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Abstract

The earliest Carboniferous Period (Tournaisian stage) is a crucial interval in actinopterygian
evolution, but the actinopterygian fossil record for this stage is dominated by flattened specimens
referred to inconsistently defined summary taxa. The locality of Blue Beach in Nova Scotia
preserves Tournaisian-aged strata of the Horton Bluff Formation and offers a critical window
into the actinopterygian fauna. Significantly, actinopterygian specimens from this locality are
often preserved in three dimensions, so even partially complete or fragmentary material provides
valuable data on actinopterygian morphology and evolutionary dynamics. Here, we describe two
partial actinopterygian neocrania from Blue Beach. We review actinopterygian neocranium
morphology and the dorsal arterial system to provide a comparative basis identifying these new
specimens. We find one neocranium (NSM 017.GF.017.007) is most like early-diverging
actinopterygians from the Devonian period; the other (NSM 017.GF.017.004) is most similar to
later-diverging Carboniferous actinopterygians. This result underscores the diversity of the
actinopterygian fauna preserved in the Horton Bluff Formation and suggests that this fauna was
mosaic in composition and non-continuous with derived European actinopterygian faunas.
Furthermore, this result contributes to an emerging picture of a gradual transition between

Devonian and Carboniferous actinopterygian faunas.

Keywords

Actinopterygii, Carboniferous, braincase, phylogeny, neocranium, Tournaisian

Introduction
A clear shift in the taxonomic make-up of vertebrate faunas occurred at the Devonian-
Carboniferous boundary (Sallan and Coates 2010). One prominent hypothesis holds that this

faunal turnover was the consequence of a first-order mass extinction (the Hangenberg) affecting
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vertebrates (Sallan and Coates 2010). However, a full understanding of the tempo and mode of
this transition requires better knowledge of lineage termination and origination. The
diversification of early actinopterygians forms a major part of this picture of faunal change, but
our knowledge of their interrelationships remains poor (Giles et al. 2017; Coates and Tietjen
2018). A series of recurring Devonian-aged clades have be identified in phylogenetic analysis —
including a monophyletic Cheirolepis, Howqualepididae, Moythomasiidae, and Mimiidae (Choo
2012) — but Carboniferous actinopterygians are often recovered in a broad radiation with few
stable clades (Giles et al. 2015b; Giles et al. 2017; Wilson et al. 2018; Choo et al. 2019) and their
relationship to Devonian actinopterygian groups is unclear (Giles et al. 2022; Henderson et al.
2022a). This instability confounds our understanding of the Devonian-Carboniferous transition
in vertebrates as the persistence or loss of actinopterygian lineages cannot be confidently
assessed.

New three-dimensionally preserved actinopterygian cranial material of typically
Devonian forms in the Carboniferous (e.g., Avonichthys manskyi, of Tournaisian age (Wilson et
al. 2018)) has demonstrated greater actinopterygian survivorship than expected under a strict
mass extinction scenario by adding, as a minimum, a single boundary-crossing lineage.
Additionally, typically Carboniferous forms have now been described from the Devonian (e.g.,
Palaeoneiros clackorum, of Famennian age (Giles et al. 2022)). P. clackorum was recovered
among a clade of derived and otherwise exclusively Carboniferous actinopterygians, ‘pulling’
the divergence ages of many actinopterygian lineages into the Late Devonian period (Giles et al.
2022). Together, these new taxa imply that actinopterygians underwent a cryptic diversification

in the Late Devonian period, survived the Hangenberg extinction relatively unscathed, and then
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diversified more conspicuously along morphological and functional lines in its aftermath (Giles
et al. 2022; Henderson et al. 2022a; Henderson et al. 2022b).

Three-dimensionally preserved actinopterygian cranial material is informative but
particularly rare from the early Carboniferous period. A handful of well-described early
Carboniferous taxa are known from primarily two-dimensional material (e.g., Styracopterus
Sfulcratus and Fouldenia ischiptera (Sallan and Coates 2013)), but summary taxa generally
dominate the actinopterygian fauna in this interval (Mickle 2017; Henderson et al. 2022b). Early
actinopterygian summary taxa (e.g. Elonichthys, Palaeoniscus, Rhadinichthys) lack consistent
definitions and the referred material is often poorly preserved and undiagnosable. Despite
containing the greater part of described Carboniferous-Permian actinopterygian diversity, these
fossils are rarely included in phylogenetic analyses (Mickle 2017).

The locality of Blue Beach, Nova Scotia preserves a diverse earliest Carboniferous
(Tournaisian) actinopterygian fauna and has the advantage of preserving three-dimensional
material. Previous catalogues of actinopterygian diversity at this locality list either three
(Canobius, Elonichthys, and Rhadinichthys) or four (Acrolepis, Elonichthys, Rhadinichthys, and
Palaeoniscus) genera (Mansky and Lucas 2013). But this restricted fauna belies the abundance
of actinopterygian fossil material, including otherwise rare endoskeletal material. The high-
energy taphonomic regime at this site (Anderson et al. 2015) has imposed a filter with few
exceptions: most braincase specimens include only the anterior part of the neocranium (occipital
ossification). The morphology in this region is functionally related to the attachment of the gills
and the arterial circulation to the head (the dorsal arterial system) and has provided the basis for
previous evolutionary studies and narratives (e.g., Ridewood 1899; Patterson 1975; Schaeffer

and Dalquest 1978) prior to the advent of phylogenetic systematics and cladistic methods.
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Neocranial morphology related to the dorsal arterial system remains a rich source of character
data, allowing for actinopterygian neocrania from Blue Beach to be placed in morphological and
evolutionary context using a comparative approach.

Here, we review the morphological disparity of the early actinopterygian dorsal arterial
system, define morphotypes, and describe and contextualize two new actinopterygian neocrania
from the Tournaisian Horton Group of Blue Beach, Nova Scotia in order to build our
understanding of actinopterygian evolution across the Devonian-Carboniferous boundary. We
hypothesize that actinopterygians experienced relatively high survivorship across the
Hangenberg extinction, resulting in a mosaic early Carboniferous actinopterygian fauna. Thus,
we predict that actinopterygian neocrania belonging to Devonian and Carboniferous
morphotypes should both be present in the Tournaisian actinopterygian fauna.

Material and methods

Terminology

The neurocranium of almost all early actinopterygians is made up of two ossifications
separated by the ventral otic fissure, paired vestibular fontanelles and otico-occipital fissures, and
the posterior dorsal fontanelle (Schultze et al. 2022). This produces an L-shaped division such
that a ventral extension of the posterior ossification juts forward into the otic region, below the
more anterior ossification (Schultze et al. 2022). Schultze et al. (2022) termed the overlapping
anterior ossification the paleocranium and the underlapping posterior ossification the
neocranium; we follow this terminology here.

Among crown gnathostomes, oxygenated blood is collected from the gills by a series of
efferent epibranchial arteries (Liem et al. 2001) (Fig. 1). Elasmobranchs, lungfish, and some

actinopterygians additionally receive oxygenated blood from the hyomandibular region via the
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efferent hyoidean artery (Poplin 1975) (Fig. 1). These efferent arteries join a dorsal arterial
system made up of lateral dorsal aortae which merge posteriorly to form a dorsal aorta (Fig. 1);
the dosal aorta carries the oxygenated blood further posteriorly towards the body (Liem et al.
2001). In Palacozoic non-neopterygian actinopterygians, the lateral dorsal aortae receive blood
from both systems, but some efferent epibranchial arteries may join the dorsal aorta directly
instead (Poplin 1975). The presence of an aortic canal investing the dorsal aorta is considered
diagnostic for Actinopterygii (Gardiner 1984) and the open dorsal arterial system accommodated
exclusively by grooves on the neocranium in some Devonian actinopterygians (Cheirolepis
trailli and Howqualepis rostridens) is interpreted as symplesiomorphic with osteichthyans (Giles
et al. 2015a). Small occipital arteries may additionally leave the dorsal aorta to irrigate the
posterior part of the head (Gardiner 1984). In Palaeozoic non-neopterygian actinopterygians,
oxygenated blood was carried anteriorly to the rest of the head by the internal carotids as well as
a second set of arteries that diverged anterolaterally from the lateral dorsal aortae, climbed
dorsally to reach a notch or foramen on the lateral commissure and passed into the jugular canal,
then turned anteriorly towards the orbit (Poplin 1975; Gardiner 1984).

