyeong
Formation and the Middle Miocene Duho Formation. Abundant isolated
pharyngeal teeth of cypriniforms were reported from the terrestrial
Bukpyeong Formation (Lee, 2004; Lee et al., 2003). Although many ma-
rine fish fossils have been collected from the Duho Formation, no scien-
tific documentation has been made thus far except for a single taxon of
Pleuronectiformes and a perciform species, Zaprora koreana (Ko, 2016;
Ko and Nam, 2016; Nam and Nazarkin, 2018).
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Redfieldiiformes is an extinct clade of actinopterygians. Since its first
discovery in a red sandstone layer of Connecticut River Valley, North
America (Redfield, 1837), seventeen genera of redfieldiiforms have
been reported from the Lower Triassic to Lower Jurassic terrestrial de-
posits of many continents including Australia, Africa, North America,
and South America. There are also putative redfieldiiform taxa in Europe
(Dzik and Sulej, 2007; Schaeffer and McDonald, 1978), but confirmation
has not been made. The phylogenetic position of redfieldiiforms is still un-
clear although some studies suggest that they are basal actinopterygians
(Gardiner and Schaeffer, 1989; Mickle, 2015; Poplin and Dutheil, 2005).
Nevertheless, Redfieidiiformes represents a monophyletic group based
on a number of diagnostic features such as a fusiform body covered
with ganoid scales, a hatchet-shaped preopercle, a single plate-like
branchiostegal ray, caudally positioned dorsal and anal fins, the fin rays
of dorsal and anal fins exceeding the number of radials, and a hemi-
heterocercal caudal fin (Schaeffer, 1984).

Here we report for the first time on a well-preserved actinopterygian
fossil from the Upper Triassic Amisan Formation of South Korea. It has
many diagnostic anatomical features of the clade Redfieldiiformes but
morphologically differs from other redfieldiiform taxa, representing a
new taxon which is named as Hiascoactinus boryeongensis gen. et sp.
nov. The holotype of H. boryeongensis is described, and its paleontolog-
ical and paleobiogeographic importance is discussed herein. This is the
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first fossil record of a redfieldiiform fish from the Korean Peninsula and
possibly from Asia.

2. Geological setting

The Amisan Formation occurs in the lower part of the Nampo Group
of the Chungnam Basin (Fig. 1). It overlies the Hajo Formation, which is
composed mainly of conglomerates and is underlined by the Jogyeri
Formation, which is composed of feldspar breccias and conglomerates
(Suh et al., 1984). The Amisan Formation is up to 1000 m thick (Yang,
1999) and subdivided into three members. The lowest member shows
a fining-upward sandstone-shale succession, and an alluvial fan envi-
ronment was involved during the formation. The middle and upper
members show coarsening-upward sandstone-dominated deposits
from a fluvial-dominated lacustrine-delta environment (Egawa and
Lee, 2009). A variety of fossils were discovered from the Amisan Forma-
tion, which includes abundant fossil plants (Kim, 1976; Kim, 1990,
2001, 2010, 2013; Kim et al., 2002; Kim and Roh, 2008; Kimura and
Kim, 1984), bivalves (Kim et al., 2015), conchostracans (Kim and Lee,
2015), and insects (Nam and Kim, 2014; Nam et al., 2017). Some fossil
fishes were also collected from this formation, but none of them has
been studied scientifically. The Dictyophyllum-Clathropteris floral as-
semblage reported from the Nampo Group (including the Amisan

Formation) indicates that the paleoenvironment of this area was a trop-
ical to subtropical climate near the equator (Kimura and Kim, 1984). The
paleomagnetic study supports this paleobotanical interpretation (Kim
and Kim, 1998). The depositional age of the Amisan Formation was sug-
gested as Late Triassic to Early Jurassic based on the Dictyophyllum-
Clathropteris floral assemblage (Kimura and Kim, 1984). Conchostracan
fossils suggest that a minimum depositional age is up to the Late Triassic
(Kim and Lee, 2015).

3. Systematic paleontology

Osteichthyes Huxley, 1880

Actinopterygii Cope, 1887
Redfieldiiformes Berg, 1940

Hiascoactinus boryeongensis gen.et sp. nov.

3.1. Etymology

The generic name is derived from the Latin “hiasco” (divided) and the
Greek “aktis” (ray), reference to the unique fin membrane of the dorsal
and anal fins of the type specimen. The species epithet, “boryeongensis”,
refers to its type locality “Boryeong” City of South Korea.
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Fig. 1. Geological map of Boryeong area and the locality where the specimen was discovered.

Modified from Yang, 1999.
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3.2. Holotype

KIGAM 9A56, an almost complete specimen lacking the ventral re-
gion of the dermal skull elements, anterior abdominal region and the
distal portion of a caudal fin (Fig. 2). The specimen is deposited at the
Geological Museum of Korea Institute of Geoscience and Mineral Re-
sources (KIGAM), Daejeon, South Korea.

3.3. Type locality and horizon

Amisan Formation, Upper Triassic, Punggye-ri, Misan-myeon,
Boryeong City, South Chungcheong Province, South Korea (Fig. 1).

3.4. Diagnosis

A redfieldiiform fish with the following characteristics: snout
tubercles, opercular series broad and oblique, large antopercle,
smoothly curved anterodorsal margin of the maxilla, maxilla with-
out posteroventral process, inclined ridge and pointed process on
the caudal margin of the lateral line scales, well-developed anal fin

originating anterior to the dorsal fin and ending posterior to it, and
relatively fine segmented fin rays. Four autapomorphies are recog-
nized with a potential one: a barely ornamented dermal skull surface
except for the snout region, two suborbitals arranged vertically be-
hind the postorbital, a pistol-shaped suprascapular, and incom-
pletely closed fin membranes between rays of the dorsal and anal
fins (potential character).

3.5. Description

KIGAM 9A56 is a well-preserved redfieldiiform fish (Fig. 2). As it is
preserved on the shale surface as a fossil slab, only its right lateral side
is visible. The specimen is nearly complete except for missing portions
of its anteroventral region and distal caudal fin. The total length of the
preserved fossil is 138 mm, and the greatest depth is 36 mm. Besides,
some of its craniomandibular elements are also either missing or poorly
preserved, in part because of its cranium being distorted (Fig. 3). Never-
theless, many of the major cranial and postcranial elements are observ-
able although the vertebral column is entirely covered by scales.
However, the heavily damaged surface of the anterior half and the tail
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Fig. 2. Photograph, drawing, and reconstruction (by Cho Kwang Hyun) of the holotype specimen (KIGAM 9A56). Grey areas and dashed lines indicate broken portions and reconstructed

portions, respectively.
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region hinder the precise identification of several borders between indi-
vidual bones.

