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Abstract: When first described based on isolated scales, Ligulalepis was assigned to the
Palaeoniscoidea, a basal group of actinopterygians (ray-finned fishes). Recent cladistic
analyses, mainly based on skull and neurocranial characters, have mostly recovered the
taxon (or, ‘Ligulalepis’) as a stem osteichthyan. Here we present information on Ligulalepis
dermal elements other than scales and skulls, that include a skull fragment, a premax-
illa, other marginal jaw elements and teeth, an accessory vomer, a partial shoulder girdle,
incomplete spine-like elements, and a gular plate. The shoulder girdle and premaxilla com-
pare closely with those of basal actinopterygians, whereas the spine-like element shows
some similarity to the distal end of the spines on medial dorsal plates of the Chinese Late
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Silurian stem osteichthyans Guiyu and Sparalepis, or alternatively to fin rays on the stem  Keywords:
osteichthyan Dialipina. One of the jaw elements appears to be a compound jugal plate plus £ .cian
part of the dentate maxilla, an arrangement not previously known in any Devonian stem Osteichthyes

osteichthyan, or actinopterygian. Histological structure of dermal plates somewhat resem-
bles that of Meemannia, but pore openings in Ligulalepis lead only to the vascular canal
network at the base of the ornament layer and not to a pore canal network. Like previous

Gleninga Formation
Troffs Formation

phylogenetic analyses, our analysis incorporating post-cranial dermal skeleton characters
also recovered Ligulalepis as a stem osteichthyan.

Resumen: Ligulalepis se describié por primera vez a partir de escamas aisladas, asignan-
dose al orden de los Palaeoniscoidea, un grupo basal de actinopterigios (peces con aletas
soportadas por radios). La mayoria de analisis cladisticos recientes, basados principal-
mente en caracteres craneales y neurocraneales, han recuperado al taxéon (‘Ligulalepis’)
como un osteictio basal. En este trabajo presentamos nueva informacion sobre elementos
dérmicos de Ligulalepis distintos de escamas y elementos craneales, que incluyen un frag-
mento de mejilla dentada, una premaxila, elementos mandibulares marginales y dientes,
un vomer accesorio, una cintura escapular parcial, elementos tipo espinas incompletos y
una placa gular. La cintura escapular y la premaxila son muy similares a las de los actinop-
terigios basales, mientras que las espinas muestran cierta similitud con el extremo distal
de las espinas de las placas dorsales mediales de los osteictios basales del Silurico Supe-
rior chino Guiyu y Sparalepis, o bien con los radios de las aletas del osteictio Dialipina.
Uno de los elementos mandibulares parece estar compuesto por la placa yugal y parte del
maxilar, una disposicién no conocida hasta ahora en ningun osteictio del Devénico o acti-
nopterigio. La histologia de las placas dérmicas se asemeja un poco a la de Meemannia,
pero las aberturas de los poros en Ligulalepis conducen solo a la red de canales vascu-
lares en la base de la capa ornamental y no a una red de canales de poros. Al igual que
los analisis filogenéticos previos, nuestro analisis, que incorpora caracteres del esqueleto
dérmico postcraneal, también clasifica a Ligulalepis como un osteictio troncal.

INTRODUCTION

Taemas Formation
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A number of significant discoveries of early gnatho-
stomes in recent years have contributed new data
towards deciphering early osteichthyan relationships.
The finds include rare cranial material from Late Silu-
rian and Early Devonian deposits in China (e.g., Zhu
et al., 1999, 2006, 2009, 2013; Choo et al., 2017; Lu
et al., 2017), as well as Canada (Schultze & Cumbaa,

2001), Siberia (Giles et al., 2015a) and Australia (Bas-
den & Young, 2001; Clement et al., 2018). Phylogenetic
analyses incorporating the new discoveries have led to
revision of the taxonomic position of several taxa. For
example, Janusiscus Giles, Friedman & Brazeau, 2015
from the Early Devonian of Siberia is now viewed as a
stem gnathostome (Giles et al., 2015a) rather than an
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actinopterygian (Schulize, 1992), and Meemannia Zhu,
Yu, Wang, Zhao & Jia, 2006, previously considered a
sarcopterygian, was proposed by Lu et al. (2016) to be
the oldest known actinopterygian.

One taxon that has proven somewhat vexatious in these
analyses is Ligulalepis from the Early Devonian of New
South Wales, Australia. Ligulalepis toombsi Schultze,
1968 was erected for isolated scales from the Emsian
Taemas Formation of New South Wales, and was orig-
inally described by Schultze (1968) as a palaeoniscoid.
Later, Basden and Young (2001) tentatively assigned an
incomplete ossified braincase and skull roof AMF101607
(first described by Basden et al., 2000), also from the
Taemas Formation, to the same genus, with species
indeterminate. Scales readily assignable to Ligulalepis
toombsi, based on their distinctive morphology and his-
tology, are the only palaeoniscoid type scales known
from deposits of ?late Pragian—early Emsian age in
south-eastern Australia, so it is reasonable to assume
that dermal bones from the same deposits, with the
same type of ridged ornament, should also be assigned
to Ligulalepis toombsi. Nevertheless, recent publications
have referred to AMF101607 as ‘Ligulalepis’. Based on
our assessment of the disarticulated elements and the
neurocrania, we consider all these specimens should
be assigned to L. toombsi.

