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A symmoriiform from the Late Devonian of Morocco demonstrates a

derived jaw function in ancient chondrichthyans
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18

19 Supplementary Fig. 1. Ferromirum oukherbouchi gen. et sp. nov. Holotype. a, the
20 entire nodule, which was later reduced to facilitate CT-scanning. b, detail of a.
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Supplementary Fig. 2. Images taken from the dcm-stack of Ferromirum
oukherbouchi gen. et sp. nov. a to d, g, h, planes parallel to bedding. e, f, i, planes
perpendicular to bedding and the plane of bilateral symmetry of the animal. Arrows in
i point at the minute circular pits that might represent traces of electroreceptive or
mechanoreceptive organs. g to i share the same scale bar at the bottom.
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Supplementary Fig. 3. Ferromirum oukherbouchi gen. et sp. nov. Both jaws restored
to show width of dental platform and offset angle of articulation surfaces. Scale bar is
10 mm. a, Palatoquadrate (left side) in ventral view. b, Meckel's cartilage (left side) in
dorsal and, c, lateral view. Anterior to left of figure. For explanations of the method to
measure the angle see Supplementary Note 1 - Gape measurements.
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Supplementary Fig. 4. Ferromirum oukherbouchi gen. et sp. nov. dentition. Top:
overview over left ramus of Meckel's cartilage with corroded dentition. Bottom: detail
to show tooth morphology and tooth family arrangement. Morphological details traced
with black lines.
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Supplementary Fig. 5. Ferromirum oukherbouchi gen. et sp. nov. hyoid arch and gill
skeleton in lateral view (right side, anterior to right of figure). Scale bar is 10 mm long.
Hyomandibula in dark blue; ceratohyal and hypohyal in pale brown.

apr

a b

Supplementary Fig. 6. Pectoral girdle of Ferromirum oukherbouchi gen. et sp. nov.
a to e, right scapulocoracoid in anterior (a), lateral (b), posterior and slightly dorsal
(c), mesial (d), and ventral views. f, lateral view of dorsal fin spine; note the recurved
tip. The transverse striation is an artefact from scanning and rendering.
Abbreviations: apr (anterior process); cor (coracoid); ppr (posterior process); sc
(scapula).
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Supplementary Fig. 7. Ferromirum oukherbouchi gen. et sp. nov. jaws restored. a to
d, palatoquadrates. a, dorsal, and b, ventral views. c, lateral (external) and d, mesial
(internal) views of right palatoquadrate. e to i, Meckel's cartilage. e, ventral view. f,
lateral (labial) view of right ramus. g, mesial (lingual) and slightly dorsal view of right
ramus - hence mesial process of articulation level with glenoid (cotylus). h, dorsal
view of right ramus. i, ventral view of right ramus. Abbreviations: gl (glenoid); ma
(mandibular articulation); mp (mesial process); ppr (palatine process); oa (orbital
articulation); oaf (otic articulation facet); opr (otic process); sym (symphysis).
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Supplementary Fig. 8. Composite model of Ferromirum oukherbouchi gen. et sp.
nov. jaws and hyoid arch and Dwykaselachus neurocranium in anterior view, gapes
of ~50 degrees, ~20 degrees, and closed.
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Supplementary Fig. 9. Comparison of neurocrania of the Palaeozoic
chondrichthyans Dwykaselachus (a, b), Ozarcus (c, d), and Ferromirum (e, f). Except
Ferromirum, all drawing from Coates et al. (2016). Right (b, d, f): right lateral views;
left (a, c, e): ventral views.
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SUPPLEMENTARY NOTE 1 - GAPE MEASUREMENTS

Gape angles and angles of lower jaw rotation (roll) were measured directly from the physical
model of the composite symmoriid skull. For the gape angle, a horizontal rod was inserted
between the quadrates at the level of the mesial articulation surface. The distance from the rod
midpoint to the mandibular symphysis was measured (105 mm), and the same distance used
to mark a midline location at the anterior of the palate (approximated by blue lines, Fig. 6a).
A slender (2 mm diameter) wooden dowel rod of measured length was inserted to span the
gap between mandibular symphysis and marked palatal location. This dowel was cut shorter
by arbitrary lengths (recorded) so that the gape was reduced through a series of irregularly
spaced, but measured, intervals.

For the rotation angle, a 60 mm rod was attached to the dental platform of Meckel's cartilage
at the level of the recess of the second tooth set (counting from rear), where the platform is
widest. The rod was fixed so that when the jaws were closed, the rod projected laterally and
parallel to a second rod laid across both lower jaws at the same antero-posterior level. The
distal tip of the second rod was aligned with that of the first. At different degrees of gape span
(dictated by gape-spaced rod length), the distance between distal tips of these jaw rods varied
(approximated by red lines, Fig. 6a) and was measured.

In both instances (gape and jaw rotation), measured sides of triangles were used to calculate
angle subtended by lengthening or shortening side. The procedure was repeated using a series
of 'gape' rods, with successive shortening. The scattered plot (Fig. 6b) reflects imperfections
in the physical model: unevenness of the jaw joint articulation surfaces and wobble at the jaw
joint.

SUPPLEMENTARY NOTE 2 — CLADISTIC ANALYSES

Bootstrap values (Felsenstein 1985) were calculated in PAUP* using the stepwise addition
option with 10,000 replicates. Bremer decay indices were calculated through searches using
1,000 random sequence additions with a limit of 300,000 trees saved at each increment. At
one extra step, crown group resolution is lost within a strict consensus of all trees. This is
attributable to the inclusion of extremely incomplete taxa such as Gogoselachus, for which
82% of character scores are unknown, uncertain, or inapplicable. Notably, Gogoselachus
exclusion has no effect on the topology of the strict consensus of most parsimonious trees. For
this reason, the calculation of Bremer decay analyses excluded Gogoselachus. Character state
transitions by node for the strict consensus cladogram of the MPTs were reconstructed in
PAUP*’' employing DELTRAN optimization, employing the complete taxon set.
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Taxon and Character lists

Nexus file: Ferrol0 (inc.Gogo).nex

Taxon list updates relative to Frey et al. 2019 matrix.

Gogoselachus: Long et al. 2015; Gutterensis: Sequeira & Coates 2000; Gydoselache: Maisey et al.
2019; Helodus: Patterson 1965; Stahl 1999; Coates €t al. in press; Johanson €t al. in press;
Ptomacanthus: Brazeau 2009, 2012; Denison 1979; Miles 1973a; Dearden et al. 2019; Tristychius:
Dick1978; Coates & Gess 2007; Coates & Tietjen 2018; Coates et al. 2019.

Character list updates relative to Frey et al. 2019 matrix.

Discussion, notes, and references supplied in character list.

16.

17.

47.

49.
50.
53.
54.

55.
56.
57.
63.
64.

96.

112.

177.

218.

Cranial sensory line canal passes between or beneath scales (0); passes over scales and/or is
partially enclosed or surrounded by scales (1); perforates and passes through scales (2).

Postcranial sensory line canal passes between or beneath scales (0); passes over scales and/or
is partially enclosed or surrounded by scales (1); perforates and passes through scales (2).

Opercular cover of branchial chamber complete or partial (0); separate gill covers and gill slits
(0.