3.5.1. Snout

In redfieldiiforms, the snout region usually consists of the adnasal,
nasal, postrostral, rostral and ‘premaxilla’ (premaxillo-antorbital)
(Schaeffer, 1984). In KIGAM 9A56, however, the borders between each
component of the snout region and the exact location of the nostril are
not recognizable because this region is slightly covered by the matrix
(Fig. 3). Nevertheless, the general profile of the snout tapers anteriorly
with a pointed tip as in other redfieldiiforms. The preserved snout
bones constitute the anterior margin of the orbit (Fig. 3). The overall sur-
face of snout bones is ornamented with randomly distributed large tuber-
cles which are also characteristic of other redfieldiiforms (Hutchinson,
1973; Schaeffer, 1984).

3.5.2. Skull roof

During fossilization, the cranium of KIGAM 9A56 was obliquely
compressed so that most of cranial elements on the right side is not vis-
ible (Fig. 3). Among the skull roof bones anterior to the suprascapular,
the parietal and postparietal are entirely missing while some bones
are partially preserved above the circumorbital bones, dermohyal, and
opercular bones. Although the exact shapes of these bones are not dis-
cernable, they are likely to be dermosphenotic, dermopterotic and
extrascapular based on the anatomy of other redfieldiiforms. The
suprascapular is distinct in morphology being pistol-shaped (Fig. 3). It
covers the entire dorsal margin of supracleithrum. Anteriorly, the
suprascapular has a small and dorsoventrally shallow arm that extends
to meet the extrascapular above the mid-length of opercle. The pre-
served skull roof bones of Hiascoactinus are unornamented (Fig. 3). It
makes Hiascoactinus distinguishable from other redfieldiiforms that
have ornamented skull roof bones with tubercles and rugae such as
Calaichthys, Redfieldius, and Lasalichthys (Gouiric-Cavalli et al., 2017;
Gibson, 2018; Schaeffer and McDonald, 1978).

3.5.3. Orbitals

The large orbit is oval and located anteriorly (Fig. 3). KIGAM 9A56
has a single postorbital, which forms the posterior margin of the orbit
(Fig. 3). The postorbital is quite broad and deep, and the posterior mar-
gin of postorbital contacts two suborbitals. The fairly large suborbitals
are vertically arranged and completely separate the anterior arm of
preopercle from the postorbital (Fig. 3). Two suborbitals are different
in shape from each other. The upper suborbital is trapezoidal and the
lower one is subrectangular with round edges. The presence of the ver-
tically arranged two suborbitals is one of the unique characters of
Hiascoactinus. Most of the redfieldiiforms have a single suborbital ex-
cept for Hiascoactinus, Redfieldius and Calaichthys that have multiple

suborbitals. However, Redfieldius has two horizontally arranged subor-
bitals between the postorbital and dermohyal above the preopercle.
Calaichthys has three small rectangular suborbitals with a vertical ar-
rangement (Gouiric-Cavalli et al., 2017; Schaeffer and McDonald, 1978).

3.5.4. Opercular region

The opercular series and dermohyal are unornamented and obliquely
arranged in general (Fig. 3). The hatchet-shaped preopercle has an ante-
rior arm which is nearly parallel to the long axis of the body and slightly
broadens anteriorly (Fig. 3). The “hatchet-shaped” preopercle is preva-
lent in redfieldiiforms and many Paleozoic palaeoniscoids (Mickle,
2013; Schaeffer, 1984). The preopercle also contacts two suborbitals an-
teriorly as a wedge between them. It also extends posteriorly to the level
of the anteroventral margin of subopercle and then, tapers towards its
posteroventral end.

The D-shaped antopercle is fairly large (Fig. 3). The antopercle is
also present in many other redifieldiiforms such as Atopocephala,
Schizurichthys, Ischnolepis, Brookvalia, Phlyctaenichthys and Helichthys
(Hutchinson, 1973; Schaeffer, 1984). However, the ratio of antopercle to
opercle in Hiascoactinus is the largest among redfieldiiforms. The rectan-
gular opercle is smaller than the subopercle (Fig. 3). The anterodorsal
margin of opercle is concave posteriorly due to the intrusion of
antopercle. The subopercle is rectangular and slightly curved ventrally
(Fig. 3). The surface of subopercle at the middle is laterally convex.

The large dermohyal is boomerang-shaped being strongly recurved
(Fig. 3). The anterior tip of dermohyal is dorsal to the posterior end of
upper suborbital completely covering the preopercle. This results in
the separation of the preopercle from the dermopterotic. This character
is also known in Helichthys and Lasalichthys (Gibson, 2018; Hutchinson,
1978; Schaeffer, 1967).

A single fragmentary branchiostegal ray is preserved (Fig. 3). It
is plate-like and located ventral to the subopercle and posterior to
the dentary. In other redfieldiiforms, only Daedalichthys has two
branchiostegal rays on each side which are vertically arranged,
and the rest have a single branchiostegal ray (Hutchinson, 1973;
Schaeffer, 1984). This is different from Paleozoic palaeoniscoids
which have numerous branchiostegal rays (Mickle, 2013). The upper
branchiostegal ray of Daedalichthys contacts the preopercle anteriorly,
and its anterior margin is above the posteroventral margin of preopercle.
In other taxa, the dorsal margin of a branchiostegal ray is leveled or
below the posteroventral margin of preopercle except for Dictyopyge
and Pacorichthys whose branchiostegal rays extend slightly above this
margin (Lombardo, 2013; Schaeffer and McDonald, 1978). However,
there is no redfieldiiform taxon with two branchiostegal rays, both of
which are below the level of preopercle. In this regard, it seems to be
reasonable to assume that Hiascoactinus has a single branchiostegal
ray on each side since the dorsal margin of branchiostegal ray does not

antop
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Fig. 3. Photograph and drawing of cranial elements of Hiascoactinus boryeongensis gen. et sp. nov. Grey areas and dash lines indicate broken portions and reconstructed portions,
respectively. Abbreviations: antop, antopercle; br, branchiostegal ray; cl, cleithrum; den, dentary; dhy, dermohyal; dpt, dermopterotic; dsph, dermosphenotic; ex, extrascapular; mx,
maxilla; op, opercle; po, postorbital; pop, preopercle; sc, suprascapular; scl, supracleithrum; sob, suborbital; sop, subopercle.
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dorsally extend to the posteroventral margin of preopercle in
Hiascoactinus.

