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ABSTRACT

A PERMIAN ACTINOPTERYGIAN FROM THE MINNEKAHTA LIMESTONE OF SOUTH
DAKOTA, USA

By
Jack Reza Stack

The interrelationships and phylogenetics of extinct Paleozoic and Early Mesozoic ray-
finned fishes (Actinopterygii) are obscured by a low-quality fossil record and understudy of Late
Paleozoic (Permo-Carboniferous) actinopterygians. To help address this issue, I describe a new
species of ray-finned fish from the late Early Permian Minnekahta Limestone of South Dakota.
This taxon is represented by two specimens, Field Museum of Natural History PF 3721 and Yale
Peabody Museum 18649. PF 3721 is an exceptionally well-preserved partial three-dimensional
head and trunk preserving the external anatomy of and some internal elements from the skull,
paired fins, and scale cover. YPM 18649 is a partially articulated, laterally compressed
individual with a heavily disarticulated skull. This fish has features of the paraphyletic
"paleoniscoid" group, including an immobile maxilla with a narrow suborbital process and a
broad postorbital expansion, a heterocercal caudal fin, and rhombic ganoid scales. I conducted an
equally weighted maximum parsimony analysis in PAUP and a Bayesian analysis with the Mkv
model of morphological evolution in MrBayes with 73 other taxa and 222 characters
that placed this taxon in a polytomy with other Late Paleozoic and Early Mesozoic
"paleoniscoids" in the respective consensus trees. I recommend the application of parsimony and
Bayesian inference techniques in tandem to the problem of early actinopterygian

interrelationships to provide necessary caution and direction to future work.
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A PERMIAN ACTINOPTERYGIAN FROM THE MINNEKAHTA LIMESTONE OF SOUTH
DAKOTA, USA

1. Introduction

The interrelationships of Paleozoic and Early Mesozoic "paleoniscoids" (a paraphyletic
group of early actinopterygians) and their phylogenetic placement relative to more crownward
ray-finned fishes with living representatives remains highly uncertain (Sallan, 2014; Friedman,
2015). This grouping has been widely recognized as paraphyletic in several previous
phylogenetic analyses of early ray-finned fishes (e.g., Patterson, 1982; Gardiner, 1984; Gardiner
& Schaeffer, 1989; Coates, 1993). Studies of Paleozoic ray-finned fishes that have attempted to
address these uncertainties have been hampered by a relative scarcity of detailed data from late
Paleozoic (Permo-Carboniferous) taxa (Hurley et al. 2007; Giles et al. 2017). Whereas many
Devonian and Triassic ray-finned fishes have been the subject of detailed morphological and
phylogenetic studies (e.g., Stensid, 1921; Nielsen, 1942; Nielsen, 1949; Lehman, 1952; Gardiner,
1984; Swartz, 2009; Choo, 2011; Xu et al. 2014; Giles et al. 2015a; Giles et al. 2017; Argyriou
et al. 2018) comparatively little work has been conducted on late Paleozoic, particularly
Permian, actinopterygians (Sallan, 2014; Friedman, 2015). Consequently, the majority of late
Paleozoic ray-finned fishes are not well-enough described to be included in phylogenetic
analyses, and the interrelationships of those that can be included are difficult to resolve relative
to their Devonian and Triassic counterparts (Sallan, 2014; Giles et al. 2017). In fact, many Late
Paleozoic taxa are defined with generalized, non-diagnostic features (e.g., size, body shape) and
are based on poorly preserved type specimens that make the construction of new diagnoses and
phylogenetic analysis difficult even with careful re-examination (Sallan, 2014; Mickle, 2017).

Recent reviews of the evolutionary history of ray-finned fishes agree that address these issues



will require renewed morphological and systematic study of late Paleozoic "paleoniscoids"
(Friedman & Sallan, 2012; Sallan, 2014; Friedman, 2015).

Many late Paleozoic ray-finned fish fossils are laterally compressed and poorly
preserved, severely limiting the information that can be obtained regarding the taxa they
represent (Gardiner & Schaeffer, 1989; Friedman, 2015). The specimens that are available to
study from this interval are also limited by a scarce Late-Pennsylvanian-Middle Permian marine
actinopterygian fossil record (Hurley ef al. 2007; McGowan & Smith, 2008; Romano ef al.
2014). Therefore, detailed study of well-preserved "paleoniscoids" from understudied Late
Pennsylvanian-Middle Permian marine faunas will contribute to the documented fossil record of
ray-finned fishes from this interval and potentially strengthen phylogenetic analyses of
early actinopterygians (e.g., Figueroa et al. 2019).

The focus here is on a largely unstudied assemblage of ray-finned fishes from the
Minnekahta Limestone of the Black Hills of South Dakota. Ray-finned fishes from the
Minnekahta Limestone were reported by Hussakof (1916), Braddock (1963, David Dunkle pers.
comm.), and by Dierks & Pagnac (2010), based on material in the collections of the South
Dakota School of Mines Museum of Geology (SDSM). Hussakof (1916) and Dunkle (in
Braddock, 1963) offer short descriptions of isolated specimens that are not well enough
preserved to be assigned to existing taxa or to justify the erection of new taxa. However,
Hussakof (1916) noted the similarity of the specimens they described to the problematic taxon
Acrolepis and Dunkle (in Braddock, 1963) compared the specimen they examined to the deep-
bodied Amphicentridae. The abstract of Dierks & Pagnac (2010) summarizes an unpublished
survey of the Minnekahta Limestone material in the SDSM that notes specimens identified as

"Acrolepis" and Platysomus, but they do not figure this material or provide a basis for these



identifications. Therefore, although a fauna of ray-finned fishes has been documented from the
Minnekahta Limestone for over a century, no focused taxonomic work has been undertaken on
this material.

In addition to the material from the SDSM, nine partially articulated specimens of
actinopterygians from the Minnekahta Limestone in the collections of the Field Museum of
Natural History (FMNH, on loan to MSU) and the Yale Peabody Museum of Natural History
(YPM, on loan to MSU) have not been described, offering an opportunity for detailed study (list
of examined material in Table A1.1). A partially articulated and three-dimensionally preserved
head and trunk of a ray-finned fish (FMNH PF 3721) has a suite of anatomical features that are
not typically preserved in Permian actinopterygians, including an uncrushed skull preserving
lateral, dorsal, and ventral elements, endoskeletal jaw elements, the paired fins and some of their
endoskeletal supports, and the scale cover. An additional specimen (YPM 18649) with similar
morphology to PF 3721 contains some of the branchial arch elements, the paired fins, median
fins, caudal fin, and most of the lateral squamation.

Herein I describe a new genus and species of ray-finned fish, Concentrilepis
minnekahtaensis gen. et sp. nov., based on PF 3721 and YPM 18649. I compare Concentrilepis
to morphologically similar Permian and Triassic ray-finned fishes using published descriptions
and examination of museum specimens to establish that this material represents a new species. I
then incorporate this taxon into a modified version of the phylogenetic framework of Giles et al.
(2017) and conduct two sets of phylogenetic analyses to examine its evolutionary position
relative to other Late Paleozoic and Early Mesozoic ray-finned fishes. This study improves the
documented fossil record of Permian ray-finned fishes by describing a new taxon that is

represented by specimens that preserve more morphological data than is typical for a Late



Paleozoic ray-finned fish. I also address the historic paucity of Permian taxa in phylogenetic
analyses of ray-finned fishes by incorporating this taxon into an existing phylogenetic
framework. Finally, I explore the effectiveness of applying both traditional parsimony and more

novel Bayesian techniques to the phylogeny of early ray-finned fishes.



2. Geologic Setting

The Minnekahta Limestone of the Black Hills region of South Dakota is a ~2 m to ~15 m
thick deposit of thinly bedded and pinkish-grey or light red, finely crystalline limestone situated
between two continental redbeds, the underlying Opeche Shale and overlying Spearfish
Formation (Darton, 1901; Maughan, 1964; Fahrenback & Sawyer, 2001; Benison et al. 2018;
Fig. 1.1A). The Minnekahta Limestone was deposited during a transgressive episode of the
Phosphoria seaway that flooded western South Dakota, which was situated in the eastern part of
a marine basin on the western margin of the North American Craton (Fig. 1.1B; Piper & Link,
2002; Dopheide & Winniger, 2008). Benison ef al. 2018 claim that no fish fossils have been
collected from the Minnekahta Limestone in situ to support their argument that this formation
was deposited in a saline lake environment. However, fossils of conodonts, ray-finned fishes,
gastropods, and pelecypods have been reported in the literature (albeit in relatively obscure
reports) from the Minnekahta Limestone (Hussakof, 1916; Darton & Paige, 1925; Braddock,

1963).
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Figure 1.1. The Minnekata Limestone of South Dakota. A, location of the Black Hills of
South Dakota (indicated by arrow), modified from the United States National Atlas. Scale bar
equal to 482 km. B, paleogeographic map of the northwestern United States ~260 ma, showing
the location of the Minnekahta assemblage (indicated by arrow), after Piper and Link (2002, fig.
1. Scale bar equal to 100 km. C, outcrop belt of the Minnekahta Limestone in the Black Hills
region of South Dakota. Quarries indicated by pickaxe symbol and location of a fish bearing
locality (GCC Dakotah) marked. Scale bar equals 1 km.

The Minnekahta Limestone in the Black Hills is correlated to the Minnekahta Member of
the Goose Egg Formation of eastern Wyoming, a carbonate spillover of the Meade Peak
Phosphatic Shale Member of the Phosphoria Formation (S.E. Idaho, western and central
Wyoming) (Burk & Thomas, 1956; Boyd & Maughan, 1972; Wardlaw & Collinson, 1984;
Wardlaw & Collinson, 1986; Maughan, 1994; Whalen, 1996; Inden & Coalson, 1996; Piper &
Link, 2002). The conodont biostratigraphy of Wardlaw & Collinson (1986) indicates a late
Leonardian age, or late Early Permian (Kungurian, 283.5 +/- 0.6 to 272.95 +/- 0.11 ma) for the

Minnekahta Limestone (Gradstein et al. 2012; Cohen et al. 2013).



The material used in this study was collected from Pennington County, South Dakota, in
the area around Rapid City (Fig. 1.1C). PF 3721 and the other specimens from the FMNH are
identified as being recovered from "City Quarry" and the YPM material are from the "South
Dakota State Cement Plant". In the over half-century since the YPM material was collected, the
South Dakota State Cement Plant was purchased by GCC Dakotah, Inc (Fig. 1.1C). I was not
able to determine which quarry the FMNH specimens were collected from, but I can narrow
down the locality to a handful of quarries in the Minnekahta Limestone in the Rapid City region
(Fig. 1.1C). Although these specimens are identified as having been collected from the Opeche
Shale, based on lithology they were collected from the Minnekahta Limestone. Although the
Opeche Shale consists almost entirely of red mudstone (with some gypsum interbedded), the
examined specimens are preserved in a matrix of pinkish grey, thinly bedded limestone
characteristic of the Minnekahta Limestone. Hussakof (1916), Braddock (1963), and Dierks and
Pagnac (2010) also described fish material of the same type from the Minnekahta Limestone.
Because these specimens lack detailed geologic data, I cannot be certain of my attribution of this
material to the Minnekahta Limestone. Further field research on the Minnekahta Limestone and
the Opeche Shale is necessary to determine the exact geologic affinity of this fauna.

In addition to ray-finned fishes, arthropods (Mamayocaris), pelecypods, gastropods, and
stromatolites have been reported from the Minnekahta Limestone (Darton & Page, 1925; Brooks,
1962; Braddock, 1963; Dopheide & Winniger, 2008; Dierks & Pagnac, 2010; Benison et al.
2018). However, only the phyllocarid crustacean Mamayocaris (also known from the Early
Permian of Texas; Hotton et al. 2002) has been found in direct association with fish remains

(Brooks, 1962; Clarkson, 2009; Dierks & Pagnac, 2010; pers. obs.).



3. Material and Methods

3.1 Material

This description is primarily based on PF 3721, the front half of a fish that was broken
(prior to this study, likely in the process of collection) into five pieces that each preserve a
distinct aspect of the individual’s morphology. These pieces do not fit together perfectly, but
taken together, they preserve much of the anterior portion of a medium-sized fish (estimated at
approximately 12.5 cm in standard length), including the skull, pectoral and pelvic fins, and the
anterior portion of the trunk. Each piece of PF 3721 has been assigned the same specimen
number by the FMNH. For ease of reference, I assigned an informal name to refer to each piece
in my description corresponding to the part of the fish it preserves (Fig. 1.2). The left lateral
piece contains the left lateral side of the anterior portion of the fish in internal view and includes
some of the skull (the snout is missing), a small portion of the left pectoral fin, a large patch of
lateral squamation from the anterior portion of the trunk, and the base of the left pelvic fin. The
right lateral piece is a natural mold of the right lateral side of the skull in internal view. I also
used a latex cast (from the FMNH collections, creator unknown) of the right lateral piece in the
description. The medial piece fits in between the left and right lateral pieces, although it does not
contain the anterodorsal part of the interior of the skull. The lateral parts of the medial piece
show a mixture of internal elements from the jaws and the hyoid arch, along with portions of
external elements from the shoulder girdle, opercular apparatus, and skull roof. Ventrally, the
medial piece preserves the underside of the skull (in part), including the branchiostegal rays,
gulars, the attachment of the pectoral fins to the shoulder girdle, and the anterior abdominal
squamation. The ventral piece preserves the ventral surface of the skull in dorsal view, showing

the ventral aspect of the skull and the shoulder girdle in counterpart (including the cleithrum,



clavicles, gulars, and branchiostegal rays), along with the pectoral fins, a piece of the pelvic fin,
and some of the abdominal squamation in counterpart. The pectoral piece preserves the part of
the right pectoral fin, along with some of the associated abdominal squamation.

YPM 18649, a laterally compressed fish with a severely disarticulated skull, was also
used in the description. The paired, median, and caudal fins are preserved in this specimen, along

with a largely complete lateral scale cover. I did not add the outline to the edge of this specimen.

Figure 1.2. The five pieces of PF 3721 and associated cast. A, ventral piece. B, right lateral
piece. C, medial piece. D, cast of right lateral piece. E, right lateral piece. F, pectoral piece.
Labels are to the top right of the piece they are assigned to. Scale bar equals 1 cm.

3.2 Assignment of Material
I consider PF 3721 and YPM 18649 to be from the same taxon on the basis of the

following shared features: supracleithrum with round ventral margin posterior to contact with
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cleithrum, indented ventral margin of the supracleithrum at the contact with cleithrum,
supracleithrum with broad middle section and pointed dorsal margin; series of small lateral
scales ventral to supracleithrum (no postcleithrum); pectoral fin with thin, closely packed
lepidotrichia; pectoral lepidotrichia unsegmented proximally, segmented and then branching
distally; pectoral fin with fringing fulcra composed of a combination of expanded terminal
segments of lepidotrichia and independent small, spiny elements; pelvic lepidotrichia broad and
segmented to their base; rhomboidal, wider than tall lateral flank squamation that is dorso-
ventrally compressed in the ventral region of the body; lateral scales ornamented with terraced
ridges at their edges and oblique ridges at their centers; rhomboidal, dorso-ventrally compressed

ventral ridge scales anterior to pelvic fin.

3.3 Photographs and Interpretative Drawings

Specimens were examined under a binocular microscope (Amscope SKU:SM-4NTP). PF
3721 and YPM 18649 were photographed with an Olympus E-M5 Mark 2 camera using a M.
Zuiko Digital ED 14-150MM F4.0-5.6 I lens and a M. Zuiko ED 60mm F2.8 macro lens at the
MSU Museum. The three-dimensional preservation of PF 3721 required stacks of images to be
taken to capture all features in focus. Image stacks were compiled in HeliconFocus
(Heliconsoft.com) and with the image stacking feature of the Olympus E-M5 Mark 2. In addition
to the Minnekahta Limestone material, I examined and photographed specimens of Permian and
Triassic ray-finned fishes in the collections of the Natural History Museum, London, UK (list of
examined material in Appendix 1, Table A1.1).

Interpretative drawings were made in Adobe Photoshop using digital photographs of the
specimens. I traced printouts of the digital specimen drawings in ink to ensure consistency in line

thickness, and then used Adobe Illustrator to trace scans of the ink drawings to make final line
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drawings. In the interpretative drawings dotted lines indicate inferred boundaries, dashed lines
show physical breaks in the rock that run through the fossilized material, light grey infill marks
areas where bone is absent, and dark grey infill marks areas where the bone is degraded to the
point where reliable identification of individual elements is not possible. Color infills were added

in Adobe Photoshop.

3.4 Terminological Conventions

The conventional terminology for Paleozoic actinopterygian anatomy, following
Gardiner (1984), is used. Although the frontals and parietals of actinopterygians in this scheme
are homologous to the parietals and postparietals of sarcopterygians, respectively (Schultze,
2008), using this standard terminology will facilitate comparisons with other descriptions of

Paleozoic actinopterygians.

3.5 Anatomical Abbreviations

Ab, anal basal fulcra; Abs, abdominal squamation; Af, anal fin; Afr, anal fin rays; An,
angular; Ano, anterior nasal opening; Ao, antorbital; Asq, axial squamation; Br, branchiostegal
ray; Bre, branchial arch element; Cf, caudal fin; Cl, cleithrum; Cr, coronoid; Cv, clavicle; Def,
dorsal caudal lobe basal fulcra; Der, dorsal caudal fin rays; Df, dorsal fin; Dfr, dorsal fin rays;
Dh, dermohyal; Dn, dentary; Dp, dermopalatine; Ds, dermosphenotic; En, endoskeletal shoulder
girdle; El, insertion for the ethmopalatine ligament; Exscl, lateral extrascapular; Exsc2, medial
extrascapular; Ff, fringing fulcra; Fmi, foramen for internal mandibular branch of facial nerve;
Fr, frontal; Gpl, gular pit line; Hbp, hole for the basipterygoid process; Hy, hyomandibula; It,
intertemporal; Ju, jugal; La, lacrimal; Lg, lateral gular; Lpr, lateral process of palatoquadrate;
Lsq, lateral squamation; Mg, medial gular; MKk, ossified Meckelian cartilage; Mx, maxilla; Na,

nasal; N¢, neurocranium; Op, opercular; Pa, parietal; Pcl, post-cleithrum; Per, pectoral fin rays;
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Pe, pelvic fin; Pf, pectoral fin; Pm, premaxilla; Po, preopercular; Pq, palatoquadrate; Pscl,
presupracleithrum; Pr, prearticular; Pro, propterygium; Psp, parasphenoid; Pspi, postspiracular;
Pt, post-temporal; Pvr, pelvic fin rays; Qj, quadratojugal; Qu, quadrate; Ra, radials; Ro, rostral;
Sc, sclerotic ring; Scl, supracleithrum; Shd, shoulder girdle; Skr, skull roof; Sop, suboperculum;
So, suborbital; Sq, squamation; St, supratemporal; Sur, surangular; Te, teeth; Th, canal for the
truncus hyoideomandibularis; Veb, ventral caudal lobe basal fulcra; Ver, ventral caudal lobe fin

rays; Vr, ventral ridge scale; X, anamestic dermal element.

3.6 Micro-Computed Tomography

The medial piece of PF 3721 was uCT scanned at the CTEES facility at the University of
Michigan using a Nikon XT H 225 ST scanner. The parameters of the scan were as follows:
voltage (180 kV), current (155 uA), filter (0.5 mm Cu), projections (3141, 2 frames per second),
resolution (27.9 pm) and exposure time (1000 ms). The .vgi file was imported from the scan of
PF 3721 into Drishti import (Limaye, 2012) and exported as a stack of .bmp images using the
save images function for segmentation. The .vgi is available in the electronic supplementary
files.

I imported this stack into SPIERSalign (Smith ez al. 2016) to be cropped to reduce image
size before segmentation. I imported the cropped .bmp image stack to SPIERSedit (Smith ef al.
2016), downsampling by 50% in the x, y, and z dimensions to improve the speed of three-
dimensional (3-D) model construction. Segmentation was done with the range generation tool,
with manual inspection of individual slices and correcting details with the brush tool. These
slices were then used to create two 3-D models that I visualized, smoothed (Smoothing=very
weak), and removed islands from (Island removal=medium) in SPIERSview (Smith ez al. 2016).

One model shows the external surface of the specimen and the other shows segmented out
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internal structures (Fig. 18). I used the "Apply Multiple Steps Saving Images" command to save
500 images while rotating the model with the "Simple Autospin" command. I imported this
image sequence into FIJI (Schinedlin ef al. 2012) and exported as an .avl file to produce 3-D
animations of the model’s external fossil and internal structures. The image in Figure 1.18 was

captured in SPIERSview using the "Apply Single Step Saving Image" Command.

3.7 Systematic Comparisons

I compared the morphology of PF 3721 and YPM 18649 to 38 other species of ray-finned
fishes described from the Permian and Early Triassic to determine if the Minnekahta specimens
represent a new species. I chose these 38 species based on a survey of the literature and the
collections of the Natural History Museum (United Kingdom, NHM; the most extensive
collection of Paleozoic ray-finned fishes) to search for Late Paleozoic and Early Mesozoic ray-
finned fishes with features that closely resemble PF 3721 and YPM 18649. A list of these 38
species and the diagnoses used for comparison is provided in Appendix A2. I focused my
comparisons on features in established diagnoses and descriptions and verified details where
possible with published photographs, drawings, and observations gathered directly from
specimens (Table Al.1). I focused on taxa that are known from relatively complete remains,
excluding scale-based taxa from my comparisons. When comparing PF 3721 and YPM 18649 to
taxa known from multiple species, I focused on the most completely described species in the
genus and those that I examined directly at the NHM (i.e., Acrolepis sedgwicki Agassiz, 1833,

Palaeoniscum freieslebeni de Blainville, 1818, and Pygopterus humboldti Agassiz, 1833).
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3.8 Phylogenetic Analysis

3.8.1 Character matrix

I expanded and modified the morphological dataset of Giles et al. (2017) in Mesquite
version 3.61 (Maddison & Maddison, 2019) to integrate the new taxon into an existing
phylogenetic framework for early actinopterygians. I modified this framework to suit our goal of
determining the phylogenetic placement of the new form amongst early actinopterygians. A full
list of these changes can be found in Appendix 3. In addition to coding the new taxon into this
matrix, I modified the assignments for 26 taxa based on recent descriptive work (full list of
changes Appendix A3.2; Argyriou et al. 2018; Coates & Tietjen, 2019). Previous studies with
this matrix (Giles et al. 2017; Argyriou et al. 2018; Figueroa et al. 2019) designate the
placoderm Dicksonosteus articus Goujet, 1975 as the outgroup and include eighteen additional
non-actinopterygian taxa in the ingroup. I restricted the ingroup to ray-finned fishes to focus our
analyses on actinopterygian interrelationships.