The identity of these arteries has been controversial. Early authors (e.g. Allis (1897),
Watson (1928), and Rayner (1951) termed them the external carotid, but later authors (e.g.,
Poplin (1974, 1975), Patterson (1975), Jarvik (1980), and Gardiner (1984) identified these
structures as representing the orbital artery. By contrast, Giles et al. (2015a) observed a laterally
curving groove issuing from the grooves for the lateral dorsal aortae and terminating in a
foramen on the ventral surface of the anterior neocranium of Cheirolepis trailli and interpreted it
as housing the efferent hyoidean artery. Giles et al. (2015a) then reinterpreted the grooves and

foramina for the “orbital artery” in other Palacozoic actinopterygians as accommodating the
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efferent hyoidean artery. This interpretation has been followed by subsequent authors (e.g.,
Pradel et al. (2016) and Caron et al. (2023). Giles et al. (2015a) made their argument from
position, since the groove and foramen for the “orbital artery” curve posterolaterally and not
anteriorly (Giles et al. 2015a; p. 856): “Positionally, this [orbital artery identity] is implausible: it
is unlikely that the orbital artery would turn posteriorly, away from the orbit.”

However, the orbital artery enters the jugular canal in many actinopterygians before
turning towards the orbit, whether through an independent opening or through the canal’s open
posterior end (Patterson 1975; Jarvik 1980; Gardiner 1984) and may curve posteriorly to do so
(e.g. Polyodon spatula (Danforth 1912)). On the contrary, it is unclear why a blood vessel
collecting from a hemibranch inferred to be present in the hyoid arch (Poplin 1975) should pass
into the jugular canal. Indeed, osteological correlates of the efferent hyoidean artery seem to be
absent in extant actinopterygians possessing a hemibranch in the hyoid arch (e.g.,
Lepisosteiformes (Grande 2010; Thiruppathy et al. 2022)). Giles et al. (2015a) reinforced their
conclusion by comparison to the putative stem gnathostome Janusiscus schultzei (Giles et al.
2015c¢) and the crown chondrichthyan Chlamydoselachus anguineus (Allis 1923). Comparison to
broader gnathostome taxa seems apt for Cheirolepis trailli, since the condition of the groove
transmitting the dorsal aorta in Cheirolepis is symplesiomorphic with osteichthyans (Poplin
1975), but less appropriate for more derived actinopterygians with enclosed aortic canals.
Therefore, we treat the groove and foramen passing from the lateral dorsal aorta to the jugular
canal in many Palaeozoic non-neopterygian actinopterygians as representing the orbital artery
but accept that the groove and foramen on the anterior part of the neocranium in Cheirolepis
trailli could plausibly represent the efferent hyoidean artery.

Material
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NSM 017.GF.017.007 is in isolated specimen comprising the ventral otic-region
extension and partial occipital region of an actinopterygian neocranium. NSM 017.GF.017.004
comprises the ventral otic-region extension and partial occipital region of an actinopterygian
neocranium in loose association with a partially preserved dentary and gill arch elements. Both
specimens were collected by CFM (Blue Beach Fossil Museum) in 2017. NSM 017.GF.017.007
and NSM 017.GF.017.004 will be reposited at the Nova Scotia Museum after publication.

Locality

NSM 017.GF.017.007 was found, in situ, in shales of the Blue Beach Member of the
Horton Group. NSM 017.GF.017.004 was found as part of a loose slab in the ‘gully-slide
bonebed’, which is made up of slumped sandstones from the Hurd Creek Member of the Horton
Bluff Formation. The geological context of the Blue Beach vertebrate fauna has been
summarized and reviewed recently by numerous authors, including Mansky and Lucas (2013)
and Anderson et al. (2015). Strata of the Horton Bluff Formation at Blue Beach are cyclical and
form a coarsening/shallowing-up sequence (Martel and Gibling 1991; Tang et al. 2024). Marine
influence appears to have been intermittent and greatest at the base of the exposed section; the
palaeoenvironment is interpreted as a lake ranging in depth from nearshore to offshore below
wave base (Martel and Gibling 1996; Tang et al. 2024).

Methods

Specimen preparation and photography

CDW prepared NSM 017.GF.017.007 and partially prepared NSM 017.GF.017.004
under an optical microscope using a Paleotools Microjack #1, #2, and #3 airscribe. Allan Lindoe

at the University of Alberta completed preparation of NSM 017.GF.017.004 and separated the
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preserved neocranium and closely associated elements from the larger ‘gully-slide bonebed’
block. Both specimens were photographed with a Nikon D200 DSLR and a macro lens.

UCT scanning and digital imaging

CDW puCT scanned both specimens in the McCaig Institute for Bone and Joint Health,
University of Calgary, Calgary, Alberta with a Skyscanl173 microCT scanner. CDW scanned
NSM 017.GF.017.007 at 103 kV and 77 pA, with a 1.00 mm aluminum filter and a voxel size of
18.46 um. CDW scanned NSM 017.GF.017.004 at 130 kV and 61 pA, with a 0.25 mm brass
filter and a voxel size of 71.00 um, imported the image stacks into ImageJ (Schneider et al.
2012), cropped them, and downsampled both in the z-axis. NSM 017.GF.017.007 was
downsampled by a factor of three and NSM 017.GF.017.004 by a factor of two. Image stacks
were segmented in Amira 5.4.0.
Results

Review of arterial cephalic circulation of non-neopterygian actinopterygians

Devonian actinopterygians

Cheirolepis trailli (Giles et al. 2015a): Closely-spaced grooves for the lateral dorsal aortae are
present in the anterior portion of the ventral surface of the neocranium. These reach the straight posterior
margin of the ventral otic fissure, recurve laterally, and enter a small foramen interpreted as
accommodating the efferent hyoidean artery. The grooves for the lateral dorsal aortae are joined laterally
by posteromedially directed grooves starting medial to the vestibular fontanelles and accommodating the
efferent epibranchial artery I at a level just anterior to the level of the exit of the vagus nerve. Medial and
anterior to this junction, a small peg marks the attachment of the aortic ligament. Posterior to this
junction, the grooves for the lateral dorsal aortae and epibranchial arteries I merge to form a single groove
for passage of the dorsal aorta — this is open for its entire extent. The dorsal roof of this groove is pierced

by a median foramen tentatively identified as serving a branch of the occipital artery.
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Howgqualepis rostridens (Long 1988; Giles et al. 2015a): The grooves for the lateral dorsal aortae
form a posterior-pointing V in their anterior extent. Posterior to the bifurcation point, the dorsal aorta is
carried to the posterior end of the specimen in an open groove. The posterior margin of the ventral otic
fissure appears to be straight.

Raynerius splendens (Giles et al. 2015b): The anterior half of the neocranium is conspicuously
marked by grooves for the lateral dorsal aortae. At the level of the straight posterior margin of the ventral
otic fissure, the grooves are widely spaced, subparallel and pass medial to the articulation facets for the
first infrapharyngobranchial. Posteriorly, the grooves converge as the neocranium expands dorsally along
the axis of the otico-occipital fissure; the grooves converge at the level of the vagus nerve. These grooves
are joined by shallow, poorly defined, and anterolaterally directed grooves that accommodated efferent
arteries. Laterally, the trajectory of the grooves for the lateral dorsal aortae is defined by ridges. These
ossifications continue ventrally and medially to form the floor of the aortic canal posterior to the
bifurcation point of the lateral dorsal aortae. Although the dorsal aorta is enclosed, its floor is marked at
its posterior end by an aortic notch. The lateral walls of the aortic canal, ventral to this notch, appear to be
marked by small foramina (pers. obs.) that probably gave passage to the occipital arteries.

