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ARTICLE

A NEW STEM-TETRAPOD FISH FROM THE MIDDLE–LATE DEVONIAN OF
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ABSTRACT—Remote Devonian exposures in central Australia have produced significant but highly fragmentary remains of
fish-grade tetrapodomorphs. We describe a new tetrapodomorph from the Middle–Late Devonian (Givetian–Frasnian)
Harajica Sandstone Member of the Amadeus Basin, Northern Territory, which is represented by several nearly complete
skulls along with much of the body and postcranial skeleton. The new form has a posteriorly broad postparietal shield,
broad, triangular extratemporal bones, and a lanceolate parasphenoid. The spiracular openings are particularly large, a
character also recorded in elpistostegalians and Gogonasus, demonstrating that these structures, suggestive of spiracular
surface air-breathing, appeared independently in widely differing nodes of the stem-tetrapod radiation. A phylogenetic
analysis resolves the new form within a cluster of osteolepidid-grade taxa, either as part of a polytomy or as the most
basally-branching representative of a clade containing ‘osteolepidids,’ canowindrids, and megalichthyids.
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INTRODUCTION

Clade Tetrapodomorpha comprises the limbed tetrapods and
their closest fish relatives, whose earliest record is from the
Pragian of China (Lu et al., 2012). The group diversified
greatly in both marine and freshwater habitats during the
Middle-to-Late Devonian while giving rise to several distinct
lineages, including the earliest limbed tetrapods (Ahlberg,
2018). Whereas the tetrapods flourished after the Devonian,
limbless fish-grade tetrapodomorphs underwent a marked

reduction in diversity during the Carboniferous, with only a
handful of representatives persisting into the early Permian
before vanishing from the fossil record (Romano et al., 2014).

Australia is renowned for its excellent fossil record of Devo-
nian tetrapodomorph fishes, with most discoveries in non-
marine Givetian–Famennian sites located in the southeast of
the continent (Ahlberg & Johanson, 1997; Johanson &
Ahlberg, 1997, 1998; Long, 1985a, 1985b, 1987; Thomson, 1973;
Young et al., 2013, 2019). The oldest Australian tetrapodomorph
occurrence is in the Emsian–?Eifelian Hatchery Creek Group of
Burrinjuck, New South Wales, the material initially provisionally
referred to the European genus Gyroptychius by Young and
Gorter (1981), but more recently recognized to contain several
taxa including a form close to Kenichthys from the Emsian of
China (Hunt & Young, 2012; Young & Lu, 2020). Outside of
this region, the spectacular Devonian reef deposits of the Kim-
berley region of north-western Western Australia have produced
the exceptionally preserved marine vertebrate assemblage of the
Gogo Formation (Long &Trinajstic, 2010), which includesGogo-
nasus Long 1985a, one of the best preserved of all tetrapodo-
morph fishes (Holland & Long, 2009; Long et al., 1997, 2006).
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In contrast to these exceptional records, fossil collections from
the extensive Devonian exposures of central Australia remain
poorly sampled yet have already provided significant insights
into the early evolution and distribution of tetrapodomorphs in
Eastern Gondwana. The fossil record of this region includes
the potentially oldest remains referrable to the Rhizodontida,
based on fragmentary material from the Early–Middle Devonian
Wuttagoonaspis fossil fish assemblage of the Georgina Basin of
the Northern Territory and western Queensland (Young &
Goujet, 2003). Elsewhere in East Gondwana, the rhizodontid
Aztecia occurs in the Middle–Late Devonian of the Transantarc-
tic Mountains (Johanson & Ahlberg, 2001; Young et al., 1992),
and the most basally-branching rhizodontid known from reason-
ably complete remains is Gooloogongia loomesi from the late
Frasnian of Canowindra, New South Wales (Johanson &
Ahlberg, 1998).
Other central Australian discoveries include several forms

placed within the ‘Osteolepididae,’ a group now generally con-
sidered to represent a paraphyletic assemblage of basally-
branching tetrapodomorphs (Ahlberg & Johanson, 1998). Mur-
anjilepis winterensis is based on parietal and post-parietal
shields from Mount Winter, in the Northern Territory (Young
& Lu, 2020; Young & Schultze, 2005). Isolated cosmoid scales
with posterior serrations from an unidentified ‘osteolepidid’
occur in the Cravens Peak Beds of the Toomba Range, western
Queensland (Young & Schultze, 2005). These sites are dated as
Emsian–Eifelian, and thus are also of comparable age to some
of the earliest known tetrapodomorph fossils from Yunnan,
China, namely Kenichthys campbelli (Chang & Zhu, 1993; Zhu
& Ahlberg, 2004) from the Emsian Chuandong Formation, and
the oldest and basally-branching representative of the clade,
Tungsenia paradoxa from the Pragian Posongchong Formation
(Lu et al., 2012).
Another highly fragmentary record was a tetrapodomorph

first mentioned by Young (1985) as a “rhipidistian crossoptery-
gian,” based on fragmentary material collected in 1973 from a
fossil fish assemblage at “locality 6” (Fig. 1) in the Harajica Sand-
stone Member of the Parke Siltstone, part of the non-marine
Pertnjara Group of the Amadeus Basin in the Northern Territory
(Jones, 1972, 1991). The material comprised a partial maxillary or
dentary, an isolated mandibular element, and a denticulate plate
presumed to come from the mouth cavity. The Harajica fossil fish
assemblage is dominated by the widely distributed antiarch
Bothriolepis sp. (Young, 1985), associated with the phyllolepid
placoderm Placolepis harajica (Young, 1988, 2005), two types
of acanthodian fin-spines (Young, 1985), and the dipnoan Hara-
jicadipterus youngi (Clement, 2009).
Additional specimens of the Harajica tetrapodomorph were

recovered in collecting expeditions in 1991 and 2016 (Figs. 2–
6), and this paper describes and analyses this new taxon. The
new form is the only tetrapodomorph fish known from central
Australia that is represented by articulated fossil material.

