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A new exceptionally well‑preserved 
basal actinopterygian 
fish in the juvenile stage 
from the Upper Triassic Amisan 
Formation of South Korea
Su‑Hwan Kim 1, Yuong‑Nam Lee 1*, Gi‑Soo Nam 2, Jin‑Young Park 3, Sungjin Lee 1 & 
Minyoung Son 4

The study of the large paraphyletic group of extinct ‘palaeoniscoid’ fishes has shed light on the 
diversity and evolutionary history of basal actinopterygians. However, only a little ontogenetic 
information about ‘palaeoniscoids’ is known because their records in the early stages of development 
are scarce. Here, we report on a growth series of ‘palaeoniscoids’ in the juvenile stage from the 
Upper Triassic Amisan Formation of South Korea. Fourteen specimens, including five counterpart 
specimens, represent a new taxon, Megalomatia minima gen. et sp. nov., exhibiting ontogeny and 
exceptional preservation with the eyes possibly containing the crystalline lens, the otoliths, and the 
lateral line canals without covering scales. This discovery allows us to discuss the adaptations and 
evolution of basal actinopterygians in more detail than before. The otoliths in situ of Megalomatia 
support the previous interpretation that basal actinopterygians have a sagitta as the largest otolith. 
The trunk lateral line canal, which runs under the scales instead of passing through them, represents 
a plesiomorphic gnathostome trait. Notably, the large protruded eyes suggest that Megalomatia 
probably has binocular vision, which would have played a significant role in targeting and catching 
prey with the primitive jaw structure. In addition, the firstly formed skeletal elements such as 
the jaws, pectoral girdle, and opercular series, and the posteroanterior pattern of squamation 
development are likely linked to the adaptation of young individuals to increase their viability for 
feeding, respiration, and swimming.

The study of fish ontogenies provides comprehensive knowledge of their developmental patterns, functional 
development tendencies, and environmental preferences according to different developmental  stages1–3. In addi-
tion, the characteristics observed in fish throughout their developmental stages reflect possible adaptations in 
response to functional demands, probably correlating with individual survival success. However, examining 
fossilized fish ontogenies is challenging because immature specimens are seldom  mineralized4, and the period 
during which early developmental conditions are exhibited occupies a relatively small portion of the lifespan 
of an organism. Furthermore, to avoid misidentification of different ontogenetic stages of a species as different 
species, various criteria are required, such as small body size, degree of ossification and squamation, and body 
 proportion3,5. For these reasons, the fossil record of fish ontogenies is scarce and mostly restricted to studying 
size changes and squamation  development4,6–8.

‘Palaeoniscoids’ are a paraphyletic assemblage of basal actinopterygians from the Late Silurian to the 
 Cretaceous9–11. They are morphologically characterized by firmly united cheekbones, generally inclined hyoman-
dibula, large and far forwardly positioned eyes, strongly heterocercal caudal fin, and rhombic scales with peg and 
socket  articulations9,12. A new ‘palaeoniscoid’ fish, Megalomatia minima gen. et sp. nov., is described based on 
fourteen specimens, including five counterpart specimens from the Amisan Formation of South Korea (Fig. 1, 
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blue stripes). The Amisan Formation is interpreted as alluvial-fan to lacustrine-delta  environments13, and its 
depositional age is generally considered Late Triassic or Late Triassic-Early Jurassic based on fossil  records14,15. A 
single specimen of Redfieldiiformes, Hiascoactinus boryeongensis, was reported from the Amisan Formation, and 
it is distinguished from Megalomatia mainly by a single plate-like branchiostegal ray and the caudally positioned 
dorsal and anal fins in near opposition to each  other16. Accordingly, Megalomatia represents a new taxon, not 
different ontogenetic stages of Hiascoactinus. This study aims to report a new ‘palaeoniscoids’ with a description 
of its ontogeny and to examine the functional adaptations that enhance its viability.

Materials and methods
Fourteen specimens, including five counterpart specimens, were collected from the Amisan Formation at Myeo-
ngcheon-dong and Hwasan-dong, Boryeong, South Chungcheong Province, South Korea (Fig. 1). They are 
preserved on the black shale as fossil slabs, showing lateral or ventral side. The holotype specimen (GNUE11001) 
was collected in 2008 from the Myeongcheon-dong section and is housed in the Gongju National University 
of Education (GNUE), Gongju, South Chungcheong Province, South Korea. The other specimens are collected 
from the Hwasan-dong section without collection dates and stored in the Boryeong Coal Museum (BCM), 
Boryeong, South Chungcheong Province, South Korea. Despite their relatively small size (less than 35 mm in 
standard length (SL), from the tip of the snout to the level of ventral origin of the caudal fin), the specimens 
show exceptional preservation of the whole body, including the eyes, possibly containing the crystalline lens, 
the otoliths, and the trunk lateral line canals without covering scales. The preserved organic residues are light 
brown in color. The specimens were examined using a stereo microscope (Leica M165C) and a digital camera 
(Sony A7R4A). The specimens were photographed with different lighting angles to highlight the relief of the 
surface, so the photographs of the specimens have slight differences in colors despite actually sharing the same 
color. The line drawing of the specimens was done using Adobe Illustrator. The meristic measurements of all 
specimens are recorded in Supplementary Table S1.

Figure 1.  Geological map of the study area and locality where the specimens were discovered (modified from 
Egawa and  Lee9; Park et al.17).
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Results
Systematic paleontology
Class Osteichthyes  Huxley18.

Subclass Actinopterygii  Cope19.
Family incertae sedis
Megalomatia minima gen. et sp. nov.

Etymology
The generic name is derived from the Greek “megálo” (big) and the “mátia” (eyes), referring to the large eyes 
of the new specimen. The specific epithet “minima” (small in Greek) refers to the small body size of the new 
specimen.

Holotype
GNUE11001, a nearly complete, laterally compressed specimen, missing the distal portion of a caudal fin 
(Fig. 2a). The specimen was collected from Myeongcheon-dong, Boryeong.

Paratype
BCM2016, a nearly complete, laterally compressed specimen (Fig. 2b). The specimen is the smallest in SL and 
was collected from Hwasan-dong, Boryeong.

Referred specimens
BCM2014-1 (Supplementary Fig. S1), BCM2014-2 (Supplementary Fig. S2), BCM2017-1 (Supplementary 
Fig. S3), BCM2017-2 (Supplementary Fig. S4), BCM2018 (Supplementary Fig. S5), BCM2020 (Supplemen-
tary Fig. S6), BCM2021 (Supplementary Fig. S7), laterally compressed specimens; BCM2016-2 (Supple-
mentary Fig. S8), BCM2022-1 (Supplementary Fig. S9), BCM2022-2 (Supplementary Fig. S10), BCM2023-1 

Figure 2.  Photographs and line drawing of the holotype (GNUE11001) and paratype (BCM2016) of 
Megalomatia minima gen. et sp. nov. (a) Holotype, GNUE11001. (b) Paratype, BCM2016. Dark and light grey 
areas indicate right and left squamations, respectively. Dashed lines indicate reconstructed portions.
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(Supplementary Fig. S11), BCM2023-2 (Supplementary Fig. S12), dorsoventrally compressed specimens. The 
specimens were collected from Hwasan-dong, Boryeong.

