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Abstract

Taiwan is one of the richest in the world in terms of eel fauna. In this study, we examined the osteological and
morphological characteristics of eels under order Anguilliformes. Furthermore, we focused on the neurocranium of total
of 30 Anguilliformes fishes under family Congridae (10), Muraenesocidae (1), Muraenidae (7), Nemichthyidae (1),
Nettastomatidae (2), Ophichthidae (5), Synaphobranchidae (4), which are caught in Taiwanese waters. This paper shows
the results of a comparative study on osteological characters of the neurocranium including the ratio of seven length
characters using its NCL (neurocranium length), NCW (neurocranium width), OBL (orbit length), MFW (maximum
frontal width), NCDB (neurocranium depth at basisphenoid), PEVW (premaxilla-ethmovomer width) and mPOBL (mid
pre-orbital length), and 20 morphological diagnostic characters for 30 eel species. Results shows that species under family
Nemichthyidae and Nettastomatidae have the highest values on the ratio of NCL/MFW, NCL/NCDB, and NCW/mPOBD.
In morphological characters, it shows that species of the same family mostly share similar formation of the PEV plate
and frontal structure. The usage of the length measurements and morphological diagnostic characters of neurocranium
allowed for a more in depth understanding of how similar or different these eels can be. The neurocranial description and
morphological characters may prove valuable for identification purposes and might be necessary tool for further studies
on the status of order Anguilliformes.
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Introduction

Anguilliform fishes are generally elongated, which can reach 4 m (13 ft) in total length in the slender giant moray
(McCosker,1998). They usually inhabit marine, brackish, and freshwater. Adults range in weight from 30 g to
over 25 kg, they possess no pelvic fins, and many species also lack pectoral fins. Scales usually absent or, if
present, cycloid and embedded, (Froese & Pauly, 2020). The Taiwan ichthyofauna, particularly the eel fauna (orders
Anguilliformes and Saccopharyngiformes), is large and diverse (Ho et al., 2018). According to the latest annotated
checklist of the eels of Taiwan, it is composed of 14 families and 232 species, and many additional species were
reserved for further study. Several studies in classification and identification of eels were based on morphology
and/or morphometric (Nelson, 1966; Bohlke, 1982; Robins, 1989), and genetic evidence (Vasconcelos, 2009; Tawa
et al., 2012), which sometimes result in disagreement of DNA analysis and morphological comparisons in terms of
phylogenetic relationships within the order (Wang et al., 2003).

Furthermore, there are studies focusing on functional morphology and discovered some interesting
specializations, such as head-first burrowing in the Moringuidae (De Schepper ef al., 2005, 2007), a unique system
of prey transport using highly specialized pharyngeal jaws in the Muraenidae (Mehta & Wainwright, 2007), and the
description of the most basal, extant clade (genus Protanguilla) and its morphology, strengthening comparisons of
derived morphologies across Anguilliformes (Johnson et al., 2012). In family Muraenidae, there are dietary studies
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that described and classified species mainly based on their cranial morphology, oral jaws, and dentition (Mehta,
2009), as well as described neurocranium morphology to differentiate the two subfamilies of Uropterygiinae and
Muraeninae (Ramos-Castro et al., 2020), whereas other studies used otoliths in the morphological classification of
families under order Anguilliformes (Chulin & Chen, 2013).

Osteology is the study of the skeletal structure of fish which helps in understanding the variation of bone
forms among different species. It is regarded as the most reliable tool for taxonomists and is used in tracing out the
interrelationship between and within the group. This helps in understanding the important taxonomic characters for
identification, classification, and comparison at the species, generic, family, or at the higher level (Gosline, 1967;
Rosenblatt, 1967; Robins & Robins, 1971; James, 1985; Bohlke et al., 1989).

During the past few years, few techniques have been widely applied to evolutionary studies, taxonomic
examination and biogeographic analyses of eels (Ege, 1939; Watanabe et al., 2004, 2009; Arai et al., 2015).
However, the application of osteological and morphological characteristics on eels was limited in exploration
most likely due to the loss or fusion of many of their bones (Asano, 1962; Hulet, 1978; Bohlke et al., 1989).
Therefore, this study focused on anguilliform fishes found in the waters of Taiwan specifically 30 species that
belong to the families Congridae, Muraenesocidae, Muraenidae, Nemichthyidae, Nettastomatidae, Ophichthidae,
and Synaphobranchidae.

Generally, the aim of this study was to list Anguilliformes fishes from Taiwan waters and to describe the
neurocranium of species from seven families compressively based on the osteological attributes. This helps in
understanding the important characters for identification and classification of fish at the family level. It is also hoped
that this study could increase the knowledge on the osteology of the anguillid eels in general, as well as pave the way
for future works concerning the comparative, anatomy, morphology, paleontology, and particularly the phylogeny
of these Anguilliformes fishes.

Materials and methods

The specimens of moray eel were mainly caught by long-lines by the fishermen of Hualien and Taitung counties
in eastern Taiwan, in 2000-2019. A total of 50 specimens, representing 30 individual species from seven families
under order Anguilliformes, have been examined (Table 1). Specimens were individually photographed and their
measurements were recorded following Bohlke et al. (1989). Total lengths were recorded to the nearest one-tenth of
a centimeter (0.1 cm). Specimens were registered and assigned a catalog number to the collections of the Laboratory
of Aquatic Ecology, Department of Aquaculture, National Taiwan Ocean University (TOU-AE). The head of each
specimen was boiled for three to five minutes, depending on size. The skin and flesh were gently removed using
tweezers. The remaining flesh attached to the bones was softened by soaking in 1% NaOH solution for 20 to 30
minutes and was totally cleaned by brushing with a toothbrush. The eel skeletons were then air-dried for 24 hours.

The cranial and skeletal regions were compared according to Bohlke et al. (1989). The bony elements (Fig. 1)
were also identified as basioccipital (BO) situated at the end of the occipital base; basisphenoid (BS), at the back of
the orbital; ethmoid (E), median wall before the orbit and anterodorsal part of neurocranium; epiotic (EO), the upper
element of pterotic; exoccipital (EX), the bone connected to the wing below pterotic; frontal (F), the epidermal
bones at the top of the skull above the eye, paired and separated by a ridge for some species; parasphenoid (PS),
the median and elongated bone situated at the base of the neurocranium; parietal (PA), situated between the frontals
and the upper occipital, often a pair; premaxillary-ethmovomer (PEV), premaxilla connecting to the ethmoid and
vomer plate; prootic (PRO): site of the socket of hyomandibular attachment and situated lateroventrally under the
sphenotic; pterotic (PT), the lower part of epiotic that expands laterally and protrudes posteriorly; pterosphenoid
(PTS), bone connected to the base of the sphenotic; sphenotic (SP), small paired bone attached to the outer surface
of the pterosphenoid; and supraoccipital (SO), the central bone on posterodorsal part of neurocranium.

Each neurocranium was photographed and measured to facilitate the comparison based on the length ratio and
morphology. The measurements (Fig. 2) include neurocranium length (NCL), the distance between the anterior
ethmoid and the distal end of the occipital; neurocranium width (NCW), the distance between the outer edges of the
pterosphenoid on both posterior sides; orbit length (OBL), the maximum distance of the eye level; premaxillary-
ethmovomer width (PEVW), the maximum width from anteriormost part of premaxillary-ethmovomer; maximum
frontal width (MFW), the maximum width from anterior wings of frontals; neurocranium depth at basisphenoid
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(NCDB), the greatest depth from top of frontals to the parasphenoid or the base of vomer at basisphenoid region;
and mid pre-orbital depth (mPOBD), depth at the middle part of orbital region (Fig. 2). These measurements were
done using digital calipers to the nearest 0.01 mm.

To determine the length ratios and their relation in terms of sizes, the neurocranium length was used to divide
by neurocranium width, orbit length, maximum frontal width, and neurocranium depth at basisphenoid; the
neurocranium width was used to divide by premaxillary-ethmovomer width, mid pre-orbital depth, and maximum
frontal width; the premaxillary-ethmovomer width was divided to mid pre-orbital depth; and orbit length was
divided by premaxillary-ethmovomer width (Table 1). The neurocranium lengths and morphological characters
were evaluated. The morphological terminologies on diagnosis follow Bohlke ez al. (1989).