I designate the three species of the Middle Devonian actinopterygian Cheirolepis
Agassiz, 1835 as the outgroup in the maximum parsimony analysis. I chose Cheirolepis
canadensis as the outgroup for the Bayesian analysis because the program (MrBayes 3.2.7a;
Hoéhna et al. 2016) only allows for one taxon to be set as the outgroup. Although Cheirolepis is
30 million years younger than the minimum divergence of actinopterygians and sarcopterygians,
it is the earliest known taxon that consistently resolves as an actinopterygian (Sallan, 2014;
Friedman, 2015). I did not include potential actinopterygian taxa whose position is disputed
(including Dialipina Schultze, 1968, “Ligulalepis” Schultze, 1968, and Meemania Zhu et al.
2006) because resolving their position is not my aim and would require the inclusion of non-

osteichthyan taxa. I also removed Brachydegma caelatum Dunkle, 1939 from this matrix because
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a major revision of its anatomy is forthcoming (Argyriou et al. in prep). After these alterations,
we removed 43 characters that were not parsimony-informative according to the “show character
status” command in PAUP (complete list of deleted characters Appendix A3.3). The resulting
character matrix contained 74 total taxa and 222 characters. The full matrix is available in
NEXUS form in Appendix A4 and character assignments by taxon are available in Appendix AS.

3.8.2 Parsimony analysis

The new taxon was incorporated into an equally weighted maximum parsimony analysis
in PAUP (Swofford, 2003). I used a heuristic search to find the most parsimonious trees,
building a starting tree with stepwise addition and estimating the global optimal tree with tree
bisection and reconnection (TBR) and 500 random addition sequences. I set Maxtrees to increase
automatically, with nchuck = 10,000, and chuckscore = 1. A full log file generated by PAUP for
the parsimony analysis is available in the Appendix A6. I calculated the strict consensus tree in
PAUP using the most parsimonious trees found in the heuristic search. Consistency index (CI),
retention index (RI), rescaled consistency index (RCI), and tree length were calculated with the
tree scores function in PAUP. I calculated Bremer decay values for the nodes of the strict
consensus tree (Bremer, 1994) iteratively in PAUP with abbreviated heuristic searches (Maxtrees
set to increase automatically, 20 RAS, rearlimit = 200,000,000 applied to each rep), increasing
the number of steps one at a time from the maximum parsimony result. I also calculated
bootstrap values in PAUP using 500 replicates of a full heuristic search, with Maxtrees set to
increase automatically, rearlimit=50,000,000 applied to each rep, 5 trees held at each step, with

nchuck = 10,000, and chuckscore = 1.
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3.8.3 Bayesian analysis

I conducted a Bayesian analysis with two independent runs of Metropolis-coupled
Markov chain Monte Carlo (MCMCMC, or MC?) analyses using the MkV model for discrete
morphological characters in MrBayes 3.2.7a (Lewis, 2001; Hohna et al. 2016). I initially set the
number of iterations to 500,000 and burn-in to 25% for four independent chains per run. I ran
more iterations (increasing in sets of 500,000) until the standard deviation of split frequencies
was lower than 0.01 to ensure consistency amongst runs. The MC? converged within 4,000,000
generations. I also used the “plot” command in MrBayes to examine the trend in sampled log-
likelihood values from the analysis and ensure that all chains reached a stable part of the
distribution. I built a consensus tree with the “sumt” command in MrBayes (burnin fraction set to
0.5) that shows nodes with posterior probability higher than 0.5 and collapses nodes with
posterior probability lower than 0.5. I set the burn-in fraction to 50% when calculating consensus

trees. The scripts needed to re-run this analysis can be found in Appendix A7.

3.9 Institutional Abbreviations
PF, FMNH, Field Museum of Natural History, Chicago, USA.
YPM, Yale Peabody Museum of Natural History, New Haven, USA.

NHM, P, Natural History Museum, London, UK.

4. Systematic Paleontology

Class Osteichthyes Huxley, 1880
Subclass Actinopterygii Cope, 1887

Concentrilepis gen. nov.
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4.1 Type Species

Concentrilepis minnekahtaensis sp. nov.

4.2 Generic Diagnosis

As for type species.

4.3 Derivation of Name
From the Latin concentrum (concentric) and lepis (scale), for the concentric ridges that ornament

the lateral scales.

4.4 Diagnosis

Fusiform body; pronounced, rounded snout; single median rostral capping snout; separate
antorbital and premaxillary elements; middle part of medial suture between frontals sinuous;
frontals more than twice as long as parietals and each bearing two pronounced lateral
expansions; anterior lateral extension of frontal less than 1/3 of total frontal length, with a broad
point fitting between the postero-medial margin of the corresponding nasal and the postero-
lateral margin of the rostral; separate intertemporal and supratemporal; nasal in contact with
intertemporal; anterior median process on right parietal at contact with left parietal and medial
suture of frontals; small posterior lateral process on parietal articulated with posterior median
notch on supratemporal; crescent-shaped dermosphenotic lacking posterior ramus;
dermosphenotic in contact with nasal; three suborbitals; separate lacrimal and jugal with the
lacrimal excluded from the oral margin; opercular larger and wider than subopercular; dermohyal
present as a single ossification; maxilla with a broad, rectangular postorbital expansion, a straight
suborbital expansion, and a round posteroventral expansion that wraps around the posterior part

of the dentary; dorsal margin of maxilla straight and flat; antopercular and epiopercular absent;

17



single median gular and paired lateral gulars; 15 branchiostegal rays; dorsal-most branchiostegal
ray more than twice as tall as preceding rays; cleithrum arched, broad ventrally, and narrow and
pointed dorsally, supracleithrum with round ventral margin posterior to contact with cleithrum,
indented ventral margin at contact with cleithrum, broad middle section, and pointed dorsal
margin; postcleithrum absent; fringing fulcra present on all fins; all lepidotrichia lack ornament;
pectoral fin broad and triangular; caudal fin strongly heterocercal and deeply forked; flank scales
broader than they are tall; anterior lateral flank scales dorso-ventrally compressed ventrally;
scales ornamented with straight, concentric ridges at their margins (oriented parallel to
corresponding scale margin) and diagonal ridges at their centers; scales lack serration on all

margins.

4.5 Holotype
PF 3721, articulated skull and partially articulated trunk with the containing rock broken into

five pieces. Tail and posterior portion of the body absent.

4.6 Referred Specimens
YPM 18649 (partially articulated individual with all fins and scale cover present, skull severely

disarticulated).

4.7 Occurrence

Minnekahta Limestone of GCC Dakotah Inc. Quarry (formerly the South Dakota State Cement
Plant) and “City Quarry” (exact location unknown) of Pennington County, South Dakota, USA.
The Minnekahta Limestone was deposited in the late Early Permian (Kungurian; Wardlaw &

Collinson, 1986; Gradstein et al. 2012).
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5. Description

5.1 Skull Roof

The skull roof is preserved in both PF 3721 and YPM 18649. In YPM 18649, a large area
of bone from the skull roof is present ("Skr", Fig. 1.6B), but it is not possible to distinguish
individual elements. Therefore, the description of this region relies almost entirely on PF 3721.
The skull roof is divided into two pieces in PF 3721. The right lateral piece contains most of the
skull roof, which is preserved as a natural mold. This description of the skull roof is largely
based on a latex cast of the mold of the skull roof from the right lateral piece (Fig. 1.3). Only a
small, poorly preserved portion of the skull roof ("Skr", Fig. 1.4B), in which individual elements

cannot be discerned, is present in the left lateral piece of PF 3721.

19



Figure 1.3. Cast of the skull roof of PF 3721 in dorsal view, taken from the right lateral
piece. A, photograph. B, specimen drawing. Scale bar equals 1 cm (anterior is to the top of the

page).

A median shield-like rostral ("Ro", Fig. 1.3B and 1.4B) forms the anteriormost portion of
the skull roof. The rostral is flanked by the nasals, contacted posteriorly by the frontals, and
contacted anteroventrally by the premaxillae. The rostral curves to form the anteriormost portion
of the protruding, rounded snout. Paired nasal openings ("Ano", Fig. 1.3B) are present at the
contacts of the rostral with the nasals at the tip of the snout. The anterior margin of the rostral is

broad, with a distinct medial indentation where it contacts the premaxillae. The lateral parts of
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this margin are pointed, curving outwards around the anterior part of the nasal opening. The
lateral margins of the rostral are concave where they form the medial portion of the anterior nasal
openings. The lateral margins of the rostral curve medially and form long, convex margins that
make up approximately half of the total length of the bone where it curves over the apex of the
snout. Posteriorly, at the contact with the anterior portion of the frontals, the lateral margins
curve medially to a greater degree and meet at the midline of the skull. A break in the right
lateral piece created a line through the rostral that could be misinterpreted as a suture, but it is
clear from close examination that the rostral is a single medial element. There is no apparent
ornamentation on the posterior portion of the rostral, but some thin, oblique ganoine ridges are
present on the anterior portion that houses the nasal openings.

A pair of nasals ("Na", Fig. 1.3B and 1.4B) form the lateral portions of the anterior part
of the skull roof. The nasals are broad, curved bones that, along with the rostral, form a
protruding snout. The nasals extend from the midpoint of the snout anteroventrally to the
midpoint of the orbit. They have a broad, curved anterior margin contacting the paired
premaxillae. The concave lateral margin of the nasal forms the anterodorsal part of the orbit. The
nasals also have laterally slanted medial margins contacting the rostral. The anterior portion of
the medial margins of the nasals bear notches for the anterior nasal openings ("Ano", Fig. 1.3B).
The posterior margin of each nasal has a curved, concave medial embayment that the lateral part
of the anterior margin of the corresponding frontal fits into. The posterior margins of the nasals
are slightly concave, contacting the intertemporal posteriorly and the dermosphenotic laterally.
The nasals are ornamented with thin, longitudinal ganoine ridges posteriorly and sparse tubercles

and branching ganoine ridges anteriorly.
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The frontals ("Fr", Fig. 1.3B; "Fr?", Fig. 1.7B) are long, anteriorly pointed bones that are
the largest elements in the skull roof, approximately twice the length of the parietals. The lateral
part of the anterior margin of each frontal is extended and curved into a broad point that fits
between the postero-medial margin of the corresponding nasal and the postero-lateral margin of
the rostral. The lateral margin of each frontal is straight anteriorly but posteriorly bearing two
pointed, posteriorly curved lateral expansions. The most posterior lateral expansion is more
pronounced than the most anterior lateral expansion and fits into an embayment in the median
margin of the supratemporal. The frontals contact the intertemporal anterolaterally and the
supratemporal posterolaterally. The medial margin of the frontals is straight posteriorly and
anteriorly but is sinuous (although not interdigitating) medially. The posterior margins of the
frontals are broad and convex, contacting the parietals medially and the supratemporals laterally.
The medial part of the posterior margins of the frontals is curved inward where the anteromedial
process of the right parietal fits between them. The frontals are sparsely ornamented with small
tubercles that are denser on the posterior part of the elements.

The parietals ("Pa", Fig. 1.3B) are subrectangular bones that are approximately half the
length of the frontals. Although the lateral portion of the left parietal is not preserved, it is clear
that the left and right parietals are not equivalent in shape. The right parietal bears a pointed
anteromedial process that extends between the posterior part of the medial contact of the frontals.
The left parietal lacks an anteromedial process. The medial portion of the anterior margin of the
left parietal is straight, while its lateral portion is not preserved. The lateral portion of the anterior
margin of the right parietal is concave, curving around the posterior margin of the right frontal.
The medial margin between the parietals is roughly straight. The right parietal contacts the

supratemporal laterally at a broad, concave margin with a small posterior lateral process that fits
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into a posterior median notch on the supratemporal. The parietals are ornamented with small to
medium-sized tubercles, which are more numerous on the left parietal.

A series of three small anamestic dermal elements sit anterior to the lateral extrascapular
in the right lateral piece and its cast ("X", Fig. 1.3B). These partially overlapping elements are
longer than they are wide and do not have a uniform shape. The medial-most element is oblong
and teardrop-shaped, the central element is sub-rectangular, and the most lateral element is
nearly trapezoidal. These elements and the lateral extrascapular are deeper into the rock relative
to the other skull roof elements. Similar ossifications have been observed in the corresponding
region of the skull of Pteronisculus stensioi (Nielsen, 1942; fig. 19), Pteronisculus macropterus
(Lehman, 1952; fig. 26), Pteronisculus arambourgi (Lehman, 1952; fig. 25), Oxygnathus
ornatus (Watson, 1925; fig. 30), Acrolepis sedgwicki (Aldinger, 1937; fig. 4 after Westoll, 1934
unpublished), Acropholis stensioi (Aldinger, 1937; fig. 5), and Plegmolepis kochi (Aldinger,
1937; fig. 17). Additionally, I observed these elements in a specimen of Pteronisculus cicatrosus
(P. 16297-8; pers. obs.). These elements in PF 3721 most closely resemble those in Pteronisculus
macropterus (Lehman, 1952; fig. 26).

Two small extrascapulars ("Exsc1" and "Exsc2", Fig. 1.3B and 1.5B) are located
posterior to the parietals and anterior to the post-temporal (visible in the right lateral piece and
cast). These bones are distinct from each other in size and are separated, indicating that there are
distinct pairs of medial and lateral extrascapulars. The medial extrascapular ("Exsc2", Fig. 1.3B
and 1.5B) is between the posterior margin of the left parietal and the anterior part of the medial
margin of the post-temporal. The medial extrascapular is ornamented with small tubercles and
has a convex, rounded anterior edge and lateral margins that curve to form a bluntly pointed

posterior edge. The lateral extrascapular ("Exsc 1", Fig. 1.3B and 1.5B) is larger and wider than
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the medial extrascapular but is similar in shape. It contacts the parietal anteromedially, the post-
temporal posteromedially, the anamestic dermal elements anteriorly, and the postspiracular (of
Nielsen, 1942) posterolaterally. The lateral extrascapular has a broad, curved, convex anterior
margin with sloping lateral margins that extend posteriorly to a blunt point. The lateral
extrascapular is ornamented with small tubercles.

A single post-temporal is preserved in the cast of the right lateral piece and in YPM
18649 ("Pt", Fig. 1.3B, 1.5B, and 1.6B). The post-temporal is an oval-shaped bone that extends
posterolaterally from the parietals. The anterior margin is long and slightly convex, contacting
the parietal anterodorsally, the lateral extrascapular anteriorly, and the postspiracular and
supracleithrum anteroventrally. The medial margin is short and slightly concave, sitting
underneath the medial extrascapular. The post-temporal broadens laterally, giving it a blade-like
shape. The dorsal part of this element is ornamented with sparse tubercles in PF 3721 and its
ventral part is ornamented with evenly spaced, thick, and short bony ridges in YPM 18649.

The intertemporal ("It", Fig. 1.3B) is a narrow, boomerang-shaped bone between the
posterodorsal part of the orbit and the anterior portion of the frontal and is only observable in the
cast of the right lateral piece. It is divided into a straight anterior portion and a curved, blade-like
posterior portion. The anterior margin of this bone is convex and curved, contacting the nasal.
The concave, deeply curved lateral margin of the intertemporal runs along the dorsal margin of
the dermosphenotic, with a short region posteriorly without a visible contact. The medial margin
of the intertemporal contacts the frontal anteriorly and the supratemporal posteriorly. The more
anterior lateral expansion of the frontal curves around the medial part of the intertemporal.

The supratemporal ("St", Fig. 1.3B) is larger than the intertemporal and is only

observable in the cast of the right lateral piece. The narrow anterior portion of this bone curves
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around the posterior lateral expansion of the frontal. The supratemporal expands posteriorly into
a broader, roughly rectangular portion that narrows slightly at its most posterior extent. The
supratemporal contacts the intertemporal anteriorly and anteroventrally, the most dorsal
suborbital laterally, and the anamestic dermal elements posteriorly. The supratemporal also
contacts the parietal medially along a margin bearing a posterior notch that fits around the small
posterior lateral process of the parietal. The supratemporal is ornamented with small, sparse
tubercles.
5.2 Circumorbital Bones

The bones surrounding the orbit are preserved in the right and left lateral piece, and in the
cast of the right lateral piece. The circumorbital bones are not preserved in YPM 18649. The
posterior, dorsal, and ventral parts of the sclerotic ring ("Sc", Fig. 1.5B) are preserved in the right
lateral piece. Elements associated with the orbit include (clockwise from the top, with anterior to
the right) the nasal, antorbital, lacrimal, jugal, suborbital, and dermosphenotic. As noted in the
description of the skull roof, the lateral margin of the nasal forms the anterodorsal margin of the
orbit (“Na”, Fig. 1.3B and 1.4B). A small portion of the anteroventral region of the orbit is built
from the broad, concave lateral margin of the antorbital, which is a small, rhomboidal bone
visible in the cast of the right lateral piece. The antorbital’s dorsal margin contacts the lateral part
of the ventral margin of the nasal, its straight medial margin contacts the posterolateral part of
the premaxilla, and its short, rounded posterior margin contacts the lacrimal. The antorbital bears
small ridges with tubercles.

The posterior segment of a long, thin lacrimal ("La", Fig. 1.5B) sits directly anterior to
the jugal and dorsal to the infraorbital expansion of the maxilla in the right and left lateral pieces.

The anterior segment of this element is broken off in the right lateral piece but is preserved but
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not visible laterally in the left lateral piece. It is necessary to look down into the region of the
orbit that is behind the maxilla (technically lateral to) to see the lacrimal. The lacrimal is straight
posteriorly, and then curves dorsally in its anterior portion. This element has a rounded posterior
margin, a convex dorsal margin, and a curved ventral margin. The anterior margin is not
preserved. The lacrimal is excluded from the oral margin by the maxilla. A large, thick, crescent-
shaped jugal ("Ju", Fig. 1.4B and 1.5B) is posterior to the lacrimal. The concave anterodorsal
margin of this element forms the posterior-ventral margin of the orbit. The posterior section of
the jugal is broad and thick, narrowing anteriorly into a blunt concave margin that contacts the
lacrimal anteriorly. The jugal also contacts the anterior and posterior-most suborbitals dorsally,
and the maxilla posteriorly and ventrally. The jugal is ornamented with thick tubercles.

The dermosphenotic ("Ds", Fig. 1.3B, 1.4B, and 1.5B) is a crescent-shaped element
forming the postero-dorsal part of the orbit. The convex medial margin of the dermosphenotic
contacts the intertemporal, while its narrow posterior margin contacts the anterior-most
suborbital ventrally and the intertemporal dorsally. The dermosphenotic narrows anteriorly into a
sharp point that contacts the nasal dorsally. The dermosphenotic is ornamented with small,
longitudinal ganoine ridges dorsally, along with sparse tubercles laterally.

Three suborbitals ("So", Fig. 1.4B and 1.5B) are partially preserved in the right and left
lateral piece. A suborbital is at the anterior-dorsal margin of the jugal and has a dorsal margin
contacting the dermosphenotic in both the right and left lateral piece. This suborbital is best
preserved as an impression in the right lateral piece, which shows that it is a rounded, slightly
oval-shaped bone. A second long, thin, curved suborbital is preserved as an impression in the
right lateral piece and sits between the first suborbital and a third, broader suborbital that is

partially preserved in the left lateral piece. The posterior most suborbital has a broken anterior
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margin, but contacts the jugal anteroventrally, the maxilla posteroventrally, and the preopercular

posteriorly. A few tubercles are visible on the anterior most suborbital in the right lateral piece,

and oblong ganoine ridges and tubercles are present on the posterior most suborbital.

Figure 1.4. Cranial elements in the left lateral piece of PF 3721, internal surface of bones
preserved in lateral view. A, photograph. B, specimen drawing. Scale bar equals 1 cm (anterior
is to the right).

Figure 1.5. Cranial elements in the right lateral piece of PF 3721, internal surface of bones
preserved in lateral view. A, photograph. B, specimen drawing. Scale bar equals 1 cm (anterior
is to the left).
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Figure 1.6. Cranial elements in YPM 18649 preserved in lateral view. A, photograph. B,
specimen drawing. Scale bar equals 1 cm (anterior is to the right).

5.3 Jaws, Palate, and Dentition

The maxillae ("Mx”, Fig. 1.4B and 1.5B) are present in the left lateral and right lateral
pieces. The maxilla has a shape typical for a Paleozoic actinopterygian, with an expanded and
somewhat rectangular postorbital area that leads into a narrow anterior suborbital expansion. The
long, thin suborbital expansion contacts the premaxilla anteriorly. The suborbital expansion of
the maxilla is not easily observed in lateral view because it is covered by a broken portion of the
palatoquadrate in the left lateral piece. The right and left lateral pieces are preserved so that the
anterior part of the maxilla, lacrimal, and the premaxilla are in deep recesses in the rock that
cannot be observed in lateral view. It is necessary to look down into the specimens to see the
entirety of lacrimal, maxilla, and premaxilla in both pieces. The postorbital portion of the maxilla
has a long, concavely curved anterodorsal margin contacting the jugal anteriorly and the ventral-

most suborbital posteriorly. The dorsal margin of the maxilla is slightly convex, contacting the
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preopercular posteriorly. The posterior margin of the maxilla contacts the preopercular and has a
distinct rounded posteroventral expansion that externally overlaps the dorsal part of the posterior
end of the dentary. The ventral margin of the maxilla is relatively straight where it forms the
dorsal margin of the mouth, until its most posterior point, where it curves ventrally, forming the
anterior part of the posteroventral process of the maxilla. The maxilla is ornamented with coarse
ganoine tubercles and some short ridges.

The premaxillae ("Pm", Fig. 1.4B) form the ventral-most part of the snout and the
anterior section of the gape. The left and right premaxillae are partially preserved in the left and
right lateral pieces, but their morphology is most easily observed in the cast of the right lateral
piece. The right premaxilla is broad and roughly rectangular anteriorly and narrows to a point
that fits between a dorsal contact with the antorbital and a ventral contact with the anterior part
of the maxilla posteriorly. The premaxilla has a straight dorsal margin that contacts the nasal
posteriorly, the rostral anteriorly, and a curved, slightly concave ventral margin that forms the
anterior part of the gape. The anterior margin of the maxilla contacts the premaxilla. It cannot be
determined if teeth or ornamentation are present on the premaxilla.