Only one set of foramina, set laterally on the posterior face of the orbit and communicating
posteriorly with the jugular canal, are labelled for the orbital artery. However, a second set of foramina
pierces the outer wall of the jugular canal (pers. obs.) — it seems likely that these gave the orbital artery
passage into the jugular canal, from which it supplied blood to the orbit. This is consistent with previous
interpretations of similar foramina in other Palacozoic actinopterygians (e.g. Kansasiella eatoni (Poplin
1974)).

Mimipiscis toombsi (Gardiner 1984): Posterior to the level of the straight posterior margin of the
ventral otic fissure, the grooves for the lateral dorsal aortae curve around the articulation facet for the first
infrapharyngobranchial to form a posterior-pointing V in the anterior half of the ventral surface of the
neocranium. In some specimens (Gardiner (1984), Figs. 14 and 15), a poorly defined, shallow, and

anterolaterally directed groove appears to branch from the lateral dorsal aortae, similar to the condition in
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Raynerius splendens. The bifurcation point of the lateral dorsal aortae is open in all specimens except for
one idiosyncratic (Gardiner 1984; Choo et al. 2019) specimen in which the enclosed bifurcation point and
subparallel grooves for the lateral dorsal aortae are reminiscent of Pickeringius acanthophorus and
Avonichthys manskyi. The posterior point of the raised triangular area medial to the grooves for the lateral
dorsal aortae alternatively bears a protuberance or ridge for the attachment of the aortic ligament. The
dorsal aorta is enclosed posterior to the bifurcation point of the lateral dorsal aortae — it is variably
pierced, laterally, by one or two foramina that accommodated the occipital artery.

The orbital artery was carried from its division from the lateral dorsal aortae at the ventral otic
fissure in a groove that curves laterally and posteriorly around the articulation facet for the first
infrapharyngobranchial before beginning a dorsal climb. This groove terminates in a posterior notch in
the outer wall of the jugular canal which would accommodate the entrance of the orbital artery.

Moythomasia durgaringa (Gardiner 1984; Long and Trinajstic 2010): The neocranium of
Moythomasia durgaringa is incompletely described (Giles et al. 2015b). However, Long and Trinajstic
(2010), fig. 5b) published a photograph of the ventral surface of the neocranium in this taxon. It appears
that the lateral dorsal aortae were carried in widely-spaced, subparallel grooves in the anterior half of the
neocranium, before forming a posterior-pointing V. No ventral foramina communicating with the aortic
canal appear to be present. The bifurcation point of the lateral dorsal aortae is open and the floor of the
aortic canal is marked posteriorly by an aortic notch (Choo et al. 2019).

No groove for the orbital artery is apparent in the photograph (Long and Trinajstic, 2010, fig. 5b),
but a foramen in the outer wall of the jugular canal, lateral and dorsal to the articulation facet for the first
infrapharyngobranchial, is apparent. This is congruent with the lateral reconstruction of Gardiner
(Gardiner 1984), in which a dorsally-directed groove reaches the orbital artery foramen from the ventral
otic fissure.

Palaeoneiros clackorum (Giles et al. 2022): The neocranium of the only known specimen of this

taxon is fragmentary. It is nevertheless significant because it is the only known Devonian actinopterygian
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with an independent ventral foramina communicating with the aortic canal that would have
accommodated efferent epibranchial arteries.

Pickeringius acanthophorus (Choo et al. 2019): The lateral dorsal aortae were carried in widely-
spaced and subparallel grooves posteriorly from the ventral otic fissure in this taxon (Choo et al. 2019,
fig. 3d-f). Posteriorly, these grooves for the lateral dorsal aortae pass separately into canals — the
bifurcation point of the lateral dorsal aortae is enclosed. The dorsal aorta is also enclosed in an aortic
canal and there are no ventral foramina communicating with the aortic canal. There is no aortic notch.

Although the orbital artery is undescribed, there appears to be a foramen in the outer wall of the
jugular canal in a similar position to the orbital artery foramen described in other actinopterygian taxa.

Carboniferous actinopterygians

Avonichthys manskyi (Wilson et al. 2018): Posterior to the straight posterior margin of the ventral
otic fissure, the ventral surface of the neocranium is marked by paired, subparallel grooves for the lateral
dorsal aortae. These diverge anteriorly and curve around articulation facets for the first
infrapharyngobranchial. The bifurcation point of the lateral dorsal aortae is enclosed. The specimen ends
posteriorly, and no foramina piercing the aortic canal are preserved. However, the ventral surface of the
aortic canal is marked by anteriorly divergent grooves (pers. obs.) similar to those interpreted as marking
the passage of efferent epibranchial arteries III and IV in Lawrenciella schaefferi (Pradel et al. 2016).
Incomplete preservation precludes description of the orbital artery.

Coccocephalus wildi (Poplin and Véran 1996): Grooves for the lateral dorsal aortae form a
posterior-pointing V in the anterior half of the ventral surface of the neocranium. These are curved
laterally, just posterior to the posteriorly convex posterior margin of the ventral otic fissure, around the
articulation facets for the first infrapharyngobranchial. Posteriorly and laterally, these grooves are joined
by a shallow pair of anterolaterally directed grooves. Immediately medial to this junction, the triangular
area is marked by a pair of notches — Poplin and Véran (1996) made no identification of these beyond a
suggestion that they might represent orbitonasal arteries. Posterior to this, the bifurcation point of the

lateral dorsal aortae is open, whereas the rest of the dorsal aorta is enclosed. The aortic canal is pierced by
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a ventral and median foramen interpreted by Poplin and Véran (1996) as accommodating efferent
epibranchial arteries 1I-IV and, posterior, lateral, and dorsal to this, by a set of foramina accommodating
the exit of the occipital arteries.

Grooves for the orbital artery curve laterally around the articulation facets for the first
infrapharyngobranchial, then climb dorsally and posteriorly towards a notch on the posterior edge of the
outer wall of the jugular canal.

Cosmoptychius striatus (Watson 1928; Schaeffer 1971): The neocranium of Cosmoptychius
striatus was originally described and illustrated by Watson (1928, fig. 3) from an incompletely ossified
(presumably immature (Schaeffer 1971)) partial neurocranium. Subsequent redescription and new
illustrations by Schaeffer (1971, fig. 8) yielded some differences in the position of foramina for efferent
epibranchial arteries. We follow the latter source here.

Short grooves for the lateral dorsal aortae are restricted to the anterior fifth of the ventral surface
of the neocranium. These curve laterally around the articular facet for the first infrapharyngobranchial.
There is a small foramen posterior to this facet and lateral to the grooves for the lateral dorsal aortae — this
gave passage to efferent epibranchial artery 1. Posterior to this, the grooves for the lateral dorsal aortae
become canals, so the bifurcation point of the lateral dorsal aortae is enclosed. There are no other ventral
foramina piercing the aortic canal, although there is an aortic notch (Schaeffer, 1971, fig. 8). No foramina
for the occipital artery are apparent.

Kentuckia deani (Rayner 1951): Grooves for the lateral dorsal aortae form a posterior-pointing V
in the anterior third of the ventral surface of the neocranium. Immediately posterior to the straight
posterior margin of the ventral otic fissure, the grooves for the lateral dorsal aortae are joined by a pair of
anterolaterally directed grooves for efferent epibranchial artery 1. The bifurcation point of the lateral
dorsal aortae is not enclosed, but the dorsal aorta is enclosed posterior to this point. The aortic canal is
pierced, in the posterior half of the neocranium, by a single median foramen giving passage to efferent

epibranchial arteries. The aortic canal appears to deepen (Rayner, 1951, fig. 9) posterior to the entrance of
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the epibranchial arteries. Posterior and dorsal to this, the lateral walls of the cranial aorta bear two sets of
paired foramina — these accommodated occipital arteries.

The orbital artery is not described. However, a foramen for the orbital artery present on the outer
wall of the jugular canal, dorsal, lateral, and slightly posterior to the ventral otic fissure.

