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ABSTRACT

Our understanding of the ecology and phylogenetic relationships of Pachycormiformesypaof
Mesozoic stem teleosts including the iconic Leedsichthys, has often been hitger@dlack of
comprehensive morphological information. Midg@d- scanningpf anarticulated, though flattened, cranium
of the edentuleus,Martillichthys renwickae from the Middle Jurassic (Callovian) Oxfordo€ldne UK
reveals previously“unknown internal details of the most complete suspension-feeding pachyoorm
skull known, ‘including the palate, braincase and branchial skeleton. The latter preserves giWithkers
elongate, pointed projections similes those of Asthenocormusn contrastto the finer fimbriations
associated with Afeedsichthyd/e also reinterpret some previously described features, including dern
bone patterns_of the snout, skull roof and lower jaw, and the morphology of the ventralrbloithase
new anatomicaldata reinforce the phylogenetic placeofevartillichthys aspart of the Jurassic clade of
edentulous pachycormiforms. The elongated skull geometry of these Jurassgcdiakangy similar to
that of Ohmdenia, the sister taxda edentulous pachycormiforms, but contrasts sharply with th
morphology of the L ate Cretaceous edentulous pachycormiform Bonnerichthys, raising questitng ov
phylogenetic relationships among these taxa. Most significantly, Martillichthys shows special
characters with a restricted phylogenetic distribution among suspension-feeding pachycormifc
including the, distinctive gill rakers and a greatly extended occipital stalk. Our analysis
Martillichthys supports past interpretations of a close relationship with Asthenocormus, and provid

model for interpreting the less complete remains of other mermab#ris enigmatic group of fishes.

Key words. Martillichthys, PachycormiformeST-scanningfossils, ecology, evolution
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PACHYCORMIFORMESIs a clade of neopterygian fishes that rangesge from the Early Jurassic
(Toarcian; Lehman 1949d the end of the Late Cretaceous (Maastrichtian; Friedman 2012b; Friedmai
al. 2013, and representan early-diverging lineagef stem teleosts (Patterson 1973, 1994; Arratia 2004
Friedmanet al»2010; Friedman 2012aPachycormiform morphologig distinctive, with members of the
group unitedby“a “number of synapomorphies: a compound bone (rostrodermethmoid) forming
anterodorsal ‘border of the mouth; a reduced coronoid process of the mandible; absence bitalgprac
associated with a dermosphenotic defining the dorsal margin of the orbit; two large, plate-like subo
bones posteriaiothe infraorbitals; long, slender pectoral fins (see Liston & Maltese 2016 for a critique
past descriptions_ofscythe-like’); asymmetrical branching of pectoral-fin lepidotrichia; considerabl
overlap of theshypuralby caudal-fin rays (hypurostegy); and the presence of distinctive uroneural-li
ossifications 'of the caudal-fin endoskeleton (Mainwaring 1978; Lambers 1988, 1992; Arratia & Lam
1996; Kear 2007; Friedmaat al. 2010; Friedman 2012a; Arratia & Schultze 2013). Pachycormiforms &
widely distributed, with abundant material known from Europe and North America (Stewart 19
Friedmanet al. 2010; Wretmaret al. 2016) and rarer remains from South America, Australia, the Midd
East and, most recently, Antarctica (Woodward 1895; Kear 2007; Gouiric-Cavalli 2013; Gouiric-&aval
Cione 2015; Wretmaat al. 2016; Gouiric-Cavalli 2017; Cioret al. 2018; Gouiric-Cavalli et al. in prgss
Material from Myanmar previously identifieds pachycormiform has recently been reinterpretsd
atselfatiiform (Taverne & Liston 2017). Many pachycormiform fossils are known from well-preserve
articulatedor associated specimens, with numerous examples from famous Lagerstatten including
Early Jurassies(Toearcian) Posidonia Shale of Germany (Hauff 1953) and Strawlaekryof the UK
(Williams et al. 2015; Cawlegtal. 2018), the Middle Jurassic (Callovian) Oxford Géyhe UK (Martill
1986), the'Late Jurassic plattenkalks of Germany and France (Betr&iell990; Lambers 1992and the
Late Cretaceous (Coniacian-Campanian) Smoky Hill Chalk of the USA (Stewart 1988, 1990). Despite

abundance of material, most pachycormiforms remain poorly known, with the clade reprbgeasrigda
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single operational taxonomic unit (generally Pachycormus macroptarosny analyssof neopterygian

or teleost relationships (e.g. Arratia 2004; Lopez-Arbarello & Sferco 2018).

The lack of comprehensive morphological informatiagn particularly acute for edentulous
pachycormiformss,a presumed clade of large-bo@ed min total length) taxa interpretess Mesozoic
analogues of ‘mysticete whales and suspension-feeding chondrichthyans (Frieddalar2010). Its
members rangen age from the Middle Jurassio the Late Cretaceous, and currently include five
recognized genera; the Jurassic Asthenocormus (Quenstedt 1852), Leedsichthys (Woodwar8, 18¢
1895) and Martillichthys (Liston 2006, 2008and the Cretaceous Bonnerichthys (Friedmial. 2010,
2013) and Rhinconichthys (Friedmaat al. 2010). Generically indeterminate material has also bee
associated with=this edentulous radiation (Friedraaal. 2010; Cioneet al. 2018), and a varietgf
unpublished temains are also known. Considerable interest centers on the palaeobiology of these
pachycormiforms and their rola ancient marine ecosystems (Martill 1988; Liston 2006; Friedebarh
2010; Friedman 2012a; Listoet al. 2013; Ferrénet al. 2018; Gouiric-Cavalliet al. in press).
Unfortunately, large size, combined with reduced ossification reladie¢gher pachycormiforms (takeo
an extremein Leedsichthys and Bonnerichthysnakes them difficult subjects for detailed anatomica
study, with even.the best-known taxa only describdidnited detail. Rhinconichthys known from three
incomplete skils (Friedmanet al. 2010; Schumachet al. 2016), while Bonnerichthys and Leedsichthys
are represented=principallpy isolated remains with rare associated but disarticulated individug
(Friedman'et_al. 2010; Liston 2016).In contrastto the incomplete nature of most edentulous
pachycormiformsfessils, thelis a nearly complete specimen of Martillichthys (Liston 2008a) and sevel
articulated individuals of Asthenocormus (Lambers 1992). These taxa thereforarsengortant rolein
interpreting-the more incomplete remains of their close relatives, waidtal to better constraining the

evolutionary history and palaeobiology of this enigmatic but ecologically significant radiation.
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Here we use micro€T (LCT) scanningto redescribe the cranial anatomy of the holotygbe
Martillichthys renwickae (Fig. 1). Our study emphasizes concealed aspects roalidgucture not
accessibléoy previous, external examinations (Liston 2008aith the principal goals of improving our
understanding of Martillichys itself and using this new descriptitmmake inferences about the ecology
and evolution.efsboth Martillichthys and the broader clafiedentulous pachycormiformi.is our hope
that a more detailed“account of Martillichthys will seagan anatomicalRosetta Stone’ for interpreting

structurein less complete or more fragmentary remainigsaklatives.

MATERIAL AND™METHOD

Material

BonnerichthyssgladiukUVP 60692, University of Kansas Natural History Museum. Disarticulated sku
pectoral girdles and fins from the Coniacian-Santonian Smoky Hill Chalk Mewofbéne Niobrara
Formation offKansas, USA. This specimen was studied on the basis of uncatalogued castshkeept
University of Michigan Museum of Paleontology.

Leedsichthys problematicus. NHMUK P.6921, Natural History Museum, Londé&n, The holotype
specimen, comprising disarticulated remains of the skull, pectoral girdle and postcranium. This sigecin
from the Callovian.Oxford Clay of Peterborougx.

Leedsichthys/problematicus. NHMURYV P.10156, Natural History Museum, Lond&iK. An articulated
set of ventralsbranchial arches plus the left hyomandibula. This spe@@nfiem the Callovian Oxford
Clay of Peterborough, UK.

Martillichthyssrenwickae. NHMUKPV P.61563P, Natural History Museum, Londai. The holotype
specimen comprising a nearly complete articulated individdal.additional specimen attributet
Martillichthys,is housedn the Peterborough Museum (PETMG F161), but this individuahcasedn a
dense concretion th& probally not amenabléo uCT using most laboratory-based machines (pers. ob

MF of similarly preserved fishes from the Oxford Clay Formation).
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Pachycormus sp. NHMUKYV OR 32433, Natural History Museum, LondadK. Three-dimensionally
preserved skull from the Toarcian of Curcy (Normandy, Frantlis specimen wasQIl scannedn
January 2016.

Pachycormus sp. BRLSI M1297, Bath Royal Literary and Scientific Institution, B#th, Three-
dimensionally spreserved cranium and pectoral girdle from the Toarcian deposits of StraBduekry
Lagerstatten Hminster(Somerset, UK). This specimen was uCT scamméahe 2017.

Pachycormus, sp. BRLSI M1381Bath Royal Literary and Scientific Institution, Bath, UK. Three-
dimensionally preserved cranium and pectoral girdle from the Toarcian deposits of StraBduekry
Lagerstattein diminster (Somerset, UK). This specimen was UCT scammetuly 2015 and agaim
February 2017.

Protosphyraenassp. FHSMP-3251, Sternberg Museum of Natural History, Fort Hays State Universit
Hays, Kansas, USA. Disarticulated specimen comprising incomplete remains of skull and pectoral

from the Coniacian-Santonian Smoky Hill Chalk Member of the Niobrara Formation of Kansas, USA.