Localities and horizon
Amisan Formation, Upper Triassic at Myeongcheon-dong and Hwasan-dong, Boryeong, South Chungcheong 
Province, South Korea (Fig. 1).

Diagnosis
Megalomatia minima is distinguished from other basal actinopterygians by the following combination of char-
acters (autapomorphies with an asterisk): elongate fusiform body; large protruded eyes*; large gape with sharp 
teeth; oblique suspensorium; oval operculum that is much smaller than the suboperculum; trunk lateral line 
canals underlying the lateral line scales*; large dorsal fin opposite the pelvic fin in the middle of the body; dorsal 
scutes preceding the dorsal fin; a well-developed series of dorsal and ventral scutes with following basal fulcra 
on the caudal peduncle; strongly heterocercal caudal fin.

Description
Most of the specimens of Megalomatia are nearly complete except for one specimen (BCM2016-2, Supplemen-
tary Fig. S8), and their size series ranges from 17.8 to 33.7 mm in SL (Supplementary Table S1). Along with 
their small body size, the immature characters of Megalomatia (not fully formed cranial elements, absent or 
incompletely developed body squamation, and absence of yolk sac) indicate that all specimens of Megalomatia 
are in the juvenile phase. In the paratype, which is the most miniature specimen in SL (Figs. 2b, 3a), the pari-
etal, dermopterotic, otoliths, antorbital, parasphenoid, maxilla, dentary, angular, preoperculum, soboperculum, 
branchiostegal rays, posttemporal, supracleithrum, cleithrum, and all fins except for the pectoral fin are present. 
Subsequently, as Megalomatia grows, the infraorbital, clavicle, nasal, posterior infraorbital, operculum, pectoral 
fin, and squamation appear. There is no remarkable change in body proportions as it grows.

Cranial elements
On the skull roof of Megalomatia, only the  parietal20,21 and dermopterotic are present (Fig. 3). A thin and rod-
shaped parietal first appears posterior to the mid-dorsal margin of the eye and anteriorly extends as it grows 
(Fig. 3a,c,f).

The dermopterotic is triangular-shaped (Fig. 3a,c–f). It covers the mid-lateral portion of the skull roof, and 
its posterior arm extends posteriorly.

Based on the eye residues preserved in all specimens (Fig. 3) except for BCM2018, it is possible to identify the 
morphological features of the eyes of Megalomatia. Remarkably, the volume of the eyes can be identified due to 
the dorsoventrally preserved specimens (Fig. 4). The quite large eyes are oval and protrude anteriorly. The width 
of the eyes is more than a third of the length of the head length (from the tip of the snout to the posterior end of 
the suboperculum) (Fig. 3). The lateral thickness of the eyes reaches nearly half of their width (Fig. 4). Based on 
the position of the circumorbital series in the dorsoventrally preserved specimens (Fig. 4), approximately half of 
the eye would have been externally exposed. An eyelid would have covered the remaining portion.

In BCM2021, BCM2014-1, and BCM2014-2, the trace of a possible crystalline lens is preserved. This small 
round-shaped structure is located at the center of the eye (Fig. 3c–e).

The eyes of Megalomatia are surrounded by the nasal, antorbital, and infraorbitals (Fig. 3f). Because these 
bones are not fully formed at this developmental stage, only their approximate shape is discernable. The nasal 
is slightly rhombic-shaped and covers the mid-anterior margin of the eye (Fig. 3f). It contacts posteroventrally 
with the antorbital. The antorbital is trapezoidal and slightly deep dorsoventrally (Fig. 3f). The infraorbital is 
as deep as the antorbital but longer than the antorbital (Fig. 3f). The posterior portion of the antorbital and the 
entire infraorbital overlie the anterior arm of the maxilla. A single trapezoidal posterior infraorbital is located 
posterior to the eye (Fig. 3f). Although it does not entirely cover the posterior margin of the eye, it is unknown 
whether additional infraorbital will be formed.

The parasphenoid is discernable in the dorsoventrally preserved specimens and several laterally preserved 
specimens through the eyes (Figs. 3, 4). The parasphenoid is narrow and rod-shaped. It originates between the 
symphyses of the upper jaw and extends nearly to the level of the anterior tip of the clavicles (Figs. 3, 4). The 
anterior portion of the parasphenoid tapers anteriorly (Fig. 3c) and is slightly stout in dorsoventral view (Fig. 4).

The opercular series of Megalomatia is anteriorly inclined (Fig. 3f). The preoperculum of Megalomatia is 
hatchet-shaped (Fig. 3). The posterodorsal corner of the preoperculum is dorsally convex (Fig. 3f). The pre-
operculum has a slightly concave anterior margin with the anterior arm extended anterodorsally (Fig. 3c,d). 
In the holotype, the preoperculum covers nearly half of the dorsal margin of the maxilla (Fig. 3f). The narrow 
oval-shaped operculum is much smaller than the suboperculum (Fig. 3f). The suboperculum is broad and oval-
shaped (Fig. 3). In the early developmental stages, the suboperculum is nearly vertically arranged and becomes 
anteriorly inclined as it grows.

Six branchiostegal rays are preserved below the angular in the paratype (Fig. 3a). The number of branchi-
ostegal rays dorsally increases as it grows, but the exact number of them remains unknown because of their 
incomplete preservation (Fig. 3a,d–f).

The maxilla is quite long, having a large gape (Figs. 3, 4). The dorsal margin of the maxilla is nearly straight 
without a convex posterodorsal process and a distinct recession where the maxilla is in contact with the cir-
cumorbital bones. The maxilla has a posteroventral process, slightly covering the posterodorsal portion of the 
dentary (Figs. 3, 4). The anterior arm of the maxilla strongly tapers anteriorly and extends nearly to the level of 
the anterior margin of the eye (Fig. 3). Its anterior two-thirds of the oral margin bears evenly arranged small teeth 
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(Figs. 3, 4). The teeth are spike-like, and their height is c. 0.11 mm. The surface of the maxilla is ornamented with 
thin rugae, which are horizontally arranged and nearly parallel to each other (Fig. 3c–e).

The dentary is straight and tapers anteriorly (Figs. 3, 4). It also bears small teeth on the anterior two-thirds of 
the oral margin, as in the maxilla. The angular is roughly crescent-shaped and covers the posteroventral margin 
of the dentary (Figs. 3a,c–e, 4b).

In the specimens of Megalomatia, the otoliths in situ are present between the eye and opercular region 
(Fig. 3a,b,d,e). Remarkably, the paratype exhibits exceptional preservation of the otoliths, including a lapillus, 
sagitta, and asteriscus (Fig. 3a). The lapillus, which is located most anterior position, is rounded and has an 
anteriorly inclined ridge. The sagitta, commonly observed in the specimens of Megalomatia, is relatively large. 
Two ridges with a sulcus between them are located on the anterior portion of the sagitta and are nearly perpen-
dicular to the long axis of the body (Fig. 3a). The asteriscus is slightly distant from the other otoliths. It is tiny 
and lacks a distinct structure.