The palatoquadrate complex ("Pq", Fig. 1.4B, 1.7B, and 1.8B) is visible on the left lateral
piece, and the left and right sides of the medial piece. The palatoquadrate is ossified as a single
element, suggesting that PF 3721 is an adult individual (as has been observed in larger specimens
of Pteronisculus White, 1933, Australosomus Nielsen, 1949, and Mimipiscus Gardiner &
Bartram, 1977 that are thought to represent adults (Nielsen, 1942; Nielsen, 1949; Gardiner,
1984). The palatoquadrate is roughly rectangular and broad posteriorly and narrows to a blunt
point anteriorly. The dorsal margin is largely straight, but curves ventrally at its most posterior

point and is concave anteriorly. A prominent lateral process is visible on the right lateral side of
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the palatoquadrate in the medial piece (“Lpr”, Fig. 1.8B). The ventral margin of the
palatoquadrate is lined with short, rounded teeth ("Te", Fig. 1.4B, 1.7B, and 1.8B), some of
which are attached to long, thin dermopalatines (“Dp”, Fig. 1.8B) that are fused to the palatine
portion of the palatoquadrate. A small groove that may be an insertion for the ethmopalatine
ligament ("EI1", Fig. 1.8B) is visible on the dorsal margin of the palatoquadrate on the right side
of the medial piece. An opening is present where the palatoquadrate narrows on the right side of
the medial piece, approximately where the attachment area for the basipterygoid process
("Hbp?", Fig. 1.8B) would be expected. However, it is not clear if this is a biological feature or a
break in the specimen (as suggested by the disarticulated pieces of bone that surround it). The
posterior part of the palatoquadate is covered by a broad quadrate ("Qu", Fig. 1.7B and 1.8B) in
both the left and right sides of the medial piece. The quadrate is best preserved (although it is
still incomplete) on the right side of the medial piece, where it curves around an element
tentatively identified as a surangular (“Sur”, Fig. 1.8B) ventrally. A groove ("Fmi?", Fig. 1.8B)
running through the quadrate and a region of unidentified bone may by the foramen for the
internal mandibular branch of the facial nerve.

The dentaries ("Dn", Fig. 1.4B, 1.5B, 1.7B, 1.8B, and 1.9B) are preserved in the left
lateral, right lateral, ventral, and medial pieces. The ventral position of the dentary in the left and
right lateral pieces shows that the mouth is partially open in PF 3721. Each dentary is a long,
curved bone that is deepened posteriorly and narrows anteriorly into a dorsally reflexed point.
Ventrally, the dentaries are contacted by the branchiostegal rays, a pair of lateral gulars, and the
median gular. Fragments of surangulars are visible at the postero-dorsal margin of the dentary in
the left lateral piece, the right side of the medial piece, and the right lateral piece ("Sur", Fig.

1.4B, 1.5B, and 1.8B). Small, curved angulars are visible at the postero-ventral part of the
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dentary in the right lateral and left lateral pieces ("An", Fig. 1.4B and 1.5B). Several medial
endoskeletal elements from the lower jaw are visible in both the right and left side of the medial
piece. The endoskeletal elements of the lower jaw are best preserved on the left side of the
medial piece. Small, short, triangular teeth are set into long, thin coronoids ("Cr", Fig. 1.7B and
1.8B) along the dorsal margin of the lower jaw on both the left and right side of the medial piece.
A tooth-bearing coronoid is also visible in the left lateral piece (“Cr”, Fig. 1.4B). Sutures
between individual coronoids are only visible on the left lateral side of the medial piece. A thin
sheet of slightly concave bone is ventral to the coronoids on the left lateral side of the medial
piece. Two long, thin elements are visible in this sheet, the dorsal of which is a prearticular ("Pr",
Fig. 1.7B) and the ventral element is ossified Meckelian cartilage ("Mk", Fig. 1.7B). These

elements are bordered anteriorly and posteriorly by regions of bone that cannot be identified.
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Figure 1.7. Left side of the medial piece of PF 3721, internal bones preserved in lateral
view. A, specimen photo. B, specimen drawing. Scale bar equals 1 cm (anterior is to the left).
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Figure 1.8. Right side of the medial piece of PF 3721. A, specimen photo. B, specimen
drawing. Scale bar equals 1 cm (anterior is to the right).

5.4 Opercular Series and Associated Bones

The opercular apparatus and associated elements are largely absent in YPM 18649. The
preopercular ("Po", Fig. 1.4B; "Po?", Fig. 1.5B) is preserved in both the left and right lateral
pieces. Only the ventral portion of the preopercular is preserved in the left lateral piece, showing
that the ventral limb of this element is thin and slants sharply over the dorsal margin of the
maxilla. An indistinct impression of the dorsal limb of the preopercular and a small bone
fragment that is possibly from the preopercular are also present in the right lateral piece but
provide little anatomical information. The dorsoposterior margin of the preopercular contacts the
opercular and dermohyal. The opercular ("Op", Fig. 1.4B, 1.5B, 1.7B, 1.8B; "Op?", Fig. 1.6B) is
well preserved in the left lateral piece, the left and right side of the medial piece, and is partially
preserved in the right lateral piece. It is a tall, oblique, rounded bone with a straight, anteriorly
inclined, narrow ventral margin contacting the subopercular. The opercular expands and
broadens dorsally from its ventral margin and is contacted anteroventrally by the preopercular,
anterodorsally by the dermohyal along a curved, convex anterior margin, and posterodorsally by

the supracleithrum. The dorsal and posterior margins of the opercular are broad, convex, and
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curved, the ventral margin is short and slightly curved, and the anterior margin is concave and
arched.

The subopercular ("Sop", Fig. 1.4B, 1.7B, and 1.8B) is a short, stout bone sitting directly
ventral to the opercular and posterior to the jaws in the left lateral piece and both sides of the
medial piece. The subopercular has an anteriorly inclined, short dorsal margin contacting the
opercular, and then expands ventrally to a curved ventral margin contacting the anterior-most
branchiostegal ray. The subopercular contacts the preopercular anterodorsally. Other than its
contact with the preopercular, its anterior extent cannot be discerned because the area of the skull
directly posterior to the jaws is not well-preserved. Some filled in canals, which likely housed
blood vessels, are present on the anterior portion of the subopercular in the left lateral piece.

The dermohyal ("Dh", Fig. 1.5B and 1.8B) is preserved in the right lateral piece (and its
cast) and the right side of the medial piece. The right lateral piece preserves the internal surface
of the medial part of the dermohyal, showing that it is a narrow, slightly curved, anteriorly
inclined bone with a round anterior margin, and that it thins ventrally into a pointed ventral
margin. The dermohyal is anterior and slightly medial to the opercular. The right side of the
medial piece also has a small piece of the dermohyal that is fused to the hyomandibular. A small,
roughly triangular postspiracular ("Pspi", Fig. 1.3B, 1.5B, and 1.6B) is present in the right lateral
piece, its cast, and YPM 18649, nestled between the dorsal part of the posterior margin of the
opercular and the ventral part of the anterior margin of the post-temporal. This element is broad
anteriorly and narrows to a blunt point posteriorly. Although there is a small space anterior to the
opercular in the right lateral piece of PF 3721 that superficially resembles an antopercular, close
examination suggests that it is a section of the opercular that has broken off. There is no suture

that would indicate a separate element anterior to the opercular in this piece, and the more
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complete opercular from the left side of the medial piece does not have a separate antopercular or
a space for a separate element ("Op", Fig. 1.7B). Therefore, it is likely that this taxon lacked an
antopercular.

5.5 Gulars and Branchiostegal Rays

The gulars and branchiostegal rays are well preserved on the underside of the skull in the
ventral (counterpart) and medial (part) pieces (not preserved in YPM 18649). PF 3721 has a
single median gular ("Mg", Fig. 1.9B), which is an ovoid bone with a pointed anterior margin.
The median gular is broad and triangular anteriorly and has long, curved lateral margins that
meet posteriorly. Evenly distributed pore-like structures visible on the internal surface of the
median gular are the bases of tubercles that ornament the external surface of the element. Two
lateral gulars ("Lg", Fig. 1.9B) sit on either side of the median gular and anterior to the
branchiostegal rays. Each lateral gular, which are larger and broader than the median gular, has a
pointed anterior margin from which they expand posteriorly into broad, roughly triangular bones.
The medial margins of these bones extend farther posteriorly than their lateral margins, meaning
that their broad posterior margins are sharply inclined. Each lateral gular also has ornamentation
like that of the median gular. Small gular pit lines ("Gpl", Fig. 1.9B) are visible on the lateral
gulars. Each lateral gular is contacted posteriorly by the corresponding paired set of the
branchiostegal rays.

The branchiostegal rays ("Br", Fig. 1.4B, 1.7B, 1.8B, and 1.9B) are a paired series of
curved, narrow bones that extend posterior to the lateral gulars, curving around the back of the
dentary and ending at the base of the subopercular. Each of these narrow, blade-like bones has a
short lateral margin and expands medially to form a broader, curved medial margin. The most

anterior branchiostegal ray is straight and almost rectangular. The branchiostegals curve and
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shorten as they extend around the posterior part of the dentary. The first four branchiostegal rays
visible in the lateral part of the skull are thin and straight, while the final branchiostegal ray is
more than twice as tall as the preceding element. There are approximately fifteen pairs of
branchiostegal rays. Of these elements, eleven pairs are visible in the series on the ventral side of
the skull, and an additional 4 pairs sit beneath the subopercular. The anterior branchiostegal rays
are ornamented with the bases of tubercles. This ornament is much sparser in the posterior

branchiostegal rays.

A

Figure 1.9. Cranial elements in the ventral piece of PF 3721. A, specimen photo. B, specimen
drawing. Scale bar equals 1 cm (anterior is to the top of the page).

5.6 Parasphenoid and Braincase

In YPM 18649, a long element ventral to the skull roof that is broad and rounded
posteriorly with a narrow anterior stalk is likely the parasphenoid ("Psp?", Fig. 1.6B). This
identification is uncertain because this element is disarticulated and the surrounding elements are
not well-preserved. The parasphenoid is not preserved in PF 3721. Two small pockets in the

dorsal region of the skull of YPM 18649 show thin pieces of cancellous bone that are likely from
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the internal part of the neurocranium ("Nc", Fig. 1.6B), but no identifiable neurocranial features
are preserved.
5.7 Shoulder Girdle

A large arch of bone that forms the posterior and ventral part of the skull of YPM 18649
likely includes both the cleithrum and clavicles, but I am not able to clearly distinguish the suture
between these elements ("Shd", Fig. 1.6B). The supracleithrum ("Scl", Fig. 1.4B and 1.6B),
however, can be distinguished in both YPM 18649 and the left lateral piece of PF 3721. This
element is a thick, curved bone posterior to the opercular that contacts the dorsal margin of the
cleithrum anteroventrally and lateral flank scales ("Lsq", Fig. 1.6B) posteroventrally. The ventral
margin of the supracleithrum is broad and rounded, while its dorsal margin is pointed. Although
roughly crescent-shaped, the supracleithrum has a strongly indented ventral margin where it
contacts the cleithrum and a rounded ventral margin posterior to its contact with the cleithrum.
Additionally, the dorsal part of the posterior margin of this element is curved inward and around
the ventral margin of the post-temporal.

The cleithrum ("Cl1", Fig. 1.4B, 1.9B, 1.11B, and 1.17B; "Shd", Fig, 1.6B and 1.7B) is
partially preserved in the left lateral piece, the ventral and left lateral side of the medial piece,
and the ventral piece. Although its ventral margin cannot be distinguished in YPM 18649, its
dorsal margin is identifiable. The cleithrum is a tall, arched bone with a broad base that thins
dorsally into a sharp apex where it contacts the supracleithrum. The ventral portion of the
cleithrum is broad and approximately rectangular where it contacts the clavicles anteriorly and
where the pectoral fin attaches posteriorly (see paired fin section for a description of the pectoral

fin attachment).
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The clavicles ("Cv", Fig. 1.9B) are well-preserved on the ventral side of the medial (in
part) and ventral (in counterpart) pieces. They are a pair of stout, roughly triangular bones that sit
between the branchiostegal rays and are each attached to the respective ventral part of the right
and left cleithrum. Each clavicle has a pointed apex, and expands posteriorly into a broad,
convex posterior margin that attaches to its respective cleithrum. The clavicles are jointed at a
straight medial margin, and are ornamented with short, staggered, curved ridges that grade into
smaller, denser tubercles posteriorly.

5.8 Hyoid and Branchial Arches

Both the left and right hyomandibulae are preserved on the right and left lateral sides of
the medial piece ("Hy", Fig. 1.7B and 1.8B). Only the dorsal limb of the hyomandibula is visible
on the right lateral side of the medial piece, while more of the ventral part of this element is
visible on the left lateral side. The hyomandibula is a curved, arching bone with a broad, rounded
anterior margin, a concave ventral margin, and a convex dorsal margin. The dorsal limb of the
hyomandibula is spatulate and broad. A piece of the dermohyal is fused to the dorsal limb of the
hyomandibula visible on the right side of the medial piece (see section on opercular series and
associated bones for a description of the dermohyal). There is a small opening for the canal for
the truncus hyoideomandibularis directly above the dermohyal on the right side of the medial
piece ("Th", Fig. 1.8B). The hyomandibula is dorsal to the palatoquadrate, medial to and nestled
under the opercular, and medial to the quadrate. There is not a pronounced opercular process on
the hyomandibula, but the dorsal margin is not well-preserved on either side of the medial piece.

Although the skull is severely disarticulated in YPM 18649 (with most of the elements
absent), several disarticulated, bar-shaped elements of varying size that match the typical

morphology of branchial arches in early actinopterygians are present ("Bre", Fig 1.6B). These
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include five long, thin elements oriented dorso-ventrally, and four considerably shorter elements
in the ventral part of the skull that lack a consistent orientation. A larger, thicker element with its
long end oriented anteriorly is also present. Five similar elements are on the right lateral side of
the medial piece of PF 3721 (“Bre” and “Bre?”, Fig. 1.8B). Because these elements are
incomplete and disarticulated, they are not assigned more specific identifications.
5.9 Paired Fins

Both the right and left pectoral fins are preserved in PF 3721 and in YPM 18649 ("Pcr",
Fig. 1.6B). The complete right pectoral fin of PF 3721 is extended out from the body and is
preserved in the pectoral and medial piece (in part) and the ventral piece (in counterpart; Fig.
1.10). The left pectoral fin of PF 3721 is represented by broken patches of fin rays from its base
in the medial, ventral, and left lateral pieces. The pectoral fin is ventrally inserted, broad, and
roughly triangular, with a distinct peak in its anterior half, a dip in its medial section, and a
smaller posterior peak. The leading edge of this fin has small fringing fulcra ("Ff", Fig. 1.10B).
The lepidotrichia ("Pcr", Fig. 1.10B) are long, thin, and closely packed, and are segmented and
branching distally. Segmentation begins closer to the base of the fin in the more posterior
lepidotrichia. There are approximately 30 principal pectoral fin rays.

The medial piece preserves the attachment of both pectoral fins to the shoulder girdle
(Fig. 1.11). The attachment area of the right pectoral fin preserves a partial curved endoskeletal
shoulder girdle ("Endg", Fig. 1.11B) with attached radials. The endoskeletal shoulder girdle is
broken and has a large, irregular hole in its anterior region that is likely the result of decay or
breakage post-fossilization. Seven long, thin radials (“Ra”, Fig. 1.11B) are attached to the
endoskeletal shoulder girdle directly, while seven others are visible but are not connected to the

shoulder girdle. Two additional round, thick propterygia (“Pro”, Fig. 1.11B) are attached to the

39



endoskeletal shoulder girdle. The medial of these two elements is more than twice the length of
the more lateral element. The lateral margin of the more medial propterygium wraps around the
lateral propterygium, which is circular.

The left pelvic fin is split between the left lateral and ventral piece in PF 3721, with the
proximal part of the anterior portion of this fin missing. The pelvic fin is also preserved in YPM
18649, with the morphology of the lepidotrichia not as well-preserved as in PF 3721. The distal
part of the anterior portion is long, thin, curved, and triangular, indicating that the peak of the
pelvic fin is in its anterior half. The pelvic fin lepidotrichia ("Pvr", Fig. 1.12B) are thicker than
those in the pectoral fin and are segmented to their bases. The pelvic fin is inserted ventrally
along the abdomen, approximately midway between the pectoral and anal fins. Small fringing
fulcra ("Ff", Fig. 1.12B) are situated on the anterior edge of this fin. In addition to these distal
elements, several pelvic radials ("Ra", Fig. 1.12B) from the posterior part of the fin are
preserved. These are larger and more triangular than the lepidotrichia that are fused to them
ventrally. A pair of round, oval-shaped pelvic basal fulcra are also present anterior to the pelvic

fin in YPM 18649.
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Figure 1.10. Right pectoral fin in the ventral piece of PF 3721. A, specimen photo. B,
specimen drawing. Scale bar equals 1 cm (anterior is to the right).

Figure 1.11. Attachment of the pectoral fin to the shoulder girdle in the medial piece of PF
3721. A, specimen photo. B, specimen drawing. Scale bar equals 1 cm (anterior is to the left).
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Figure 1.12. Pelvic fin in the left lateral and ventral pieces of PF 3721. A, specimen photo. B,
specimen drawing. Scale bar equals 1 cm (anterior is to the right).

5.10 Median and Caudal Fins

Although the posterior half of the fish is not preserved in PF 3721, the median and caudal
fins are preserved in YPM 18649. The median fins are inserted posteriorly, closer to the caudal
fin than the midline of the body. The anal fin is long-based, triangular, and is inserted posterior
to the dorsal fin. It has a long, posteriorly curved anterior margin bearing fringing fulcra ("Ff",
Fig. 1.13B), and has a peak approximately midway along the length of the fin. The anal fringing
fulcra are expanded terminal segments of the anal lepidotrichia. The posterior margin is not as
well-preserved as the anterior margin but is low and convex. The lepidotrichia ("Afr", Fig.
1.13B) of the anal fin are long, thin, closely packed, branch distally, and are regularly segmented
to their bases. Proximally, these lepidotrichia attach to broader, thicker, rectangular radials ("Ra",
Fig. 1.13B). The anal fin is preceded by a set of anal basal fulcra ("Ab", Fig. 1.13B). Anteriorly,
there is a single small, diamond-shaped fulcrum whose anterior tip is between two abdominal
scales and whose posterior tip is between an additional pair of fulcra. These fulcra are
rhombohedral, and sit directly anterior to a large, oval-shaped fulcrum. These fulcra are

ornamented with thin, lengthwise ganoine ridges. The area between this circular fulcrum and the
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anterior edge of the anal fin is not well-preserved, but contains a single long, roughly oval-
shaped scale (pointed anteriorly, broad and flat posteriorly) sitting directly anterior to the
insertion of the anal fin that may represent an additional unpaired fulcrum. There are at least 24
anal lepidotrichia, although this is likely an undercount because the entire fin is not preserved.
The dorsal fin (Fig. 1.14) is not as well-preserved as the anal fin, with the insertion and
the posterior part of the fin largely absent. The insertion of the dorsal fin is anterior to the anal
fin. The dorsal fin is short and rounded with a broad base and fringing fulcra present along its
anterior margin ("Ff", Fig. 1.14B). The dorsal fin lepidotrichia ("Dft", Fig. 1.14B) are thin,
closely packed, and (where adequately preserved) are branching distally and regularly segmented
to their bases, where they attach to broader, rectangular radials ("Ra", Fig. 1.14B). The insertion
of the dorsal fin is not well-enough preserved to determine if dorsal basal fulcra are present.
The caudal fin (Fig. 1.15) is partially preserved in YPM 18649 (with the posterior portion
of the dorsal lobe largely absent), showing that it was strongly heterocercal, broad, and deeply
forked. The ventral lobe of the caudal fin is long and preceded by four caudal basal fulcra
("Vceb", Fig. 1.15B; possibly four pairs, but this cannot be determined due to the laterally
compressed preservation of the specimen). The ventral lobe bears long, pointed fringing fulcra
("Ff", Fig. 1.15B) formed from terminal segments of the marginal rays of the caudal fin. These
preceded by three caudal basal fulcra that are visible on the ventral lobe of the caudal fin. These
elements are short and triangular. The ventral lepidotrichia ("Vcr", Fig. 1.15B) are long, closely
packed, branch distally, and are regularly segmented to their base. There are at least 50 caudal
lepidotrichia, but the dorsal lobe of the fin is not completely preserved so this is likely an
undercount. The dorsal lobe of the caudal fin bears a series of 17 pointed, wedge-shaped caudal

basal fulcra ("Dcf", Fig. 1.15B) that shorten posteriorly. The anterior and posterior extents of this
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fulcra are not well-preserved, so more may have been present. The lepidotrichia in the dorsal

lobe of the caudal fin ("Dcr", Fig. 1.15) appear to have the same morphology as those in the

ventral lobe, although a large portion of them are absent.

Figure 1.13. Anal fin of YPM 18649. A, specimen photo. B, specimen drawing. Scale bar
equals 1 cm (anterior is to the right).
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Figure 1.14. Dorsal fin of YPM 18649. A, specimen photo. B, specimen drawing. Scale bar

equals 1 cm (anterior is to the right).
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5.11 Squamation

PF 3721 partially preserves both the lateral flank scales between the pectoral and pelvic
fin and the abdominal scales immediately posterior to the skull, divided between the pectoral,
ventral, and medial pieces. YPM 18649 preserves almost the entirety of the lateral squamation
with some of the abdominal scales visible due to the lateral compression of the specimen. The
lateral line is not visible in either specimen. The scale cover in the region anterior to the insertion
of the dorsal fin consists of rhombohedral scales that are longer than they are tall. The anterior
margins of these scales are oriented ventrally, giving them a tilted appearance. The scales in the
lateral flank region are dorsoventrally compressed in the dorsal and ventral part of the body. This
pattern holds in the region between the posterior insertion of the pelvic fin and the anterior
insertion of the anal fin. The scales are consistently ornamented with thin ganoine ridges. While
the ridges at the edges of the scales (generally two or three, but sometimes as many as six) are
straight and concentric, most of the ridges (in the center of each scale) are oblique, curved, and
terraced, with their anterior ends oriented dorsally and their posterior ends oriented ventrally.
The scales are more diamond-shaped at the anterior part of the nape and have lighter
ornamentation. At the insertion of the dorsal fin the scales become more diamond-shaped,
extending all the way to the axial squamation ("Asq", Fig. 1.15). The scales are dorsoventrally
compressed both the dorsal and ventral regions of the body, although not nearly to the same
degree as the ventral scales on the anterior part of the body. The ornamentation pattern on these
scales is consistent with the rest of the squamation, but the ridges are less prominent. The scales
on the axial lobe of the caudal fin transition from diamond-shaped to longer, thinner, pointed,

and spindle-shaped scales.
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A series of ventral ridge scales ("Vr", Fig. 1.16B) are present, beginning immediately
posterior to the pectoral fin and extending posteriorly to the caudal basal fulcra, and interrupted
by the basal fulcra of the pelvic and anal fins. Initially, the ventral ridge scales are small and
round. However, they transition to longer, more rhomboidal scales approximately 1/4 of the way
between the area posterior to the pectoral fin and the anterior insertion of the pelvic fin. The
ventral ridge scales are ornamented with thin, ganoine ridges that are straight and terraced
around the edges but are curved and oblique near the center of the scales. They are smaller in the
area between the posterior insertion of the anal fin and the caudal basal fulcra. The dorsal margin
of YPM 18649 is not as well-preserved as its ventral margin. However, a short section of dorsal
ridge scales is visible immediately posterior to the head, which transition from being diamond-
shaped anteriorly to longer, more rhomboidal scales posteriorly. These are ornamented with thin
ganoine ridges.