Method

NHMUK PV P.61563P was scanned using a Nikon Metrology H®8IX225 CT scannerat the Natural
History Museum,. London (Dobsaet al. 2019). The X-ray beamas generated with a currenf 150 pa
and voltage of 190 kV, and amim copper filter was used. Resolution of the scan was 126 um. The len
of the specimen=exceeded the maximum field of view for the scasm#éne fossil was imageth two
sections using identical machine settings. Image stacks for these separate scans were thencspéited

a single tomogramsstack for segmentation.

The resuiting dataset was loaded into Mimics Innovation Suite V.18
(http://biomedical.materialise.com/mimics; Materialise, Leuven, Belgium), which was tassegment
individual skeletal elements. Data objects were imported into Blender V.2.77a (http://www.blender.

Blender Institute, Amsterdam, Netherlands) for reconstruction, description and imaging. Limi#tsens
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from damageo or loss of some bones (particularly around the cheek), very close application of adja
ossifications that obscures their boundaries (particularly the skull roof, braincase and parasphenoid

difficulties distinguishing bone from matrir tomograms from some regions of the skull.

Anatomical conventions
In orderto facilitate ‘comparison with other descriptiomss use conventional actinopterygian terminology
to describe the_skull roofing bones (see Gardiner & Schaeffer (1989) for discussion of hobetlegen

actinopterygian and sarcopterygian skull bones.).

Institutional abbreviations. BRLSI, Bath Royal Literary and Scientific InstitutB®ath, UK; KUVP,
University ofskansas Museum of Natural History, Lawrence, Kansas, USA; NHMUK, NaturarHist
Museum, LondonUK; PETMG, Peterborough Museum and Art Gallery, Peterborough, Cambridgesh

UK.

SYSTEMATIC PALAEONTOLOGY

ACTINOPTERYGII Cope, 1887
NEOPTERYGII Regan, 1923
TELEOSTEI Mdller, 1845
PACHYCORMIFORMES Berg, 1937
PACHYCORMIDAE Woodward, 1895
Genus MARTILLICHTHYS Liston, 2008a

Martillichthys renwickae Liston, 2008a

1984 Asthenocormus sp. Schaeffer & Patterson, pr5.4

1991 Asthenocormus sp. Martill, p. 2222, pl. 44.
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2008a Martillichthys renwickae Liston, p. 1882, figs 3, 4.

Type specimen. NHMUKPV P.61563, Martillichthys renwickae. A nearly complete individual, from Be:
12 of the Oxford,Clay Formatioat the Dogsthorpe Pit, Peterborough, England (Martill 1986). Thi
correspondsto “the“Tethyan middle Callovian ammonite zones Reineckia ant®pSrymnoceras
coronatum (Martill 1991, fig 1.2)0n this basis, the fosss assignedn age range of 164.64ato 167.97

Ma (Gradsteiretal. 2012; table 26.3).

Referred material. PETMG F161, Martillichthys renwick&e. unprepared specimen a concretionary

nodue consistingrof the cranium and extendinghe posterior edgef the base of the pectoral fins.

Diagnosis. The following combination of characters distinguish Martillichthys from other edentul
pachycormiforms: canal-bearing rostrodermethmoid; posterior process of rostrodermethmoid extel
between frontals;-gap between frontals; elongate, pointed gill rakers; body of gill caketike rather

than taperingo a pointed, distal tip; hyomandibula with plate-like rather than cylindrical dorsal hes
hyomandibulailess.than one-third the lengththe mandible; elongate preorbital region; elongate occipit:

stalk; deep groove for the dorsal aartdhe occipital stalk.

Remarks. Previous analyses have been untbleesolve the relationships between Martillichthys,
LeedsichthyssandsAsthenocormus. Liston (2006, 2008a) noted many similarities between these tax
subsequent cladistic analyses placed the tinrae unresolved polytomy (Friedmaet al. 2010; Friedman
201239. Distinguishing these geners complicatedby a poor understanding of anatonmylLeedsichthys
and, to a lesser degree, Asthenocormus. The most conspicuous difference between Asthenocormt
Martillichthys concerns the geometny the contact between the rostrodermethmoid and the frontals. Tl

is depictedas transverse for Asthenocormus (Lambers 1992), ibut’-shapedin Martillichthys. At
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present, the few aspects of overlapping anatontlye diagnosis of Martillichthys and Leedsichthys do no
show striking differences with the exception of some aspects of the skull roof (see Liston 2008a, fi
More detailed description of Leedsichthys will be vitaimore clearly differentiating Martillichthys from

this taxon.

Description

In orderto facilitate comparison with other descriptiomss use conventional actinopterygian terminology
to describe the skull roofing bones (see Gardiner & Schaeffer (1989) for discussion of hobetlegen
actinopterygian and sarcopterygian skull bones.). The skalbproximately 484nm long and measures
142mm atits widest point. Strong dorsoventral compression has resaledaximum specimen depth of

only 28mm (Figs=1; 2).

Skull roof. Many of the margins between the dermal bones of the skull roof are not discernaBe
tomograms_and_divisions are therefore distinguished based on external observation of the fossil
geometry and position of suturssapproximateasthese show a deeply interdigitating pattern that appea

confluent with the fibrous texture of individual bones.

A wedge-shaped 'bone of uncertain identity sutured to the right anterolateral margin of the
rostrodermethmoid: (?Ant, Figs 2a, 39, bhe dorsal surfaces smooth, and a narrow ridge along the
anterior margin of the ventral surface (R, Fig, @ closely follows the anterior margin of the tentatively-
identified premaxilla. The left posterior corner bears a small notch that aligns with a inotoch

rostrodermethmoid  (?Nos, Fig. 3a). brhese notches appe#&n be present on both sides of the
rostrodermethmoid, and presumably frame the anterior naris. This bone shows no obvious indicatic

grooves or canals, biitis positionally equivalento the antorbital.
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The large rostrodermethmaisibroken into two pieces (Rde, Figs 2a, b, 4awen reconstructed,
the complete boneés roughly diamond-shaped, broader anteriorly and gradually tap&riagposterior
projection that extends between the frontals (Rde, Figs 2a, b). daydshallow grooves extend along the
dorsal surface of the rostrodermethm{8l.C, Fig. 33, aligned with the long axis of the frontals and
converging towards the midline anteriorly but not intersectifig.interpret thesasindicating the course
of the supraorbital'sensory canals, which are ordinarily borne on the nasalsisTineradication ofan

ethmoid commissure.

The paired*frontals are elongate. The mesial masgstraight, and each frontal gradually broaden:
posteriorly (Fr, Fig. 4a,)bThe frontals are widestt roughly two-thirds of their lengtfat which point they
are separatebly-asmedian gap (Fr.Gp, Fig. 43, bhis gapextendsto the posterior marginsf the frontals.
The frontals show no traces of sensory canals. A small triangular bone whose mesial margin suture
the lateral margin of the right frontal might represent a fragment of the nash&drstno trace of grooves
or a buried_canal, making a positive identification difficult (?N, Figs 2, 4; see beloiCheek,

circumorbital bones and sclerotic ossi¢)es

The parietals are paired, rectangular bones that suture with one another along the midline, an
the frontals anteriarly. They are roughly one-third of the length of the frontals (Par, Fig). 4&heb
posterior margin=of the skull roof has a scalloped margin, with projections fdmn#ute posterolateral
corners of the dermopterotics and posteromesial margins of the paaetaks midline (Fig. 3f).No

obvious groovessare present on the dorsal surface of the parietals, which are smooth and unornament

Triangular dermopterotics flank the lateral margirea€hparietal, and extend anteriotly contact
the posterior third of the lateral marginedchfrontal (Dpt, Fig. 4a, b The posterolateral corner each
dermopteroticis producedas a small posterior process that forms the lateral printhe scalloped

posterior edgef the skull roof (Fig. 4a,)b
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Braincase, parasphenoid and associated bones. The brasesasagly dorsoventrally compressed and
cannot be easily distinguished from the overlying skull nmoftomograms.lt is similarly difficult to
separate the braincase and parasphenoid, although the boundaries between the two tareleasigin

the orbital and"ethmoid regions. Sutures between individual ossificafiding braincase are not visibsn
only the general morphologf major regions of the braincasanbe described. The ethmoid and sphenoic
regions of the braincase are largely concellethe skull roof dorsally, and the broad, spatulate anteric
corpus of thesparasphenoid ventrally (Fig. 4). Flattening of the &kglb severe that anatomy of the

braincaseanonly be describedn ventral view.

The anteroposteriorly extensive lateral ethmoids are visiblelender bands of bone extending
beyond the lateral margins of the frontals and the parasphenoid (L.Eth, Fig. 4). The posterairtbege
lateral ethmoid _defines the anterior margin of the orbit (Fig. 2aTlereis no clear indication of the

median ethmoid.essification, or anyitsf associated structures (e.g. nasal pits).