Postcranial elements
The pectoral girdle of Megalomatia is among the first parts of the development process (Figs. 3, 4). The posttem-
poral is triangular-shaped with a concave anterior margin, and its posterior edge contacts the supracleithrum 
(Fig. 3a). The supracleithrum is relatively narrow, and its dorsal and ventral margin is rounded (Figs. 3, 4). A 

Figure 3.  Photographs and line drawings of cranial elements of the laterally preserved specimens of 
Megalomatia minima gen. et sp. nov. The specimens are arranged in order of SL. (a) Paratype, BCM2016 (the 
smallest specimen in SL). (b) BCM2017-1. (c) BCM2021. (d) BCM2014-1. (e) BCM2014-2. (f) Holotype, 
GNUE11001 (the largest specimen in SL). ao antorbital, an angular, ast asteriscus, br branchiostegal rays, cl 
cleithrum, clv clavicle, d dentary, dpt dermopterotic, e eyes, g? gular?, io infraorbital, (l) left, lap lapillus, mx 
maxilla, n nasal, op operculum, pa parietal, pas parasphenoid, pop preoperculum,  pt  posttemporal, r pectoral 
fin rays, (r) right, sag sagitta,  sc canal of supracleithrum, scl supracleithrum sop suboperculum.
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prominent sensory canal is preserved on each supracleithrum in the holotype (Fig. 3f). The canals are inclined 
anteriorly with a slight curve and in contact posteriorly with each side of the trunk lateral line canal. The 
cleithrum is longer than the supracleithrum and curved gently (Figs. 3, 4). The dorsal arm of the cleithrum 
extremely tapers, having a pointed tip, while the ventral arm is short and stout (Fig. 3f). There is no notch on the 
posteroventral margin of the cleithrum for the pectoral fin insertion (Figs. 3, 4). The clavicles are elongated and 
triangular-shaped in lateral view and are posteriorly in contact with the cleithrum (Figs. 3c, 4). In ventral view, 
a pair of clavicles exhibits a rod-like shape and meets each other in the middle anteriorly (Fig. 4).

The fin rays of both paired and median fins are neither segmented nor branched, and fringing fulcra, which 
are paired lanceolate structures associated with the leading rays of  fins22, are absent (Figs. 2, 5). Due to the small 
size of the specimens and the incomplete development of their fins, counting the exact number of fin rays is 
difficult. However, the number of fin rays tends to increase throughout the fin development, although there is 
some individual variation, and it is not the highest in the holotype, which is in the latest developmental stage 
(Supplementary Table S1). The pterygiophores of the median fins are absent even in the holotype, while the 
endoskeletal disc of the pectoral fin, which has not yet undergone differentiation into radials, can be discernable 
between the cleithrum and pectoral fin rays (Fig. 4a,c).

The pectoral fin is located close to the ventral margin of the body (Figs. 2, 3c–f). It is the last fin to appear 
among all fins and is discernable starting with the specimen measuring 24.3 mm in SL (BCM2021, Fig. 3c). 
Approximately 23 fin rays are present in BCM2014-1, which exhibits the best-preserved pectoral fin among the 
specimens of Megalomatia (Fig. 3e).

The pelvic fin is located at the mid-length of the ventral margin of the body and is closer to the anal fin origin 
than to the pectoral fin (Fig. 2). The pelvic fin consists of 28 fin rays in the holotype (Fig. 5a). The pelvic girdle 
is not observed in all specimens of Megalomatia.

The dorsal fin is located at the mid-length of the dorsal margin of the body and in near opposition to the 
pelvic fin (Fig. 2). However, the pelvic fin originates slightly anterior to the dorsal fin origin. The dorsal fin is 

Figure 3.  (continued)
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prominently large and consists of 45 fin rays in the holotype (Fig. 5b). The dorsal fin base is almost twice that 
of the pelvic fin (Figs. 2, 5b,c). The dorsal margin of the dorsal fin is rounded. Six scutes precede the dorsal fin 
only in the holotype (Fig. 5b).

The anal fin originates ventrally directly posterior to the end of the dorsal fin. The exact number of anal fin 
rays of the holotype remains unknown due to incomplete preservation of its anterior portion (Figs. 2, 5c). How-
ever, the anal fin of Megalomatia tends to have approximately ten fewer rays than the dorsal fin (Supplementary 
Table S1).

The caudal fin is strongly heterocercal, and the dorsal lobe extends beyond the end of the caudal fin (Figs. 2, 
5d,e). The caudal fin consists of 81 fin rays in BCM2014-1 and its counterpart specimen, BCM2014-2, which 
exhibit the best-preserved caudal fin among the specimens of Megalomatia (Fig. 5d,e). The caudal fin forms a 
slightly S-shaped border with the margin of the caudal peduncle (Fig. 2a). In the relatively early developmental 
stages, the posterior margin of the caudal fin is rounded without any curves (Fig. 2b). Throughout the caudal 
fin development, its posterior margin gradually becomes S-shaped by having a concave portion along the lon-
gitudinal axis of the body (Fig. 5d).

A series of the scutes with the following paired basal fulcra covers the dorsal and ventral margin of the caudal 
peduncle (Figs. 2, 5d,e). A series of the dorsal scutes and basal fulcra is located at the midpoint between the end 
of the dorsal fin and the posterior tip of the caudal fin when they first appeared (Fig. 2b). The number of them 
increases both forward and backward direction throughout growth (Supplementary Table S1, Figs. 2a, 5d,e). The 
five ventral scutes and basal fulcra cover entirely the whole ventral margin of the caudal peduncle in the holotype 
(Figs. 2a, 5c). Their number also increases throughout growth (Supplementary Table S1).

The incomplete squamation is only present in the holotype and BCM2018, exhibiting the early development 
of the squamation (Fig. 6, Supplementary Fig. S6). In the holotype, both the right and left sides of the squamation 
are preserved (Fig. 6b). The squamation pattern originates on the posterior portion of the caudal fin and extends 
anteriorly to the level of the middle of the dorsal fin. In particular, the scale rows along each trunk lateral line 
and the adjacent rows develop earlier than the other rows. The scale rows that are closer to the dorsal and ventral 
margin of the body develop relatively late so that the squamation has a wedge-shaped anterior margin (Fig. 6b). 

Figure 4.  Photographs and line drawings of cranial elements of the dorsoventrally preserved specimens of 
Megalomatia minima gen. et sp. nov. (a) BCM2016. (b) BCM2022-1. (c) BCM2023-1. Dashed lines indicate 
reconstructed portions. ao antorbital, an angular, cl cleithrum, clv clavicle, d dentary, e eyes, ed endoskeletal disc,  
io infraorbital, (l) left, mx maxilla, pas parasphenoid, r pectoral fin rays, (r) right.
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The tiny scales are needle-shaped, and their length is c.0.3 mm (Fig. 6c). The scales are regularly distributed along 
the longitudinal rows and do not entirely fill the gaps between each scale due to their small size.