The anterior part of the abdominal squamation is preserved in the medial, ventral, and
pectoral pieces of PF 3721 ("Abs", Fig. 1.11B and 1.17B). The morphology of the abdominal
squamation varies considerably depending on position. Anteriorly, the abdominal scales are
smaller and more rounded than the scales elsewhere on the body, and are ornamented with
curved, terraced, concentric ganoine ridges that are most easily observed in the ventral piece.
Posteriorly, the abdominal scales become larger and more rhomboidal, transitioning into longer,

straighter, and more regular scales.
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Figure 1.16. Lateral squamation in the left lateral piece of PF 3721. A, specimen photo. B,
specimen drawing. Scale bar equals 1 cm (anterior is to the right).

Figure 1.17. Abdominal squamation in the medial piece of PF 3721. A, specimen photo. B,
specimen drawing. Scale bar equals 1 cm (anterior is to the left).
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6. Micro-CT

The medial piece of PF 3721 was uCT scanned to image internal structures. I initially
examined individual slices of the uCT data in SPIERSedit and Preview and observed internal
structures with different grey values than the surrounding matrix. These structures appeared as a
series of small, irregular blobs. When segmented out and visualized as a 3-D model in
SPIERSview, and I found that in three dimensions these structures form a large constellation of
irregular blobs and specks with no discernible anatomical structure (Fig. 1.18). These may be
mineral inclusions of lower density than the surrounding calcium carbonate, but the destructive
techniques necessary to analyze the chemical makeup of these structures is not possible or

necessary for the goals of this study. I found no relevant anatomical data in this scan.
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Figure 1.18. 3-D model of the internal structures in the micro-CT scan of the medial piece.
Scale bar equals 1 cm (anterior is to the left).
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7. Phylogenetic Analysis

7.1 Parsimony Analysis

The maximum parsimony analysis recovered 1088 equally parsimonious trees. The strict
consensus of these trees has a length of 1154 steps, consistency index (CI)=0.219, retention
index (R1)=0.597, and rescaled consistency index (RCI)=0.131 (Fig. 1.19). Cheirolepis is set as
the outgroup, with a clade containing Osorioichthys Taverne, 1997 and Tegeolepis Newberry,
1888 as the earliest diverging lineage after Cheirolepis. Devonian actinopterygians resolve
separately from a series of three unstable polytomies (Bremer support equal to 1 and bootstrap
support lower than 0.5) containing most of the late Paleozoic and early Mesozoic “paleoniscoid”
ray-finned fishes in the analysis (including taxa that range in age from the Carboniferous to the
Triassic). Concentrilepis resolves on the largest and most crownward of these polytomies, which
contains a set of Carboniferous and Triassic actinopterygians, including Australosomus kochi,
Aesopichthys erinaceus Poplin & Lund, 2000, Kalops monophrys Poplin & Lund, 2002,
Beagiascus pulcherrimus Mickle et al. 2009, Pteronisculus stensioi, Cyranorhis bergeraci Lund
et al. 1997, Wendyichthys dicksoni Lund et al. 1997, and Cosmoptychius striatus Watson, 1928.
The low phylogenetic resolution of late Paleozoic actinopterygians in this tree and the low
stability of the nodes separating out the polytomies containing these fishes obscures the exact
position of Concentrilepis.

Australosomus resolves as the sister taxon to the clade containing crown
actinopterygians. In this tree, crown Actinopterygii is split between a clade showing Birgeria
Nielsen, 1949 and Saurichthys Agassiz, 1834 as the sister-group to a clade containing
chondrosteans and polypterids. A series of Paleozoic and Mesozoic “paleoniscoid” taxa, mostly

morphologically specialized deep-bodied forms (Platysomus superbus Traquair, 1881,
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Amphicentrum granulosum Young, 1866, Fouldenia ischiptera Traquair, 1881, Styracopterus
fulcratus Traquair, 1881, Discoserra pectinodon Lund, 2000, Ebenaqua ritchei Campbell &
Phouc, 1983, and Bobasatrania groenlandica Stensio, 1932) branches from the neopterygian
stem. The uncertain placement of Hulettia americana Schaeffer & Patterson, 1984, dapediids,
and Tetragonolepis semicincta Bronn, 1830 relative to the holosteans and teleosts obscures the

interrelationships of crown neopterygians in the strict consensus tree.
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Figure 1.19. Phylogenetic hypothesis of actinopterygian interrelationships, strict consensus
tree of a maximum parsimony analysis of 222 morphological characters from Giles ez al.
(2017). Tree length = 1154 steps, CI = 0.219, RI =0.597, RCI = 0.131. Bremer support values
(first value) and bootstrap support greater than 0.5 (second value) are indicated at each node.
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7.2 Bayesian Analysis

The consensus tree calculated from the results of the Bayesian analysis resolves the
majority of Devonian actinopterygians in a large, well-supported polytomy (posterior probability
of 1) closer to the root than other Paleozoic and early Mesozoic ray-finned fishes (Fig. 1.20).
Cheirolepis trailli Agassiz, 1835 is the first diverging lineage on a branch with a posterior
probability of 1. Melanecta Coates, 1998 and Kentuckia Rayner, 1952 branch off of a strongly
supported polytomy (posterior probability = 0.91) after the clade containing most of the
Devonian actinopterygians, followed by a branch containing Woodichthys Coates, 1998
(posterior probability = 0.83).

The Bayesian consensus tree contains an enormous polytomy (posterior probability =
0.91) with many of the unresolved post-Devonian “paleoniscoids” (including Concentrilepis),
along with the lineages that lead to the neopterygians, chondrosteans, and polypteriformes. This
tree lacks the series of deep-bodied morphologically specialized “paleoniscoids” branching off
along the neopterygian stem that is present in the strict consensus tree from the maximum
parsimony analysis. In the Bayesian consensus tree, the clades containing these taxa fall within
the large polytomy containing most of the post-Devonian “paleoniscoids”. Additionally, Birgeria
and Saurichthys are not the sister group to a clade containing the chondrosteans and polypterids
in the Bayesian consensus tree. Instead, these species fall within the large post-Devonian
polytomy, along with the chondrostrean branch and the polypterids. The placement of Hulettia,

dapediids, and Tetragonolepis relative to the crown neopterygians is also unresolved.
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Figure 1.20. Phylogenetic hypothesis of actinopterygian interrelationships, maximum clade
credibility tree from Bayesian analysis of 222 morphological characters from Giles ez al.
(2017). Posterior probabilities labeled at nodes, all nodes with posterior probability less than 0.5
are condensed to polytomies.
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8. Discussion

8.1 Systematic Affinities and Comparisons

Concentrilepis falls within the non-monophyletic grouping of relatively basal
actinopterygians commonly referred to as “paleoniscoids”. In the consensus trees from the
parsimony and Bayesian analyses (Figures 1.19 and 1.20), Concentrilepis has an unresolved
position amongst Carboniferous, Permian, and Triassic “paleoniscoids”. Characteristically for a
“paleoniscoid” the new taxon has an immobile maxilla-palato-preopercular complex, a maxilla
with broad postorbital plate and a narrow suborbital expansion, rhombic, ganoine-covered scales,
and a strongly heterocercal caudal fin (Sallan, 2014; Friedman, 2015; Figure 1.21). Following
below is a summary of comparisons of Concentrilepis to morphologically similar
“paleoniscoids” from the Permian and Early Triassic, and the criteria and features I used to

justify erecting a new genus and species.

Figure 1.21. Reconstruction of Concentrilepis minnekahtaensis in lateral view. Scale bar
equals 1 cm.

Concentrilepis most closely resembles the Late Permian-Middle Triassic genus
Pteronisculus White, 1933 based on comparisons with the well-preserved species of this genus
that are included in the diagnoses of Nielsen (1942), namely, P. stensioi, P. magna, P. aldingeri,

P. gunnari, and P. artica, the descriptions of White (1933) and Lehman (1954), including P.
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macropterus, P. cicatrosus, P. arambourgi, and P. broughi, along with P. nielseni (Xu et al.
2015). The type specimens of P. macropterus, P. cicatrosus, P. arambourgi, and P. broughi
were examined at the NHM to verify details from the descriptions of White (1933) and Lehman
(1954) — see Table Al.1 for list of examined material. Species of Pteronisculus described by
Gardiner & Jubb (1975, P. meiringi) and Schaeffer & Magnus (1976, P. ?laetus) are not
described in enough detail to be included in this discussion.

Although it is a geologically younger taxon, Pteronisculus is like Concentrilepis
(approximately 10-15 cm in standard length, prominent snout, broad and triangular pectoral fin,
triangular dorsal and anal fins, and deeply forked, heterocercal caudal fin). The large number of
species included in Pteronisculus makes a comparison challenging because there is wide
variation of certain features within the species that have been included in the genus, even when
only relatively well-described species are considered. For instance, among the species considered
here the number of antopercular elements varies from zero to four (Nielsen, 1942; Lehman,
1954; pers. obs.). This indicates that the current definition of Pteronisculus may be too broad and
possibly includes multiple distinct genera. However, there are distinctive characters that are
shared by all members of Pteronisculus as it currently stands that are absent in Concentrilepis.

The suborbital expansion of the maxilla in Pteronisculus is short, with the lacrimal (the
lacrimo-maxillary of Nielsen, 1942) expanded anteriorly and bearing teeth, forming the anterior
portion of the oral margin. While this is consistent where observable in available material, the
infraorbital bones are not well-enough preserved in P. aldingeri, P. arambourgi, and P. broughi
to evaluate this character (Nielsen, 1942; pers. obs.). Although Pteronisculus is not the only
“paleoniscoid” in which the infraorbitals contribute to the oral margin (i.e., the antorbital in

Turfania taoshuyuanensis, Liu & Ma, 1973, Gardinerpiscis akkolhensis Kasantseva-Selezneva,
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1981, and Kalops monophrys, Poplin & Lund, 2002; the lacrimal in Eigilia nielseni, Kasantseva-
Selezneva, 1981) this is a relatively uncommon feature. Concentrilepis (as noted in the
description) has the typical ancestral “paleoniscoid” arrangement, in which the dorsal oral
margin is only composed of the maxilla and premaxilla, with the lacrimal excluded from the oral
margin. Another consistent character in Pteronisculus is that the lateral flank scales are
ornamented entirely with thin, diagonal ganoine ridges (Nielsen, 1942; pers. obs.). Although the
lateral flank scales of Concentrilepis bear diagonal ridges near their center, they also have
straight, terraced ridges at their edges, unlike Pteronisculus. Finally, in all examined species of
Pteronisculus besides P. arambourgi (pers. obs.), the posterior margins of the lateral flank scales
are serrated. In contrast, the posterior margins of the scales of Concentrilepis are not serrated.
Therefore, I found that Pteronisculus differs from Concentrilepis in the arrangement of the
infraorbital bones and the morphology of the lateral squamation, strongly indicating that they are

distinct genera.

8.2 Taphonomy of PF 3721 and YPM 18649

It is crucial to discuss the mode of preservation of PF 3721 and YPM 18649 to
understand how the anatomical data used in this study were preserved. Because the geological
data from the FMNH and YPM specimens are limited to the level of formation (not to a specific
facies or section), it is not possible to know if individual specimens were collected from distinct
facies. The only direct geological data available from these specimens is the micritic (fine-
grained) limestone matrix they are preserved in. This indicates that the examined fish specimens
were deposited in a low-energy environment (Boggs, 2009). Other inferences of the
environmental processes and conditions that influenced the preservation of PF 3721 and other

Minnekahta specimens is limited to features that can be observed from the skeletons of the
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specimens. The decomposition of fish specimens is influenced by a wide variety of factors,
including scavengers, the presence or absence of microbial mats, water depth, water temperature,
substrate composition, salinity, alkalinity, and water energy (Schifer, 1972; Elder, 1985;
Weigelt, 1989; Whitmore, 2003; Hellawell & Orr, 2012). Variation in characteristics of the
individual fish carcass, including the size and shape of the body, presence or absence of a swim
bladder, and intestinal contents (full or empty) also influence how an animal is preserved
(Schiéfer, 1972; Elder, 1985; Weigelt, 1989; Whitmore, 2003). Therefore, in the absence of
independent environmental information from geologic data, caution is warranted in making
inferences about the environmental conditions that influenced the preservation of PF 3721 and
YPM 18649.

The position of the mouth, fins, and body of individual fish carcasses have been used to
make environmental inferences in past taphonomic studies of fossil and extant ray-finned fishes
(Schiéfer, 1972; Elder & Smith, 1984; Smith & Elder, 1985; Elder & Smith, 1988; Weigelt, 1989;
Wilson & Barton, 1996; Whitmore, 2003; Barton & Wilson, 2005; Anderson & Woods, 2013).
The carcass of PF 3721 shows characteristics of tetany, a severe form of postmortem muscular
contraction resulting in an open mouth, expanded and stiffened fins, and/or an arched body
(Elder, 1985; Smith & Elder, 1985; Barton & Wilson, 2005; Anderson & Woods, 2013). YPM
18649 does not have a preserved mouth, and the fins and body do not show evidence of tetany.
Tetany has been observed in laboratory experiments in fishes killed by anoxia, rotenone (a plant
based poison, Tomlin, 1997), changes in alkalinity, and changes in salinity (Elder, 1985; Smith
& Elder, 1985; Whitmore, 2003). Therefore, the tetany in PF 3721 is not a definitive indicator of
a particular environmental condition or mode of death. Documentation of the facies of the

Minnekahta Limestone that contain fish fossil and study of their geochemistry will be necessary
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to investigate if anoxic conditions or other environmental factors were present that would have
contributed to tetany in PF 3721.

The pattern and degree of disarticulation in the skeletons of PF 3721 and YPM 18649
may also provide insight into the depositional environment, including events that occurred prior
to their burial (such as scavenging, bloating due to gas buildup, etc.) and the amount of time that
passed between their death and burial (Schéfer, 1972; Elder & Smith, 1984; Smith & Elder,
1985; Elder & Smith, 1988; Wilson & Barton, 1996; Barton & Wilson, 2005). The head and
anterior portion of the trunk of PF 3721 are slightly disarticulated whereas the tail and posterior
portion of the body are absent or severely disarticulated. This is the exact opposite of the pattern
of disarticulation that has been observed in several assemblages of fossil ray-finned fishes, where
disarticulation in the skull is more frequent than disarticulation in the scales and fins in the
posterior part of the body (McGrew, 1975; Wilson & Barton, 1996; Mancuso, 2003; Barton &
Wilson, 2005; Grande, 2010; Anderson & Woods, 2013). The pattern in PF 3721 is also distinct
from YPM 18649 and all but one other fish specimen from the Minnekahta Limestone that was
examined (PF 3712, FMNH), where carcasses have moderately to severely disarticulated scales
and fins and severely disarticulated or absent skulls. This raises the question of why the skull and
anterior portion of PF 3721 are slightly disarticulated, while the posterior portion of its body is
absent or severely disarticulated.

The higher frequency of disarticulation in the skulls of assemblages of fossil and extant
ray-finned fishes indicates that when whole carcasses are subjected to similar conditions, the
skull tends to disarticulate more rapidly that the rest of the body (McGrew, 1975; Elder & Smith,
1984; Weigelt, 1989; Wilson & Barton, 1996; Barton & Wilson, 2005; Grande, 2010; Anderson

& Woods, 2013). In laboratory experiments, the lower jaw and opercular elements are the first
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parts of the body to disarticulate (Elder, 1985). An exception to this is when there is enough gas
build-up in the gastric tract of an individual to rupture the abdomen, causing the abdominal
scales and ribs to be the first elements to disarticulate (Elder, 1985; Whitmore, 2003). The
anterior part of the abdomen of PF 3721 is not ruptured, indicating that the carcass did not build
up enough gas from decomposition to burst. Even in the absence of rupturing from gas buildup,
fish carcasses that float to the surface for an extended period (due to gas buildup) will
disintegrate over time (depending on water temperature and amount of gas build up) into several
pieces, which are shed and sink to the bottom (Whitmore, 2003; Hellawell & Orr, 2012). This
indicates that the carcass of PF 3721 may have resurfaced after sinking due to gas buildup and
disintegrated as it decayed, breaking the animal into an anterior (PF 3721) and posterior piece
(lost to history). However, the articulated lower jaw and opercular elements of PF 3721 strongly
suggest that the carcass of this individual did not resurface for an extended period. A more likely
explanation is that the entire carcass sank and did not resurface, and that the anterior portion of
the animal was buried or protected from decomposition in a way that the tail was not (such as by
a microbial mat, as was observed in experiments on modern fishes by Whitmore, 2003). Finally,
it is also possible that the posterior half of the animal was lost to a scavenger or predator prior to
the anterior end of the carcass sinking to the bottom and being buried. None of these
explanations can be ruled out based on the specimen alone. Further study of the taphonomy of
the fishes from the Minnekahta Limestone, along with work to determine if microbial mats or
large predators of fishes were present in this environment, will be necessary to make a more
definitive conclusion on the process that created the pattern of disarticulation in PF 3721.

The three-dimensional preservation of the skull of PF 3721 provided much of the data

used in this study. In contrast to all but one other actinopterygian specimen examined from the
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Minnekahta Limestone (PF 3712, FMNH), PF 3721 is not laterally compressed. The skull of the
individual in PF 3721 may be three dimensionally preserved because its body is twisted around
and on top of a lithological irregularity in the encasing limestone. Whereas most of the specimen
is composed of a dark red/purple matrix, the body of PF 3721 is curved around and on top of a
pinkish mound inside the rock that prevented the animal from being laterally compressed. The
color contrast between the mound and the surrounding matrix suggests a compositional
difference, but destructive chemical analysis is not permitted with PF 3721. The bending of the
animal may be the result of tetany, the body bending from currents (as was observed in gar by
Weigelt, 1989), or the midsection floated higher in the water than the head and tail due to gas
buildup prior to the individual's burial (as observed by Whitmore, 2003). However, it is not
possible to rule out any of these possible mechanisms with the information at hand. Therefore,
the precise reason for the three-dimensional preservation of PF 3721 is not clear from the

specimen itself.

8.3 Interrelationships of Early Ray-finned Fishes

The inclusion of a novel ray-finned fish from an under-documented segment of the
actinopterygian fossil record (along with other alterations to the framework of Giles et al. 2017)
does have some implications for our understanding of the phylogeny of this group. The
framework of Giles et al. 2017 and more recent studies that analyzed an altered version of this
framework (Argyriou et al. 2018; Latimer & Giles, 2018; Figueroa et al. 2019) have yielded
several patterns that are consistent with the results of this current analysis. First, Devonian
actinopterygians form a clade separate from post-Devonian taxa in the consensus trees from both
the Bayesian and maximum parsimony analyses, including post-Devonian “paleoniscoids” and

those groups with extant representatives. Additionally, the scanilepiforms are resolved as stem
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polypterids in both sets of analyses, as was first recognized by Giles et al. (2017). Therefore, the
results presented here reinforce the hypothesis of Giles ef al. (2017) that most Paleozoic taxa fall
on the actinopterygian stem.

The position of and resolution within several groups differs considerably between the
consensus of the parsimony and Bayesian analyses. Carboniferous, Permian, and Triassic
"paleoniscoids" are placed into several distinct branches in the parsimony consensus tree but are
in a single massive polytomy in the Bayesian consensus tree. Deep-bodied Paleozoic lineages
that fall along the neopterygian stem in the parsimony consensus tree, a pattern that has
consistently emerged in previous parsimony analyses of early actinopterygians (Giles et al. 2017,
Argyriou et al. 2018; Figueroa et al. 2019), are also placed into the enormous polytomy in the
Bayesian consensus tree with late Paleozoic and early Mesozoic "paleoniscoids". Finally,
acipenseriformes are placed as the sister group to the polypterids and scanilepiformes, with
Birgeria and Saurichthys as a sister group to this clade in the consensus of the parsimony results.
The placement of Acipenseriformes, Birgeria, and Saurithchys is unresolved in the Bayesian
consensus tree, causing these lineages to be placed in the massive polytomy containing late
Paleozoic and early Mesozoic "paleoniscoids". Overall, the consensus tree of the parsimony
results has much higher resolution than the Bayesian consensus tree.

I consider arrangements that are present in the parsimony consensus tree but are lost in
the Bayesian consensus tree to be unreliable. Studies that have compared the accuracy of
Bayesian and parsimony techniques in estimating a non-empirical topology (set by researchers)
from simulated datasets have consistently found that Bayesian methods find correct
arrangements more often than parsimony, include incorrect arrangements less often, and assign

higher support values to correct arrangements (Wright & Hillis, 2014; Puttick et al. 2017;
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O’Reilly et al. 2018; Puttick et al. 2018). The difference in accuracy between these techniques
has also been found to become larger as simulated datasets are more incomplete and contain
higher levels of homoplasy and holds even when taxon assignments are simulated randomly
(Wright & Hillis, 2014; Puttick et al. 2017; O’Reilly et al. 2018; Puttick ef al. 2018). Therefore,
further study of the species that vary in position between the consensus trees, many of which are
represented by well-preserved but understudied material (e.g., Platysomus, Bobasatrania; pers.
obs.), is necessary to resolve the discrepancies between the results of these analyses and improve
the resolution of future Bayesian consensus trees.

Comparison of the parsimony and Bayesian results highlights the advantages of applying
these techniques to early actinopterygian phylogenetics in tandem. Bayesian techniques provide
a statistical basis for evaluating proposed topological arrangements in the results of parsimony
analyses, which creates necessary caution where there is disagreement between consensus trees.
However, the incompleteness of the phylogenetic framework for late Paleozoic and early
Mesozoic “paleoniscoids” also led to the highly unresolved results from my Bayesian analysis. A
tree with a single massive polytomy containing most of the taxa of interest, such as the Bayesian
consensus tree in this study (Fig. 1.20), provides precious little in the way of direction for future
research on its own. Although the obvious solution is to improve the amount and quality of data
from the unresolved taxa of interest, detailed descriptive studies of early actinopterygians require
a great deal of the time and effort of researchers to complete. Additionally, many of the included
taxa are known from poorly preserved or incomplete material, making the construction of a
complete framework impossible. The arrangements found in our parsimony strict consensus tree
that have a low posterior probability, such as the inclusion of deep-bodied “paleoniscoid”

lineages along the neopterygian stem in this study (Fig. 1.19), provide direction for the focus of
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future time and effort of researchers. Without the low-probability arrangements from the
parsimony analysis, which are also shown to be worthy of caution by measures of support and
stability traditionally applied in parsimony, I would be unable to provide focused direction for
future research from our phylogenetic analyses. Therefore, my application of parsimony and
Bayesian inference techniques to early actinopterygian interrelationships provided focused
direction for future research and introduced necessary caution during evaluation of our
phylogenetic results. As datasets become more complete with continued descriptive efforts and
more nuanced models of morphological evolution are developed, it may be more effective to
apply Bayesian techniques alone. However, for the time being, I recommend that both Bayesian
and parsimony techniques be applied to analyses of early actinopterygian phylogenetics.

