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a b s t r a c t

Hoplunnis punctata, a member of the Anguilliformes, is a long-snouted eel that lives in benthic habitats
of the continental shelf of tropical waters. The purpose of this study was to examine the skull morphol-
ogy of this little known nettastomatid and to understand the changes associated with jaw elongation as
well as the implications of jaw elongation on the feeding apparatus. We present a detailed description
of the cranial osteology and myology of H. punctata and how these characters differ from Conger conger
(Congrinae: Congridae), a representative with moderate jaw length, and Heteroconger hassi (Heterocon-
grinae: Congridae), a representative with a short jaw. Shape comparison shows a caudal displacement of
the hyomandibula, quadrate–mandibular articulation and opercle–hyomandibular joint, decrease in the
ranial osteology

ongrinae
eterocongrinae

depth of the neurocranium, and increase in the distance between the anterior suspensorial facet and the
posterior end of the orbit in H. punctata as a result of jaw elongation. These characteristics along with its
immobile, long maxillary and well-developed adductor mandibulae muscle complex suggest that food
may be obtained by powerful biting. Jaw elongation potentially affects the functioning of the feeding
apparatus in H. punctata by providing more space for the olfactory rosette, increasing biting speed and

y cap
reducing drag during pre

. Introduction

The evolution of the feeding system in fishes has been the
ubject of many functional morphology studies (Lauder, 1982;
erry-Graham and Lauder, 2001; Wilga, 2005; Westneat, 2004;
ainwright et al., 2007). Differences in feeding mode may be

eflected in different morphological specializations of the head
n relation to different functional demands (Wainwright and
ellwood, 2002). A morphological comparative analysis of the
ephalic region in its proper phylogenetic context can then allow
better understanding of the morphological changes leading to

xtensive morphological specialization. This may then also allow
better understanding of the implications of the performance as
hanges occur. One aspect related to this is the elongation of the
ostral region and jaw, which originated as the result of a con-
ergent evolution among many teleost lineages (Westneat, 2004).
he anguilliform fishes have adapted to diverse life styles, which

∗ Corresponding author at: Biology Department, Evolutionary Morphology of Ver-
ebrates, Ghent University, K.L. Ledeganckstraat 35, B-9000 Ghent, Belgium.
el.: +32 9 264 52 33.
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ture.
© 2010 Elsevier GmbH. All rights reserved.

may be linked to the wide range of cranial forms (Verraes, 1981).
This cranial variation, with associated muscles, can be expected
to largely reflect evolutionary patterns of feeding specialization in
the Anguilliformes. We use an evolutionary perspective to compare
the feeding apparatus of three species of the anguilliforms to bet-
ter understand the changes involved in the elongation of the rostral
region and jaws.

The Nettastomatidae or duck bill eels are a group of long-
snouted eels mainly found on the outer continental shelf and
continental slope of the tropics. Little is known about their biology,
except for their benthic habits. They are non-burrowing or crevice-
dwelling eels, feeding on a variety of small fishes and invertebrates
(Smith, 1989a).

This study was conducted to understand the morphological
peculiarities of the skull associated with the rostral region and jaw
elongation and the resulting implications for the feeding appara-
tus in the duckbill eel, Hoplunnis punctata. We provide a detailed
description of the cranial osteology and myology of H. punctata

(with the snout length (S) = 34–38% of the head length (HL)) and its
differences with respect to representatives of two closely related
anguilliform subfamilies: Conger conger (Congrinae: Congridae),
with a moderate jaw length (S = 22–27% of HL); and Heterocon-
ger hassi (Heterocongrinae: Congridae), with a short jaw length

dx.doi.org/10.1016/j.zool.2009.09.004
http://www.sciencedirect.com/science/journal/09442006
http://www.elsevier.de/zool
mailto:soheil.eagderi@yahoo.com
dx.doi.org/10.1016/j.zool.2009.09.004
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Table 1
Definition of landmarks used for the shape analysis on the skull.

Number Definition of landmark

1 The anteriormost end of the rostral region
2 The anterior end of the maxilla
3 The anteriormost end of the interorbital space
4 The anterodorsal end of the basisphenoid which contacts the

frontal in the posterior wall of the orbit
5 The anterior end of the pterotic bone
6 The contact point of the frontal with the anterior end of the

contact line of two parietals
7 The posterodorsal end of the neurocranium
8 The anterior suspensorial articulation

ally creating shelves over the orbits. The anterolateral corners of
these shelves are pointed forward and each bears two pores for
the supraorbital canal (Fig. 2A). The frontal encloses the opening of
the temporal canal at the level of the posterodorsal margin of the

Fig. 2. Neurocranial bones of Hoplunnis punctata. (A) Dorsal view, (B) ventral view.
Abbreviations: af susp A, anterior suspensorial articulation facet; fr-Jug, foramen
ig. 1. Phylogeny of the taxa considered in this study, based on mitochondrial 12S
ibosomal RNA and mtDNA sequences (modified after Wang et al., 2003).

S = 11–13% of HL). The Nettastomatidae form a monophyletic
roup with the Congrinae, Muraenesocidae, Heterocongrinae and
erichthyidae, and the Notacanthiformes, a closely related elopo-
orph taxon with a short jaw, is considered an outgroup (Wang et

l., 2003; Fig. 1).

. Material and methods

For anatomical descriptions, five alcohol-preserved specimens
f H. punctata obtained from the Musée National d’Histoire Naturel
f Paris (MNHN 1965-0649) and the Florida Museum of Natu-
al History (UF 216386) were examined. The specimens were of
he following sizes: HP1: standard length (SL) = 365 mm (MNHN);
P2: SL = 314 mm (MNHN); HP3: SL = 311 mm (MNHN); HP4:
L = 598 mm (UF) and HP5: SL = 531 mm (UF).