3.5.5. Jaws

Due to poor preservation, only the posterior tip of dentary is pre-
served with the border of the maxilla with the preopercle although the
outline of maxilla is recognizable (Fig. 3). The maxilla is deep in the mid-
dle with a convex dorsal margin and smoothly tapers anteriorly and pos-
teriorly (Fig. 3). Anteriorly tapered maxillae with a smooth curve are
also known in other redfieldiiforms such as Calaichthys and Ischnolepis
(Gouiric-Cavalli et al., 2017; Hutchinson, 1973). However, the maxillae
of many redfieldiiforms have a distinct recession on the dorsal margin
where they contact with the circumorbital bones. Hiascoactinus lacks a
posteroventral process on its maxilla as in Atopocephala, Ischnolepis,
and Phlyctaenichthys (Schaeffer, 1984). On the other hand, Paleozoic
palaeoniscoids have prominent posteroventral processes on the maxil-
lae (Mickle, 2013). There are no teeth preserved on the maxilla or
dentary in KIGAM 9A56 (Fig. 3).

3.5.6. Pectoral girdle

The supracleithrum of Hiascoactinus is dorsoventrally deep and
bears a prominent sensory canal (Fig. 3). This sensory canal contacts
posteriorly with the first lateral line scale and runs obliquely upwards
to the anterodorsal edge of supracleithrum with a slight curve. Only
the upper portion of cleithrum is preserved. It is narrow and rod-
shaped. It also dorsally extends to a third of the length of subopercle.

3.5.7. Pelvic fin
The pelvic fin of Hiascoactinus is located at the mid-length of the
ventral margin of its body where it is deepest dorsoventrally (Fig. 4A).

The anterior portion of the pelvic fin is not preserved, but seven
lepidotrichia are preserved. They are very thin in comparison with the
rays of the dorsal or anal fin. All rays of the preserved pelvic fin are
evenly segmented and distally bifurcated. The branched regions of
rays are more finely segmented, and the posterior margin of a pelvic
fin has an uneven margin.

3.5.8. Dorsal and anal fins

The dorsal and anal fins of Hiascoactinus are well preserved with
clearly visible fin membranes (Fig. 4B-C). These fins are set back far pos-
teriorly on the dorsal and ventral margins of the body, respectively
(Fig. 2). The anterior and posterior ends of each of the two fins are not
completely aligned, and the dorsal fin is smaller than the anal one. The
lepidotrichia of dorsal and anal fins are finely segmented. Each segment
has a central ridge and tends to become shorter distally. The preserved
fin membranes of dorsal and anal fins are light brown in color, and do
not completely fill the gap between each principal ray and branched
ray. The membranes follow the contour of these rays, and since the pat-
tern of the notches is regular in shape, we consider this as a natural
character rather than a taphonomic one. The notches between principal
rays of anal fin deeply extend beyond the node of ray, but those of the
dorsal fin are obscured due to the overlapping of the fin membranes
of each principal ray. Judging from the finely segmented lepidotrichia
and segregated fin membrane of Hiascoactinus, it seems likely that this
taxon had highly flowing fins. Fin membranes have never been reported
in other redfieldiiforms before, but it is not certain whether they are
truly absent in these taxa. Due to completely covered scales, it is not
possible to confirm whether the number of lepidotrichia of dorsal and
anal fins is higher than that of radials.
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Fig. 4. Pelvic, dorsal and anal fins of the holotype specimen (KIGAM 9A56) of Hiascoactinus boryeongensis gen. et sp. nov. A, Photograph and drawing of the pelvic fin; B, Photograph and
drawing of the dorsal fin; C, Photograph and drawing of the anal fin. Grey areas and dash lines indicate broken portions and reconstructed portions, respectively. Note gap of divided fin
membranes between each principal ray and branched ray (marked by black arrows). Abbreviations: bfu, basal fulcra; ff, fringing fulcra; fm, fin membrane; tpr, tips of procurrent rays (grey

arrows).
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The dorsal fin originates above the 34th vertical scale row and is
right triangle-shaped with a nearly straight posterior margin (Fig. 4B).
It is comprised of five procurrent rays and 11 principal rays. Each
procurrent ray has a tip that looks similar to a fringing fulcrum. All prin-
cipal rays are bifurcated distally, and there is no central ridge on each
segment of the bifurcated portions of rays. Three basal fulcra precede
the procurrent rays. Posterior to the basal fulcra, there are well-
developed fringing fulcra with tips of procurrent rays along the anterior
margin of a dorsal fin.

The prominently large anal fin of Hiascoactinus originates below the
24th vertical scale row and is similar to that of Redfieldius in that they
have a relatively large-angled ventral edge and a nearly straight poste-
rior margin (Fig. 4C). In most of the other redfieldiiforms, however,
anal fins have a posterior margin which is either concave or perpendic-
ular to the longitudinal axis of their body (Brough, 1931; Hutchinson,
1973; Schaeffer, 1967). The base of the anal fin of Hiascoactinus is longer
than that of the dorsal fin, and it originates anterior to the dorsal fin and
ends posterior to this fin. The anal fin consists of four robust procurrent
rays and 29 principal rays. As in the dorsal fin, the anal fin has three
basal fulcra, a series of well-developed fringing fulcra with tips of
procurrent rays and distally bifurcated principal rays, but there is a
prominent central ridge on each segment of the branched portions of
principal rays.

3.5.9. Caudal fin

The hemi-heterocercal caudal fin has a posteriorly expanded scaly
dorsal lobe (Fig. 5). Most of the caudal fin, except for the base, is missing.
It forms an S-shaped border with the margin of caudal peduncle. Al-
though the shape of the caudal fin of Hiascoactinus is uncertain, it
could be assumed to be similar to caudal fins of other redfieldiiforms
that are generally forked and equilobate (Brough, 1931; Hutchinson,
1973; Schaeffer, 1967). The caudal fin has approximately 11 rays in
the epaxial position posterior to the basal fulcra whose number is un-
certain. The preserved rays are finely segmented, but the exact number
of lepidotrichia is not countable.

3.5.10. Squamation

The whole trunk of Hiascoactinus is covered with slightly thick gan-
oid scales (Fig. 6). As a whole, scales are rhomboid to parallelogram in
shape. The posterior margins of scales are straight except for those of
lateral line scales. The scales that are closer to the lateral line or skull
tend to be dorsoventrally deeper than others. The scales near the dorsal
midline are also relatively deep although they are not close to the lateral
line. The lateral line is covered with 50 scales, and they have an oblique
central ridge on the surface. On the posterior margin of each scale, a
prominent process is directed downward. It seems that the lateral line
canal, underlying the lateral line scales, is connected to the sensory
canal on the supracleithrum (Fig. 3). In general, the scales slightly over-
lap the anterior portion of the ones that are right posterior to them. The
anterior margin of the scales on a small region in the anterior flank has

an inconspicuous process which can be observed by their impressions
(Fig. 6). These peg-and-socket structures make tight articulations of
squamation by fitting into the grooves of the adjoining scales. There
are no scutes on any part of the body.