Gill skeleton mostly beneath otico-occipital region (0); mostly posterior to occipital region (1).
First branchial arch meets neurocranium ventral to otic region (0); posterior to otic region (1).

Ceratohyal with posterior/proximal external fossa: absent (0); present (1).

Ceratohyal with broad posteroventral flange or shelf, projecting laterally into recess in
Meckel's cartilage: absent (0); present (1).

Ceratohyal spatulate or bladed anteriorly: absent (0); present (1).

Hypohyals: absent (0); present (1).

Basihyal: absent, hyoid arch articulates directly with basibranchial (0); present (1).
Multiple unpaired basibranchial mineralisations absent (0); present (1).

Elongate posterior copula projects posteriorly, beyond rearmost branchial arch: absent (0);
present (1).

Meckel's cartilage with flange or shelf projecting posteriorly from the lateral cotylus (glenoid):
absent (0); present (1).

Large prootic foramen separated from optic fenestra by antotic pillar bearing optic pedicel:
absent (0); present (1).

Posterior openings of lateral aortic canals positioned lateral to occipital cotylus: absent (0);
present (1).

Dorsal fin spine apex curved posteriorly: absent (0); present (1).
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Taxa and Sources

Acanthodes: Benznosov 2009; Brazeau & de Winter 2015; Coates 1994; Davis et al. 2012; Heidtke
1993, 2011a,b; Jarvik 1977, 1980; Miles 1968, 1973a, b; Nelson 1968; Watson 1937.

Acronemus: Maisey 2011; Rieppel 1982.

Akmonistion: Coates & Sequiera 1998, 2001a, b; Coates et al. 1998; Coates et al. 2017.
Brachyacanthus: Denison 1979; Miles 1973a; Watson 1937.

Brochoadmones: Bernacsek & Dineley 1977; Gagnier & Wilson 1996b; Hanke & Wilson 2006.

Callorhinchus/Hydrolagus: Cole 1896; De Beer 1937; De Beer & Moy-Thomas 1935; Didier 1995;
Didier et al. 1994, 1998, 2012; Howard et al. 2013; Kesteven 1937; Patterson 1965, 1992; Pradel
et al. 2013; Stahl 1999.

Cheiracanthus: Denison 1979; Miles 1973a; Watson 1937.

Cheirolepis: Arratia & Cloutier 1996; Pearson & Westoll 1979; Giles et al. 2015a.
Chondrenchelys: Finarelli & Coates 2012, 2014; Lund 1982; Moythomas 1935.
Cladodoides: Gross 1937, 1938; Maisey 2005.

Cladoselache: Bendix-Almgreen 1975; Harris 1938a, b; Maisey 1989a, 2007; Schaeffer 1981;
Williams 2001; Woodward & White 1938.

Climatius: Miles 1973a, b; Watson 1937.

Cobelodus: Zangerl & Case 1976; Zidek 1992.
Culmacanthus: Long 1983.

Damocles: Lund 1986.

Debeerius: Grogan & Lund 2000.

Diplacanthus: Gagnier 1996; Miles 1973a; Watson 1937.
Diplodoselache: Dick 1981.

Doliodus: Miller et al. 2003; Maisey et al. 2009, 2013, 2017; Long et al. 2015.
Dwykaselachus: Coates et al. 2017; Oelofsen 1986.
Egertonodus: Maisey 1982, 1983; Lane, 2010.
Entelognathus: Zhu et al. 2013.

Ferromirum oukherbouchi gen. et sp. nov.: holotype specimen PIMUZ XX.
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182 Gladbachus: Heidtke & Kritschmer 2001; Heidtke 2009; Burrow & Turner 2013; Coates 2005;
183 Coates et al. 2018.

184  Gogoselachus: Long et al. 2015.

185  Guiyu: Zhu et al. 2009.

186  Gutterensis: Sequeira & Coates 2000.

187  Gydoselache: Maisey et al. 2019.

188  Gyracanthides: Miles 1973a; Warren et al. 2000; Turner et al. 2005.

189  Halimacanthodes: Burrow et al. 2012.

190  Hamiltonichthys: Maisey 1989b.

191  Helodus: Patterson 1965; Stahl 1999; Coates €t al. in press; Johanson et al. in press.
192  Homalacanthus: Gagnier 1996; Watson 1937.

193  Homalodontus: Mutter et al. 2007, 2008.

194  Iniopera: Zangerl & Case 1973; Pradel et al. 2009b, Pradel 2010; Pradel et al. 2010.
195 I schnacanthus; Miles 1973a; Watson 1937.

196  Kawichthys: Pradel et al. 2011.

197  Kathemacanthus: Gagnier & Wilson 1996a; Hanke & Wilson 2010.

198  Latviacanthus: Schultze & Zidek 1982.

199  Lupopsyrus: Hanke & Davis 2012; Bernacsek & Dineley 1977.

200 Mesacanthus: Miles 1973a; Watson 1937.

201  Mimipiscis: Gardiner & Bartram 1977; Gardiner 1984; Choo 2011; Giles & Friedman 2014.
202 Moythomasia: Gardiner & Bartram 1977; Gardiner 1984; Coates et al. 2017; specimen MV P222915.
203  Obtusacanthus: Hanke & Wilson 2004; specimen UALVP 41488.

204  Onychoselache: Dick & Maisey 1980; Coates & Gess 2007.

205 Orthacanthus: Hampe 2003; Heidtke 1982, 1999; Hotton 1952; Schaeffer 1981; Maisey 1983; Lane &
206 Maisey 2009.

207  Ozarcusand FMNH PF 13242: Maisey 2007; Pradel et al. 2014; Coates et al. 2017.
208 Parexus: Watson 1937; Miles 1973a.
209  Phoebodus: Frey et al. 2019

210 Psarolepis: Yu 1998; Zhu & Schultze 1997; Zhu et al. 1999; Qu et al. (2013a).

13



211  Ptomacanthus: Brazeau 2009, 2012; Denison 1979; Miles 1973a; Dearden €t al. 2019.

212 Pucapampella: Maisey 2001a; Maisey & Anderson 2001; Maisey & Lane 2010; Janvier & Maisey
213 2010; Maisey et al. 2019.

214  Raynerius: Giles et al. 2015b.

215  Rhadinacanthus: Burrow et al. (2016).

216  Sgualus: Schaeffer 1981; Gans & Parsons 1964; Marinelli & Strenger 1959.

217  Synechodus: Maisey 1985.

218  Tamiobatis: Schaeffer 1981.

219  Tetanopsyrus: Gagnier & Wilson 1995; Gagnier et al. 1999; Hanke et al. 2001.

220  Thrinacodus: Grogan & Lund 2008.

221 Tribodus: Maisey & de Carvalho 1997; Lane 2010; Lane & Maisey 2009, 2012.

222 Triodus: Solér-Gijon, R. & Hampe 1998; Hampe 2003; Heidtke et al. 2004.

223 Tristychius: Dick1978; Coates & Gess 2007; Coates & Tietjen 2018; Coates et al. 2019.

224 Uraniacanthus: Bernacsek & Dineley 1977; Hanke & Davis 2008; Newman et al. 2012; Burrow et al.
225 2016.

226 Youngolepis: Chang & Yu 1981; Chang 1982, 1991, 2004.

227
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Characters

Skeletal tissues

Tessellate calcified cartilage: absent (0); present (1). Dean & Summers (2006); Dean €t al.
(2009); Maisey (1984, 2001, 2013); Seidel et al. (2016) Lund & Grogan (1997, 2004a, b);
Coates & Sequeira (2001a, b); Brazeau (2009); Davis et al. (2012); Grogan et al. (2012);
Pradel et al. (2014).