GEOLOGICAL SETTING

The Harajica Sandstone Member of the Parke Siltstone (Fig.
1) was described in detail by Jones (1972). Young (1985) reported
a measured section with the fish remains mainly restricted to a
15 m zone 75–90 m above the underlying Deering Siltstone, the
basally-branching member of the Pertnjara Group. Young
(1985) initially estimated a Givetian–Frasnian age for the Hara-
jica fish assemblage. The underlying Deering Siltstone produced
a single fish impression with coarse tubercular ornament from a
nearby locality (Dare Plain; locality 2 of Young, 1985). A better
specimen (Young, 1988) from a similar horizon near the base of
the Pertnjara Group at Mount Winter is a spine referable to the
placoderm Wuttagoonaspis. The Wuttagoonaspis assemblage is
widely distributed across the Early–Middle Devonian of central

Australia (Young & Goujet, 2003). In the western part of the
Amadeus Basin it is known from the base of the Pertnjara
Group and upper part of the Mereenie Sandstone (Young &
Schultze, 2005; Young & Turner, 2000). Young (1991) noted
that a Geminospora lemurata spore assemblage, previously
reported from Dare Plain, elsewhere ranges down into the Eife-
lian, which was consistent with a Givetian age for the Amadeus
Basin occurrence. Taking into account other microvertebrate evi-
dence, Young and Turner (2000: fig. 4) correlated the Harajica
fauna with the Antarctic Aztec fish assemblage (Macroverte-
brate zone 6d), of probable Givetian age.

MATERIALS AND METHODS

All fossils are preserved as natural molds within blocks of red
sandstone, often intermingled with specimens of Bothriolepis.
CPC24700 and 24702 were collected by Gavin Young in 1973.
CPC 33948-33954, all NMVP specimens, along with AMF
99703 and 99704 found by Alex Ritchie, were collected during
a 1991 field excursion for the Conference on Australasian Ver-
tebrate Evolution, Palaeontology and Systematics led by Gavin
Young. NTM P6410 and P6411 were collected in 2016 during a
Flinders University expedition led by John Long. NTM P6410
is selected as the holotype as it combines a diagnostic posterior
skull roof, squamation and a reasonably complete body outline.
It establishes that the other disjunct fossil material from the
site belongs to a single tetrapodomorph taxon.

The fossils were scrubbed with water and brushes to remove
fine sandstone grains covering impressions of the specimens,
while larger regions of surrounding matrix were excised with a
carbide rod and an ARO Model 8315 engraving pen. Casting
was undertaken in black latex and whitened in ammonium chlor-
ide sublimate for presentation. Photographs were taken with a
Nikon D80 camera with a Tamaron 90 mm macro lens.

A phylogenetic analysis was performed to determine the phy-
logenetic position ofHarajicadectes among the basally-branching
Tetrapodomorpha. We amended the data matrix presented in
Cloutier et al. (2020) to examine the relationships ofElpistostege,
which in turn was an expanded version of the matrix published by
Zhu et al. (2017) to examine the phylogenetic position of
Hongyu. Our revised matrix comprises 202 characters and 44
taxa, including 39 tetrapodomorphs plus an outgroup of 5 Devo-
nian dipnomorphs (Diabolepis, Youngolepis, Powichthys, Porole-
pis, andGlyptolepis). All characters were treated as unordered in
this analysis and a detailed description of the characters is pre-
sented as Supplemental File 1. In addition to the inclusion of
Harajicadectes, fresh observations by one of us (TC) resulted in
recodings within seven rhizodontid taxa (see Appendix S2 in
Supplemental File 1). For the analysis itself conducted with
PAUP, tree bisection and reconnection was used as the branch-
swapping algorithm, with zero branch lengths collapsed using a
random-addition sequence method with 10,000 replicates. The
full character-by-taxon matrix is available as a NEXUS file in
the electronic supplement (Supplemental File 2) and onMorpho-
Bank (project 4724; http://morphobank.org/permalink/?P4724).
The data logs detailing the scripts and workflow used for
running the analysis (Supplemental File 3) along with the tree
file (Supplemental File 4) are also presented.

Institutional Abbreviations—AMF, Australian Museum,
Sydney; CPC, Commonwealth Palaeontological Collection,
Geoscience Australia, Canberra, Australia; NMVP, National
Museum of Victoria, Melbourne, Australia; NTM, Museum and
Art Galleries of the Northern Territory, Darwin, Australia.

Anatomical Abbreviations—Anatomical terminology follows
that of Andrews (1985) and Ahlberg and Johanson (1997). ad.f,
adductor fossa; an.f, anal fin; ap.f, apical fossa; ar, articular; aso,
anterior supraorbital; b.sc, basal scute; bhf, buccohypophyseal
foramen; cau.f, fragmentary caudal fin; cf, coronoid fang; ch,
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choana; clav, clavicle; clm, cleithrum; co, coronoid; den, dentary;
do.f2, 2nd dorsal fin; dp, dermopalatine; dp.fang, dermopalatine
fang; dt, dentary tusks; ect, ectopterygoid; ect.fang, ectoptery-
goid fang; ent, entopterygoid; ext, extratemporal; icf, intercoro-
noid fossa; iclav, interclavicle; id, infradentaries; it,
intertemporal; j, jugal; l, lachrymal; l.ex, lateral extrascapular;
l.gu, lateral gular; lr, lateral rostral; m.ex, median extrascapular;
max, maxilla; meck, Meckelian bone; mp, median postrostral;
mt, marginal teeth; n, nasals; nar, external nasal opening; nc,
rim of notochordal canal; op, operculum; orb, orbit; p, parietal;
pa, prearticular; padp, parasymphysial dental plate; pcf, precoro-
noid fossa; pdp, prearticular dental plate; pec.f, pectoral fin; pel.f,
pelvic fin; pf, pineal foramen; pm, premaxilla; po, postorbital;
pop, preoperculum; pp, postparietal; ps, parasphenoid; pso, pos-
terior supraorbital; pt, post-temporal; q, quadratojugal; r.md.VII,
foramen for ramus mandibularis of nervus facialis; rp,

replacement pit; scms, subcranial muscle scar; slc, sensory line
canal; sop, suboperculum; sp, symphysial pit; spi, spiracular
opening; sq, squamosal; st, supratemporal; t, tabular; te,
(anterior) tectal; v, vomer; v.fang, vomerine fang.