Speculation on the phylogenetic position of Ligula-
lepis/Ligulalepis’, based on features of that isolated
skull, has failed to reach a consensus, with some anal-
yses recovering it as a stem sarcopterygian (Zhu et
al., 2009, suppl. fig. 1), a stem actinopterygian (Zhu
et al., 2013, 2021), nested in the Actinopterygii (Long
et al., 2015), or as a stem osteichthyan (Brazeau,
2009; Davis et al., 2012; Giles et al., 2015a; Lu et al.,
2016, 2017; Clement et al., 2018). One of the recent
phylogenetic analyses of early osteichthyans (Giles et
al., 2015a, fig. 3) showed a polytomy with ‘Ligulalepis’,
Actinopterygii and Sarcopterygii as the sister group
of Dialipina. Characters that were coded for ‘Ligula-
lepis’ (and Janusiscus) in the analyses by Giles et al.
(2015a) and Lu et al. (2016) were limited compared
with most other taxa, comprising only neurocranial and
skull roof features. Clement et al. (2018) investigated
the endocranium that was first described by Basden et
al. (2000), as well as a more recently discovered skull,
using computed tomography. Like most previous phy-
logenetic analyses, they used only neurocranial and
skull characters for ‘Ligulalepis’, and their Bayesian
and parsimony phylogenetic analyses recovered ‘Ligu-
lalepis’ within the stem Osteichthyes (Clement et al.,
2018, figs. 10, 11). However, placing the taxon as the
earliest diverging stem actinopterygian required only
one additional step.

Other sources of information on Ligulalepis that could
help clarify its relationships are isolated dermal bones
from the Taemas Formation at Wee Jasper, as well as
from ?upper Pragian—-lower Emsian limestone depos-
its elsewhere in New South Wales (Burrow, 1994)
which are attributable to the genus, and almost cer-

tainly —given the rarity of pre-Middle Devonian stem
actinopterygian taxa and the lack of evidence that more
than one taxon is represented— to the type species L.
toombsi. These specimens, which we describe here,
include a small fragment of a skull with some endoskel-
etal bone attached, a premaxilla, other marginal jaw
elements and teeth, a coronoid plate, possibly an
accessory vomer, a partial shoulder girdle, incomplete
spine-like elements, and an incomplete gular plate.

MATERIAL AND METHODS

The holotype of Ligulalepis toombsi is the scale
NHMUK PVP48864, from the “right bank of Murrumbid-
gee, boulders probably nearly in situ, on shore and
up hillside, 2500 yds. due E. of Majurgong T. S.”
(Schultze, 1968, fig. 1 caption; Fig. 1A, locality 1). Most
of the scales in the type material described by Schultze
(1968) are from the Spirifer yassensis Limestone at
the base of the Taemas Formation, with the majority
(108 = 53.5% of all scales) from near the base level;
other scales are found up into the Warroo Limestone
(Fig. 1B). The incomplete skull AMF101607 assigned
to Ligulalepis sp. by Basden and Young (2001) was col-
lected from the vicinity of Goodradigbee Inlet at Wee
Jasper, probably in the Bloomfield Limestone Member
of the Taemas Formation (Fig. 1A, 1B), and another
skull ANU V3628 is also from that stratigraphic level,
near Rocky Flat 300 m south (Clement et al., 2018).
The new material is from nearby localities (WJ3 and
ANUV 42 sample). WJ3 is probably at the same strati-
graphic level (Fig. 1A, locality 2) just above the lower
Thamnopora zone, Bloomfield Limestone Member
of the Taemas Formation (Fig. 1B) at Caravan Point
and ANU V42 is from GCY loc. 24, the Massive Fish
Bed type locality for Brindabellaspis, at the top of the
Bloomfield Limestone in Goodradigbee Inlet, Wee Jas-
per. Other new material is from GSNSW localities C625
(skull fragment MMMCO05774), C600 and C231, ?upper
Pragian—lower Emsian Gleninga Formation, and C595
and C657 in the ?lower Emsian Troffs Formation, cen-
tral New South Wales (Fig. 1C, 1D). Other central NSW
localities were listed by Burrow (1994). One jaw frag-
ment NHMUK PV P65806 and possible tooth whorl
P65781 are from locality NHMUK 55.27, Spirifer yas-
sensis Limestone.

For the phylogenetic analysis, data entry and format-
ting were performed in Mesquite (v.2.5); all characters
were unordered and unweighted. The data matrix,
comprising 278 characters and 94 taxa, was based on
the analysis by Lu et al. (2017). Data was processed
using TNT (v.1.5) software (Goloboff et al., 2008) for
maximum-parsimony analysis using a “New technol-
ogy search”, with Galeaspida as the outgroup. Default
settings were used for most parameters, but the value
for “random additional sequence” was changed from 1
to 1000, and the Ratchet and Drift were also used dur-
ing tree search. Bremer support values were generated
in TNT using the script ‘Bremer.run’.
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Figure 1. Ligulalepis occurrences in New South Wales, Australia; small inset map shows location of A and B. A, Google terrain
map (downloaded 19-04-2023) of the Taemas-Wee Jasper region showing Ligulalepis localities: 1, type locality, right bank of
Murrumbidgee River, and 2, Caravan Point, Wee Jasper; B, stratigraphic column for the Taemas Formation showing levels
where Ligulalepis specimens have been collected (after Young, 2011, fig. 2A), specimens listed on the left are skull and jaw
elements; red line on right indicates stratigraphic range where scales are found, red arrow indicates level for Ligulalepis toombsi
holotype scale; C, Google terrain map (downloaded 19-04-2023) showing ?upper Pragian to lower Emsian Ligulalepis localities
in central New South Wales: 3 = C091, 092, 231, 624, 625; 4 = C600, 608 (all Gleninga Formation: C091, 092, 624, 625, undif-
ferentiated limestones, C231, 600, 608, Jerula Limestone Member); 5 = C287; 6 = C597; 7 = C595, 657 (Troffs Formation); D,
stratigraphic columns for the Gleninga and Troffs formations (after Sherwin, 1996 and Jones et al., 2020, fig. 1.3); Ligulalepis
material is from the early Emsian limestones; scale bar =2 kmin A, 5 km in C.

Institutional abbreviations. CMN, Canadian Museum
of Nature collection; MMMC, micropalaeontology col-
lection of the Geological Survey of New South Wales
(Natural Resources); NHMUK PVP, palaeontology col-
lection of the Natural History Museum, London.