Perichondral bone: present (0); absent (1). Janvier (1996); Donoghue & Aldridge (2001);
Brazeau (2009); Davis et al. (2012).

Extensive endochondral ossification: absent (0); present (1). Forey (1980); Gardiner
(1984); Brazeau (2009); Davis et al. (2012).

Extensive calcified cartilage: absent (0); present (1). To capture all taxa in which the
neurocranium, jaws, hyoid and gill arches, as well as parts of the axial and appendicular
skeleton are mineralized in the absence of perichondral bone.

Tubular dentine: absent (0); present (1). Stahl (1999), see also Patterson (1965): present in
chimaeroids, edestids, Helodus, and petalodonts, but absent in symmoriids and iniopterygians
(Zangerl & Case 1973).

Por e canal network: absent (0); present (1). Lu et al. (2016).

Acrodin tooth caps (enameloid cap restricted to crown apex): absent (0); present (1).
Friedman & Brazeau (2010); Zhu et al. (2013, 2009); Lu et al. (2016).

Sguamation & related structures

8.

10.

11

12.

13.

14.

Trunk scales monocuspid (0); multicuspid (1). Revised after Davis et al. (2012); see
Burrow et al. (2016) and Coates et al. (2018).

Scale growth concentric: absent (0); present (1). Hanke & Wilson (2004); Brazeau (2009);
Davis et al. (2012); Burrow et al. (2016).

Peg-and-socket articulation: absent (0); present (1). Gardiner (1984); Coates (1999);
Brazeau (2009); Davis et al. (2012).

Anterodor sal process on scale: absent (0); present (1). Zhu et al. (2009, 2013); Gardiner
(1984); Coates (1999); Brazeau (2009); Davis et al. (2012). Notably present in Cheirolepis,
see Pearson and Westoll (1979).

Body scales with bulging base: absent (0); present (1). Brazeau (2009); Davis et al. (2012);
Burrow et al. (2016).

Body scales with flattened base: absent (0); present (1). Brazeau (2009) ; Davis €t al.
(2012); Burrow €t al. (2016). Note that both flat- and bulge-based scales occur in conjunction
in Ptomacanthus (Brazeau 2012).

Body scales with basal canal or open basal vascular cavity: absent (0); present (1).
Chondrichthyan placoid scales are distinguished, in part, by the presence of a basal canal (Reif
1978). Early chondrichthyan scales that depart from the standard placoid morphology also
exhibit basal canals, e.g. Akmonistion (Coates & Sequeira 2001a, fig. 12E) and Antarctilamna
(Young 1982, p.830). Basal canals are present in putative chondrichthyan scale forms such as
Elegestolepis (Karatajute-Talimaa 1992), Polymerolepis and Seretolepis (Hanke & Wilson
2010).
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15.

16.

17.

18.
19.

20.

Neck canal: absent (0) present (1). Although a standard feature of placoid scales, presence of
a neck canal is widespread among early vertebrates: Coates et al. (2018).

Cranial sensory line canal passes between or beneath scales (0); passes over scales and/or
ispartially enclosed or surrounded by scales (1); perforates and passes through scales
(2). Character revised after Dearden et al. (2019).

Postcranial sensory line canal passes between or beneath scales (0); passes over scales
and/or is partially enclosed or surrounded by scales (1); perforates and passesthrough
scales (2). Character revised after Dearden et al. (2019).

Lepidotrichia: absent (0); present (1).

Fringing fulcra: absent (0); present (1). Zhu et al. (2009; 2013); Coates (1999). Scored
inapplicable in taxa lacking lepidotrichia.

Scute-like ridge scales (fulcra): absent (0); present (1). Giles et al. (2015c¢).

Cranial dermal skeleton

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Cranial cap denticles, single-crowned, non-growing: absent (0); present (1). Scored absent
in Ferromirum; if present, it appears likely that they would have been preserved.

Sclerotic ring: absent (0); present (1). Giles et al. (2015, ¢.52), Qiao et al. (2016, ¢.277),
Zhu et al. (2016, c.275); Burrow €t al. (2016); Coates et al. (2018).

Number of sclerotic plates: four or less (0); morethan four (1). Zhu et al. (2013, ¢170);
Qiao et al. (2016, ¢.241); Zhu et al. (2016, ¢.239); Burrow et al. (2016).

Dermal skull roof includes large dermal plates (0); consists of plates, tesserae or scales
(2); naked or largely scalefree(2). Forey (1980); Gardiner (1984); Brazeau (2009); Davis et
al. (2012); Zhu et al. (2013); Brazeau & Friedman (2014).

Dermal ornamentation: smooth (0); parallel, vermiform ridges (1); concentric ridges (2);
tuberculate (3). Giles et al. (2015c¢). Coded inapplicable where dermal plates absent.

Cranial tessera morphology: largeinterlocking plates (0); microsguamose, no lar ger
than body squamation (1). Brazeau (2009) through to Giles €t al. (2015c). Coded
inapplicable where tesserae are absent.

Anterior or mesial edge of nasal notched for anterior nostril: absent (0); present (1).
Contra Zhu et al. (2013), the anterior rim of the nasal in Cheirolepisis notched.

Supraor bital: absent (0); present (1). Zhu et al. (2009, 2013).

Broad supraorbital vaults: absent (0); present (1). Dennis & Miles (1981); Giles et al.
(2015¢). As noted by Giles €t al., this character is contingent on the presence of a dermal skull
roof composed of large dermal bones.

L arge median bone contributesto posterior margin of skull roof: absent (0); present (1).
Zhu et al. (2016).

Pineal opening perforatesder mal skull roof: present (0); absent (1). Davis et al. (2012);
Giles et al. (2015c¢).

Consolidated cheek plates: absent (0); present (1). Davis (2002); Brazeau (2009); Davis et
al. (2012); Zhu et al. (2013); Burrow et al. (2016).

Enlarged postor bital tessera separate from orbital series. absent (0); present (1). Brazeau
(2009); Davis et al. (2012); Zhu et al. (2013); Burrow €t al. (2016).

Dermal intracranial joint: absent (0); present (1). Zhu et al. (2009, 2013).
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351
352
353
354

355
356
357
358

35.

36.

37.

38.
39.

41.

42.

45,

46.

47.

Sensory line networ k preserved as open grooves (sulci) in dermal bones (0); sensory lines
pass through canals enclosed within dermal bones (1). (Davis 2002); Davis et al. (2012);
Zhu et al. (2013).

Sensory canal or pit-line associated with maxilla: absent (0); present (1). Contra Zhu et al.
(2013) this structure is not reported or figured in Mimipiscis (Gardiner 1984, Choo 2011);
Friedman (2007) notes correctly that this feature is present in onychodonts, Moythomasia and
Cheirolepis.

Jugal portion of infraorbital canal joins supramaxillary canal: present (0); absent (1).
Brazeau (2009), but see redefinition in Davis et al. (2012); Zhu et al. (2013).