The addition of a novel Permian taxon and the restriction of the analysis to ray-finned
fishes did not substantially alter the results of my analyses relative to previous studies of
actinopterygian interrelationships with the same underlying framework (Giles et al. 2017,
Latimer & Giles 2018; Argyriou et al. 2018; Figueroa et al. 2019). This includes a lack of
resolution amongst post-Devonian “paleoniscoids”, resulting in a large portion of the taxa falling
on polytomies. The fact that I was unable to resolve the position of a novel taxon that is known
from relatively complete material highlights the need to improve the available phylogenetic
framework for early actinopterygians. This will require gathering more data for phylogenetic
analysis by describing more novel taxa from historically underrepresented intervals (such as the
Pennsylvanian-Middle Permian; Friedman & Sallan, 2012), re-describing species that have only
been briefly documented, and continuing to apply micro-computed tomography to image internal
skeletal structures (Friedman, 2015). In addition to making the existing framework more

complete, novel data can be used to identify new characters that may improve the ability of
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inference techniques to parse out the relationships of the “paleoniscoids”. Dedicated study of the
fit of novel Bayesian model configurations for morphological data may also increase the
accuracy of future phylogenetic analyses of Paleozoic and Mesozoic actinopterygians.
Strengthening our understanding of the phylogeny and evolution of late Paleozoic and early
Mesozoic actinopterygians will be essential for reconstructing the cause and pattern of the series
of diversification events in the Triassic that established the dominance of modern groups of
actinopterygians in aquatic ecosystems (Friedman & Sallan, 2012; Tintori ef al. 2014; Romano et

al. 2014),

9. Conclusions

A new species of "paleoniscoid" ray-finned fish, Concentrilepis minnekahtaensis, is described
from the Early Permian Minnekahta Limestone of the Black Hills of South Dakota. Although
this species is represented by two well-preserved specimens (PF 3721 and YPM 18649), neither
a parsimony and Bayesian analysis was able to infer the phylogenetic position of this species
among an unresolved assemblage of late Paleozoic and early Mesozoic "paleoniscoids". These
results indicate that resolving the late Paleozoic and early Mesozoic evolutionary history of
actinopterygians will require revising the available phylogenetic framework for these animals

and methods applied to it.
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Table Al.1. Summary of examined material.

Institution Specimen Number Taxon

NHM 15400 Acrolepis sedgwicki
NHM 43434 Acrolepis sedgwicki
NHM 15411 Acrolepis sedgwicki
NHM P. 15096 “Elonichthys macropterus”
NHM P. 3425¢ Palaeoniscum freiselebeni
NHM P. 3425a Palaeoniscum freiselebeni
NHM P. 354 Palaeoniscum freiselebeni
NHM P. 17651 Palaeoniscum freiselebeni
NHM P. 3425a Palaeoniscum freiselebeni
NHM P. 1029 Palaeoniscum freiselebeni
NHM 8049 Palaeoniscum freiselebeni
NHM 39251 Palaeoniscum freiselebeni
NHM P. 3476-7 Palaeoniscum freiselebeni
NHM P. 5139 Palaeoniscum freiselebeni
NHM P. 1029a Palaeoniscum freiselebeni
NHM P. 39971 Palaeoniscum freiselebeni
NHM P. 3476-7 Palaeoniscum freiselebeni
NHM 19945 Palaeoniscum freiselebeni
NHM P. 3474 Palaeoniscum freiselebeni
NHM P. 18071 “Palaeoniscum antipodeous”
NHM 35530 Platysomus gibbosus

67




Table Al.1. (cont’d)

NHM 39160 Platysomus gibbosus
NHM P. 16284-5 Pteronisculus macropterus
NHM P.16282-3 (type) Pteronisculus macropterus
NHM P. 16273-4 Pteronisculus macropterus
NHM P. 19508-9 Pteronisculus macropterus
NHM P. 16297-8 Pteronisculus macropterus
NHM P. 63969 Pteronisculus sp.

NHM P. 16292 Pteronisculus sp.:

NHM P.16300-1 (type) Pteronisculus cicatrosus
NHM P. 16297-8 Pteronisculus cicatrosus
NHM P. 16299 Pteronisculus cicatrosus
NHM P. 19502-3 (type) Pteronisculus broughi
NHM P. 16293-4 (type) Pteronisculus arambourgi
NHM P.3414a Pygopterus humboldti
NHM 18509 Pygopterus humboldti
NHM P. 27408 Pygopterus humboldti
NHM P. 58956 Pygopterus humboldti
NHM 14371 Pygopterus humboldti
NHM P. 3414 Pygopterus humboldti
NHM P. 833 Pygopterus humboldti
NHM 43267 Pygopterus humboldti
NHM P. 3408 Pygopterus humboldti
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Table Al.1. (cont’d)

NHM 36058 Pygopterus humboldti
NHM P. 58956 Pygopterus humboldti
NHM 39698 Pygopterus humboldti
NHM P. 27408 Pygopterus humboldti
NHM P. 58546 (cast of type) Turfania taoshuyuanensis
NHM 32576 Rhabdolepis saarbrueckensis
NHM Two unnumbered specimens | Meisenheimichthys
in Cabinet 11, drawer H5
YPM 18649 Concentrilepis
minnekahtaensis
YPM 13592 Unidentified
YPM 18127 Unidentified
YPM 18650 Unidentified
FMNH PF 3712 Unidentified
FMNH PF 3721 Concentrilepis
minnekahtaensis
FMNH P 25772 Unidentified
FMNH PF 3714 Unidentified
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A2 Summary of systematic comparisons

Acrolepis (Agassiz, 1833)

Notes.

Diagnoses from Aldinger (1937) and Stamberg (2013).

Features distinguishing from PF 3721 and YPM 18649.

Uniform cranial ornament of short and thick ganoine ridges, giving the bones a pebbled
appearance; dentary very broad and thick, diamond-shaped scales with thick, branching, curving,
and lengthwise ganoine ridges; opercular narrower than subopercular. There are additional
features from the diagnosis of Aldinger (1937) that would distinguish Acrolepis from PF 3721
and YPM 18649 (shape of the frontals and intertemporal, a possible antopercular, and the
presence of a postcleithrum), but because these are not noted in Stamberg’s (2013) diagnosis of

the genus I exclude them here.

Acropholis stensioei (Aldinger, 1937)

Notes.

Diagnosis from Aldinger (1937).

Features distinguishing from PF 3721 and YPM 18649.

Opercular narrow and smaller than the subopercular; seven to eight extrascapular elements; 15
antopercular elements; ventral caudal fin and dorsal fin lepidotrichia ornamented with thin
diagonal ganoine ridges; lateral flank scales taller than they are wide and ornamented entirely

with diagonal ganoine ridges.
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Amblypterus (Agassiz, 1833)

Notes.

Diagnosis from Dietze (2000).

Features distinguishing from PF 3721 and YPM 18649.

Frontals with single lateral expansion and without anterior lateral extensions; two suborbitals; ten
branchiostegal rays; dorsal-most branchiostegal ray of similar size to preceding ray; pectoral fin

small and rectangular.

Angatubichthys mendesi (Figueiredo & Carvalho, 2004):

Notes.

Diagnosis from Figueiredo & Carvalho (2004).

Features distinguishing from PF 3721 and YPM 18649.

Snout capped by large median rostral and smaller anterior postrostral; fused
rostropremaxilloantorbital; frontals with straight lateral margins (lacking lateral expansions);
fused dermopterotic; dermosphenotic does not contact nasal; opercular shorter than subopercular;

six brachiostegal rays; lateral squamation without ornament.

Avamia malovetskajae (Kazantseva-Selezneva, 1981):

Notes.
Diagnosis from Kazantseva-Selezneva (1981).
Features distinguishing from PF 3721 and YPM 18649.

Pectoral fin spine present; anterior lateral scales taller than wide.
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Bethesdaichthys kitchingi (Bender, 2001):

Notes. Diagnosis from Bender (2001).

Features distinguishing from PF 3721 and YPM 18649.

Short, flat snout; frontals with straight lateral margins and a straight median suture; fused
dermopterotic; maxilla with extremely tall, square postorbital expansion; four suborbitals; nine
branchiostegal rays; dorsal-most branchiostegal ray of similar size to preceding ray; lateral

squamation ornamented with series of oblique ridges.

Boreolepis jenseni (Aldinger, 1937):

Notes.

Diagnosis from Aldinger (1937).

Features distinguishing from PF 3721 and YPM 18649.

Frontals lack dual lateral expansions; maxilla curved and boomerang shaped, with a short,
rounded postorbital expansion and a dorsally curved and broad suborbital expansion; dentary
taller posteriorly than anteriorly, with a distinct dorsal, convex curve in its posterior half, and
sloping anteriorly; dentary without a reflexed distal tip; right parietal larger than left parietal;
right parietal with a large, pointed, trident-shaped median process fitting between the frontals

and two shorter lateral processes.

Cylindrichthys macropterus (Kasantseva-Selezneva, 1981):

Notes.

Diagnosis from Kasantseva-Selezneva (1981).

72



Features distinguishing from PF 3721 and YPM 18649.

Lateral margin of frontal does not interlock with intemporal or supratemporal elements; two
suborbitals; maxilla lacks prominent postero-ventral corner; dorsal-most branchiostegal ray is
similar in size to preceding ray; epipracopercular present; antopercular present; extremely long

pectoral fin; single pair of anal basal fulcra.

FEigilia nielseni (Kasantseva-Selezneva, 1981):

Notes.

Diagnosis from Kasantseva-Selezneva (1981).

Features distinguishing from PF 3721 and YPM 18649.

Lacrimal contributes to oral margin; antopercular present; dorsal-most branchiostegal ray is
similar in size to preceding ray; scales ornamented with curving, diagonal ridges; scales with

serrated posterior margins.

FEurylepidoides socialis (Case, 1935)

Notes.

This species has only been described in a brief note, which did not have a diagnosis, specimen
drawings, or photographs. A re-description is needed, so I can only make a limited comparison
here based on the description and reconstruction from Case (1935).

Features distinguishing from PF 3721 and YPM 18649.

Posterior expansion of maxilla curved and roughly S-shaped; opercular smaller than
subopercular; dorsal-most branchiostegal ray equal in size to preceding element; second row of

anterior lateral scales extremely tall.
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Gardinerpiscis akkolkensis (Kazantseva-Selezneva, 1981)

Notes.

Updated name and English diagnosis from Romano & Kogan (2015). This comparison is based
their diagnosis and the reconstruction of the skull from Kazantseva-Selezneva (1981; fig. 57).
Features distinguishing from PF 3721 and YPM 18649.

Antorbital contributing to oral margin; postorbital with long posterior ramus reaching the

dermohyal; antopercular and epipraeopercular present.

Ignorichthys bohemicus (Stamberg, 2016)

Notes.

Diagnosis from Stamberg (2016).

Features distinguishing from PF 3721 and YPM 18649.

Lateral margins of frontals do not interlock with dermopterotic; fused dermopterotic; maxilla
crescent-shaped with curved postorbital expansion; scales with one or two large spines oriented

postero-ventrally.

Inichthys gorelovae (Kazantseva-Selezneva, 1979)

Notes.

Diagnosis from Kazantseva-Selezneva (1979).

Features distinguishing from PF 3721.

Epipraeopercular present; scales ornamented with short, sparse ridges running diagonally;

posterior margins of scales serrated.
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Isadia suchonensis (Minich, 1990)

Notes.

We use the diagnosis of this genus from Minikh & Minikh (2009) that was translated into
English by Bakaev et al. (2020).

Features distinguishing from PF 3721 and YPM 18649.

Dorsal margin of the maxilla convex; scales ornamented with short, thick, parallel ridges running

anteriorly-posteriorly; posterior margins of scales serrated.

Karaunguria kleimani (Kazantseva-Selezneva, 1981)

Notes.

Translated diagnosis from Kazantseva-Selezneva (1981).

Features distinguishing from PF 3721 and YPM 18649.

Approximately 0.5 m in length; antorbital contributes to the oral margin; epipraeopercular and

antopercular present; 16-17 branchiostegal rays; postcleithrum present.

Kasanilepis chupaevensis (Minich, 1996)

Notes.

Diagnosis from Minikh & Minikh (2009), translated into English by Bakaev et al. (2020).
Featured distinguishing from PF 3721 and YPM 18649.

Maxilla with tall, roughly square postorbital expansion; opercular narrower than subopercular;

anterior lateral scales taller than wide; anterior lateral scales lack ornament.
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Korutichthys korutensis (Kazantseva-Selezneva, 1981)

Notes.

Diagnosis from Kazantseva-Selezneva (1981).

Featured distinguishing from PF 3721 and YPM 18649.

Pelvic fin thoracic; anterior lateral scales taller than wide; anterior lateral scales ornamented with

a series of oblique ridges.

Khantausia tshuiliensis (Prokofiev, 2005)

Notes.

Diagnosis from Prokofiev (2005).

Features distinguishing from PF 3721 and YPM 18649.

Frontals with smooth lateral margins and a straight medial suture; parietals without anterior
median process; fused dermopterotic; maxilla with arched, curved dorsal margin; ossified
dermohyal absent; lateral scales ornamented with irregular, oblique to horizontal ridges; lateral

scales with weak posterior serration; ventral ridge scales absent.

Kichkassia furcae (Minich, 1990)

Notes.
Diagnosis from Minikh & Minikh (2009) that was translated into English by Bakaev et al.

(2020).
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Features distinguishing from PF 3721 and YPM 18649.
Frontals with straight lateral margins; fused dermopterotic; maxilla with short, rounded
postorbital expansion; opercular nearly equal in size to subopercular; scales taller than wide in

anterior lateral region; lateral squamation with serrated posterior margins.

Kompasia delaharpei (Bender, 2002)

Notes.

Diagnosis from Bender (2002).

Features distinguishing from PF 3721 and YPM 18649.

Frontals without dual lateral extensions; fused dermopterotic; dorsal margin of maxilla not flat,
but with a high point in its anterior half (roughly triangular); opercular rectangular and slightly
shorter and narrower than the subopercular; ten branchiostegal rays; dorsal-most branchiostegal
ray similar in height to preceding ray; anterior lateral scales taller than wide; lateral scale
ornament (except for axial squamation) consists two or three parallel grooves along the posterior

and ventral margin.

Lapkosubia uranensis (Minich, 1990)

Notes.

Diagnosis from Minikh & Minikh (1990) that was translated into English by Bakaev et al.
(2020).

Features distinguishing from PF 3721 and YPM 18649.

Lateral margins of frontals are straight; parietals with sinuous lateral margins; fused

dermopterotic; serrated posterior margin of supracleithrum; anterior lateral scales ornamented
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with parallel ridges running anteriorly-posteriorly; scales with pronounced anterodorsal corner;

scales with serrated posterior margins.

Lawnia taylorensis (Wilson, 1953)

Notes.

Diagnosis from Wilson (1953), additional information gathered from Dalquest & Kocurko
(1988).

Features distinguishing from PF 3721 and YPM 18649.

Frontals lack dual lateral expansions (smooth and straight lateral margins); frontals have straight
median suture; right parietal lacks anterior median process; postorbital expansion of maxilla

short and rounded; postcleithrum present.

Muensterichthys buergeri (Schaumberg, 1989)

Notes.
Diagnosis from Schaumberg (1989).
Features distinguishing from PF 3721 and YPM 18649.

Postcleithrum present, 13 branchiostegal rays; lateral scales ornamented with diagonal ridges.

Neuburgella cognominis (Kazantseva-Selezneva, 1981)

Notes.
Diagnosis from Kazantseva-Selezneva (1981).
Features distinguishing from PF 3721 and YPM 18649.

Antorbital contributes to oral margin; antopercular present; epipracopercular present.
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Palaeoniscum freiselebeni (Blainville, 1818)

Notes.

Diagnosis from Aldinger (1937; from Westoll, 1934, unpublished).

Features distinguishing from PF 3721 and YPM 18649.

Lateral margin of frontal is straight (lacks dual lateral expansions); anterior lateral expansion of
frontal long (approximately 1/3 of element length), thin, and sharply pointed; intertemporal and
nasal are not in contact; dermosphenotic separated from nasal by series of “supraorbital” bones;
anterior lateral scales taller than they are wide; squamation largely lacking ornament (some
scales have short, thick tubercles or diagonal ridges, but most lack ornament); postcleithrum

present; dorsal-most branchiostegal ray of similar size to preceding ray.

Paramblypterus (Sauvage, 1888)

Notes.

Diagnosis from Dietze (2000) for this comparison, which is primarily based on P. decorus, P.
gelberti, and P. duvernoyi.

Features distinguishing from PF 3721 and YPM 18649.

Nasal split into two elements on each side of the skull (four total nasals); frontals with straight
medial suture and a deep indentation in the lateral margin; series of ossifications between the
preopercular and the opercular (dermohyal not present as a single ossification); at least seven
suborbitals; seven to nine branchiostegal rays; dorsal-most branchiostegal ray is of similar size to
preceding ray; postcleithrum present; pectoral fin small and rectangular; caudal fin with

hypochordal lobe; posterior margin of scales serrated; little ornamentation on scales.
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Plegmolepis kochi (Aldinger, 1937)

Notes.

Diagnosis from Aldinger (1937).

Features distinguishing from PF 3721 and YPM 18649.

Multiple antopercula; opercular shorter and smaller than subopercular; three postcleithra;
posterior margin of rostral trident-like, with three points (the medial point being the largest);
interdigitating margin between frontals; anterior lateral scales broader than tall; no dorso-ventral

compression of flank scales ventrally.

Progyrolepis (Fritsch, 1895)

Notes.

I base this comparison on the best-known European species Progyrolepis heyleri (Poplin, 1999),
relying on recent descriptive work and a revised generic diagnosis from Stamberg (2018).
Progyrolepis tricessimalaris (Dunkle, 1946), from the Early Permian of Texas, is not known
from complete enough material for a detailed comparison.

Features distinguishing from PF 3721 and YPM 18649.

Lateral margins of frontals straight; fused dermopterotic; dermosphenotic with posterior ramus;
scales ornamented with long, thin, slightly oblique ridges that run the entire length of the scale;

dorsal-most branchiostegal ray is of similar size to preceding ray.
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Pteronisculus (White, 1933)

Notes.

Pteronisculus is a large genus (eleven species, Xu et al. 2015). I focus on the well-preserved
species of this genus that are included in the diagnosis of Nielsen (1942; P. stensioi, P. magna,
P. aldingeri, P. gunnari, P. artica), the descriptions of White (1933) and Lehman (1954; P.
macropterus, P. cicatrosus, P. arambourgi, P. broughi), and P. nielseni (Xu et al. 2015). Species
of Pteronisculus described by Gardiner & Jubb (1975, P. meiringi) and Schaeffer & Magnus
(1976, P. ?laetus) have not been described in enough detail to be included in this discussion.
Features distinguishing from PF 3721 and YPM 18649.

The suborbital expansion of the maxilla is short, with the lacrimal (the lacrimo-maxillary of
Nielsen, 1942) expanded anteriorly and bearing teeth, forming the anterior portion of the oral
margin; lateral flank scales are ornamented entirely with thin, diagonal ganoine ridges; posterior

margins of the lateral flank scales serrated.

Pygopterus (Agassiz, 1833)

Notes.

Diagnosis from Aldinger (1937; from Westoll, 1934 unpublished), which is based on P.
humboldti, P. de geeri, P. crecelii (?), P. nielseni, and P. gleerupi. We were only able to examine
specimens and photographs of P. humboldti and P. nielseni, therefore our comparisons focus on
features I observed in these species.

Features distinguishing from PF 3721 and YPM 18649.

Opercular narrower than subopercular; hyomandibular not pierced by the canal for the truncus

hyoideomandibularis facialis; anterior lateral flank scales rhombohedral, taller than they are
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wide, and with a large, pointed tip at their anterodorsal corner; lateral flank scale ornamentation

consists of diagonal, crooked ridges of ganoine; ventral anterior lateral scales diamond shaped.

Roslerichthys riomafrensis (Hamel, 2005)

Notes.

Diagnosis from Hamel (2005).

Features distinguishing from PF 3721 and YPM 18649.

Frontals without lateral expansions; fused dermopterotic; dermosphenotic with posterior ramus;
arched, crescent-shaped maxilla with a pointed dorsal margin; antopercular present;
postcleithrum present; dorsal-most branchiostegal ray similar in size to preceding ray, anterior

lateral scales taller than wide.

Santosichthys mafrensis (Malabarba, 1988)

Notes.

Diagnosis from Malabarba (1988).

Features distinguishing from PF 3721 and YPM 18649.

Short snout; frontal with single lateral extension on each side; parietals rectangular, lacking an
anterior median process; fused dermopterotic; dermosphenotic separated from nasal by
“supraorbital”’; jugal split into two infraorbital elements (in addition to lacrimal); postcleithrum
present; dorsal-most branchiostegal ray is of similar size to preceding ray; scales ornamented

with ten antero-posteriorly oriented ridges; posterior margin of scales serrated.
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Strelnia (Minich, 2009)

Notes.

Diagnosis from Minikh & Minikh (2009) that was translated into English by Bakaev et al.
(2020).

Features distinguishing from PF 3721 and YPM 18649.

Postcleithrum present; scales ornamented with thin, curving, and oblique ridges; anterior lateral

scales taller than wide; scales with serrated posterior and ventral margins.

Tchekardichthys sharovi (Prokofiev, 2005)

Notes.

Diagnosis from Prokofiev (2005).

Features distinguishing from PF 3721 and YPM 18649.

Frontals lack anterior lateral extensions and do not interlock with temporal bones; fused
dermopterotic present; parietals lack anterior median process; anterior lateral scales ornamented

with diagonal ridges.

Tholonotus braziliensis (Dunkle & Schaeffer, 1956)

Notes.

Diagnosis from Dunkle & Schaeffer (1956).

Features distinguishing from PF 3721 and YPM 18649.