Two specimens were cleared and stained according to the proto-
ol of Hanken and Wassersug (1981) for studying the osteology. For
he dissections, muscle fibers were stained according to Bock and
hear (1972). Specimens were studied using a stereoscopic micro-
cope (Olympus SZX-7; Olympus, Tokyo, Japan) equipped with a
amera lucida. Strictly for visualization purposes, the overall shape
ifferences observed between the skulls of three species are pre-
ented as deformation grids using tpsSpline (version 1.16; Rohlf,
004a). For this purpose, 11 landmarks (Table 1) were digitized
n one specimen of each species using tpsDig (version 2.08; Rohlf,
005). The package tpsUtil (version 1.26; Rohlf, 2004b) was used
o generate the required tps file. The specimens used were from
he Zoological Museum of the Ghent University (C. conger; UGMD
3065) and 3D pictures of H. hassi provided by De Schepper (2007).
The terminology of cranial bones follows Böhlke (1989). The
erminology for the anterior and posterior ceratohyal follows De
chepper et al. (2005). The frequently used terminology ceratohyal
nd epihyal is not used here because it suggests incorrect homolo-
ies. Musculature terminology follows Winterbottom (1974) and
9 Operculo–hyomandibular articulation
10 Quadrate–mandibular joint
11 The posteriormost end of the maxilla

De Schepper et al. (2005). The cranial osteology and myology of H.
hassi and C. conger have already been described by De Schepper et
al. (2007) and De Schepper (2007), respectively.

3. Results

3.1. Cranial osteology: H. punctata

The neurocranium is elongated with a forward prolongation
of the premaxillo-ethmovomeral complex, which consists of the
premaxillary, ethmoid and pars vomeralis (Fig. 2). The olfactory
organ of H. punctata fills the long olfactory fossa, which is spread
almost over the entire preorbital region. The pars vomeralis of the
premaxillo-ethmovomeral complex laterally forms a crest to which
the anterodorsal edge of the palatopterygoid is connected. The pars
vomeralis of the premaxillo-ethmovomeral complex bears one
row of enlarged, strongly pointed piercing teeth (Fig. 2B and 3A).

The orbital region is composed of the frontal, basisphenoid,
pterosphenoids and parasphenoid. The frontals have fused and bear
a ridge at the midline (Fig. 2A). The fused frontal expands later-
jugularis; fr-Opt, foramen opticum; fr-Olf, foramen olfactorius; fr-Tri.fac, foramen
trigemino-facialis; o-BOc, basioccipital; o-BSph, basisphenoid; o-Epi, epiotic (epi-
occipital); o-ExOc, exoccipital; o-F, frontal; o-Par, parietal; o-Par Vo, pars vomeralis
of premaxillo-ethmovomeral complex; o-PMx-Etv, premaxillo-ethmovomeral com-
plex; o-Pro, prootic; o-PSph, parasphenoid; o-Pt, pterotic; o-PtSph, pterosphenoid;
o-SOc, supraoccipital; o-Sph, sphenotic; SOc ri, supraoccipital ridge.
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Fig. 3. Cranial skeleton of H. punctata (lateral view). (A) Complete skull (right side),
(B) suspensorium (right side). Abbreviations: ac Op, opercular articular condyle;
af Op, opercular articular facet; ac susp A, anterior suspensorial condyle; ac susp
P, posterior suspensorial condyle; af susp P, posterior suspensorial articulation
facet; Ctis, connective tissue; l-Ang-IOp, angulo-interopercular ligament; l-Ang-
POp, angulo-preopercular ligament; l-Mx-PMx-Etv-InfOrb, maxillo-premaxillo-
ethmovomero-infraorbital ligament; l-Op-IOp, operculo-interopercular ligament;
l-PP, palatopterygoidal ligament; o-BSph, basisphenoid; o-D, dentary; o-Epi, epiotic
(epioccipital); o-F, frontal; o-Hm, hyomandibula; o-IOp, interopercle; o-Mx, maxil-
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basioccipital. The well-developed occipital condyle of the basioc-
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ary; o-Op, opercle; o-Par, parietal; o-PMx-Etv, premaxillo-ethmovomeral complex;
-POp, preopercle; o-PP, palatopterygoid; o-PSph, parasphenoid; o-Pt, pterotic;
-PtSph, pterosphenoid; o-Q, quadrate; o-SOp, subopercle; o-Sph, sphenotic; Sy,
artilaginous pars symplectic.

rbits (Fig. 2A). The unpaired basisphenoid has a process that barely
xtends into the orbit (Fig. 3A). The well-developed optic fora-
en is present between the basisphenoid and the frontal (Fig. 2B).

he pterosphenoids form the lateroposterior part of the postorbital
egion. The pterosphenoid is attached to the basisphenoid, paras-

henoid, sphenotic, pterotic and frontal. The olfactory foramen is
resent between the pterosphenoid and basisphenoid (Fig. 2B). The
arasphenoid, which is connected to the basisphenoid, is a long
haft of bone that extends from the toothed pars vomeralis of the
remaxillo-ethmovomeral complex up to the basioccipital. It forms

ig. 4. The cranial lateral line system of H. punctata. (A) Lateral view of the canals (right
bbreviations: B LL, body lateral line system; c AdNas, adnasal canal; c IO, infraorbital ca
anal; cm ST, supratemporal commissure; La Nas W, lateral nasal wings; l-InfOrb-PMx-
asal.
gy 113 (2010) 148–157

the ventral surface of the neurocranium and is narrow under the
orbits.