The postorbital processes mark the rear margin of the orbit. Their relative position indicaigs a
preorbital region of the skull, with posteriorly-placed eyes (P.Op.Pr, Ejgl)4The ventral surface of the
otic region showslittle detail. This portion of the braincase extentds the lateral edge of the
dermopterotics, but has been flattened post-mortem. A strap-shaped facet for the articulation ¢
hyomandibulaswisible near the lateral edgé the neurocranium on both sides of the skull (H.Fa, Fig. 4
d). The occipital regioms the only region of the neurocranium visiloheboth dorsal and ventral view.is
dominatedby,a long basioccipitaistalk’ (Boc, Fig. 43, which protrudes from the posterior edge of the
braincase and extends well beyond the rear margin of the skull roof. Thes statkcatedoy breakageat
the end of the specimen, aad would have been more extensive. A shallow groove for the dorsal ao

extends along the ventral midline of the stalk (A.G, Fig.d}, while its open, gutter-like dorsal surface
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presumably accommodated the notochord (Nc.G, Fig. fab)occipitals are visible dorsally, lying
immediately posterioto the rear margirof the skull roof (Eco, Fig. 4a, b) and flanking the foramer

magnum (?Fm, Fig. 4a)b

The parasphenoid long and distinctiven shape. The broad, spatulate anterior corpus of the bo
extendsat least*half“of the overall length of the skull, st anterior margins are not clear. The widest
point of the anterior corpuss locatedat approximatelymid-length, whereit is equalin width to the
frontals, buit/is difficult discern the anterior margin of much of the parasphenoidadine crushed nature
of the specimen(Psp, Fig. 40, dhe corpus becomes medially constrickedhe orbital region of the
skull. The ventral surface of the anterior corpus bears no obvioustetghticles, buts concave, forming
anarched rootorthe buccal cavity. The posterior stalk of the parasphenoid underlies the otic and occi
regions ofthe braincase, althougits margins are difficultto discernin uCT data.lt appears that the
parasphenoid’only extends part of the length of the basioccipital stalk, terminating slightly ptistegor
dermopterotic processes (Fig:., 4). The ascending process and basipterygoid process of the parasphe
cannot be identified, nazanthe presence or absence of forammahe bone associated with basicranial

circulation be established.

A thin, plate-like @ssification lies anterido the parasphenoidnd ventralto the rostodermethmoid.
Although posteriorly distinguishable from the overlying braincase and skull roof (Fjgt #eimpossible

to identify a boundary between these ossifications antési@r point just behind the narial opening. A
slight thickeningatithe anteriormodiip of the flattened skull roof and braincase (T.P., Fig. 3c, d) might k
associated with this bone, and the shapisgiosterior margin suggests thiamay interdigitate with the
parasphenoid. Based on its position veritsdhe braincase and antertorandat roughly the same levels

the parasphenoidgye tentatively identifyit asa median vomer (M.Vmr, Fig. 4c¢).d
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Upper jaw. The upper jaws representedby the maxilla and premaxilla, and thdaseno indication of a
supramaxilla. The maxilles half the length of the mandible, and roughly three tiasdeng asdeep (Mx,
Fig. 5). The maxillas rod-like anteriorly, with a circular cross section, but flattens into a concave pl:
posteriorly, whichis appliedto the dorsolateral surface of the mandible (Fig. %a)lateral view, the
maxilla bears_assmall proreg its posterodorsal corner (P.P, Fig. Sh-gnd the anteriotip bears a small
articular process*(A:Pr, Fig. 5h-gThe anterodorsal margin has a slightly thickened ridge, which si
slightly above. the restf the dorsal margiof the bone (T.R, Fig. Sb}gDue to disarticulation during

preservationit is unclear how the maxilla would have articulated with the rest of the skull (Fig).2a, b

A splint-like bone, preserved underneath other dermal bones of the snout on the right side «
fossil, is interpretedas a premaxilla (?Pmx, Fig. 3c).dThe posterior and medial margins of the bone ar
incomplete. The preserved fragmentoughly two-thirds of the lengtbf the antorbital, buits true length

and widthis difficult to discern.

Mandible. Five_major bones contribute the mandible: dentary, angular, surangular, prearticular ar
articular (Fig. 6. These are joinelddy whatis apparently a single coronoid, although sutures between bor

are difficultto resolvein tomograms (Fig. 6a-c).

The dentaryis the principal bone on the outer face of the mandible (Dent, Fig).68aeh dentary
is gently bowed anteriorly, meetirag a rounded symphysis, and a thumb-shaped depression lies near
anterior marginsoach The dentary contributes only a narrow bémthe dorsal surface of the mandible,
and this oral margin bears no teeth or denticles. The cross-sectional profile ohtidug ide'r’-shaped,

with a mesialridge abutting the lateral margfrthe coronoid (Fig. 6b,)c

Posteriorly, the dentary sutures with the surangular and angular (Sang, Ang, Figlr6thigral

view, the angulais long and wedge-shaped, roughly half the length of the dentary, and tapansoint
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halfway along the mandible. The lateral surfatéhe angular bears two grooves, marking the path of tt
mandibular sensory canal, which extend parateethe ventral margin of the jaw and continue on the
dentary (MSC, Fig. 6d,)eThe surangular forms the posterodorsal coofi¢he external surface of the jaw,
and sutures with the dentary anteriorly and the angular ventrally. Midway along the adasstor the
dorsal margin.ef:the mandible bears a reduced coronoid process (Cor.Pr, Fig. 6f, gedosopely of the

surangular.

The wedge-shaped prearticular covers most of the mesial surface of the mandible (Féirtg)Fig.
It defines thesanterior margin of the adductor fossa (Ad.F, Fig),6hegting the surangular postertor
the coronoid process, and attacheshe articular posteriorly. The exposed surface of the preartisular

smooth, and freefdenticles.

The coronoid series of Martillichthys appe&osbe representetly a single bone, with no clear
sutures (Cor, Fig. 6b, €, g). The coronoiccanbe divided into two principal regions. The more anteisor
a bulbous expansion that forms a deeply interdigitated, subvertical suture with the prearticular &
horizontal suture with the inner face of the dentary. The more posterior consists of a long, rod-st
portion that lies. dorsdb the dentary and prearticular, extending from approximatetizlength of the

mandibleto near the symphysis.

The articular liesat the posterior end of the jaw (Art, Fig.-@). It is flanked laterallyby the
surangular and=angular, and mesidllythe prearticular. The articular defines the posterior margin of tr
adductor fossa, and bears a well-defined glenoid fossa for the articular condyle of the dGhdiakeg.

6d-g). The jaw,jointis only slightly above the ventral margin of the mandible, iammtiented posteriorly.
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Gill skeleton. The basibranchials, hypobranchials, and ceratobranchials are preserved (Figonlg,a
single, elongate basibranchial (?B0N: Fig. 7a) appears present, btg complex shape and position

between multiple hypobranchials suggests ithaiiay represent the fusion of multiple basibranchials.

Mineralized, hypobranchials are only apparent for the first two branchial arched,(Higl- 7a, b.
HypobranchalFisfargely straight but curves gently towaitisantimere, anteriaio the basibranchial. The
anterior regionis expanded intan articular facet, and a longitudinal groomevisible posteriorto this
anterior expansion. Hypobranchidlis of a similar length and widtho hypobranchiall, although the

anterior endsdess‘expanded and the ventral groove less defined.

Five ceratobranchials are present. A gap midway along their length represemizk an kihe
specimen, and the posterior endstauacatedoy the end of the block containing the skull (GhIFig. 7a,
b). Ceratobranchials | and articulate with hypobranchials | ahidrespectively. There are substantial gaps
between the_ anterior ends of the remaining ceratobranchials and the basibranchials, indicating
intervening hypobranchials were probably present but unmineralized. The first foinbcanahials are
morphologically similar. Eacis a long, thin bone, about three times the length of the basibranchial. T
ceratobranchials. are’-shapedin cross-section, with a longitudinal groove extending along the ventr
side. The fifth ceratobranchials are the shortest of all the series, approximately halsémeepréength of

the fourth pairand-a third of the length of the first (Fig. Ja, b

In contrastte the ventral gill skeleton, whicks truncated posteriorly, the dorsal gill skeleton
appeargo be largely complete within the block containing the skull (Ebl-IV, Figs 2ag,lf)7Four pairs
of epibranchials are present on the right side of the specimen, but only thpeesarged on the left (Fig.
7c, d). However, only the posterior portioran be observed, ands such the presence or absemde
uncinate processes cannot be determined. The epibranchials are shorter ¢aatai@nchials, andach

is shorter than the element anteriorit. Apart from this differencén size, each ceratobranchial shows &
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broadly similar morphology: slender with a pronounced dorsal groove giving the boehshaped cross-

section.

Tooth plates have not been obserwe@ssociation with the gill skeleton, but numerous elaborat
gill rakers are present (G.R, Fig. 7a, bn)e Each raker comprises a long, club-shaped stalk (Liston 201
that articulates'with'the gill skeleton, and bears elongate, pointed projections. The lengthpybgsction
is understatedn CT renders dudo limitations associated with a large (1@6é1) voxel size, but the true
length—up to/0.5 cm—is apparent from external consideration of the fossil (Fig. 7a;1), @he rakers
are directed anterolaterally, and are oblituéne rest of the gill skeleton (Fig. 78, Bhey are relatively
large, roughly a fifth of the length of the hypobranchials, and extremely numatdesst 110 are present.
The projections=extend from the anterior margireathraker along roughly a quarter of the length (Fig.
7e-m). Based on the regular spacing between some of the rakers, and their alignment withirdie v

ceratobranchialgye estimate that there are approximately 15 rakers per ventral gill arch.