DESCRIPTION
Skull fragment MMMCO05774

The dermal bone is ornamented with close-set, nar-
row, elongate ridges which have smooth flat crests and
oblique ribbing on their sides (Fig. 2A). The anterodor-
sal? margin and possibly the narrow posterior margin
of the bone are intact, with all other edges being frac-
ture surfaces. Endoskeletal ossifications are fused to
the inner surface of the dermal bone (Fig. 2A-2C). The
only distinctive structure is an arch-shaped bone per-
pendicular to the dermal plate, at one end of the flat
(incomplete) endoskeletal bone paralleling the dermal
plate (Fig. 2B, 2C). The ornament is indistinguishable
from that in Palaeozoic actinopterygians, with shiny
surfaces and edge ribbing (Fig. 2E) as typifies ganoine-
topped ridges.

Comparison. 3D scans of the skulls ANU V3628 and
AM F101607 (Clement et al., 2018, figs. 3A, 4) reveal
the endoskeletal bones forming the neurocranium of
Ligulalepis. Perhaps the canal arch on MMMCO05774
could represent the excurrent nostril (cf. Clement et
al., 2018, fig. 3A) or the hyomandibula foramen, with
the small foramen next to this being for the ramus lat-
eralis accessorius (cf. Clement et al., 2018, fig. 4B,
4C). However, the arch most closely resembles the
bone surrounding the lateral cranial canal in Raynerius
splendens (Giles et al., 2015b, supp. fig. 5), indicating
that the Ligulalepis fragment is probably the right pos-
terolateral corner of the skull roof (Giles ef al., 2015b,
suppl. fig. 3f, showing the left posterolateral corner in
Raynerius). A lateral cranial canal is considered to be
a key actinopterygian feature (Lu et al., 2016, fig. 4).

Jaw element MMMCO05784, a composite element
comprising maxilla and jugal?

This element from Wee Jasper locality WJ3 is an
L-shaped bone with a smooth concave inner margin
that is presumed to be circumorbital. The anterior mar-
gin has an overlap surface, the posterior margin is
slightly convex, and the ventral (occlusal) margin has a
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Figure 2. Cranial fragment MMMCO05774 from locality C625. A—C, SEM images; A, lateral view; B, internal-lateral view; C,
internal view; D, sketch of external view, before fracture; E, external view after fracture, light microscope image; scale bar = 0.5
mm, anterior to left, asterisk indicates the same point on A-C.

row of tooth sockets along its length, possibly with some
smaller sockets lateral to this row, and two ankylosed
teeth preserved near the posterior corner. Ornament
comprises short ganoine-covered dentine ridges near
the tooth row; ridges become more elongate dorsally
on the plate. A row of pores for the suborbital sensory
line canal are aligned paralleling the circumorbital mar-
gin on the external surface, and the internal surface is
pierced by large pores approximately midway between
the tooth row and the circumorbital edge, and towards
the posterior margin higher up.

Comparison. The shape of this bone most closely
resembles the jugal in Carboniferous coelacanth Had-
ronector donbairdi Lund & Lund, 1985, but that bone
(like all jugals in coelacanths) lacks teeth. A combina-
tion jugal-maxilla is a feature of the Recent Polypterus
bichir (e.g., Gardiner, 1984, fig. 77B), but all Devonian
actinopterygians have a separate jugal forming the
posteroventral margin of the orbit above the tooth-bear-
ing maxilla. The combination of an occlusal tooth row
plus a sensory line on MMMCO05784 indicates that this
element represents a jugal + maxillary bone. The over-
lap surface on the anterior end of the bone shows that
the upper jaw had more than one tooth-bearing bone
behind the premaxilla. Articulated specimens of Dial-
ipina salgueiroensis Schultze, 1968 that preserve the
head region appear to show a long narrow maxillary
plate as described by Schulize and Cumbaa (2001),
but perhaps it actually comprises two plates, one ante-
rior and another posterior to the orbit, as there appears
to be a short break visible in the figured specimen CNM
51125 (Schultze & Cumbaa, 2001, fig. 18.1).

Other tooth-bearing jaw elements and a possible
parasymphysial tooth whorl from Taemas-Wee
Jasper

ANU V42b (Fig. 3G-3l) is a 7.5 mm long fragment of
a dentary; the posterior and anterior ends have broken
off. Three of the main teeth are preserved, with at least
one of these teeth appearing to have a tip that is shin-
ier than the base of the tooth. The outer surface of the
element is covered with contiguous, shiny, short and
long ridges comparable to the dermal bone ornament
on the ‘Ligulalepis’ skulls illustrated by Clement et al.
(2018, figs. 2, 4).

ANU V42a (Fig. 3J-3K) is a 3.9 mm long posterior end
of a dentary (see the dentary of Mimipiscis in Gardiner,
1984, fig. 92 for comparison), with one intact marginal
tooth and bases of three other teeth preserved, all sep-
arated by round pits of the same diameter as the tooth
bases. The medial surface towards the posterior end is
depressed, presumably to overlap the articular. A row
of pores on the medial surface, running back from the
middle of the anterior fracture surface then down below
the third preserved tooth towards the lower edge of
the element, are presumed to open into a mandibular
canal. The outer surface bears ornament comparable
with that on other Ligulalepis dermal bones.