Kansasiella eatoni (Poplin 1974): The anterior part of the ventral surface of the neocranium bears
short and anteriorly restricted grooves for the lateral dorsal aortae. These travel anterolaterally and appear
to intersect the posteriorly convex posterior margin of the ventral otic fissure obliquely. The enclosed
bifurcation point of the lateral dorsal aortae is immediately posterior to the ventral otic fissure (Choo et al.
2019). Posterior to the level of the vestibular fontanelles, the aortic canal is pierced by paired canals that
accommodated efferent epibranchial arteries. These run ventrolaterally and are visible in both lateral and
ventral view. The cranial aorta increases in cross-sectional area posterior to the entrance of the efferent
epibranchial arteries. In the posterior third of the neocranium, the lateral walls of aortic canal are marked
dorsally by paired foramina that accommodated the occipital artery (Gardiner 1984).

The orbital artery curves laterally across the ventral otic fissure then climbs dorsally to a foramen
on the outer wall of the jugular canal.

Lawrenciella schaefferi (Poplin 1984; Hamel and Poplin 2008; Pradel et al. 2016): Grooves for
the lateral dorsal aortae are short, laterally directed, and anteriorly restricted. Posteriorly, these grooves
transition into canals anterior to the level of the vestibular fontanelles and then converge, such that the
enclosed bifurcation point of the lateral dorsal aortae is immediately posterior to the posteriorly convex
posterior margin of the ventral otic fissure (Choo et al. 2019). The aortic canal is pierced, just posterior to
the level of the vestibular fontanelles, by a median, ventral foramen that accommodated epibranchial
arteries. In at least one specimen (Pradel et al. 2016, fig. 5), the ventral surface of the aortic canal is
marked by paired grooves that diverge anteriorly — these likely accommodated a common root of efferent
epibranchial arteries III and IV (Pradel et al. 2016). The dorsal part of the aortic canal is also pierced,

laterally, by foramina for the occipital artery.
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Grooves for the orbital artery diverge from the lateral dorsal aortae and follow the posterior
margin of the ventral otic fissure, curve around articulation facets for the first infrapharyngobranchial,
then travel dorsally and posteriorly to reach a set of foramina dorsal and lateral to the exit of the lateral
dorsal aortae.

Phoebeannaia mossae (Caron et al. 2023):

The dorsal arterial system of this taxon appears very similar to that of Kansasiella eatoni except
in the configuration of the foramina piercing the aortic canal for the passage of the efferent epibranchial
arteries. The anterior part of the neocranium is marked by wide, divergent grooves that accommodated the
lateral dorsal aortae. The anterior end of the aortic canal is defined by the divergence of the grooves for
the lateral dorsal aortae. Unlike Kansasiella eatoni, the aortic canal is pierced by a single median foramen
that accommodated efferent epibranchial arteries posterior to the widening of the of oticooccipital fissure
that accommodated cranial nerve X. Articular surfaces for the first infrapharyngobranchial are present
anterior and lateral to the grooves for the lateral dorsal aortae. An additional set of paired grooves curve
around the articular facets and rise posteriorly towards foramina on the lateral commissure
communicating with the jugular canal; these would have accommodated the orbital arteries.

Woodichthys bearsdeni (Coates 1998): Short, anteriorly restricted grooves for the lateral dorsal
aortae are present on the ventral surface of the neocranium. The bifurcation point of the lateral dorsal
aortae is enclosed; posterior to this, the long aortic canal is pierced medially and ventrally by a single
foramen for efferent epibranchial arteries. No occipital artery is indicated by Coates (1998).

Permian actinopterygians

Luederia kempi (Schaeffer and Dalquest 1978): The ventral surface of the anterior part of the
neocranium is marked by short, subparallel, and anteriorly restricted grooves for the lateral dorsal aortae
running medial to the articulation facet of the first infrapharyngobranchial and lateral to the posteriorly-
extended parasphenoid. The ventral otic fissure is not marked by perichondral bone but is instead filled
with cancellous bone. Grooves accommodating the lateral dorsal aortae and orbital artery are present in

the anterior 1/3" of the neocranium. These grooves transition into canals which are pierced, posteriorly,
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by a pair of more medially set openings for efferent epibranchial arteries. The position of the enclosed
bifurcation point of the lateral dorsal aortae is unclear. The aortic canal is pierced again, posterior to the
level of the vestibular fontanelles, by a median, ventral opening that accommodated other efferent
epibranchial arteries. Dorsal to this, the lateral wall of the aortic canal is marked by a foramen for the
occipital artery.

Grooves for the orbital artery diverge laterally from the grooves for the lateral dorsal aortae and
curve around the anterior edge of the articulation facet of the first infrapharyngobranchial, climb dorsally,
and reach a slot on the outer wall of jugular canal.

Triassic actinopterygians

Pteronisculus stensioi (Nielsen 1942): The ventral surface of the anterior part of the neocranium
is marked by subparallel grooves for the lateral dorsal aortae. Just posterior to the gently posteriorly
convex posterior margin of the ventral otic fissure, these are joined, laterally, by anterolaterally directed
grooves accommodating efferent epibranchial artery I. These grooves curve sharply towards the anterior
and appear to leave the ventral surface of the neocranium obliquely. The grooves for the lateral dorsal
aortae converge slightly, then transition into canals. The enclosed bifurcation point of the lateral dorsal
aortae is slightly posterior to their entrance into canals. The dorsal aorta is pierced, in the posterior third
of the neocranium by a median, ventral foramen accommodating efferent epibranchial arteries. Lateral to
this, the dorsal part of the aortic canal is pierced by a foramen for the occipital artery. The ‘triangular
area’ between the lateral dorsal aortae is marked by a longitudinal trough interpreted by Bjerring (1971)
as an insertion for subcephalic musculature.

The groove for the orbital artery diverges laterally and anteriorly from the lateral dorsal aortae,
crosses the ventral otic fissure, curves posteriorly around the articulation facet of the first
infrapharyngobranchial, and climbs dorsally to reach a foramen in the outer wall of the jugular canal.

Australosomus kochi (Nielsen 1949): Curved grooves for the lateral dorsal aortae mark the
ventral surface of the anterior neocranium. Although these diverge anteriorly, towards the straight

posterior margin of the ventral otic fissure, they remain tightly spaced and define a narrow, raised
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triangular area that bears a median process for the attachment of the aortic ligament (Nielsen 1949;
Patterson 1975). The bifurcation point of the lateral dorsal aortae is open and a long, anteriorly-open slot
in the floor of the neocranium exposes the aortic canal. Lateral to this, the dorsal part of the aortic canal is
marked by a foramen for the occipital artery. The slot is closed at its posterior end and the dorsal aorta is
enclosed up to its exit from the neocranium.

The orbital artery crosses the ventral otic fissure, curves posteriorly and climbs dorsally and
laterally to a foramen on the outer wall of the jugular canal.

Description of NSM 017.GF.017.007

NSM 017.GF.017.007 (Figs. 2-4) comprises the anteroventral portion of an
actinopterygian neocranium, including the ventral otic-region extension and part of the occipital
region. Although the anterior part of the specimen appears complete up to the presumed level of
the ventral otic fissure, it is broken medial to the vestibular fontanelles. The posterior end of the
specimen occurs slightly posterior to the exit of the occipital artery at the level of the notochordal
canal (Figs. 2 and 3).