PEV E SP

PA PT

PEV o SO
sp PA EO

PT
. PRO

V%‘% BS pTs \ =

B V PS BO

FIGURE 1. The name and abbreviation of the cranial skeletal elements. A. Dorsal view. B. Left lateral view. Abbreviations:
BO: basioccipital; BS: basisphenoid; E: ethmoid; EX: exoccipital; EO: epiotic; F: frontal; PA: parietal; PS: parasphenoid; PEV:
premaxillary-ethmovomer; PRO: prootic; PT: pterotic; PTS: pterosphenoid; SO: supraoccipital; SP: sphenotic.

Results

The neurocranium of each species is described here in detail, and further illustrated in both dorsal and lateral view
(Figs. 3—18); some single bones are also illustrated with the characters used for the comparison each of the 30
Anguilliform fishes (Figs. 19-32). A detailed description of some bones, with variation noted, is given here.
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FIGURE 2. Location of the seven cranial measurements in Muraenesox cinereus, TOU-AE 7467, 89.3 cm. TL. A. Dorsal
and B. Left lateral view. Abbreviations: NCL, neurocranium length; NCW, neurocranium width; OBL, orbital length; PEVW,
premaxillary-ethmovomer width; MFW, maximum frontal width; NCDB, neurocranium depth at basisphenoid; and mPOBD,
mid pre-orbital depth.

1. Family Congridae

1.1 Bathycongrus albimarginatus Huang, Ho, Chang, Smith & Chen, 2018
(Fig. 3 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7374, 51.0 cm in TL. NCL: 42.5 mm;
NCW: 17.3 mm; OBL: 11.29 mm; PEVW: 5.55 mm; MFW: 4.21 mm; NCDB: 5.57 mm; and mPOBD: 4.48 mm.

Diagnosis: The PEV plate is small and rectangular. The ethmoid is thin and long. The frontals are fused; the
anterior end has a small lateral extension of paired cartilages, and develops a small notch at the sides. The orbit
space is wide and triangular. The vomer has a sideways extension that is directed posteriorly. The sphenotics are
long and narrow in the dorsal aspect and extend for most of the length of the parietals. In lateral view, the flange
ascends anteriorly. A blunt end flange extends laterally from the anterior part of each sphenotic. The pterosphenoid
has a sharp edge. The supraoccipital is reduced and ends in a small process. The posterior end of the epiotics and
pterotics ascends outward. The basioccipital has a tumescent bulla.
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1.2 Bathycongrus guttulatus (Giinther, 1887)
(Fig. 3 C-D)

Specimens examined and length measurements: Two samples. TOU-AE 7376, 38.5 cm; TOU-AE 7377, 37.0 cm,
all in TL. NCL: 34.12-36.69 mm; NCW: 10.47-11.86 mm; OBL: 9.63—-10.16 mm; PEVW: 3.29-3.36mm; MFW:
2.28-2.42 mm; NCDB: 5.95-6.04mm; and mPOBD: 2.03-2.39 mm.

Diagnosis: The PEV plate is small and square-shaped. The ethmoid is thin and long. The frontals are fused,
the anterior end has a small lateral extension of paired cartilages. The orbit space is wide and triangular in shape.
The vomer has a sideways extension that is directed posteriorly. The sphenotics are long and narrow in the dorsal
aspect and extend for most of the length of the parietals. In lateral view, the flange is aligned and projects anteriorly.
A tiny pointed triangular flange extends laterally from the anterior part of each sphenotic. The pterosphenoid has a
sharp edge. The supraoccipital is reduced and ends in a small process. The posterior end of the epiotics and parietals
ascends outward. The basioccipital has a tumescent bulla.

FIGURE 3. Dorsal and left lateral view of Bathycongrus albimarginatus, TOU-AE 7374, 51.0 cm TL (A, B); B. guttulatus,
TOU-AE 7376, 38.5 cm TL (C, D); B. retrotinctus, TOU-AE 7618, 51.0 cm TL (E, F); and B. wallacei. TOU-AE 7327, 39.0
cm in TL (G, H).
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1.3 Bathycongrus retrotinctus (Jordan & Snyder, 1901)
(Fig. 3 E-F)

Specimens examined and length measurements: Two samples. TOU-AE 7618, 51.0 cm; TOU-AE 7619, 29.0
cm, all in TL. NCL: 32.06-49.0 mm; NCW: 9.8-15.09 mm; OBL: 9.26-13.41 mm; PEVW: 2.72-5.66 mm; MFW:
3.63-3.7 mm; NCDB: 4.89-7.16 mm; and mPOBD: 2.04—4.11 mm.

Diagnosis: The PEV plate is small and square-shaped. The ethmoid is thin and long. The frontals are fused, the
anterior end has a small lateral extension of paired cartilages. The orbit space is wide and triangular in shape. The
vomer has a sideways extension that directed posteriorly. The sphenotics are long and narrow in the dorsal aspect
and extend for most of the length of the parietals. In lateral view, the flange descends anteriorly. A tiny blunt flange
extends laterally from the anterior part of each sphenotic. The pterosphenoid has a sharp edge. The supraoccipital is
reduced and ends in a small process. The posterior end of the epiotics and pterotics ascends outward. The basioccipital
has a tumescent bulla. Neurocranium has whitish coloration and thin structure.

1.4 Bathycongrus wallacei (Castle, 1968)
(Fig. 3 G-H)

Specimens examined and length measurements: One sample. TOU-AE 7327, 39.0 cm in TL. NCL: 39.31 mm;
NCW: 12.52 mm; OBL: 11.27 mm; PEVW: 4.24 mm; MFW: 2.73 mm; NCDB: 6.91 mm; and mPOBD: 2.83 mm.

Diagnosis: The PEV plate is a small square-shaped. Ethmoid is thin and long. Frontals are fused, the anterior
end has a small lateral extension of paired cartilages. The orbit space is wide and triangular in shape. The vomer has
a sideways extension that directed posteriorly. The sphenotics are long and narrow in the dorsal aspect and extend
for most of the length of the parietals. In lateral view, the flange is aligned and projects anteriorly. A tiny and pointed
end flange extends laterally from the anterior part of each sphenotic. Pterosphenoid is compact. The supraoccipital is
reduced and ended in a small process. The posterior end of epiotics and pterotics ascends outward. The basioccipital
has a tumescent bulla.

1.5 Conger cinereus Riippell in Klunzinger, 1871
(Fig. 4 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7479, 83.8 cm; TOU-AE 7671, 92.5 cm;
all in TL. NCL: 62.03-83.9 mm; NCW: 19.44-26.3 mm; OBL: 16.06-21.46 mm; PEVW: 3.67-5.66 mm; MFW:
4.01-8.59 mm; NCDB: 8.95-11.66 mm; and mPOBD: 4.73—6.1 mm.

Diagnosis: The PEV plate is elongated. The ethmoid is thin and long. The frontals are fused, the anterior end
has paired pores, and a small lateral extension of paired cartilages. The orbit space is wide and triangular in shape.
The vomer has a sideways extension that directed posteriorly. The sphenotics are long and narrow in the dorsal
aspect and extend for most of the length of the parietals, and its anterior part forms a small shelf. In lateral view, the
flange descends anteriorly. A tiny and pointed flange extends laterally from the anterior part of each sphenotic. The
pterosphenoid is compact and has pores in the joint with the sphenotic. The supraoccipital is reduced but dorsally
extends in a small process surpassing the proximal end of epiotics and pterotics. The basioccipital is broad but not
swollen.

1.6 Conger macrocephalus Kanazawa, 1958
(Fig. 4 C-D)

Specimens examined and length measurements: Three samples. TOU-AE 7294, 59.6 cm; TOU-AE 7310, 78.5
cm; TOU-AE 7328, 52.4 cm; all in TL. NCL: 70.2-97.7 mm; NCW: 19.48-25.16 mm; OBL: 19.72-29.75 mm,;
PEVW: 4.95-6.34 mm; MFW: 4.03—-6.2 mm; NCDB: 9.79-14.19 mm; and mPOBD: 5.29-7.1 mm.