NHMUK PV P65806 (Fig. 3L; Basden, 2001, figs.
4-19M) is a coronoid with one large tusk plus three
small teeth, and a narrow labial field of small denticles.
A large foramen opens in the centre of the element
between the large cusp and one of the smaller teeth.
The plate is very thin with a strongly concave base.
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Figure 3. Jaw and dentition elements of Ligulalepis toombsi (A—N from Taemas-Wee Jasper, O—Q from central NSW). A-G, Left
maxilla+jugal? MMMCO05784 from locality WJ3; A, medial view; B, medial view of teeth preserved at posterior end of element;
C, occlusomedial view; D, dorsolateral view; E-F, 3D scan images after damage to specimen, lateral, dorsal and occlusal views
(to same scale as D); G-I, Burrinjuck dentary fragment ANU V42b in lateral, occlual and medial views; J—K, 3D scan images
of ANU V42a dentary fragment in medial and occlusal views; L, first coronoid NHMUK PV P65806, medial view; M—N, possible
parasymphysial tooth whorl NHM UK PVP65781 in lateral and basal views; O-P, right premaxilla MMMCO05775 from C600 in
external and internal views; Q, ?possible accessory vomerine toothplate MMMCO05776 from C657 in crown view. f, foramen;
mc, mandibular canal pores; o, opening in base; oa, overlap area; r, ridge; sol, suborbital sensory line pores; t, tooth; tt, shiny

tooth tip; scale bars =1 mm.

Given the lack of a medial lamina and the size of the
teeth, by comparison with the coronoids of Mimipiscis
(Gardiner, 1984, fig. 90) this is probably a first coronoid.
NHMUK PV P65781 (Fig. 3M, 3N) is an asymmetric
tooth or denticle whorl with a medial row of six sin-
gle-cusped teeth that increase in size towards the nar-
rower end of the base, the mesial surface of which is
concave laterally and anteroposteriorly. A pulp cavity
opens out medially through the base beneath the sec-
ond-largest tooth (Fig. 3N). The whorl differs from those
of ‘acanthodians’ in having only a very thin basal plate,
and bears a resemblance to the dentary tooth whorl of
Howaqualepis (Long, 1988, fig. 21) in having six mono-
cuspid teeth. However, the only known example of the
Howqualepis element is preserved as an impression,
medial to the anterior end of the left dentary and its

structure and type of attachment is unknown. NHMUK
PV P65781 is only tentatively assigned to Ligulalepis,
given its small size (ca. one-tenth that of the Howqua-
lepis whorl) and lack of closely comparative elements
in other stem osteichthyans.

Toothed dental elements from central NSW

MMMCO05775 (Fig. 30-3P) from GSNSW locality C600
is probably an incomplete right premaxilla. As pre-
served, it is a semicircular element with two rows of
small denticles along part of the circumference, with a
broken edge along the ‘diameter’. The external orna-
ment comprises elongate narrow ridges paralleling the
circumference over most of the surface, plus shorter
spinelet-like ridges extending laterally from the dentic-
ulated edge. The flat ridges bear the distinctive oblique
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microridges along the sides that characterise the shiny
outer enameloid layer in many Devonian actinoptery-
gians (e.g., Cheirolepis canadensis Arratia & Cloutier,
1996, fig. 13C; Moythomasia lineata Choo, 2015, fig.
4C; Pickeringius acanthophorus Choo et al., 2019, fig.
8J). The internal surface is relatively smooth except
for a sharp curving ridge running dorsoventrally (Fig.
3P). By comparison with premaxillae on articulated
actinopterygians (e.g., from the Frasnian Gogo Forma-
tion of Western Australia: Mimipiscis, see Choo, 2011,
fig. 11G, and Gogosardinia, see Choo et al., 2009, fig.
8a-8d), the fracture probably runs along the line of a
sensory canal. Unlike the premaxillae of these Gogo
fish, the preserved part of the Troffs Formation element
lacks larger teeth along the occlusal margin.
MMMCO05776 from GSNSW C657 (Fig. 3Q) is possibly
an accessory vomerine toothplate of Ligulalepis. The
polygonal toothplate is ca. 1.0 mm wide and bears two
large, and ca. 30 medium and small, upright smooth
teeth clustered over the plate. The large teeth abut
one edge. The flat base is vacuous, with wide open-
ings around the bases of the teeth. A broken central
tooth shows a wide central pulp canal. The large teeth
appear to have a denser tissue forming the tip.

The plate resembles the accessory vomers of Moyth-
omasia durgaringa Gardiner & Bartram, 1977 from the
Frasnian Gogo Formation, which have a similar layout
with two or three large teeth along the posterior edge in
a field of small teeth (Gardiner, 1984, fig. 51).

Tooth histology

Jaw fragment MMMCO04754 (Fig. 4A-4B) from the
GSNSW locality C657 was a short segment, lacking
external ornament, and originally bearing six or seven
rounded teeth. The anterior? end with the largest

tooth was broken off to make a vertical coronal sec-
tion MMMCO04755 (Fig. 4C—4D; Schultze, 2016, fig.
13). Clement ef al. (2018) suggested this jaw fragment
could be from a different taxon, however an onycho-
dont is the only other osteichthyan known from this
locality, and the teeth lack a socketed base as charac-
terises onychodont teeth; as far as known, none of the
non-osteichthyans (‘placoderms’, acanthodians) from
the locality have orthodentine in their teeth. The tooth
is formed of a clear tissue with unbranching dentine
tubules, which Schultze (2016) interpreted as acrodin,
extending out towards the tooth surface. A few dentine
tubules extend up from the pulp cavity in the base of
the tooth. The height of the clear dentinous area corre-
sponds to the height of the tooth above the bone base in
the original specimen, suggesting that the unbranching
tubules are the orthodentine of the pallial tooth tissue,
and the tubules rising up from the pulp cavity are cir-
cumpulpal tissue, surrounded by bone. Another small
jaw fragment MMMCO05779 from GSNSW locality C231
had three higher, conical teeth, in which the tip appears
on superficial examination to be a different tissue to the
rest of the tooth (Fig. 4E—4F). This different appear-
ance is probably caused by hyphal borings in the tip,
based on MMMCO05780, a vertical sagittal section of
the middle tooth (Fig. 4G—4H). This section shows the
primary (pallial) tooth tissue contains unbranching den-
tine tubules; this tissue extends down the sides as well
as on top of the secondary (circumpulpal) dentinal tis-
sue, with no clear demarcation between the outer and
inner dentine layers. The teeth appear to have a very
thin outer birefringent layer on one side (Fig. 4D), but it
is unclear if the dentine tubules extend into this layer.