Hyoid arch and.palate. The hyoid aroh Martillichthys comprises hypohyals, anterior and posterio
ceratohyals, interhyals and hyomandibulae. The hypohyals are laterally flattened, with @l nonarfidks
and lie closeto,the midline of the fossil (Hhy, Fig. 8a).bEach hypohyal curves gently towarids
antimere. Approximately halfway along the ventral edge, a small foramen marks the afoilns afferent

hyoid artery (AH-AF, Fig. 8a,)b

The hypohyals articulate with the elongate anterior ceratohyals posteriorly (A.ChyBarid).
These are roughly four timelse length of the hypohyal and nearly half the length of the entire skull (Fi
2c, d). Theyyare straight and laterally compressed, with a medial constriction. A longitudinal gro
extending along the posterior half of the lateral face of each ceratohyal indicates tbé thatlafferent

hyoid artery (AH.A.G, Fig. 8a,)b

This article is protected by copyright. All rights reserved



The posterior ceratohyals articulate with the anterior ceratohyals (P.Chy, Fig), &ndbare
wedge-shaped, matching the depth of the anterior ceratohyals anteriorly but tapering postéreorly

longitudinal grooves of the anterior ceratohyals continut ¢ime posterior ceratohyals.

The trapezeidal interhyals are the smallest bones of the hyoid arche d&dween the posterior
ceratohyal and“the“ventral portion of the hyomandibula (lhy, Fig. Ba,he interhyal on the right side

appearso bemore completely preserved (Fig:, 2)).

The following bones of the suspensorium are preserved on the left side of the specimen
entopterygoid, metapterygoid, ectopterygoid, quadrate and symplectic @Fid). ©nly the quadrate,

symplectic andshyomandibula are present on the right side of the skull.

The quadrate (Quad, Fig. 8c, id)Jdominatedby its well-developed articular head (MQ.J, Fig., 8
d). The posteroventral margin of the bone bears a sharp notch approximately a third of #lengés
length, into which-the rod-like symplectic inserts. The symplaestapproximately the same lengilsthe
guadrate but haliswide until the posterior third, whidk twice aswide asthe rest. Both the right and left

symplectic are,broken approximately two-thirds of the way along their length (Sym¢Faly. 8

The toothlesssectopterygoisiboomerang-shaped (Ectp, Fig, ). The broad posteroventiainb forms a
tight sutural connection with the anterodorsal mamjfinthe quadrate. The anterodorsiahb is more
slender, and terminat@s a pointed tip. The metapterygoid has broken into three pieces: one apphed
guadrate and ectopterygoid; one laténahe entopterygoid and separated from the more anteriordycme
small crack(Mpt, Fig. 8c,)dand one separatdy a further small gap and applitmithe anterior margin of
the hyomandibula (Fig. @ d). The oval entopterygoid contacts the ectopterygoid ventrally and tl
metapterygoid posteriorly (Entp, Figc,8d). The inner surface of the entopterygasdsmooth, with no

evidenceof denticles.
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The hyomandibulas plate-like, roughly rectangulan shape and lies on a slightly diagonal axis
relativeto the remainder of the skull (Hyo, Figs,2l, 8a, b, €h). It is medially constricted, with a waisted
appearancén lateral view (Fig. 8eh), and the distal enid expandedo a much greater degree than the
proximal heads=Although not preserved, a thickened ridge of bortee posterodorsal portion of the
hyomandibula,“identified through external analysis, suggestsathapercular process was originally
present. A foramem the upper third of the bone marks the passage of the hyomandibular branch o

facial nerve (FN.F, Fig. 8a)b

Cheek, circumorbital bones and sclerotic ossicles. Preserved components of the chekk thnel
infraorbitals, suberbitals, dermosphenotic and preopercudsnvell asfragments of dermal bone that are
harderto identify. On the left sideof the fossil, midway along the orbit, a square fragment of bor
articulates with' the lateral margin of the frontal. Comparismrother pachycormids indicates that a
dermosphenotic_identitis most likely, although the lack of a sensory canal means that a supraork
identity cannot be discounted (?Dsp, Fig. 2). Multiple bones surrounding the orbit are preserved o
right side of the skull, but are displaced from life position (Fig. 9). The dermosphesnwtaken into two
pieces, but indicates that the complete bone would have framed the posterodorsal and dorsaifrtteggin:
orbit (Dsp, Fig. 9a, c)d As preserved, the bone appears triradiate, with a long anterior arm and s
posterior and«ventral arms; the dorsal margin of the anterior arm closely matches the laterabitlaegin
skull roof in the orbital region. A portion of the sensory caisalisible on the posterior fragment of the
dermosphenotie=«(S:C., Fig. 9¢-dA\t least two plate-like bondge posteriorto the orbit, with four more
slender ossifications spread across the orbital region. The larger, more posterior bones geted@srp
possible suberbitals (?Sor, Fig. 9b). Two curved bone$fie middleof the orbital region represean
incomplete sclerotic ring. The larger ossid@approximately one-eighth of the overall skull length (D.Sco
Fig. 9). The smaller ossicle appetosbe broken (V.Sco, Fig. 9). The remaining splint-like bonethe

orbital region are prob&pinfraorbitals (?lor, Fig. 9a, c}d
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A small fragment of the preoperculumpreserved on both sides of the skull (Pop, Fogdg It is
thin, closely appliedo the lateral surfacef the quadrate, and bears a fimbriate posterior maxgirtanals

or grooves for the preopercular sensory canal are visible.

Operculogularseries: The operculogular series consists of the gular plate, branchiostegpéreysim
and suboperculum. From external analysis,least 27 branchiostegal rays are present between t
hypohyal and anterior ceratohyal, with the series extending along the posterior cér@siaFigs la,
8a, h. A total countis not possible, and dut their thinness the branchiostegals are not visible

tomograms or associated renders.

The gular plate lies immediately posterity the mandibular symphysis and venttal the
rostrodermethimoid (Gul, Fig. 2c).d he platas exceedingly thin neats posterior margin, and terminates
with a ragged edgét is possible that the bone extentfurther posteriorly, but this weakly mineradi
portion was either not preservedlost during specimen preparation. This posterior regdoo thinkto
be visualizedn tomograms, and while visible externally (Fig. liais not apparenin renders (Fig. 2c, d)
As preserved,it_extends approximately half the length of the intermandibular space, covering
hypohyals (Fig. 1a By contrast, the thicker region of this bone tisspparenin tomogramss restricted
anteriorto thesnypohyals (Fig. 2c,)dA series of ridges and grooves cover the gular plate, radiating fromn

smooth regioratthe center of the ventral surface of the bone (Figd)2

The plate-like operculum and suboperculum are preserved on the left side of the fossil, but
margins aresincomplete) additionto being posteriorly truncated (Figc,2l). The operculum (Op, Fig.c2
d) slightly overlaps the dorsal edge of the suboperculum. The suboperculum terminates podtegior
rounded posterior margin of the hyomandibula (Sop, Figd2 Dueto incomplete preservation, littigan

be said about the relative sizes of these bones.
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DISCUSSION

Revisions and additiorte previous descriptions

Our studyof Martillichthys provides new information on previously concealed internal anatswgll as
clarifying somesaspects of features only partially exp@dede surface of the specimen. This permaits
update of some anatomical interpretations of Martillichthys gimezarlier accounts (Martill 1991; Liston

200839.

Skull roof. Reexamination of the specimen permits clarification of several featuties skull roof.We
identify a gap_between the frontais Martillichthys. A similar opening has been identified betwéen
frontals of theskate Cretaceous pachycormiform Rhinconichthys taylori (Schune&ie2016), ands
either extending between the parietals, or being restricted between the parieRilgjyenoi andR.
purgatoirensis respectively (Schumackeal. 2016, fig. 8). Geometryf the frontals suggest that a similar
gap might also have been presenBonnerichthys (Friedmaat al. 2010), although separation between
skull roofing bonesn this taxon raises questions about equivalesfdie condition. Such a gap has not
been reportedth Asthenocormus (Lambers 1992), as@bsenin tooth-bearing pachycormiformg/e also
find that the restrodermethmoid of Martillichthis diamond-shaped rather than triangular, and that th
dermopterotic extends anteritm the transverse suture between the frontals and parietals rather t
terminatingat theslevelof this junction (Liston 2008aThisis in broad agreement with conditiomsmost

other pachycormiforms and outgroups.

Our interpretation of the identity, geometry and arrangement of bones contritoutirégsnout also
differs fromuprevious accounts. Liston (2008a) interpreted the rostrodermethmoid of Martilliebthys
narrow, triangular bone, contacting the frontals via a transverse suture and excluded from llydayape
slender nasals that contacted one anathtdre midline. Based on our scan data,reinterpret the sutures

between the rostrodermethmoid and naaatyrooves for the supraorbital sensory canals, borne entirely «
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the body of the rostrodermethmoid. This brings the overall geometry of the rostrodermethmoid onore
line with that seenn other pachycormiforms, where this bone contacts the upper jaw. Presence of
supraorbital sensory canal on the rostrodermethmoid suggests either migration of tHiocatied nasal
to the rostrodermethmoid, or fusion of the nasal imdssociated canal with the rostrodermethmoid (se
below). Among=pachycormiforms, a rostrodermethmoid bearing the supraorbitalicatsd foundin
Bonnerichthys (Friedmaet al. 2010), althougim that taxon the cana buriedin the bonen a thickened
ridge rathethanlying superficialy. We also find that the rostrodermethmoid bears a long posterior proce

that extends between the two frontals, rather than meeting those bones along a gently scalloped marc

The presence of the presumed supraorbital canal on the rostrodermethmoid complicate
interpretationsof*more lateral bones of the snout. However, based on conuiitather stem teleosts (e.qg.
Dorsetichthys, bechei: Rayner 1948; Pachycormus macropterus: Lehman 1949aieyn¥978),we
agree with Liston(2008a) that the ovoid bone on the right side of theisreoptobable antorbital. Much
of Liston’s_(2008a) proposed nasals are, accordingour revised interpretation, parts of the
rostrodermethmoidWe are only abldo identify fragments of dermal bone along the mamjfirihe right

frontalasa possible nasal.

