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The first record of the ichthyodectiform fish Cladocyclus 
from eastern Gondwana: A new species from the Lower 
Cretaceous of Queensland, Australia
RODNEY W. BERRELL, JESÚS ALVARADO-ORTEGA, YOSHITAKA YABUMOTO, 
and STEVEN W. SALISBURY

Berrell, R.W., Alvarado-Ortega, J., Yabumoto, Y., and Salisbury, S.W. 2014. The first record of the ichthyodectiform 
fish Cladocyclus from eastern Gondwana: A new species from the Lower Cretaceous of Queensland, Australia. Acta 
Palaeontologica Polonica 59 (4): 903–920.

Cladocyclus is a genus of ichthyodectiform fish that is best known from fossils found in shallow marine Cretaceous 
deposits in Brazil and Morocco. Herein, a new species of Cladocyclus is described on the basis of a fossil that comprises 
an articulated skull and anterior part of the body, preserved as part and counter-part in what was originally a single eroded 
nodule of fluvially-deposited volcanolithic sandstone from the Lower Cretaceous (upper Albian) portion of the Winton 
Formation near Isisford, central-western Queensland, Australia. This specimen represents the first record of Cladocyclus 
in eastern Gondwana, and indicates that species of this fish may also have inhabited freshwater environments. The new 
species is assigned to the genus Cladocyclus based on the morphology of the cleithrum (the arms are oriented at approx-
imately 90° to each other) and a mandibular articular facet that incorporates portions of the angular, the articular and 
the retroarticular. Cladocyclus geddesi sp. nov. can be distinguished from other congeners based on the possession of a 
more elongate horizontal arm of the cleithrum and a supraoccipital crest that is gently convex posteriorly. This discovery 
greatly expands the geographic range of Cladocyclus, and supports the idea of a distinct southern fish fauna in the seas 
surrounding the fragmenting Gondwanan landmasses during the mid-Cretaceous.
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Introduction
Ichthyodectiforms were a common element of shallow ma-
rine fish faunas during the latter part of the Mesozoic (Bar-
dack 1965; Bardack and Sprinkle 1969; Patterson and Rosen 
1977; Alvarado-Ortega 2004; Cavin et al. 2013 ). At least 20 
genera and double that number of species of these predatory 
teleosts have been erected based on fossils from North and 
South America, Europe, Asia, Africa, Antarctica, and Austra-
lia. The majority of ichthyodectiforms were between 1 and 
5 m in length, but some, such as Xiphactinus audax Leidy, 
1870 from the Western Interior Seaway of North America, 

reached lengths in excess of 6 m (Everhart 2005). Although 
most ichthyodectiform fossils derive from shallow marine 
and estuarine environments, rare specimens are known from 
brackish and freshwater deposits (Patterson and Rosen 1977; 
Nesov 1981, 1985, 1997; Maisey 2000; Mkhitaryan and Ave-
rianov 2011).

One of the best-known ichthyodectiform taxa is Cladocy-
clus Agassiz, 1841. The type species, Cladocyclus gardneri, 
is based on well preserved skeletons from the Lower Creta-
ceous (Aptian–Albian) of north-eastern Brazil, specifically 
in the Araripe, Parnaiba and Sergipe-Alagoas basins (Leal 
and Brito 2004; Brito and Yabumoto 2011). Other Brazilian 
species of Cladocyclus have been proposed, but these have 
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been either synonymized with C. gardneri (e.g., C. ferus; 
Leal and Brito 2004) or are based on isolated or poorly pre-
served material, such that their precise taxonomic identity is 
doubtful (e.g., C. lewensis, C. occidentalis, C. strehlensis).

Cladocyclus has also been recorded in the Upper Cre-
taceous of south-eastern Morocco. Forey and Cavin (2007) 
erected Cladocyclus pankowskii based on a partial skull from 
the Cenomanian Kem Kem Beds near Taouz (Sereno et al. 
1996; Wellnhofer and Buffetaut 1999; Cavin et al. 2010). 
While the validity of this species has not been questioned, 
Mkhitaryan and Averianov (2011) proposed that it should be 
removed from Cladocyclus and placed in Aidachar Nesov, 
1981. Despite this issue, Martill et al. (2011) reported the 
occurrence of complete skeletons of a possible new species 
of Cladocyclus in the overlying upper Cenomanian–lower 
Turonian marine sediments at Gara Sbaa, also in the Kem 
Kem area (Martill et al. 2011), reaffirming the occurrence of 
Cladocyclus spp. in south-eastern Morocco.

Here we describe the first confirmed record of Cladocy-
clus from eastern Gondwana. The new specimen comes from 
the upper Albian portion of the Winton Formation near Isis-
ford, central-western Queensland, and represents the most 
complete teleost fossil from a likely freshwater deposit in the 
Cretaceous strata of the Eromanga Basin.

Institutional abbreviations.—AMNH, American Museum 
of Natural History, New York, USA; DNPM, Departamento 
Nacional de Producao Mineral, Rio de Janeiro, Brazil; IGM, 
Instituto de Geología, Universidad Nacional Autónoma de 
México, Distrito Federal, Mexico; MV, Museum Victoria, 
Melbourne, Australia; QM, Queensland Museum, Brisbane, 
Australia; UERJ-PMB, Universidade do Estado do Rio de 
Janeiro (Paulo Brito´s collection), Brazil; UQ, The Universi-
ty of Queensland, Australia; USNM, United States National 
Museum of Natural History, Washington DC, USA.

Material and methods
Preparation of the fossil.—The specimen was discovered 
within a sandstone nodule when it was split along a sagittal 
plane, producing a part and counter-part specimen. Following 
its discovery in the field, the exposed bones were stabilized 
with acrylic plastic (Paraloid B 72, also known as Butvar, an 
ethyl methacrylate copolymer) dissolved in acetone (30 g of 
Paraloid beads to 1 l of acetone). Exposed cracks were filled 
with cyanoacrylate (Superglue). Laboratory preparation fol-
lowed the chemical techniques described by Toombs and 
Rixon (1959), and closely matched that outlined in Maisey 
(1991b) for similarly preserved Santana Formation fishes. 
The exposed surface of each part of the fossil was initially 
set in a 2–3 cm deep tablet of acrylic resin. The embedded 
parts were then immersed in a 10 per cent dilution of acetic 
acid for four to seven days. Following immersion in the acid 
bath, each part was washed in water for 2–3 days and then 
allowed to dry. Newly exposed bones were then hardened 

with Mowital B30 (polyvinyl butyral powder) dissolved in 
pure ethanol (one teaspoon to 200 ml ethanol). This process 
was repeated for approximately 25 weeks until the desired 
amount of matrix had been removed. In total, 50 l of acid 
were used to remove approximately 4 kg of sediment (each 
acid bath removed approximately 120 g of sediment). The 
residual sediment from each acid bath was dried and sort-
ed under a binocular microscope for associated microfossils 
such as scales and teeth.

Comparative material examined.—During the course of 
this study, the following specimens were examined firsthand. 
Other comparisons were made using photographs, along 
with published descriptions and illustrations: Occithrissops 
willsoni Schaeffer and Patterson, 1984, AMNH 10873, the 
impression of a complete specimen from Sundance Forma-
tion, Wyoming, USA; Chiromystus alagoensis Jordan, 1910, 
AMNH 10015 and AMNH 10016, complete specimens col-
lected near Riacho Doce, Alagoas, Brazil; Cladocyclus gard-
neri Agassiz, 1841, AMNH 11877, AMNH 11992, AMNH 
19129, and AMNH 19528, specimens from the Santana For-
mation, Ceará, Brazil; Proportheus kameruni Jaekel, 1909, 
AMNH 8394, a complete skeleton, and AMNH 6302, a spec-
imen lacking the caudal region, both from San Benito River, 
Equatorial Guinea; Xiphactinus audax Leidy, 1870, AMNH 
1673 and AMNH 19528, skulls from Niobrara Formation, 
Kansas, USA; Unamichthys espinosai Alvarado-Ortega, 
2004, IGM 8373 and IGM 8374, complete specimens from 
the Tlayúa Formation, Mexico; Saurodon leanus Hays, 1830, 
IGM 6762, lower jaw and fragments of the pectoral girdle 
from La Mula quarry, Coahuila, Mexico; Cooyoo australis 
Lees and Bartholomai, 1987, QM F12711, QM F12327, QM 
F6346, complete skulls and associated vertebrae, Allaru Mud-
stone, Hughenden area, north central Queensland, Australia; 
Ogunichthys triangularis Alvarado-Ortega and Brito, 2010, 
UERJ-PMB 100 (holotype skeleton), UERJ-PMB, 93, 94, 
95, 97, 98, 99 (paratypes), DNPM 533-P, 534-P, and 544-P.