An acrodin cap on teeth is one of the 10 ‘key features’
for the Actinopterygii recognized by Lu et al. (2016).

Figure 4. Isolated teeth of Ligulalepis toombsi from the Troffs and Gleninga formations, morphology and histology. A-B, Jaw
fragment MMMCO04754 with five teeth in lingual and labial views, greyscale and colour light microscope images; C-D, vertical
section MMMCO04755 of the tooth at rightin (A); C, unpolarised; D, Nomarski optics; E-G, jaw fragment MMMCO05779 from C231
with three ankylosed teeth (broke up during ESEM); E, SEM of fragment before breakage; F, middle tooth of the jaw fragment,
light microscope image; G, vertical section MMMCO05780 of the tooth in (F); cg, collar ganoine; d, orthodentine; h, hyphal bor-
ings; pc, pulp cavity; t, differentiated tooth tip; scale bars = 1 mm in A-B, 0.1 mm in C-H.
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Teeth with a superficial enameloid layer are found in
some stem osteichthyans. Zhu et al. (2009, suppl. 2,
fig. 9c-9e) noted that Guiyu oneiros, a taxon that is
perhaps the most basal stem sarcopterygian, has teeth
with an enameloid outer layer but lacking an acrodin
cap. Meemannia eos, recovered by Lu ef al. (2016) as
the most basal actinopterygian, also lacks an acrodin
cap and it is unknown whether its teeth have enameloid
or not. It is only in actinopterygians more derived than
Cheirolepis that an acrodin cap is generally considered
to be present. However, the histological structure of
teeth in very few Devonian actinopterygians is known,
with identification of acrodin sometimes based on sur-
ficial appearance (i.e., the tip is shinier than the rest of
the tooth) rather than histology (e.g., Giles et al., 2015b,
suppl. fig. 6d). The identification of an acrodin cap in
tooth thin section MMMCO04755 by Schultze (2016)
was an interesting —and apparently controversial—
observation. Based on the thin sections MMMCO04755
and MMMCO05780 which are both assigned here to L.

toombsi, we now think that acrodin is not present, and
the tissue previously identified as such in the teeth is
orthodentine.

Dermal pectoral girdle MMMCO05781 (incomplete
cleithrum, possibly with postcleithrum)

This distinctive, probably compound element (bro-
ken into four pieces) from GSNSW locality C595 has
a maximum length of 3 mm along the dorsal margin,
and a maximum height of 4.5 mm as preserved. The
ornament comprises shiny flat petal-like tubercles with
subparallel ridges (Fig. 5A, 5B, 5E). Pores open out
through and between the tubercles. An overlap area
extends along the outer surface of the ventral edge,
presumed to be where it was overlapped by the clav-
icle. The anterior margin is smooth and concave (Fig.
5A, 5C-5E). The dorsal margin has broken off ante-
riorly; the posterior margin is preserved on the upper
fragment (Fig. 5F), but has broken off the lower pos-
terior fragment (Fig. 5G). Bone is thickest along the

Figure 5. Dermal shoulder girdle MMMCO05781 of Ligulalepis toombsi from locality C595, Troffs Formation. A-B, ESEM images
of lateral view of fragments; C, sketch of medial view; D-H, 3D scan images, D, medial view; E, lateral view; F, posterior view
of upper fragment; G, posterior view of anterior middle fragment; H, ventral view of lower fragment; oa, overlap area; p, pore;

su, ?suture line; scale bars =1 mm in A, 0.5 mm in B.
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anterior edge, with a rounded ridge running along this
margin on the internal surface (Fig. 5C, 5D). Behind
the ridge, the surface is smooth and pierced by several
foramina aligned parallel to the vertical fracture edge
(Fig. 5D). A lower ridge extends posterodorsally from
the ventral end of the anterior edge. Ornament on the
upper fragment has a narrow vertical gap near its cen-
tre, aligned with a slight swelling on the internal sur-
face, possibly marking a suture line.

Comparison. The general shape of the cleithrum cor-
responds to that of Devonian actinopterygians includ-

ing Cheirolepis, Moythomasia, and Mimipiscis. As
the posterior edge is not preserved, it is not known if
the element had a posterior embayment for the pec-
toral fin, as seen on these other taxa, but based on
the shape and ornament it appears unlikely to have
had a spinal process like that of stem sarcopterygians
Psarolepis Yu, 1998, Guiyu Zhu, Zhao, Jia, Lu, Qiao,
& Qu, 2009, and Sparalepis Choo, Zhu, Qu, Yu, Jia,
& Zhao, 2017. Friedman and Brazeau (2010, fig. 6)
modified Schultze and Cumbaa’s (2001) interpretation
of the dermal shoulder girdle in Dialipina, identifying a