The anterior portion of the specimen is conspicuously marked by paired, V-shaped,
shallow grooves for passage of the lateral dorsal aortae (Ida, Figs. 2-4). These curve laterally as
they approach the presumed level of the straight posterior margin of the ventral otic fissure — this
may indicate the divergence of the orbital artery (oa, Fig. 2) from the internal carotid artery
(i.car, Fig. 2). On the left side of the specimen, the left lateral dorsal aorta is flanked by a raised,
rounded and rough-textured area that likely represents the articulation facet for the first
infrapharyngobranchial (?aip1, Fig. 2). The equivalent area on the right side of the specimen is
not raised, although its texture is also rough. From the ventral otic fissure, the grooves turn
posteriorly and travel towards a median bifurcation point. The overall trajectory of the grooves

for the lateral dorsal aortae is reminiscent of Mimipiscis toombsi, Howqualepis rostridens,
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Coccocephalus wildi, and Kentuckia deani. The grooves for the lateral dorsal aortae are joined
laterally, about two-thirds of the way along their posterior trajectory, by a pair of
posteroventrally directed grooves (eff, Figs. 2 and 4) that accommodated efferent arteries.
Similar laterally-diverging grooves are also present in Cheirolepis trailli, Mimipiscis toombsi,
Raynerius splendens, Coccocephalus wildi, and Kentuckia deani, although the grooves in
Kentuckia deani are more anterior and better defined than in the other taxa. Immediately anterior
to these efferent grooves, the medially inclined medial walls of the grooves for the lateral dorsal
aortae are marked by a pair of dorsoposteriorly directed notches (?ona, Fig. 2). A similar
structure is observed in Coccocephalus wildi (Poplin and Véran 1996) and Ligulalepis (Basden
and Young 2001). In the latter, these were suggested to give passage to orbitonasal arteries
(Basden and Young 2001). The grooves for the lateral dorsal aortae continue their V-shaped
trajectory and converge just posterior to the position of the orbitonasal arteries. The raised
triangular area between the lateral dorsal aortae is marked anteriorly by a gradual lip along its
anterior margin. The posterior apex of the triangle bears a raised, round boss (a.peg, Figs. 2 and
4); Gardiner (1984) interpreted a similar structure in some specimens of Moythomasia
durgaringa as an attachment point for an aortic ligament.

The point where the grooves for the lateral dorsal aortae converge is open, as in
Cheirolepis trailli, Mimipiscis toombsi, Moythomasia durgaringa, Raynerius splendens,
Kentuckia deani, Coccocephalus wildi, and Australosomus kochi. A thin, ventral bony cover of
the aortic canal (cao, Figs. 2 and 4) just posterior to this was inadvertently removed by
overpreparation after uCT scans were taken, but pCT data demonstrate that the dorsal aorta (da,
Fig. 3) was carried exclusively in a canal posterior to the bifurcation point in the original

specimen. The aortic canal (cao, Figs. 2 and 4) deepens posteriorly. Immediately anterior to its
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deepest point, the dorsal margin of the aortic canal is pierced by a lateral pair of foramina (foca,
Fig. 2); these accommodated the exit of the occipital arteries (oca, Fig. 3). The foramina for the
occipital arteries occur in the posterior third of the specimen. As the occipital arteries exit
relatively posteriorly in diverse non-neopterygian actinopterygians (e.g. Mimipiscis toombsi
(Gardiner 1984, fig. 13); Moythomasia durgaringa (Gardiner 1984, fig. 7); Kentuckia deani
(Rayner 1951), Fig. 9; and Pteronisculus stensioi (Nielsen 1942, fig. 11), the position of the
occipital artery foramina in this specimen suggests little of the posterior extent of the neocranium
was not preserved. There is no evidence for additional ventral or lateral foramina piercing the
aortic canal. Whereas specimen incompleteness has exposed the aortic canal on the right side of
the specimen, the nearly complete left side indicates that the aortic canal did not open ventrally
(Figs. 2-4). Furthermore, we are not aware of any non-neopterygian actinopterygians with
foramina for efferent epibranchial arteries completely posterior to the occipital arteries. This
seems to indicate that additional foramina for efferent epibranchial arteries were not present in
this specimen and thus that all efferent epibranchial arteries reaching the neocranium drained
into the lateral dorsal aortae. Efferent epibranchial artery penetration of the aortic canal is also
absent in Mimipiscis toombsi, Moythomasia durgaringa, Raynerius splendens, Pickeringius
acanthophorus, and Cosmoptychius striatus (although the lateral dorsal aortae are pierced
laterally by foramina for efferent epibranchial artery I in this taxon).

Part of the notochordal canal is preserved in the dorsal part of the specimen, but its roof is
missing due to incomplete preservation (nc, Fig. 3). The notochord appears to be deepest
posteriorly but becomes shallow anterior to the level of the occipital arteries.

Description of NSM 017.GF.017.004
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NSM 017.GF.017.004 (Figs. 5-7) comprises the anteroventral portion of an
actinopterygian neocranium in loose association with a small dentary (denl, Fig. 5) and a gill
arch element (?eb, Figs. 5 and 6). This smaller specimen was removed from a larger gully-slide
bonebed slab which preserves actinopterygian scales and additional mandibular material (den2
and den3, Fig 5). The anterior part of the neocranium appears complete to the presumed level of
the ventral otic fissure; however, the neocranium is broken lateral to the lateral dorsal aortae. The
neocranium is crushed and incomplete dorsally and posteriorly: the incomplete dorsal portion of
the right lateral wall of the neocranium extends posterior to the end of preservation of the aortic
canal (cao, Fig. 6). There are no foramina for the occipital artery apparent in the neocranium, nor
any articulation facets for the first infrapharyngobranchial.

The anterior part of the neocranium bears paired grooves for the lateral dorsal aortae (Ida,
Figs. 6 and 7). These reach the straight posterior margin of the ventral otic fissure. The grooves
appear shallow and subparallel in their anterior extent, although the absence of their lateral walls
indicates specimen incompleteness. The configuration of these grooves is reminiscent of
Pickeringius acanthophorus, Avonichthys manskyi, Cosmoptychius striatus, Pteronisculus
stensioi, and a specimen of Elonichthys aitkeni illustrated by Watson (1925, fig. 23). Posteriorly,
the grooves for the lateral dorsal aortae undertake a serpentine curve — narrowing the space
between them — before deepening and transitioning into canals (lda, Figs. 6 and 7).

The sub-rectangular area between the grooves for the lateral dorsal aortae is marked by a
shallow, median trough (md, Fig. 6). This likely represents a muscular attachment area, but the
identity of this muscle has been controversial (Bjerring 1971; Patterson 1975). The slope
defining the median trough is steepest posteriorly, becoming more gradual laterally and

anteriorly. There is no evidence of an attachment point for an aortic ligament in this area.
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The grooves for the lateral dorsal aortae pass into canals in the anterior third of the
specimen. These canals are pierced immediately posterior to the end of the grooves, by a pair of
laterally curving canals leading to a small, lateral, and ventrally situated pair of foramina for the
passage of efferent epibranchial artery I (epi.1, Figs. 6 and 7). This is strongly reminiscent of the
lateral exit of canals for efferent epibranchial artery I in Cosmoptychius striatus (Schaeffer 1971)
and, to a lesser extent, Kansasiella eatoni (Poplin 1974). The paired canals for the lateral dorsal
aortae continue a V-shaped trajectory posteriorly, forming an enclosed bifurcation point in the
posterior half of the specimen. The dorsal aorta (da, Figs. 6 and 7) is carried exclusively in a
canal posterior to the bifurcation point. This continuation of separate channels for the lateral
dorsal aortae posterior to their entrance into canals is similar to Pteronisculus stensioi. The
exterior surface of the neocranium ventral to this bifurcation point is eroded and the aortic canal
is exposed on the left lateral side of the mid-sagittal plane (Fig. 6). Anterior to this damage, the
specimen seems to bear a symmetrical pair of crescentic grooves, but only one communicates
with the aortic canal, via the eroded portion of the specimen (Fig. 6). It therefore seems unlikely
that these represent foramina for additional (II-IV) efferent epibranchial arteries. Similarly, there
are no foramina for the occipital artery preserved in this specimen. However, the posterior
incompleteness means that the presence of these, or of additional foramina for efferent
epibranchial arteries, cannot be ruled out.