SYSTEMATIC PALEONTOLOGY

OSTEICHTHYES Huxley, 1880
SARCOPTERYGII Romer, 1955

TETRAPODOMORPHA Ahlberg, 1991
Genus HARAJICADECTES gen. nov.

HARAJICADECTES ZHUMINI, gen. nov. et sp. nov.
(Figs. 2–7)

‘rhipidistian crossopterygian’: Young, 1985:246.

FIGURE 1. Locality maps for the fossil material described in this work. A, the Amadeus Basin of central Australia. All fossils were collected from
locality 6 (redrawn from figure 1 in Young, 1985). B, geological map of western MacDonnell Ranges, NT, showing locality 6 about 2 km southwest of
Stokes Pass (redrawn from figure 6 in Young, 1985). Abbreviations: Pzk, Paleozoic.

Choo et al.—Devonian stem-tetrapod fish from central Australia (e2285000-3)



‘rhipidistian osteichthyan’: Young, 1991:107.
‘osteolepid indet.’: Young, Long and Turner, 1993:248.
‘articulated sarcopterygians’: Young and Turner, 2000:107.
‘rhipidistian crossopterygian’: Clement, 2009:615.
LSID. zoobank.org:pub:A21E263E-9B2B-4C9B-9B1B-74B53

C2CF535
Holotype—NTM P6410: partial skull and much of the body

outline in dorsal view with squamation preserved.
Paratype—CPC 39948: partial skull, right post-temporal and

right lower jaw.
Referred Material—AMF 99703: pectoral fin elements; AMF

99704: crushed skull with mandibles in dorsal view; CPC 24700:
section of squamation and fragmentary jaw elements. CPC
24702: denticulated tooth surface, either a partial entopterygoid
or prearticular dental plate. CPC 39949: skull in palatal view
(39949A) and a detached fragment of the snout tip (39949B);
CPC 39950: partial palate; CPC 39952: partial skull, left pectoral
fin and scales from the anterior half of body; CPC 39953: rear
part of the body, comprising scales, median fins, and a fragmen-
tary pelvic fin; CPC 39954: detached pectoral fin with basal
scute superimposed over flank squamation preserved in visceral
aspect; NMVP 229354: partial palate and scales from the
anterior body; NMVP 228722: partial skull roof, left post-tem-
poral, and right lower jaw in dorsal view. NMVP 229368:
partial opercular-gular series, pectoral girdle, and body scales;
NMVP 253964: right mandible in lingual view; NMVP 253965:
fragmentary right mandible and dermopalatine (253965A),
and an associated complete left maxilla in mesial view
(253965B); NTM P6411: section of vertebral column and associ-
ated scales.
Etymology—“Harajica Biter.” Named for the Harajica Sand-

stoneMember and the ancientGreekdek̄tes̄ (“biter”) in reference
to the animal’s large fangs and presumed predatory habits. The
species honors Professor Min Zhu of the Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing, China, for his
numerous contributions to early vertebrate paleontology.
Type Locality and Horizon—Harajica Sandstone Member of

the Parke Siltstone. Locality 6 of Young (1985), about 2 km
southwest of the southern end of Stokes Pass, Amadeus Basin,
Northern Territory. Givetian–Frasnian in age (Fig. 1).
Diagnosis—Tetrapodomorph fish with greatly enlarged

spiracular openings, comprising over 20% of the total length of
the skull-roof, bordered by the tabular, extratemporal, and
squamosal. Parietal and postparietals of roughly equal length.
Elongate intertemporal thatwidens anteriorly. Posteriornasals nar-
rower than the anterior and posterior supraorbitals. Median extra-
scapular tapers anteriorly into a V-shaped recess formed by the
large rounded lateral extrascapulars. Elongate lanceolate para-
sphenoid with denticles larger on the anterior part of the bone.
Scales display ridged ornamentation and lack cosmine. Anterior
squamation cycloid, abruptly shifting to a rhombic shape on the
rear flank.

DESCRIPTION

General Features

The holotype (NTM P6410) preserves a head and fusiform
body outline with a total length of 26.5 cm (Fig. 2). The posterior
end of the fossil terminates shortly before the caudal fin,
suggesting an original total length of roughly 30 cm, assuming
similar proportions to those of Canowindra (Thomson, 1973)
or Gogonasus (Long et al., 2006; Long & Trinajstic, 2017).
Assuming minimal distortion of the incompletely preserved
skull bones, the holotype skull length is about 4.8 cm from the
snout to the posterior margin of the post-parietals. The largest
skull, AMF 99704, has a length of 7.6 cm, suggesting a fish 45–
50 cm long (Fig. 3G–H). Only a few small patches of cranial

dermal ornament are preserved, with faint impressions
suggesting wavy ridges on the skull roof and a vermiculate
pattern of short ridges and pores on the snout (Fig. 4A, B).
Sensory canals are also rarely preserved, restricted to short sec-
tions of lateral line canals on the lateral extrascapular of NTM
P6410 (Fig. 3A, B) and AMF 99704 (Fig. 3G, H) and on the squa-
mosal of CPC 33948 (Fig. 3C, D). A reconstruction of the com-
plete skull, opercular-gular series, and pectoral girdle in
articulation is presented in Figure 7.