Figure 6. Other dermal bones of Ligulalepis toombsi. A—B, Spine fragments from locality C657, Troffs Formation; A, SEM image
of spine fragment MMMCO05777; B, thick partial transverse section MMMCO05778 of spine fragment (thickness of the section
shows as the blue above the thin enamel layer); C—F, dermal plate, incomplete ?lateral gular MMMCO05785 from Caravan Point
locality; C—-D, SEM images of external surface; E-F, 3D scan images showing edge and internal views; G, vertical longitudinal
thin section MMMCO05786 of plate fragment, riddled with fungal or algal borings; H-J, vertical thin sections of dermal bone from
C595, Troffs Formation; H-I, vertical longitudinal section MMMCO05782; J, vertical transverse section MMMCO05783; cb, cellular
bone base; d, dentine; e, enamel; v, vascular canal or space; scale bars =1 mmin A, C, 0.5 mmin D, 0.1 mm in B, G—J.
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supracleithrum, postcleithrum and cleithrum. It seems
probable that the vertical ornament gap on the upper
Ligulalepis fragment is along a suture line between
the cleithrum and postcleithrum, with the latter being
complete. However, the basal bone layer is continuous
under both elements, with no evidence of separation
between them. Anteriorly, the ornament appears con-
tinuous between the upper and lower fragments, indi-
cating that they are both parts of the cleithrum rather
than being the cleithrum plus a supracleithrum. In
Dialipina the postcleithrum is large relative to that in
more advanced osteichthyans (Friedman & Brazeau,
2010, fig. 6B); if correctly interpreted, the Ligulalepis
postcleithrum is also relatively large, with both these
taxa thus differing from younger, actinopterygian taxa
which had only a small, scale-like postcleithrum, if they
had one at all (Gardiner, 1984, p. 374). Presence of
a clavicle is inferred from the clearly demarked over-
lap area anteroventrally on the cleithrum. Ornament on
this dermal complex is comparable with that on der-
mal shoulder girdles of stem osteichthyan Andreolepis
hedei (Janvier, 1978, pl. 1) and actinopterygian Chei-
rolepis trailli Agassiz, 1835 (Pearson & Westoll, 1979,
fig. 12a—12c) where the ornament also comprises short
ridges and flat tubercles. The posterodorsally directed
ridge on the internal surface probably represents an
attachment area for the scapulocoracoid.

Spine-like elements

The incomplete but distinctive structure MMMCO05777
from GSNSW C657 has a circular cross-section and
is ornamented with closeset enamel?-covered longitu-
dinal ridges with oblique microridges along their sides
(Fig. 6A), identical to the ridges on the skull fragment
(Fig. 2). A transverse thin section MMMCO05778 of an
end of a fragment of a similar element (Fig. 6B) shows
a thin compact inner layer around the central cav-
ity, a large calibre longitudinal canal underlying each
ridge with fine dentine tubules radiating out towards
the external surface of the ridge. A single thin outer
enamel? layer is barely distinguishable.

Slender ornamented spines are not known from any
stem osteichthyans. Lophosteus Pander, 1856 has
robust spines with an open pulp cavity (Gross, 1969,
fig. 3D-3J; Jerve et al., 2016, figs. 6-13), resembling
the prepectoral and prepelvic spines of climatiid acan-
thodians in having inclined ribbed tubercles (e.g., Bur-
row et al., 2015, fig. 2A, 2H). The spines we assign
to Ligulalepis also differ from the spines of diplacan-
thid and ischnacanthiform acanthodians: those spines
have smooth longitudinal ridges, but have a median
sulcus along the trailing edge of the spines and lack the
oblique microridges (e.g., Burrow et al., 2016, 2018).
Psarolepis, Guiyu, and Sparalepis have robust dorsal
and pectoral spines extending from basal plates. In
Psarolepis the spine surface is a shiny enamel pierced
by rows of large pores (Zhu & Schultze, 1997, fig. 3)
as typical of cosmine, whereas in Guiyu (Zhu et al.,

2009, fig. 2c, 2d) and Sparalepis (Choo et al., 2017,
fig. 3C) the dorsal spines appear to have smooth lon-
gitudinal ridges. At least one specimen of Dialipina
salgueiroensis Schultze, 1968, a taxon recovered in
most recent analyses as the most basal osteichthyan,
appears to have multiple elongate rays or spines in an
indeterminate position (CMN And8-3-29; Fig. 7A-7B).
Perhaps the spine like element from Ligulalepis could
be a structure comparable to those elements, although
the Dialipina spines have been fractured lengthwise
and few details, other than their unjointed structure,
can be distinguished. Zylberberg et al. (2015) exam-
ined the histological structure of scales, fulcra and lepi-
dotrichia in Cheirolepis canadensis (\Whiteaves, 1881),
showing that even the unsegmented basal ends of the
lepidotrichia are formed of two hemisegments, and ful-
cra are essentially elongate scales; both differ from the
cylindrical structure of MMMCO05777. Burrow (1994,
figs. 4n, 40, 5g) showed that Ligulalepis had relatively
‘normal’ (cf. actinopterygian) elongate, interlocking lep-
idotrichia. We can only conclude that Ligulalepis had
spine like elements, but their position on the body is
unknown.

Figure 7. Dialipina salgueiroensis CMN And8-3-29 from
the Lower Devonian Bear Rock Formation; Anderson River,
western Canadian Arctic. A, Whole specimen; B, closeup of
spine-like elements; scale bar = 10 mm in A.

Gular plate MMMC05785 from Wee Jasper

This incomplete, rhombic dermal plate from Wee Jas-
per locality WJ3 has wide unornamented overlaps with
a ‘frilled’ margin along the two anterior edges (orienta-
tion inferred from the ornament layout), and ornament
comprising elongate flat, overlapping tubercles/short
ridges oriented parallel to the presumed long axis of the
element (Fig. 6C—6E). It appears to have been a slightly
asymmetric element when complete. The frilled margin
is more elaborately developed along the left edge (Fig.
6C), and there is a curving ridge parallel to this edge on
the internal surface (Fig. 6F). Pores open out on and
between the tubercles (Fig. 6D); the inner surface is
smooth with scattered canal openings (Fig. 6F).

Comparison. Unpaired median gular plates have a
rhombic shape similar to that presumed to be the orig-
inal shape of this element, however they are more or
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less symmetric. Also, median gulars usually lack, or
have a minimal, unornamented margin (e.g., Frasnian
actinopterygians Mimipiscis toombsi and Moythomasia
durgaringa (Gardiner, 1984, figs. 97, 100, respectively)
and Raynerius splendens (Giles et al., 2015b, fig. 1)).
Of other possible identifications, lateral gular plates
are also asymmetric, subrhombic, with ornament ori-
ented along the long axis. Although in some taxa the
plates lack or only have minimal unornamented edges
(e.g., M. durgaringa Gardiner, 1984, fig. 100), other
taxa have wide overlap areas on the anterior part of
the plate (e.g., Wendyichthys dicksoni and Cyracorhis
bergeraci Lund & Poplin, 1997, figs. 4, 16B). The inter-
clavicles of Mimipiscis and Moythomasia are elongate
with a pleated margin along the two posterior edges
(Gardiner, 1984, figs. 130, 134), the opposite arrange-
ment to that in the Wee Jasper plate, and they have
only a small central ornamented area surrounded by
expansive smooth areas. It seems most likely that
MMMCO05785 is a lateral gular plate.