Diagnosis: The PEV plate is small and oval-shaped. The ethmoid is thin, long, and has a shallow crease in the
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middle. The frontals are fused, the anterior end has paired pores, and a small lateral extension of paired cartilages.
The orbit space is wide and triangular in shape. The vomer has a sideways extension that is directed posteriorly. The
sphenotics are long and narrow in the dorsal aspect and extend for most of the length of the parietals, and the anterior
part forms a small shelf. In lateral view, the flange descends anteriorly. A tiny and pointed end flange extends
laterally from the anterior part of each sphenotic. The pterosphenoid is compact. The supraoccipital is reduced but
dorsally extends in a small process surpassing the proximal end of epiotics and pterotics. The basioccipital is broad
but not swollen.

1.7 Conger myriaster (Brevoort, 1856)
(Fig. 4 E-F)

Specimens examined and length measurements: One sample. TOU-AE 7241, 55.0 cm in TL. NCL: 49.37 mm;
NCW: 15.02 mm; OBL: 11.30 mm; PEVW: 4.03 mm; MFW: 3.95 mm; NCDB: 5.5 mm; and mPOBD: 6.88 mm.

Diagnosis: The PEV plate is small and oval-shaped. The ethmoid is thin, long, and has a shallow crease in the
middle. The frontals are fused, the anterior end has paired pores and a small lateral extension of paired cartilages.
The orbit space is wide and triangular in shape. The vomer has a sideways extension that is directed posteriorly. The
sphenotics are long and narrow in the dorsal aspect and extend for most of the length of the parietals, and its anterior
part forms a small shelf. In lateral view, it is slightly elevated and the flange descends anteriorly. A tiny and pointed
end flange extends laterally from the anterior part of each sphenotic. Pterosphenoid is compact. The supraoccipital
is reduced but dorsally extends in a small process surpassing the proximal end of the epiotics and pterotics. The
basioccipital is broad but not swollen.

FIGURE 4. Dorsal and left lateral view of Conger cinereus, TOU-AE 7479, 83.8 cm TL (A, B); C. macrocephalus, TOU-AE
7294, 59.6 cm TL (C, D); and C. myriaster, TOU-AE 7241, 55.0 cm TL (E, F).

1.8 Heteroconger hassi (Klausewitz & Eibl-Eibesfeldt, 1959)
(Fig. 5 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7657, 23.8 cm in TL. NCL: 8.46 mm;
NCW: 3.0 mm; OBL: 3.37 mm; PEVW: 0.65 mm; MFW: 3.01 mm; NCDB: 2.42 mm; and mPOBD: 0.86 mm.
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Diagnosis: The PEV plate is small and elongated. The ethmoid is thin and short. The frontals are fused and
have a smooth surface until the paired parietals. The orbit space is wide and oblong in shape. The parasphenoid has
an elongated thin sideways extension that occupies the margin of the orbit. The sphenotics have a short flange and
descend anteriorly. The pterosphenoid has a sharp edge. The supraoccipital and epiotics are reduced and end in front
of the caudal border of the skull showing the exoccipitals from the ventrolateral part of the cranium. The pterotics
enclose the lateral side. The basioccipital has a tumescent bulla.

FIGURE 5. Dorsal and left lateral view of Heteroconger hassi, TOU-AE 7657, 23.8 cm TL (A, B).

1.9 Parabathymyrus macrophthalmus Kamohara, 1938
(Fig. 6 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7230, 33.0 cm in TL. NCL: 30.67 mm;
NCW: 13.18 mm; OBL: 11.05 mm; PEVW: 2.11 mm; MFW: 4.99 mm; NCDB: 7.63 mm; and mPOBD: 2.72 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid is laterally compressed, thin, and short and has a
protruding process on the anterior end. The middle part of the ethmoid has paired sideways process that extends
downward. Frontals are fused, displays ventral flange, and bears a small ridge that passes between parietals. The
orbit space is wide and triangular in shape. The vomer has a sideways extension directed anteriorly. Parasphenoid is
laterally compressed and thin. Basisphenoid has a small medial process directed towards the orbit. The sphenotics
have an oblique rectangular-shaped flange and descend anteriorly. The pterosphenoid has a pointed edge. The
supraoccipital spine is unobservable externally. The supraoccipital and epiotics ascend dorsally. The pterotics have
a sharp edge that extends farther laterally. The basioccipital has a tumescent bulla.

FIGURE 6. Dorsal and left lateral view of Parabathymyrus macrophthalmus, TOU-AE 7230, 33.0 cm TL (A, B).

1.10 Uroconger lepturus (Richardson, 1845)
(Fig. 7 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7380, 34.0 cm; TOU-AE 7410, 29.2 cm;
all in TL. NCL: 25.03 mm; NCW: 9.07 mm; OBL: 6.05 mm; PEVW: 2.9 mm; MFW: 2.02 mm; NCDB: 3.86 mm,;
and mPOBD: 2.24 mm.

Diagnosis: The PEV plate is small but broad. Ethmoid is thin, long, and has a shallow crease in the middle.
Frontals are fused, the anterior end has a small lateral extension of paired cartilages. The orbit space is wide, slightly
compressed, and triangular in shape. The vomer has a sideways extension directed posteriorly. The sphenotics
are long and narrow in the dorsal aspect and extend for most of the length of the parietals. In lateral view, the
flange descends anteriorly. A tiny and blunt end flange extends laterally from the anterior part of each sphenotic.
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Pterosphenoid is compact. The supraoccipital is reduced and anterior than the proximal end of epiotics and pterotics.
The basioccipital has a tumescent bulla.

FIGURE 7. Dorsal and left lateral view of Uroconger lepturus, TOU-AE 7380, 34.0 cm TL (A, B).

2. Family Muraenesocidae

2.1 Muraenesox cinereus (Forsskal, 1775)
(Fig. 8 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7467, 89.3 cm; TOU-AE 7469, 87.5 cm;
all in TL. NCL: 89.43-93.92 mm; NCW: 20.29-22.31 mm; OBL: 26.5-25.51 mm; PEVW: 7.64-7.71 mm; MFW:
8.74-9.46 mm; NCDB: 15.36-15.63 mm; and mPOBD: 8.94-9.64mm.

Diagnosis: The PEV plate is small and oval in shape. Ethmoid is thin, long, and has a shallow crease in the
middle. Frontals are fused and have a ridge in the midline, the anterior end has paired pores and a small lateral
extension of paired cartilages directed anteriorly. The orbit space is wide and displays semi-oblong in shape. The
posterodorsal margin of the vomer has a sideways extension. Basisphenoid has a small medial process directed
towards the orbit. The sphenotics are long and narrow in the dorsal aspect and extend for most of the length of the
parietals. In lateral view, the flange is slightly tilted and descends posteriorly. Pterosphenoid is compact and smooth.
Supraoccipital extends dorsally and surpassing the proximal end of epiotics and pterotics. The basioccipital has a
pointed base.

FIGURE 8. Dorsal and left lateral view of Muraenesox cinereus, TOU-AE 7467, 89.3 cm TL (A, B).

3. Family Muraenidae

3.1 Gymnothorax niphostigmus Chen, Shao & Chen, 1996
(Fig. 9 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7633, 45.0 cm; TOU-AE 7635, 36.5
cm; all in TL. NCL: 25.09-31.5 mm; NCW: 6.39-8.28 mm; OBL: 4.14-5.0 mm; PEVW: 3.95-5.22 mm; MFW:
5.02-6.42 mm; NCDB: 4.95-6.42mm; and mPOBD: 3.35-3.81 mm.