Remarkably, both the right and left sides of the trunk lateral line canal are preserved in the holotype (Fig. 6d,e). 
Although it looks as if two canals are present on the right side of the trunk, they are continuously connected to 
the sensory canal on each side of the supracleithrum. On the caudal peduncle, the trunk lateral line canal runs 
under the scales instead of passing through them (Fig. 6b). Thus, the scale row overlying the canal is slightly 
raised and more conspicuous than the other rows.

Discussion
Several preserved features of the specimens of Megalomatia indicate that they are in the juvenile phase, including 
not fully formed cranial elements, absent or incompletely developed body squamation, and absence of yolk sac 
(Figs. 2, 3, 4, 6). The ontogenetic information of Megalomatia provides valuable insight into the developmental 
patterns of basal actinopterygians and the adaptations of young individuals to enhance their viability under 
primitive body plans.

Based on the specimens of Megalomatia, we can observe the gradual development of the cranial and post-
cranial elements within the growth series of Megalomatia (Figs. 3, 7) with a focus on specific elements, which 

Figure 5.  Photographs and line drawings of pelvic, dorsal, anal, and caudal fins of Megalomatia minima gen. et 
sp. nov. (a) Pelvic fin of the holotype (GNUE11001). (b) Dorsal fin of the holotype (GNUE11001). (c) Anal fin 
of the holotype (GNUE11001). (d) Caudal fin of BCM2014-1. (e) Caudal fin of BCM2014-2. p.bfu paired basal 
fulcra, scu scutes.
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develop first to appear. The parietal and dermopterotic of Megalomatia appear first in the development of the 
skull roof, preceding the other bones. In general, the parietal is among the first bones to form during the skull 
roof development, and the dermopterotic follows  it23–25. The development of the orbit of Megalomatia begins with 
the antorbital covering the anteroventral portion (Figs. 3, 7), followed by the appearance of the infraorbital—sub-
sequently, the nasal and posterior infraorbital cover the anterior and posterior margins of the eye, respectively. 
In the opercular series of Megalomatia, the operculum is the last bone to appear, following the preoperculum 
and suboperculum (Figs. 3, 7). This developmental pattern differs from that of modern fishes, where the appear-
ance of the operculum precedes the other bones of the opercular  series25. The preoperculum initially exhibits an 
elongated oval shape (Fig. 3a). During development, it extends anteriorly and posteriorly, covering the dorsal 
margin of the maxilla. Its anterior margin gradually becomes concave, and its posterodorsal corner becomes 
dorsally convex (Figs. 3c–f, 7). In the holotype (Fig. 3f), the concave anterior margin of the preoperculum is 
not clearly discernable. It appears that the anteroventral portion of the preoperculum is covered by the maxilla, 

Figure 6.  Photographs of lateral line canals and squamations of the holotype (GNUE11001) of Megalomatia 
minima gen. et sp. nov. (a) Holotype, GNUE11001. (b) Right and left squamations. (c) Magnified scales from 
(b). (d) Right lateral line canal with a canal of right supracleithrum. (e) Left lateral line canal with a canal of left 
supracleithrum.  (l) left, llc lateral line canal, (r) right, sc a canal of supracleithrum.

Figure 7.  Development of cranial elements of Megalomatia minima gen. et sp. nov. The arrows indicate the 
direction of ontogenetic change. ao antorbital, an angular, br branchiostegal rays, cl cleithrum, clv clavicle, 
d dentary, dpt dermopterotic, io infraorbital,  mx maxilla, n nasal, op operculum, ot otoliths, pa parietal, pas 
parasphenoid, pop preoperculum,  pt posttemporal, sc a canal of supracleithrum, scl supracleithrum, sop 
suboperculum.
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revealing only the extended anterior arm. Unlike most of the basal actinopterygians, which generally possess the 
segmented and branched fin rays with the fringing fulcra, these characteristics are not observed in all specimens 
of Megalomatia (Fig. 5). In the early development of the fin rays, the degree of segmentation of fin rays is low, and 
the borders of each segment are not distinct compared to that of mature  individuals24. Throughout the growth 
of fins, characteristics such as distally added segments, bifurcated fin rays, and fringing fulcra developing along 
the anterior margin of the fins are  observed24. Therefore, considering the developmental process of the fins, the 
absence of segmentation, bifurcation, and fringing fulcra in the fin of Megalomatia seems to be a temporary 
feature observed only during early developmental stages.

Although all specimens of Megalomatia represent its juvenile phase, they exhibit some characteristics that can 
be used to assign Megalomatia as ‘palaeoniscoids’, such as the anteriorly inclined opercular series and a hatchet-
shaped preoperculum. The anteriorly inclined opercular series and suspensorium are commonly observed in 
most of the ‘palaeoniscoids’ although there is some variation of inclination  angle26. A hatchet-shaped preoper-
culum is also commonly used to describe ‘palaeoniscoids’26. Meanwhile, Megalomatia has an operculum much 
smaller than the suboperculum. Such a small operculum is observed in a few ‘palaeoniscoid’ taxa, including 
Canobius and Cheirodopsis27.

Due to the exceptional preservation of the specimens of Megalomatia, we were able to confirm the presence 
of the possible crystalline lens, the otoliths, and the trunk lateral line canals (Figs. 3, 6), which are generally dif-
ficult to observe on the fish fossils. The crystalline lenses of aquatic animals tend to be much rounder and harder 
than those of terrestrial animals to provide focusing ability by having enough refractive  power28. In particular, 
fish lenses are very hard due to the high protein concentration in the lens’s  center29. Therefore, considering the 
hardness of fish lenses and the size and shape of the preserved structure at the center of the eye of Megalomatia 
(Fig. 3c–e), it is reasonable to consider this structure as the crystalline lens. The possible crystalline lens is also 
recognizable in a specimen of Hiascoactinus16.

In the paratype (BCM2016, Fig. 3a), three types of otoliths (lapillus, sagitta, and asteriscus) are preserved. 
The slight spacing and difference in morphology and size between them indicate that each represents a different 
type of otolith rather than a pair of the same type. Furthermore, their relative position corresponds to the actual 
arrangement of the otoliths within the inner ear (lapillus, sagitta, and asteriscus from the front)30,31. The largest 
and smallest otolith of Megalomatia are the sagitta and asteriscus, respectively, as in most extant and extinct 
 fishes31,32. The formation of otoliths occurs in very early developmental  stages23,24, so it is possible to estimate 
fish age. However, the fossil record of basal actinopterygians with all three types of otoliths in situ is extremely 
scarce.  Gottfried33 described two large otoliths, which were identified as the lapillus and sagitta, and a tiny third 
one, identified as an asteriscus, in a ‘palaeoniscoid’ specimen. However,  Coates34 reinterpreted two large ones as 
a pair of asterisci and the third one as sagitta and suggested that a small sagitta and large asteriscus, contained 
within a single sacculo-lagenar chamber, are primitive characteristics for basal actinopterygians. In Megalomatia, 
however, the sagitta is the largest among the preserved otoliths with a straight sulcus, which is a typical feature 
of  sagitta32. Therefore, discovering three types of otoliths in Megalomatia supports Gottfried’s interpretation, 
and Coates’s hypothesis should be reconsidered.