Anterior pit line of skull roof; absent (0); present (1). Giles et al. (2015c¢).

Spiracular opening in dermal skull roof bounded by bones carrying otic canal: absent
(0); present (1). Giles et al. (2015); Lu et al. (2016).

Dermohyal (submarginal) ossification: absent (0); present (1). Alternative homology
hypotheses discussed in Coates et al. (2018).

Branchiostegal series: absent (0); present (1). Davis (2002); Hanke & Wilson (2004);
Brazeau (2009); Davis et al. (2012); Zhu €t al. (2013); Burrow et al. (2016).

Opercular and subopercular bones: absent (0); present (1). Scores for opercular bones
contingent on branchiostegal series presence.

Branchiostegal plate seriesalong ventral margin of lower jaw: absent (0); present (1).
Davis (2002); Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Branchiostegal ossifications plate-like (0); narrow and ribbon-like (1); filamentous (2).
Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Lu et al. (2016).

Branchiostegal ossifications ornamented (0); unornamented (1). Brazeau (2009); Davis et
al. (2012); Zhu et al. (2013).

Branchiostegalsimbricated: absent (0); present (1). Brazeau (2009); Davis €t al. (2012);
Zhu et al. (2013).

Opercular cover of branchial chamber complete or partial (0); separate gill coversand
gill dlits (1). Scores revised after Dearden et al. (2019), Watson (1937) and reference to
specimen NHMUK P49979. Although Acanthodes has an elongate pharynx, with the gill
skeleton arranged postcranially much as in a modern elasmobranch, it appears that an
extended opercular flap was present. As noted by Watson (1937, p.110), a vertical portion of a
scale-enclosed opercular sensory canal passes vertically, uninterrupted, across the more
posterior members of the gill arch series. The canal must have been flap-supported. Close
examination of NHMUK P49979 confirms this feature.

Gular plates: absent (0); present (1). Gardiner (1984); Brazeau (2009); Davis et al. (2012);
Zhu et al. (2013).

Hyoid and gill arches

49.

50.

Gill skeleton mostly beneath otico-occipital region (0); mostly posterior to occipital
region (1). Zangerl (1981); Lund & Grogan (1997); Stahl (1999). Both conditions (states '0'
and '1") are likely present among acanthodians; scores have been revised to be consistent with
Dearden €t al. (2019).

First branchial arch meets neurocranium ventral to otic region (0); posterior to otic
region (1). Included after Dearden €t al. (2019), but scores differ. In Acanthodes NHMUK
specimens P34914, P49979, and P49990, the first branchial arch is positioned posterior to the
hyoid arch. The head of the anteriormost branchial arch is post-otic, and not nested within or
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407

51.
52.
53.

55.

56.

57.

58.

59.

60.

61.

below the hyoid arch, as reconstructed by Dearden et al. (2019, Fig. 3). Dearden et al. score
Cladoselache and Cobelodus as state '0'; here, the scores are revised to state '1'.

Perforate hyomandibula: absent (0); present (1). Zhu et al. (2009, 2013); Lu et al. (2016).
Interhyal: absent (0); present (1). Davis et al. (2012); Zhu et al. (2013).

Ceratohyal with posterior/proximal external fossa: absent (0); present (1). Posteriorly, the
ceratohyal curves, to a greater or lesser extent, both dorsally and laterally. The lateral surface
encloses a hollow: a distinct, broad fossa. Fossil examples include Tristychius (Coates €t al.
2019) Egertonodus (Maisey, 1983), Orthacanthus (Hotton, 1952; pers. obs. M.I.C.),
Gogoselachus (Long et al. 2015), Cladoselache (Maisey 1989), and as shown here,
Ferromirum. Further examples are evident in the partly crushed ceratohyals in specimens of
Akmonistion (Coates & Sequeira 2001), and the similarly preserved ceratohyal of Gladbachus
(Coates et al. 2018, supplementary fig. 7b).

Ceratohyal with broad poster oventral flange or shelf, projecting laterally into recessin
Meckel's cartilage: absent (0); present (1). Present in Ferromirum, this flange is likely also
present in Cladoselache, identified as a 'ventral process' (Maisey 1989). In Ferromirum, the
flange fits snugly into a smooth recess within the posteroventral extremity of the medial
surface of Meckel's cartilage. Such a flange is also clearly present in Cobel odus acul eatus PF
7351 (not figured, but listed in Zangerl & Case 1976 as nearly whole, articulated skeleton,
lacking tail), and is likely present in many symmoriids. Like that of Ferromirum, the flange
engages with a ventrolateral recess in the posterior of Meckel's cartilage (personal
observation, MIC). See also Debeerius (Grogan & Lund 2000, fig. C,D,E): a similarly broad
flange is present, although the specimen is flattened.

Ceratohyal spatulate or bladed anteriorly: absent (0); present (1). Present in Tristychius
and Phoebodus. Alternative characterisation: in general, main shaft of the ceratohyal is
laterally compressed and/or slender. The apomorphic condition is to have a dorsoventrally
flattened and anteriorly expanded shaft. Ferromirum exhibits the laterally compressed,
elongate condition.

Hypohyals. absent (0); present (1). Friedman & Brazeau (2010); Pradel et al. (2014); scores
updated after Dearden et al. (2019). Notably, the reconstructed arrangement in Triodus
(Heidtke et al. 2004) showing large hypohyals is consistent with details in photograph of the
type specimen of T. sessilis (Hampe, 2004, Fig. 18). However, such hypohyals appear absent
in Orthacanthus (Heidtke 1999, Abb.5), a less derived member of the xenacanth clade
(Hampe, 2004). Presence in Ferromirum is consistent with conditions Ozarcus, Cobelodus,
and Akmonistion.

Basihyal: absent, hyoid arch articulates directly with basibranchial (0); present (1).
Pradel et al. (2014); Carr et al. (2009); Brazeau et al. (2017); Dearden et al. (2019) in part.
Acknowledging the discussion in Dearden €t al., here the definition of a basihyal is the
unpaired, median unit of the hyoid arch, separated from other basibranchials, and in some taxa
also articulating with the first branchial arch. Thus, a basihyal is distinguished from the
elongate single basibranchial of early osteichthyans. A T-shaped basihyal is present in
Acanthodes (Watson 1937; Heidtke 2011), resembling the similarly formed basihyal in
Orthacanthus (Heidtke 1999).

Separ ate supra- and infra-pharyngobranchials absent (0); present (1). Gardiner (1984);
Pradel et al. (2014). Scored as uncertain for Ferromirum.

Pharyngobranchials directed anteriorly (0); posteriorly (1). Pradel et al. (2014). Scored as
uncertain for Ferromirum.

Posteriormost branchial arch bears epibranchial unit: absent (0); present (1). Scored as
uncertain for Ferromirum.

Epibranchials bear posterior flange: absent (0); present (1).
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408 62 Hypobranchials directed anteriorly (0); hypobranchials of second and more posterior
409 gill archesdirected posteriorly (1).

410 63 Multiple unpaired basibranchial mineralisations absent (0); present (1). Included after

411 Dearden et al. (2019), but scores differ. Among the hybodontids, Hamiltonichthys is scored
412 present; conditions in other hybodontids are unknown. The xenacanth Triodus is scored absent
413 rather than present (Heidtke et al., 2004, identify a series of paired hypobranchials as

414 basibranchials; revision here consistent with Dearden et al. 2019 Fig. 4h), but Orthacanthus is
415 scored present rather than unknown.