Diagnosis: The PEV plate is elongated. Ethmoid is thin and has a shallow groove at the posterior end. The
paired frontals have visible suture at the joint. The anterior end has a blunt end lateral extension. The orbit space
is moderately small and displays semi-oblong in shape. The posterodorsal margin of the PEV plate has a sideways
extension that ascends dorsally. Basisphenoid has a small medial process directed towards the orbit. The sphenotics
are short and directed downward. Pterosphenoid is compact and smooth. The paired parietals have pore in the joint.
Supraoccipital ascends dorsally and surpassing the proximal end of epiotics. The basioccipital has a pointed base.
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3.2 Gymnothorax rueppelliae (McClelland, 1844)
(Fig. 9 C-D)

Specimens examined and length measurements: Three samples. TOU-AE 4342, 55.9 cm; TOU-AE 4343, 62.6
cm; TOU-AE 4344, 59.6 cm; all in TL. NCL: 36.89-42.07 mm; NCW: 10.09-12.2 mm; OBL: 6.19-7.33 mm;
PEVW: 7.12-8.86 mm; MFW: 7.69-9.61 mm; NCDB: 7.02-8.77 mm; and mPOBD: 4.16-5.58 mm.

Diagnosis: The PEV plate is elongated. Ethmoid is thin and has a shallow groove at the posterior end. The
paired frontals have visible suture at the joint. The orbit space is moderately small and displays quadrant in shape.
The anterior end has paired pores and a small lateral paired extensions directed downwards. The posterodorsal
margin of the PEV plate has a sideways extension that ascends dorsally. Basisphenoid has a small medial process
directed towards the orbit. The sphenotics are short and directed downward. The pterosphenoid has a pointed edge.
The paired parietals have pore in the joint. Supraoccipital ascends dorsally and surpassing the proximal end of
epiotics. The basioccipital has a pointed base.

3.3 Gymnothorax shaoi Chen & Loh, 2007
(Fig. 9 E-F)

Specimens examined and length measurements: Two samples. TOU-AE 4347, 66.9 cm; TOU-AE 7637, 43.5
cm; all in TL. NCL: 29.81-44.37 mm; NCW: 8.2-13.55 mm; OBL: 3.83-5.57 mm; PEVW: 6.13-10.46 mm; MFW:
7.43-11.52 mm; NCDB: 6.75-10.12 mm; and mPOBD: 3.87—4.76 mm.

FIGURE 9. Dorsal and left lateral view of Gymnothorax niphostigmus, TOU-AE 7633, 45.0 cm; TL (A, B); G. rueppelliae,
TOU-AE 4342, 55.9 cm TL (C, D); G. shaoi, TOU-AE 4347, 66.9 cm TL (E, F); and G. taiwanensis. TOU-AE 7625, 53.3 cm
TL (G, H).
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Diagnosis: The PEV plate is elongated. Ethmoid is thin and has a shallow groove at the posterior end. The paired
frontals have visible suture at the joint. The anterior end has a small lateral paired extension which ornamented over
the exposed and elevated area of the dorsal part. The orbit space is small and displays triangular in shape. The
posterodorsal margin of the PEV plate has a sideways extension that ascends dorsally. Basisphenoid has a small
medial process directed towards the orbit. The sphenotics are short and directed posteriorly. The pterosphenoid is
compact and smooth. The paired parietals have pore in the joint. Supraoccipital ascends dorsally and surpassing the
proximal end of epiotics. The basioccipital has a pointed base.

3.4 Gymnothorax taiwanensis Chen, Loh & Shao, 2008
(Fig. 9 G-H)

Specimens examined and length measurements: Two samples. TOU-AE 7625, 53.3 cm; TOU-AE 7632, 37.0 cm;
all in TL. NCL: 23.21-35.73 mm; NCW: 6.0-9.33 mm; OBL: 3.54-5.6 mm; PEVW: 4.54-7.5 mm; MFW: 4.61-6.4
mm; NCDB: 4.86-7.38 mm; and mPOBD: 3.87-4.76 mm.

Diagnosis: The PEV plate is elongated. Ethmoid is thin and has a shallow groove at the posterior end. The
paired frontals have visible suture at the joint. The anterior end has paired pores and a small lateral paired extension.
The orbit space is small and displays triangular in shape. The posterodorsal margin of the PEV plate has a sideways
extension that ascends dorsally. Basisphenoid has a small medial process directed towards the orbit. The sphenotics
are short and directed downwards. The pterosphenoid is compact but has a pointed edge. Supraoccipital ascends
dorsally and surpassing the proximal end of epiotics and pterotics. The basioccipital has a pointed base.

3.5 Rhinomuraena quaesita Garman, 1888
(Fig. 10 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7644, 81.5 cm in TL. NCL: 19.05 mm;
NCW: 4.01 mm; OBL: 3.42 mm; PEVW: 1.84 mm; MFW: 2.95 mm; NCDB: 2.83 mm; and mPOBD: 1.92 mm.

Diagnosis: The PEV plate is elongated. Ethmoid is thin. The paired frontals have visible suture at the joint.
The anterior end has slightly excavated horizontally. The orbit space is moderately small and displays semi-oblong
in shape. Basisphenoid has a small medial process directed towards the orbit. The sphenotics are short and directed
downwards. The pterosphenoid is compact and smooth. Supraoccipital ascends dorsally and surpassing the proximal
end of epiotics and pterotics. The basioccipital slightly reduced and tightly packed to the cranium.

FIGURE 10. Dorsal and left lateral view of Rhinomuraena quaesita, TOU-AE 7644, 8§1.5 cm TL (A, B).

3.6 Uropterygius marmoratus (Lacepéde, 1803)
(Fig. 11 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7636, 63.0 cm in TL. NCL: 27.73 mm;
NCW: 9.28 mm; OBL: 4.04 mm; PEVW: 5.81 mm; MFW: 5.1 mm; NCDB: 6.41 mm; and mPOBD: 1.86 mm.
Diagnosis: The PEV plate is oval. Ethmoid is short and has a thin surface which discontinued toward the
anterior part of PEV. The paired frontals have visible suture at the joint. The orbit space is moderately small; it
displays semi-circle in shape due to an expanded process from the anterior wall of the orbit. The posterodorsal
margin of the PEV plate has a sideways extension that ascends dorsally. Basisphenoid has a small medial process
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directed towards the orbit. The sphenotics are short and directed downwards. The pterosphenoid is compact and
smooth. The paired parietals have pore in the joint. Supraoccipital ascends dorsally and surpassing the proximal end
of epiotics. The basioccipital slightly reduced and tightly packed to the cranium.

3.7 Uropterygius micropterus (Bleeker, 1852a)
(Fig. 11 C-D)

Specimens examined and length measurements: Two samples. TOU-AE 7624, 28.4 cm; TOU-AE 7640, 26.8
cm; all in TL. NCL: 12.90-14.59 mm; NCW: 3.95-4.63 mm; OBL: 1.46-1.92 mm; PEVW: 2.91-3.57 mm; MFW:
2.1-2.76 mm; NCDB: 2.7-2.95 mm; and mPOBD: 1.26—1.52 mm.

Diagnosis: The PEV plate is oval. Ethmoid is short and has a thin surface which discontinued toward the
anterior part of PEV. The paired frontals have visible suture at the joint. The orbit space is small and displays oblong.
The posterodorsal margin of the PEV plate has a sideways extension that ascends dorsally. Basisphenoid has a small
medial process directed towards the orbit. The sphenotics are short and directed downwards. The pterosphenoid is
compact and smooth. Supraoccipital ascends dorsally and surpassing the proximal end of epiotics and pterotics. The
basioccipital has no lump and tightly packed to the cranium.

FIGURE 11. Dorsal and left lateral view of Uropterygius marmoratus, TOU-AE 7636, 63.0 cm in TL (A, B); and U. micropterus,
TOU-AE 7624, 28.4 cm TL (C, D).

4. Family Nemichthyidae

4.1 Nemichthys scolopaceus Richardson, 1848
(Fig. 12 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7678, 91.5 cm in TL. NCL: 77.17 mm;
NCW: 6.0 mm; OBL: 9.95 mm; PEVW: 1.66 mm; MFW: 3.54 mm; NCDB: 6.07 mm; and mPOBD: 1.29 mm.

Diagnosis: The premaxillae anterior end continues as an elongated cartilaginous plate. The PEV is thin, greatly
elongated, and the tip is dorsally bent. The frontals are fused and bear a ridge at the posterior end until parietal (also
fused). The orbit space is wide and displays semi-oblong in shape. The sphenotics are long, narrow, and pointed
in the dorsal aspect and extend for most of the length of the parietals. In the lateral view, it is aligned and projects
anteriorly. The pterosphenoid is compact. The supraoccipital is unobservable. The posterior end of epiotics and
pterotics ascends outward. The basioccipital has no lump and tightly packed to the cranium.
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FIGURE 12. Dorsal and left lateral view of Nemichthys scolopaceus, TOU-AE 7678, 91.5 cm TL (A, B).