Skull

Snout—Various regions of the snout are preserved throughout
different specimens of Harajicadectes (Figs. 2, 3, 5), with the
median post rostral and nasals best shown in NMV P228722
(Fig. 3E, F). The median post rostral is an anteroposteriorly
elongate hexagon, approximately half the length of the parietals,
and is the width of a single parietal. It is laterally bordered on
each side by smaller single nasal bones, which closely match the
median post-rostral in shape. Lateral abutment of the median
post rostral by single nasal bones is also present in Eusthenodon
(Jarvik, 1952) and Cladarosymblema (Fox et al., 1995), although
the configuration and number of nasals varies within these taxa.
At least two small sub-hexagonal nasals anteriorly straddle the
median post-rostral. Both are approximately half the length of
the median post rostral but equal in width. A small bone may sit
in between these two anterior nasals, and is approximately 1/6
the width of each. A small rectangular anterior tectal and lateral
rostral bones are situated between the anterior suborbital and pre-
maxilla (Figs. 3, 5). A single pair of external nostrils was present,
with the only unambiguous nostril visible on CPC 39949B, entirely
enclosed by the anterior tectal and lateral rostral (Fig. 4A, B).

Skull Roof—The parietal and postparietals of Harajicadectes
(Fig. 3) are of roughly equal anteroposterior length. This is a con-
dition also seen in tristichopterids (Schultze & Reed, 2012;
Young et al., 2013) and elpistostegalians (Vorobyeva, 1980; Clou-
tier et al., 2020), whereas more basally-branching forms such as
Gogonasus (Long et al., 1997), Marsdenichthys (Holland et al.,
2010), and canowindrids (Long, 1985b) typically possess postpar-
ietals that are significantly longer than the parietals.

The parietal shield (Fig. 3) is well preserved in AMF 99704
and the paratype CPC 39948, while only the parietals are
visible in NMV P228722. The parietals are elongate, sub-rec-
tangular bones, being three times as long as wide and slightly
smaller or equal in length to the postparietals, a condition
seen in some specimens of Gyroptychius (Thomson, 1965) and
tristichopterid taxa such as Mandageria (Johanson & Ahlberg,
1997) and Eusthenopteron (Jarvik, 1980). The anterior margin
of each parietal varies between being pointed, to laterally
border the median post rostral, or concave to surround the pos-
terior-most nasal bone. The median suture between the parie-
tals is visible in CPC 39948 and NMV P228722, with the latter
clearly showing a small circular opening for the pineal
foramen, as opposed to the large kite-shaped pineal bone of
tristichopterids such as Eusthenodon (Jarvik, 1952) or Manda-
geria (Johanson & Ahlberg, 1997). In megalichthyids the
pineal foramen is closed (Fox et al., 1995; Janvier et al., 2007;
Thomson, 1964). The posterior end of both parietals is wider
than the anterior edge of both postparietals. Parietal pit lines
are not preserved.

The intertemporal is elongate, being three times as long as
wide, and is approximately equal in length to the supratemporal
and tabular of the postparietal shield. Towards the anterior end,
the intertemporal widens, with a transverse anterior margin. This
differs from the narrow, pointed anterior end of the intertem-
poral in tristichopterids (e.g., Eusthenopteron, Eusthenodon,
Mandageria, Cabonnichthys, Edenopteron; Ahlberg & Johanson,
1997; Jarvik, 1944, 1952; Johanson & Ahlberg, 1997; Young et al.,

Choo et al.—Devonian stem-tetrapod fish from central Australia (e2285000-4)



2019). The anterior end is also pointed in Cladarosymblema (Fox
et al., 1995), whereas an anteriorly broad intertemporal is seen in
Marsdenichthys (Holland et al., 2010) and Medoevia (Lebedev,
1995). However, in the latter two taxa the intertemporal is rela-
tively shorter compared withHarajicadectes. The ‘posterior post-
orbital’ in an equivalent position in Canowindra is also broader
anteriorly and pointed posteriorly (Long, 1985b).
Both posterior and anterior supraorbitals are short, but broad.

The posterior supraorbital has a blunt or rounded posterior end,
distinct from the pointed corresponding region of the posterior
supraorbital in Eusthenodon (Jarvik, 1952), Mandageria (Johan-
son & Ahlberg, 1997), and Cabonnichthys (Ahlberg & Johanson,
1997). The right posterior supraorbital on CPC 33948 appears to
be either broken or could be two separate bones (Fig. 3C, D). A
strip of narrow, fluted bone delineates the anterior margin of the
postparietals (Fig. 3C–H). Each postparietal has a narrow
anterior section, and broadens posteriorly so the rear half of
the bone is more than double the anterior breadth. The postpar-
ietals are joined at a gently undulating median suture, and the
posterior margins are relatively straight, as in the Tristichopteri-
dae (Jarvik, 1996; Johanson & Ahlberg, 1997; Young et al., 2013,
2019). In contrast, in Gogonasus (Long et al., 2006), canowin-
drids (Long, 1985b, 1987), and the megalichthyid Litoptychius
(Schultze & Chorn, 1998), the posterior margin of the

postparietal shield displays some form of curvature or projection.
A faint pitline is visible crossing the left postparietal in NMVP
228722.

The supratemporals are located laterally to the anterior
portion of each postparietal, with the best-preserved examples
visible on CPC 33948 (Fig. 3C, D) and AMF 99704 (Fig. 3G,
H). Each supratemporal is relatively large and roughly semi-cir-
cular, exhibiting a wide convex lateral border. This width is over
double that of the anterior breadth of a postparietal. It is of
roughly equal length to the tabular, in contrast to Glyptopomus
(Jarvik, 1950) and Jarvikina (Vorobjeva, 1977) where the supra-
temporal is approximately double the length of the tabular.
The tabulars are elongate and sub-rectangular, about half the

width of the supratemporal. This is distinct amongst tetrapodo-
morph fish except for the basally-branching rhizodontidGooloo-
gongia (Johanson & Ahlberg, 2001). However, unlike
Gooloogongia, the tabulars in Harajicadectes flank greatly
enlarged external openings for the spiracular chambers. As in
rhizodontids and ‘osteolepidids,’ the tabulars are bordered later-
ally by the extratemporals. These are triangular, and slightly
wider than the tabulars. Canowindra also has a triangular
extratemporal.