416 64 Elongate posterior copula projects posteriorly, beyond rearmost branchial arch: absent
417 (0); present (1). Present in many early chondrichthyans, including Ferromirum, Gutturensis,
418 Debeerius, and Gladbachus; also manifest in modern chimaeroids and elasmobranchs. Thus,
419 this possibly constitutes an autapomorphy at some level of the chondrichthyan clade. Notably
420 absent in Tristychius and xenacanths.

421

422  Dentition & tooth-bearing bones

423 65 Oral dermal tubercles borne on jaw cartilages: absent (0); present (1). Hanke & Wilson

424 (2004); Brazeau (229); Davis et al. (2012); Zhu et al. (2013). This character is concerned only
425 with position and form, and not with histological, and by inference, developmental
426 distinctiveness (cf. Riicklin et al. 2012).

427  66. Pharyngeal teeth or denticles: absent (0); present (1).
428  67. Tooth families/gener ative tooth sets: absent (0); present (1). Davis (2002); Hanke &

429 Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

430 68 Tooth families/gener ative setsrestricted to symphysial region (0); distributed along jaw
431 margin (1). Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).
432 Revised in light of discussion by Tucker and Fraser (2013): tooth whorl restricted to

433 symphysial region appears to be the more general condition, whereas tooth whorls distributed
434 continuously along the gape margin likely represents a chondrichthyan synapomorphy.

435  69. Number of generativetooth setsper jaw ramus: 15 or fewer (0); 20 or more (1).

436  70. Bases of tooth families/gener ative sets. single, continuous plate (0); someor all whorls
437 consist of separ ate tooth units (1). Adjusted from Brazeau (2009); Davis et al. (2012); Zhu
438 et al. (2013); Giles et al. (2015).

439 71 Lingual torus: absent (0); present (1). This platform or ledge (Ginter et al. 2010) is notably
440 absent in early elasmobranchs and many of the non-toothplate dentitions of stem

441 holocephalans.

442 72 Basolabial shelf: absent (0); present (1). (Ginter et al. 2010.)
443 73 Teeth with three slim main cuspsalmost equal to each other, strongly recurved: absent

444 (0); present (1). Adapted from Ginter et al. (2010).

445 74 Toothplates absent (0); present (1). Patterson (1965); Stahl (1999).

446  75. Toothplates consolidated into one to three large posterior plates, and oneto three

447 smaller anterior tooth plates, occupying each quadrant of the jaw: absent (0); present
448 (1). Adapted from Stahl (1999), the character captures conditions in chondrenchelyids,

449 cochliodonts, and more derived taxa.

450  76. Toothplate complement restricted to two pairsin the upper jaw and a single pair in the
451 lower jaw: absent (0); present (1). After Patterson (1965).

452  T7. Mandibular teeth fused to dermal plates on biting surfaces of jaw cartilages: absent (0);
453 present (1). Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).
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486

487
488
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490
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492
493

494
495
496
497

78.

79.

80.

81.

82.

83.

85.

86.

Dermal plates on biting surface of jaw cartilages: absent (0); present (1). Brazeau (2009);
Davis et al. (2012); Zhu et al. (2013); Giles et al. (2015c¢).

Gnathal plates mesial to and/or above (or below) jaw cartilage: absent (0); present ().
Zhu et al. (2016).

Maxillaand premaxilla sensu stricto (upper gnathal plateslateral tojaw cartilage
without palatal lamina): absent (0); present (1). [Zhu et al. (2016).

Dentary bone encloses mandibular sensory canal: absent (0); present (1). Gardiner
(1984); see also Zhu et al. (2009, 2013).

Infradentary foramen and groove, series: absent (0); present (1). Zhu et al. (2010): note
discussion of the lower jaw attributed, to Meemannia.

Tooth-bearing median rostral: absent (0); present (1). Zhu et al. (2009, 2013).

Median dermal bone of palate (parasphenoid): absent (0); present (1). Gardiner (1984);
Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Denticulated field of parasphenoid: without spiracular groove (0); with spiracular
groove (1). Friedman (2007); Zhu et al. (2009, 2013).

Denticlefield of parasphenoid with multifid anterior margin: absent (0); present (1).
Friedman (2007); Zhu et al. (2009, 2013); Lu et al. (2016).

Mandibular arch

87.

88.

89.

90.

91.

92.
93.

95.

96.

Large otic process of the palatoquadrate: absent (0); present (1). Coates & Sequeira
(2001a); Davis (2002); Brazeau (2009); Zhu et al. (2009, 2013).

Obliqueridge or groove along medial face of palatoquadrate: absent (0); present (1).
Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); Lu et al. (2016). Likely more
widespread than previously thought: in Ferromirum the ridge matches the position of that in
Acanthodes, although the cross-sectional profile is more rounded. Unable to score in Ozarcus
because the more dorsal portion of the otic process is absent.

Fenestration of palatoquadr ate at basipterygoid articulation: absent (0); present (1).
Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); Lu et al. (2016).

Perforate or fenestrate anterodor sal (metapterygoid) portion of palatoquadrate: absent
(0); present (1). Davis (2002); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Articulation surface of the palatoquadr ate with the postor bital process directed
anteriorly (0); laterally (1); dorsally (2).

Palatoquadrate fused to the neur ocranium: absent (0); present (1).

Pronounced dorsal process on Meckelian bone or cartilage: absent (0); present (1).
Hanke & Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); Burrow €t al.
(2016).

Mandibular knob or mesial process: absent (0); present (1). Brazeau (2009); Davis et al.
(2012); Zhu et al. (2013); Burrow et al. (2016).

Jaw articulation located on rearmost extremity of mandible: absent (0); present (1).
Davis et al. (2012); Zhu et al. (2013).

Meckel's cartilage with flange or shelf projecting posteriorly from thelateral cotylus
(glenoid): absent (0); present (1). Tristychius (Coates et al. 2019) and Gogoselachus (Long
et al. 2015, figs 1C and 2A, G) exhibit the same derived condition in which this retroarticular
flange is an uninterrupted, smooth extension of the lateral wall of the mandible.
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97.

98.

99.

Dental trough adjacent to oral rim on Meckel’s cartilage and palatoquadrate: absent (0);
present (1).

Dental trough divided, scalloped tooth-bearing margin on Meckd’s cartilage and
palatoquadrate: absent (0); present (1).

Mandibular symphysisfused: absent (0); present (1).

Neurocranium

100.
101.

102.

103.
104.
105.
106.
107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

Internasal vacuities: absent (0); present (1). Lu et al. (2016).

Precerebral fontanelle: absent or minimal (0); present and large (1). Schaeffer (1981);
Lund & Grogan (1997); Coates & Sequeira (1998, 2001a, b); Maisey (2001a); Brazeau
(2009); Pradel et al. (2011) Davis et al. (2012); Zhu et al. (2013); Brazeau & Friedman
(2014).

Space for forebrain and (at least) proximal portion of olfactory tracts narrow and
elongate, extending between or bits: absent (0); present (1).

Rostral bar: absent (0); present (1). Maisey (1985).

Internasal groove absent (0); present (1).