An element that is probably an epibranchial (?eb, Fig. 6) contacts the right side of the
neocranium. This element is poorly preserved and does not resolve well in pCT. A fragmentary
actinopterygian dentary is also included in the small pCT-scanned block in loose association
with the neocranium (denl, Fig 5). The dentary is long and linear and its lateral surface is

ornamented in vermiform ridges of hypermineralized tissue and marked ventrally by the
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impression of the mandibular canal. Additional mechanical preparation of the specimen revealed
the presence of two rows of teeth represented by a row of small marginal teeth and a solitary
large tooth towards the distal end of the jaw. Because of the high relative abundance of
mandibular material (Fig. 5; the parent slab for NSM 017.GF.017.004 alone preserves at least
three mandibles) in the gully-slide bonebed and the loose association of the dentary with the
neocranium, it is unclear if these elements belong to the same animal. Thus, we focus this study
on the neocranial material alone. The abundant mandibular material preserved at Blue Beach will
be described in upcoming papers.
Discussion

The neocranial morphotype of Devonian actinopterygians

The neocranium of Devonian actinopterygians (excepting Palaeoneiros clackorum (Giles
et al. 2022)) varies in the presence or absence of a canal-invested dorsal aorta and the enclosure
of the bifurcation point of the lateral dorsal aortae (Fig. 8). Devonian actinopterygians generally
have widely-spaced, V-shaped grooves for the lateral dorsal aortae, but these are also present in
Carboniferous taxa like Coccocephalus wildi and Kentuckia deani (Choo et al. 2019). Critically,
in Devonian taxa, the absence of foramina for the efferent epibranchial arteries piercing the
aortic canal (present in Kentuckia deani, Coccocephalus wildi, and other Carboniferous-Permian
actinopterygians) in combination with poorly-defined, relatively wide channels diverging from
the lateral dorsal aortae (present in the Devonian taxa Raynerius splendens, Moythomasia
durgaringa and Mimipiscis toombsi) suggests that all efferent epibranchial arteries entering the
neocranium were received by the lateral dorsal aortae (Poplin 1975) (Fig. 8). This characterizes

the neocranial morphotype of Devonian actinopterygians.

The neocranial morphotype of post-Devonian actinopterygians
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Carboniferous-Permian actinopterygians display wide variation in their cephalic arterial
circulation, especially in the bifurcation point of the enclosed dorsal aorta and the shape of the
grooves for the lateral dorsal aortae (Fig. 8). However, these taxa all bear foramina in the canal
for the dorsal aorta. These allowed efferent epibranchial arteries to pierce the neocranium and
join the dorsal aorta directly (Poplin 1975). This feature primarily characterizes the neocranial

morphotype of Carboniferous-Permian actinopterygians.

Identity of NSM 017.GF.017.007

The general arrangement of the dorsal aortic system (with posterior pointing V-shaped
grooves for the lateral dorsal aortae, an open bifurcation point, and the dorsal aorta carried in a
canal) in NSM 017.GF.017.007 is reminiscent of many Devonian and Carboniferous
actinopterygians, especially Mimipiscis toombsi, Kentuckia deani, and Coccocephalus wildi (Fig.
8).

The small grooves on the medial wall of the lateral dorsal aortae are similar to
unidentified grooves in Coccocephalus wildi which Poplin and Véran (1996) identified as
probably accommodating the orbitonasal arteries. However, there are other points of difference
with Coccocephalus wildi: the ventral otic fissure is posteriorly convex in C. wildi and straight in
this specimen; and the peg for attachment of the aortic ligament present in this taxon is not
indicated in C. wildi. The condition of the occipital arteries is a point of difference with
Kentuckia deani — each lateral set is paired in K. deani and single in this specimen — although
this difference falls within species-level variation known for Mimipiscis toombsi (Gardiner
1984).

However, the configuration of the efferent epibranchial arteries in this specimen is unlike

Coccocephalus wildi and Kentuckia deani but more similar to Devonian actinopterygians.
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Whereas the specimen is posteriorly incomplete, the observation that the aortic canal is closed
posterior to the exit of the occipital arteries strongly suggests that no efferent epibranchial
foramina were present. This, together with the wide channels diverging from the lateral dorsal
aortae, indicates that all efferent epibranchial arteries drained into the lateral dorsal aortae.

Thus, the configuration of the efferent epibranchial arteries means that NSM
017.GF.017.007 best matches the neocranial morphotype of Devonian actinopterygians. Among
these, the configuration of grooves for the lateral dorsal aortae is most similar to Mimipiscis
toombsi.

Identity of NSM 017.GF.017.004

The general configuration of the dorsal aortic system (with subparallel grooves for the
lateral dorsal in the anterior neocranium that pass into canals posteriorly, an enclosed bifurcation
point, and the dorsal aorta carried in a canal) in NSM 017.GF.017.004 is reminiscent of many
non-neopterygian actinopterygians, including Avonichthys manskyi, Pickeringius acanthophorus,
Cosmoptychius striatus, and Pteronisculus stensioi (Fig. 8).

The presence of foramina piercing the dorsal aorta and presumably accommodating
efferent epibranchial arteries establishes this specimen in the Carboniferous-Permian
actinopterygian neocranial morphotype. In NSM 017.GF.017.004 these canals are laterally
directed, similar to those present in Cosmoptychius striatus. However, unlike Cosmoptychius
striatus, there are no articulation facets for the first infrapharyngobranchial preserved anterior
and medial to the foramina for efferent epibranchial arteries 1. The absence of these structures
from the specimen may be taphonomic, as the specimen is laterally incomplete — but these
articulation facets are also absent in derived non-neopterygian actinopterygians in which the first

infrapharyngobranchial articulates with the parasphenoid (e.g. Pteronisculus stensioi (Nielsen
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1942)). The presence of a long, deep, median depression (likely acting as a muscle attachment
area) in the anterior part of the neocranium is a further point of difference between this specimen
and known Devonian taxa; this feature is otherwise known in Pteronisculus stensioi. Bjerring
(1971) interpreted this feature in P. stensioi as an insertion point for subcephalic muscles
originating on the parasphenoid, but Patterson (1975) argued that this and similar triangular areas
between grooves for the lateral dorsal aortae in other taxa could just as easily be an insertion for
anterior musculature continuous with the trunk musculature. Because a triangular area (albeit
raised and without a median depression) is present in Moythomasia toombsi, Mimipiscis toombsi,
and Kentuckia deani, Patterson (1975) inferred that such an attachment was primitive for
actinopterygians. The tightly spaced lateral dorsal aortae of Cheirolepis trailli (Giles et al. 2015a,
fig. 5) may not have allowed such an attachment (as Patterson (1975) argued for Australosomus
kochi), although a triangular area is apparently present between the V-shaped lateral dorsal
aortae of Howqualepis rostridens (Giles et al. 2015a, fig. 12). In any case, it seems probable that
the position and arrangement of the muscular insertion is tightly correlated with the
configuration of the cephalic arterial circulation (because the presence or absence and position of
grooves for the lateral dorsal aortae defines the triangular area) and the parasphenoid (because
posterior parasphenoid overlap of the ventral otic fissure and anterior neocranium, as in many
relatively derived Permian-Triassic actinopterygians, alters muscle attachment patterns
(Patterson 1975)).

Unfortunately, the poorly resolved structure of the Carboniferous-Permian
actinopterygian radiation makes precise identification of NSM 017.GF.017.004 with a specific
actinopterygian group difficult. However, the presence of foramina piercing the enclosed dorsal

aorta and accommodating efferent epibranchial arteries in this specimen establish it within the
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neocranial morphotype of post-Devonian actinopterygians. The specimen is most similar to the
neocrania of Cosmoptychius striatus and Pteronisculus stensioi that have previously been
recovered as derived members of a Carboniferous-Permian actinopterygian radiation (e.g. Giles
2015b, fig. 5; Choo et al. 2019, fig. 14; Friedman, 2015, fig. 3).