Snout flat, without pronounced rostrum; frontals with straight lateral margins; two suborbitals;
opercular narrower than subopercular; dorsal and anal fin rays ornamented with ganoine

striations.
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Turfania taoshuyuanensis (Liu & Ma, 1973)

Notes.

Diagnosis from Liu & Ma (1973).

Features distinguishing from PF 3721 and YPM 18649.

Parietals without anterior median process; frontals do not interlock with temporal bones (lack
dual lateral extensions); fused dermopterotic; antorbital contributes to the oral margin; anterior

lateral scales taller than wide.

Toyemia (Minich & Minich, 1990)

Notes.

We use the diagnosis of this genus from Minikh & Minikh (2009) that was translated into
English by Bakaev et al. (2020).

Features distinguishing from PF 3721 and YPM 18649.

Fulcral scales absent; scales with prominent anterodorsal corners.

Varialepis bergi (Minich, 1990)

Notes.

Diagnosis from Minikh & Minikh (2009) that was translated into English by Bakaev et al.
(2020).

Features distinguishing from PF 3721 and YPM 18649.

Lateral margins of frontals with one small lateral expansion; maxilla with narrow postorbital
expansion; opercular narrower than subopercular; dorsal-most branchiostegal ray of similar size

to preceding ray; nine branchiostegal rays; extremely long-based pelvic fin.
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A3 Alterations made to the phylogenetic character matrix of Giles ef al. (2017)

A3.1 List of taxa removed from the matrix of Giles et al. (2017).

Acanthodes bronni, Cladodoides wildungensis, Dialipina salguerioensis, Dicksonosteus articus,
Diplocercides kayseri, Entelognathus primordialis, Eusthenopteron foordi, Gogonasus
andrewsae, Ligulalepis, Meemannia eos, Ozarcus mapesae, Porolepis sp. Psarolepis romeri,

Styloichthys changae.

A3.2 List of modified character state assignments from Giles ez al. (2017).
Acipenser brevirostrum
C.110: 2 — -

C.127:1 -0
C.138:0—1

C.191: 7 —> 1
C.192:?7—>0

C.193:? =1

C.194:?7 >0

C.195:0 — -

C.200:1 -0
C.201:-—1
C202:-—0
C204:-—0

C.208:0—1

Amia calva
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C.155:0 -2

C.171:2 -3

Amphicentrum granulosum
C71:1 -0

C.152: 1 —=7?

Atractosteus spathula
C.155:-—2
C.171:2 -3

C.182: 7 — 1

Birgeria groenlandica
C3:0—-1

C4:0— -

C51l—-

C7:0— -

C9:0—-

C.10: 0 — -

Cll: 1 —-

C.12: 0 — -
C.46:0—1

C63:0—1
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C.64:-—?
C.65:-—1
C.69:0—1
C.96: - —?
C.99:2 -0
C.110: 1 —?
C.155:7 -2
C.179:1 —7?
C.200:1 —0
C.202:?7—>0
C.204:?7 -0
C212: 0 —7?
C.236:-—?

C.235: 0 —7?

Boreosomus piveteaui
C.183:1—-7?

C.223:0—7?

Chondrosteus acipenseroides
C27:1 -0
C51:1 -0

C.139: 0 —?
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C.140: 0 — ?

Elops hawaiensis

C.156: 1 —2

Fouldenia ischiptera

C42:?7—1

Fukangichthys longidorsalis

C214:0—>1

Hulettia americana
C.156:1 -2

Cl71:1 -2

Ichthyokentema purbeckensis

C.156: 1 —2

Lepisosteus osseus
C.156:1 -2
Cl171:2 -3

C.182: 7 — 1
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Leptolepis bronni
C.152:1 -0

C.156: 1 —2

Luederia kempi

C.182:7—0

Luganoia lepidosteoides
C51:0—-1

C52:-—0

Melanecta annae

C36:1—7

Trawdenia planti
C.182:?7—-0
C.226:?7— 1
C.227:7—-0
C.229:?7—>1
C.230:0—2
C.232:7—-0

C.234:7 -1
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Obaichthys decoratus

C.155:-—2

Peltopleurus lissocephalus
C.68:0—1
C231:1—-7?

C257:0—1

Polypterus bichir
C.151: 72 -1
C.152:72—-0
C.153:7—-0
C.154:7 > 1

C.155:7—1

Saurichthys madagascariensis
C.l4:1 -7
C.20: 0 — -
C21:0— -
C.61:0—7?
C.63:1—7?
C.64:0—7?

C.100: 0 — ?

90



C.110: - —» 2
Cl11: 1 -0
C.l112:-—0
C.113:-—0
C.130: 0 — ?
C.135:7—1
C.141: 0 — -
C.171:2 -3
C.186: 1 —?
C.232: 0 =7

C234:1 -0

Semionotus elegans

Cl171: 1 -7

Watsonulus eugnathoides
C.111:1 -0

C.155:-—2

A3.3 List of parsimony uninformative characters removed from the matrix from Giles ez al.
(2017).

C.1: Large dermal plates.

C.2: Sensory lines.

C.16: Pores for rostral organ.
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C.92: Posterior coronoid.

C.125: Palatal opening surrounded by premaxilla, maxilla, dermopalatine and vomer (choana).
C.132: Eye stalk or unfinished area for similar structure.

C.136: Basicranial fenestra.

C.140: Basipterygoid process with vertically oriented component.
C.147: Accessory fenestration in otic capsule.

C.154: Bifurcation of dorsal aorta.

C.159: Epioccipital.

C.170: *[G117] Parasphenoid.

C.187: Cerebellar corpus.

C.198: Enamel.

C.199: Enamel layers.

C.200: Scales on body.

C.207: Lepidotrichia.

C.215: Interhyal.

C.218: Hypohyal.

C.220: Gill arches.

C.244: Pelvic fins.
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A4 Full phylogenetic matrix in Nexus format, modified from Giles ef al. (2017)

#NEXUS
[written Mon May 17 13:14:20 EDT 2021 by Mesquite version 3.61 (build 927) at Jacks-

MacBook-Pro-3.1ocal/35.20.140.55]

BEGIN TAXA;

TITLE Taxa;

DIMENSIONS NTAX=74;

TAXLABELS

Acipenser_brevirostrum Aesopichthys_erinaceus Amia_calva

Amphicentrum_granulosum_ Atractosteus_spatula Australosomus_kochi
Beagiascus_pulcherrimus Beishanichthys brevicaudalis Birgeria groenlandica
Bobosatrania_groenlandica Boreosomus_piveteaui Caturus_furcatus Cheirolepis_canadensis
Cheirolepis_schultzei Cheirolepis_trailli Chondrosteus _acipenseroides
Coccocephalichthys wildi Cosmoptychius_striatus Cyranorhis_bergeraci Dapedium_ LIAS
Dapedium_pholidotum Dipteronotus_ornatus Discoserra_pectinodon Donnrosenia_schaefferi
Dorsetichthys bechei Ebenaqua ritchei Elops_hawaiensis Erpetoichthys calabaricus
Evenkia eunoptera Fouldenia ischiptera Fukangichthys longidorsalis Gogosardina_coatesi
Hiodon_alosoides Howqualepis_rostridens Hulettia_americana Ichthyokentema purbeckensis
Kalops monophyrum Kansasiella eatoni Kentuckia deani Lawrenciella schaefferi
Lepisosteus_osseus Leptolepis bronni Luederia_kempi Luganoia_lepidosteoides
Macrepistius_arenatus Macrosemimimus_lennieri Macrosemius_rostratus Melanecta anneae

Trawdenia_planti Mimipiscis_bartrami Mimipiscis_toombsi Moythomasia durgaringa
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Moythomasia lineata Moythomasia nitida Obaichthys decoratus Osorioichthys marginis
Peltopleurus_lissocephalus Platysomus_superbus Polypterus_bichir Propterus_elongatus
Pteronisculus_stensioi Raynerius_splendens Saurichthys madagascarensis Scanilepis_dubia
Semionotus_elegans Styracopterus_fulcratus Tanaocrossus_kalliokoskii Tegeolepis_clarki
Tetragonolepis_semicincta Venusichthys comptus Watsonulus eugnathoides

Wendyichthys dicksoni Woodichthys bearsdeni Concentrilepis minnekahtaensis

END;

BEGIN CHARACTERS;
TITLE 'Matrix in file "Supplementary Data 1.txt"';
DIMENSIONS NCHAR=222;
FORMAT DATATYPE = STANDARD RESPECTCASE GAP = - MISSING = ?
SYMBOLS =" 01234";
CHARSTATELABELS
1 Premaxilla_as distinct ossification / present absent ,
2 '[CH 1; G3] Premaxillae, contact at midline' / present absent,
3 Premaxilla_fused at midline / absent present,
4'[G 4] Premaxilla' / Reaches or extends past anterior margin of orbit
Confined to region anterior to orbit,

5'[G 5] Premaxilla contributes to orbital margin' / absent present,
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6 Teeth on_premaxillae / present absent,

7 Mobile premaxilla/ absent present,

8 Olfactory nerve pierces premaxilla/ absent present,

9 Nasal process_of premaxilla/ absent short 'long, reaches skull roof’,

10 Sensory canal on_premaxilla/ present absent ,

11 '[CH 3; G 6] Postrostrals (element[s] immediately anterior to frontals but not in
contact with premaxillae)' / present absent,

12 '[CH 4; G 7] Single median dermal bone capping snout' / absent present,

13 Median_rostal / 'plate-like' 'tube-like',

14 '[CH 8; G 10] Nasal bone as single consolidated ossification (i.e. bone(s)
carrying supraorbital canal between premaxilla and anterior margin of frontals)' / absent present,

15 Contact_of nasals on midline / separated by dermal bones
contacting or separated by gap unfilled by bone,

16 Nasal_contributes_to orbital margin/ absent present,

17 '[CH 57; G 11] Mesial margin of (anterior) nasal' / not notched notched,

18 '[CH 6; G12] Posterior nostril in complete communication with orbital
fenestra' / absent present,

19 '[CH 7; G 13] Posterior nostril fi contribution to margin by premaxillae' /
absent present,

20 '[G 14] Tectals (sensu Cloutier & Ahlberg 1996, not counting the posterior
tectal of Jarvik)'/ absent present,

21 '[CH 9; G 15] Pineal foramen' / present absent,
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22 '[CH 10; G17] Shape of parietals (sarcopterygian postparietals): '/
'rectangular, with long axis parallel to midline' quadrate,

23 '[CH 11; G 18] Relative lengths of frontals and parietals (sarcopterygian
parietals and postparietals)' / frontal shorter than parietal
frontal approximately equal to parietal frontal longer than parietal,

24 Frontals_broad posteriorly and tapering anteriorly / absent present,

25 '[G 19] Anterior pit line' / absent present,

26 '[G 20] Otic canal extends through parietals' / absent present,

27 Junction_between_supraorbital and infraorbital canals/ absent present,

28 Anterior_branch of infraorbital sensory canal / absent present,

29 '[G 21] Tabular' / present absent,

30 '[CH 64; G 28] Number of bones carrying otic portion of lateral line canal
between dermosphenotic and posterior edge of skull roof. '/ 'at least two (i.e. intertemporal and
supratemporal)' 'one (i.e. dermopterotic)',

31 '[CH 13; G 24] Intertemporal fi contact with supratemporal anterior to that
between frontal and parietal' / absent present,

32 '[G 27] Intertemporal contacts nasal' / absent present,

33 '[CH 69; G 29] Supratemporal i narrow anterolateral flange forming ventral
margin of spiracular opening' / absent present,

34 Parietal fused to dermopterotic / absent present,

35
Bone carrying otic_portion of lateral line canal extends past posterior margin of parietals

/ absent present,

96



36 '[CH 15; G 30] Number of paired extrascapulars' / one pair two_pairs
three _or more pairs,

37 '[G 31] Extrascapular reaches lateral edge of skull roof' / absent present ,

38 '[CH 71; G 32] Single median extrascapular' / present absent,

39 '[G 33] Extrascapulae contact each other at midline' / absent present,

40 '[CH 70; G 34] Medially-directed branch of sensory canal in extrascapulae' /
present absent,

41 '[CH 59; G 38] Antorbital bone' / absent present,

42 'Tube-like canal bearing anterior arm of antorbital:' / absent present,

43 '[CH 61; G 39] Infraorbitals' / one two more than_two,

44 '[CH 16; G 40] Anterior expansion of lacrimal' / absent present,

45 '[CH 17; G 41] Notch in anterior margin of jugal' / absent present,

46 '[CH 18; G 42] Suborbitals (non-canal bearing ossifications separating jugal
and maxilla)' / absent one two three or more,

47 '[G 43] Multiple rami of infraorbital canal in jugal' / absent present,

48 '[CH 54; G 25] Dermosphenotic with distinct posterior ramus'/ absent present,

49 '[CH 14; G 26] Dermosphenotic fi contact with frontals blocked by
intertemporal or dermopterotic' / absent present,

50 Supraorbital / absent one or two three or more,

51 'Anterior-most infraorbital anterior to orbit (i.e. does not contribute to orbital
margin)' / absent present,

52 Three or more lachrymals/ absent present,
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53 Circumorbital ring_/
Supraorbitals do not contact infraorbitals at the anterior rim_of the orbit. 'Supraorbitals
contact infraorbitals, closing the orbit.',

54 '[CH 62; G 44] Jugal canal' / absent present,

55 '[CH 53; G 45] Dermohyal' / absent present,

56 '[G 46] Head of dermohyal projects above dorsal margin of operculum'/
absent present,

57'[G 47] Dermohyal' / fused to hyomandibular separate from hyomandibular,

58 '[G 49] Complete enclosure of spiracle by bones bearing otic and infraorbital
canals'/ absent present ,

59 '[G 57] Maxilla' / absent present,

60 '[G 58] Expanded dorsal lamina of maxilla' / absent present ,

61 '[G 60] Contribution by maxilla to posterior margin of cheek' / absent present,

62 '[G 61] Sensory canal/pit line associated with maxilla' / absent present,

63 Teeth_on maxilla/ present absent,

64 Mobile maxilla in_cheek / absent present,

65 'Peg-like anterior process of maxilla' / absent present,

66 Posterior maxillary notch / absent present,

67 Supramaxilla / absent one two,

68 '[CH 21; G 63] Course of mandibular canal' /
traces_ventral margin of jaw_along entire length arches dorsally in anterior half of jaw ,

69 '[G 64] Mandibular canal reaches anterior margin of mandible' / present

absent,
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70 '[G 66] Relative length of dentary' / 'long (constitutes most of the length of the
lower jaw)' 'short (constitutes less than half of jaw length)',

71 Teeth_on_dentary / present absent,

72 '[CH 22; G 67] Dentary with conspicuously reflexed distal tip' / absent
present

73 '[G 70] Teeth of outer dental arcade' / several rows of disorganized teeth
'two rows, with large teeth lingually and small teeth labially ' single row of teeth,

74 Jaw_margins_overlain_by lateral lamina/ absent present ,

75 '[CH 25; G 71] Acrodin caps on teeth' / absent present ,

76 Plicidentine / absent present,

77 '[CH 27; G 73] Ossification of mentomeckelian region:' / present absent ,

78 '[CH 23; G 76] Number of infradentaries' / more than two_'two (angular and
surangular) ' 'one (angular only)',

79 '[G 74] Coronoids (sensu stricto, excluding parasymphysial tooth whorl or
anterior coronoid)'/ present absent ,

80 '[G 75] Number of coronoids' / five  four or more three two one,

81 '[G 78] Coronoid process of lower jaw' / absent present,

82 Coronoid_process_contributed to by / prearticular only surangular only
dentary plus postdentary bones angular only,

83 Leptolepid notch / absent present,

84 Symplectic_involvement in_jaw joint/ absent present,

85 Palatal bite / absent present |,
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86 '[G 82] Palatal articulation with basipterygoid process' /
articulation_not obvious via_ basipterygoid fenestra 'via metapterygoid process/notch’,
87 Palatoquadrate ossifications / comineralized separate ossification_centers,
88 Lateral process of ectopterygoid / absent present ,
89 Palatoquadrate_symphysis hf30 / absent present,
90 Dorsal_margin_of palate / high posterior extension flat dorsal margin,
91 Metapterygoid posterior to quadrate / absent present,
92 '[G 81] Number of dermopalatines' / multiple single,
93 Prearticular / present absent,
94 Vomers / paired single,
95 Vomer sutured to parasphenoid / absent present,
96 '[CH 19; G 50] Accessory operculum'/ _absent present ,
97 '[CH 67; G 51] Operculum - relative size '/
at_least twice as high as suboperculum subequal smaller than suboperculum,
98 Subopercle / present absent,
99 '[CH 68; G 52] Anterodorsal process of suboperculum'/ absent present ,
100 Anteroventral process of suboperculum / absent present,
101 '[G 62] Number of cheek bones bearing pre-opercular canal posterior to jugal'
/ one multiple series_of small ossicles,
102 Preoperculum_orientation / prounounced dorsal limb vertical

pronounced ventral limb ,

100



103 Junction between preopercular and more anterior cheek bones /
'Infraorbitals (including jugal) or suborbitals suture with or abut preopercular' 'Infraorbitals
(including jugals) and suborbitals broadly overlap preopercular’,

104 Posterior_border of preopeculum notched ventrally / absent present,

105 Interopercle / absent present,

106 '[CH 72; G 53] Branchiostegal rays - dorsal-most in series' /
of similar depth to adjacent branchiostegal ray deeper than adjacent branchiostegal ray |,

107 Lateral gulars / present absent,

108 '[CH 20; G 54] Lateral gulars'/
extending most_of the length of the lower jaw 'restricted to the anterior third of the lower
jaw (no longer than the width of three branchiostegals) ',

109 '[G 55] Median gular '/ absent present ,

110 '[G 86] Interorbital septum' / broad narrow |,

111 Optic_foramen / dorsally positioned 'ventrally positioned (i.e. abuts
parasphenoid) ',

112 '[G 87] Pronounced median anterior crista on dorsal surface of braincase' /
absent present ,

113 '[G 88] Expanded anterior dorsal fontanelle '/ absent present,

114 '[G 91] Roof of posterior myodome perforated by palatine branch of facial
nerve (VII)'/ absent present |,

115 '[G 92] Foramen for abducens nerve (VI) dorsally positioned (level with optic
foramen (II))' / absent present |,

116 '[G 93] Anterodorsal myodome'/ paired single absent,

101



117 '[G 94] Posterior myodome'/ absent paired median,

118 '[G 98] Endoskeletal spiracular canal' / open
partial closure of spiracular bar complete enclosure in canal ,

119 '[G 100] Basipterygoid process' / present absent ,

120 '[G 103] Dermal component to basipterygoid process' / absent present ,

121 Hyoid facet/ directed posteroventrally horizontal,

122 '[G 104] Fossa bridgei' / absent present ,

123 '[G 106] Vestibular fontanelle' / absent present ,

124 '[G 107] Ventral cranial fissure and vestibular fontanelle' /
separated by bridge of bone conflUent ,

125 '[G 109] Otoccipital fissure' / absent present ,

126 '[G 110] Median projection overhanging posterior part of posterior dorsal
fontanelle' / absent present ,

127 '[G 111] Median projection overhanging anterior part of posterior dorsal
fontanelle' / absent present ,

128 '[G 112] Dorsal aorta' / open_in_groove canal notched posteriorly
completely enclosed in canal ,

129 '[G 113] Dorsal aorta pierced by canal/s for exit of eff.a.2' / absent present,

130 '[G 114] Dorsal aorta pierced by canal/s for exit of eff.a.1'/ absent present,

131 '[G 116] Birfurcation of dorsal aorta into lateral dorsal aortae' / open
enclosed in canal ,

132 Braincase ossifications differentiated / absent present,

133 Basisphenoid / present absent or very reduced,
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134 'Opisthotic-pterotic relationship' / opisthotic larger than subotic

opisthotic_and pterotic_equal in_size,

present,

135 Forward extension_of the exoccipital around the vagus nerve/ absent

136 Spenotic_with small dermal component/ absent present,
137 Pterotic / present absent,

138 Opisthotic_bone / present absent,

139 Intercalar / present absent,

140 Supraoccipital bone / absent present,

141 Membranous_outgrowth of intercalar / absent present ,
142 'Post-temporal fossa'/ absent present,

143 'Sub-temporal fossa' / absent present,

144 Dilatator fossa/ absent present,

145 '[G 118] Parasphenoid' / 'terminates at/anterior to ventral otic fissure '

extends across ventral otic_fissure extends to basioccipital ,

present

146 '[CH 28; G 120] Ascending process of the parasphenoid' / absent present,

147 '[CH 29; G 121] Parasphenoid with multifid anterior margin' / absent

148 '[G 124] Buccohypophyseal canal pierces parasphenoid' / present absent ,
149 Parasphenoid teeth / small large absent,

150 Parasphenoid_pierced by internal carotid artery / absent present,

151 Parasphenoid pierced by efferent pseudobranchial artery / absent present,

152 Aortic_notch in parasphenoid / absent present ,
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153 Parabasal canal / present absent,

154 '[G 125] Anterolaterally divergent olfactory tracts'/ absent present ,

155 '[G 126] Elongate olfactory tract(s)' / absent present ,

156 '[G 127] Olfactory nerves carried in a single tract' / present absent ,

157 '[G 128] Hypophyseal chamber' / projects_posteroventrally
projects_ventrally or anteroventrally,

158 '[G 129] Optic lobes' / narrower than cerebellum
same width or wider than cerebellum ,

159 Optic_lobes / smaller than_telencephalon larger than telencephalon,

160 '[G 130] Optic tectum divided into bilateral halves'/ absent present ,

161 Cerebellar _corpus/ divided bilaterally undivided

162 Position_of cerebellar corpus/ _enters fourth ventricle
arches above fourth ventricle,

163 Cerebellar_corpus with median_anteriorly projecting portion/ absent
present,

164 '[G 132] Horizontal semicircular canal' /
joins_vestibular region dorsal to ampulla_for the posterior semicircular canal
joins_vestibular region level with ampulla for the posterior semicircular canal ,

165 '[G 133] Junction between ampulla of posterior semicircular canal and cranial
cavity'/ separated by short length of canal confluent ,

166 '[G 134] Crus commune of anterior and posterior semicircular canal' /
dorsal to_endocranial roof ventral to endocranial roof ,

167 '[G 135] Lateral cranial canal' / absent present ,
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168 Lateral cranial canal connects to cranial cavity anteriorly/ absent

present,

169 '[CH 30 in part; G 147] Enameloid on dermal bones and scales' / absent
present

170 '[G 148] Extensive pore-canal network' / absent present ,

171 '[G 151] Scales' / micromeric macromeric,

172 '[CH 32 in part; G 152] Scales with &peg and socket articulation / absent
present

173 '[CH 33; G 154] Anterodorsal process on scale' / absent present ,

174 '[CH 35; G 155] Scales with well developed pores on surface' / absent
present