Orbitonasal lamina expanded: absent (0); present (1). Patterson (1965).
Elongate, tooth-bearing, pre-nasal ethmo-rostral region: absent (0); present (1).

Palatobasal (or orbital) articulation posterior to the optic foramen (0); anterior to the
optic foramen, grooved, and overlapped by process or flange of palatoquadrate (1);
anterior to optic foramen, smooth, and overlaps or flanksarticular surface on
palatoquadrate (2). Pradel et al. (2011); Coates €t al. (2017); Maisey (2005).

Trochlear nerveforamen anterior to optic nerve foramen: absent (0); present (1).

Supraor bital shelf broad with convex lateral margin: absent (0); present (1). Brazeau
(2009); Davis et al. (2012); Zhu et al. (2013).

I nterorbital space broad (0); narrow (1). Brazeau (2009); Davis et al. (2012); Zhu €t al.
(2013); Coates et al. (2017).1

Optic pedicel: absent (0); present (1). Dupret (2014); Zhu et al. (2009, 2013); Coates et al.
(2017).

L arge prootic foramen separated from optic fenestra by antotic pillar bearing optic
pedicel: absent (0); present (1). Adapted from Maisey et al. (2019); likely synapomorphy of
pucapampellids.

Ophthalmic foramen in anterodor sal extremity of orbit communicates with enclosed
cranial space: absent (0); present (1).

Extended prehypophysial portion of sphenoid: absent (0); present (1). Brazeau (2009);
Davis et al. (2012); Zhu et al. (2013).

Canal for efferent pseudobranchial artery within basicranial cartilage: absent (0);
present (1). Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Entrance of internal carotids: through separ ate openings flanking the hypophyseal
opening or recess (0); through a common opening at the central midline of the
basicranium (1). Schaeffer (1981); Coates & Sequeira (1998); Brazeau (2009); Davis et al.
(2012); Zhu et al. (2013).
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117.

118.

119.

120.

121.

122.

123.
124.

125.

126.
127.

128.

129.

130.

131.

132.
133.

134.
135.

136.

137.

Internal carotids: entering single or paired openingsin the basicranium from a
posterolater al angle (0); entering basicranial opening(s) head-on from an extreme,
lateral angle (1); absent (2).

Ascending basisphenoid pillar pierced by common internal carotid: absent (0); present
(). Miles (1973b); Brazeau (2009); Friedman & Brazeau (2010); Davis et al. (2012); Zhu et
al. (2013).

Spiracular groove on basicranial surface: absent (0); present (1). Davis et al. (2012); Zhu
etal. (2013).

Spiracular grooveon lateral or transverse wall of jugular canal: absent (0); present (1).
Davis et al. (2012); Zhu et al. (2013).

Spiracular groove open (0); enclosed by spiracular bar or canal (1). Lu et al. (2016);
(Patterson 1982).

Orbit larger than otic capsule: absent (0); present (1). Lund & Grogan (1997); Coates et al.
(2017).

Postorbital process and arcade: absent (0); present (1). Pradel et al. (2011).

Postorbital process and arcade short and deep - width not more than maximum
braincase width (excluding ar cade) (0); process and arcade wide - width exceeds
maximum width of braincase, and anteroposteriorly narrow (1); process and arcade
massive (2); arcade forms postorbital pillar (3).

Postorbital process downturned, with anhedral angle relative to basicranium: absent (0);
present (1). (Maisey 2011).

Jugular canal diameter small (0); large (1); canal absent (2). Pradel et al. (2011).

Canal, likely for trigeminal nerve (V) mandibular ramus, passes through the postorbital
process from proximal dorsal entry to distal and ventral exit: absent (0); present (1).

Postorbital process expanded anteroposteriorly: absent (0); present (1).

Postorbital process articulates with palatoquadr ate: absent (0); present (1). Schaeffer
(1981); Coates & Sequeira (1998); Maisey (2001a); Pradel et al. (2011); Davis et al. (2012);
Zhu et al. (2013).

Trigemino-facial recess: absent (0); present (1). Goodrich (1930); Gardiner (1984); Pradel
(2010); Pradel et al. (2011); Davis et al. (2012).

Jugular canal long, extends throughout most of otic capsule wall posterior to the
postor bital process (0); short and/or groove present on exterior of otic wall (1); absent,
path of jugular removed from otic wall (2). Brazeau (2009); Davis et al. (2012); Zhu €t al.
(2013); Giles et al. (2015¢); Coates et al. (2017).

C-bout notch separates postor bital process from supraoctic shelf: absent (0); present (1).

Hyoid ramus of facial nerve (N. VI1) exitsthrough posterior jugular opening: absent (0);
present (1). Friedman (2007); Brazeau (2009); Friedman & Brazeau (2010); Davis et al.
(2012); Zhu et al. (2013).

Periotic process: absent (0); present (1). Maisey (2007); Coates et al. (2017).

Relative position of jugular groove and hyomandibular articulation: hyomandibula
dorsal or samelevel (i.e. on bridge) (0); jugular vein passing dorsal or lateral to
hyomandibula (1). Brazeau & de Winter (2015).

Transverse otic process. absent (0); present (1). Lu et al. (2016); Giles et al. (2016); Giles
et al. (2015).

Craniospinal process: absent (0); present (1). Giles et al. (2015); Lu et al. (2016).
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138.

139.
140.
141.
142.

143.
144.

145.

146.

147.

148.

149.

150.

151

152.

153.
154.

155.

156.

157.

158.

159.

Lateral otic process: absent (0); present (1). Schaeffer (1981); Coates & Sequeira (1998);
Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). Although identified present in
Gutturensis (Sequeira & Coates 2000, Text-Fig. 3), this is not the prominent lateral otic
process of Xenacanths or Tamiobatis.

Hyomandibula articulates with neurocranium beneath otic shelf: absent (0); present (1).
Sub-otic occipital fossa: absent (0); present (1).

Postotic process: absent (0); present (1) Pradel et al. (2011).

Otic capsule extends posterolaterally relative to occipital arch: absent (0); present (1)
Maisey (1985).

Otic capsules: widely separated (0); approaching dorsal midline (1).

Otic capsules project anteriorly between postorbital processes. absent (0); present (1)
(Maisey 1983).

Endocranial roof anterior to otic capsules domelike, smoothly convex dor sally and
anteriorly: absent (0); present (1).

Roof of skeletal cavity for cerebellum and mesencephalon significantly higher than
dorsal-most level of semicircular canals: absent (0); present (1).

Roof of the endocranial space for telencephalon and olfactory tracts offset ventrally
relative to level of mesencephalon: absent (0); present (1). Coates et al. (2017).

Labyrinth cavity separated from the main neurocranial cavity by a cartilaginous or
ossified capsular wall (0); skeletal medial capsular wall absent (1). Pradel et al. (2011);
Davis et al. (2012); Zhu et al. (2013).

Double octaval nerve foramena in chondrified mesial wall of otic capsule: absent (0);
present (1).

External (horizontal) semicircular canal joinsthe vestibular region dorsal to posterior
ampulla (0); joinslevel with posterior ampulla (1). Davis et al. (2012); Zhu €t al. (2013).

Angle of external semicircular canal: in lateral view, straight line projected through
canal intersectsanterior ampulla, external ampullae, and base of foramen magnum:
absent (0); present (1) Maisey (2007).