Cranial preservation of the holotype (Figs. 2, 3A, B), CPC
33948 (Fig. 3C, D) and CPC 39952 (Fig. 5E, F) reveal the

FIGURE 2.Harajicadectes zhumini from the Harajica SandstoneMember (Givetian–Frasnian), Northern Territory, Australia, Holotype NTM P6410.
A, photographed as a natural mold in situ as it was discovered in 2016; B, as a whitened latex peel; and C, interpretative drawing.
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natural boundary between the skull roof and the cheek unit. The
most conspicuous character is the greatly enlarged spiracular
opening, accounting for between 25–30% of the total length of
the skull roof. The opening is bordered posteromesially by the
tabular and extratemporal, anterolaterally by the squamosal
(and preopercular if present). The bony slit appears to have
been open-ended posteriorly.
The spiracle is a minute slit in the majority of early osteichthyans

(Jarvik, 1980). Among Devonian forms, enlarged spiracular

openings are present in the marine tetrapodomorph Gogonasus
(Long et al., 2006), elpistostegalian-grade stem-tetrapods
(Brazeau & Ahlberg, 2006; Cloutier et al., 2020; Daeschler et al.,
2006) and the actinopterygian Pickeringius (Choo et al., 2019). In
Gogonasus (Long et al., 2006), the tabulars have ventrally directed
laminae forming a sloping wall to the enlarged spiracles, but these
(if present) are not displayed in the tabulars of Harijicadectes.

Cheek—The maxilla is preserved in articulation in a number of
specimens (Figs. 3A–F, 5E, F), and NMV P253965 (Fig. 4E)

FIGURE 3.Harajicadectes zhumini, skulls in dorsal view, all whitened latex peels of the original fossil molds.A, photographs andB, drawings of NTM
P6410 (holotype); C–D, CPC 39948 (paratype); E–F, NMVP 228722; G–H, AMF 99704.
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includes a complete disarticulated example in mesial view. It is an
elongate bar-like bone, approximately equal in length to the parie-
tal and postparietal combined. While there is individual variation
in proportions, in all specimens the bone gently tapers anteriorly
to a similar extent to the maxilla of Marsdenichthys (Holland
et al., 2010), but substantially less than that of Megalichthys
(Miall, 1885), Rhizodopsis (Traquair, 1881), Gogonasus (Long
et al., 1997), and Latvius (Jessen, 1973). In mesial view (Fig. 4E),
the bone flares dorsally at the contact with the premaxilla, indicat-
ing the presence of a substantial infraorbital overlap surface. Pos-
teriorly, the maxilla tapers slightly towards a rounded tip.
Numerous sharp, conical teeth are positioned along the ventral
margin except for the posterior 15%. More than 45 teeth are
present on NMV P253965. The internal surface of this specimen
shows a continuous ridge diverging from the tooth row with an

anterodorsally directed flange at the anterior extremity. This
feature, which contributes to the posterior margin of the choana,
is also present in Cladarosymblema (Fox et al., 1995), Medoevia
(Lebedev, 1995), and Gogonasus (Long et al., 1997).

The lachrymal (Figs. 3C, D, G, H, 5E, F) has a steep posterior
suture with the jugal and has a short, posterodorsal concavity
that contributes to the relatively small orbit. Based on CPC
33948 (Fig. 3C, D), the jugal is rectangular in shape and of
similar size to the lachrymal, with a narrow anterodorsal contri-
bution to the orbit. The postorbital (Fig. 3C, D, G, H) is pre-
served only in CPC 33948 and AMF 99704. Unlike Osteolepis
and Gogonasus (Long et al., 1997) the postorbital does not
extend posteriorly as far as the spiracular slit.

The squamosal is incompletely known, with partial examples
preserved on CPC 33948 (Fig. 3C, D), CPC 39952 (Fig. 5E, F),

FIGURE 4. Harajicadectes zhumini, snout, jaws, and palate. A, photograph and B, drawing of a fragment of the snout in left dorsolateral view, CPC
39949B. C, photograph and D, drawing of isolated mandible, NMVP 253964. E, left maxilla in mesial view, NMV P253965B. F, partial maxilla and
lingual surface of the mandible, NMV P253965A. G, photograph, H, drawing, and I, attempted reconstruction of the palate, CPC 33949A.
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and AMF 99704 (Fig. 3G, H). It is a large bone, comparable in
size to the entire postparietal shield. The entire posterodorsal
margin forms most of the anterolateral margin of the spiracular
slit, with a short anteromedial concavity to accommodate the
lateral curvature of the supratemporal. The quadratojugal,
visible only in CPC 39952 (Fig. 5E, F), is a triangular bone,
roughly 1/7th the size of the squamosal with which it sutures
anterodorsally. An unambiguous preopercular has not been
identified in the available material.
Extrascapulars—The extrascapular series (Figs. 3, 5) consists

of paired lateral and a single median element. One complete
lateral extrascapular is preserved in position in CPC 33948
(Fig. 3C, D) and NMVP 228722 (Fig. 3E, F) and a partial
median extrascapular is visible on CPC 39952. The lateral units
are large, semicircular bones, of comparable size to the parietal
shield. NMVP 228722 shows ornamental grooves radiating
from the ossification center of the bone. The median extrascapu-
lar is a triangular bone, about half the size of the laterals, which
tapers towards an anterior point.
Palate and Ethmosphenoid—CPC 33949A (Fig. 4G–I) pre-

serves the best example of the palatal anatomy. The parasphe-
noid is an elongate, lanceolate element with a denticulated
surface that tapers towards a rounded posterior extremity. The
anterior tip is not clearly visible, but the lateral contours and
posterior embayment formed by the vomers indicate that it
gently tapers towards the front. The denticles are distinctly
larger on the anterior half of the bone, with a slightly raised
single row of denticles along the posterolateral margins

surrounding a central depression that housed the buccohypo-
physeal foramen.