The otic region comprises the pterotics, sphenotics, parietal,
prootics and epiotics (epioccipitals sensu Patterson, 1975). The
pterotics form the major lateral longitudal brace of the skull and
comprise two parts. The superficial portion is tubular and is ante-
riorly connected to the opening of the supraorbital canal that is
formed by the frontal. The tubular portion of the pterotic forms a
canal enclosing the cephalic lateral line system. The deeper part,
forming the basis for the tubular portion, slightly overlaps with
the surrounding bones. Posteriorly, the pterotic bears the posterior
suspensorial articulatory facet. The posterior border of the pterotic
passes slightly the posterior margin of the supraoccipital. The sphe-
notic is directed ventroanteriorly and bears an extensive sphenotic
process (Fig. 2A and B). Medially, the sphenotic process bears the
lateral part of the anterior suspensorial articulatory facet. The large
parietals are fused and are situated posteriorly against the frontal.
The frontal ridge is continuous with a parietal ridge in the mid-
line. This ridge is the origin of the A2�p and A2�a subsections of
the adductor mandibulae muscle complex, which passes laterally
over the parietal and hyomandibula. The prootics form the anterior
part of the otic bullae. The posterior end of the prootics is attached
to the basioccipital and laterally attaches to the pterotic (Fig. 2B).
The posterior rim of the pterosphenoid is covered by the anterior
rims of two prootic bones and these two bones meet each other in
the midline above the parasphenoid (Fig. 2B). The suture between
the basioccipital and prootic is interdigitating (Fig. 2B). The jugu-
lar foramen is present on the anterior part of the prootic (Fig. 2B).
The trigemino-facial foramen is situated posterior to the jugular
foramen (Fig. 2B). The epiotics (epioccipitals) form the posterodor-
sal face of the cranium and medially contact the supraoccipital
(Fig. 2A).

The occipital region is composed of the supraoccipital, exoc-
cipitals and basioccipital. These bones form the posterior wall of
the neurocranium. The supraoccipital is surrounded by the epiotics
(epioccipitals), parietal and exoccipitals and bears a small median
crest (Fig. 2A). Caudally, the exoccipitals are domed and dorsally
border the foramen magnum. Also, they ventrally connect to the
cipital forms the posterior end of the neurocranium and forms the
ventral margin of the foramen magnum. The basioccipital extends
anteriorly to the posterior border of the prootics and forms the
posterior part of the otic bullae.

side). Circles show external sensory pores. (B) Dorsal view of the left nasal bone.
nal; c POM, preopercular mandibular canal; c SO, supraorbital canal; c T, temporal
Etv, infraorbito-premaxillo-ethmovomeral ligament; o-InfOrb, infraorbital; o-Nas,
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Fig. 5. Lateral view of the cranial muscles of H. punctata. (A) Skin removed; (B) pri-
mordial ligament and subsections of A2, with exception of A2�d, removed; (C) A2�d
and A3 removed; (D) ventral view of the cranial muscles (with skin removed). Abbre-
viations: l-Ang-POp, angulo-preopercular ligament; l-CH-Ang, ceratohyalo-angular
ligament; l-CH-Hm, ceratohyalo-hyomandibular ligament; l-Mx-PMx-Etv-InfOrb,
maxillo-premaxillo-ethmovomero-infraorbital ligament; l-prim, primordial liga-
ment; m-A1, A1 section of the adductor mandibulae muscle complex; m-A2, A2
section of the adductor mandibulae muscle complex; m-A2�, ventral subsection of
A2; m-A2�d, dorsal subsection of A2�; m-A2�v, ventral subsection of A2�; m-A2�,
dorsal subsection of A2; m-A2�a, anterior subsection of A2�; m-A2�p, posterior
subsection of A2�; m-A3, A3 section of the adductor mandibulae muscle complex;
m-AAP, adductor arcus palatini muscle; m-AO, adductor operculi muscle; m-DO,
dilatator operculi muscle; m-Epax, epaxial muscles; m-HH, hyohyoideus muscle;
m-Hyp, hypaxial muscles; m-LAP, levator arcus palatini muscle; m-LO, levator oper-
culi muscle; m-PH, protractor hyoidei muscle; m-SH, sternohyoideus muscle; o-BH,
basihyal; o-CH A, anterior ceratohyal; o-Cl, cleithrum; o-D, dentary; o-F, frontal; o-
IOp, interopercle; o-Mx, maxillary; o-PMx-Etv, premaxillo-ethmovomeral complex;
o-Op, opercle; o-POp, preopercle; o-PP, palatopterygoid; o-PSph, parasphenoid; o-
S. Eagderi, D. Adriaens /

The nasal, a long bone, possesses a broad wing at the rear of
ts tip (Fig. 4A). It encloses the anterior part of the supraorbital
anal. The infraorbital is a long, tube-shaped bone. The infraorbito-
remaxillo-ethmovomeral ligament connects the anterior end of
he infraorbital bone to the premaxillo-ethmovomeral complex.
urthermore, the maxillo-premaxillo-ethmovomero-infraorbital
igament connects the posterior end of the infraorbital bone to the
osterodorsal side of the maxillary. The infraorbital bone encloses
he body of the infraorbital canal and its posterior part curves dor-
ally (Fig. 4B).