L eft and right external semicircular canals approach or meet the posterodorsal midline
of the hindbrain roof: absent (0); present (1).

Preampullary portion of posterior semicircular canal absent (0); present (1).

Crus commune connecting anterior and posterior semicircular canals: present (0);
absent (1).

Sinus superior: absent or indistinguishable from union of anterior and posterior canals
with saccular chamber (0); present, elongate and nearly vertical (1). Davis et al. (2012);
Zhu et al. (2013).

Lateral cranial canal: absent (0); present (1). Zhu et al. (2009, 2013); Lu et al. (2016).
Gardiner (1984); Coates (1998).

Endolymphatic ducts: posteriodorsally angled tubes (0); tubes oriented vertically
through endolymphatic fossa/posterior dorsal fontanelle (1). Schaeffer (1981); Coates &
Sequeira (1998, 2001); Davis (2002); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Posterior dorsal fontanelle connected to persistent otico-occipital fissure (0); posterior
tectum separ ates fontanelle from fissure (1). Schaeffer (1981); Coates & Sequeira (1998);
Pradel et al. (2011).

Subcircular endolymphatic foramen: absent (0); present (1). Pradel et al. (2015); Maisey
& Lane (2010).
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160.

161.
162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

External opening for endolymphatic ductsanterior to crus commune: absent (0); present
(2). Coates et al. (2017).

Supraotic shelf broad: absent (0); present (1).

Dorsal otic ridge: absent (0); present (1). Coates & Sequeira (1998, 2001); Maisey (2001);
Davis (2002); Davis et al. (2012); Zhu et al. (2013); Brazeau & Friedman (2014). As
discussed by Brazeau and Friedman, the utility of this likely chondrichthyan synapomorphy is
challenged by the difficulty of coding for presence in taxa with firmly attached dermatocranial
bones.

Dorsal otic ridgeformsa crest posteriorly: absent (0); present (1). Coates & Sequeira
(1998, 2001); Pradel et al. (2011).

Endolymphatic fossa: absent (0); present (1). Pradel et al. (2011). The endolymphatic fossa
identified in Gutturensis (Sequeira & Coates 2000, Text-Fig. 3) is likely an eroded surface
revealing the dorsally ascending endolymphatic ducts.

Endolymphatic fossa elongate (slot-shaped), dividing dor sal otic ridge along midline:
absent (0); present (1). Coates et al. (2017).

Perilymphatic fenestra within the endolymphatic fossa: absent (0); present (1). Pradel et
al. (2011); Coates et al. (2017).

Ventral cranial fissure: absent (0); present (1). Janvier (1996); Coates & Sequeira (2001);
Maisey (2001); Davis (2002); Brazeau (2009); Pradel et al. (2011); Davis et al. (2012); Zhu et
al. (2013).

Endoskeletal intracranial joint: absent (0); present (1). Janvier (1996, and references
therein); Davis et al. (2012); Zhu et al. (2013).

Metotic (otic-occipital) fissure: absent (0); present (1). Schaeffer (1981); Janvier (1996);
Coates & Sequeira (1998); Maisey (2001); Davis (2002); Brazeau (2009); Pradel et al. (2011);
Davis et al. (2012); Zhu et al. (2013).

Vestibular fontanelle: absent (0); present (1). Brazeau (2009); Friedman & Brazeau (2010).
Davis et al. (2012); Zhu et al. (2013).

Hypotic lamina: absent (0); present (1). Schaeffer (1981); Maisey (1984, 2001); Brazeau
(2009); Pradel et al. (2011, 2013); Davis et al. (2012); Zhu et al. (2013). Note recent
discussions in Coates et al. (2017) and Maisey €t al. (2019).

Glossopharyngeal nerve path: directed laterally, across floor of the saccular chamber
and exitsvia foramen in side wall of the otic capsule (0); directed posteriorly, and exits
through metotic fissure or foramen in posteroventral wall of otic capsule (1); exits
laterally through a canal contained ventrally (floored) by the hypotic lamina (2); exits
through a foramen anterior to the posterior ampulla (3). Coates et al. (2017), adapted from
Schaeffer (1981); Coates & Sequeira (1998, 2001); Brazeau (2009): Davis et al. (2012); Zhu
et al. (2013); Pradel et al. (2011, 2013).

Glossopharyngeal and vagus nerves share common exit from neurocranium: absent (0);
present (1).

Basicranial morphology: platybasic (0); tropibasic (1). Brazeau (2009); Pradel et al.
(2011); Davis et al. (2012); Zhu et al. (2013); Maisey (2007); Pradel et al (2011).

Channel for dorsal aorta and/or lateral dorsal aortae passesthrough basicranium (0):
external to basicranium (1). Schaeffer (1981); Coates & Sequeira (1998); Brazeau (2009);
Pradel et al. (2011); Brazeau & Friedman (2014); Coates et al. (2017).

Dorsal aorta dividesinto lateral dorsal aortae posterior to occipital level (0); anterior to
level of the occiput (1). Pradel et al. (2011); Giles et al. (2015); Coates et al. (2017).
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177.

178.

179.

180.

Posterior openings of lateral aortic canals positioned lateral to occipital cotylus. absent
(0); present (1). Adapted from Maisey et al. (2019); likely synapomorphy of pucapampellids.

Ventral portion of occipital arch wedged between rear of otic capsules: absent (0);
present (1). Schaeffer (1981); Coates & Sequeira (1998); Maisey (2001a); Brazeau (2009);
Pradel et al. (2011); Davis et al. (2012); Coates et al. (2017).

Dorsal portion of occipital arch wedged between otic capsules: absent (0); present (1).
Schaeffer (1981); Coates & Sequeira (1998); Maisey (2001a); Brazeau (2009); Pradel et al.
(2011); Davis et al. (2012); Coates et al. (2017).

Occipital crest anteroposteriorly elongate, and extends from the roof of the posterior
tectum: absent (0); present (1).

Axial and appendicular skeleton

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Calcified vertebral centra: absent (0); present (1). Maisey (1985): biconcave calcified disc
centra surrounding constricted notochord, suggested synapomorphy of crown elasmobranchs
(Coates et al. 2017).

Chordacentra: absent (0); present (1). Stahl (1999); Coates and Sequeira (2001); Coates et
al. (2017).

Chordacentra polyspondylous and consist of narrow closely packed rings. absent (0);
present (1). Patterson (1965); Coates et al. (2017).

Synar cual: absent (0); present (1). Stahl (1999); Brazeau (2009); Davis et al. (2012); Zhu et
al. (2013); Coates et al. (2017).

Macromeric dermal pectoral girdle (0); micromeric or lacking dermal skeleton entirely
(2). Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Macromeric dermal pectoral girdle composition: ventral and dorsal components (0);
ventral componentsonly (1). Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Macromeric pectoral dermal skeleton forms complete ring around the trunk: present
(0); absent (1). Goujet & Young (2004); Brazeau (2009); Davis et al. (2012); Zhu €t al.
(2013).

Median dorsal plate: absent (0); present (1). Brazeau (2009); Davis et al. (2012); Zhu et al.
(2013).

Scapular process (dorsal) of shoulder endoskeleton: absent (0); present (1). Coates &
Sequeira (2001a); Zhu & Schultze (2001); Davis (2002); Brazeau (2009); Davis et al. (2012);
Zhu et al. (2013); Brazeau & Friedman (2014).