Histological structure of dermal plates

A fragment of plate MMMCO05786 from Wee Jasper
was sectioned vertically through the long axis of orna-
ment ridges to show the histological structure (Fig.
6G), confirming that the ornament has single layered
enamel covering each tubercle or ridge. Pores that
penetrate the ornament ridges, or open out between
the ridges and tubercles, connect to the vacuous canal
network in the spongiose layer between the ornament
and the basal bone layer. As in the spine, each ridge
has a longitudinal canal near the base from which the
fine dentine tubules radiate towards the outer surface.
Dermal bone fragments from GSNSW C595 were also
sectioned vertically along the ridges (Fig. 6H-61) and
transversely across the ridges (Fig. 6J). These sec-
tions MMMC05782 and MMMCO05783 show the same
composition, but their better preservation shows the
lamellar cellular bone forming the basal layer, as also
originally identified by Schultze (1968, fig. 5) in L.
toombsi scales. Schultze et al. (2021, p. 41) noted that
basal bone is cellular in “nearly all lower actinoptery-
gian scales”.

Comparison. Many late Silurian—Early Devonian taxa
have been resolved as stem osteichthyans, or basal
actinopterygians, or basal sarcopterygians, but with lit-
tle consensus about their relationships; Ligulalepis and
Meemannia are the only taxa which have been recov-
ered in all three positions in various cladistic analyses.
The work by Lu et al. (2016, fig. 1F) elucidating the
relationships of Meemannia indicated its dermal bones
had a histological structure with a single layered enamel
covering a dentine layer, pore openings on the dermal
bone surface, leading into a canal network in the base
of the ornament layer. Lu et al. (2016, p. 1) noted that
“Meemannia presents an intriguing mosaic of charac-
ters: histology interpreted as a precursor to the “cos-
mine” of rhipidistian sarcopterygians (lungfishes plus

tetrapods) combined with an undivided braincase and
skull roof resembling that of actinopterygians”. How-
ever, the canal networks in actinopterygians (also
Andreolepis, e.g., Qu et al., 2017, fig. 4, and Ligula-
lepis, see Schultze, 1968, fig. 4) differ from the pore
canal network of sarcopterygians. In actinopterygians,
Andreolepis, and Ligulalepis, the pores between orna-
ment tubercles and ridges on dermal bone and scales
open to canals running into the horizontal vascular
canal network underlying the dentine; Andreolepis pos-
sibly also has rare pores leading to separate cavities
(Qu et al., 2017). The surface of Meemannia dermal
bone resembles that of basal sarcopterygians, with a
flat surface pierced by more or less regularly arranged
large pores (Zhu et al., 2010, fig. 3B), which were con-
sidered to lead into a pore canal network with flask-
shaped pore cavities. Horizontal canals connecting
adjacent pore cavities and also dentinal pulp cavities
were both described as extending out from the pore
cavities, rather than forming separate networks. Lu
et al. (2016) considered that the pore distribution and
canal network is very similar to that of actinopterygian
Cheirolepis trailli and basal sarcopterygian Psarolepis
romeri (Lu et al., 2016, fig. 3). Ligulalepis differs from
these taxa in having a histological structure of der-
mal bone (Fig. 6G-6J) and scales (Schultze, 1968,
fig. 5) more similar to that of actinopterygians lacking
superposed enamel/ganoine layers, such as Moytho-
masia (Jessen, 1968, fig. 6; Gardiner, 1984, fig. 143;
Schultze, 2016, fig. 5).

Of the other basal osteichthyans, Sparalepis tingi
shows a similar density of pores on dermal bones as
in Meemannia, but has ornament ridges on scales
and some dermal bones (Choo et al., 2017, figs. 3, 5).
Guiyu oneiros (Zhu et al., 2009, fig. 4) has more distinct
ornament ridges, presumably with small pore openings
at their bases that are not visible in published images.
Unfortunately, histological structure is unknown for
both Sparalepis and Guiyu. In basal sarcopterygian
Psarolepis romeri, separate pore canal and vascular
canal networks are developed (e.g., Qu et al., 2017,
figs. 5, 9), with an organisation viewed as transitional to
the cosmine structure of more derived sarcopterygians.
In actinopterygians and Ligulalepis, however, the sur-
face is covered with ridges and tubercles bearing dis-
tinctive oblique microridges, with a seemingly irregular
arrangement of pores of vascular canals opening out
between the ornament ridges. Sometimes the canals
extended up through the ornament, presumably when
the ridges and tubercles grew round them (e.g., Fig.
5A, 5B).

Phylogenetic analysis

As noted earlier, recent cladistic analyses of early ver-
tebrate relationships (e.g., Lu et al., 2017, fig. 3; Clem-
ent et al., 2018, fig. 10A) have shown ’Ligulalepis’ as
a stem osteichthyan, although King et al. (2017, fig.
3) and Zhu et al. (2021, fig. S4A) recovered the taxon
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as a stem actinopterygian in BEAST2 and strict con-
sensus trees respectively. Based on the new material
described here, and previously described scales, we
have added codings of scale and post-cranial char-
acters for Ligulalepis (Supplementary Information),
and reanalysed the character matrix of Clement ef al.
(2018), which is based on that of Lu et al. (2017). Two
additional characters 45 and 156 were added. Our TNT
parsimony analysis recovered 169 trees with a length
of 808 steps; Cl 0.369 RI 0.792. The strict consensus
tree (Fig. 8) is identical to that of Clement ef al. (2018,
fig. 10A); examples of other trees are given in the sup-
plementary figure. Thus even with the new post-cranial
morphological and histological data, our strict consen-
sus result still supports Ligulalepis as a basal osteich-
thyan, crownward to Dialipina, as the sister group to all
other osteichthyans. This position concurs with the con-
clusions of Friedman and Brazeau (2010), who listed
the osteichthyan synapomorphies found in Ligula-
lepis: rhombic scales with peg-and-socket articulation;
enamel; large dermal bones contributing to skull roof;
endochondral bone; ethmoid and sphenoid regions of
neurocranium co-mineralized, with probable perichon-
dral enclosure of nasal capsules. Those authors also
noted that Ligulalepis lacks both actinopterygian and
sarcopterygian synapomorphies.