Geological setting
The specimen was discovered by Kerry Geddes in April 
2005, during a University of Queensland expedition to Isis-
ford, central-western Queensland, Australia (Fig. 1). It comes 
from the same locality that produced the paratype skull of 
the basal eusuchian crocodyliform Isisfordia duncani (QM 
F44320; Salisbury et al. 2006a). Local grazier Ian Duncan 
discovered the first vertebrate-bearing fossil locality near 
Isisford in 1995–1996. Subsequent exploration by The Uni-
versity of Queensland between 2003 and 2013 has revealed 
a number of other localities in the surrounding area.

All the vertebrate fossils collected from Isisford thus far 
derive from the Winton Formation. The Winton Formation 
extends over a large area of western Queensland, north-eastern 
South Australia and north-western New South Wales (Gray et 
al. 2002). It is the uppermost unit of the Manuka Subgroup 
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within the Rolling Downs Group, and constitutes the upper-
most Cretaceous strata of the Eromanga Basin (Gray et al. 
2002). U-Pb isotope dating of detrital zircons by laser ablation 
from a number of vertebrate-bearing localities indicates that 
deposition of the Winton Formation commenced no earlier 
than latest Albian (~103.0–100.5 Ma), continuing to roughly 
at or just after the Cenomanian–Turonian boundary (93.9 Ma) 
(Tucker et al. 2013). This age range corresponds to the upper 
Phimopollenites pannosus and Appendicisporites distocari-
natus spore-pollen zones of Helby et al. (1987) and Partridge 
(2006). Fossil localities near Isisford, including the one that 
yielded the new fish fossil described herein, occur approxi-
mately 200 m above the inferred contact with the underlying 
shallow marine and paralic sediments of the Mackunda For-
mation, and have a maximum depositional age of 100.5–102.2 
Ma (i.e., upper Albian; Tucker et al. 2013) (Fig. 2).

The Winton Formation comprises repeated facies that rep-
resent major channels, flood basins and mires, all signifying 
a freshwater fluvial-lacustrine environment deposited on a 
broad coastal plain as the epicontinental Eromanga Sea with-
drew (Exon and Senior 1976; McLoughlin et al. 1995; Tucker 
et al. 2011, 2013). Vertebrate fossils in the uppermost Winton 
Formation are often found in low-energy fluvial settings, such 
as point bar deposits, crevasse splays from flood events and 
ox-bow lakes (Salisbury et al. 2006b; Tucker et al. 2011, 
2013). Vertebrate fossils at Isisford, however, occur in medi-
um-high energy fluvial deposits, and are typically preserved 
in medium-course grain Fe-oxide and calcite-cemented vol-
caniclastic-volcanolithic sandstone nodules (Salisbury et al. 
2006a; Tucker et al. 2011, 2013).

Other fossils found within the Winton Formation include 
titanosauriform sauropods (Coombs and Molnar 1981; Mol-
nar 2001; Molnar and Salisbury 2005; Salisbury et al. 2006b; 
Hocknull et al. 2009), megaraptoran theropods (Hocknull 
et al. 2009; Benson et al. 2010c; Agnolin et al. 2010; White 

et al. 2012, 2013), dolicosaurian squamates (Scanlon and 
Hocknull 2008), and vertebrate microfossil remains that be-
long to theropod, thyreophoran, and ornithopod dinosaurs, 
turtles, fish, crocodyliforms, possible cynodonts and basal 
mammaliaforms, and possible plesiosaurs (Salisbury 2005; 
Molnar and Salisbury 2005; Salisbury et al. 2006a; Hocknull 
and Cook 2008; Musser et al. 2009). Upward of 50 species 
of plant macrofossils are also known, dominated by coni-
fers and angiosperms (Dettmann et al. 1992 and references 
therein; Dettmann et al. 2009; McLoughlin et al. 1995, 2010; 
Pole 1999, 2000a, b; Pole and Douglas 1999; Dettmann and 
Clifford 2000; Clifford and Dettmann 2005). Occasional in-

Winton Formation

Mackunda Formation

Allaru Mudstone

Toolebuc Formation

Wallumbilla
Formation

Ranmoor Member/
Coreena Member

Jones Valley Member

Doncaster Member

Manuka
Subgroup

Wilgunya
Subgroup

R
o
lli

n
g

D
o
w

n
s

G
ro

u
p

upper Aptian

lower–mid
Albian

upper Albian

Cenomanian

Turonian

QM F44329

Fig. 1. Map showing the discovery site of Cladocyclus geddesi sp. nov. (QM F44329) near the town of Isisford, central-western Queensland, Australia. 
Gray area indicates the extent of the upper Albian–lower Turonian Winton Formation.

Fig. 2. Stratigraphy of the Eromanga Basin, western Queensland, after 
Gray et al. (2002) and Tucker et al. (2013). Cladocyclus geddesi sp. nov. 
(QM F44329) comes from the lower part of the Winton Formation, and is 
upper Albian in age.
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vertebrate fossils have also been recorded (Hocknull 1997, 
2000; Jell 2004; Cook 2005). Trace fossils from the Winton 
Formation include dinosaur tracks at Lark Quarry Conser-
vation Park, indicative of two types of ornithopods (Thul-
born and Wade 1984; Romilio and Salisbury 2011; Thulborn 
2013; Romilio et al. 2013). An internal mould of a chelonian 
carapace has also been identified (Molnar 1991).

At present, the only freshwater fishes to be described 
from the Winton Formation are three species of ceratodont 
lungfish, all based on isolated tooth plates: Ceratodus sp., 
Metaceratodus wollastoni, and Metaceratodus ellioti (Kemp 
1991, 1997; Dettmann et al. 1992). Faggotter et al. (2007) 
reported a possible halecomorph from the Winton Formation 
at Isisford, but further work on this specimen is required to 
confirm this identification.

Systematic palaeontology
Teleostei Müller, 1845
Ichthyodectiformes Bardack and Sprinkle, 1969
Ichthyodectoidei Romer, 1966
Cladocyclidae Maisey, 1991a
Genus Cladocyclus Agassiz, 1841
Type species: Cladocyclus gardneri Agassiz, 1841; near Jardim village, 
Ceará, Brazil, Aptian–Albian strata of the Santana Formation.

Emended diagnosis.—Medium-sized icthyodectiform fishes 
(adults >80 cm total standard length) that can be diagnosed 
from other ichthyodectoids based on the following unique 
combination of features (autapomorphies marked with “a”; 
amended from the diagnosis presented in Leal and Brito 
2004): approximately 64 vertebrae (not known for C. gedde-
si sp. nov.); premaxillary, maxillary, and dentary with teeth 
(shared with all ichthyodeciforms except the toothless Heck-
elichthys vexillifer); dentary possesses a single large fang-
like tooth (“a”); juveniles bearing short intercalar, adults with 
a large intercalar process extending posteriorly (“a”); long 
axes of the vertical and horizontal arms of the cleithrum ori-
ented approximately perpendicular to each (shared with Val-
lecillichthys multivertebratum); mandibular articular facet in 
which the articular surface comprises portions of the angular, 
the articular and the retroarticular; caudal fin endoskeleton 
with two ural centra, eight hypurals, one epural and six uro-
neurals (“a”; not known for Cladocyclus geddesi).
Stratigraphic and geographic range.—Mid-Cretaceous of 
western and eastern Gondwana: Aptian–Albian of north-east-
ern Brazil; upper Albian of Australia; upper Cenomannian–
lower Turonian of Morocco.

Cladocyclus geddesi sp. nov.
Etymology: After Kerry Geddes, in recognition of his discovery of the 
holotype specimen and outstanding preparation work on the Isisford 
fossil material.
Holotype: QM F44329, part and counter-part of an articulated cranial 

and mandibular skeleton, the anterior part of the body, along with as-
sociated neural spines and isolated scales (Fig. 3).
Type locality: The specimen comes from a University of Queensland 
field locality (UQL-Isis-IX) on private land near the town of Isisford, 
central-western Queensland, Australia (24°15.460’S, 144°26.207’E).
Type horizon: Winton Formation, Manuka Subgroup, Rolling Downs 
Group; Lower Cretaceous (upper Albian, 100.5–102.2 Ma; Fig. 2).