The maxillary is ankylosed anteromedially to the premaxillo-
thmovomeral complex (Fig. 3A). The primordial ligament connects
he posterior edge of the maxillary to the posterolateral face of
he mandibular (Fig. 5A). The maxillo-premaxillo-ethmovomero-
nfraorbital ligament connects the posterodorsal face of the

axillary to the posterior part of the infraorbital bone and the
osterior part of the ventral crest of the premaxillo-ethmovomeral
omplex (Fig. 5A). The maxillary bears a row of small, pointed teeth
n its anterior half and a double row of smaller teeth on its posterior
alf (Fig. 6A). The lower jaw is slightly shorter than the upper jaw
Fig. 3A). The dentary is elongated and its coronoid process is con-
ected to the angular complex. The mandibular teeth are arranged

n two rows, with the medial row comprising caniniform teeth that
re larger than the ones in the lateral row (Fig. 6B). The angular
omplex consists of the fused angular and articular, bearing a small
etroarticular process. The angular complex possesses a posterior
rocess behind the Meckelian fossa (Fig. 6B). The retroarticular
rocess is directed caudomedially.

The suspensorium is composed of five elements: the
yomandibula, quadrate, palatopterygoid, preopercle and a carti-

aginous element that may correspond to a non-ossified pars sym-
lectic of the hyosymplictic (Fig. 3B). The preopercle is described as
art of the opercular series (see below). The cartilaginous element
f the suspensorium is situated ventral to the hyomandibula
Fig. 3B). The hyomandibula and quadrate are closely connected
nd form a solid structure. The hyomandibula articulates dorsally
ith the neurocranium via two articular condyles. The anterior one
ts into a socket formed by the sphenotic and pterotic, whereas the
osterior one fits into a facet on the pterotic. The lateral face of the
uspensorium has an elevated ridge for the origin of the A2�v and
3 subsections of the adductor mandibulae muscle complex and

nsertion of the levator arcus palatine muscle. The opercle artic-
lates with a condyle on the posterior edge of the hyomandibula
Fig. 3B). The palatopterygoid is attached to the anterior edge of
he quadrate by connective tissue, and it is firmly connected to
he lateral face of the premaxillo-ethmovomeral complex, at the
audal face of the maxillo-ethmovomeral articulation facet. The
alatopterygoid ligament also connects the suspensorium to the
alatopterygoid (Fig. 3B).

The opercular series is composed of four bones: the preopercle,
nteropercle, subopercle and opercle (Fig. 7A). The distal margins of
he opercular bones were lightly stained in the specimens studied.
he medial face of the anterior process of the preopercle is con-
ected to the lower jaw through the angulo-preopercular ligament.
he two preopercular pores are present on the dorsal rim and the
nterior process of the preopercle, respectively. The interopercle is
riangular in shape and is covered laterally by the posterior portion
f the preopercle. The interopercle is connected to the angular com-
lex via the angulo-interopercular ligament. The subopercle abuts
gainst the caudal edge of the interopercle and curves along the
ntire posterior margin of the opercle. The subopercle is attached

o the opercle by connective tissue. The fan-shaped opercle artic-
lates with the opercular condyle of the hyomandibula through

ts anterior process (Fig. 3B). The operculo-interopercular ligament
onnects the medial face of the anterior process of the opercle to
he dorsomedial face of the interopercle (Fig. 3B).

Q, quadrate; o-SOp, subopercle; o-UH, urohyal; Sy, cartilaginous pars symplectic; t
A2�v, tendon of A2�v; t A2�, tendon of A2�; t DO, tendon of dilatator operculi; t
LAP, tendon of levator arcus palatini; t LO, tendon of levator operculi; t.a PH, anterior
tendon of protractor hyoidei; t.p PH, posterior tendon of protractor hyoidei; t SH,
tendon of sternohyoideus.
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Fig. 6. Jaw of H. punctata (right side, medial view); (A) lower jaw, (B)
maxillary. Abbreviations: af Md, mandibular articulation facet; af Mx-Etv, maxillo-
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thmovomerine articulation facet; l-Ang-IOp, angulo-interopercular ligament;
-Ang-POp, angulo-preopercular ligament; o-Ang, angular complex; o-D, dentary;
-Mx, maxillary; Mec F, Meckelian fossa; pr Ang, angular process; pr Cor, coronoid
rocess; pr ra, process of retroarticular.

The hyoid complex consists of the unpaired, long cylindrical
asihyal, spatulate urohyal, paired anterior ceratohyals and paired
osterior ceratohyals (Fig. 7B and C). The posterior part of the uro-
yal expands vertically and is blade-like in its lateral aspect. The
nterior ceratohyals are the largest elements of the hyoid arch
nd articulate with the urohyal. The anterior ceratohyal is inter-
igitated posteriorly with the posterior ceratohyal. Two of seven
ranchiostegal rays are connected to the anterior ceratohyal and
he others to the posterior ceratohyal. The branchiostegal rays
urve dorsally along the ventral border of the interopercle. They
each up to the caudal border of the subopercle. The posterior cer-
tohyals are connected to the suspensorium and angular complex
y two ceratohyalo-hyomandibular and ceratohyalo-angular liga-
ents, respectively (Fig. 7C).

.2. Cephalic lateral line system

The cephalic lateral line system is composed of the supraor-
ital canal, adnasal canal, infraorbital canal, temporal canal,
reoperculo-mandibular canal and supratemporal commissure.

he supraorbital canal extends from the tip of the snout to the
nterorbital region, and bears fourteen pores. The adnasal canal,

short ascending branch of the infraorbital canal, starts at the
ear of the anterior nostril. The infraorbital canal curves dorsally
nto the postorbital region. This canal bears four pores exiting from

ig. 7. Hyoid and opercular series of H. punctata. (A) Dorsal view of the basihyal and u
he opercular series in lateral view (right side). Abbreviations: af CH, ceratohyal articula
-CH-BH, ceratohyalo-basihyal ligament; l-CH-Hm, ceratohyalo-hyomandibular ligament
nteropercle; o-Op, opercle; o-POp, preopercle; o-SOp, subopercle; o-R BR, branchiostegal
f preopercle; pr D Op, dorsal process of anterior process of opercle.
gy 113 (2010) 148–157

the infraorbital bone and five pores on the postorbital region. The
preoperculo-mandibular canal starts almost from the rostral tip of
the dentary and its anterior part runs in an inferior crest of the
dentary. This canal curves dorsally into the postorbital region and
enters into the posterior end of the temporal canal (Fig. 4B). The
supratemporal commissure connects the right and left cephalic
lateral line system. No ethmoid canals were observed.