4. Discussion
4.1. Paleobiology of Hiascoactinus and other redfieldiiforms

The tubercular ornamentations are present on the snout region of
Hiascoactinus (Fig. 3). This feature is also known in Redfieldius, Helichthys,
Lasalichthys, Dictyopyge and Cionichthys (Gibson, 2018; Hutchinson, 1978;
Schaeffer, 1967; Schaeffer and McDonald, 1978). Schaeffer (1967) first
hypothesized that a well-developed fleshy upper lip was attached on
top of this structure. He further suggested that the redfieldiiforms with
snout ornamentations could scoop river or lake detritus by using the
upper lip as bottom feeders. However, since many modern fishes having
an upper lip are supported by unornamented premaxillae (Girgis, 1952;
Mousavi-Sabet and Eagderi, 2016), the presence of a fleshy lip cannot
be inferred by the presence of snout ornamentations. Moreover, modern
bottom feeders have specialized premaxillary and maxillary struc-
tures in such a way that their premaxillae slide forward as the
maxillae orient anteroventrally (Girgis, 1952), creating a tube-like
extension of the mouth during feeding. In redfieldiiforms, on the
other hand, premaxillo-antorbitals and maxillae are fixed to other
cranial elements so they were not capable of this kind of upper jaw
movement. Judging from the morphological profiles of premaxillo-
antorbital and maxilla, redfieldiiforms probably had a large gape
well-suited for overtaking prey. This is also supported by the pres-
ence of small pointed teeth along the jaw in many redfieldiiforms,
which is not appropriate for scooping sediments.

In some modern fishes (e.g., salmoniforms, gonorhynchiforms,
perciforms, and especially cypriniforms), similar well-developed
tubercles are present on the snout region as well as the entire
body. These breeding tubercles, also called nuptial tubercles, are
present on mature males, and usually more developed in males
than females. These tubercles enable the fish to maintain body con-
tact between individuals during spawning or are used to defend the
nest and territory. However, unlike odontodes, the breeding tuber-
cles consist of keratinized or non-keratinized epidermal cells. This
structure also begins developing before the spawning season, and
are shed or gradually shrunk in size after spawning (Wiley and
Collette, 1970). Morphologically, they are quite different from tuber-
cles of redfieldiiforms, but it is not certain whether the snout tubercles
of redfieldiiforms similarly had a function or not. Future research for
morphological differences between redfieldiiform cranial ornamenta-
tions may provide insights into this notion. However, since only a hand-
ful of redfieldiiform specimens are currently known, this hypothesis is
difficult to assess for now.

Fig. 5. Photograph and drawing of the caudal fin of the holotype specimen (KIGAM 9A56). Grey areas and dashed lines indicate broken portions and reconstructed portions, respectively.

Abbreviations: bfu, basal fulcra.
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Fig. 6. Photograph and drawing of squamation of the holotype specimen (KIGAM 9A56). Grey areas indicate broken portions. Note peg-and-socket structures on the anterior margin in the

anterior flank (marked by arrows).

Another possible function of the snout tubercles in redfieldiiforms
can be found in tooth-like tubercles, also called odontodes, which are
structurally comparable to teeth and present on dermal bones of various
fossil and extant fishes (Chen et al., 2016; De Chambrier and Montoya-
Burgos, 2008; Kovalchuk and Ferraris, 2016; Mickle, 2017; Ono, 1980;
Sabaj et al., 1999; Schaefer and Buitrago-Suarez, 2002; Sire et al.,
1998). These tubercles are used in feeding (teeth), epidermal protection
(denticles), and also sometimes function as mechanosensory receptors
in extant fishes (Fraser et al., 2010; Ono, 1980; Schaefer and Buitrago-
Suarez, 2002). In some modern siluriform taxa (e.g., loricariids), well-
developed odontodes are present on the snout region as well as the
postcranium. These odontodes are conical in shape, which are morpho-
logically quite similar to the snout tubercles of some redfieldiiforms
(Gibson, 2018; Hutchinson, 1978; Schaeffer, 1967; Schaeffer and
McDonald, 1978). The odontodes of many siluriforms are associated
with barbels that are useful in sensing currents, and perhaps even de-
tecting odors (Burgess, 1989). Although it was hypothesized that
odontodes could have a hydrodynamic function in fishes with a wider
distribution of this structure (Sire and Huysseune, 1996; Sire et al.,
1998), the tubercles in redfieldiiforms are restricted to the snout, which
casts doubt on this scenario for this group. Moreover, many kinds of sen-
sory structures are present on the cranioventral region of the snout in
various fish clades such as ampullae of Lorenzini in Chondrichthyes,
Erpetoichthys calabaricus (Polypteridae), lungfish (Dipnoi), and barbels
in catfish (Siluriformes) and sturgeons (Acipenseridae). Since the tuber-
cles on redfieldiiforms are similar in shape as those of siluriforms, and are
concentrated on the cranioventral region of the snout, it seems that the
function of these structures is best explained as sensory organs. It is
also possible that barbel-like-structures were associated with these
structures, like in some modern siluriform taxa. Future histological stud-
ies on tubercles of redfieldiiforms may shed light on their exact function.

The dorsal and anal fins of fishes play an important role in maintain-
ing balance and regulating direction during feeding or fleeing from
predators (Pavlov et al., 2017). Many actinopterygian fishes erect
these fins during turning maneuvers (Lauder and Drucker, 2004;
Pavlov et al., 2017; Standen and Lauder, 2005). This maximizes the sur-
face area of the dorsal and anal fins, creating a large lateral jet, followed
by yawing of the body (Standen and Lauder, 2005). However, it seems
that Hiascoactinus was not capable of effectively adjusting the shape
of the median fins because the dorsal and anal fin membranes of
Hiascoactinus are not fully connected between rays (Fig. 4B-C). These
fin rays are also finely segmented, which made the fins flexible. Conse-
quently, dorsal and anal fins of Hiascoactinus might have been ineffi-
cient in turning maneuvers, making it hard to pursue active prey.
Instead, Hiascoactinus was probably a slow swimming predator which
hunts inactive or sluggish prey such as various arthropods whose fossils
were reported from the Amisan Formation as well (Kim and Lee, 2015;
Nam and Kim, 2014). A similar morphology can be observed in only one
living example, the Crowntail Betta, which is a domestic breed of Betta
splendens. In contrast, other actinopterygians have median fin rays

that are mostly filled with fin membranes. Since there are no studies
about the unusual morphology of dorsal and anal fins like in
Hiascoactinus and B. splendens, further studies are required to fig-
ure out the function of this unique structure.