In the teleosts, the formation of the trunk lateral line canal generally occurs in concert with the development 
of the  scales35,36. During the development of lateral line scales, the lateral walls, arising from the scale plate, form 
an enclosed tube. The lateral line canal passes through the tubes on the overlapping lateral line  scales37 (Fig. 8a). 
In contrast, in the holotype of Megalomatia, the prominent trunk lateral line canals are observed in the anterior 
trunk region, where the squamation has not yet developed, and continue posteriorly under the lateral line scales 
on the caudal peduncle (Fig. 6). It suggests that the development of the trunk lateral line canal of Megalomatia 
precedes that of the squamation rather than simultaneously. Furthermore, assuming the presence of ossified tubes 
enclosing the canals seems reasonable. These ossified tubes probably help the canals retain their relief during 
fossilization. The trunk lateral line canal with the ossified tubes is also recorded in living basal actinopterygians 
(Polyodon spathula) and extinct basal chondrichthyans (Falcatus falcatus)38,39. Particularly, paddlefish possess 
rhomboid scales exclusively on the dorsal lobe of the tail, and their lateral line canals run under the scales as 
in Megalomatia. The trunk lateral line canal, which does not pass through scales and appears independently 
without association with scale plate, is commonly observed in acanthodians and elasmobranchs (Fig. 8b)3,36,40–43. 
Therefore, such a relationship between trunk lateral line canal and squamation development, observed in the 

Figure 8.  Lateral line canal of modern actinopterygians and chondrichthyans. (a) Lateral line canal of modern 
actinopterygians (modified from Webb and  Ramsay59). Note that the lateral line canal runs through the scales. 
Light grey areas indicate canal segments. (b) Lateral line canal of chondrichthyans (modified from Hickman 
et al.71). Note that the lateral line canal runs under the skin. llc lateral line canal, n canal neuromast, p pore, plln 
posterior lateral line nerve, s scale.
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major groups within gnathostomes, seems to represent a plesiomorphic trait of gnathostomes. The osteichthyan 
lineage has independently lost this trait by acquiring the canal that passes through the tubes on the overlapping 
lateral line scales.

The evolution of the feeding mechanism in actinopterygians begins with gradual changes in their jaw struc-
ture from a simple hinge-like jaw joint to a mouth capable of tube-like extension with mobile jaw  elements44. 
In the advanced teleosts, several anatomical features, such as an elongated ascending process on the premaxilla 
that makes the premaxilla slide anteriorly, the maxilla that can swing anteriorly, and the laterally expandable 
suspensorium are major adaptations for the suction feeding  mechanism44–46. Using these structures, fishes rapidly 
expand their mouth cavity, creating a drop in pressure and drawing the prey and water encompassing it into the 
 mouth44–46. In basal actinopterygians, however, the firmly attached maxilla and premaxilla to the other dermal 
skull bones, the anteriorly inclined suspensorium that limits the lateral expansion of the mouth cavity, and a large 
gape that disturbs the maintenance of low pressure in the mouth cavity are inappropriate for suction feeding. 
Instead, as a bite feeder, they would have used ram feeding to approach the prey and seize it. Additionally, a large 
gape and small pointed teeth probably were well-suited to seize the large prey. As in other basal actinopterygians, 
Megalomatia shows these primitive conditions in the skull elements (Figs. 3, 4), and it supports that Megalomatia 
would also have used this basal feeding mode.

Due to the small suction power, bite feeders draw less prey toward their mouth and require more movement 
toward the prey during a feeding  event47. For this reason, bite feeding would have required a more precise-target-
ing strategy to seize the prey than suction feeding, and the large protruded eyes of Megalomatia are considered 
a possible adaptation for feeding success under the condition of the primitive jaw structure. Increased eye size 
is correlated with enhanced visual acuity, and it is reported across many species, including fishes, birds, water 
fleas, and marine  reptiles48–53. The larger the eye is, the more retinal photoreceptor cells it accommodates. Thus, 
the retinal photoreceptor cells increase in number and receive more light per solid angle of image space, and a 
better resolution of an image is  obtained48,49,54,55. Furthermore, the smaller inter-receptor angle corresponding 
to the enlarged eye leads to higher  acuity52,54,56.

As the feeding strategy has evolved to suction feeding, the snout region tends to be anteriorly extended to 
accommodate the specialized jaw elements, and the eyes are located posteriorly relative to the mouth. Conse-
quently, the advanced teleosts have a narrow binocular visual field, which rarely exceeds 40°55,57, and a blind area 
is formed directly anterior to the snout. In contrast, the protruded and more frontally placed eyes of Megalomatia 
suggest that there is no tradeoff between the advanced feeding strategy and the advantage in the visual field. These 
distinctive eyes of Megalomatia would have provided a wide binocular field without the blind area. It probably 
results in the enhanced perception of depth and the range of the prey and the ability to visually track the elusive 
prey, even when it is located directly anterior to the snout until the feeding process is completed.

The large eyes of Megalomatia can be considered a result of allometric growth in early developmental stages. 
However, the body proportions in the juvenile phase are generally similar to those of adult  individuals5,58. Thus, 
the large protruded eyes of Megalomatia are considered a diagnostic morphological feature of Megalomatia 
rather than a temporary feature that only appears in early developmental stages. Meanwhile, an enormous and 
anteriorly placed orbit is commonly observed in basal actinopterygians, including Belichthys, Lineagruan, and 
Pteronisculus11,59,60. It possibly suggests that the condition of the eyes with wide binocular vision, similar to 
Megalomatia, may not be restricted to Megalomatia and would have been a vital adaptation to successfully catch 
the prey in basal actinopterygians before acquiring the ability of suction feeding. However, further discoveries 
of specimens with clear eye residues are required to reveal the morphological features and functions of the eyes 
of basal actinopterygians.

Although there is some variation in the degree of formation and preservation of skull bones, the upper 
and lower jaws, pectoral girdle, and opercular series consistently appear first through all specimens (Fig. 3). 
These elements are essential for feeding and respiration. The jaws with sharp teeth and pectoral girdle, where 
the sternohyoideus muscle that opens the mouth is attached, play an essential role in capturing their prey. The 
opercular series protects the gill complex, and water movement through the buccal and opercular cavities, 
necessary for respiration, is facilitated by the opening and closing of the opercular  series61. As the yolk sac is 
resorbed in modern fishes, young individuals switch from relying on endogenous nutrient sources to eating 
exogenous food. Additionally, they decrease their reliance on cutaneous respiration and instead increase their 
use of branchial  respiration62. Likewise, the preferential formation of the jaws, pectoral girdle, and opercular 
series in the specimens of Megalomatia is likely an adaptation resulting from the same survival requirements 
after the resorption of the yolk sac.