3.3. Myology of H. punctata

The large adductor mandibulae muscle complex comprises
the sections A2 and A3. Despite a small and indirect connection
between tendon A2�v and the maxillary via the primordial liga-
ment (which could suggest a homology with A1), this subsection
was termed A2�v based on the terminology of Winterbottom
(1974) and due to its main insertion being onto the posterome-
dial face of the lower jaw (Fig. 5A). Section A2 can be subdivided
into four subsections: A2� anterior, A2� posterior, A2� dorsalis
and A2� ventralis (Fig. 5A). Subsection A2�p is the largest por-
tion of the adductor mandibulae muscle complex and originates
musculously from the supraoccipital, epiotic (epioccipital), parietal
and frontal. It inserts tendinously onto the dorsomedial edge of the
coronoid process and the anterior portion of the Meckelian fossa.
Subsection A2�a originates musculously from the frontal and pari-
etal, and inserts tendinously onto the medial face of the coronoid
process. The posterior portion of subsection A2�a lies medial to
the anterior portion of subsection A2�p. The subsections A2�a and
A2�p are attached laterally to a single tendon of A2�. Subsection
A2�d originates musculously from the posterolateral face of the
hyomandibula and the posteroventral face of the pterotic. It inserts
tendinously onto the dorsomedial edge of the angular complex.
The superficial portion of subsection A2�v originates musculously
from the anterolateral face of the preopercle, with its medial fibers
attaching musculously to the hyomandibula and quadrate. Subsec-
tion A2�v inserts through a tendon onto the posteromedial face
of the angular process and musculously on the medial face of this
process. An A� was not observed.

The section A3 is situated medial to the subsection A2� and

covers the dorsolateral face of the levator arcus palatini muscle and
the posterior portion of the adductor arcus palatini muscle (Fig. 5B).
This section originates musculously from the lateral ridge of the
hyomandibula, the ventral face of the sphenotic, the anteroventral
face of the pterotic, the dorsolateral side of the pterosphenoid and

rohyal; (B) the anterior and posterior ceratohyal in medial view (right side); (C)
r facet; af Op, opercular articular facet; l-CH-Ang, ceratohyalo-angular ligament;
; o-BH, basihyal; o-CH A, anterior ceratohyal; o-CH p, posterior ceratohyal; o-IOp,
rays; o-UH, urohyal; pr A Op, anterior process of opercle; pr A POp, anterior process
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he posteroventral face of the frontal’s lateral expansion. It inserts
endinously into the Meckelian fossa. Section A3 slightly bulges
aterally at the level of its vertical midline.

The levator arcus palatini muscle originates musculously and
endinously from the ventral face of the sphenotic process and the
orsolateral faces of the prootic (Fig. 5C). This muscle bulges slightly

n the midline. It inserts musculously on the anterior face of the
ateral ridge and the ventrolateral face of the hyomandibula.

The adductor arcus palatini muscle originates from the ven-
rolateral face of the parasphenoid, the ventrolateral face of the
asisphenoid, the ventral face of the pterosphenoid and the antero-

ateral face of the prootic (Fig. 5C). It fills the posterior part of
he fissura infraorbitalis and inserts musculously on the caudo-

edial surface of the palatopterygoid and the medial face of the
yomandibula. A thick posterior portion of the adductor arcus pala-
ini muscle could be discriminated based on a discrete change
n thickness from an anterior thin part, but with the two parts
till forming a continuous muscle sheet. The thicker portion of
he adductor arcus palatini muscle runs up to the medial face of
he hyomandibula. The fibers of the posterior part of the adduc-
or arcus palatini muscle take up the position where the adductor
yomandibulae muscle would be found.

The levator operculi muscle originates tendinously from the
audal margin of the pterotic. Its fibers are directed caudoventrally
nd diverge, inserting musculously on the dorsal part of the lateral
ace of the opercle (Fig. 5A and B).

The adductor operculi muscle originates musculously from both
he posterior part of the pterotic and the exoccipital. Proximally, its
bers run continuously with the fibers of the levator operculi mus-
le but insert on the dorsomedial surface of the opercle (Fig. 5C).

The dilatator operculi muscle is situated posterior to the leva-
or arcus palatini muscle and the section A3. The dilatator operculi

uscle is a triangular muscle, with the apex pointing caudoven-
rally (Fig. 5B). This muscle originates musculously from the
osteroventral face of the sphenotic and the posterolateral face of
he pterotic. The dilatator operculi muscle inserts tendinously on
he small process which is situated on the dorsal side of the anterior
rocess of the opercle (Fig. 5C and 7A).