Environmental Bias and Homoplasy

Other than Cheirolepis trailli and Howqualepis rostridens, the Devonian actinopterygian
braincase record appears to be environmentally biased towards reef environments (Mimipiscis
toombsi, Moythomasia durgaringa, Gogosardina coatesi, and Pickeringius acanthophorus were
preserved in an inter-reef basinal Lagerstitte (Long and Trinajstic 2010); and Raynerius
splendens, was preserved in a shallow marine and reef-associated environment (Mistiaen et al.
2012; Giles et al. 2015b)). This contrasts with environmental data for Carboniferous braincases.
Actinopterygian neocrania from marine (Coccocephalus wildi (Poplin and Véran 1996)),
nearshore marine (Kansasiella eatoni (Poplin 1974), Kentuckia deani (Eastman 1907),
Lawrenciella schaefferi (Hamel and Poplin 2008), and Woodichthys bearsdeni (Sallan and
Coates 2010)), and nonmarine (Cosmoptychius striatus (Sallan and Coates 2010)) settings are all
known, whereas specifically reefal environments are not represented in the Carboniferous. Thus,
differences between Devonian and Carboniferous actinopterygian braincases could reflect
ecology. However, no reefal influence is apparent at Blue Beach, so the similarities between the
neocrania of Devonian reefal actinopterygians and NSM 017.GF.017.007 are not driven by
similarity in environment. Similarities between NSM 017.GF.017.004 and derived members of
the Carboniferous-Permian actinopterygian radiation also seem unlikely to be driven by
convergent adaptation to similar environments because NSM 017.GF.017.004 is similar to a

actinopterygians from disparate environmental settings.
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Even if morphological convergence between these new specimens and other Palaeozoic
actinopterygians due to shared ecology or environment seems unlikely, broader concerns about
homoplasy between the specimens presented in this study and the rest of the actinopterygian
braincase record remain. This is especially the case with NSM 017.GF.017.007, as the specimen
is identified with early-diverging Devonian actinopterygians based on the apparently
plesiomorphic condition of its dorsal aortic system (with all efferent epibranchial arteries
reaching the neocranium draining into the open lateral dorsal aortae). By contrast, the placement
of NSM 017.GF.017.004 is supported by clear apomorphies. The embayment of the triangular
area of the anterior neocranium and the anterolateral, canalized entrance of efferent epibranchial
artery I into the neocranium appear to be acquired within the Carboniferous-Permian
actinopterygian radiation.

Horton Bluff Formation actinopterygian diversity

The specimens described in this study underscore the diversity of actinopterygians
preserved in the Horton Bluff Formation. These specimens, in combination with known
platysomid material (Wilson et al. 2021) and Avonichthys manskyi (Wilson et al. 2018), suggest
that at least four actinopterygian lineages were present in the Horton Bluff Formation. This
diversity is not additive to the previously catalogued actinopterygian diversity (e.g. Gardiner,
1966; Sallan and Coates, 2010; Mansky and Lucas, 2013): the relationship of these new
specimens to that fauna is unclear as the preserved anatomy does not overlap. The diversity
represented by neocrania at Blue Beach could overlap with any of the summary taxa known from
the Horton Bluff Formation.

These summary genera (i.e. Acrolepis, Elonichthys, Palaeoniscus, Rhadinichthys (Sallan

and Coates 2010) and Canobius (Mansky and Lucas 2013)) generally represent taxa erected for
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the European Carboniferous-Permian actinopterygian fauna and the contemporaneous Albert
Mines locality (Gardiner 1966). This naming convention falsely makes the Blue Beach fauna
appear derived relative to the actinopterygian fauna preserved at Devonian sites. Instead, our
interpretation of actinopterygian neocrania preserved at Blue Beach suggests that a mix of
Devonian-like and Carboniferous-like actinopterygians were present in the fauna. By preserving
representatives of both faunas, the Blue Beach fauna appears distinct from the derived
Carboniferous-Permian actinopterygian fauna preserved elsewhere. This mirrors recently
published phylogenetic results with topologies suggesting high actinopterygian survivorship
across the Devonian-Carboniferous boundary (Giles et al. 2022) and results suggesting relatively
high survivorship in lungfishes (Challands et al. 2019) and tetrapods (Anderson et al. 2015;
Clack et al. 2016; Smithson et al. 2024).

Characters of the actinopterygian dorsal arterial system

Recent research emphasis on early actinopterygian cranial material and braincase
character evolution has brought a renewed focus on the actinopterygian dorsal arterial system
Giles et al. (2015b), Giles et al. (2017), Giles et al. (2022), and Caron et al. (2023) each listed
characters related to the actinopterygian dorsal arterial system in their analyses. We propose the
addition of the following three characters to the four retained from Caron et al. (2023), Giles et

al. (2015b), and Giles et al. (2017).

Characters proposed in this study:

1. Entrance of paired efferent epibranchial arteries in anterior half of neocranium:
absent/present. Lateral entrances for paired efferent arteries in the anterior part of the
neocranium are widespread among actinopterygians, but some (e.g. Boreosomus (Nielsen

1942)) lack these entrances. This character seems to have implications for how
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oxygenated blood is collected by the main arterial system. Previous authors (e.g., Poplin
(1975), Giles et al. (2015b), and Giles et al. (2017)) have assigned these entrances to
different efferent arteries. Instead, we formulated our definition to avoid inference of the
exact efferent artery represented by the entrance. Together with Character 3 (outlined
below), this is intended to replace characters 113 and 114 in Giles et al. (2015b) and
characters 152 and 153 in Giles et al. (2017) (dorsal aorta pierced by canal/s for exit of
eff.a.2: present/absent; and dorsal aorta pierced by canal/s for exit of eff.a.1:
present/absent) which require the precise identity of efferent arteries passing through
foramina. This decision removes the uncertainty inherent to attempts to precisely identify
arteries from osteological correlates in extinct taxa and increases the number of taxa for
which the character can be coded. For example, the efferent epibranchial arteries are
known to enter the anterior half of the neocranium of Mimipiscis bartrami and M.
toombsi, but their identity cannot be inferred (Giles et al. 2017). Our new character is
similar to character 17 of Caron et al. (2023) (ventral perforation of aortic canal anterior
to exit level of X: present/absent); but unlike their statement this definition does not
require the lateral entrance of the paired efferent artery to occur through foramina. To
maximize applicability for incomplete specimens, it is not coded relative to the position
of cranial nerve X as in Caron et al. (2023).

Mode of efferent epibranchial artery entrance in anterior half of neocranium:
groove/canal/foramen. In some actinopterygians, such as Coccocephalus wildi and
Moythomasia durgaringa, the entrance of efferent epibranchial arteries occurs in an open
groove. In Cosmoptychius striatus and NSM 017.GF.017.004, this occurs in a canal. In

Luederia kempi, foramina open ventrolaterally from the canals accommodating the lateral
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dorsal aortae. In taxa where the previous character has been coded as absent, this should
be coded as inapplicable.

Aortic canal pierced ventrally by efferent arteries in posterior half of neocranium:
absent/present. A foramen in the ventral floor of the aortic canal does not occur in early
diverging actinopterygians such as Moythomasia durgaringa and Mimipiscis toombsi
(Gardiner 1984; Giles et al. 2022). As these taxa have grooves for efferent arteries in the
anterior part of the neocranium, anterior to the bifurcation of the lateral dorsal aortae, this
suggests that all efferent epibranchial arteries drained into the lateral dorsal aortae. In
other taxa, such as Coccocephalus wildi (Poplin and Véran 1996) both an anterior groove
and a posterior ventral entrance for efferent epibranchial arteries are argued to be present,
supporting the independence of Characters 1 and 3. Together with Character 1, this is
intended to replace characters 113 and 114 in Giles (2015b) and characters 152 and 153
in Giles et al. (2017) which require the precise identity of efferent arteries passing
through foramina. Similar to our reasoning for our definition of Character 1, we feel that
this replacement reduces uncertainty and increases applicability. It is similar to character
16 of Caron et al. (2023) (ventral perforation of aortic canal at or posterior to exit level of
X: present/absent). To maximize applicability for incomplete specimens, it is not coded
relative to the position of cranial nerve X as in Caron et al. (2023). Following Caron et al.

(2023), we code an aortic notch as present for this character.