Ventral margin of separate scapular ossification: horizontal (0); deeply angled (1). Hanke
& Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Cross sectional shape of scapular process: flattened or strongly ovate (0); subcircular (1).
Davis (2002); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); Burrow et al. (2016).

Flange on trailing edge of scapulocoracoid: absent (0); present (1). Davis (2002); Brazeau
(2009); Davis et al. (2012); Zhu et al. (2013); Burrow €t al. (2016).

Scapular processwith posterodor sal process. Absent (0); present (1). Coates & Sequeira
(2001a); Davis et al. (2012); Zhu et al. (2013).

Mineralisation of internal surface of scapular process. mineralised all around (0); un-
mineralised on internal face forming a hemicylindrical cross-section. Brazeau (2009);
Davis et al. (2012); Zhu et al. (2013); Burrow et al. (2016).
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195.

196.

197.

198.
199.

200.
201.
202.

203.

204.

205.

206.

207.

208.

209.

210.

211

212.

213.

214.

Coracoid process: absent (0); present (1). Brazeau (2009); Davis et al. (2012); Zhu et al.
(2013).

Procoracoid mineralisation: absent (0); present (1). Davis (2002); Hanke & Wilson (2004):
Brazeau (2009).

Fin base articulation on scapulocoracoid: stenobasal, deeper than wide (0); eurybasal,
wider than deep (1). Lu et al. (2016).

Pectoral fin articulation monobasal (0); dibasal (1); three or more basals (2).

M etapterygium pectinate subtriangular plate or bar supporting numerous (Six or more)
radials along distal edge: absent (0); present (1).

Metapterygial whip absent (0); present (1). Coates et al. (2017).

Biserial pectoral fin endoskeleton: absent (0); present (1). Lu et al. (2016).

Propterygium perforated: absent (0); present (1). Rosen et al. (1981); Patterson (1982);
Davis et al. (2012); Zhu et al. (2013).

Pelvic girdle with fused puboischiadic bar: absent (0); present (1). Maisey (1984); Coates
& Sequeira (2001a); Coates et al. (2017).

Mixipterygial/mixopterygial claspers: absent (0), present (1). Brazeau & Friedman (2014);
Coates & Sequeira (2001a,b); Compagno (1999); Liem & Summers (1999); Long et al.
(2015); Trinajstic et al. (2014).

Pre-pelvic clasper or tenaculum: absent (0); present (1). Patterson (1965); Coates et al.
(2017).

Number of dorsal fins, if present: one (0); two (1); one, extending from pectoral to anal
fin level (2). Coates & Sequeira (2001a); Brazeau (2009); Davis et al. (2012); Zhu et al.
(2013).

Brush complex of bilaterally distributed calcified tubesflanking or embedded in
calcified cartilage core: absent (0); present (1).

Posterior or pelvic-level dorsal fin with calcified base plate: absent (0); present (1).
Coates & Sequeira (2001a, b).

Posterior dorsal fin with delta-shaped cartilage: absent (0); present (1). Coates &
Sequeira (2001a, b).

Posterior or pelvic-level dorsal fin shape, base approximately as broad astall and not
broader than other median fins (0); base much longer than fin height, substantially
longer than other median fins (1). Brazeau & deWinter (2015); Lu et al. (2017).

Anal fin: absent (0); present (1). Coates & Sequeira (2001); Brazeau (2009); Davis et al.
(2012); Zhu et al. (2013).

Anal fin base narrow, posteriormost proximal segmentsradialsbroad: absent (0);
present (1).

Caudal radialsrestricted to axial lobe (0); extend beyond level of body wall and deep
into hypochordal lobe (1). Davis et al. (2012); Zhu et al. (2013).

Caudal neural and/or supraneural spinesor radials short (0); long, expanded, and
supporting high aspect-ratio (lunate) tail with notochord extending to posterodor sal
extremity (1); notochord terminates pre-caudal extremity, neural and heamal radial
lengths near symmetrical and support epichordal and hypochordal |obes respectively (2).
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Spoines: fins, cranial and elsawhere

215.

216.
217.

218.

219.
220.
221

222.

223.

224.

225.

226.

227.

228.

229.

230.

Dorsal fin spineor spines. absent (0); present (1). Zhu et al. (2001); Zhu & Yu (2002);
Friedman (2007); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013); Lu et al. (2016).

Dorsal fin spineat anterior (pectoral level) location only: absent (0); present (1).

Dorsal fin spine cross section: hor seshoe shaped (0); flat sided with rectangular profile
(2); subcircular (2). Hampe (2002); Brazeau & de Winter (2015).

Dorsal fin spine apex curved posteriorly: absent (0); present (1). Present in Ferromirum
and Cladoselache.

Anterior dorsal fin spineleading edge concavein lateral view: absent (0); present (1).
Anal fin spine: absent (0); present (1). Maisey (1986); Davis (2002); Brazeau (2009).

Pectoral fin spines: absent (0); present (1). Davis (2002); Brazeau (2009); Davis et al.
(2012); Zhu et al. (2013).

Pectoral fin spinewith denticles along posterior surface: absent (0); present (1). Burrow
etal. (2016).

Prepectoral fin spines: absent (0); present (1). Davis (2002); Hanke & Wilson (2004);
Brazeau (2009); Davis et al. (2012); Zhu et al. (2013). Present in Doliodus (Maisey €t al.
2017); see also Dearden et al. (2019).

Admedian pectoral spinesabsent (0); present (1). Burrow et al. (2016).

Median fin spineinsertion: shallow, not greatly deeper than dermal bones scales (0);
deep (1). Davis (2002); Hanke & Wilson (2004); Brazeau (2009). Davis et al. (2012); Zhu et
al. (2013).

Intermediate (pre-pelvic) fin spines: absent (0); present (1). Davis (2002); Hanke &
Wilson (2004); Brazeau (2009); Davis et al. (2012); Zhu et al. (2013).

Fin spineswith ridges: absent (0); present (1). Davis (2002); Brazeau (2009); Davis et al.
(2012); Zhu et al. (2013).

Fin spineswith nodes: absent (0); present (1). Davis (2002); Hanke & Wilson (2004);
Brazeau (2009). Davis et al. (2012); Zhu et al. (2013).

Fin spines (dorsal) with rows of large denticles: absent (0); on posterior surface (1); on
lateral surface (2). Maisey (1989b); Davis et al. (2012); Zhu et al. (2013); Brazeau &
Friedman (2014).

Cephalic spines: absent (0); present (1). Maisey (1989); Coates et al. (2017).
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Synapomorphy lists (deltran optimisation)

Asterisk indicates synapomorphy with ClI 1.0.

Total group Chondrichthyes

32 Absence of cheek plates

40 Absence of dermohyal

43 Absence of branchiostegal series

48*  Absence of gular plates

67 Generative tooth sets

72 Generative tooth sets distributed along jaw margin
78 Absence of dermal plates along biting margin

189* Scapular process

228  Prepelvic (intermediate) fin spines

Acanthodian rump group

Conventional Chondrichthyes?

Crown group Chondrichthyes

Total group Holocephali

Ferromirum and Gutturensis

Total group Elasmobranchii
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