5. Family Nettastomatidae

5.1 Nettastoma parviceps Giinther, 1877
(Fig. 13 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7451, 52.5 cm in TL. NCL: 40.72 mm;
NCW: 8.22 mm; OBL: 11.06 mm; PEVW: 1.09 mm; MFW: 1.9 mm; NCDB: 3.6 mm; and mPOBD: 1.36 mm.

Diagnosis: The PEV plate is damage and unobservable. Ethmoid is thin and greatly elongated. Frontals are
fused. The orbit space is long and compressed. The sphenotics are short and have a pointed edge that directed
anteriorly. The pterosphenoid is highly intact to the cranium. The supraoccipital is unobservable. The epiotics
and pterotics enclosed the posterior wall of the neurocranium whereas exoccipitals medially and the basioccipital
ventrally. Neurocranium has yellowish coloration and very thin structure.

FIGURE 13. Dorsal and left lateral view of Nettastoma parviceps, TOU-AE 7451, 52.5 cm TL (A, B).

5.2 Nettenchelys gephyra Castle & Smith, 1981
(Fig. 14 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7452, 37.2 cm in TL. NCL: 31.91 mm;
NCW: 8.57 mm; OBL: 25.15 mm; PEVW: 2.55 mm; MFW: 1.11 mm; NCDB: 3.18 mm; and mPOBD: 1.1 mm.

Diagnosis: The PEV plate is small and oval. Ethmoid is thin and greatly elongated. Frontals are fused. The
orbit space is long and compressed. The sphenotics are short and have a pointed edge that directed anteriorly. The
pterosphenoid has a small extension process directed ventrally. The supraoccipital is unobservable. The epiotics
and pterotics enclosed the posterior wall of the neurocranium whereas exoccipitals medially and the basioccipital
ventrally.

FIGURE 14. Dorsal and left lateral view of Nettenchelys gephyra, TOU-AE 7452,37.2 cm TL (A, B).
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6. Family Ophichthidae

6.1 Echelus uropterus (Temminck & Schlegel, 1846)
(Fig. 15 A-B)

Specimens examined and length measurements: Three samples. TOU-AE 7441, 36.2 cm; TOU-AE 7442, 33.8
cm; TOU-AE 7443, 35.5 cm; all in TL. NCL: 22.65-24.27 mm; NCW: 6.85-7.24 mm; OBL: 5.16-5.8 mm; PEVW:
0.97-1.05 mm; MFW: 1.2-2.84 mm; NCDB: 4.17-4.28 mm; and mPOBD: 2.13-2.7 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid thin and long. The frontals are fused. The orbit space
is wide and displays semi-oblong in shape. Basisphenoid has a small medial process directed towards the orbit. The
sphenotics are short and directed downwards. The pterosphenoid is compact and smooth. The paired parietals and
epiotics have angled lines visible from the inside of the cranium. The supraoccipital is short and ascends dorsally
surpassing the proximal end of epiotics and pterotics. The basioccipital is tightly packed to the cranium.

FIGURE 15. Dorsal and left lateral view of Echelus uropterus, TOU-AE 7441, 36.2 cm TL (A, B).

6.2 Ophichthus bicolor McCosker & Ho, 2015
(Fig. 16 A-B)

Specimens examined and length measurements: One sample. TOU-AE 7345, 35.4 cm in TL. NCL: 39.41 mm;
NCW: 12.36 mm; OBL: 10.62 mm; PEVW: 2.91 mm; MFW: 5.89 mm; NCDB: 7.77 mm; and mPOBD: 4.4 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid thin and long, a pore is present at the posterior
end. The frontals are fused. The orbit space is wide and displays semi-oblong in shape. Basisphenoid has a medial
process directed towards the orbit. The sphenotics are broad and directed downwards, aligned with the ventral
flange of pterotics. The pterosphenoid is compact and smooth. The paired parietals and epiotics have angled lines
visible from the inside of the cranium. Supraoccipital ascends dorsally surpassing the proximal end of epiotics and
pterotics. The basioccipital has a ventrally protruding base.

6.3 Ophichthus erabo (Jordan & Snyder, 1901)
(Fig. 16 C-D)

Specimens examined and length measurements: One sample. TOU-AE 7641, 82.5 cm in TL. NCL: 34.23 mm;
NCW: 14.07 mm; OBL: 7.84 mm; PEVW: 3.45 mm; MFW: 6.87 mm; NCDB: 8.19 mm; and mPOBD: 4.8 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid thin and long. The frontals are fused; a paired
pore is present at the anterior end. The orbit space is wide but slightly compress in the anterior end, it displays
semi-oblong in shape. Basisphenoid has a medial process directed towards the orbit. The sphenotics are broad and
directed sideways, aligned with the ventral flange of pterotics. The pterosphenoid is compact and has a slightly rough
surface. Supraoccipital ascends dorsally surpassing the proximal end of epiotics and pterotics. The basioccipital has
a ventrally protruding base.

6.4 Ophichthus urolophus (Temminck & Schlegel, 1846)
(Fig. 16 E-F)

Specimens examined and length measurements: Four samples. TOU-AE 7299, 56.3 cm; TOU-AE 7309, 54.7
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cm; TOU-AE 7638, 38.0 cm; TOU-AE 7639, 36.6 cm; all in TL. NCL: 22.59-32.9 mm; NCW: 7.8-13.14 mm;
OBL: 6.31-8.31 mm; PEVW: 1.82-3.65 mm; MFW: 2.86-4.72 mm; NCDB: 4.73-7.57 mm; and mPOBD: 2.82—
3.84 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid thin and long and has a shallow crease in the middle.
The frontals are fused; a paired pore is present at the anterior end. The orbit space is wide and displays semi-oblong
in shape. Basisphenoid has a medial process directed towards the orbit. The sphenotics are broad and descend
downwards, aligned with the ventral flange of pterotics. The pterosphenoid is compact and smooth. Supraoccipital
ascends dorsally surpassing the proximal end of epiotics and pterotics. The basioccipital has a pointed base.

6.5 Ophisurus macrorhynchos Bleeker, 1852b
(Fig. 16 G-H)

Specimens examined and length measurements: One sample. TOU-AE 5092, 185.2 cm in TL. NCL: 88.67 mm,;
NCW: 18.40 mm; OBL: 32.28 mm; PEVW: 4.21 mm; MFW: 4.3 mm; NCDB: 4.74 mm; and mPOBD: 10.17 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid thin and long and has a shallow crease in the middle.
The frontals are fused; a pore is present near the anterior end. The parietals have ridge at the midline. The orbit
space is wide and displays semi-oblong in shape. Basisphenoid has a medial process directed towards the orbit. The
sphenotics are broad and extends sidewards, longer than the ventral flange of pterotics. The pterosphenoid is compact
and smooth. Supraoccipital ascends dorsally but ends before the proximal margin of epiotics and pterotics.

FIGURE 16. Dorsal and left lateral view of Ophichthus bicolor, TOU-AE 7345, 35.4 cm TL (A, B); O. erabo, TOU-AE 7641,
82.5 cm in TL (C, D); O. urolophus, TOU-AE 7299, 56.3 cm TL (E, F); and Ophisurus macrorhynchus. TOU-AE 5092, 185.2
cm TL (G, H).
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7. Family Synaphobranchidae

7.1 Dysomma anguillare Barnard, 1923
(Fig. 17 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7343, 49.5 cm; TOU-AE 7344, 58.6
cm; all in TL. NCL: 30.4_—32.6 mm; NCW: 9.46-13.14 mm; OBL: 5.07-6.54 mm; PEVW: 2.87-3.28 mm; MFW:
4.04-5.58 mm; NCDB: 6.89-8.04 mm; and mPOBD: 3.61-4.61 mm.