Generally, the squamation development in basal actinopterygians initiates anteriorly and progresses 
 posteriorly5,7,8,59. A few scale rows quickly cover more than half of the lateral line, and the following additional 
scale rows develop both above and below the lateral line, exhibiting a narrow wedge-shaped squamation mar-
gin. Subsequently, the squamation also occurs on the dorsal lobe of the tail and combines with the squamation 
from the anterior part of the caudal peduncle as it grows. Whereas, Megalomatia exhibits some difference in the 
squamation development. The squamation of the Megalomatia appears first on the caudal region and extends 
anteriorly along the lateral line (Fig. 6b). The development of the lateral line scale row slightly precedes the other 
scale rows, exhibiting relatively thick wedge-shaped squamation margin. Such a posteroanterior squamation 
pattern has been reported in Parhaplolepis (‘palaeoniscoids’), acanthodians, and living chondrichthyans and 
 osteichthyans63–66. Remarkably, the dorsal and ventral scutes with the following paired basal fulcra on the caudal 
peduncle appear to occur before the squamation development in Megalomatia (Figs. 2b, 5d, e) as well as in basal 
actinopterygians, where the squamation development has been reported such as Elonichthys and Brookvalia7,8. 
The early appearance of the squamation on the caudal region would have increased the stiffness of the tail, and 
the stiffer tail improves the swimming capability of fish by increasing thrust force and swimming  speed6,67–69. 
Furthermore, before the appearance of the squamation, the presence of the scutes and basal fulcra, arranged along 
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the dorsal and ventral margin of the caudal peduncle, probably increased the stiffness of the tail with a lower cost 
in a much shorter time. It suggests that the acquisition of swimming capability during early developmental stages 
is an adaptation for chasing prey and evading predators, which are essential for the survival of young individuals 
of basal actinopterygians, including Megalomatia.

Meanwhile, the wide binocular visual field of Megalomatia decreases the monocular visual field, leading to 
an increase in the posterior blind area behind the head. Consequently, it suggests that the tail of Megalomatia 
falls within the posterior blind area, making it vulnerable to possible damage. The fish tail is a vital appendage 
where the propulsive thrust reaches its  maximum70. The primary function of the scales is to protect the vital and 
vulnerable parts. Thus, it is reasonable to consider that the scales, which initially appear on the caudal region of 
Megalomatia, also play a significant role in protecting its tail.

Conclusions
Fourteen specimens from the Upper Triassic Amisan Formation of South Korea represent a new taxon, Megalo-
matia minima gen. et sp. nov. Their exceptional preservation provides ontogenetic information and insight into 
possible adaptations in response to functional demands to increase their viability. The primitive arrangement of 
actinopterygian otoliths has been the subject of debate. However, the discovery of the otoliths in situ of Mega-
lomatia does not support the hypothesis that the presence of the asteriscus as the largest one among the three 
otoliths represents the primitive condition for basal actinopterygians. The trunk lateral line canal of Megalomatia 
appears independently without association with the scale plate and runs under the scales. This characteristic is 
observed in the major groups within gnathostomes and seems to represent a plesiomorphic gnathostome trait. As 
a bite feeder with a primitive jaw structure, Megalomatia would have required a more precise targeting strategy 
to seize the prey. The large protruded eyes of Megalomatia probably provided a wide binocular field without the 
anterior blind area and played a significant role in targeting and catching prey. In all specimens of Megalomatia, 
the upper and lower jaws, pectoral girdle, and opercular series consistently appear first. The preferential formation 
of these skeletal elements would have allowed juvenile Megalomatia to obtain nutrients from exogenous food and 
increase their branchial respiration after the yolk sac resorption. Furthermore, the squamation of Megalomatia 
firstly covering the caudal region would have improved the swimming capability by increasing the tail stiffness 
and played a role in protecting its tail from possible damage. All these characteristics of Megalomatia, appearing 
in the juvenile phase, are likely linked to the adaptation of young individuals to increase their viability.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary 
Information files.

Received: 5 October 2023; Accepted: 26 December 2023

References
 1. Fukuhara, O. Study on the development of functional morphology and behavior of the larvae of eight commercially valuable teleost 

fishes. Contr. Fish. Res. Jpn. Sea Block 25, 1–122 (1992).
 2. Koumoundouros, G., Divanach, P. & Kentouri, M. Osteological development of the vertebral column and of the caudal complex 

in Dentex dentex. J. Fish Biol. 54, 424–436 (1999).
 3. Chevrinais, M., Sire, J.-Y. & Cloutier, R. Unravelling the ontogeny of a Devonian early gnathostome, the “acanthodian” Triazeu-

gacanthus affinis (eastern Canada). PeerJ 5, e3969. https:// doi. org/ 10. 7717/ peerj. 3969 (2017).
 4. Chevrinais, M., Sire, J.-Y. & Cloutier, R. From body scale ontogeny to species ontogeny: Histological and morphological assessment 

of the Late Devonian acanthodian Triazeugacanthus affinis from Miguasha, Canada. PLoS One 12, e0174655. https:// doi. org/ 10. 
1371/ journ al. pone. 01746 55 (2017).

 5. Cloutier, R. The fossil record of fish ontogenies: Insights into developmental patterns and processes. Semin. Cell Dev. Biol. 21, 
400–413 (2010).

 6. Hutchinson, P. A new revision of the redfieldiiform and perleidiform fishes from the Triassic of Bekker’s Kraal (South Africa) and 
Brookvale (New South Wales). Bull. Br. Mus. 22, 233–354 (1973).

 7. Schultze, H.-P. & Bardack, D. Diversity and size changes in palaeonisciform fishes (Actinopterygii, Pisces) from the Pennsylvanian 
Mazon Creek fauna, Illinois, USA. J. Vertebr. Paleontol. 7, 1–23 (1987).

 8. Donoghue, P. C. J. Evolution of development of the vertebrate dermal and oral skeletons: Unraveling concepts, regulatory theories, 
and homologies. Paleobiology 28, 474–507 (2002).

 9. Janvier, P. Early Vertebrates (Oxford University Press, 2002).
 10. Poplin, C. & Lund, R. Two Carboniferous fine-eyed palaeoniscoids (Pisces, Actinopterygii) from Bear Gulch (USA). J. Paleontol. 

76, 1014–1028 (2002).
 11. Mickle, K. E., Lund, R. & Grogan, E. D. Three new palaeoniscoid fishes from the Bear Gulch Limestone (Serpukhovian, Missis-

sippian) of Montana (USA) and the relationships of lower actinopterygians. Geodiversitas 3, 623–668 (2009).
 12. Nelson, J. S., Grande, T. C. & Wilson, M. V. H. Fishes of the World 5th edn. (Wiley, 2016).
 13. Egawa, K. & Lee, Y. I. Jurassic synorogenic basin filling in western Korea: Sedimentary response to inception of the western 

Circum-Pacificorogeny. Basin Res. 21, 407–431 (2009).
 14. Kimura, T. & Kim, B.-K. Geological age of the Daedong flora in the Korean Peninsula and its phytogeographical significance in 

Asia. Proc. Jpn. Acad. Ser. B 60, 337–340 (1984).
 15. Kim, J.-H. & Lee, G.-H. Fossil conchostraca from the Amisan Formation of the Nampo Group, Korea. J. Geol. Soc. Korea 36, 