Diagnosis.—Cladocyclus geddesi sp. nov. can be diagnosed 
from other congeners based on the following features: supra-
occipital crest that is gently convex posteriorly; horizontal 
arm of the cleithrum approximately twice as long as the 
vertical arm.

Description
General features.— Preserved elements of QM F44329 in-
clude an almost complete skull, shoulder girdle, pectoral 
fin, and the first 19 vertebrae. Ribs and some scales are 
preserved, but the opercular is obscured as a result of the 
specimen now being embedded in resin. The head is slightly 
rotated clockwise and the shoulder girdle is disarticulated. 
The length from the anteriormost end of the head to the pos-
teriormost edge of the 18th vertebrae is 270 mm. The head 
length (from the tip of the upper jaw to the middle of the cor-
ner of lower and upper arms of the cleithrum that represent 
the posterior border of the opercular is about 121 mm. The 
depth of the head (from the dorsal end of the supraoccipital 
crest to the ventral margin of the interopercular is 101 mm. 
The body depth is almost the same as the depth of the head.

The anterodorsal part of the skull has been flattened me-
diolaterally slightly, such that the palatine is partly disartic-
ulated from the palatine condyle of the maxilla. For most 
bones only the lateral surface is visible. Surface colouration 
on the bones consists of a marbled pattern of yellow, rust 
orange, chocolate brown and black. 

In all the complete ichthyodectiform specimens so far 
described, the head length (including the opercle) represents 
15–25% of the total length (see Bardack 1965; Taverne and 
Bronzi 1999; Alvarado-Ortega 2004, 2005). The head length 
of QM F44329 (measured from the tip of the ethmoid area 
to the anterior border of vertical limb of the cleithrum that 
represent the posterior border of the opercle, which is miss-
ing in the specimen) is about 150 mm. This means that the 
total length of QM F44329 could be around 600–1050 mm.

The large, oblique, dorsally opening mouth is formed 
by a well-developed upper and lower jaw bones (assuming 
that paired bones such as the dentaries are identical) with a 
single series of conical, slender, pointed teeth. In lateral view, 
the braincase is triangular in outline, being approximately 
1.4 times longer than it is deep. Based on the length of the 
preserved ribs that enclose the abdominal region, and the 
height of the preserved neural spines, the anterior part of the 
trunk of QM F44329 was not deeper than the posterior part 
of the skull.
Skull and braincase.—The ethmoid region is proportionately 
very deep dorsoventrally, being almost the same depth as the 
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postorbital portion of the braincase. The orbit is also large, 
with a diameter that is slightly shorter than the length of 
the posterior part of the cranium. The rostrodermethoid is a 

complex bone that forms the roof and anterior border of the 
nasal capsule. It has a posterior projection that is sutured to 
the frontals. It also shows a rounded anterior tip and a ventral 

A

B

coracoid

cleithrum

gill rakers
subopercle

interopercle

preopercle

angular

dentary

supramaxilla
posterior

supramaxilla
anterior

maxilla

premaxilla

postcleithrum

epineural
neural spine

supratemporal
rostrodermethmoid

bone basal
sclerotic

bone

mesoparietal

epioccipital
bone

supraoccipital

hyomandibular

infraorbital
bone 1?

infraorbital
bone 4?

50 mm

neural spine

Fig. 3. Ichthyodectiform fish Cladocyclus geddesi sp. nov. (QM F44329) from near Isisford, central-western Queensland, Australia; Lower Cretaceous 
(upper Albian) strata of the Winton Formation, in lateral view. Photograph (A) and interpretive drawing (B).
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section that is expanded laterally to form two semi-circular, 
wing-like lateral projections.

The ethmopalatine is a well ossified bone (only the left 
element is visible) that forms the floor of the nasal capsule. 
Bony outgrowths attach this bone to the rostrodermethoid 
anteriorly and to the lateral ethmoid posteriorly. Although the 
lateral ethmoid is not well preserved, it forms a solid bar that 
firmly attached to the frontal and the ethmopalatine bone. It 
additionally separates the nasal capsule from the orbit.

Similar to the condition in most ichthyodectiforms, the 
frontal is a long smooth bone located above the orbit, being 
about two thirds of the maximum cranium length. The frontal 
is attached to the rostrodermethoid anteriorly by a serrated 
suture, and the mesoparietal, pterotics, and sphenotics pos-
teriorly. Medially, the suture between the two frontals forms 
a shallow median sulcus, best developed between the orbits.

The parietals are fused elements, forming the mesopa-
rietal, which in dorsal view has a C-shaped outline, with a 
posterior section that is concave and a central section joining 
the supraoccipital, just above the posterior margin of the 
orbit. The posterior projections of the mesoparietal extend 
laterally to the base of the supraoccipital, and also contact 
the epioccipitals. The mesoparietal does not form part of the 
supraoccipital crest. The supraoccipital bone is proportion-
ately very large and the anterior margin reaches to above the 
posterior edge of the orbit. The supraoccipital crest is well 
developed, being gently convex anteriorly with a rounded 
posterior margin. The epioccipital, which is located along the 
lateral side of the supraoccipital, is a proportionately large 
bone with a massive, rounded posterior crest that extends 
over the middle of the supraoccipital crest. The epioccipital 
bone is sutured to the mesoparietal anteriorly and sits medial 
to the middle of the supraoccipital.

The pterotic is the largest bone in the posterior part of the 
cranium. Posteroventrally, the pterotic contacts the interca-
lar, while dorsally it contacts the epioccipital and mesopari-
etal. Ventrally the pterotic forms the middle part of the hyo-
mandibular fossa, while anteriorly it contacts the frontal and 
the autosphenotic. The pterotic has a long groove that forms 
a dilator fossa, obscuring its suture with the autosphenotic.

The autosphenotic forms the anterior part of the hyoman-
dibular fossa and has a stout lateral process. The intercalar 
is a complex bone that forms the posterior part of the hyo-
mandibular fossa. The parasphenoid forms a large, straight, 
toothless rod along the orbit; although its postocular section 
is not exposed, the ventral border of the postocular skull sec-
tion is observable in X-rays. The angle between the orbital 
and postorbital sections of the parasphenoid is about 130°.

In QM F44329 the hyomandibular fossa is occupied by 
the articular head of the hyomandibular bone, as when the 
specimen was alive, such that the longitudinal axes of the 
hyomandibular head and the hyomandibular fossa have the 
same inclination. The anterior projection of the hyoman-
dibular fossa crosses the paraesphenoid bone behind the 
ethmoid area.
Circumorbital and sclerotic bones.—The circumorbital se-
ries is not well preserved. Preserved elements include the 
partial remains of infraorbitals II and IV, which are locat-
ed along the ventral border of the orbit. These bones are 
thin and fragile. The preserved sclerotic bones are flimsy, 
with semicircular laminar structures that surround the circu-
lar basal sclerotic bone with surrounding serrated borders. 
While the dermosphenotic in most ichthyodectiforms is rare-
ly preserved (Patterson and Rosen 1977), it is visible on QM 
F44329 as a small, subrectangular bone that is located dorsal 
to the preserved sclerotic ring (Fig. 4).
Hyopalatine bones.—The hyomandibula, metapterygoid, 
quadrate and palatine are partially exposed in lateral view. 
The exposed dorsal part of the hyomandibula is stout and 
appears to be elongated and continuous. Just at the base of 
this opercular condyle, the hyomandibula shows a large deep 
cavity, regarded by Bardack (1965) as a depression for the 
adductor hyomandibular muscle in other ichthyodectiforms. 
The foramen for the hyomandibular branch of cranial nerve 
VII is visible anterior to the latter depression. The ventral sec-
tion of the hyomandibula becomes progressively narrower as 
it curves slightly anteriorly to meet the symplectic. The ante-
rior border of the preopercle matches with a groove that opens 
dorsoventrally along the ventral section of the hyomandibula.
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Fig. 4. Ichthyodectiform fish Cladocyclus geddesi sp. nov. (QM F44329) from near Isisford, central-western Queensland, Australia; Lower Cretaceous 
(upper Albian) strata of the Winton Formation, braincase in dorsolateral view. Photograph (A) and interpretive drawing (B).
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The quadrate is triangular in outline, with a straight dorsal 
border. Its articular condyle is directed anteriorly and located 
below the posterior edge of the orbit. Even though the dorsal 
tip of the symplectic seems to be broken, this nail-shaped bone 
is as high as the quadrate, where it is attached in a deep posteri-
or notch. The metapterygoid is a smooth bone located between 
the anterior border of the hyomandibula and the dorsal border 
of the quadrate. Only the head of the palatine is visible as a 
malleolus-like element that fits between the palatine condyle 
of the maxilla and the ethmopalatine bone (Fig. 4). The ar-
rangement and number of branchiostegal rays are uncertain.
Gill arch skeleton.—Elongated gill rakers are preserved be-
tween the posterior edge of the preopercle and the anterior 
end of the anterodorsal border of the cleithrum. The gill rakers 
comprise hollow tubes and L-shaped projections. No denticles 
are visible on the lateral surface of each individual gill-raker.
Lower jaw.—In lateral view, the lower jaw is rectangular 
in outline. The dentary symphysis is almost as deep as the 
posterior section of the lower jaw along the sinuous alve-
olar border. The ventral border of the lower jaw is slightly 
convex, and the coronoid process is reduced to a rounded 
structure that partially overhangs the dentary teeth. The teeth 
of the lower jaw are robust, conical, elongate and slightly 
recurved. The teeth within the dentary are longer than those 
in the maxilla and premaxilla. The size (crown height) of 
individual, complete dentary teeth is highly variable along 
the tooth row, ranging from 2.9–6.4 mm. As in the maxilla 
and the premaxilla, the dentary teeth form a single line rising 
from the alveolar border. The left dentary possesses 13–14 
alveoli in total, with 4–5 teeth lacking.