Paired vomers are known in the tooth-bearing pachycormiforms Pachycormusa(L&ba, fig.
4; Mainwaring=2978, fig. 7);Hypsocormus (‘H.” tenuirostris; Martill 1991, fig. 9.6b), Orthocormus
(reportedas Hypsocormusn Rayner 1948, fig. 6 and Protosphyraena (Felix 1890, pl. 14; Loomis 190C
pl. 14; Hay 1903y fig. 1)In these taxa, the vomers are splint-like, with their long axes edent
anteroposteriorly. The vomers contact alatdeast part of their length, and are tightly sututedne
another mesially andn some taxato the parasphenoid dorsallin some cases, the vomers @@
intimately boundio one another and the parasphenoid that their margins are difGiadikcern. Vomers
have not been previously been identifiedMartillichthys or any other edentulous pachycormiform. While

the structurave interpretasa vomerin Martillichthysis median,t is possible thait is composed of paired
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bones that are too tightly joined be distinguishedn our relatively low-resolution scan. The vomer(s) of
Martillichthys do not appeato have a thickened transverse ridgiethe anterior margin of the bone, a

feature thats ubiquitous among tooth-bearing pachycormiforms.

Upper jaw. Thesgpremaxilla was previously unknown Martillichthys. However,we interpret the
incompletely-preserved ossification buried beneath the antorbital and contritoutivegoral margin of the
upper jawasrepresenting this bone. The position of the putative premaxilla might also be consistent w
vomer (but see abave), but the shape of the bonégsamdgerall proportions broadly match the ventrolateral
extension of thesrostrodermethmoid of Bonnerichthys, interptatdetiedmanet al. (2010: p. 991, fig. 2;
pers. obsof cast of KUVP 60692ps a fused premaxilla. The structure of premaxillaeedentulous

pachycormiformssremains poorly known.

As in other‘pachycormiforms, the maxilla of Martillichthys beangmbaymenatits posterodorsal
corner. This notch marks the position of the supramaiiltaxa where the boris presentWe have found
no traceof a supramaxillan Martillichthys, but this notcls a persistent feature despite the possible loss c
the bone that accommodateim other pachycormiforms. Apart from the absence of teeth, the most
striking difference.between the maxilla of Martillichthys and most other pachycormiiethesoverall
geometry of the bone. The maxilla of Protosphyraena (FNBAN8251) and Pachycormus (NHMURV

32433)is moresslender than that of Martillichthys, and the anterior articular process more spur-like.

Mandible. Previous accounts of external anatashythe lower jaw are largely accurate, althouga
disagree with past interpretations of the mand#séeing structurally very different from that other
pachycormiferms (Liston 2008: p. 186). The major excepgsdhe groove reporteboly Liston (2008ajpsa
suture between the external dermal bones of the mandible and the prearticular, which instedgldemat

course of the mandibular sensory canal. The prearti@l@onfined entirelyto the mesial surface of the
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mandible ands not visiblein lateral view. |[CT data provides the first clear picture of this bone, along wit

the coronoid and adductor fossa.

Gill skeleton.The most substantial updatethe morphology of the branchial arches relédebe anatomy
of the gill rakerss=and their associated projections. Liston (2008a, 2013) reported the présakers and
fine raker fimbriationan Martillichthys, but concluded that tooth-like extensions from the rakers we
absent. However, tomograms reveals that elongate, pointed raker projectioastsithibse reportech
Asthenocormus (Lambers 1992: 212; questiobhgd.iston 2013, p. 137) are presant Martillichthys,
rather than the finer fimbriations or oblique edges associated with Leedsichthys (Liston 2008b, -
Gouiric-Cavalli_ 2017, fig. 2). The presence of these tooth-like projecigalso apparent from external
observation, refuting past claims that such structures belamgsdavengers rather than Martillichthys
itself (Liston 2008: p. 191}t is also clear that therie variation between taxia the geometryf the stalk

of the raker (Fig. 10), whicls club-like in Martillichthys but appeart taperto a point distallyin most
material attributedo Leedsichthys (Liston 2006, fig. 6.8.7; Liston 2013, fig 1; Gouiric-Cavalli 2017, fig.
2). While it is possibleto determine that the rakers reporteddsthenocormus (Lambers 1992, 212, pl. 2b)
are more morphologically similato those reportedn Martillichthys than Leedsichthys, they are not

completeenough.for,a more direct comparison.

MCT dataralso adds detdib the gill skeleton, including the presence of a large basibranchi
possibly representing the fusionldf andIV (cf. Pachycormuasdescribedy Mainwaring 1978, fig. 13).
The absencesofsbasibranchiblindicates thait was cartilaginousasinferred for other pachycormiforms
(e.g. Mainwaring 1978)n addition,we find that the fourth epibranchials identifieg Liston (2008a, fig.

3) instead represent the dorsal margins of the occipital stalk of the braincase.

Hyoid arch and palate. Our interpretation of the ventral hyoid arch substantially revises that of Li

(20089, which reported minute hypohyals, short anterior ceratohyals, and exceptionally longopost
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ceratohyals, roughly the length of the mandible. Insteadfind that the geometrgf the ventral hyoid
arch in Martillichthys more closely agrees with generalized neopterygian conditomgyving short
hypohyals and posterior ceratohyalscombination with long anteriaczeratohyals (Olsen 1984; Grande
and Bemis 1998; Grande 201M). additionto these updated bone identifications, our scans reveal t

presence oninterhyal thais not apparent from external examination.

Cheek, circumorbital bones and sclerotic ossicles. The idertttye disarticulated bones within the orbit
requires some discussion. Previous descriptions of Pachycormus have idéaitiBadt 10 (Mainwaring
1978: 16) andat least 11 (Lehman 1949: 10) long, rectangular bones postaitire orbitasinfraorbitals.
This arrangement of numerous narrow infraorbitsigenerally takems commonto all pachycormiforms,
but can only besshown convincinglyin a few taxa (e.g. Euthynotus: Wenz 1967, fig. 67; Hypsocormt
insigns: Woadward 1895, fig. 40;'Hypsocormus macrodon: Lambers 1992, fig. 17; possibly
Protosphyraena: Felix 1890, pl. 1By contrast, larger, plate-like bones postetiorthe infraorbitals
represent suborbitals (Lehman 1949, fig. 2; Mainwaring 1978, fig. 2). Therefeiaterpret the slender,
more anteriorly placed orbital bones of Martillichtag@nfraorbitals (?lor, Fig. 9) and the plate-like bones
as suborbitals (?Sor, Fig. 9). However, the disruption of their position and the lack ofnais/ roakes
these identifications speculatii®y contrast, the presence of a sensory canal, combined with the geom
of the bone,/clearly establishes the identifythe dermosphenotic. Neither infraorbitals nor suborbital
were identifiedby=kiston (2008a), while part of a possible infraorbital was interpratea supraorbital

(Liston 2008a, fig. 3).

Operculogular series. Previously descrilaestaving small paired gulars, Martillichthys confortasthe
general pachycormiform conditiom bearing a single large, median gular. The gular commenc
immediately posterioto the jaw symphysis, encompassing a bone fragment previously interpietec
belongingto the parasphenoid (Liston 2008a, fig. 4), and extends postesi®dythin, fragmented sheet

that covers the anterior half of intramandibular space.
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Phylogenetic placement of Martillichthys

Characters resolving Martillichthys as a pachycormiform. The monophyly of Raamjarmesis well-
supportedby numerous studies that show broad agreement concerning the features uniting the
(Patterson 1975;"Mainwaring 1978; Lambers 1992; Arratia 2004; Liston 2008a; Friedrahn2010;
Friedman 2012a; Arratia & Schultze 2013; Wretneral. 2016). From this studyye can confirm the
following features support the placement of Martillichtlagsa pachycormiform (Fig. 11; node 1): (1) a
compound rastredermethmoid forming the anterodorsal border of the mouth (contra Liston 2008a,
interpreted midline. contact between the nasals excluding the rostrodermethmoid fronpejie(2)aa
reduced corenoid” process of the mandible; (3) absence of supraorbitals (with the dermosph
separating the orbit from the skull roof); and (4) elongate pectoral fins; with (5) distinctivily dist:

bifurcating, asymmetrical, lepidotrichia.

Thegfollowing features support the placement of Martillichthgsin edentulous pachycormiform
(Fig 10; node 2): (1) absence of marginal dentition; (2) lack of ornamentation on the beneslof the
skull; (3) absenc®f a supramaxilla; (4) broad anterior corpefsthe parasphenoid (unlike the narrow
corpus reportednsPachycormus and most other tooth-bearing pachycormiforms, a broad corpus of
parasphenoidis also seenin Saurostomus, whichs interpretedas a close relative of edentulous
pachycormifarms;“Wenz 1967, fig. 65); (5) posterior margin of the parietals form a median projec
(unknownin Bonnerichthyy (6) absence of a posterior boss on the skull roof (unknowBonnerichthyy
(7) a reductiorriloss of scales; and (8) reduction or absarfcegmentatiomn caudal-fin rays (also seen
in Protosphyraena; McClung 1908; Arratia & Lambers 1999)this, we add: (9) a gap between the
frontals (presenin Rhinconichthys, equivocah Bonnerichthys, uncertaim Asthenocormus; Schumacher

et al. 2016). A thickened ridge on the lateral surface of the maxilla has previously ibsmsca
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synapomorphyf edentulous pachycormiforms (Friedmetral. 2010; Friedman 2012b), but this charactel

is highly subjective andve do not regardt asstrong evidence for monophyly of the group.