4.2. A revised taxonomy of previously proposed redfieldiiform fishes from
Asia

Previous Asian redfieldiiform records include Chinese and Siberian
fossils (Ivanov and Klets, 2007; Liu, 1958). In China, Sinkiangichthys
longipectoralis was erected based on a single specimen from the Lower
Triassic deposits of Xinjiang Province in 1950s (Liu, 1958). This was the
first report of a redfieldiiform fish from Asia. Liu (1958) claimed that
Sinkiangichthys differs from other redfieldiiforms by having long pectoral
fins. The pectoral fins of Sinkiangichthys are surely long relative to its body
length. However, other redfieldiiform genera (e.g., Redfieldius, Dictyopyge,
and Cionichthys) also tend to have relatively long pectoral fins compared
to body size (Schaeffer, 1967; Schaeffer and McDonald, 1978). For this
reason, this character cannot be stated as a diagnostic trait for this
taxon. The plate-like branchiostegal ray and presence of fringing fulcra
on all fins are synapomorphies of the clade Redfieldiiformes (Schaeffer,
1984). In Sinkiangichthys, however, there is no branchiostegal ray, and
the pectoral fin does not have the fringing fulcra along the anterior margin
of the first fin ray. Moreover, due to poor preservation, other synapomor-
phies of the clade Redfieldiiformes cannot be properly observed in the
holotype of Sinkiangichthys. Therefore, it seems reasonable to conclude
that Sinkiangichthys longipectoralis (specimen V. 949) has no proper
diagnostic features as a valid taxon, thereby it should be reassigned as a
nomen dubium or reclassified as an indeterminate actinopterygian
(Actinopterygii indet.). Besides, Hutchinson (1973) stated that the char-
acters that Liu (1958) used to assign Sinkiangichthys to Redfieldiiformes
(e.g., anteriorly positioned orbits; anteriorly low maxilla with a high post-
orbital region; presence of heterocercal tail) can also be observed in other
basal actinopterygian clades (e.g., Paleonisciformes, Perleidiformes),
questioning its redfieldiiform affinity.

Discovery of numerous teeth and scales of redfieldiiform fishes was
made in Russia (Ivanov and Klets, 2007). All materials were collected
from the Lower Triassic Pribrezhnaya Formation and the Middle Triassic
Morzhovaya Formation, which are exposed at the Cape of Tsvetkov and
Chernokhrebetnaya River, the eastern part of Taymyr Peninsula, Kras-
noyarsk Krai (Ivanov and Klets, 2007). However, the authors did not
provide any figures or detailed descriptions of the specimens to support
their claim. Their classification of these materials is also doubtful
because it is nearly impossible to classify isolated teeth and scale ele-
ments as redfieldiiforms although histology of scales could be used in
classifying fossil fishes (Brough, 1936). Moreover, both Pribrezhnaya
and Morzhovaya formations are considered marine deposits (Ivanov
and Klets, 2007). Since all known redfieldiiforms are freshwater taxa
(Schaeffer, 1984), it is highly unlikely that the Russian specimens are
redfieldiiform remains.
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Hiascoactinus is assigned to the clade Redfieldiiformes by having a
hatchet-shaped preopercle, a subopercle larger than the opercle, a sin-
gle plate-like branchiostegal ray, and caudally positioned dorsal and
anal fins in near opposition to each other. Therefore, it seems that all
previously proposed redfieldiiform materials from Asia are inaccurately
classified, and consequently, Hiascoactinus boryeongensis is regarded
here as the only valid redfieldiiform taxon in Asia.

4.3. Paleobiogeographic implications

Hutchinson (1973) subdivided Redfieldiiformes into the
Brookvaliidae and Redfieldiidae. In this paper, he also assigned a genus
Schizurichthys to the Schizurichthyidae. In fact, the first cladistic analysis
of redfieldiiforms was conducted in 1978 (Hutchinson, 1978) and later,
Schaeffer (1984) proposed a novel cladogram for redfieldiiforms by in-
corporating additional taxa. The presence of antopercle is a common
character of basal redfieldiiforms including Schizurichthys, Atopocephala,
Ischnolepis, Brookvalia, Phlyctaenichthys, and Helichthys (Hutchinson,
1973; Schaeffer, 1984). All of these taxa are from the Early Triassic of
South Africa and Middle Triassic of South Australia, which are located
on the southern end of Gondwana (Fig. 7) (Gibson, 2018; Gouiric-
Cavalli et al., 2017; Brinkmann et al., 2010; Hutchinson, 1973; Murray,
2000). Hiascoactinus also has a well-developed antopercle (Fig. 3), im-
plying it is a basal redfieldiiform. Furthermore, snout tubercles are pres-
ent in Hiascoactinus (Fig. 3), which is a character that is also seen in
Helichthys. Therefore, Hiascoactinus is most likely to be closer to the
basal group of redfieldiiforms, especially Helichthys. If Schaeffer's hy-
pothesis is correct (Schaeffer, 1984), redfieldiiforms would have been
originated from the southern end of Gondwana. However, it is difficult
to assume that the ancestors of Hiascoactinus had crossed the Paleo-
Tethys Ocean from Australia to Asia since redfieldiiforms are exclusively
freshwater fishes.

During the Late Carboniferous, the collision between the Tarim Cra-
ton and Kazakhstan-Yili Block formed the easternmost region of Laura-
sia (Han et al., 2011; Yang et al., 2018). This was then followed by the
collision between the South and North China Cratons during the Triassic
period (Yin and Nie, 1996), forming a coherent East Asian continent that
had become part of Pangea by 220 Ma (Zhao et al., 2018). This tectonic
event was due to the Indosinian Orogeny, which merged the massifs
which form the current Korean Peninsula (Cluzel et al.,, 1991). These
two events would have established the foundation of the dispersion of
redfieldiiforms, from the southern end of Gondwana to eastern Laurasia
through terrestrial water systems.