In lateral view, the angular bone occupies the posterior 
third of the lower jaw. It possesses a short, rounded postar-
ticular process. The retroarticular bone is a proportionately 
small bone, located at the posterior end of the angular, be-
tween the posterior border of the dentary and the postar-
ticular process of the angular. The articular, retroarticular 
and angular bones participate in the articular facet for the 
quadrate (Fig. 5).
Upper jaw.—The maxilla is a long rectangular-shaped bone, 
about seven times longer than it is deep. The maxillary teeth 
are similar in shape to those of the lower jaw, but are smaller 
and more regular in size, ranging from 2.7–3.9 mm. As in 
the lower jaw, these teeth are singularly implanted within the 
jaw, such that they are almost equally spaced.

The premaxilla is ovoid in lateral view, and carries the 
first four teeth of the upper jaw. These teeth increase in size 
posteriorly from 3.6–1.3 mm. The premaxilla and maxilla 
attach to each other along their entire height. The left pre-
maxilla bears four alveoli, all with teeth, while the left max-
illa has 22 alveoli in total, with five teeth lacking. Patterson 
and Rosen (1977) state that all ichthyodectiforms possess 
two supramaxilla bones except for the saurodontids. In QM 
F44329 both supramaxillary bones are preserved. The anteri-
or supramaxilla is an irregularly shaped, elongated bone with 
a posterior keel. The posterior supramaxilla has a triangular 

outline with a notch in its anterior part where it intersects 
with the bony outgrowth of the anterior supramaxilla (Fig. 3).
Opercular series.—The opercle is not visible on the exposed 
section of the specimen. Although the posterior edge of the 
preopercle is not well preserved, it is a flat boomerang-shaped 
bone with wide limbs, the vertical limb being twice as long as 
the horizontal one. The dorsal posterior edge of the preopercle 
shows fine grooves giving the appearance of a wide-toothed 
comb. The preopercle has five openings with short grooves 
of the preopercular sensory canal along its vertical limb, and 
about 14 on its horizontal limb. The interopercle is a thin, 
laminar, and gently curved bone placed below the ventral limb 
of preopercles. Behind the interopercle, the anterior part of 
the subopercle is preserved showing the same laminar aspect.
Pectoral girdle and fin.—In lateral view, the cleithrum is boo-
merang-shaped, with the long axes of the two arms oriented at 
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Fig. 5. Ichthyodectiform fish Cladocyclus geddesi sp. nov. (QM F44329) 
from near Isisford, central-western Queensland, Australia; Lower Creta-
ceous (upper Albian) strata of the Winton Formation, area of articulation 
for the lower jaw. Photograph (A) and interpretive drawing (B). Hatched 
area indicates broken bone.
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approximately 90° to each other. The length of the horizontal 
arm of the cleithrum is about twice the length of the vertical 
arm. The coracoid is as long as the horizontal arm of the 
cleithrum, and has a rounded ventral border. Only a small sur-
face of the scapula is visible, just in the posterior angle formed 
by both arms of the cleithrum, at the point where these bones 
meet the upper posterior part of the coracoid. Two poorly pre-
served postcleithra sit behind the vertical arm of the cleithrum. 
These elements are only partially exposed, but X-rays reveal 
their presence and full extent. The dorsalmost part of the post-
cleithrum has a rectangular shape with an undulating posterior 
margin. The ventralmost part of the postcleithrum has a ham-
mer-like outline anteriorly, and a tear-drop-like outline poste-
riorly. The supracleithrum is not preserved. The supratemporal 
is a large triangular plate. At least seven rays of the pectoral fin 
are present in this specimen. The two anterior rays of each fin 
are saber-shaped, being wider and longer, while the posterior 
ones tend to be shorter and narrower.
Vertebral column.—Only the anterior 19 abdominal centra are 
preserved. These are proportionately massive, well ossified, 
and slightly longer in an anteroposterior direction than they are 
wide. All centra have long, longitudinally ovoid fossae on their 
ventral and lateral surfaces, except for the two anterior-most 
ones, which have essentially smooth surfaces. All the neural 
arches are autogenous and fused to neural spines. There is no 
evidence of supraneurals, but the remains of several large, fine 
epineurals are preserved. The ribs enclose the abdominal area.
Scales.—Although very fragmentary, the preserved scales 
are all oval-shaped, with a dorsoventrally-aligned long axis. 
The external surface of each scale displays numerous con-
centric circuli.

Comparisons
Referral of QM F44329 to Cladocyclus.—Among basal 
teleosts, QM F44329 compares best with taxa typically re-
ferred to Ichthyodectiformes, and specifically Ichthyodectoi-
dei. Comprehensive phylogenetic analyses investigating the 
relationships of ichthyodectiform fishes have been published 

by Stewart (1999), Mhitaryan and Averianov (2011) and Cav-
in et al. (2013). Other useful comments on the evolution of 
these fishes come from studies in which formal phylogenetic 
analysis was not carried out (e.g., Patterson and Rosen 1977; 
Teverne 1986; Maisey 1991a; Taverne and Chanet 2000; Al-
varado-Ortega 2004, 2005). The recognition of QM F44329 
as an ichthyodectiform is supported by its possession of a na-
sal capsule that is occupied by the ethmopalatine bones. This 
character was first defined by Patterson and Rosen (1977) 
and has since been identified as an unequivocal synapomor-
phy of Ichthyodectiformes in subsequent cladistics analyses 
(Stewart 1999; Mhitaryan and Averianov 2011; Cavin et al. 
2013). The assignment of QM F44329 to Ichthyodectoidei 
is further supported by its possession of the following four 
characters: (i) a long and high triangular-shaped supraoccip-
ital crest, with well-developed epioccipital crests extending 
posteriorly either side of the supraoccipital crest (compare 
Figs. 4 and 6); (ii) parietals that are set far from the posterior 
border of the cranium (in QM F44329 and the majority of the 
ichthyodectoid fishes, these bones are fused to form a meso-
parietal); (iii) an intercalar bone that forms the posterior part 
of the hyomandibular fossa; and (iv) a massive palatine head 
that forms a disc-shaped, malleolus-like bone.

Within Ichthyodectoidei, QM F44329 can be considered 
more derived than Thrissops on account of the following char-
acters listed in Mhitaryan and Averianov (2011): a parietal de-
void of sensitive pit openings (character 7); a proportionately 
deep premaxillomaxillary contact (character 22), and dentary 
symphysis (character 28); an angular that contributes to part 
of the mandibular facet (character 30); and a first pectoral fin 
ray that is stout and blade-like (character 42).