175 Small_scales below dorsal fin/ absent present,

176 '[CH 37; G 159] Fringing fulcra' / absent present ,

177 '[G 140] Perforate hyomandibula' / absent present ,

178 '[G 141] Opercular process' / absent present,

179 '[G 136] Ceratohyal' / single ossification two_ossifications |,

180 '[G 137] Anterior ossification of ceratohyal' / no_medial constriction 'medial
constriction (hourglass-shaped)',

181 '[G 138] Anterior ceratohyal' / no_groove
groove for afferent hyoidean artery ,

182 Symplectic / absent present,

183 Symplectic_shape c68/ 'tube/splint like' hatchet 'l-shaped’,

184 '[G 143] Basihyal' / absent present,
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present,

185 Number of ceratobranchials / five four ,
186 Number of hypobranchials / three four,
187 Uncinate processes_on_epibranchials / absent present,

188 Urohyal formed as a tendon bone of the sternohyoideus muscle / absent

189 '[CH 39; G 162] Presupracleithrum' / absent present ,
190 Presupracleithrum_/ single multiple,
191 Medial wing on_cleithrum / absent present,

192 '[G 161] Anocleithrum'/ bone developed as_postcleithrum

bone developed as anocleithrum sensu_stricto bone absent,

fused,

193 Clavicle / present as a broad plate much reduced or absent ,
194 Serrated organ / absent present,

195 Interclavicle / present absent,

196 '[CH 40; G 167] Triradiate scapulocoracoid' / absent present ,
197 '[G 163] Perforate propterygium'/ absent present ,

198 '[CH 41; G 164] Anterior rays embrace propterygium' / absent present

199 Propterygium_fused to first ray / absent present,

200 '[CH 43; G 168] Pectoral fin endoskeleton' / 'extends far beyond body wall

(fins lobate) ' 'barely extends beyond body wall (fins not lobate) ',

201 '[G 166] Pectoral fin radials' / unjointed jointed ,

202 '[CH 44; G 171] Pectoral fin-ray segmentation' /

roughly even segmentation to fin base

106



proximal segments_elongate with terminal segmentation
no_significant _segmentation_on_pectoral fin
terminal_segments_elongate with proximal segmentation,

203 '[CH 45; G 174] Pelvic fin insertion' / 'shorter than fin depth (short based) '
'longer than fin depth (long based) ',

204 '[G 177] Basal scutes on fins' / absent present,

205 '[CH 48; G 178] Dorsal scutes anterior to dorsal fin' / absent 'few limited to
region immediately anterior to fin (basal fulcra only)' 'many, extending to posterior of skull roof
(complete set of dorsal ridge scales)',

206 '[CH 49; G 179] Ventral scutes between hypochordal lobe of caudal fin and
anal fin'/ absent present ,

207 '[CH 50; G 180] Ventral scutes anterior to anal fin' / absent present ,

208 '[CH 51; G 182] Relative positions of anal and (second) dorsal fin' /
anal_shifted anteriorly relative to dorsal fins opposite one another
anal shifted posteriorly relative to dorsal,

209 'Median fins (except caudal fin)' / rays more numerous than radials
rays_andradials_equal,

210 Proximal and middle radials of dorsal fin/
proximal and middle radials of similar size proximal radials substantially enlarged,

211 Posteriormost_proximal radial of dorsal fin/ enlarged plate
smaller than more anterior radials,

212 '[CH 46; G 175] Epichordal lobe of caudal fin' / present absent ,

213 '[CH 47; G 176] Fulcra along dorsal ridge of caudal fin'/ absent present ,
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214 Caudal fin geometry / long_chordal lobe short chordal lobe,

215 Posterior margin_of caudal fin/ forked unforked,

216 'Diplospondyly in mid-caudal region' / absent present,

217 Median_neural spines_in_caudal region/ absent present,

218 Uroneural / absent present,

219 Division_of hypurals_into dorsal and ventral groups/ absent present,
220 Number of caudal lepidotrichs borne per hypural / multiple single,
221 Opistocoelous_vertebrae / _absent present

222 Ossified_ribs / present absent ;

MATRIX
Acipenser_brevirostrum [---m-- 00?000-1-?1000-01011---00110-0??1-001001--
000--00---------- 010-0-?0-1-0-0-001011-11100-0002---011-00000-?2021-010-0--0---10?00?010-

00021112001110100001011010---100001001100-000000-
00000101?10001211200011000100001
Aesopichthys_erinaceus 01-000000111010111001120?00010110-111110101--

1101000-

Amia_calva 01-100012010011000001120101011---0001110110000110000-
10--010000111100000201?711011201001?70100001000100210101-1?7000111221-110-0--0--211-
011100110131110001000111011110010-0010--?01110011001100-

00111001010100000211110111100100
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Amphicentrum_granulosum 000101000?1101011?7001020?00011---01?1??00-

1100000000-00--111000000007010-1-7?20?0-0-1200010????020010100000??1?????72?0107?0-

Atractosteus_spatula 000100-12010111000001120101111---0121110112--3-
101111011101001001000000010011102120000100110001010100210011-01000-022201110-0-
-0---11-110110-101311100010??1????22??772?101100011111012001100-
10111001000100000111111110100110

Australosomus_kochi 1?77772-22-220?072???71020100011---0101100??0-001--0---
010111100000001000020??011-0-0-0200000?7000010000100000?711001102221-
7111100200001 -------- 0710101200000111110???1110-??111001110010-000100-
000011070001000000010??100100001

Beagiascus_pulcherrimus 000000000111010111001120100010110-0210-

Beishanichthys brevicaudalis 00701000?701101011100112070??11---00111?00-

Birgeria groenlandica 1--1-0----11010110001?20100011---

0100110102003010200001?1011100000000000101?01??110?7001000000--

109



07000000000011100?10?22?-01??1--272210--0?7??-
00021012001???2222272272220??10000100?0?0-0?0?00-020010??-00300000200011000100001
Bobosatrania_groenlandica ~ 1----1----00010111-01120?00{0 1}11---07001100-

2100010000-00--010001100000010-0-??27?0-?-0???0?07???0-1--11000-?-

Boreosomus_piveteaui 0010110000110111110?1020100111---01100-00-

2003100000-11010111100000?7000010?7001030-0-

020011???0?100010200?01000000701
Caturus_furcatus 00010001?110111000001120001101---

0001110112102?01200110--0100001111??000207?010312010210017?001000100210711-

021111110?100000
Cheirolepis_canadensis 0?01-000000000007?01{0 1}010?7000100-0-1001100-

1010010000-010?111110000010000100??71070-

Cheirolepis_schultzei 000000000700000007011020?00?11--001011170-

1010010000-
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010?71111?0000010000700?7?2???7?0?7??2??27?2077100000000000?712777222227222222227222277727?
Cheirolepis_trailli 00001000000000001001{0 1}010100010000-1001000-

1010010000-01101111?0000010000100??1010-0-

20777272772220000????7110??7000071
Coccocephalichthys wildi 2?7220??77?11?10101071020100111---00110-

011200070010?01?0?0111?700?700??000101??1??110?010?00000?0?7101?700000????10??070220

Cosmoptychius_striatus 0?7?71000700?101011100112??00011---

?071?70101002100000-

2000??7?01111010027??1100????20??
Cyranorhis_bergeraci [--mmmmmee 11010111-01120100010100-

111110101002110000-
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7?
Dapedium_LIAS 001100001?110110?0001---0-??-----1-11110102--3-0-

1000?0--0100001101??10020??0?0?71?0?????0??00??010100210101-110701?12?01110-

Dapedium_pholidotum 001100001111011010001---?-01----- 1-21110102--3-0-

200010--010000170100100207??1????070?0?????0?71010000210101-

Dipteronotus_ornatus 07?7100007?11010010??1120?7000?1---?0?????71?0-007771--

27?
Discoserra_pectinodon 000010000101010111001120?00001---00211000-

2003001100000--0100007000000002077720?0-0-0?71???0?0??0-1--12000001070????022?-110-

Donnrosenia_schaefferi 0?7001?000011010111000010100010100-101117?0-

22?0?10000-070?71111?70000011000107??17?0-0-
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Dorsetichthys bechei 0?0100100?1101010000112110?111---
0001100102101110100000--?1010011020000020???1???2100?1?0???11701000021017?-
11?71000220111101??0???1010000011111210001111?10211?2?2211111?21120221122?1222?1?
0-70?7?27?1072000002???11101111000

Ebenaqua_ritchei 1----1----11010101-01120?00011---00101100-2?00000000-

00--010001170007010-0-7?20?0-070?????2?????20000011000-0-

Elops_hawaiensis 01-100102111010000001121001111---

0001110102100000100010--1101001102000000010021-120002100101111000010210101-

00101001110000000211111100100000
Erpetoichthys calabaricus ~ 01-11000001000000100102011101------ 211100-
1003000000-010101101000000000020?00203100-001101000100-1--00000-0000100-00011-

001-0--2001107?0?700000002101000101010101000011?7010111000010000-011010-

Fouldenia_ischiptera 000101000711010107001110????11---010111?0-

1000?00000-?101?111?7000000701021???2070-
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Fukangichthys longidorsalis  000?71000??1101?111?01120?01011---

Gogosardina_coatesi 000010000001010111100010100?71010?-12????70-

??000?070??0100?111100000010001017020?0-0-

???111001100??0-70????-00001???71?1002102????710??0007?0

Hiodon_alosoides 000100100111011000001120100111---10011000-

2000000000-00---10010110001000200?021-1200001?70101110000000210001-

00101001110110000111110100111000

Howaqualepis_rostridens 01-010000011010111100120100010100-1011170-

1100010000-01001111?000000000110??11070-0-
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Ichthyokentema purbeckensis  01-100100111011010001020100011---

0001100102101101200010--01000011010000020??0204121002100001?11000100210101-

001011???71070010171??1110?11??00

Kalops_monophyrum 00010000?111010111001121100011---00010-

Kentuckia deani 07001000000101011100{0 1}02010001?-?-?1011100-

??000?000?-?10??111?700?7000700017??02?77?0-

Lawrenciella schaefferi

2929992299222922299222922292222922292229922292229222992299222992299222922299229292299927

Lepisosteus_osseus 000100-12010101010001020101111---0021110112-
031001111011001000001000100010011103120000100110001010100210011-

070??7722201111-0--0---21-110110-
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001301100010001110111101110111110011111012001100-
10111001000100000011111110100110
Leptolepis_bronni 0001001011110100??001121100111---00010-00-2-

01110100000--710001110200000207??277121?70210010?7117010000210101-110?7?710?2?7011?0-

?0111?7?1?0100000211011100111000
Luederia_kempi

Luganoia_lepidosteoides 001100001011-1000??01--11-0001---1-1111-0-

Macrepistius_arenatus 07?7100017?10???0?0?701120?7???10000-10111?112-

03?012001?0--?7100701?07??00020?2??1??17077?7?2???7??0700010021010???10?7?71012?01170-

Macrosemimimus_lennieri 00010007??111110?70001120?0???1---00010-?112-

?10012111?0--0100?01100??00020???10?7??000?7100007???00010021010????0??77?2201??0-
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Macrosemius_rostratus 000100012110?1700700112100?111---0001101112--0-
00001-70--01010011000700020??0104120?001?00000010001002-1101-0?7?2??772?2011?0-
171010007?0100710211111110200700

Melanecta_anneae 01-01000?01101011100102?10001?---07?2?7?0-

1?70?070000-

Trawdenia_planti 07001700??7110101110?7112010?7?11---001?71?70-?0?1?{0

110000-

7

Mimipiscis_bartrami 000010000001010111000010100110001-1011100-
1000010000-01001111100000010001010020?0-0-
010000000000101000000000110?0007010000101??200000-------- 0000010000-
071122772272221277111001??0010-10100100000?7?71?701010021120?0?71000000?701

Mimipiscis_toombsi 000010000011010111100020100110001-1011100-
1000010000-0100111110000001000101002010-0-
010000000000101000000000110?00000100001010020040 1}00-------- 0000010000-01110010--
-1001010111001100010-101001000000111010700211107011000000701

Moythomasia durgaringa 01-01000?011010111000120100110010-110??10-

1110011000-0100111110000000000101001010-0-
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010000000000101000000100110?7011011000010100100000--------
000011000000771?7772??77?1?71?111101100010-
101001000000111?1710021110??11700100701

Moythomasia lineata 00001100011101011100002010??10000-1101?10-
1000110000-010?1111?7000001000010??71??0-
101110?17?2?22222222210700??11?7?710000210277?112?0722?77?

Moythomasia nitida 000110000111010111000020100010000-1111110-

1102010000-

?0

Obaichthys_decoratus 0701000?720107??07??01020?0??11---0011107772--3-

-21?7-11?110-2?220110??12272772222222222727?211100117110127??170-
1001170?0001000001?????1?01?70?10

Osorioichthys marginis 00001000?01101011010101110?7010000-?101000-
1001010000-

01071111?00?001000010??71??77?2?22272??722010000000010017077720777222277222277722777

Peltopleurus_lissocephalus ~ 0?0011000111010110001120100011---00010-00-
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Platysomus_superbus 1--10?----01010111-01120100011---00111100-

1000000000-00--

Polypterus_bichir 00011000001000000100102011101------ 211100-10030000---

010101101000000000020100203100-001101000100001000000-00001??-00011-001-

00001000000000000201110110100100

Propterus_elongatus 000100???11011100?001021101011---00????1112--0-
002010?0--01010011000?700020????????0?0?1?0?0??070001002-1001-
070110?20?70100??22?111110?1??100

Pteronisculus_stensioi 0000100001110101110?1120100010---
0111100102002100000-01070?111000001000010?001020-0-
020000000001100000000001110?111022010111101210100--------
000010100000111111110011110??111001110110-
1010010000011?101?000111200001000000701

Raynerius_splendens 2222727002272772217227001?100010077-
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Saurichthys madagascarensis  1--000----1?-101---0702100??11---0?0011?0-

?071?70010070???011100000007000201?01????0?0070000??000200000000-1-01070?7?71221-

02071071000100211101111117??07?1

Scanilepis_dubia 0?7?010?77?11?170???010001???11---011117???170310-

Semionotus_elegans 00010001211-11101000112000?111---0001110112-
010002111?0--0100000101000002010710?12000?1?0?00001000100210101-
10111000?70100201211111110100100

Styracopterus_fulcratus 1--101----1101010?-01120????11---010111?0-1000?700000-

?1017111?7000000?010211??2070-

Tegeolepis_clarki 000000?070110101???01010?00010000-

1101??11?000010000-
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Tetragonolepis_semicincta ~ 000100001011010010001020?00111---
0001100102103001100000--010000110007000207??104??000?7100101?1?7000100210101-
00101?1101010020121111111?7100000

Venusichthys comptus 000100000111010110001121?0??11---0001170102-

03000000000--01010000000000020?2?777??070?7?7?2?????2?000001110001-

Watsonulus_eugnathoides 00000011111-110000001120000111---
0001010112100010100100--01010011110000020??01021201021?01010?1010100110110-

11?720111220117111--0--

711107700700
Wendyichthys dicksoni [--mmmmmee 1101011?-01120100010110-

111110111102111000-110?70111?0000000000207?077?0-

Woodichthys bearsdeni 00001000?011010111001120100010100-1111?00-

1000100000-010?1111?7000000000010???1??0-
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Concentrilepis_minnekahtaensis 0101070?0?11010117?01021????10117?-

?11??7102003?01010-

27?

END;
BEGIN ASSUMPTIONS;
OPTIONS DEFTYPE = UNORD POLYTCOUNT = MINSTEPS;
TYPESET * UNTITLED = unord: 1-77 79 81- 127 129- 144 146- 201 203- 204 206-
207 209- 222, ord: 78 80 128 145 202-208\3;
TYPESET default = unord: 1-77 79 81- 127 129- 144 146- 201 203- 204 206- 207 209- 222,

ord: 78 80 128 145 202-208\3;

END;

BEGIN NOTES;

TEXT TAXON =1 TEXT = Histo?;

TEXT TAXON =3 TEXT = Only dermal_skull coded ;

TEXT TAXON =28 TEXT = 'Dpt/it/stBraincaseBrainLabyrinthHistologyFins';
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TEXT TAXON =31 TEXT = Code from_scan;
TEXT TAXON =41 TEXT = Histology;

TEXT TAXON =59 TEXT = 'Dpt/it/stAortaLabyrinthHistology";

TEXT CHARACTER =1 TEXT = 'Hurley et al. 2007; Xu et al. 2014. Typically, the
premaxilla is a short, paired or median bone that contributes to the orbital margin anterior to the
maxilla. However, considerable variation is present, and we have attempted to consistently code
this variation as laid out here and in the following character descriptions. A premaxilla may be
completely absent (e.g. Acipenser, Cyranorhis) or dorsally expanded into a midline bone
(possibly fused with the rostral; e.g. Bobasatrania, Styracopterus). These two latter states are
coded as ?1? here. ';

TEXT TAXON =21 CHARACTER = 1 TEXT = '"Typically, the premaxillai';

TEXT CHARACTER =2 TEXT ='Cloutier & Ahlberg, 1996; Taverne, 1997;
SchultzeCloutier & Ahlberg, 1996; Taverne, 1997; Schultze & Cumbaa, 2001; Zhu & Schultze,
2001; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Friedman & Blom, 2006; Zhu et al., 2006;
Friedman, 2007; Long et al., 2008; Swartz, 2009; Choo, 2011. Coded as inapplicable in taxa
lacking any ossification in the position typically occupied by the premaxilla (e.g. Acipenser,
Cyranorhis) and where the premaxilla appears fused with the rostral (e.g. Bobasatrania,
Styracopterus). The premaxillae in Mansfieldiscus (Long, 1988) are thought to have contacted at
the midline but have not been observed, and so the coding for this taxon is conservatively
changed from "0" to €?1. The snout is not preserved in Novagonatodus (Long, 1988; Holland et

al., 2007), so the coding is changed from €11 to &€?i. Although a median dentigerous "rostral" is
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preserved in Luederia (Schaeffer & Dalquest, 1978), the lack of associated bones means its
identity is uncertain, and it may well represent fused premaxillae. This taxon is conservatively
coded €?1. The premaxilla is absent in Wendichthys (Lund & Poplin, 1997), so the coding is
revised from "0" to "-". The coding for Moythomasia lineata is revised to "0" (Choo, 2015).";
TEXT TAXON =9 CHARACTER =2 TEXT = fused_into_one ;
TEXT TAXON =20 CHARACTER =2 TEXT = fused;

TEXT TAXON =21 CHARACTER =2 TEXT = fused;

TEXT CHARACTER =3 TEXT ='Xu et al., 2012; Xu et al., 2015; Xu & Zhao, 2016.
Coded as inapplicable in taxa lacking any ossification in the position typically occupied by the
premaxilla (e.g. Acipenser, Cyranorhis) and where the premaxilla appears fused with the rostral
(e.g. Bobasatrania, Styracopterus) and where the premaxilla appears fused with the rostral (e.g.

Bobasatrania, Styracopterus).';

TEXT CHARACTER =4 TEXT = 'Friedman, 2007; Giles et al., 2015b. Coded as
inapplicable in taxa lacking any ossification in the position typically occupied by the premaxilla
(e.g. Acipenser, Cyranorhis) and in taxa where the premaxillae do not contact at the midline. The

coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER =5 TEXT = 'Cloutier & Ahlberg, 1996; Schultze & Cumbaa,
2001; Zhu & Schultze, 2001; Zhu et al., 2001; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Zhu et
al., 2006; Friedman, 2007; Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Xu & Gao, 2011;

Zhu et al., 2013; Xu et al., 2014. Coded as inapplicable in taxa lacking any ossification in the
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position typically occupied by the premaxilla (e.g. Acipenser, Cyranorhis), where the premaxilla
appears fused with the rostral (e.g. Bobasatrania, Styracopterus) and where the premaxilla
appears fused with the rostral (e.g. Bobasatrania, Styracopterus), and where the premaxilla is
restricted anterior to the orbit. The coding for Moythomasia lineata is revised to "1" (Choo,

2015).";

TEXT CHARACTER = 6 TEXT ="'Cloutier & Arratia 2004, Xu et al. 2014. Coded as
inapplicable in taxa lacking any ossification in the position typically occupied by the premaxilla

(e.g. Acipenser, Cyranorhis).";

TEXT CHARACTER =7 TEXT ='Arratia 1999; Cavin & Suteethorn 2006; Hurley et
al. 2007. Coded as inapplicable in taxa lacking any ossification in the position typically occupied
by the premaxilla (e.g. Acipenser, Cyranorhis) and where the premaxilla appears fused with the

rostral (e.g. Bobasatrania, Styracopterus). ';

TEXT CHARACTER =8 TEXT ='Grande 2010; Xu et al., 2015; Xu & Shen, 2015; Xu
& Zhao, 2016. Coded as inapplicable in taxa lacking any ossification in the position typically
occupied by the premaxilla (e.g. Acipenser, Cyranorhis) and where the premaxilla appears fused

with the rostral (e.g. Bobosatrania, Styracopterus).';

TEXT CHARACTER =9 TEXT ='Gardiner & Schaeffer 1989; Gardiner et al. 1996;
Gardiner et al. 2005; Cavin & Suteethorn 2006; Hurley et al. 2007; Grande 2010; Lopez-

Arbarello 2011; Xu & Wu 2012; Xu et al. 2014; Xu & Shen, 2015; Xu & Zhao, 2016Xu & Zhao,
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2015; Xu & Zhao, 2015. Coded as inapplicable in taxa lacking any ossification in the position
typically occupied by the premaxilla (e.g. Acipenser, Cyranorhis) and where the premaxilla

appears fused with the rostral (e.g. Bobasatrania, Styracopterus).';

TEXT CHARACTER =10 TEXT = New character. Coded as inapplicable in taxa
lacking any ossification in the position typically occupied by the premaxilla (e.g. Acipenser,
Cyranorhis) and where the premaxilla appears fused with the rostral (e.g. Bobasatrania,

Styracopterus).';

TEXT CHARACTER =11 TEXT = 'Cloutier & Ahlberg, 1996; Taverne, 1997; Lund,
2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Lund & Poplin, 2002; Cloutier &
Arratia, 2004; Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011; Xu et al.,

2014. Choo"s (2011) codes for this character appear reversed. ';

TEXT CHARACTER = 12 TEXT ='Gardiner & Schaeffer, 1989; Taverne, 1997;

Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011.";

TEXT TAXON =71 CHARACTER = 12 TEXT = bone absent so_inapplicable ;

TEXT CHARACTER =13 TEXT = 'Gardiner et al. 1996; Hurley et al. 2007. ';

TEXT CHARACTER = 14 TEXT = 'Taverne, 1997; Schultze & Cumbaa, 2001;

Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011. ';
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TEXT CHARACTER =16 TEXT ="Xu & Wu 2012; Xu et al. 2014; Xu & Zhao, 2016.