The Amisan Formation is distributed in the Kyonggi Massif, which is a
part of the South China Craton. The discovery of Hiascoactinus thus pro-
vides definite paleontological evidence that Pangea was a continuous
land from Gondwana to the easternmost end of East Asia during the
Late Triassic. This also suggests that there would have been subsequent
evolution of terrestrial water systems throughout East Asia, since the dis-
persal of freshwater fishes is generally triggered by floods, or connecting
and changing of channels (Silva and Stewart, 2017; Sommer et al., 2014).
The fossil occurrence of redfieldiiforms suggests that they originated in
the southern regions of Gondwana in the Early Triassic and dispersed
into the Baltica region of Laurasia in the Middle Triassic. They achieved
the highest diversity and the maximum distribution in the Late Triassic
but since then, they became restricted in North America and extinct in
the Early Jurassic (Fig. 7) (Gibson, 2018; Gouiric-Cavalli et al., 2017).

Acknowledgments

We thank Drs. Miman Zhang and Guang-Hui Xu for improving an
earlier version of this manuscript with their comments. We also thank
two anonymous reviewers and Dr. lan David Somerville (Associate Edi-
tor, GR) for their constructive comments and suggestions which greatly
improved the manuscript. This work was supported by the National Re-
search Foundation of Korea (grant number 2019R1A2B5B02070240) to

Y.-N. Lee and by the Basic Researches in Application and Development of
Geological Samples and Geo-technology R&D Policy (grant number 19-
3117-2) to H.-]. Lee.

References

Brinkmann, W., Romano, C., Bucher, H., Ware, D., Jenks, J., 2010. Palaeobiogeography and
stratigraphy of advanced gnathostomian fishes (Chondrichthyes and Osteichthyes)
in the Early Triassic and from selected Anisian localities (Report 1863-2009).
Zentralblatt fiir Geologie und Paldontologie, Teil II 5, 765-812.

Brough, J,, 1931. On fossil fishes from the Karroo System, and some general considerations
on the bony fishes of the Triassic period. Proceedings of the Zoological Society of
London 101, 235-296.

Brough, J., 1936. On the evolution of bony fishes during the Triassic period. Biological Re-
views 11, 385-405.

Burgess, W.E., 1989. An atlas of freshwater and marine catfishes: a preliminary survey of
the Siluriformes. TFH Publications, Neptune City, New Jersey.

Chen, D., Blom, H,, Sanchez, S., Tafforeau, P., Ahlberg, P.E., 2016. The stem osteichthyan
Andreolepis and the origin of tooth replacement. Nature 539, 237-241.

Cluzel, D., Lee, B.-]., Cadet, J.-P., 1991. Indosinian dextral ductile fault system and
synkinematic plutonism in the southwest of the Ogcheon belt (South Korea).
Tectonophysics 194, 131-151.

De Chambrier, S., Montoya-Burgos, J.I, 2008. Pseudancistrus corantijniensis, a new species
from the Guyana Shield (Siluriformes: Loricariidae) with a molecular and morpho-
logical description of the Pseudancistrus barbatus group. Zootaxa 1918, 45-58.

Dzik, J., Sulej, T., 2007. A review of the early Late Triassic Krasiejow biota from Silesia,
Poland. Palaeontologia Polonica 64, 3-27.

Egawa, K, Lee, Y.I, 2009. Jurassic synorogenic basin filling in western Korea: sedimentary re-
sponse to inception of the western Circum-Pacific orogeny. Basin Research 21,407-431.

Fraser, GJ.,, Cerny, R., Soukup, V., Bronner-Fraser, M., Streelman, ].T., 2010. The odontode
explosion: the origin of tooth-like structures in vertebrates. BioEssays 32, 808-817.

Gardiner, B.G., Schaeffer, B., 1989. Interrelationships of lower actinopterygian fishes. Zoo-
logical Journal of the Linnean Society 97, 135-187.

Gibson, S.Z., 2018. A new species of Lasalichthys (Actinopterygii, Redfieldiiformes) from
the Upper Triassic Dockum Group of Howard County, Texas, with revisions to the
genera Lasalichthys and Synorichthys. Journal of Vertebrate Paleontology e1513009.

Girgis, S., 1952. The bucco-pharyngeal feeding mechanism in an herbivorous bottom-
feeding cyprinoid, Labeo horie (Cuvier). Journal of Morphology 90, 281-315.

Gouiric-Cavalli, S., Zavattieri, A.M., Gutierrez, P.R., Cariglino, B., Balarino, L., 2017. Increas-
ing the fish diversity of the Triassic faunas of Gondwana: a new redfieldiiform
(Actinopterygii) from the Middle Triassic of Argentina and its palaeobiogeographical
implications. Papers in Palaeontology 3, 559-581.

Han, B.-F,, He, G.-Q., Wang, X.-C., Guo, Z.-J., 2011. Late Carboniferous collision between the
Tarim and Kazakhstan-Yili terranes in the western segment of the South Tian Shan
Orogen, Central Asia, and implications for the Northern Xinjiang, western China.
Earth-Science Reviews 109, 74-93.

Huang, B., Yan, Y., Piper, ].D.A,, Zhang, D., Yi, Z., Yu, S., Zhou, T., 2018. Paleomagnetic con-
straints on the paleogeography of the East Asian blocks during late Paleozoic and
early Mesozoic times. Earth-Science Reviews 186, 8-36.

Hutchinson, P., 1973. A new revision of the redfieldiiform and perleidiform fishes from
the Triassic of Bekker's Kraal (South Africa) and Brookvale (New South Wales). Bul-
letin of the British Museum 22, 233-354.

Hutchinson, P., 1978. The anatomy and phylogenetic position of Helichthys, a redfieldiiform
fish from the Triassic of South Africa. Palaeontology 21, 881-891.

Ivanov, A., Klets, T., 2007. Triassic marine fishes from Siberia, Russia. New Mexico Mu-
seum of Natural History & Science Bulletin 41, 108-109.

Kim, B.K,, 1976. Geological and paleontological studies of Chungnam Coalfield. Journal of
the Geological Society of Korea 12, 124-143.

Kim, J.-H., 1990. Three new Equisetites species found from the Upper Triassic Amisan For-
mation, Nampo Group, Korea. Journal of the Paleontological Society of Korea 6,
91-99.

Kim, ].-H., 2001. New fossil plants from the Nampo Group (Lower Mesozoic), Korea.
Geosciences Journal 5, 173-180.

Kim, J.-H., 2010. New Materials of Leptostrobus myeongamensis Kim (Czekanowskiales)
from the Upper Triassic Amisan Formation of Nampo Group in Korea. Journal of the
Korean Earth Science Society 31, 430-436.

Kim, J.-H., 2013. Weltrichia sp. from the Late Triassic Amisan Formation of Nampo Group,
Korea. Journal of the Korean Earth Science Society 34, 402-406.

Kim, S.-W., Kim, [.-S., 1998. Palaeomagnetism of the Triassic Taedong Supergroup in the
Chungnam coal field area, SW Okchon Belt. Journal of the Geological Society of
Korea 34, 1-19.