Among described ichthyodectoids, the preserved oste-
ology of QM F44329 most closely resembles that of speci-
mens referred to Cladocyclus. It lacks key synapomorphies 
of Saurodontidae (Stewart 1999), Ichthyodectidae (Romer 
1966), and Unamichthyidae (Alvarado-Ortega 2004), as list-
ed in the analyses of Patterson and Rosen (1977), Maisey 
(1991a) and Mhitaryan and Averianov (2011). However, it 
should be noted that the monophyly, taxonomic content and 
phylogenetic relationships of the latter three taxa within Ich-
thyodectoidei requires a detailed review, re-description of 
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Fig. 6. Projection of the hyomandibular facet and angle of the parasphenoid in three ichthyodectiform fishes. A. Cladocyclus gardneri Agassiz, 1841 
(based on AMNH 19129). B. Aidachar pankowskii (Forey and Cavin, 2007) (after Forey and Cavin 2007: fig. 4). C. Ichthyodectes ctenodon Cope, 1871 
(after Badack 1965: 14). Also, note differences in proportions of the skull in these ichthyodectiforms. QM F44329 (Cladocyclus geddesi sp. nov.) has the 
same angle of the parasphenoid as Cladocyclus gardneri.
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both a large number of poorly-known ichthyodectiform taxa 
(e.g., Cooyoo australis, Chiromystus spp., Proportheus, and 
Prymnetes longiventer), and the inclusion of these taxa in 
more inclusive phylogenetic analyses.

Cladocyclus gardneri is unusual among ichthyodectiforms 
with respect to the morphology of its cleithrum. The cleithrum 
in C. gardneri has a horizontal arm that is aligned at approxi-
mately 90° to the vertical arm (Maisey 1991a: 198, 205). In all 
other ichthyodectiforms, the angle between the horizontal and 
vertical arms of the cleithrum is more obtuse. In common with 
C. gardneri, QM F44329 also has a cleithrum with arms that 
are perpendicular to each other (Fig. 7D, E). The morphology 
of the cleithrum in closely related taxa such as Aidachar is not 
known. Vallecillichthys may also have a cleithrum with per-
pendicular arms (Fig. 7F). The cleithrum of QM F44329 can 
be distinguished from that of C. gardneri and Vallecillichthys 
on account of the horizontal arm being approximately twice 
the length of the vertical arm. In both these taxa and Alloth-
rissops mesogaster, the two arms are approximately the same 
length, and in most other ichthyodectiforms the vertical arm 
is longer than the horizontal arm (Fig. 7).

Although the nature of the articulation with the lower jaw 
for the quadrate remains unknown in Occithrissops, Thris-
sops, Eubiodectes, Chiromystus, Chirocentrites, Cooyoo, 
Prymnetes, Faugichthys, Saurocephalus, and Proportheus, 
Alvarado-Ortega (2004, 2005) regarded the participation of 
the articular, retroarticular and angular bones in the man-
dibular articular facet in Cladocyclus (Patterson and Rosen 
1977: fig. 7B) as a likely apomorphic condition. Significantly 
QM F44329 also shows this condition. The inclusion of the 
articular and retroarticular in the mandibular articular facet is 
widely distributed among ichthyodectiforms (e.g., Aidachar, 
Unamichthys, Prosaurodon, Saurodon, Vallecillichthys, Gil-
licus, Xiphactinus, and Ichthyodectes) that are either more 
derived or more plesiomorphic than Cladocyclus (see Alvara-
do-Ortega 2004). The same condition also occurs in Alloth-
rissops, “leptolepids” and other basal teleosteans, in which it 
is considered symplesiomorphic (Nelson 1973; Patterson and 
Rosen 1977). Also consistent with Cladocyclus gardneri, the 
visible portion of the hyomandibular facet of QM F44329 ap-
pears to be elongated and continuous, unlike Aidachar (Cla-
docyclus) pankowskii and A. paludalis, where it is clearly di-
vided into a deep anterior and a shallow posterior facet (Forey 
and Cavin 2007; Mhitaryan and Averianov 2011).

Forey and Cavin (2007) diagnosed Aidachar (Cla-
docyclus) pankowskii using two characters relating to the 
morphology of the orbital and postorbital sections of the 
parasphenoid. Angles ranging from 149–160° occur in the 
ichthyodectids Xiphactinus, Ichthyodectes, and Vallecil-
lichthys, as well as Cooyoo and Faugichthys (see Bardack 
1965; Taverne 1986; Lees and Bartholomai 1987; Taverne 
and Chanet 2000; Blanco-Piñón and Alvarado-Ortega 2007; 
Forey and Cavin 2007). In contrast, this angle is about 130° 
in Cladocyclus gardneri (Maisey 1991a), QM F44329 and 
other Jurassic and Lower Cretaceous ichthyodectiforms, 
whilst in A. pankowskii the angle is 155°.

The second character used by Forey and Cavin (2007) 
in their diagnosis of Aidachar (Cladocyclus) pankowskii re-
lates to the projections of the longitudinal axes of the hyo-
mandibular facet and the orbital section of the parasphenoid 
intersecting each other beyond the anterior border of the 
skull (i.e., in the ethmoid area). This condition also occurs 
in Xiphactinus, Ichthyodectes, and Vallecillichthys. In Cla-
docyclus gardneri and QM F44329, these projections cross 
each other in the ethmoid area of the skull (see Figs. 3 and 6).

Based on the peculiar morphology of the cleithrum (the 
long axes of the horizontal and vertical arms being perpendic-
ular to each other), and mandibular articular facet (articular 
surface comprises three bones: the angular, the articular, and 
the retroarticular), we refer QM F44329 to the ichthyodecti-
form genus Cladocyclus. QM F44329 can be distinguished 
from other species of Cladocyclus based on a more elongate 
horizontal arm of the cleithrum and a supraoccipital crest 
that is gently convex posteriorly (in specimens referred to C. 
gardneri, the posterior margin of the supraoccipital crest is 
always concave (see Patterson and Rosen 1977: figs. 1, 3). 
The number of dentary and maxillary teeth is also different. 
In light of these differences, its Australian provenance and 
upper Albian age, we therefore propose that the specimen can 
be assigned to a new species, Cladocyclus geddesi sp. nov. 
With the collection of more material, in particular specimens 
that include a caudal skeleton, we hope that the diagnosis of 
C. geddesi will be further strengthened.

Comments on other Australian Cretaceous ichthyodec-
tiforms.—Cooyoo australis is the only other ichthyodec-
tiform known from Australia. The taxon is represented by 
thirteen specimens, all from the shallow marine limestone of 
the Lower Cretaceous (upper Albian) Allaru Mudstone and 
Toolebuc Formation of western Queensland.

Fig. 7. Outlines of various ichthyodectiform pectoral girdle (cleithrum, 
coracoid, and scapular) arrangements in lateral external view. A. Alloth-
rissops mesogaster (Agassiz, 1843) (redrawn from Patterson and Rosen 
1977: fig. 10). B. Thrissops formosus Agassiz, 1833 (redrawn from Tav-
erne 1977: fig. 5). C. Unamichthys espinosai Alvarado-Ortega, 2004 (IGM 
8373). D. Cladocyclus geddesi sp. nov. (QM F44329). E. Cladocyclus 
gardneri Agassiz, 1841 (AMNH 11877). F. Vallecillichthys multivertebra-
tum Blanco and Cavin, 2003 (redrawn from Blanco-Piñón 2003: fig. 9.2).
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Cooyoo australis was initially described by Woodward 
(1894) based on a single fragmented teleostean skull (Lees 
and Bartholomai 1987) under the name Portheus australis. 
Hay (1898) subsequently determined that Portheus was a 
junior synonym of Xiphactinus, such that the classification 
became Xiphactinus australis (Hay 1898). This name was 
maintained for 90 years until Lees and Bartholomai (1987) 
recognized it as a distinct genus, Cooyoo.

There are a number of differences between Cooyoo aus-
tralis and Cladocyclus (including QM F44329). For instance, 
the lower jaw on Cladocyclus has an anteroventral keel, whilst 
in Cooyoo australis the lower jaw is simple with no keel-like 
projection. The basic outline of the lower jaw also differs in 
that Cooyoo australis has a shallow lower jaw profile result-
ing in a sharp rectangular outline. On the other hand, Clado-
cyclus has a deeper profile to the lower jaw resulting in a more 
rounded outline than the condition in Cooyoo australis.

The supraoccipital crest also differs between the two taxa. 
Cooyoo australis has a high and sharp crest forming an equi-
lateral triangle that rises dorsally from the dorsal surface of the 
cranium at an angle of approximately 15°. In Cladocyclus, the 
supraoccipital forms an obtuse triangle, overhanging the oc-
ciput and rising from the dorsal surface of the cranium at 30°.