Diagnosis: The PEV tip is blunt, dorsally convex, and elongated. Vomer has some pores present at the surface.
Frontal has a pair of shallow, slit-like depression at the lateral side of the anterior end. The orbit space is moderately
small and partially covered. Basisphenoid extends anteriorly and covers half of the posterior part of the orbit. The
sphenotics are slightly reduced. The parietals, supraoccipital, and epiotics are elevated posteriorly. The pterosphenoid
is compact and smooth. The basioccipital has a pointed base.

7.2 Dysomma polycatodon Karrer, 1983
(Fig. 17 C-D)

Specimens examined and length measurements: One sample. TOU-AE 7346, 46.6 cm in TL. NCL: 23.19 mm;
NCW: 8.99 mm; OBL: 5.46 mm; PEVW: 2.42 mm; MFW: 3.43 mm; NCDB: 5.5 mm; and mPOBD: 3.4 mm.

Diagnosis: The PEV tip is blunt, dorsally convex, and elongated. Vomer has paired pores present at the surface.
Frontal has shallow, slit-like depression at the surface of the anterior end. The orbit space is moderately small and
partially covered. Basisphenoid extends anteriorly and covers half of the posterior part of the orbit. The sphenotics are
short and descend downward. The parietals, supraoccipital, and epiotics are elevated posteriorly. The pterosphenoid
is compact and smooth. The basioccipital has a pointed base.

FIGURE 17. Dorsal and left lateral view of Dysomma anguillare TOU-AE 7343, 49.5 cm TL (A, B); and D. polycatodon,
TOU-AE 7346, 46.6 cm in TL (C, D).

7.3 Meadia abyssalis (Kamohara, 1938)
(Fig. 18 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7325, 51.8 cm; TOU-AE 7336, 67 cm;
all in TL. NCL: 37.55-51.43 mm; NCW: 9.4-13.63 mm; OBL: 9.58-12.48 mm; PEVW: 3.23-5.26 mm; MFW:
2.62-5.39 mm; NCDB: 6.88-9.7 mm; and mPOBD: 3.11-4.69mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid is thin, long, and has a shallow crease in the
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middle. The frontals are fused; a paired pore is present at the anterior end. The orbit space is wide and displays
triangular in shape. Basisphenoid has a medial process directed towards the orbit. The sphenotics are short and
the flange is directed sideways. The pterosphenoid is compact and has a smooth surface. Supraoccipital ascends
dorsally surpassing the proximal end of epiotics and pterotics. The basioccipital has a ventrally protruding base.
Neurocranium has whitish coloration and smooth structure.

FIGURE 18. Dorsal and left lateral view of Meadia abyssalis. TOU-AE 7325, 51.8 cm TL (A, B).

7.4 Synaphobranchus kaupii Johnson, 1862
(Fig. 19 A-B)

Specimens examined and length measurements: Two samples. TOU-AE 7175, 58.5 cm; TOU-AE 7282, 54.9 cm;
all in TL. NCL: 36.55-37.56 mm; NCW: 11.29-11.3 mm; OBL: 14.39-14.62 mm; PEVW: 1.7—- 2.37 mm; MFW:
2.25-2.61 mm; NCDB: 6.61-7.98 mm; and mPOBD: 2.54-2.74 mm.

Diagnosis: The PEV plate is small and elongated. Ethmoid is thin and long. The frontals are fused. The orbit
space is distinctly wide and displays roughly triangular. The sphenotics are short and descend downward, but longer
than the lateral margin of pterotics. The pterosphenoid is compact and has a smooth surface. The supraoccipital
and epiotics are elevated posteriorly. The pterotics have a small lateral extension. The basioccipital has a ventrally
protruding base. Neurocranium has whitish coloration and thin structure.

FIGURE 19. Dorsal and left lateral view of Synaphobranchus kaupii TOU-AE 7282 54.9 cm. TL. (A, B).

The neurocranium of Anguilliformes fishes (Figs. 3—18) is somewhat narrow in the front and broad behind. The
premaxilla forms the anterior end, and either the supraoccipital crest and/or pterotic forms the posterior end of the
neurocranium. The sides of the neurocranium are not entire but are formed by the slender projections or processes
of the frontals, sphenotics, and pterotic bones. On the dorsal side, the ridge in between frontals and/or supraoccipital
was arisen posteriorly in a converging manner and forms the outer borders of the neurocranium. The orbital concavity
is either small or wide in some species.

On the lateral side of the neurocranium, seven major parts stand out conspicuously, beginning from the anterior
end, the premaxilla-ethmovomer, the frontals, the sphenotics, the pterotics, the supraoccipital, the occipital bones,
and the parasphenoid. The neurocranium of species under family Congridae resembles closely in sharing small PEV,
uneven surface of parietals, and thin posterior margin of surface pterotic region, except for the species Heteroconger
hassi that has cylindrical structure and posterior margin shows the elements underneath. Further, the supraoccipital
spine is less prominent in this family, whereas the species Parabathymyrus macrophthalmus was unobservable from
the surface area. Among the family, Congridae and Ophichthidae resemble more closely between themselves in that
the shape of the orbit (Fig. 20), and the thickness of the parasphenoid are similar to each other (Fig. 21). Orbits are
large, more than 1/3 length of the neurocranium. Among the seven families, Conger macrocephalus under family
Congridae has the greatest measurements of orbit length. The species under family Muraenidae have circular orbital
shape, whereas most species in family Congridae have elongated shape except in Parabathymyrus macrophthalmus
and Heteroconger hassi. The species Dysomma anguillare, D. polycatodon and Meadia abyssalis were coded for
having a circular rather than an elongated orbital shape.
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B
FIGURE 20. Orbit shape. A, circular; B, elongated.
A B

FIGURE 21. Parasphenoid shape. A, thick; B, thin.

A paired extension process at the posterodorsal end of PEV was also recorded and exclusive from the family
Congridae. Although in Parabathymyrus macrophthalmus, it was directed toward premaxilla (Fig. 22), which is
different from the species under genus Bathycongrus, Conger, and Uroconger (Fig. 23), whereas in Heteroconger
hassi, it was absent. Another remarkable to this family is the swollen and formation of a thin-walled bulla in
basioccipital (Fig. 24). It was also observed in other species from family Ophichthidae (Echelus uropterus and
Ophichthus urolophus) and Synaphobranchidae (Syraphobranchus kaupii), whereas other families have small,
thick and slightly protruding basioccipital.

FIGURE 22. Direction of the protrusion at the posterodorsal margin of the premaxilla plate. A, toward posterior; B, toward
anterior.

FIGURE 23. Paired extension process at posterodorsal end of PEV. A, absent; B, present.

The family was coded for having a broad or small premaxillary plate size. This is observable on the anterodorsal
part of the PEV. The family Muraenidae was recorded to have a broader premaxillary plate than the families
Muraenesocidae, Nemichthyidae, Synaphobranchidae, Ophichthidae, and Nettastomatidae (Fig. 25). Furthermore,
the depressed surface connection of ethmoid toward premaxilla was also observed from the family Muraenidae,
but only for species Uropterygius marmoratus, and U. micropterus. Surprisingly, the species Parabathymyrus
macrophthalmus (Congridae) also have this character (Fig. 26).
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FIGURE 25. Premacxillary plate size. A, broad; B, small.

FIGURE 26. Surface connection of ethmoid toward premaxilla. A, no depression; B, has depression.

Anguilliformes fishes have broad frontals and roughly rectangular in shape, among the families, only the family
Muraenidae has the paired frontals (Fig. 27). It was joint by either suture or ridge in between the connection and
the commissure was extended until the paired parietals. An additional feature on the anterolateral part of the frontal
surface is the sideways extension (Fig. 28). Frontals have a small lateral extension of at least three pairs cartilages
which is present in family Congridae, except for Heteroconger hassi, whereas in Parabathymyrus macrophthalmus,
it was a hard process (Fig. 29). A similar structure of the lateral extension process was also observed in the family
Muraenidae, wherein the prolongation was ornamented over the exposed and elevated area of the dorsal part. These
sideways extended process from the frontal surface were coded for either thin or thick (Fig. 30). The species
Parabathymyrus macrophthalmus was the only species among family Congridae having a thick extended process.
The family Muraenidae is distinguishable for having a thick extended process at the frontal, whereas the remaining
family was coded thin because of the short cartilage extension.

|
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FIGURE 27. Frontals. A, paired; B, fused.