181–189 (2015).
 16. Kim, S.-H., Lee, Y.-N., Park, J.-Y., Lee, S. & Lee, H.-J. The first record of redfieldiiform fish (Actinopterygii) from the Upper Triassic 

of Korea: Implications for paleobiology and paleobiogeography of Redfieldiiformes. Gondwana Res. 80, 275–284 (2020).
 17. Park, T.-Y.S., Kim, D.-Y., Nam, G.-S. & Lee, M. A new titanopteran Magnatitan jongheoni n. gen. n. sp. from southwestern Korean 

Peninsula. J. Paleontol. 96, 1111–1118 (2022).
 18. Huxley, T. H. On the application of the laws of evolution to the arrangement of the Vertebrata and more particularly of the Mam-

malia. Proc. Zool. Soc. Lond. 20, 649–662 (1880).

https://doi.org/10.7717/peerj.3969
https://doi.org/10.1371/journal.pone.0174655
https://doi.org/10.1371/journal.pone.0174655


13

Vol.:(0123456789)

Scientific Reports |          (2024) 14:317  | https://doi.org/10.1038/s41598-023-50803-z

www.nature.com/scientificreports/

 19. Cope, E. D. Zittel’s manual of paleontology. Am. Nat. 17, 1014–1019 (1887).
 20. Schultze, H.-P. Nomenclature and homologization of cranial bones in actinopterygians. In Mesozoic Fishes 4: Homologyand Phy-

logeny (eds Arratia, G. et al.) 23–48 (Verlag Dr Friedrich Pfeil, 2008).
 21. Teng, C. S., Cavin, L., Maxon, R. E. Jr., Sànchez-Villagra, M. R. & Crump, J. G. Resolving homology in the face of shifting germ 

layer origins: Lessons from a major skull vault boundary. Elife 8, e52814. https:// doi. org/ 10. 7554/ eLife. 52814 (2019).
 22. Arratia, G. Actinopterygian postcranial skeleton with special reference to the diversity of fin ray elements, and the problem of 

identifying homologies. In Mesozoic Fishes 4: Homologyand Phylogeny (eds Arratia, G. et al.) 49–101 (Verlag Dr Friedrich Pfeil, 
2008).

 23. Jollie, M. Development of the head skeleton and pectoral girdle of salmons, with a note on the scales. Can. J. Zool. 62, 1757–1778 
(1984).

 24. Grande, L. An empirical synthetic pattern study of gars (Lepisosteiformes) and closely related species, based mostly on skeletal 
anatomy. The resurrection of Holostei. Am. Soc. Ichthyol. Herpetol. Spec. Publ. 6, 1–871 (2010).

 25. Kang, C.-B., Myoung, J.-G., Kim, Y. S. & Kim, H. Early osteological development and squamation in the spotted sea bass Lateolabrax 
maculates (Pisces: Lateolabracidae). Kor. J. Fish Aquat. Sci. 45, 271–282 (2012).

 26. Mickle, K. E. Revisiting the actinopterygian preoperculum. In Mesozoic Fishes 5: Global Diversity and Evolution (eds Arratia, G. 
et al.) 35–71 (Verlag Dr Friedrich Pfeil, 2013).

 27. Moy-Thomas, J. A. & Dyne, M. B. The Actinopterygian fishes from the Lower Carboniferous of Glencartholm, Eskdale, Dum-
friesshire. Earth Environ. Sci. Trans. R. Soc. Edinb. 59, 437–480 (1938).

 28. Shukla, G., Rao, D. S. & Kumar, C. J. S. Max vision tablet: A perfect formulation to support the treatment of age related macular 
degeneration & dry eye syndrome. Asian J. Appl. Sci. Technol. 2, 102–114 (2018).

 29. Kozłowski, T. M. & Kröger, R. H. H. Visualization of adult fish lens fiber cells. Exp. Eye Res. 181, 1–4 (2019).
 30. Grande, L. & Bemis, W. E. A comprehensive phylogenetic study of amiid fishes (Amiidae) based on comparative skeletal anatomy. 

An empirical search for interconnected patterns of natural history. J. Vertebr. Paleontol. Suppl. 18, 1–696 (1998).
 31. Long, J. M. & Snow, R. A. Ontogenetic development of otoliths in alligator gar. Trans. Am. Fish. Soc. 145, 537–544 (2016).
 32. Schwarzhans, W. W., Murphy, T. D. & Frese, M. Otoliths in situ in the stem teleost Cavenderichthys talbragarensis (Woodward, 

1895), otoliths in coprolites, and isolated otoliths from the Upper Jurassic of Talbragar, New South Wales. Australia. J. Vertebr. 
Paleontol. 38, e1539740. https:// doi. org/ 10. 1080/ 02724 634. 2018. 15397 40 (2019).

 33. Gottfried, M. D. A subadult palaeoniscoid (Actinopterygii, Osteichthyes) from the upper Pennsylvanian of Kansas, USA. Pollichia 
29, 103–112 (1994).

 34. Coates, M. I. Actinopterygians from the Namurian of Bearsden, Scotland, with comments on early actinopterygian neurocrania. 
Zool. J. Linn. Soc. 122, 27–59 (1998).

 35. Voronina, E. P. & Hughes, D. R. Types and development pathways of lateral line scales in some teleost species. Acta Zool. 94, 
154–166 (2013).

 36. Webb, J. F. Morphological diversity, development, and evolution of the mechanosensory lateral line system. In The Lateral Line 
System (eds Coombs, S. et al.) 17–72 (Springer, 2014).

 37. Webb, J. F. & Ramsay, J. B. New interpretation of the 3-D configuration of lateral line scales and the lateral line canal contained 
within them. Copeia 105, 339–347 (2017).

 38. Grande, L. & Bemis, W. E. Osteology and phylogenetic relationships of fossil and recent paddlefishes (Polyodontidae) with com-
ments on the interrelationships of Acipenseriformes. J. Vertebr. Paleontol. Suppl. 11, 1–121 (1991).

 39. Lund, R. The morphology of Falcatus falcatus (St. John and Worthen), a Mississippian stethacanthid chondrichthyan from the 
Bear Gulch Limestone of Montana. J. Vertebr. Paleontol. 5, 1–19 (1985).

 40. Pearson, D. M. Primitive bony fishes, with especial reference to Cheirolepis and palaeonisciform actinopterygians. Zool. J. Linn. 
Soc. 74, 35–67 (1982).

 41. Gagnier, P.-Y., Hanke, G. F. & Wilson, M. V. H. Tetanopsyrus lindoei, gen. et sp. nov., an Early Devonian acanthodian from the 
Northwest Territories, Canada. Acta Geol. Pol. 49, 81–96 (1999).

 42. Hanke, G. F. & Wilson, M. V. H. Anatomy of the early Devonian acanthodian Brochoadmones milesi based on nearly complete 
body fossils, with comments on the evolution and development of paired fins. J. Vertebr. Paleontol. 26, 526–537 (2006).

 43. Hanke, G. F. Promesacanthus eppleri n. gen., n. sp., a mesacanthid (Acanthodii, Acanthodiformes) from the Lower Devonian of 
northern Canada. Geodiversitas 30, 287–302 (2008).