The construction, shape and morphology of the preoper-
cle and preopercular canal are also different between Cooyoo 
australis and Cladocyclus. Cooyoo australis has a solidly 
constructed preopercle with an I-shaped outline (Lees and 
Bartholomai 1987: fig. 7), similar to Xiphactinus, with sim-
ple anterior pits in the base of the preopercule for the pre-
opercular cannal. On the other hand, the preopercular of 
Cladocyclus (inclusive of QM F44329) has a boomerang- or 
L-shaped outline, with a complex preopercular canal mor-
phology, comprising a single canal running down the arm of 
the preopercular that branches anteriorly.

Both QM F44329 and available material of Cooyoo aus-
tralis lack caudal regions. This seems to be a taphonomic fea-
ture of all of Australia’s Lower–mid-Cretaceous fish fossils 
that are preserved in nodules.

Comments on “Cladocyclus sweeti” Woodward, 1894.—
Woodward (1894) described some fish remains from the 
“Rolling Downs Formation” of Afton Downs Station, south-
west of Hughenden, Queensland. These specimens were 
accessioned to Museum Victoria, and Woodward (1894) 
assigned them to Cladocyclus sweeti. Woodward (1894) in-
cluded five isolated scales and a string of five caudal verte-
brae (MV P15571, MV P15572, MV P15573, MV P15574, 
MV P15575, MV P24127), with five of these having origi-
nally been collected by George Sweet, a geologist. It is not 
known, if these specimens were all found within the same 
area of outcrop or if they were found from various localities 
on Afton Downs Station.

The “Rolling Downs Formation” is now referred to as the 
Rolling Downs Group, and includes a number of distinct for-
mations that crop out across western Queensland (Fig. 2), all 
of which contain fish remains. Based on the location of Afton 

Downs Station and the sediment in which the specimens are 
preserved, it seems likely that these fossils derive from the 
upper Albian Toolebuc Formation.

The vertebrae could quite possibly belong to a cladocy-
clid fish, although it is most likely that they pertain to Cooyoo 
australis (see above). The vertebrae of Cooyoo australis are 
very similar to those of other ichthyodectids (including Cla-
docyclus) and basal teleost genera, so a precise referral is 
hard to establish. Similarly, the vertebrae of Cooyoo australis 
and Cladocyclus are constructed much the same as in other 
basal teleosts in that they are robust with a series of longitu-
dinal groves laterally.

The morphology of the scales assigned to “Cladocyclus 
sweeti” by Woodward (1894) is typical of most basal tele-
osts (Schultze 1996). The scales of Cooyoo australis are not 
described, making comparisons to Cladocyclus or any other 
ichthyodectiform problematic.

As with most fossils from the Toolebuc Formation, the 
remains assigned to “Cladocyclus sweeti” occur as isolat-
ed bones and scales in bonebed-like layers, such that some 
bones may have accumulated together during storm and tidal 
events. The only way to know if certain bones and scales 
belong to individual fish is to find complete articulated spec-
imens with the same morphology.

Until more Lower Cretaceous fish fossils with associated 
scales are described, the material referred to “Cladocyclus 
sweeti” by Woodward (1894) should be regarded as Teleostei 
incertae sedis.

Phylogenetic relationships
To test the validity of our assignment of QM F44329 to Cla-
docyclus, we included the specimen in a phylogenetic anal-
ysis using the taxon-character-matrix of Cavin et al. (2013). 
Character definitions and scores that we used were the same 
as for Cavin et al. (2013), except that in order to remove 
ambiguity around C. gardneri we only used scores for adult 
specimens, such that characters 22 (scored as 0 in our anal-
ysis), 24 (scored as 0) and 45 (scored as 1) were not con-
sidered polymorphic (in Cavin et al. 2013) these characters 
included scores for both juvenile and adult specimens). We 
also added a new character (70) relating to the morphology 
of the cleithrum (see Appendix 1 for character description 
and taxon character matrix). The data were analysed using 
a heuristic search (1000 replicates in “Traditional search” 
with TBR branch swapping) in T.N.T. 1.1 (Goloboff et al. 
2003), with Amia calva, Hiodon alosoiodes, Leptolepis co-
ryphaenoides, and Elops hawiensis as outgroups, following 
Cavin et al. (2013). All characters were treated as unordered, 
characters that were not visible on available specimens were 
scored with a question mark, and characters that were not 
applicable to specific taxa were scored as gaps (–).

Analysis of all 26 ingroup taxa and 70 characters revealed 
three equally most-parsimonious trees of 223 steps, with a 
consistency index (CI) of 0.45 and a retention index (RI) 
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of 0.67. A strict consensus for the ichthyodectiform part of 
these trees is shown in Fig. 8. The overall topology of this 
consensus tree is consistent with that of the preferred consen-
sus tree from Cavin et al. (2013: figs 40, 42), with the only 
uncertainty relating to the position of Pachythrissops at the 
base of the tree in a polytomy with Hioden alosoides, one of 
the outgroup taxa, indicating that it is probably not an ich-
thyodectiform as was proposed by Cavin et al. (2013). Sig-
nificantly, in this consensus tree QM F44329 was recovered 
as the sister taxon to C. gardneri within Cladocyclidae, sup-
porting its assignment to Cladocyclus based on comparative 
morphology. Within the framework of our data, C. gardneri 
and C. geddesi are united by the presence of uniformly sized 
maxillary teeth, a condition they share with all other ichthy-
odectiforms except Chirocentrites coroninii and Xiphactinus 

audax. The possession of this character state in C. gardneri 
and C. geddesi is most parsimoniously regarded as a reversal 
from the derived condition where the size of the maxillary 
teeth varies. Cladocyclids are united by the presence of 8 
hypurals, but the condition in C. geddesi is unknown. The 
inclusion of character 70 (which relates to the morphology 
of the cleithrum) did not seem to affect the topology of the 
trees or the sister-group relationship between C. gardneri and 
C. geddesi; the same result was recovered when character 
70 was excluded for the analysis. This could be because this 
character is scored for just over 50% of taxa in the matrix. 
With the addition of new taxa and improved sampling, we 
suspect that this character may help to strengthen the rela-
tionships among some taxa, particularly cladocyclids such 
as C. gardneri and C. geddesi.
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Fig. 8. Phylogenetic relationships of Cladocyclus geddesi sp. nov. (QM F44329). Stratigraphically calibrated strict consensus of 3 most-parsimonious 
trees (length 223, CI 0.45, RI, 0.67) analysed using T.N.T. 1.1 (Goloboff et al. 2003), with a heuristic search (1000 replicates in “Traditional search” with 
TBR branch swapping). See Appendix 1 for new character descriptions, taxon-character matrix, and a list of character state transformation for each taxon. 
Age ranges correspond to those provided in Cavin et al. (2013).
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Discussion
The occurrence of Cladocyclus geddesi in the Winton For-
mation of central-western Queensland has interesting pa-
laeobiological and palaeobiogeographic implications. Pre-
viously, confirmed occurrences of Cladocyclus have been 
restricted to the presence of the type species, C. gardneri, 
in the Aptian–Albian of north-eastern Brazil (Leal and 
Brito 2004; Brito and Yabumoto 2011) and the upper Ceno-
manian–lower Turonian Cladocyclus sp. of Morocco (Mar-
till et al. 2011). Although the upper Albian age of the new 
Australian specimen falls within the current temporal range 
of the genus, geographically it is very much an outlier, and 
its occurrence in a likely freshwater depositional setting is 
unusual.

Cladocyclus gardneri had a preference for epicontinental 
or shallow marine habitats, as is best exemplified by the rela-
tive abundance in the Santana Formation. Rarer specimens of 
C. gardneri from the laminated limestone of the Crato Forma-
tion are now thought to represent juvenile individuals, with 
the thermally and salinally stratified lacustrine habitat of the 
Crato lagoon and surrounding fluvial systems likely serving 
as a nursery area, as occurs with many extant teleosts (Leal 
and Brito 2004). Migration to and from the Crato lagoon to 
the epicontinental seaway that extended from the Carribbean 
Tethys to the south (Alvarado-Ortega and Brito 2010) most 
likely occurred via the fault-bounded grabens of the Recôn-
cavo-Tucano-Jatobá Basin complex to the south, the Portigua 
Basin to the north, or the Parnaíba Basin to the west (Berthou 
1990; Martill 1993; Leal and Brito 2004).