A worn right vomer is visible in its natural position, bearing
two pronounced conical fangs. The vomer consists of a broad,
lateral section with a straight posterior margin, lacking the taper-
ing posterior projections present in Eusthenopteron (Jarvik,
1980) and mandageriines (Young et al., 2013, 2019). A narrow
anteromedial ramus projects towards a presumed contact with
the opposite vomer, forming an embayment to accommodate
the anterior tip of the parasphenoid. The vomer of Megalichthys
also possesses a medially directed extension (Jarvik, 1966). In
that taxon the bone gently tapers towards the midline of the
palate, rather than being sharply separated into a narrow
medial and broad lateral sections as in Harajicadectes.

The denticulated surfaces of both entopterygoids are pre-
served, although heavily fractured due to post-mortem com-
pression. A wedge-shaped mass of bone to the right of the
parasphenoid (left in palatal view) might represent a discrete
element (Fig. 4G), perhaps comparable to the ‘accessory
vomers’ first described from the Canowindra tristichopterids
Mandageria and Cabonnichthys (Ahlberg & Johanson, 1997;
Johanson & Ahlberg, 1997). In the absence of an unambiguous
counterpart on the left side and without supporting evidence
from additional specimens, this is currently interpreted as a frac-
tured section of the entopterygoid. Denticles are larger in the
anterior parts of the entopterygoids, particularly along the
lateral margins, becoming progressively finer and more scattered
towards the posterior, with the rear quarter of the bone being

FIGURE 5.Harajicadectes zhumini, body and fins.A, photograph and B, drawing of body scales, opercular-gular elements and pectoral girdle, NMVP
229368. C, squamation andD, lepidotrichia from the rear of the body, immediately anterior to the base of the caudal fin, CPC 39953. E–F, squamation
from the anterior of the body with partial head, operculum, and pectoral fin, CPC 39952. G–H, mesial view of mid-body squamation with detached
pectoral fin and basal scute, CPC 39954.
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almost devoid of ornamentation. The dermopalatines and ectop-
terygoids are preserved, but the suture between them is difficult
to discern. Each bone bears a single stout, conical fang, mesial to
a row of fine denticles.
Small sections of the ethmosphenoid floor are visible adjacent

to the parasphenoid, although insufficiently preserved to accu-
rately determine the overall shape. A broken section to the left
(right in palatal view) of the parasphenoid and partially under-
lain by the entopterygoid bears a prominent subcranial muscle
scar. A roughened semicircular surface immediately posterior
of the parasphenoid likely represents the rim of the notochordal
chamber.
Lower Jaw—The labial surface of the mandible is partially

visible in the holotype (Fig. 3A, B), CPC 39952 (Fig. 5E, F),
and a variety of isolated heads (Fig. 3C–H). The lingual surface
is reasonably complete in NMV P253964 (Fig. 4C, D), the only
specimen that preserves the entire outline of the mandible, and
partially visible in NMV P253965A (Fig. 4F). NMV P253964
has a straight occlusal margin and a gently convex ventral
surface. It tapers only very gently from back to front, so the
anterior jaw tip is only marginally narrower than the rear. The
occlusal margin has small conical teeth, arranged in at least
two rows, from the anterior tip to over the anterior-third of the
adductor fossa. A single large, recurved symphysial tusk is
present at the anterior of the dentary, 4–5 times the size of the
marginal teeth.
The prearticular of NMV P253964, while missing the rear end,

is seen to expand posteriorly, gently narrowing anteriorly and
bending dorsally, terminating shortly before the median symphy-
sis. Part of the denticulated prearticular plate is preserved, the
denticles being substantially larger along the dorsal edge. A
highly fragmentary parasymphysial plate is preserved immedi-
ately anterior to the prearticular. Three coronoids appear to be
present, but it is difficult to discern the sutures between them
and the third in the series is poorly preserved. A continuous ver-
tical lamina bearing a row of closely packed denticles runs along
the entire coronoid series. Positioned labially to this lamina, each
coronoid bears large, stout fangs and adjacent replacement pits.

Body and Fins

Scales—The scales ofHarajicadectes are found in direct associ-
ation with cranial material in the holotype (Fig. 1) and CPC
39952 (Fig. 5E, F), enabling the identification of headless,
scale-bearing specimens (CPC 39951, 39953, 39954, NMVP

229368, NTM P6411) as this taxon. The squamation is cycloid
in the anterior and mid-sections of the postcranium (Fig. 5A,
B, E, F), abruptly shifting to a rhombic shape in the vertical
rows immediately behind the level of the second dorsal fin
(Fig. 5D–G). This shift in scale morphology from rounded to
angular is unusual for a tetrapodomorph fish, but is also recorded
in Marsdenichthys (Holland et al., 2010) and Rhizodopsis
(Andrews & Westoll, 1970).

The exposed external surfaces of the scales lack cosmine and
are ornamented, as in rhizodontids (Holland et al., 2007), tristi-
chopterids (Jarvik, 1952), Marsdenichthys (Holland et al.,
2010), Medoevia (Lebedev, 1995), Rhizodopsis (Schultze &
Heidtke, 1986) and Canowindra (Thomson, 1973). Each scale
has approximately 25-35 anteroposteriorly directed sub-parallel
ridges (Fig. 6), which appear wider and less densely packed
than those of Marsdenichthys (Holland et al., 2010). This mor-
phology differs from that of Mandageria, Cabonnichthys, and
Notorhizodon, in which scale ornamentation is composed of
widely separated parallel grooves (Young, 2008; Young et al.,
2013). Of a selection of isolated tetrapodomorph scales figured
by Burrow and Turner (2012) from Emsian?/Eifelian Cravens
Peak Beds, Queensland, two specimens (ANU V3534 and
V3535) display similar ornamentation to Harajicadectes.