 44. Maisey, J. G. Discovering Fossil Fishes (Henry Holt and Company, 1996).
 45. Lauder, G. V. Patterns of evolution in the feeding mechanism of actinopterygian fishes. Am. Zool. 22, 275–285 (1982).
 46. Day, S. W., Higham, T. E., Holzman, R. & Wassenbergh, S. V. Morphology, kinematics, and dynamics: The mechanics of suction 

feeding in fishes. Integr. Comp. Biol. 55, 21–35 (2015).
 47. Wilga, C. D., Motta, P. J. & Sanford, C. P. Evolution and ecology of feeding in elasmobranchs. Integr. Comp. Biol. 47, 55–69 (2007).
 48. Martin, G. R. Schematic eye models in vertebrates. In Progress in sensory physiology, Vol  4 (eds Autrum, H. et al.) 43–81 (Springer, 

USA, 1983).
 49. Motani, R., Rothschild, B. M. & William, W. Jr. Large eyeballs in diving ichthyosaurs. Nature 402, 747 (1999).
 50. Møller, A. P. & Erritzøe, J. Flight distance and eye size in birds. Ethology 116, 458–465 (2010).
 51. Land, M. F. & Nilsson, D.-E. Animal Eyes 2nd edn. (Oxford University Press, 2012).
 52. Caves, E. M., Sutton, T. T. & Johnsen, S. Visual acuity in ray-finned fishes correlates with eye size and habitat. J. Exp. Biol. 220, 

1586–1596 (2017).
 53. Beston, S. M., Dudycha, J. F., Post, D. M. & Walsh, M. The evolution of eye size in response to increased fish predation in Daphnia. 

Evolution 73, 197–802 (2019).
 54. Walls, G. L. The Vertebrate Eye and Its Adaptive Radiation (Cranbrook Institute of Science, 1942).
 55. Hughes, A. The topography of vision in mammals of contrasting life style: Comparative optics and retinal organization. In Hand-

book of Sensory Physiology: The Visual System in Vertebrates (ed. Crescitelli, F.) 613–756 (Springer, 1977).
 56. Caves, E. M., Brandley, N. C. & Johnsen, S. Visual acuity and the evolution of signals. Trends Ecol. Evol. 33, 358–372 (2018).
 57. Kahmann, H. Untersuchungen über die Linse, die Zonula ciliaris, Refraktion und Akkomodation von Säugetieren. Zool. Jahrb. 

48, 509–588 (1930).
 58. Cloutier, R., Béchard, I., Charest, F. & Matton, O. L. contribution des poissons fossiles de Miguasha à la biologie évolutive du 

développement. Nat. Can. 133, 84–95 (2009).
 59. Wade, R. T. The Triassic fishes of Brookvale (New South Wales. British Museum of Natural History, 1935).
 60. Ren, Y. & Xu, G.-H. A new species of Pteronisculus from the Middle Triassic (Anisian) of Luoping, Yunnan, China, and phylogenetic 

relationships of early actinopterygian fishes. Vert. PalAs. 59, 169–199 (2021).
 61. Jonz, M. G. Respiratory system. In The Zebrafish in Biomedical Research: Biology, Husbandry, Diseases, and Research Applications 

(eds Cartner, S. C. et al.) 103–107 (Academic Press, 2020).
 62. Vandewalle, P., Gluckmann, I., Baras, E., Huriaux, F. & Focant, B. Postembryonic development of the cephalic region in Hetero-

branchus longifilis. J. Fish Biol. 50, 227–253 (1997).
 63. Loweny, K. A. A revision of the Family Haplolepidae (Actinopterygii, Paleonisciformes) from Linton, Ohio (Westphalian D. 

Pennsylvanian). J. Paleontol. 54, 942–953 (1980).
 64. Zidek, J. Growth in Acanthodes (Acanthodii: Pisces), data and implications. Palaontol. Z. 59, 147–166 (1985).

https://doi.org/10.7554/eLife.52814
https://doi.org/10.1080/02724634.2018.1539740


14

Vol:.(1234567890)

Scientific Reports |          (2024) 14:317  | https://doi.org/10.1038/s41598-023-50803-z

www.nature.com/scientificreports/

 65. Sire, J.-Y. & Akimenko, M.-A. Scale development in fish: A review, with description of sonic hedgehog (shh) expression in the 
zebrafish (Danio rerio). Int. J. Dev. Biol. 48, 233–247 (2004).

 66. Johanson, Z., Tanaka, M., Chaplin, N. & Smith, M. Early Palaeozoic dentine and patterned scales in the embryonic catshark tail. 
Biol. Lett. 4, 87–90 (2008).

 67. Esposito, C. J., Tangorra, J. L., Flammang, B. E. & Lauder, G. V. A robotic fish caudal fin: Effects of stiffness and motor program 
on locomotor performance. J. Exp. Biol. 215, 56–67 (2012).

 68. Shelton, R. M., Thornycroft, P. J. M. & Lauder, G. V. Undulatory locomotion of flexible foils as biomimetic models for understand-
ing fish propulsion. J. Exp. Biol. 217, 2110–2120 (2014).

 69. Croft, S. B., Shehata, R. & Flammang, B. E. Flexibility of heterocercal tails: What can the functional morphology of shark tails tell 
us about ichthyosaur swimming?. Integr. Org. Biol. 1, obz002. https:// doi. org/ 10. 1093/ iob/ obz002 (2019).

 70. Smith, I. C. The structure of the skin and dermal scales in the tail of Acipenser ruthenus L. Trans. R. Soc. Edinb. Earth Sci. 63, 1–14 
(1956).

 71. Hickman, C. P. Jr., Keen, S. L., Eisenhour, D. J., Larson, A. & I’Anson, H. Integrated Principles of Zoology 18th edn. (McGraw-Hill, 
2020).

Acknowledgements
We thank Yun-Bae Park (Boryeong Coal Museum) and Byung-Do Choi (Daegu National Science Museum) 
for providing access to the specimens for this study. This research was supported by the Basic Science Research 
Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Education (Grant 
number 2022R1I1A2060919) to Y.-N.L.

Author contributions
Conceptualization: Y.-N.L.; investigation: S.-H.K., Y.-N.L., G.-S.N., J.-Y.P., S.L., M.S.; resources: G.-S.N.; visuali-
zation: S.-H.K.; writing—original draft: S.-H.K.; writing—review and editing: S.-H.K., Y.-N.L., G.-S.N., J.-Y.P., 
S.L., M.S.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 50803-z.

Correspondence and requests for materials should be addressed to Y.-N.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1093/iob/obz002
https://doi.org/10.1038/s41598-023-50803-z
https://doi.org/10.1038/s41598-023-50803-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A new exceptionally well-preserved basal actinopterygian fish in the juvenile stage from the Upper Triassic Amisan Formation of South Korea
	Materials and methods
	Results
	Systematic paleontology
	Etymology
	Holotype
	Paratype
	Referred specimens
	Localities and horizon
	Diagnosis

	Description
	Cranial elements
	Postcranial elements

	Discussion
	Conclusions
	References
	Acknowledgements