Interrelationships of Martillichthys and other edentulous pachycormiforms. Despite limited understan
of most taxa, there are multiple characters that show variable states among edentulousnpiémtmysor
and might therefore“provide clués their interrelationships. Hemnge consider the implications of these
features, polarizing tres based on conditions observad proximal (Pachycormus: Lehman 1949;
Patterson 1975; Mainwaring 1978) and more distal (the early crown neopterygian Watsonulus: Olsen
outgroups.Werrestrict our consideration® edentulous pachycormiforms with the best-known skelete
anatomy: Asthenocormus (Lambers 1992), Bonnerichthys (Frie@mah 2010), Martillichthys (Liston
2008a; this study) and Rhinconichthys (Friedneaal. 2010; Schumachet al. 2016). Less completely

known taxa are discussedthe following section.

Our_study has both corroborated existing (Friedmiaal. 2010; Friedman 2012a; Wretmanal.
2016) and suggested additional synapomorphies uniting edentulous pachycorrnofémsexclusion of
Bonnerichthys (Fig 10; node 3): (1) elongated occipital stalk (uncemaifsthenocormus and (2)

elongated gill-rakers possessing ornamentation asphinted projections or fimbriations.

Friedman (20%2a)-suggested two characters uniting Asthenocormus and Martilliohitmyexclusion of
other edentulous pachycormiforms. Fiist the presence of (1) a medially-constricted, or waistec
hyomandibulag=which contrasts with the mordab-sided” hyomandibulae of Bonnerichthys and
Rhinconichthys. However, the reliabilityf this charactelis unclear; a waisted hyomandibuils also
presentin other pachycormiforms, su@sPachycormus, and thei®a degree of ambiguity delimiting
the contrasting states of this character. Second, and perioepseliably, (2) the posterior process of the
dermopteroticsis reducedin Martillichthys and Asthenocormus relatite other pachycormiforms, a

condition that contrasts with the extremely long and narrow posterior processesrfdimdconichthys
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(Fig. 11).To these,we add two characters relating overall skull geometry highlighteith our studyof
Martillichthys: (3) an elongated pre-orbital region (compared with a proportionally shere-orbital
region in Bonnerichthys, Rhinconichthys and outgroupnd (4) a short hyomandibula relatite the
mandible, comprising less than one third of the lower jaw length (compared with a hyomandibula gr

than one third.efithe length of the mandilmidBonnerichthys, Rhinconichthys and outgroups).

Set against these characters suggesting a close relationship between Martillichthys
Asthenocormuswe note other features shared that could suggest alternative hypothesess tiest
proposaby Sehumacheet al. (2016) that Martillichthys and Rhinconichthys migktunitedby a form of
prognathy, with the mandibular symphysis extending beyond the arttpradrthe rostrodermethmoidlve
are not convineed-that life positions of these structoaebe meaningfully assessedavailable material
of Martillichthys and Rhinconichthysgsat least some of the apparent prognathylattened specimens of
these generafmay be a result of taphonomic distortion rather than genuine anatomical sigma|.w&ec
note the presence of a supraorbital canal-bearing rostrodermetimmidattillichthys, seen elsewheie
Bonnerichthys (Eriedmaat al. 2010). Although this arrangemasiclearly derived relativéo outgroups,
the rostrodermethmoidf other edentulous pachycormiformssnsufficiently knownto evaluate conditions
in those taxa.,Conclusions about the phylogenetic relevance of this character dditiiead study of
relevant specimengr discoveryof more satisfactory materialln summary,we argue that among well-
known edentulous=pachycormiforms, there appé&aitse strong support for a close relationship betwee
Asthenocormus and Martillichthys, with Rhinconichthys and Bonnerichthys representing more d

outgroupgo thesessister genera.

Phylogenetie,placement of poorly known taxa. Ohmdenia and Leedsichthys are two poorly kwothatta
are, despite their incompleteness, particularly relevaninderstanding the evolution of suspension-
feeding pachycormiforms. The Early Jurassic Ohmdenia, igthunusual mandibular proportions and

dentition, has been placeak the immediate sister lineage edentulous pachycormiforms (Friedman
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2012a; Schumachet al. 2016), and thus has a bearing on primitive anatomical conditions of the cle
The Middle-LateJuassic Leedsichthys probably representeoly the greatest amount of fossil material
known for any edentulous pachycormiform (Liston 2010), but these remains are often ddfiotérpret
because of disarticulation and the damégendividual elementsas well as the difficulties posedn
handling suchsquantities of physically large material (Hudson & Martill 1994; Liston 2004, 201
Nevertheless; Leedsichthys has become perhaps the most iconic member of this radiationadue

combination ofts great size and anatomical peculiarities (Liston 2004, 2006, 2016; kisadr2013).

Ohmdenia;“representdry a single associated but badly disrupted individual, presentmusual
combination of characterlf. has proportionally elongate mandibles with a distinctive dentition comprisir
closely-packedy=low-crowned teeihh broad bands across the dorsal margin of the mandible. Friedm
(2012a) interpreted Ohmdengs the sister lineage of edentulous pachycormiforms on the basis of t
unambiguously optimized synapomorphies: the presence of a slab-sided hyomandibula and the ar
absencef scales. However, the phylogenetic hypothesis preséytédiedman (2012a) requires reversal
to a more conventionallywaisted’ hyomandibulain Martillichthys, Leedsichthys and Asthenocormus,
raising questions about the reliability of this qualitative character. Unfortunately, mgngskgects of
anatomy \ith_a_bearing on placement of this taxon, including mo€hhe skull, remain unknown.
Intriguingly, the bone interpreteas the hyomandibulan Ohmdeniais very shortin comparisonto the
mandible, broadly=corresponding conditionsin Asthenocormus and Martillichthys rather than the mor:
generalized pachycormiform proportions characteristic of Bonnerichthys and Rhinconidfithy4 ).
Additionally, thespresumed hyomandibula appedarsack an opercular process, matching the condition
reportedin Rhinconichthys and Asthenocormus. Possible implications of this pattern are considéesd

following seetion, but these hinge upon the uncertain identification of the hyomandil@handenia.

Leedsichthys, although poorly known, shows some morphological features that siippor:

phylogenetic placement among more completely known edentulous pachycormiformst possesses
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elongated gill rakers with oblique edges or fimbriations (Liston 2006, fig. 6.1-6.7; Gouiric-Cavalli 20
fig. 2). Gill raker anatomys known for some toothed pachycormiforms sasPachycormus (BRLSI
M1297; BRLSI M1364, pers. obs.), which has small, knob-like rakers that are substantially shorter t
the thickness of the supporting bones of the gill arches. These proportions are not dissihigdrs seen

in Amia (Grandey,& Bemis 1998, fig. 56) and other outgroups, wadregard thisas the primitive
pachycormifem econdition.By contrast, gill rakers are relatively elongateMartillichthys, exceeding the
thickness of their supporting gill boness very few individual rakers have been describeédentulous
pachycormifarmsitis unclear how much they vary withand between individuals and species, limiting
inferences madeon the basis of observed morphological differences. The only edentulous pdchycorr
not knownto have elongated rakeis Bonnerichthys, whiclis regardeddy this and most other studias
the sister lineagéo all remaining edentulous pachycormiforms (Friednedal. 2010; Friedman 2012a;
Wretmanet al, 2016). This stands contrastto the sister group relationship between Bonnerichthys an
Leedsichthys/proposetly Schumacheret al. (2016, fig. 10). These authors do not report charact
optimizations for their preferred tree, but propose a lack of connections betwédemdéseof the skubhisa
synapomorphy of-these two genera. While the conditidBonnerichthyss clear,we regard the structure
of the skullin Leedsichthysastoo poorly-knownto assess this character, and maintain the hypothesis tf
Bonnerichthysis.the sister taxon of all remaining edentulous pachycormiforms. The most informat
material described for Leedsichthgshe gill basket NHMUKPV P.10156 (Liston 2008a, fig. 7; List@t

al. 2013, fige=d);y=but the overall structure appears conservativdine with accounts given for
Pachycormus (Mainwaring 1978). The hyomandibula of Leedsichthys presents two relevant chara
First, it appeargosdack an opercular procesasin Rhinconichthys and (possibly) Asthenocormus, althoug
it is possible that the process could have been damaged am &tilable material (cf. Martillichthys
Second, and,perhaps more informdiryehe hyomandibulas shortin comparisorto components of the
ventral gill skeleton relativéo the more generalized conditioims Pachycormus (Mainwaring 1978, figs
11-12; pers. ob<CT scans of BRLSI M1297) and Bonnerichthys (Friedreaal. 2010, figs 2, S7). This

suggests that the hyomandibula was also shadmparisorto the length of the lower jaw, whiaanbe
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roughly approximated by the length of the first ventral gill arch. However, the contfiticedsichthys
does not appeaas extremeas in Martillichthys and Asthenocormus. Although the illustration of the
hyomandibulan Asthenocormus giveim Lambers (1992, fig. 1a$ rudimentarywe are confident that the
bone was relatively short given overall cranial geometry, @verore detailed aspects it anatomy are

unclear.