Two separate halves (right and left) of the protractor hyoidei

uscle connect the lower jaw to the hyoid arch. Each of these por-

ions originates tendinously from the medial face of the dentary at
he rear of the dentary symphysis and inserts by means of a tendon
n the dorsal surface of the posterior ceratohyal (Fig. 5D).

ig. 8. Cranial shape comparison between Hoplunnis punctata, Conger conger and Heteroco
ion, when moving from a species with a shorter jaw toward a species with a longer one
epresent the shifts in homologous landmark positions among the three studied species.
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The sternohyoideus muscle originates musculously from the lat-
eral surface and tendinously from the anteroventral face of the
cleithrum, with some of its fibers merging with those of the hypax-
ial musculature. The sternohyoideus is a bipinnate muscle and the
posterior fibers of the left and right halves attach via a central ten-
don on the posterior end and the ventral face of the urohyal. The
anterior fibers of the left and right halves of the sternohyoideus
muscle attach musculously on the lateral sides of the posterior part
of the urohyal (Fig. 5D).

The hyohyoideus muscle complex in teleosts generally com-
prises three components: the hyohyoideus inferioris, hyohyoideus
abductor and the hyohyoidei adductors. However, in H. punctata
these muscles are undifferentiated and merged as a thin sac-like
muscle sheet meeting its counterparts at the ventral midline. The
ventral fibers of the hyohyoideus muscle complex attach to the dor-
sal face of the branchiostegal rays. This sac-like muscle connects
to the medial face of the opercle and reaches dorsally up to the
horizontal septum.

The epaxial musculature attaches to the exoccipitals, pterotics
and supraoccipital. The hypaxial musculature attaches to the
basioccipital.

3.4. Shape comparison

The deformation grids from C. conger and H. hassi to H. punctata
clearly show a distinct elongation of the preorbital region, includ-
ing the rostral region, maxillary and lower jaw (Fig. 8). Furthermore,
the jaw elongation results in the quadrate–mandibular articulation
being positioned well posterior in H. punctata and C. conger, up to
the posterior region of the orbit, whereas this joint is situated at the
midpoint of the orbit in H. hassi. The deformation grids also indi-
cate a more dorsal position of this articulation, reflecting a relative
decrease in the depth of the suspensorium in H. punctata compared
to the other two. The same decrease in depth is also observed in the
neurocranium.

The distance between the anterior suspensorial facet and the
posterior end of the orbit is larger in H. punctata due to a reduction
of the orbit size and a backward displacement of the hyomandibula.

The anterior end of the pterotic is extended substantially in C. con-
ger and forms a small shelf over the posterior part of the orbit, but in
H. punctata and H. hassi it is situated in the postorbital region. Such
a shelf is absent in H. hassi and is rather formed by the lateral expan-
sion of the frontal in H. punctata. The opercle–hyomandibular joint

nger hassi: the deformation grids show shape differences, especially in jaw elonga-
(in the direction as indicated by the arrows). The lengths of the arrows in the grids
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Fig. 9. Lateral view of the cranial muscles of C. conger (modified after De Schepper,
2007). (A) Skin removed; (B) primordial ligament and subsections of A2 except
A2�d removed; (C) lateral view of the cranial muscles after removing skin, A1, A2,
and A3 muscles. Abbreviations: l-Ang-POp, angulo-preopercular ligament; l-Ang-
IOp, angulo-interopercular ligament; l-Mx-D, maxillo-dentary ligament; l-POp-Op,
preoperculo-opercular ligament; l-PP-Mx, palatopterygoideo-maxillar ligament; l-
prim, primordial ligament; m-A1, A1 section of the adductor mandibulae muscle
complex; m-A2�, ventral subsection of A2; m-A3, A3 section of the adductor
mandibulae muscle complex; m-A3�, ventral subsection of A3; m-A3�, dorsal sub-
section of A3; m-AAP, adductor arcus palatini muscle; m-AO, adductor operculi
muscle; m-DO, dilatator operculi muscle; m-Epax, epaxial muscles; m-HH, hyohy-
oideus muscle; m-Hyp, hypaxial muscles; m-LAP, levator arcus palatini muscle;
m-LO, levator operculi muscle; m-PH, protractor hyoidei muscle; o-IOp, interop-
ercle; o-POp, preopercle; o-SOp, subopercle; t A1-A2�-A3, tendon of t A1-A2�-A3;
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s also positioned caudal to the posterior edge of the neurocranium
n H. punctata (Fig. 8).

. Discussion

.1. Morphological changes in relation to jaw elongation

H. punctata and C. conger are active predators, whereas H. hassi
ives in burrows and projects the front portion of the body from the
urrow to feed on zooplankton (Casimir and Fricke, 1971; Smith,
989b). C. conger is a nocturnal predator feeding on fishes, crus-
aceans and cephalopods (Bauchot and Saldanha, 1986). H. hassi
eeds on the plankton-loaded currents by snapping and picking
mall zooplanktonic particles (Smith, 1989b; Vigliola et al., 1996;
astle and Randall, 1999; De Schepper et al., 2007), whereas H.
unctata is a benthic fish and feeds on small fishes and invertebrates
Smith, 1989a).

Comparison of morphological structures with different config-
rations, particularly in a phylogenetic context, may contribute to
he proper understanding of morphological evolutionary changes
ithin functional units. Hence, the morphological differences of the
eads of the representatives with long (H. punctata), moderate (C.
onger) and short (H. hassi) jaw lengths used in this study may allow
better understanding of the morphological changes in relation to

he elongation of the rostral region and jaws.