Kim, J.-H,, Lee, G.-H., 2015. Fossil conchostraca from the Amisan Formation of the Nampo
Group, Korea. Journal of the Geological Society of Korea 36, 181-189.

Kim, J.-H., Roh, H.-S., 2008. Organ fossils of Neocalamites carrerei from the Amisan Forma-
tion of the Nampo Group, Korea. Journal of the Korean Earth Science Society 29,
466-473.

Kim, J.-H., Kim, H.-S., Lee, B.-]., Kim, J.-M., Lee, H.-K., 2002. A new species of Leptostrobus
from the Upper Triassic Amisan Formation of the Nampo Group in Korea. Journal of
the Korean Earth Science Society 23, 30-37.

Kim, H.-M,, Chang, M.-M., Wu, F., Kim, Y.-H., 2014. A new ichthyodectiform (Pisces,
Teleostei) from the Lower Cretaceous of South Korea and its paleobiogeographic im-
plication. Cretaceous Research 47, 117-130.

Kim, J.-H., Lee, CK., Choi, D.Y., 2015. Margaritifera cf. isfarensis (Chernishev) from the
Amisan Formation, Nampo Group, Korea. Journal of the Geological Society of Korea
51, 357-362.


http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0005
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0010
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0010
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0010
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0015
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0015
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0020
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0020
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0025
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0025
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0030
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0030
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0030
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0035
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0035
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0035
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0040
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0040
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0045
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0045
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0050
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0050
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0055
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0055
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0060
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0060
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0060
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0065
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0065
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0070
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0070
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0070
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0070
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0075
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0075
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0075
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0075
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0080
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0080
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0080
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0085
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0085
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0085
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0090
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0090
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0095
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0095
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0100
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0100
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0105
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0105
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0105
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0110
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0110
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0115
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0115
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0115
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0120
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0120
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0125
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0125
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0125
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0130
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0130
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0135
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0135
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0135
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0140
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0140
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0140
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0145
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0145
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0145
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0150
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0150
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0150

284 S.-H. Kim et al. / Gondwana Research 80 (2020) 275-284

Kimura, T., Kim, B.-K., 1984. Geological age of the Daedong flora in the Korean Peninsula
and its phytogeographical significance in Asia. Proceedings of the Japan Academy. Se-
ries B, Physical and Biological Sciences 60, 337-340.

Ko, J.-Y., 2016. The description of the flat fish (Pleuronectiformes) fossils from the Mio-
cene Duho Formation, Pohang Yeonam-dong in Korea and its implication. Journal
of the Korean Earth Science Society 37, 1-10.

Ko, J.-Y., Nam, K.-S., 2016. Pleuronichthys sp. fossils (Pleuronectidae) from the Duho For-
mation, Pohang Uhyeon-dong in Korea. Journal of the Korean Earth Science Society
37,133-142.

Kovalchuk, O., Ferraris, CJ., 2016. Late Cenozoic catfishes of southeastern Europe with in-
ference to their taxonomy and palaeogeography. Palaeontologia Electronica 19, 1-17.

Lauder, G.V., Drucker, E.G., 2004. Morphology and experimental hydrodynamics of fish fin
control surfaces. IEEE Journal of Oceanic Engineering 29, 556-571.

Lee, Y.-N., 2004. The first cyprinid fish and small mammal fossils from the Korean Penin-
sula. Journal of Vertebrate Paleontology 24, 489-493.

Lee, Y.-N,, Lee, Y.-S., Yoon, S., 2003. Cyprinid pharyngeal teeth from the Bukpyeong For-
mation, Donghae City, Gangweon Province. Journal of the Geological Society of
Korea 39, 199-210.

Lee, Y.S., Han, H.-C,, Hwang, ].H., Kee, W.-S., Kim, B.C,, 2011. Evidence for significant clockwise
rotations of the Korean Peninsula during Cretaceous. Gondwana Research 20, 904-918.

Liu, H.-T., 1958. On a new Triassic dictyopygid fish from Sinkiang, China. Vertebrata
Palasiatica 2, 149-150.

Lombardo, C., 2013. A new basal actinopterygian fish from the Late Ladinian of Monte San
Giorgio (Canton Ticino, Switzerland). Swiss Journal of Geosciences 106, 219-230.

Mickle, K.E., 2013. Revisiting the actinopterygian preoperclum. In: Arratia, G., Schultze, H.-
P., Wilson, M.V.H. (Eds.), Mesozoic Fishes 5—Global Diversity and Evolution. Verlag
Dr. Friedrich Pfeil, Miinchen, Germany, pp. 35-71.

Mickle, K.E., 2015. Identification of the bones of the snout in fossil lower actinopterygians
—a new nomenclature scheme based on characters. Copeia 103, 838-857.

Mickle, K.E., 2017. The lower actinopterygian fauna from the Lower Carboniferous Albert
shale formation of New Brunswick, Canada-a review of previously described taxa
and a description of a new genus and species. Fossil Record 20, 47-67.

Mousavi-Sabet, H., Eagderi, S., 2016. Garra lorestanensis, a new cave fish from the Tigris
River drainage with remarks on the subterranean fishes in Iran (Teleostei:
Cyprinidae). FishTaxa 1, 45-54.

Murray, A.M., 2000. The Palaeozoic, Mesozoic and Early Cenozoic fishes of Africa. Fish and
Fisheries 1, 111-145.

Nam, K.S., Kim, ].-H., 2014. Occurrence of the fossil Mesopsyche dobrokhotovae in the Late
Triassic Amisan Formation, Nampo Group, Korea and its geological implication. Jour-
nal of the Korean Earth Science Society 35, 161-167.

Nam, K.-S., Nazarkin, M.V., 2018. Fossil prowfish, Zaprora koreana, sp. nov. (Pisces,
Zaproridae), from the Neogene of South Korea. Journal of Vertebrate Paleontology
e1514616.

Nam, K.S., Wang, Y., Ren, D., Kim, J.H., Szwedo, ]., 2017. An extraordinary palaeontinid
from the Triassic of Korea and its significance. Scientific Reports 7, 40691.

Ono, R.D., 1980. Fine structure and distribution of epidermal projections associated with
taste buds on the oral papillae in some loricariid catfishes (Siluroidei: Loricariidae).
Journal of Morphology 164, 139-159.

Pavlov, V., Rosental, B., Hansen, N.F., Beers, .M., Parish, G., Rowbotham, I, Block, B.A.,
2017. Hydraulic control of tuna fins: a role for the lymphatic system in vertebrate lo-
comotion. Science 357, 310-314.