InHarajicadectes, the course of these ridges becomes rounded,
following the curvature of the scale border. The concentric inter-
secting lines characteristic of Marsdenichthys and Rhizodopsis
(Holland et al., 2010) are absent.

Fins—No endoskeletal fin elements are preserved in any of
the material. A left pectoral fin is present on CPC 39952 (Fig.
5E, F) while CPC 39954 displays a probable right pectoral fin
with an associated basal scute which appears to have detached
and flipped post-mortem to lie against the internal surfaces of
squamation from the right side of the body (Fig. 5G, H). The
fin is paddle-shaped with a rounded tip, with over 19 unsegmen-
ted proximal lepidotrichia that transition into finer rays towards
the distal tip. The base of the fin is poorly preserved and the
disposition of the fleshy lobe and basal scute is unclear. The
fin is narrower than the pectoral fin, with over 12 elongate prox-
imal lepidotrichia which progressively divide into over 25 fine
distal fin rays. Fragmentary scales, smaller than the adjacent
trunk scales, cover the proximal fin rays, suggesting the pres-
ence of a fleshy basal lobe, although its size and shape are
indeterminate.

CPC 39953 preserves the anal and second dorsal fins along
with small fragments of the pelvic and caudal fin. No

FIGURE 6. Harajicadectes zhumini. A, scales adjacent to the 2nd dorsal fin, CPC 39953. B, scales from the anterior half of the body, CPC 39952.
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lepidotrichia of the first dorsal fin are visible, although CPC
39952 preserves a basal scute (Fig. 5E, F). The second dorsal
and anal fins are elongate and narrow based, with associated
basal scutes longer than the fin bases. The anal fin is positioned
posterior to the second dorsal fin, at the transition zone from
the cycloid scales of the mid-body to the rhombic scales on the
posterior. It has a rounded tip; the distal end of the dorsal fin is
damaged.

PHYLOGENETIC ANALYSIS

To assess the phylogenetic relationships of Harajicadectes
within Tetrapodomorpha, the taxon was scored using the
dataset of Cloutier et al. (2020). A heuristic search resulted in
336 trees with a length of 438 steps, which are presented as
strict consensus and 50% majority rules trees (Fig. 8). As with
analyses conducted with earlier versions of this matrix (Cloutier
et al., 2020; Zhu et al., 2017), Rhizodontida, Kenichthys and

FIGURE 7. Harajicadectes zhumini. Reconstructed skull and pectoral girdle in A, dorsal and B, lateral view.
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FIGURE 8. Proposed phylogenetic interrelationships
among early Tetrapodomorpha incorporating new data
from Harajicadectes, collated from 336 most parsimonious
trees. A, strict consensus tree, numbers represent Bremer
support values. B, 50% majority-rule consensus tree,
numbers are node support bootstrap values.
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Tungsenia are resolved as successive outgroups to the remainder
of the Tetrapodomorpha, with the enigmatic Hongyu chowi
maintaining its position as an aberrant rhizodont (Zhu et al.,
2017). Above the Rhizodontida, the strict consensus tree pre-
sents a large polytomy consisting of Harajicadectes alongside
various osteolepidid-grade taxa and the clades Canowindridae,
Megalichthyidae, and Eotetrapodiformes.
In contrast, the 50% majority tree replaces this polytomy with

a trichotomy consisting of Eotetrapodiformes, the problematic
Marsdenichthys Long (1985a) and a clade whose basal section
contains various ‘osteolepidid-grade’ taxa which form successive
outgroups to the Canowindridae and Megalichthyidae. The pos-
ition ofMarsdenichthys within previous analyses has been highly
unstable, having been placed as the sister-taxon to the Tristichop-
teridae (Long, 1985a), within the Canowindridae (Swartz, 2012),
the sister-taxon to the Eotetrapodiformes (Zhu et al., 2017), or
clustering among the osteolepidid-grade forms in a position
basal to Gogonasus (Holland & Long, 2009; Long et al., 2006).
In the 50% majority consensus tree, Harajicadectes is resolved

as the most basally-branching member of this ‘osteolepidid-
clade.’ Effectively a reconstituted Osteolepididae sensu lato,
this clade was previously resolved in Cloutier et al. (2020) and
Clement et al. (2021), contrasting with earlier analyses that
resolved this cluster of taxa either as polytomy (Zhu et al.,
2017) or as multiple outgroups of varying composition to the
Eotetrapodiformes, with the Canowindridae occupying either a
basal (Swartz, 2012) or derived (Lu et al., 2012) position in the
cluster. This analysis recovers poor support for this clade with
only a single unambiguous character, namely the shift in mar-
ginal denticle bands of the coronoids (Character 98) from a
single or absent row to a narrow band with 2–4 rows of denticles.