Implications for the evolution and ecology of edentulous pachycormiforms

Previous phylogenetic hypotheses (Friedneaal. 2010; Friedman 2012aas well as the arrangement
proposed here ¢(Fig. 11), highlight some important questions about the evolution of edentt
pachycormiforms. _One striking pattetn emerge from these studiés a general incongruence with
stratigraphy. »TFhe® most nested clade of edentulous pachycormifezamsprising Asthenocormus,
Martillichthystand probably Leedsichthyss Middle-Late Jurassiin age, and contains the oldest well-
known edentulous pachycormiforms. Older material from the Bajasitoo incompleteo identify more
precisely than a member of the edentulous pachycormiform clade (Friedialar2010; Liston & Gendry
2015). By contrast, the Late Cretaceous Bonnerichthys and Rhinconichthys hiel@aglier-diverging
lineages, implying thatach has a long unsamgd history ranging from Middle Jurassio Early
Cretaceous aninterval of more than 60 million years. Although substantial, such asgapt entirely
unexpected; few diverse faunas of fully marine fishes are known from the Early Cretaceoobileass,
the edentulous=pachycormiforms are particularly rare. Instead, the most diverse fish localities known
this interval are largely freshwater (e.g. Las Hoyas, ®hat. 1988)or of mixed influence (e.g. Santana
Formation; Martills2007), with théew rich, but arguably understudied, marine fish faunas concentrated
the very end of the Early Cretaceous (e.g. Toolebuc Formation, Clode 2015; Galo@tation, Forey
& Longbottom 2010; Tlayda Quarry, Gonzalez-Rodrigwzal. 2013. In terms of overall cranial
geometry, Late Cretaceous members of these early-diverging edentulous Ioheageslosely resemble
either well-known Late Jurassic taxa or the putative Early Jurassic sisterarayspension-feeding

pachycormiforms, Ohmdenia, all of which app&ahave relatively narrow crania with deep suspensoric
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By contrast, Rhinconichthys and Bonnerichthys have skull proportions that more closely resemlaé thc
tooth-bearing pachycormiforms like Pachycormus. This hetspossibilities of a more complex
evolutionary historyof suspension-feeding pachycormiforms that should be tbsteabre detailed study

of key taxa and revised phylogenetic analyses incorporating new anatomical observations.

In particular;“Bonnerichthys presents a curious combination of characters refatiother
edentulous pachycormiforms. Gill rakers are not known for this taxon despite nearly teotoyie
disarticulated branchial arches, atopercular process of the hyomandibislaetained; the latter feature
is only knownin Martillichthys among edentulous taxa, and even apgedrs lostin Ohmdenia. Among
edentulous pachycormiforms for which the conditcam be assessed, Bonnerichthysalsoan outlier in
retaining a primitive geometry of the occiput. Set against these primitive features are plecive traits
of Bonnerichthys uniqudo that genus or otherwise only known pachycormiformsin apparently
distantly-related lineages. Among the latter, the most strilardjstal fusion of individual lepidotrichia
along the leading edges the fin, whichis characteristic of Protosphyraena (Dollo 1893; Friedman 2012
andits probable_junior synonym Australopachycormus (not reparteatiginal descriptiorby Kearet al.
2007, but apparemh undescribed pectoral fin NHMURV P73611, also from the Toolebuc Formation of
Australia and_presumably attributalitethe genups This peculiar arrangemert regardedas convergent
between the/two groups, ansl known to occur sporadically among other pachycormiforms (arg.
isolated caudal=fin: from the Toarcian Beacon Limestone Formation of Strawberry BEniBRLSI
M1393, probaly attributableto Pachycormus Suchanincongruous distribution of characters raises som
guestions coneerning the strength of support for the edentulous pachycormiform clade; many @
characters uniting these taxa rel&emodifications associated with suspension-feeding, and therefc
might not “be. independent of each other. Critical appraisal of the evolutionary histoderdtileus
pachycormiforms will also require a more detailed understanding of the anafdimythed members of
the broader pachycormiform radiation. Although the balance of evidgmpresent appeats support the

monophyly of edentulous pachycormiformse provide past studies of suspension-feeding lamniforr
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sharksas a cautionary note. Early morphological studies of Megachasma argued for agreisfer-
relationship between this genus and Cetorhinus, with much of the supporting evidence deriving
anatomical features plausibly linkéd suspension-feeding (Maisey 1985). Subsequent studies, includi
molecular analyses, reject the sister group relationship between cetorhinids and megachastmd& (Mze
Naylor 1997; Metta 2004), but highlight the challenges presdmyecbnvergence upon broadly similar

feeding modesy-closely-related lineages.

Regardless | of the phylogenetic implications of structural variations across edentu
pachycormiformsitiseems probable that major differengefiead proportions poind important—but as
yet undetermined-differencesin feeding ecology. Cranial patterns among edentulous pachycormifor
range from thewlong, slender head$ Martillichthys and Asthenocormugpo the conventionally-
proportioned ‘headf Rhinconichthys associated with a slender hyomandibuthge stout, large-eyed head
of Bonnerichthys:“Among living suspension feeders, the considerable varratsmll shapen closely
related lineages appears linkéd differencesin feeding mode. Mysticete whales show substantia
differencesin overall cranial geometry (Sanderson & Wassersug 1993; Hampe & Baszio 2010), \
morphologically distinctive lineages characterizgdparticular feeding modes: benthic suction feeding
grey whaeés (Eschrichtiidae); continuous ram feedimgbowhead and right whales (Balaenidae); and rar
feedingin rorqual whales (Balaenopteridae; Goldbogéal. 2007). Likewise, the independent radiations
of mobuild, rhineedontid, megachasmid and cetorhinid chondrichthyans have contrasting skull geom
associated with divergent approachesuspension feeding (Moss 1977; Compagno 1990; Motta 20C
Motta et al. 2020;=Paig-Tran & Summers 2014).seems possible that the variationcranial shape
apparentin the suspension-feeding pachycormiforms could have some bearing on their fee
mechanisms;, However, current treatments of the palaeoecology of edentulous pachyosraréoeither
guantitative but coarse (e.g. Friedman 2012a) or qualitativéraiddto specific taxa (e.g. Schumackhedr

al. 2016), limiting any further inferences comparisonso patterns of variatiom living taxa. Additional
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information on the cranial anatomy of edentulous pachycormiforms will alsotbdhetter establish

ecological diversity within this assemblage.

Conclusions

Re-examination=of,the skull of the Middle Jurassic (Callovian) Martillichthys renwickarapimed with
HCT examination of“previously concealed morphology, provides the most detailed actawanial
structure in edentulous pachycormiforms. This group has attracted considerable palaeobiological
palaeoecological interest, but even major aspects of their anatomy remain poorly understooddbitsnos
members. Reinterpretation of external details of the skull, including the snout, skull roof, cheek, lower
operculogular_series and ventral hyoid arch, brings the anatomy of Martillichthys morinentwith
conditions deseribedn other pachycormiforms. pCT scanning reveals a premaxilla, portions of t
braincase including a long, trough-like occipital stalk, a parasphenoid with a broad, paddtegike and
an intact branchial skeleton. The latter preserves numerous club-shaped eakérisearing elongate,
pointed projections. These rakers are foumdsitu, as with the gill basket specimen of Leedsichthys,
representing the.most complete picture yet available of the deployment of raksistae gill skeletom

anedentulous pachycormiform.

Collectively, these observations reinforce past interpretations of Martilliclathysghly nested
within the menoephyletic edentulous pachycormiforrirs. particular, the unusual cranial geometdy
Martillichthys, characterizelly a greatly elongated preorbital region of the skull and short hyomandibu
strongly supperissa:close relationship with the Late Jurassic Asthenocormus. Long ghost lineagées leac
the Late Cretaceous Rhinconichthys and Bonnerichthys are inferred herenasst other studies of
edentulous“pachycormiforms. This consistent wh a poor Early Cretaceous record of marine fishes
However, the very generalized morphology of Bonnerichthys comptredoth other edentulous
pachycormiforms and the Early Jurassic Ohmdenia remains striking, and suggests that moreveexhe

phylogenetic analysesf the group are necessary following more comprehensive documentation
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anatomyin major pachycormiform lineages. Regardless of their exact patterns of interrelationship
diversity of cranial geometriaa edentulous pachycormifmis suggests a diversityf suspension-feeding

strategiesn this group, consistent with modern mysticete whales and planktivorous chondrichthyans.
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FIGURE CAPTIONS
FIG. 1. Skl of Martillichthys renwickae NHMUKPV P.61563P A, photographin ventral view.B,
photographn dorsal view. Anterioto the leftin panelA; andto the rightin panelB. Scale bar represents

10 cm. Colour.enline. (intended for full page width)

FIG. 2. Skull of Martillichthys renwickae NHMUKPV P.61563PA, interpretive line drawing of rendered
portions of thesskulin dorsal view.B, three-dimensional rendering of skirldorsal view.C, interpretive
line drawingof rendered portions of the skui ventral view.D, three-dimensional rendering of skill
ventral view. Hashed lines indicate areas where margins are uncertain. Abbreviations: ahehgy
ceratohyal; Angy=angular; ?Ant, antorbital; Bc, braincase; Boc, basioccipital; Cb, ceratuéyaCor,
coronoid; Dent, dentary; Dpt, dermopterotic; Dsp, dermosphenotic; Ectp, ectopterygoid; E
entopterygoid;. Eoc, exoccipital; Eb, epibranchial; ?Fm, foramen magnum; Fr, frontal; Fr.Gp; degmtal
Gul, gular; Hhy, hypohyal; Hyo, hyomandibula; lhy, interhydgrinfraorbital; L.Eth, lateral ethmoid;
Mpt, metapterygoid; Mx, maxilla;NP, nasal; Nc.G, notochord groove; Op, operculum; Par, parietal; Pa
prearticular; P.Chy, posterior ceratohyal; Pop, preoperculum; Quad, quadrate; Rde, rostnoa&dnet
Sang, surangular; Sco, sclerotic ossicle; Sop, suboperculum; ?Sor, suborbital; Syrectgymynr,

vomer. Anteriortesthe left. Scale bar represefitdcm. Colour online. (intended for full page width)