Poplin, C., Dutheil, D.B., 2005. Les Aeduellidae (Pisces, Actinopterygii) carboniféres et
permiens: systématique et étude phylogénétique préliminaire. Geodiversitas 27, 17-33.

Redfield, ].H., 1837. Fossil fishes of Connecticut and Massachusetts, with a notice of an
undescribed genus. Annals of The Lyceum of Natural History of New York 4,
35-40.

Sabaj, M.H., Armbruster, ] W., Page, L.M., 1999. Spawning in Ancistrus (Siluriformes:
Loricariidae) with comments on the evolution of snout tentacles as a novel repro-
ductive strategy: larval mimicry. Ichthyological Exploration of Freshwaters 10,
217-229.

Schaefer, S.A., Buitrago-Suarez, U.A., 2002. Odontode morphology and skin surface fea-
tures of Andean astroblepid catfishes (Siluriformes, Astroblepidae). Journal of Mor-
phology 254, 139-148.

Schaeffer, B., 1967. Late Triassic fishes from the western United States. Bulletin of the
American Museum of Natural History 135, 285-342.

Schaeffer, B., 1984. On the relationships of the Triassic-Liassic redfieldiiform fishes.
American Museum Novitates 2795, 1-18.

Schaeffer, B., McDonald, N.G., 1978. Redfieldiid fishes from the Triassic-Liassic Newark Su-
pergroup of eastern North America. Bulletin of the American Museum of Natural His-
tory 159, 129-174.

Silva, E.A,, Stewart, D.J., 2017. Reproduction, feeding and migration patterns of Prochilodus
nigricans (Characiformes: Prochilodontidae) in northeastern Ecuador. Neotropical
Ichthyology 15, e160171.

Sire, J.Y., Huysseune, A., 1996. Structure and development of the odontodes in an
armoured catfish, Corydoras aeneus (Siluriformes, Callichthyidae). Acta Zoologica
77,51-72.

Sire, J.Y., Marin, S., Allizard, F., 1998. Comparison of teeth and dermal denticles
(odontodes) in the teleost Denticeps clupeoides (Clupeomorpha). Journal of Morphol-
ogy 237, 237-255.

Sommer, T.R., Harrell, W.C,, Feyrer, F., 2014. Large-bodied fish migration and residency in
a flood basin of the Sacramento River, California, USA. Ecology of Freshwater Fish 23,
414-423.

Standen, E.M,, Lauder, G.V., 2005. Dorsal and anal fin function in bluegill sunfish Lepomis
macrochirus: three-dimensional kinematics during propulsion and maneuvering.
Journal of Experimental Biology 208, 2753-2763.

Suh, H.G., Kim, D.S., Bae, DJ., Lee, Y.U., 1984. Geology of the Oesan and Sayang areas,
Chungnam Coalfield (IV), Researches of Coal Resources. 31. Korea Institute of Energy
and Resources, Daejeon.

Wiley, M.L., Collette, B.B., 1970. Breeding tubercles and contact organs in fishes: their oc-
currence, structure, and significance. Bulletin of the American Museum of Natural
History 143, 143-216.

Yabumoto, Y., Yang, S.-Y., 2000. The first record of the Early Cretaceous freshwater fish,
Wakinoichthys aokii, from Korea. Bulletin of the Kitakyushu Museum of Natural His-
tory 19, 105-110.

Yabumoto, Y., Yang, S.-Y., Kim, T.-W., 2006. Early Cretaceous freshwater fishes from Japan
and Korea. Journal of the Paleontological Society of Korea 22, 119-132.

Yang, S.-Y., 1999. The Lower Mesozoic strata. In: Lee, CH., Won, CK,, Kim, ].-H., Lee, C.Z.
(Eds.), Geology of Korea. Sigma Press, Seoul, Korea, pp. 206-226.

Yang, G., Li, Y., Li, S., Tong, L., Wang, Z., Wu, L., 2018. Accreted seamounts in the South
Tianshan Orogenic Belt, NW China. Geological Journal 53, 16-29.

Yin, A, Nie, S., 1996. A Phanerozoic palinspastic reconstruction of China and its neighbor-
ing regions. In: Yin, A., Harrison, T.M. (Eds.), The Tectonic Evolution of Asia. Cam-
bridge University Press, New York, pp. 442-485.

Zhao, G., Wang, Y., Huang, B,, Dong, Y., Li, S., Zhang, G., Yu, S., 2018. Geological reconstruc-
tions of the East Asian blocks: from the breakup of Rodinia to the assembly of Pangea.
Earth-Science Reviews 186, 262-286.


http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0155
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0155
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0155
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0160
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0160
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0160
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0165
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0165
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0165
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0170
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0170
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0175
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0175
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0180
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0180
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0185
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0185
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0185
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0190
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0190
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0195
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0195
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0200
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0200
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0205
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0205
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0205
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0210
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0210
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0215
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0215
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0215
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0220
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0220
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0220
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0225
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0225
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0230
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0230
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0230
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0235
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0235
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0235
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0240
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0240
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0245
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0245
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0245
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0250
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0250
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0255
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0255
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0260
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0260
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0260
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0265
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0265
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0265
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0265
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0270
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0270
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0270
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0275
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0275
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0280
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0280
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0285
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0285
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0285
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0290
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0290
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0290
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0295
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0295
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0295
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0300
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0300
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0300
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0305
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0305
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0305
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0310
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0310
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0310
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0315
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0315
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0315
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0320
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0320
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0320
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0325
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0325
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0325
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0330
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0330
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0335
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0335
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0340
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0340
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0345
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0345
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0345
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0350
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0350
http://refhub.elsevier.com/S1342-937X(19)30321-1/rf0350

	The first record of redfieldiiform fish (Actinopterygii) from the Upper Triassic of Korea: Implications for paleobiology an...
	1. Introduction
	2. Geological setting
	3. Systematic paleontology
	3.1. Etymology
	3.2. Holotype
	3.3. Type locality and horizon
	3.4. Diagnosis
	3.5. Description
	3.5.1. Snout
	3.5.2. Skull roof
	3.5.3. Orbitals
	3.5.4. Opercular region
	3.5.5. Jaws
	3.5.6. Pectoral girdle
	3.5.7. Pelvic fin
	3.5.8. Dorsal and anal fins
	3.5.9. Caudal fin
	3.5.10. Squamation


	4. Discussion
	4.1. Paleobiology of Hiascoactinus and other redfieldiiforms
	4.2. A revised taxonomy of previously proposed redfieldiiform fishes from Asia
	4.3. Paleobiogeographic implications

	Acknowledgments
	References