~

The longitudinal ethmoid was observed to be elongated in most of the species of each family but not the
entire, for example in family Ophichthidae, it was recorded short in Ophichthus erabo, and O. urolophus, and the
Dysomma anguillare, and D. polycatodon in family Synaphobranchidae (Fig. 31). An additional feature of the
ethmoidal crest is the crease in the middle of ethmoid. It is characterized by the presence of shallow longitudinal
crease or slightly groove in the middle of the ethmoid which is visible in some species under family Congridae,
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Muraenidae, Ophichthidae and Synaphobranchidae whereas in species Nemichthys scolopaceus (Nemichthyidae),
Nettastoma parviceps and N. gephyra (Nettastomatidae), this character is absent (Fig. 32).

FIGURE 28. Anterolateral part of the frontal surface. A, no extended process; B, has extension.

A B

FIGURE 29. Several small lateral extension of paired cartilages attached from the anterior surface of frontal. A, absent; B,
present.

A
FIGURE 30. Sideways extended process from frontal surface. A, thin; B, thick.
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FIGURE 31. Longitudinal ethmoid shape. A, short; B, elongated.
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FIGURE 32. Crease in the middle of ethmoid. A, absent; B, present.

On the lateral side of the neurocranium, the sphenotic which is a small paired bone attached to the outer surface
of'the pterosphenoid were characterized in the direction of sphenotic flanges of either downwards and/or sideways, or
toward PEV (Fig. 33). The species in family Muraenidae and Synaphobranchidae were coded for having downwards
and/or sideways sphenotic flanges, whereas the rest of the species in the five families have sphenotic flanges directed
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toward PEV. In family Synaphobranchidae, the sphenotic size is small and has blunt edges, this was also observed
in some species under family Muraenidae. The families Congridae (except in Parabathymyrus macrophthalmus),
Nemichthyidae, Nettastomatidae, Ophichthidae, and Synaphobranchidae have moderate to long sphenotic size. The
sphenotics are long and narrow in the dorsal aspect, and a roughly triangular flange extends laterally from each
sphenotic (Fig. 34). A blunt sphenotic edge was observed in family Muraenidae, Nettastomatidae, Ophichthidae,
and Synaphobranchidae, whereas the species Nemichthys scolopaceus were recorded in having a pointed sphenotic
edge. In the family Congridae, most of the species have pointed sphenotic edge except for Uroconger lepturus and
Heteroconger hassi, the latter being resembled more in morays (Fig. 35).
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FIGURE 33. Direction of sphenotic flanges. A, downwards or sideways; B toward PEV.
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FIGURE 34. Sphenotic size. A, small; B moderate to long.

A
FIGURE 35. Type of sphenotic edge. A, blunt end; B, pointed.

The posterodorsal part of neurocranium was assessed on the prolongation of supraoccipital of either anterior or
posterior over pterotic proximal end (Fig. 36). In Congridae, it was observed in Conger cinereus, C. macrocephalus,
and Parabathymyrus macrophthalmus, that the supraoccipital ends anterior to pterotic, whereas the remaining
species under this family have supraoccipital ends posterior to pterotic. Muraenesox cinereus and species under
Nemichthyidae, Nettastomatidae, and Ophichthidae were recorded in having supraoccipital ends posterior to pterotic
whereas in family Muraenidae and Synaphobranchidae were not entirely similar in this character. Additional character
is the projection of supraoccipital median crest. In some species within the family, it is ascending outward, whereas
most of the species have greatly reduced supraoccipital. In family Muraenesocidae, Muraenesox cinereus displayed
and ascending outward supraoccipital, same with the species under family Ophichthidae. The family Congridae,
Nemichthyidae, and Nettastomatidae have greatly reduced supraoccipital median crest whereas species under
family Muraenidae and Synaphobranchidae were not entirely similar in this character. Moreover, the supraoccipital
of Parabathymyrus macrophthalmus was unobservable due to the overlapping epiotics on the dorsal part, and was
therefore characterized as greatly reduced (Fig. 37).
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FIGURE 36. Prolongation of supraoccipital over pterotic. A, anterior; B posterior.

FIGURE 37. Projection of supraoccipital median crest. A, ascend outward; B, greatly reduced.

The coverage of vomerine teeth in different families was also coded. It was noted that family Congridae,
Muraenesocidae, Nemichthyidae, and Nettastomatidae have vomerine teeth that ends before the anterior margin of
orbit. A similar observation in species in Echelus uropterus, Ophichthus erabo, O. urolophus, Meadia abyssalis, and
Synaphobranchus kaupii, whereas the remaining species have vomerine teeth that extends beyond anterior or even
posterior margin of orbit (Fig. 38).

FIGURE 38. Coverage of vomerine teeth to the margin of orbit. A, ends before anterior margin of orbit; B, extend beyond

anterior margin of orbit.

The parasphenoid is median and elongated bone situated at the base of the neurocranium. It is connected to the
basisphenoid, is a long shaft of a bone that extends from the posterior end of vomer to the basioccipital. In the lower
surface of the bone under the area of the orbital region, the family Congridae, Muraenesocidae, and Nettastomatidae,
was observed to have a thin structure (Fig. 21), whereas it is thick in the family Muraenidae with the exemption
in Rhinomuraena quaesita which displays thin parasphenoid. Some species in family Ophichthidae (Ophichthus
bicolor and O. erabo), and Synaphobranchidae (Dysomma anguillare, D. polycatodon, and Meadia abyssalis) have
a thick structure of parasphenoid.

Another remarkable character in Anguilliformes fishes is the extended sharp process at the basisphenoid
(Fig. 39). In family Congridae (except for Parabathymyrus macrophthalmus), Muraenesocidae, Nemichthyidae,
Nettastomatidae, and Synaphobranchidae, this character is absent, whereas in Muraenesox cinereus under family
Muraenesocidae, an extended sharp process right under the opening of the brain was recorded. This is similar in
some species of family Muraenidae (e.g., Gymnothorax niphostigmus, G. rueppelliae, G. shaoi, G. taiwanensis, and
Rhinomuraena quaesita), and Ophichthidae (Ophichthus bicolor, O. erabo, and O. urolophus).

These 20 morphological characters from seven families of Anguilliformes fishes based on the description
of neurocranium morphology used were summarized. The family Congridae was distinguished by having paired
extension process at posterodorsal end of PEV; small premaxillary plate size; fused frontals; elongated longitudinal
ethmoid; prolongation of sphenotic flanges directed toward PEV; vomerine teeth extend beyond margin of orbit;
thin parasphenoid; and ascending outward projection of supraoccipital median crest.
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FIGURE 39. Extended sharp process at the basisphenoid. A, absent; B present.

The family Muraenidae have similar morphological characters in having absence of paired extension process
at posterodorsal end of PEV; not swollen or no formation of a thin-walled bulla in basioccipital; broad premaxillary
plate size; paired frontals; absence of extension on the anterolateral part of the frontal surface; a thin sideways
extended process from frontal surface; the protrusion at the posterodorsal margin of the premaxilla plate which is
directed posteriorly; circular orbit shape; absence of several small lateral extension of paired cartilages from the
anterior surface of frontal; a downwards or sideways direction of sphenotic flanges; a blunt end sphenotic edge;
and vomerine teeth extend beyond anterior margin of orbit. Within the family Muraenidae, the species of subfamily
Uropterygiinae have the lowest measurements on mid pre-orbital depth which resulted in the highest values on the
relative ratio of the NCW to mPOBD ranging from 2.33-3.12. The unique characters were observed on having the
lowest value on the depth of mid pre-orbit due to the termination of the ethmoidal crest toward premaxilla.

The species in family Ophichthidae were distinguished by having absence of paired extension process at
posterodorsal end of PEV; small premaxillary plate size; no depression on the surface connection of ethmoid toward
premaxilla; fused frontals; anterolateral part of the frontal surface has extension; a thin sideways extended process
from frontal surface; the protrusion at the posterodorsal margin of the premaxilla plate which is directed posteriorly;
an elongated orbit shape; absence of several small lateral extension of paired cartilages attached from the anterior
surface of frontal; moderate to long sphenotic size; the prolongation of supraoccipital posterior to that of pterotic; a
blunt end sphenotic edge.