.1.1. Osteology
The long preorbital region of H. punctata and the moderate one

n C. conger differ in shape from that of H. hassi which possesses a
articularly short one (Fig. 8). The frontals of H. punctata, C. conger
nd H. hassi are fused into a single unit, just as in the Derichthyi-
ae (Robins, 1989) and Muraenesocidae (Smith, 1989c), which is
onsidered a derived character in Anguilliformes (Belouze, 2001).
here is no frontal shelf over the eyes and no frontal ridge in H. hassi
nd C. conger, unlike in H. punctata. The parietals have not fused in C.
onger and H. hassi, but a fusion is observed in H. punctata. The fusion
f the parietals is a unique character state within the Anguilliformes
Belouze, 2001). The conical mandibular and vomeral teeth of H.
unctata are large and sharp, whereas those of H. hassi are small.
he teeth of the upper and lower jaws in C. conger are arranged
n a double row, with big incisiform outer teeth and small inner
nes. The posterior edge of the supraoccipital crest does not reach
he posterior edge of the skull in H. punctata while that of C. conger
eaches beyond the posterior edge of the skull. This crest is absent
n H. hassi. Absence of the supraoccipital crest is a plesiomorphic
ondition which is seen in fossil Anguilliformes (Belouze, 2001).

The quadrate and hyomandibula of H. punctata and C. conger are
trongly interconnected and form a solid structure. In H. hassi, these
wo bones seem slightly mobile with respect to each other, since
hey move somewhat when pressed by forceps. There is no sym-
lectic in C. conger, but a cartilaginous element is present posterior
o the quadrate in H. hassi and ventral to the hyomandibula in H.
unctata where the symplectic would be found if present. A pos-
erocaudal process of the subopercle is connected to the posterior
order of the opercle in H. punctata and C. conger, while in H. hassi
his process is lacking.

.1.2. Myology
The adductor mandibulae muscle complex of H. punctata and

. conger is greatly enlarged compared to that of H. hassi. De
chepper et al. (2007) mentioned that the expansion of the adduc-

or mandibulae muscle of H. hassi may have been restricted by its
arge eyes. The adductor mandibulae muscle complex comprises
ections A2 (with one subsection), A3 and A� in H. hassi. In C.
onger, a medial subsection A2� and a lateral subsection A2� are
ound, as well as two subsections of A3 that insert on the medial
t A2, tendon of A2; t A2�, tendon of A2�; t AO, tendon of adductor operculi; t DO,
tendon of dilatator operculi; t LAP, tendon of levator arcus palatini; t LO, tendon of
levator operculi.

face of the mandibular by a single tendon (Fig. 9). The A� sec-
tion of the adductor mandibulae muscle, which is found in most
major osteichthyan groups (Diogo et al., 2008), is absent in some

species in all groups within the Teleostei (Nakae and Sasaki, 2004;
Hertwig, 2008). Hence, the presence of section A� in H. hassi may
be a retained plesiomorphic character, but in the current absence of
additional myological data of other anguilliform taxa, this needs to
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e confirmed. The presence of an intermandibularis muscle and a
ifferentiated hyohyoideus inferioris muscle are two features in H.
assi that are not found in H. punctata and C. conger. The shape com-
arison of the skull of the three species studied shows a relatively
orizontal and vertical stretching of the suspensorium and postor-
ital region in H. hassi. In relation to this stretching, the adductor
rcus palatini muscle in H. hassi is prolonged rostrally up to the
nterior portion of the orbit.

The adductor hyomandibulae is present as a separate muscle in
. hassi. This muscle has been reported in C. conger by De Schepper

2007), lying medial to the adductor arcus palatini muscle. It has
een described as “difficult to distinguish” (De Schepper, 2007).

t seems that this muscle has a configuration similar to the one
escribed here for H. punctata. It is, therefore, morphologically an
dductor hyomandibulae. In generalized lower teleosts, such as
steoglossomorpha, Elopomorpha and Elupeomorpha, the adduc-

or arcus palatini connects the prootic to the dorsomedial face of
he hyomandibula (Winterbottom, 1974). Based on Winterbottom
1974), the term adductor arcus palatini is applied to a muscle that
as expanded anteriorly along the floor of the orbit, as is seen in H.
unctata and C. conger, and an adductor hyomandibulae muscle is
nly distinguished by the presence of a separate anterior adductor
rcus palatini muscle.

.1.3. Jaw elongation
Substantial differences in the length of the rostral region and the

aw can be observed between representatives of the monophyletic
roup comprising the Heterocongrinae-Derichthyidae clade (clade
) and the Congrinae-Muraenesocidae-Nettastomatidae clade

clade B) (Fig. 1). The members of clade A possess a short to mod-
rate preorbital region including the rostral region and jaws and
hose of clade B a moderate to long one, as seen in H. punctata. In
lade B, especially Muraenesocidae and Nettastomatidae possess a
ubstantially elongated rostral region and jaws (Smith, 1989c).

Regarding the plesiomorphic condition of a short rostral region
f the Anguilliformes (Belouze, 2001), as is seen in many Anguil-
iformes, and considering the phylogenetic relationship of the
ongrinae, Muraenesocidae and Nettastomatidae (Robins, 1989;
mith, 1989a; Wang et al., 2003; Obermiller and Pfeiler, 2003;
opez et al., 2007), the elongation of the rostral region in clade B
hould be considered a derived character.

The presence of a median (i.e. fused) premaxillary in Derichthys
erpentinus (Derichthyidae), a member of clade A, is a unique
ttribute among the Anguilliformes. Robins (1989) mentioned the
rend in Derichthyidae towards a fusion of the premaxillaries with
he ethmoid to form the premaxillo-ethmovomeral complex. Some
erichthyid species such as Nessorhamphus ingolfianus bear a mod-
rately long snout with the premaxillaries fused to the ethmoid
Robins, 1989). Furthermore, H. hassi possesses a very short rostral
egion, which does include a premaxillo-ethmovomeral complex.
ifferences in the preorbital elements of clade A and B indicate that

he formation of a premaxillo-ethmovomeral complex in clade A
hould not be considered as reflecting the ancestral condition lead-
ng towards the elongation of the rostral region in clade B. Hence,
ased on parsimony, it would be easy to conceive an evolutionary
rend toward a separation of the premaxillary from a premaxillo-
thmovomeral complex in D. serpentinus.