The occurrence of a possible new species of Cladocyclus 
in a coastal setting in the upper Cenomanian–lower Turonian 
marine sediments of Gara Sbaa, in the Kem Kem area of Mo-
rocco, is not unexpected given close proximity of that region 
to north-eastern Brazil (Martill et al. 2011), and involves 
only a short dispersal route along the north Atlantic coastline 
of western African. However, explaining the intercontinental 
dispersal of Cladocyclus from equatorial western Gondwana 
(north-eastern Brazil) to mid-low latitudinal eastern Gond-
wana (central-western Queensland) is more complex. We 
propose two scenarios.

The first scenario requires Cladocyclus to have been 
widespread in freshwater environments throughout Gond-
wana during the Early Cretaceous. This scenario is similar 
to the hypothesis of Maisey (2000), who suggested that 
Gondwanan freshwater cladocyclids existed in small, in-
terconnected rift lakes in western Gondwana (South Amer-
ica and Africa) prior to the development of an equatori-
al seaway and the rifting of South America from Africa. 
However, this hypothesis is weakened because fossils that 
Maisey (2000) considered closely related or synonymous 
with Cladocyclus (placed within his family Cladocyclidae) 
have been either assigned to new taxa outside Cladocycli-
dae (e.g., Ogunichthys), better characterized as individual 
genera in their own right (e.g., Proportheus), or shown to 
not be closely related to Cladocyclus at all (e.g., Chirocen-

trites, Chiromystus) (see Taverne 2009, 2010; Alvarado-Or-
tega and Brito 2010).

Additionally, the occurrence of Cladocyclus in fluvial 
habitats in the late Albian of central-western Queensland 
would require that the most recent common ancestor of the 
Australian and Brazilian/African Cladocyclus existed prior 
to the Aptian, and would predict the occurrence of this ge-
nus in the intervening freshwater environments of southern 
South America, Antarctica, and possibly India-Madagascar 
during the mid-Cretaceous. Although by no means implau-
sible, we do not consider this explanation very likely. Giv-
en the apparent ability of Cladocyclus to tolerate both ma-
rine and freshwater conditions, the need to invoke vicariant 
events that preclude a marine dispersal phase is not essential 
to explain the presence of Cladocyclus in eastern Gondwana 
during the late Albian.

The second, and probably more parsimonious, scenario 
involves the marine dispersal of Cladocyclus along the frag-
menting Gondwanan coastlines, and its subsequent invasion 
of freshwater systems. Such a scenario would be similar to 
the Miocene–Pliocene intercontinental dispersal and radi-
ation of Crocodylus through the sub-tropical Indo-Pacific, 
Europe, and New World (Brochu 2000; Delfino et al. 2007; 
Meganathan et al. 2010). During the late Albian and early 
Cenomanian, the marine entrance to the Eromanga Sea was 
from the north through the Carpentaria Basin (Dettmann et 
al. 1992: fig. 9; Bryan et al. 1997: fig. 12). Cladocyclus 
could have dispersed to this part of Australia from north-east-
ern Brazil via the coastlines surrounding Africa, Antarctica, 
and possibly India-Madagascar, along two possible routes: 
a southerly route along the margin of the incipient South 
Atlantic–Indian Ocean or a northerly route along the mar-
gin of the equatorial Tethys Sea. Both routes seem equally 
plausible. As with the aspidorynchid Richmondichthys (Brito 
1997; Maisey 2000; Bartholomai 2004), Cladocyclus may 
therefore represent part of a distinct southern fish fauna that 
existed in the seas and adjacent coastal areas surrounding 
Gondwana during the mid-Cretaceous. These two scenarios 
may be tested through future discoveries of Cladocyclus in 
either marine or freshwater deposits in India, Madagascar, 
or Antarctica.

Palaeogeographical reconstructions place Isisford at ap-
proximately 55°S during the late Albian. Dettmann et al. 
(1992) postulated that the climate in the Eromanga Basin at 
this time was similar to that experienced today in warm-tem-
perate regions. Thus, in addition to a broad temporal and 
geographic distribution, the occurrence of Cladocyclus in 
the Winton Formation demonstrates that species of this fish 
existed across a wide latitudinal gradient, and that it could 
potentially tolerate a broad range of water temperatures.

Similar to other species of Cladocyclus, C. geddesi was 
very likely a fast-swimming, predatory fish, best suited to 
open water conditions. Given the occurrence of other spe-
cies of Cladocyclus in shallow marine depositional settings 
elsewhere, the discovery of C. geddesi in a fluvial setting in 
the Winton Formation at Isisford is unusual but not unex-
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pected. During the early late Albian, the fluvial sediments 
of the Winton Formation at and near Isisford were deposit-
ed by distal channel settings associated with extensive riv-
er systems that opened into the broad lagoonal, estuarine 
and marginally developed backwater swamp environments 
around the edge of the Eromanga Sea, currently represented 
by the mudstone, siltstone, and carbonaceous rich mud of 
the lowermost Winton Formation and uppermost Mackunda 
Formation. The shallow waters of the seaway and the more 
marginal paralic areas would have been an ideal habitat for 
fast-swimming, open water fishes. Some of these fishes, 
such as C. geddesi presumably swam upstream into more 
proximal fluvial settings, as is common for analogous fish-
es in similar environments today. At some point, we would 
therefore expect to see the remains of C. geddesi or a closely 
related ichthyodectiform in the Mackunda Formation, or 
even the shallow marine sediments of the Toolebuc Forma-
tion and Allaru Mudstone.

To date, the remains of large, fast swimming teleosts like 
Cladocyclus have yet to be discovered in younger (Ceno-
manian–lower Turonian; Tucker et al. 2013) parts of the Win-
ton Formation. The only fish remains known from the Upper 
Cretaceous part of the Winton Formation are isolated tooth 
plates of three species of ceratodont lungfish: Ceratodus sp., 
Metaceratodus wollastoni, and Metaceratodus ellioti (Kemp 
1991, 1997; Dettmann et al. 1992), all of which derive from 
fine-grained sandstone and silt suggestive of deposition in 
point bar deposits, crevasse splays from flood events and 
ox-bow lakes (Salisbury et al. 2006b; Tucker et al. 2011). 
Despite over ten years of searching, no dipnoan remains 
have been recovered from Isisford. Although the dataset is 
limited, these differences seem to reflect a change in the Win-
ton Formation’s fish fauna that corresponds with a temporal 
shift from predominately lower energy, potentially tidally 
influenced distal channel sets (the lowermost Winton For-
mation) to higher flow flood plain and meandering channel 
regimes (the uppermost Winton Formation) as the Eromanga 
Sea retreated northward and gradually infilled with terrestrial 
sediments. The lungfish seem to be restricted to backwater 
habitats associated with the latter depositional environments, 
while the fast-swimming teleosts like C. geddesi the open 
water habitats of the former.

The discovery of Cladocyclus geddesi in the upper Albian 
of Queensland also provides evidence for faunal interchange 
between eastern and western Gondwana during the Early to 
mid-Cretaceous, as predicted from palaeogeographic recon-
structions (Smith et al. 1994; Hay et al. 1999; Scotese 2001; 
Sereno et al. 2004). Other elements of Australia’s continental 
vertebrate fauna that support this palaeobiogeographic sce-
nario include the likely occurrence of the otherwise South 
American megaraptoran theropod Megaraptor in the upper 
Aptian–lower Albian of southern Victoria (Salisbury et al. 
2007; Smith et al. 2008), and, also in the Winton Formation, 
the closely related Australovenator wintonensis (Benson et 
al. 2010c; Agnolin et al. 2010; White et al. 2012, 2013) and 
somphospondyl titanosauriform sauropods (Salgado 1993; 

Molnar 2001; Molnar and Salisbury 2005; Salisbury et al. 
2006b; Hocknull et al. 2009). Reports of Australian dinosaurs 
with potential palaeobiogeographic connections to Asia, such 
as ornithomimosaurs, oviraptorosaurs, neoceratopsians, and 
tyrannosaurids (Rich and Vickers-Rich 1994, 2003; Currie 
et al. 1996; Benson et al. 2010a, b, 2012) have also recently 
been questioned, with alternative interpretations supporting 
links to terrestrial vertebrate faunas from adjoining Gondwa-
nan landmasses (Salisbury et al. 2007; Agnolin et al. 2010; 
Herne et al. 2010). Other elements of Australia’s continental 
vertebrate fauna were most likely either endemic (e.g., the 
styracosternan iguanodontian Muttaburrasaurus; Bartholo-
mai and Molnar 1981; Agnolin et al. 2010), or possible relicts 
of ancient lineages (e.g., temnospondyl amphibians, Warren 
et al. 1997; ausktribosphenid and monotrematan mammals, 
Pridmore et al. 2005, australosphenidans sensu Kielan-Ja-
worowska et al. 2004; dicynodont? synapsids, Thulborn and 
Turner 2003).