FIG. 3. Anterierportion of the rostrodermethmoid and putative vomer and antorbital of Martillichtt
renwickae, NHMUKPV P.61563PA, interpretive drawingn dorsal view B, three-dimensional render
dorsal view.Cyrinterpretive drawingn ventral view.D, three-dimensional renden ventral view.E,
transverse cross-section through rostrodermethmoid and vBm@rotograph of the posterior half of the
skull roof, and the exposed gill skeleton. Black im@anels B and D indicates position of pageDashed
lines indicate where margins are uncertain. Antetdothe leftin panels AD, F. Abbreviations: ?Ant,

antorbital; ?Mr, naris; ?Pmx, premaxillaR, ridge; Rde, rostrodermethmoid; ?Su.C, supraorbital cane
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S.R, skull roofing bones; T.P, thickened portion; Vmr, vomer. Scaledpresents 5 cm. Colour online.

(intended for full page width)

FIG. 4. Skull roof and braincasef Martillichthys renwickae NHMUKPV P.61563P A, interpretive
drawingin dersakview B, three-dimensional rendar dorsal viewC, interpretive drawingn ventral view.

D, three-dimensional rendén ventral view. Grey lines represent undefined structures and surround
matrix. Dashed-lines indicate areas where margins are uncertain. Abbreviations: Adsgraoxte; Boc,
basioccipital; Dpt, dermopterotic; Eoc, exoccipital; ?Fm, foramen magnum; Fr, frontal; Fr.Gp; frontal
H.Fa, hyoid facet; L.Eth, lateral ethmoidN,?nasal; Nc.G, notochord groove; Ot.R, otic region; Par
parietal; P.Op.Pr, postorbital process; Psp, parasphenoid; Rde, rostrodermethmoid; Vmr, vomer. Ar
to the left. Scale bar represents df for panels AD and 2cm for panelE. Colour online. (intended for

full page width)

FIG. 5. Maxilla of Martillichthys renwickae NHMUKPV P.61563PA, transverse cross-section through
maxilla. B, interpretive drawing of left maxillan mesial view.C, three-dimensional render of maxilla
mesial view.D, interpretive drawing of left maxillen lateral view.E, three-dimensional render dft
maxillain lateral view.F, interpretive drawingf left maxillain dorsal view.G, three-dimensional render
of left maxillain,dorsal view. Black linen panel C indicates position of parfel Anterior to the leftin
panelsB, C, F'andG, andto therightin D andE. Abbreviations: A.Pr, articular process; Mand, mandible
Mx, maxilla; P.P, posterior prong; T.R, thickened ridge. Scale represents 10 cm. Colour(oriénded

for full page width)

FIG. 6. Mandibleof Martillichthys renwickae NHMUKPV P.61563PA, transverse cross-section through
mandible in the ‘region of the adductor fossB, transverse cross-section through mandiblethe
approximate midpointC, transverse cross-section through mandible near anterior nwdrgoronoid.D,
interpretive drawing of left mandible lateral view.E, three-dimensional render of left mandibidateral

view. F, interpretive drawing of left mandibla mesial view.G, three-dimensional render of left mandible
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in mesial view. Black lines panel G indicee position of panelé\, B and C from lefto right. Anteriorto

the rightin panels F ands; to the leftin panels D and. Dashed lines indicate areas where margins al
uncertain. Abbreviations: Ad.F, adductor fossa; Ang, angular; Art, articular; Cor, coronoid; Cor
coronoid process; Dent; dentary; GI.F, glenoid fossa; MSC, mandibular sensory canal; Part, prearti
Sang, surangular,Scale panels A-C represent 1 cm, anddfin panels D-G. Colour online. (intended

for full page width)

FIG. 7. Dorsal and ventral gill skeleton and associated rakers of Martillichthys renwickae NHRMWUK
P.61563P.A, dinterpretive line drawingof ventral gill skeletonin dorsal view.B, three-dimensional
renderingof ventral gill skeletonn dorsal view.C, interpretive line drawing of dorsal gill skeletam
dorsal view.Dythree-dimensional rendering of dorsal gill skeletondorsal view.E, interpretive line
drawing of rakein dorsal viewF, three-dimensional rendering of rakerdorsal view. G, interpretive line
drawing of rakern anterodorsal view. H, three-dimensional rendering of rakexnterodorsal view,
interpretive line drawing of raken ventral view.J, three-dimensional rendering of rakerventral view..

K, interpretive line" drawingf raker in anteroventral view., three-dimensional renderingf rakerin
anteroventral viewM, photograph of gill raker teetin dorsal view.N, photograph of gill raker teeti
dorsal view. Anteriotto the leftin panels AF. Dashed lines indicate areas where margins are uncerta
Abbreviations: ?Bb, basibranchial; Bs, base; Cb, ceratobranchial; Eb, epibranchial; Hb, hypobran
G.R, gill raker=Priprojections; Slk, stalk. Scale bars for panel® epresent 5 cm, @m for panels EL

and 0.5cmfor panels M-N. Colour online. (intended for full page width)

FIG. 8. Hyoid arch and palate of Martillichthys renwickae NHMUR/ P.61563PA, interpretive line
drawing ofthe left hyoid arcin lateral view.B, three-dimensional rendering of the left hyoid anech
lateral view.C, interpretive line drawingf the left palaten lateral viewD, three-dimensional renderirag

the left palaten lateral view.E, interpretive drawing of the left hyomandibuta mesial view.F, three-

dimensional render of the left hyomandibula mesial view. G, interpretive drawing of the left
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hyomandibulain lateral view.H, three-dimensional render of the left hyomandibualateral view.
Anterior to the leftin panels AD, G andH; to the rightin panels E andr. Dashed lines indicate areas
where margins are uncertain. Abbreviations: A.Chy, anterior ceratohyal; AH.Adferaffhyoid artery
foramen; AH.A.G, afferent hyoid artery groove; Bs.R, branchiostegal rays; Etgpterygoid; Entp,
entopterygoid;s=EN.F, hyomandibular branch of the facial nerve foramen; Hhy, hypdHyal;
hyomandibula;“Ihy,=interhyal, Mpt, metapterygoid; MQ.J, mandibular-quadrate joint; P.Chy, poste
ceratohyal; Pop, preoperculum; Quad, quadrate; Sym, symplectic. Scale graseme 5 cm. Colour

online. (intended for full page width)

FIG. 9. Sclerotic ossicle and circumorbital bones of Martillichthys renwickae NHNRWKP.61563PA,
interpretive drawing of right orbital regiom dorsal view.B, three-dimensional render of right orbital
regionin dorsal view.C, photograptof right orbital regionn dorsal view.D, three-dimensional render of
right orbital regiorin lateral view. Anterioto the right. Abbreviations: D.Sco, dorsal sclerotic ossicle; Dsy
dermosphenotic; Dpt, dermopterotic; Fr, frontal; ?lor, infraorbital; L.Eth, lateral ethmoid; S.C,ysen:
canal; ?Sor, suborbital; V.Sco, ventral sclerotic ossicle. Scale bar represents 5 cm. Colauiraahded

for column width)

FIG. 10. Comparative gill-raker morphology of Leedsichthys and MartillichtAysnterpretive drawing of
gill rakers foundn=keedsichthys (modified from Liston (2013, fig. 1F); NHMUK P.69R1l)ateral view.
B, interpretive drawing of gill rakers found Martillichthys, NHMUK PV P.61563P. Abbreviations: Bs;
base; Fim, fimbriations; Pr, elongate, pointed projections, Slk, stalk. Scale bars repm@serfintended

for column width)

FIG. 11. Hand-drawn cladogram showing pachycormiform relationships, with comparisons of m:
aspects of cranial anatomy. Relationships based on Friedman (2012a) and argumentationtgkten

Stippling on the parasphenoid indicates extent of the denticle ifigitgsent. Shading indicates placement
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of eyes. Dashed lineadicate areas where margins are uncertain. Nod®mpound rostrodermethmoid;
reduced coronoid process; absence of supraorbitals; elongate pectoral fins; bifurcgtmgetasal,
lepidotrichia. Node 2: absence of marginal dentition; lack of ornamentation on skull bones; absence
supramaxilla; broad anterior corpus of parasphenoid; posterior margin of parietals form median proje:
absence of skullreof posterior boss; reduction/loss of scales; reduction/loss of caudal fin segmgapatio
between frontals: Node 3: elongated occipital stalk; elongated, ornamented gill rakers. Maistetl
hyomandibula;_highly reduced posterior dermopterotic process; elongated pre-orbital region; and a
hyomandibula. Asthenocormus redrawn from Lambers (1992); Bonnerichthys redrawn from Frezdm:
al. (2010); Pachyeormus redrawn from Lehman (1949) and Mainwaring (1978); Rhinconichthys redi
from Friedmanet al. (2010) and Schumachet al. (2016); Watsonulus redrawn from Olsen (1984)

(intended for fulispage width)
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