DISCUSSION AND CONCLUSIONS

The discovery of new material for Ligulalepis adds to
our knowledge of basal osteichthyan morphology. Sev-
eral of the new Ligulalepis elements described here
show unexpected features. The most notable example
is the jaw element apparently comprising a compos-
ite jugal and maxillary bone. The only Palaeozoic fish
known to have a comparable dermal element extend-
ing between the postero-ventral edge of the orbit and
the lower margin of the upper jaw are coelacanths, with
their adentate jugals.

Otherinteresting elements are the spine fragments. Cer-
tainly, no actinopterygians are known that have spines
of this type, forming tapering cylinders ornamented
all round with longitudinal enamel-topped ridges. The
closest structures we can identify are the spines on the
median dorsal plate and cleithrum in stem osteichthyan
Sparalepis (Choo et al., 2017, fig. 2A). Scales compris-
ing the squamation of Sparalepis look similar to the iso-
lated scales of ‘Ligulalepis’ yunnanensis Wang & Dong,
1989 found in the Ludlow Miaokao and Kuanti forma-
tions, overlying the Yuejiashan Formation from which
Guiyu and Sparalepis were recovered. Scales of both
Sparalepis and ‘Ligulalepis’ yunnanensis share many
features with those of L. foombsi. As well as being sim-
ilarly proportioned in length and width to Ligulalepis
flank scales, Sparalepis tingi scales have a promi-
nent anterodorsal process (Choo et al., 2017, fig. 6C,
labelled as the peg) like the diagnostic tongue-like one
on the Ligulalepis toombsi holotype scale (Schultze,
1968, p. 345, fig. 1a, 1b), and both Sparalepis and ‘L.f

yunnanensis have primary and secondary keels on the
inner surface of the scale base (Choo et al., 2017, fig.
6A—6D), also like those deemed diagnostic for Ligu-
lalepis (Schulize, 1968, p. 345, figs. 1b, 3b). By our
assessment, the Sparalepis posterior flank squamation
and scales figured by Choo et al. (2017, fig. 6) lack
a peg, but typically mid and posterior flank scales on
actinopterygians (also inferred for L. toombsi, Burrow,
1994) lack or have a reduced peg (e.g., Esin, 1990). If
Sparalepis scales originally had more prominent pos-
terior denticulations on the ornament ridges (possibly
obscured/removed by manual preparation of the spec-
imens), their morphology would compare very closely
with those of ‘L.’ yunnanensis, as far as can be seen
from surface examination, differing mainly in the latter
showing overlapping/overgrowth of ornament ridges.
Indeed, Schultze et al. (2021) assigned this species
to Sparalepis. Histological structure of Sparalepis tingi
scales has not yet been described.

Our reassessment of the histological structure of Ligu-
lalepis teeth, indicating that an acrodin cap is not pres-
ent in any of the thin sections examined, resolves the
anomaly caused by the recent mis-identification of an
acrodin cap (Schulize, 2016), a feature deemed diag-
nostic for actinopterygians more crownward than Chei-
rolepis. Some features of Ligulalepis —in particular, the
scale and dermal bone ornament morphology and his-
tology— are more actinopterygian-like than in Meeman-
nia, which resolves as more highly derived in most phy-
logenetic analyses. However, the cranial characters for
Ligulalepis apparently outweigh the histological and
postcranial characters, and our phylogenetic analysis
reiterates its position as a stem osteichthyan (Fig. 8;
Supplementary Fig.).

Dialipina
Ligulalepis

Meemannia
Cheirolepis
1 2 — Howqualepis
——— Raynerius

Mimipiscis

Moythomasia
Kentuckia
Lawrenciella
Kansasiella

Ptyctolepis
- Styloichthys
Eusthenopteron
Gogonasus
Powichthys
Glyptolepis
Porolepis
Youngolepis
Diabolepis
Dipterus
Uranolophus
r— Onychodus
— Qingmenodus
Gavinia
Diplocercides
I\G/ﬁg_uashaia
— Guiyu
Sparalepis
Psarolepis
Achoania

Figure 8. The osteichthyan branch of the strict consensus
tree of 169 shortest length trees from our cladistic analysis: 1
is the osteichthyan node, 2 is the actinopterygian node.
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Supplementary information. Supplementary material for this
manuscript is available at the Spanish Journal of Palaeontol-
ogy web-site (https://sepaleontologia.es/spanish-journal-pal-
aeontology/) linked to this contribution. Mesquite file Burrow_
Ligulalepis.nex and text file Burrow-ligulalepis textdata give
the nexus matrix for the phylogenetic analysis, character list
and changed codings list are given in Burrow_char_list.doc.
The supplementary figure is denoted Burrow_suppl_fig.pdf.
CT data for the 3D scans used in this study is available on
Figshare (https://figshare.com/account/articles/22696975).

Supplementary Figure. Phylogenetic trees generated from
our cladistic analysis: stem and osteichthyan taxa displayed,
with stem and crown group chondrichthyans omitted. A, Strict
consensus of 169 shortest length trees; B, bootstrap analy-
sis; C, strict consensus tree showing synapomorphies com-
mon to 169 shortest length trees.
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