Furthermore, the shape comparison of the three species studied
learly shows the posterior position of the quadrate–mandibular
rticulation up to the postorbital region, which is an additional
tructural coupling to the jaw elongation.
.2. Functional considerations of jaw elongation

The observed differences in the feeding apparatus of these
nguilliforms, especially those related to jaw elongation, can be
gy 113 (2010) 148–157 155

considered to have a potential influence on the functionality of
this apparatus. However, this would require performance testing
to empirically support this hypothesis (Arnold, 1983). Still, some
hypotheses can be derived from the observed morphology.

The maxillary in H. punctata is connected firmly to the
premaxillo-ethmovomeral complex along most of its length, while
in H. hassi only the anterior portion of the maxillary is resting on
this bony complex. This configuration of the maxillary in H. hassi,
combined with the forward position of the quadrate–mandibular
joint, results in a small and more oblique mouth border, which
has been regarded as a specialization for snapping planktonic
prey (Rosenblatt, 1967). This specialization in H. hassi may then
compensate for the lack of upper jaw protrusion due to the
immobility of the premaxillary (which is fused to the eth-
moid and vomer). In contrast to the forward position of the
quadrate–mandibular joint of H. hassi, the one in H. punctata is
positioned posterior to the orbit and results in a large mouth
with a longer lower jaw that may allow rapid mouth closing
(see below).

The relatively narrow and low skull of H. punctata implies a shal-
low orobranchial chamber, which along with its immobile, long
maxillaries suggests that food may be obtained by biting rather
than by filtering or engulfing through suction feeding (Schaeffer
and Rosen, 1961). Fishes that rely on high-velocity lunges followed
by biting rather than suction exhibit longer strike times (Porter and
Motta, 2004; Mehta and Wainwright, 2007), and benthic biters are
typically slower than suction feeders (Alfaro et al., 2001; Rice and
Westneat, 2005; Konow and Bellwood, 2005). Biting may represent
an important behavioral adaptation enabling predators to subdue
large prey (Mehta and Wainwright, 2007). It is thus not surprising
to find a wide range of morphologically diverse biters (Westneat,
2004; De Schepper et al., 2008; Grubich et al., 2008; Mehta, 2009).

The strongly developed adductor mandibulae muscle complex
of H. punctata and C. conger, compared to a rather small one in
H. hassi, also suggests that their prey capturing mode is biting.
Enlarged adductor mandibulae muscles may allow a powerful bite
by increasing the mechanical load on skeletal elements such as
dentaries, suspensoriums and neurocranium (Herrel et al., 2002;
Van Wassenbergh et al., 2004). A predatory life style is considered
the plesiomorphic condition for the Anguilliformes (Gosline, 1971;
Smith, 1989b), with hypertrophied jaw muscles being common
(Böhlke et al., 1989).

The maxillaries of the Anguilliformes are tightly joined to the
cranium and are immobile or can move very little (Eaton, 1935).
Hence, the lower jaw is considered the sole contributor to jaw
rotation, with the quadrate–mandibular joint working as a fulcrum
(Alexander, 1967; Westneat, 2004). Based on the velocity advan-
tage (small input/output lever ratio), a long lower jaw may result
in faster mouth closing (higher biting speed), which would be an
advantage for a predator feeding on elusive prey. Simultaneously,
this low ratio also implies a lower mechanical advantage. Hence,
having a high input force generated by enlarged adductor mandibu-
lae muscles, as seen in H. punctata and C. conger, can compensate
for this deficiency and produce sufficiently high biting forces during
snapping movements.

Elongation of the rostral region can provide more space for the
olfactory rosette in benthic H. punctata, which is also substantially
large. Related to this, an improved olfaction would benefit their
predatory life style to detect prey. The size of the rosette is propor-
tional to the fish’s ability to smell, and the broadly spaced nares
provide a significantly greater separation between the olfactory

rosettes, which could lead to an enhanced ability to resolve odor
gradients (Kajiura et al., 2005).

Elongation of the preorbital region including the rostral region
and jaws such as in H. punctata may also provide a hydrodynamic
advantage for drag reduction during feeding strikes and swimming.
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ish (1998) pointed out that departure from a smoothly rounded
ead in a number of aquatic animals that have projecting beaks,
ills, and rostrums, may be related to a better functioning of their
eeding morphology requiring grasping jaws. The alternatingly con-
ave and convex profile of the anterior part of the body, which is
een in aquatic animals with projecting anterior structures, may
nduce a stepwise, gradual drag pressure change that can reduce
kin friction in animals during swimming (Bandyopadhyay, 1989;
annasch, 1995; Bandyopadhyay and Ahmed, 1993). The relatively
mall surface area of the anterior projection can also decrease drag,
ue to a reduced pressure gradient during swimming (Kramer,
960; Videler, 1995).

The cranial anatomy of H. punctata shows a number of dif-
erent features compared to the studied short-snouted species,
hich may be related to the observed elongation of the snout.
lso, some features may reflect differences in prey capturing
ehavior, such as large and sharp piercing teeth on the pars
omeralis and the mandibular bones, the depth and anterior reduc-
ion in depth and anterior length of the suspensorium, enlarged
dductor mandibulae muscle complex, reduction of neurocra-
ium depth and posterior position of the quadrate–mandibular

oint. The jaw elongation can confer some advantages such
s providing more space for the olfactory rosette, increas-
ng velocity advantage (biting speed) and reducing drag, thus
mproving the prey capture kinematics of this benthic biter
redator.
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