The family Synaphobranchidae was distinguished from the other families by the absence of paired extension
process at posterodorsal end of PEV; small premaxillary plate size; no depression on the surface connection of
ethmoid toward premaxilla; fused frontals; absence of extension on the anterolateral part of the frontal surface; a
thin sideways extended process from frontal surface; the protrusion at the posterodorsal margin of the premaxilla
plate which is directed posteriorly; absence of several small lateral extension of paired cartilages attached from the
anterior surface of frontal; a downwards or sideways direction of sphenotic flanges; a small sphenotic size; a blunt
end sphenotic edge; and the absence of extended sharp process at the basisphenoid.

The species in family Nettastomatidae were distinguished by having all the characters except for the extension
on the anterolateral part of the frontal surface. It is present in Nettastoma parviceps whereas no extension observed
in Nettenchelys gephyra.

The species under the order Anguilliformes differ in the structure of premaxilla-ethmovomer, frontals,
basioccipital, sphenotic, parasphenoid, supraoccipital, and orbital shape. Table 1 shows the relative ratio of each
species. The relative ratio from each family was listed from greatest to lowest value as follows:

In NCL/NCW: the greatest to least value was recorded from Nemichthys scolopaceus (12.86) > Nettastoma
parviceps (4.95) > Ophisurus macrorhynchus (4.82) > Rhinomuraena quaesita (4.75) > Muraenesox cinereus
(4.31) > Meadia abyssalis (3.88) > Conger macrocephalus (3.73); in NCL/OBL: Uropterygius micropterus
(8.38) > Nemichthys scolopaceus (7.76) > Conger myriaster (6.31) > Dysomma anguillare (5.49) > Ophichthus
erabo (4.37) > Nettastoma parviceps (3.68) > Muraenesox cinereus (3.53); in NCL/MFW: Nettenchelys gephyra
(28.75) > Nemichthys scolopaceus (21.8) > Ophisurus macrorhynchus (18.71) > Conger macrocephalus (15.42) >
Synaphobranchus kaupii (15.35) > Muraenesox cinereus (10.1) > Rhinomuraena quaesita (6.46); in NCL/NCDB:
Nemichthys scolopaceus (12.71) > Nettastoma parviceps (11.31) > Ophisurus macrorhynchus (8.72) > Bathycongrus
albimarginatus (7.63)> Rhinomuraena quaesita (6.73) > Muraenesox cinereus (5.92) > Meadia abyssalis (5.38); in
NCW/PEVW: Nettastoma parviceps (7.54) > Echelus uropterus (7.06) > Parabathymyrus macrophthalmus (6.25)
> Synaphobranchus kaupii (5.7) > Nemichthys scolopaceus (3.61) > Muraenesox cinereus (2.78) > Rhinomuraena
quaesita (2.18); in NCW/mPOBD: Nettenchelys gephyra (7.79) > Bathycongrus guttulatus (5.06) > Uropterygius
marmoratus (4.99) > Nemichthys scolopaceus (4.65) > Ophisurus macrorhynchus (4.37) > Synaphobranchus
kaupii (4.28) > Muraenesox cinereus (2.29); in PEVW/mPOBD: Uropterygius marmoratus (3.12) > Nettenchelys
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gephyra (2.32) > Conger myriaster (1.81) > Nemichthys scolopaceus (1.29) > Meadia abyssalis (1.08) > Ophisurus
macrorhynchus (1.02) > Muraenesox cinereus (0.83); in NCW/MFW: Nettenchelys gephyra (7.72) > Bathycongrus
guttulatus (4.75) > Synaphobranchus kaupii (4.67) > Echelus uropterus (4.56) > Muraenesox cinereus (2.35) >
Uropterygius marmoratus (1.82) > Nemichthys scolopaceus (1.69); and in OBL/PEVW: Nettastoma parviceps
(10.15) > Synaphobranchus kaupii (7.34) > Nemichthys scolopaceus (5.99) > Echelus uropterus (5.47) >
Parabathymyrus macrophthalmus (5.24) > Muraenesox cinereus (3.39) > Rhinomuraena quaesita (1.86).

Discussion

The research in the Anguilliformes fishes in Taiwanese waters revealed a considerable number of differences in terms
of neurocranium morphological characters. In previous reports, the observation on the morphological character of
having a fused or paired frontals was considered a derived character in Anguilliformes (Belouze, 2001; Eagderi &
Adriaens, 2014). Some characters not indicated by the previous researches may be because of ignoring them. In this
study, it was noted that premaxilla plate shape and size also differs among the families. Lack of a lateral ethmoid
process is usually observed in those congrids (Robins & Robins, 1971). Furthermore, it is mostly small in six
families whereas mostly extended sideways in the family Muraenidae. Previous studies focused only on the fusion
of the premaxillaries with the ethmoid and vomer to form the premaxilla-ethmovomeral complex and termed as a
unique attribute among the Anguilliformes (Robins, 1989; Eagderi & Adriaens, 2014). This character of having a
broad premaxilla plate in family Muraenidae may be attributed to their way of feeding as previous researchers refer
to them as suction feeders (Mehta & Wainwright, 2007; Mehta, 2009).

In the families Muraenidae, Nettastomatidae and species Nemichthys scolopaceus, the basioccipital contributes
to form the posterior part of the less protruding otic bullae along with the exoccipital and prootic, whereas the
species Muraenesox cinereus and most of the species in families Congridae, Ophichthidae and Synaphobranchidae
formed a well-developed tumescent bulla. This character may correspond to a larger size of otolith (Chulin &
Chen, 2013). In other fishes, the growth of the otolith is known to be influenced by various factors such as seasonal
variations, temperature, habitat and diet (Stransky, 2005; Tuset et al., 2010; Homayuni et al., 2013).

Our hypothesis based on the morphological characters within order Anguilliformes is comparable in general
outlines to those of Santini ez al. (2013), in the separation of family Muraenidae from the six families. Furthermore,
this differences in our results support those based on molecular data (Loh et al., 2008; Reece et al., 2010; Tang &
Fielitz, 2013), in identifying the two sister lineages in Muraenidae. Recent studies on neurocranium morphology
of family Muraenidae shows important key to its subfamilies in having significant differences on the measurement
of the orbit length and depth of pre-orbit due to the termination of the ethmoidal crest toward premaxilla (Ramos-
Castro et al., 2020).

Previous studies in Anguilliform fishes resulted in separation of family Congridae and Ophichthidae which
cannot be supported as monophyletic or sister groups (Wang et al., 2003). In this result, the family Congridae
shows significant similarity with families Nettastomatidae, Nemichthyidae, Synaphobranchidae and Ophichthidae
in having fused frontals and least premaxillary plate size, and may support the previous phylogenetic studies,
which further states that these Anguilliform groups were paraphyletic (Wang et al., 2003; Lopez & Westneat, 2007;
Inoue et al., 2010). For the representative species of family Muraenesocidae, Muraenesox cinereus, based on the
morphological characters, the characters showed that it is closely related to family Ophichthidae, as found by Inoue
et al. (2010). However, in the basis of relative ratios (Table 1), it is somewhat closer to the species under family
Synaphobranchidae. Moreover, the relative ratios obtained from measuring neurocranial elements can differentiate
the families under order Anguilliformes. This resulted in recording of family Nettastomatidae closer with the
representative species Nemichthyidae, Nemichthys scolopaceus in having an extended length of premaxilla which
made the highest measurement in NCL, and the highest value on the ratio of NCL/MFW and NCL/NCDB.

Conclusion

Osteological characters play a very important role in the classification of different families. The neurocranium of
seven families were examined, described, and figured to evaluate the order Anguilliformes. These data can serve
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as a basis for future investigation of neurocranial morphometrics in eels. Based on this study, some important
characters, specifically on the neurocranium, differentiated Anguilliformes fishes at the family level. There is a need
for further study and inclusion of more characters from other skeletal parts to differentiate these species. Future
phylogenetic studies on Anguilliformes fishes will greatly contribute to understanding the morphological diversity
underlying these families.
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