Despite its position at the eastern extremity of the eastern 
Gondwanan peninsula, it now seems likely that Australia’s 
continental fauna was not overly isolated from the rest of 
Gondwana during the Early to mid-Cretaceous, as has often 
been proposed (e.g., Vickers-Rich et al. 1988; Molnar 1992; 
Thulborn and Turner 2003). Any geographic or climatic bar-
riers that did exist during this time probably only acted as 
filter, and some taxa, such Cladocyclus, appear to have made 
it through.
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Appendix 1
Character scores for icthyodectiforms considered in this analysis. Character numbers, descriptions and scores (but see below 
for Cladocyclus gardneri) follow those listed in Cavin et al. (2013). Characters that were not visible on available specimens 
were scored with a question mark, and characters that were not applicable to specific taxa were scored as gaps (–). Polymor-
phic characters states are shown in curly brackets {01}. Scores for Cladocyclus gardneri for characters 22, 24, and 45 have 
been modified from those given in Cavin et al. (2013) to reflect the condition in adult individuals only. We have also added 
a new character relating to the morphology of the cleithrum.
70. Cleithrum. [Long axes of vertical and horizontal arms aligned at an obtuse angle = 0; long axes of vertical and horizontal arms aligned 
approximately perpendicular to each other = 1]. The derived state is seen in Cladocyclus geddesi, Cladocyclus gardineri, and Vallecil-
lichthys multivertebratum.

Amia calva
0-00000000000010001010000100000000000100100000000010000010000000020000
Hiodon alosoides 
0201110001110010421000000000000220100100000?01101110100102310221320000
Leptolepis coryphaenoides 
000000010000010011001000000000022000000?001?000000000010?100000120000?
Elops hawaiensis 
000000000000011011010000000000022000010000000000000000000110002131000?
Allothrissops mesogaster 
000010010010111011001000000000?010000?0100011010?1001110021?0012201000
Ascalabotrissops voelkli 
???????010?001?0?1011000000000???0000?0?0??????00010?010000101?13?000?
Chirocentrites coroninii 
11???1???1??????232111010100100??01???????1?1110110011111120???23?1?0?
Heckelichthys “Vallecillo”
121?1??111??21?123022--?0--010???2101?1??00101?011003101?22?11?24???0?
Heckelichthys vexillifer
12101??11???21?123022--?0--010???210100???0?01?0????3111?12????????00?
Chiromystus mawsoni
1?1?111?11??2????1211001?10010???0120?0???1?1?10???101?11120???2??110?
Cladocyclus gardneri
1210111211?031012111100011001000101200011110111001011101?1201212321101
Cladocyclus geddesi
121011??????31?121?11000?10010001?120???????1????????????????????????1
Cooyoo australis
11101112100?32012211100??{01}0?10???010??0?????0??0??0???????2?????????0?
Eubiodectes libanicus 
12101??2111?2??123211001110010???11?0?0?00??1110?1001101122011?23?1000
Ghrisichthys bardacki 
111111?1101?3?012311100??000100??112010??0101?11??00???1??20???21???00
Gillicus arcuatus 
1111111211?132?123211000000010111111111111?11?10?1001111?1201?222?110?
Gillicus serridens 
111?11???1??32??2321100101??10??111?????11??1110??0?????1?2???????????
Ichthyodectes ctenodon 
11111111101?31?123111000000010?1101?11?1??????10????2??????01?222?1100
Occithrissops willsoni 
0000?1??11??2??01100???0000?00???0100?0110??1?100101111??2201011210?00
Pachythrissops 
?00?????0?1???1?1?0010000?0?00???00????1??????10????1000011110?13?0?00
Prosaurodon pygmaeus 
12111111?1?1?2?13?021021?11012?1111111?1??????1?????????????1?????????
Saurocephalus lanciformis 
1111111??????2???31210100001111?????????0?????????????????????????????
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List of character state transformations for taxa included in the phylogenetic analysis, based on the strict consensus of 3 most 
parsimonious trees. For the relationships of icthyodectiform taxa, see Fig. 8.
Amia calva

Char. 14: 1  0
Char. 18: 1  0
Char. 19: 0  1
Char. 26: 0  1
Char. 41: 0  1
Char. 57: 0  1
Char. 64: 1  0
Char. 65: 3  0

Hiodon alosoides
Char. 2: 0  2
Char. 4: 0  1
Char. 10: 0  1
Char. 12: 0  1
Char. 14: 1  0
Char. 17: 1  4
Char. 18: 1  2
Char. 19: 0  1
Char. 21: 1  0
Char. 35: 0  1
Char. 49: 0  1
Char. 51: 0  1
Char. 56: 0  1
Char. 59: 1  3
Char. 62: 0  2

Leptolepis coryphaenoides
Char. 8: 0  1
Char. 15: 1  0
Char. 38: 1  0
Char. 43: 0  1
Char. 65: 3  2

Elops hawaiensis
No autapomorphies

Allothrissops mesogaster
Char. 64: 1  2

Ascalabotrissops voelkli :
Char. 9: 0  1

Char. 20: 0  1
Char. 60: 0  1
Char. 62: 0  1

Chirocentrites coroninii
Char. 22: 0  1

Heckelichthys “Vallecillo”
Char. 39: 0  1
Char. 55: 1  0

Heckelichthys vexillifer
No autapomorphies

Chiromystus mawsoni
Char. 53: 1  0

Cladocyclus gardneri
No autapomorphies

Cladocyclus geddesi (QM F44329)
No autapomorphies

Cooyoo australis
Char. 8: 1  2
Char. 10: 1  0
Char. 19: 0  1

Eubiodectes libanicus
Char. 34: 0  1
Char. 41: 1  0
Char. 58: 1  2
Char. 68: 1  0

Ghrisichthys bardacki
Char. 34: 0  1
Char. 37: 1  0
Char. 65: 2  1

Gillicus arcuatus
Char. 24: 1  0

Gillicus serridens
Char. 26: 0  1

Ichthyodectes ctenodon
Char. 24: 1  0

Occithrissops willsoni
Char. 10: 0  1
Char. 59: 1  2

Pachythrissops
Char. 61: 0  1

Prosaurodon pygmaeus
No autapomorphies

Saurocephalus lanciformis
Char. 27: 1  0

Saurodon intermedius
Char. 4: 1  0
Char. 25: 0  1

Saurodon leanus
No autapomorphies

Thrissops formosus
Char. 12: 0  1
Char. 18: 1  2
Char. 19: 0  1
Char. 40: 1  0
Char. 65: 2  1

Thrissops “Kimmeridge”
Char. 4: 0  1
Char. 9: 1  0
Char. 25: 0  1

Unamichthys espinosai
Char. 3: 1  0

Xiphactinus audax
Char. 11: 1  0
Char. 22: 0  1
Char. 26: 0  1
Char. 39: 0  1

Vallecillichthys multivertebra
Char. 27: 1  0

Saurodon elongatus
Char. 51: 0  1

Saurodon intermedius 
11101????????2??2312101110101????11???0?00??0?????????????????????????
Saurodon leanus 
11111111111132?03312101000111111111?1?01????0?1???????????201?221??110
Thrissops formosus 
120011?110?12?11121010000000000??0100?0010??11100101111111111011111000
Thrissops “Kimmeridge”
120111??001?210?1100100010000000?010000???0?0?1????0111???1???????100?
Unamichthys espinosai 
110011?111??320122011000010?10?1101???????1?0110??0011?1?220?0?222?100
Xiphactinus audax 
1111111110003101231111010100100110121111?01?0111110021?111201?222?1100
Vallecillichthys multivertebratum 
121111?111?132?13302102101001211?112111?????00101100110101201?222?1111
Saurodon elongatus 
?????1???1???????32210???01?1{01}?1??1??10???????1??110110101201?222?111?
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