Characters retained from previous works:

4. Ventral structure on neocranium indicating passage of dorsal aorta:

absent/groove/canal. This character refers to the presence of an aortic canal as in many

Palaeozoic actinopterygians as well as the groove present in some Palaeozoic taxa (e.g.
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Cheirolepis trailli. This is character 112 in Giles et al. (2015b), character 151 in Giles et
al. (2017) and character 14 in Caron et al. ( 2023). Also cited by Poplin (1974), Patterson
(1975), Gardiner (1984), Coates (1999), and Friedman (2007).

5. Position of bifurcation of dorsal aorta into lateral dorsal aortae: anterior to end of
occiput/posterior to end of occiput. This is character 115 in Giles et al. (2015b),
character 154 in Giles et al., (2017), and character 13 in Caron et al. (2023). Also cited by
Coates (1999) and Friedman (2007).

6. Enclosed bifurcation of dorsal aorta into lateral dorsal aortae: absent/present. This
character is coded as present where the bifurcation of the lateral dorsal aortae is enclosed
by the aortic canal such that the grooves for the lateral dorsal aorta emerge from the canal
separately. This is character 116 in Giles et al. (2015b), character 155 in Giles et al.
(2017), and character 15 in Caron et al. (2023). Also cited by Patterson (1975) and Coates
(1999).

7. Foramen or notch for orbital artery in the lateral commissure communicating with
the jugular canal: absent/present. This is character 37 in Caron et al. (2023). Also cited

by Patterson (1975); Jarvik (1980), and Gardiner (1984).

Conclusion

Morphological variation in the dorsal arterial system of Palacozoic actinopterygian provides a
rich source of characters. This allows for a comparative approach even when dealing with
fragmentary neocrania. This comparative approach is valuable at the locality of Blue Beach,
Nova Scotia, where neocrania are relatively common components of the actinopterygian fossil
record. NSM 017.GF.017.007 appears most similar to Devonian actinopterygians lacking ventral

foramina piercing the aortic canal, whereas NSM 017.GF.017.004 appears most similar to more
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derived Carboniferous actinopterygians with lateral foramina for efferent epibranchial arteries
and an enclosed bifurcation of the dorsal aorta into the lateral dorsal aortae. Consistent with
observations in other major components of Carboniferous vertebrate faunas (Anderson et al.
2015; Clack et al. 2016; Challands et al. 2019; Smithson et al. 2024), these specimens imply a
more gradual transition between Devonian and Carboniferous actinopterygian faunas (Wilson et

al. 2018; Giles et al. 2022) than expected under a strict mass extinction and recovery scenario.
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943  Figures

944

945  Fig. 1. Schematic illustration of early actinopterygian dorsal arterial system following Poplin
946  (1975) for A. Kansasiella eatoni and B. Pteronisculus stensioi. Arrows indicate inferred
947  direction of blood flow. epi.1-epi.4, efferent epibranchial arteries I-IV; hy.eff, efferent hyoidean

948  artery; i.car, internal carotid; oa, orbital artery.
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Fig. 2. NSM 017.GF.017.007. Scale bar = 5 mm. A. Photograph of specimen in ventral view. B.
Interpretive drawing of specimen in ventral view. C. Trace of specimen, including vascular
canals, from pCT data in ventral view. a.peg, peg for aortic ligament; ?aip1, articulation facet for
the first infrapharyngobranchial; cao, aortic canal; eff, groove for efferent epibranchial arteries;
foca, foramen for occipital artery; i.car, groove for internal carotid; 1da, lateral dorsal aortae; oa,
groove for orbital artery; ?ona, groove for orbitonasal artery. In C, red indicates the dorsal aorta,

yellow the occipital artery, and purple the orbitonasal arteries.
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Fig. 3. NSM 017.GF.017.007. Scale bar =5 mm. A. pCT rendering of specimen in right lateral
view. B. uCT transparency rendering of specimen and blood vessels in right lateral view. C.
Trace of specimen, including blood vessels, from pCT data in right lateral view. da, dorsal aorta;
lda, lateral dorsal aortae; nc, notochord canal; oca, occipital artery. In C, dark blue indicates the

dorsal aorta, yellow the occipital artery, and turquoise the notochordal space.
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Fig. 4. NSM 017.GF.017.007. Scale bar = 5 mm. A. pCT rendering of specimen in posterior
view, ventral rotated towards top. B. Interpretive line drawing of specimen in posterior view,
ventral rotated towards top. a.peg, peg for aortic ligament; cao, aortic canal; eff, groove for

efferent epibranchial arteries; 1da, lateral dorsal aortae; nc, notochord canal.
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Fig. 5. Photograph of the large gully-slide bonebed block containing NSM 017.GF.017.004.

Scale bar =5 cm. denl-3, dentary 1-3; ?eb, epibranchial ossification; neo, neocranium.

46
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Fig. 6. NSM 017.GF.017.004. Scale bar = 5 mm. A. Photograph of neocranium in ventral view.
B. Interpretive drawing of neocranium in ventral view. C. uCT transparency rendering of

specimen and blood vessels in ventral view. D. Trace of specimen, including blood vessels, from
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LCT data in ventral view. cao, aortic canal; da, dorsal aorta; epi.1, efferent epibranchial artery [;
?eb, epibranchial ossification; 1da, lateral dorsal aortae; md, median depression. In D, dark blue

indicates the dorsal aorta and red the efferent epibranchial artery.

Fig. 7. NSM 017.GF.017.004. Scale bar = 10 mm. A. pCT rendering of specimen in left lateral

view. B. uCT transparency rendering of specimen and blood vessels in left lateral view. C. Trace



49

994  of specimen, including blood vessels, from puCT data in left lateral view. da, dorsal aorta; epi.1,
995 efferent epibranchial artery I. 1da, lateral dorsal aortae. In C, dark blue indicates the dorsal aorta

996 and red the efferent epibranchial artery.

997 Devonian Carboniferous Permian Triassic

998

999  Fig. 8. Selected non-neopterygian braincases in ventral view. D, E, G, K, M modified and from
1000  Wilson et al. (2018); remaining specimen illustrations are based on published illustrations cited
1001  in caption. Solid lines indicate illustrated anatomy and correlates of arterial circulation. Red fill
1002 indicates arterial circulation, grey fill indicates articulation facet of first infrapharyngobranchial,
1003  black fill indicates ventral otic fissure, otico-occipital fissure, and vestibular fontanelles. Dashed
1004 lines in braincase illustrations and absent lines in blood vessel illustrations indicate uncertainty.
1005  A. Neocranium of Cheirolepis trailli (Giles et al. 2015a). B. Neocranium of Howqualepis
1006  rostridens (Long 1988; Giles et al. 2015a). C. Braincase and parasphenoid of Mimipiscis toombsi
1007  (Gardiner 1984; Choo 2012). D. Braincase and parasphenoid of Raynerius splendens (Giles et al.
1008  2015b). E. Braincase and parasphenoid of Moythomasia durgaringa (Gardiner 1984; Long and

1009  Trinajstic 2010). F. Partial braincase of Pickeringius acanthophorus (Choo et al. 2019). G.
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Braincase of Coccocephalus wildi with parasphenoid removed (Poplin and Véran 1996). H.
Braincase of Lawrenciella schaefferi with parasphenoid removed. 1. Braincase of Kansasiella
eatoni with parasphenoid removed (Poplin 1974). J. Partial braincase of Cosmoptychius striatus
(presumably juvenile) (Watson 1928; Schaeffer 1971). . K. Partial braincase of Kentuckia deani
(Rayner 1951). L. Braincase and parasphenoid of Woodichthys bearsdeni (Coates 1998). M.
Partial neocranium and parasphenoid of Avonichthys manskyi (Wilson et al. 2018). N. NSM
017.GF.017.004. O. NSM 017.GF.017.007. P. Braincase of Luederia kempi with parasphenoid
removed (Schaeffer and Dalquest 1978). Q. Braincase of Australosomus kochi with parasphenoid
removed (Nielsen 1949). R. Braincase of Pteronisculus stensioi with parasphenoid removed

(Nielsen 1942). |
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