DISCUSSION

Resolving the Relationships of Harajicadectes

In our cladistic analysis, Harajicadectes sits above the Rhizo-
dontida and is resolved among a paraphyletic grade of Middle–
Late Devonian osteolepidid-grade taxa, either within a large
polytomy or as the most basally-branching representative of a
series of outgroups to the Canowindridae and Megalichthyidae,
although support for this outcome is low. Beyond that, the inter-
relationships of the new taxon are poorly resolved with no other
tetrapodomorph in the analysis exhibiting a consistent sister-
group relationship with it. It is likely that convergent evolution
is obscuring the relationships of this taxon.
Overall, Harajicadectes presents a highly distinct mosaic of

characters which elsewhere manifests in disparate tetrapodo-
morph taxa. Much of the anatomy ofHarajicadectes is character-
istic of taxa basal to the Eotetrapodiformes, including the
presence of an extratemporal, an ethmosphenoid that is of
equal length or shorter than the otoccipital and the pronounced
posterodorsal process of the maxilla. Multiple rows of denticles
on the coronoids are also present in osteolepidid-grade taxa
and Megalichthyidae (Clement et al., 2021), but absent in Rhizo-
dontida and Eotetrapodiformes. The short, tapering anterior
edge of the median extrascapular is implied by the shape of the
broad post-temporals, a feature elsewhere present in Canowin-
dridae (Long, 1987; Thomson, 1973; Young et al., 1992), Rhizo-
dontida (Johanson & Ahlberg, 1997; Long & Ahlberg, 1999)
and in Mandageria (Johanson & Ahlberg, 1997). The body squa-
mation transitions from round anterior scales to rhombic scales
towards the tail. Among other tetrapodomorph fishes, this con-
figuration is only found in Marsdenichthys (Long, 1985a).
The Devonian fossil faunas of central Australia remain poorly

sampled and Harajicadectes represents the first fossil osteichth-
yan taxon from this region based on reasonably complete articu-
lated remains. Within the Harajica Sandstone Member, the only

other osteichthyan remains belong to the dipnoan Harajicadip-
terus youngi, another highly distinctive taxon whose close inter-
relationships are difficult to resolve (Clement, 2009). East
Gondwana experienced a high degree of vertebrate endemism
during the Early Devonian, giving way to a more cosmopolitan
fauna by the Late Devonian (Young et al., 2010). The Harajica
fossil fauna, containing two highly distinct and presumably
regionally endemic sarcopterygians, alongside the abundant cos-
mopolitan placoderm Bothriolepis (Young, 1985) may represent
a transitional phase during this faunal shift.

Spiracular Function and the Devonian Atmosphere

Of considerable note are the enlarged spiracular openings in
Harajicadectes. These are similar in relative size to those seen
in elpistostegalian fishes (Clack, 2007; Cloutier et al., 2020;
MacIver et al., 2017) and Gogonasus (Long et al., 2006). They
are considerably larger than those in Eusthenopteron, which is
thought to retain the plesiomorphic tetrapodomorph condition
(Clack, 2007).

The separation of taxa with enlarged spiracular notches
throughout tetrapodomorph phylogeny suggests that this charac-
ter is likely to have arisen multiple times. In fact, enlarged open-
ings are also known in several actinopterygian taxa including the
Late Devonian Pickeringius (Choo et al., 2019) and the extant
bichirs, Polypterus. It was recently confirmed that Polypterus
perform spiracle-mediated aspiration and possess a pulmonary
circulatory system similar to that found in lungfish and tetrapods
(Graham et al., 2014). Furthermore, during the Middle–Late
Devonian there were other taxa, namely lungfishes, that also
seemed to be developing air-breathing adaptations alongside
the appearance of enlarged spiracles in the groups mentioned
above (Clement & Long, 2010; Clement et al., 2016; Long,
1993). The synchronized appearance of these adaptations in par-
allel in multiple lineages of osteichthyans is noteworthy and can
perhaps be related to increases in global oxygen levels during the
Middle Devonian (Cannell et al., 2022).

There have been numerous efforts attempting to reconstruct
global oxygen levels throughout the Paleozoic. Researchers
have contemplated the connection between global temperature
and climate, oxygen levels and the evolution of early vertebrates
and air-breathing behavior for a long time (Barrell, 1916). Berner
and colleagues have proposed mathematical models based the
geochemical cycles of carbon and sulfur that invariably show a
decrease in global oxygen levels to below that of present day
during the early to mid-Devonian, before sharply increasing
again from the Late Devonian and throughout the Carboniferous
(Berner, 2006, 2009; Berner & Canfield, 1989; Berner et al.,
2007). However, while the estimated paleoatmospheric oxygen
levels between models can vary considerably between studies,
even more recent refinements (notably GEOCARBSULFOR)
continue to find that global oxygen levels were well below
those of present day until near the end of the Devonian
(Krause et al., 2018).

The work of Scott and Glasspool (2006) echoes the findings of
Berner’s models of Paleozoic atmospheric oxygen levels via their
work using the presence of charcoal as a proxy for fire. Low levels
of charcoal present close to the Silurian/Devonian boundary
suggest oxygen levels high enough for the ‘fire window’ (13–
35% O2), compared with the following Middle–Late Devonian
interval which exhibits a dearth of charcoal supporting predicted
low global oxygen levels, before dramatic increases throughout
the Carboniferous. Both He et al. (2019) and Cannell et al.
(2022) show that there is now evidence for a global peak in
oxygen during the Middle Devonian.

Increases in global atmospheric oxygen are commonly con-
sidered to have aided the vertebrate invasion of land (tetrapods)
via supporting increased metabolic activity, boosting the
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effectiveness of lungs, and lowering desiccation risk (Clack, 2012;
Graham et al., 2016). The parallel appearance of air-breathing
adaptations, such as spiracular breathing, in several lineages of
osteichthyans during a time of decreased paleoatmospheric
oxygen could suggest that the ability to supplement gill respir-
ation with aerial oxygen likely afforded some adaptive advantage
to those taxa.

CONCLUSIONS

Harajicadectes zhumini is a new taxon of fish-grade stem-tetra-
pod from the Middle–Late Devonian (Givetian–Frasnian) of
central Australia. A phylogenetic analysis resolves the new
taxon to within a paraphyletic assemblage of ‘osteolepidid-
grade’ taxa although an unusual combination of characters
makes its immediate relationships unclear. It is notable for
having greatly enlarged spiracular openings, a feature present
also in Gogonasus and the elpistostegalians. This character, sug-
gestive of spiracular air-breathing, thus appeared independently
in at least three lineages of Middle–Late Devonian
tetrapodomorphs.
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