TEXT CHARACTER =17 TEXT = 'Lund et al., 1995; Ahlberg & Johanson, 1998;
Ahlberg et al., 2000; Lund, 2000; Poplin & Lund, 2000; Schultze & Cumbaa, 2001; Lund &
Poplin, 2002; Cloutier & Arratia, 2004; Zhu & Ahlberg, 2004; Daeschler et al., 2006; Long et
al., 2006; Zhu et al., 2006; Zhu et al., 2009; Choo, 2011. The nasal is poorly preserved in
Cheirolepis canadensis (Pearson & Westoll, 1979; Arratia & Cloutier, 1996), and coding for this
taxon is revised from €01 to €?1. The position of the nostrils is not clear in Tegeolepis, and the

coding for this taxon is revised from "1" to "?".";

TEXT CHARACTER =18 TEXT = "Friedman & Blom, 2006; Long et al., 2008; Choo,
2011. The position of the nostrils is not clear in Tegeolepis, and the coding for this taxon is

revised from "0" to "?". ";

TEXT CHARACTER =19 TEXT = "Friedman & Blom, 2006; Long et al., 2008; Choo,
2011. The coding for Howqualepis rostridens (Long, 1988) and Gogosardina (Choo et al., 2009)
is revised from €0i to €11. The premaxilla is not preserved in Novagonatodus (Long, 1988;
Holland et al., 2007), so the coding is changed from €01 to €?i. The premaxilla is absent in
Wendichthys (Lund & Poplin, 1997), so the coding is revised from "0" to "-". The position of the
nostrils is not clear in Tegeolepis, and the coding for this taxon is revised from "0" to "?". The

coding for Moythomasia lineata is revised to "0" (Choo, 2015)."?".";
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TEXT CHARACTER =20 TEXT = 'Lund et al., 1995; Cloutier & Ahlberg, 1996;
Lund, 2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Lund & Poplin,
2002; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Zhu et al., 2006; Friedman, 2007; Swartz,

2009; Zhu et al., 2009; Zhu et al., 2013. ';

TEXT CHARACTER =21 TEXT = 'Cloutier & Ahlberg, 1996; Taverne, 1997,
Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu & Yu, 2002; Friedman & Blom, 2006;
Friedman, 2007; Long et al., 2008; Brazeau, 2009; Swartz, 2009; Davis et al., 2012; Zhu et al.,
2013; Xu et al., 2014; Giles et al., 2015b. A pineal foramen is variably present in Cheirolepis
canadensis (Pearson & Westoll, 1979; Arratia & Cloutier, 1996), C. trailli (Pearson & Westoll,
1979), Kentuckia deani (Rayner, 1951) and Meemannia (Zhu et al., 2010), and these taxa are
coded "0/1" to reflect this polymorphism. The coding for Moythomasia lineata is revised to "0"

(Choo, 2015)."

TEXT CHARACTER =22 TEXT = 'Dietze, 2000; Schultze & Cumbaa, 2001; Cloutier
& Arratia, 2004; Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011; Xu et
al., 2014. The coding for Cuneognathus (Friedman & Blom, 2006), Kentuckia hlavini (Dunkle,
1964) and Stegotrachelus (Swartz, 2009) is revised from €01 to €11. The coding for Melanecta
(Coates, 1998) is revised from €11 to €0i. Wendichthys (Lund & Poplin, 1997) was erroneously
coded by Choo (2011) as state €21, for which there is no description, and is recoded here as &1i.
The coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT TAXON =6 CHARACTER =22 TEXT =

two_pairs..._but together they are rectangular ;
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TEXT TAXON =9 CHARACTER =22 TEXT ="1" shaped...";

TEXT CHARACTER =23 TEXT ='Lund et al., 1995; Taverne, 1997; Dietze, 2000;
Lund, 2000; Poplin & Lund, 2000; Schultze & Cumbaa, 2001; Lund & Poplin, 2002; Cloutier &
Arratia, 2004; Friedman & Blom, 2006; Zhu et al., 2006; Long et al., 2008; Swartz, 2009; Choo,
2011; Lopez-Arbarello, 2011; Xu et al., 2014. The coding for Mimipiscis toombsi (Gardiner,
1984; Choo, 2011) is changed from €11 to €2i. The coding for Moythomasia lineata is revised to

"2" (Choo, 2015).’

TEXT CHARACTER =24 TEXT =" Arratia 1999; Lopez-Arbarello 2011. ';

TEXT CHARACTER =25 TEXT ="'Giles et al., 2015b. Although not figured, an

anterior pit line is described for Miguashaia (Cloutier 1996).";

TEXT CHARACTER =26 TEXT ="'Giles et al., 2015b.";

TEXT CHARACTER =27 TEXT = 'New character. The supraorbital canal may
terminate in the frontal/parietal, or it may become confluent with the infraorbital canal. The exact
position of this junction is highly variable, and typically occurs in the region of the frontal,

dermosphenotic, dermopterotic. ';

TEXT CHARACTER =28 TEXT = New character. In some taxa (e.g. Dapedium), the

infraorbital canal continues anteriorly above the orbit a short way.';
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TEXT CHARACTER =29 TEXT = "Lund et al., 1995; Cloutier & Ahlberg, 1996;
Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Cloutier & Arratia, 2004; Long et al., 2008;

Swartz, 2009. ';

TEXT CHARACTER =30 TEXT ='Gardiner & Schaeffer 1989; Cloutier & Arratia,
2004; Hurley et al. 2007; Choo, 2011; Xu & Zhao, 2016. This character is reformulated from
Choo"s character "Dermopterotic: present/absent". Rather than designating bones as an
intertemporal (or supratemporal or dermosphenotic) a priori, we consider the number of bones
carrying the otic portion of the lateral line canal between the dermosphenotic and the posterior
edge of the skull roof. Where two bones are present, these are treated as the intertemporal and
supratemporal; where only one is present, this is treated as the dermopterotic. Anamestic bones
between the dermosphenotic and frontal are not included in this count. The coding in Melanecta
(Coates, 1998) has been revised from "0" to "1". The coding in Moythomasia nitida (Jessen,
1968) has been revised from "1" to "0". The coding for Moythomasia lineata is revised to "0"

(Choo, 2015).

TEXT CHARACTER =31 TEXT = 'Friedman & Blom, 2006; Choo, 2011. Coded as
inapplicable in taxa with a dermopterotic. The coding for Moythomasia lineata is revised to "0"

(Choo, 2015)."

TEXT CHARACTER =32 TEXT ="'Xu & Gao, 2011; Xu et al., 2014. Coded as

inapplicable in taxa with a dermopterotic. ';
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TEXT CHARACTER =33 TEXT ='Choo, 2011. Coded as inapplicable in taxa with a
dermopterotic. The coding for Mimipiscis bartrami and M. toombsi (Gardiner, 1984; Choo,
2011) is revised from €01 to €1i. The coding for Moythomasia durgaringa (Gardiner, 1984) and
Moy. nitida (Jessen, 1968) is revised from €11 to €0i. The position of the spiracular space in
Stegotrachelus is uncertain, so this taxon is coded as &?i. The posterior and ventral borders of the
supratemporal are poorly preserved in Krasnoyarichthys (Prokofiev, 2002), so the coding is

changed from €01 to &€?i. The coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER =34 TEXT ="'Xu & Gao 2011; Xu et al. 2014. Coded as
inapplicable in taxa with a separate intertemporal and supertemporal, and in taxa lacking these

bones entirely.';

TEXT CHARACTER =36 TEXT ='Gardiner & Schaeffer, 1989; Lund et al., 1995;
Cloutier & Ahlberg, 1996; Coates, 1998; Lund, 2000; Poplin & Lund, 2000; Schultze &
Cumbaa, 2001; Zhu & Schultze, 2001; Lund & Poplin, 2002; Cloutier & Arratia, 2004; Friedman
& Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011; Lopez-Arbarello 2011; Zhu et al.,
2013; Xu et al., 2015; Xu & Zhao, 2016. The coding for Moythomasia lineata is revised to "0"
(Choo, 2015)."

TEXT TAXON =63 CHARACTER = 36 TEXT = 'polymorphic - 0/1';

TEXT CHARACTER =37 TEXT ="'Giles et al., 2015b. The skull roof of Moythomasia

as shown in Fig. 103 (Gardiner, 1984) is a restoration (see also Choo 2015: fig. 13). The only
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skull roof directly figured by Gardiner does not preserve the extrascapulars in situ (fig. 83).
However, in specimens viewed by us, as well as in published photos of articulated material (e.g.
Choo 2015: fig 8), the lateral extrascapular of M. durgaringa is clearly excluded from the lateral
margin of the skull roof. The extrascapular in Cuneognathus is incomplete laterally. However,
the extensive posterolateral extension of the supratemporal (Friedman & Blom, 2006: fig. 3)
makes it unlikely that the extrascapular would have reached the lateral edge of the skull roof, and
as such this character is coded €0i. This convention is also followed for Tegeolepis (Dunkle,
1964), and Meemannia (Zhu et al., 2006). The coding for Moythomasia lineata is revised to "0"

(Choo, 2015). ;

TEXT CHARACTER =38 TEXT = 'Dietze, 2000; Cloutier & Arratia, 2004; Long et
al., 2008; Swartz, 2009; Choo, 2011; Xu & Gao, 2011; Zhu et al., 2013; Xu et al., 2014. The
coding in Mimipiscis bartrami, M. toombsi (Gardiner, 1984; Choo, 2011), Stegotrachelus
(Swartz, 2009), Cheirolepis canadensis (Arratia & Cloutier, 1996), C. schultzei (Arratia &
Cloutier, 2004), C. trailli (Pearson & Westoll, 1979), Donnrosenia (Long et al., 2008),
Howqualepis (Long, 1988), Mansfieldiscus (Long, 1988) and Woodichthys (Coates, 1998) is
revised from €01 to €11. The extrascapulars are not preserved in Gogosardina (Choo et al., 2009)
and Melanecta (Coates, 1998), and the coding for these taxa is revised from €01 to €?i. The
median extrascapular in Coccocephalichthys has an anterior and posterior series, as well as being
paired about the midline, and is coded as €01 here. The coding for Moythomasia lineata is revised

to "1" (Choo, 2015).";
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TEXT CHARACTER =39 TEXT ='Giles et al., 2015b. inapplicable for taxa that
possess a median extrascapular, as it is logically impossible for the lateral extrascapulae to meet
in the midline. It is unclear whether the extrascapulae met at the midline in Moythomasia

durgaringa (Gardiner, 1984) or Cuneognathus (Friedman & Blom, 2006), so these taxa are coded

H")H .
. ey

TEXT CHARACTER =40 TEXT ='Choo, 2011. The codings for Mimipiscis bartrami,
M. toombsi (Gardiner, 1984; Choo, 2011), Osorioichthys (Taverne, 1997), Cheirolepis
canadensis (Arratia & Cloutier, 1996), C. trailli (Pearson & Westoll, 1979), Mansfieldiscus
(Long, 1988), Woodichthys (Coates, 1998) and Wendichthys (Lund & Poplin, 1997) are revised
from €11 to €01i. Although often figured as present in reconstructions, it is unclear whether these
canals were present in Howqualepis rostridens (Long, 1988), Cuneognathus (Friedman & Blom,
2006), Donnrosenia (Long et al., 2008), Kentuckia hlavini (Dunkle, 1964), Limnomis
(Daeschler, 2000), Stegotrachelus (Swartz, 2009) and Krasnoyarichthys (Prokofiev, 2002), and
the coding for these taxa is revised from €11 to €?1. The coding for Moythomasia lineata is

revised to "1" (Choo, 2015).";

TEXT CHARACTER =41 TEXT ="'Gardiner & Schaeffer 1989; Lund et al. 2000;
Cloutier & Arratia, 2004; Hurley et al. 2007; Choo, 2011; Xu & Gao, 2011; Xu et al., 2014. The
coding for Moythomasia lineata is revised to "0" (Choo, 2015).H07: Discoserra has a large plate
at the anterior of the infraorbital series, the antorbital or infraorbital identity of which is uncertain
because the sensory canal pattern is unclear (a dorsally directed branch would indicate antorbital

affinity). It is interpreted here as the anteriormost infraorbital (lachrymal) (figure 2a, la).";
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TEXT CHARACTER =42 TEXT ='Grande 2010; Xu & Wu 2012; Xu et al. 2014; Xu

& Shen, 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =43 TEXT = 'Cloutier & Arratia, 2004; Gardiner et al., 2005;
Choo, 2011; Xu & Gao, 2011; Xu et al., 2014. Choo"s (2011) codes for this character appear
reversed. The coding for Gogosardina (Choo et al., 2009) is revised from "0" to "?". The coding
for Limnomis (Daeschler, 2000) is revised from "?" to "0". The coding for Tegeolepis (Dunkle &
Schaeffer, 1973) is revised from "0" "to "?". The coding for Moythomasia lineata is revised to "0"

(Choo, 2015)."

TEXT CHARACTER =44 TEXT = 'Taverne, 1997; Friedman & Blom, 2006; Long et
al., 2008; Swartz, 2009; Choo, 2011. The coding for Melanecta (Coates, 1998) is revised from
€01 to €?1. The coding for Miguashaia (Cloutier, 1996) is revised from "1" to "?".The coding for
Novagonatodus (Long, 1988; Holland et al., 2007) and Onychodus (Andrews et al., 2006) is
revised from €71 to €11. The coding for Tegeolepis (Dunkle & Schaeffer, 1973) is revised from

"1" to "0". The coding for Wendichthys (Lund & Poplin, 1997) is revised from "0" to "1". ';

TEXT CHARACTER =45 TEXT ='Cloutier & Arratia, 2004; Friedman & Blom, 2006;
Long et al., 2008; Swartz, 2009; Choo, 2011; Xu et al., 2014. Although the jugal of
Moythomasia durgaringa is only faintly notched in its reconstruction (Gardiner, 1984: fig. 103),
the notch is clearly visible on the medial face (Gardiner, 1984: fig. 73). As such the coding is

revised from €01 to €1i. The coding in Cuneognathus (Friedman & Blom, 2006) is revised
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fromiO1i to €?1. The coding in Novagonatodus (Long, 1988; Holland et al., 2007) is changed from
€11 to €0i.The coding in Wendichthys (Lund & Poplin, 1997) is revised from "1" to "0". The

coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER =46 TEXT ='Gardiner & Schaeffer 1989; Taverne, 1997;
Schultze & Cumbaa, 2001; Friedman & Blom, 2006; Long et al., 2008; Choo, 2011; Lopez-
Arbarello 2011; Xu & Gao 2011; Xu et al., 2015; Xu & Zhao, 2016Xu & Zhao, 2015.";

TEXT TAXON =26 CHARACTER =46 TEXT = coded_separately. ;

TEXT CHARACTER =47 TEXT ="'Giles et al., 2015b. Multiple branches radiate from

the infraorbital canal in the jugal of many Carboniferous actinopterygians.';

TEXT CHARACTER =48 TEXT ='Gardiner & Schaeffer, 1989; Coates, 1998;
Schultze & Cumbaa, 2001; Cloutier & Arratia, 2004; Friedman & Blom, 2006; Zhu et al., 2006;
Long et al., 2008; Zhu et al., 2009; Choo, 2011; Xu & Zhao, 2015. The dermosphenotic of
Moythomasia illustrated by (Gardiner 1984, fig 69) lacks a posterior limb, but this is from a
small individual and most likely reflects ontogenetic variability, with a posterior limb being
developed in larger individuals (B. Choo, pers. comm.; Choo 2015: fig. 8). The shape of the
dermosphenotic in Cuneognathus (Friedman & Blom, 2006) is inferred, and the coding is thus
revised from €11 to €?1. The coding in Melanecta (Coates, 1998) is revised from €01 to €?1. The
posterior limb of the dermosphenotic is variably developed in Mesopoma (Coates, 1999), so this
taxon is scored "0/1" to reflect this polymorphism.';

TEXT TAXON =6 CHARACTER =48 TEXT =no_distinct dsphen,;
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TEXT CHARACTER =49 TEXT = "Friedman & Blom, 2006; Choo, 2011. The coding

for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER =50 TEXT ='Gardiner & Schaeffer 1989; Hurley et al. 2007; Xu

& Gao 2011; Xu et al. 2014; Xu et al., 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =51 TEXT ='Cavin & Suteethorn 2006; Lopez-Arbarello 2011.";

TEXT CHARACTER =52 TEXT ='Grande 2010; Xu & Wu 2012; Xu et al. 2014,
2015; Xu & Zhao, 2016. The first lachrymal is regarded here as the anteriormost canal-bearing

bone that contributes to orbital margin.';

TEXT CHARACTER =53 TEXT = 'Wiley 1976; Lopez-Arbarello 2010.";

TEXT CHARACTER = 54 TEXT = 'Patterson, 1982; Lauder & Liem, 1983; Gardiner,
1984; Cloutier & Arratia, 2004; Brazeau, 2009; Friedman & Brazeau, 2010; Choo, 2011; Davis
et al., 2012; Zhu et al., 2013; Giles et al., 2015b. Choo"s (2011) codes may be reversed for this
character, but it is unclear. The coding for Cuneognathus (Friedman & Blom, 2006), Kentuckia
hlavini, Krasnoyarichthys and Limnomis is revised from "1" to ?". The coding for Donnrosenia,
Gogosardina, Howqualepis, Masnfieldiscus, Melanecta, Mimipiscis bartrami, M. toombsi,
Moythomasia durgaringa, Moy. nitida, Novagonatodus, Stegotrachelus and Woodichthys is

revised from "1" to "0". The coding for Onychodus is revised from "0" to "1". The coding for
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Miguashaia is revised from "-" to "1". The coding for Moythomasia lineata is revised to "0"
g g Y

(Choo, 2015)."

TEXT CHARACTER = 55 TEXT = "Patterson, 1982; Gardiner & Schaeffer, 1989;
Lund et al., 1995; Cloutier & Ahlberg, 1996; Coates, 1998; Dietze, 2000; Lund, 2000; Schultze
& Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Lund & Poplin, 2002; Zhu & Yu,
2002; Cloutier & Arratia, 2004; Gardiner et al., 2005; Friedman & Blom, 2006; Zhu et al., 2006;
Friedman, 2007; Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Choo, 2011; Xu & Gao, 2011;
Xu et al., 2014; 2015; Xu & Zhao, 2016. This region of the cheek is missing in
Coccocephalichthys (Poplin, 1974; Poplin & VEran, 1996), and was presumably removed by
Watson (1925) when he first described the specimen. It is unclear from the surviving cast
whether a dermohyal and/or accessory operculum were present, and as such this taxon is coded
as €71. The presence of a dermohyal is only inferred in Donnrosenia (Long et al., 2008), and the

coding for this taxon is revised from &11 to €?".";

TEXT CHARACTER =56 TEXT ='Giles et al., 2015b. The dermohyal is not preserved
in Melanecta (Coates, 1998), but it is clear from the surrounding bones that it would not have

projected above the dorsal surface of the operculum.';

TEXT CHARACTER =57 TEXT ='Gardiner et al., 2005; Coates, 1999; Xu & Gao,

2011; Xu et al., 2014. The relevant part of the cheek is not preserved in Donnrosenia (Long et

al., 2008), so the coding for this taxon is changed from "1" to "?".';
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TEXT CHARACTER =58 TEXT = "Friedman, 2007; Zhu et al., 2009. The position of
the spiracular space in Stegotrachelus (Swartz, 2009) is uncertain, so this taxon is coded as "?".

The coding for Moythomasia lineata is revised to "1" (Choo, 2015).";

TEXT CHARACTER =59 TEXT ="'Zhu & Yu, 2002; Friedman, 2007; Xu et al., 2014,

2015; Xu & Zhao, 2016.";

TEXT CHARACTER =60 TEXT = "Lund et al., 1995; Lund, 2000; Poplin & Lund,
2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Zhu & Yu, 2002;
Lund & Poplin, 2002; Cloutier & Arratia, 2004; Zhu et al., 2006; Friedman, 2007; Zhu et al.,

2009; Zhu et al., 2013; Giles et al., 2015b. ';

TEXT CHARACTER =61 TEXT = 'Friedman, 2007; Zhu et al., 2009; Zhu et al., 2013;

Giles et al., 2015b. ";

TEXT CHARACTER = 62 TEXT = 'Friedman, 2007; Zhu et al., 2009; Zhu et al.,

2013,

TEXT CHARACTER =63 TEXT = 'Cloutier & Arratia, 2004; Lopez-Arbarello 2011;

Xu et al. 2014; Xu et al. 2014, 2015; Xu & Zhao, 2016.";

138



TEXT CHARACTER = 64 TEXT = 'Gardiner & Schaeffer 1989; Gardiner et al. 1996;
Gardiner et al. 2005; Coates 1999; Hurley et al. 2007; Xu & Gao 2011; Xu et al. 2014, 2015; Xu

& Zhao, 2016.";

TEXT CHARACTER =65 TEXT ='Grande 2010; Xu & Wu 2012; Xu et al. 2014. ';

TEXT CHARACTER = 66 TEXT ='Grande & Bemis 1998; Xu & Wu 2012; Xu et al.

2014, 2015. Arratia 2013; Xu & Zhao, 2016.";

TEXT CHARACTER = 67 TEXT ='Gardiner & Schaeffer 1989; Gardiner et al. 1996;
Gardiner et al. 2005; Coates 1999; Hurley et al. 2007; Xu & Gao 2011; Xu et al. 2014, 2015; Xu

& Shen, 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =68 TEXT = "Friedman & Blom, 2006; Long et al., 2008;

Swartz, 2009; Choo, 2011. The coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER = 69 TEXT ='Giles et al., 2015b. The mandibular canal is
reconstructed as reaching the anterior margin of the dentary in Cuneognathus (Friedman &
Blom, 2006), but specimen photos appear to show it leaving through the dorsal margin. As such,

this taxon is coded "1" for this character. ';

TEXT CHARACTER =70 TEXT ='Ahlberg & Johanson, 1998; Zhu et al., 2001; Zhu

& Yu, 2002; Zhu & Ahlberg, 2004; Friedman, 2007; Zhu et al., 2009.";
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TEXT CHARACTER =71 TEXT ="'Cloutier & Arratia 2004, Xu et al. 2014. ";

TEXT TAXON =74 CHARACTER =71 TEXT ='0"n';

TEXT CHARACTER =72 TEXT = "Friedman & Blom, 2006; Long et al., 2008;
Swartz, 2009; Choo, 2011. The anterior extent of the dentary is not preserved in Limnomis

(Daeschler, 2000), so the coding for this taxon is revised from "1" to "?". ';

TEXT CHARACTER =73 TEXT = "Friedman, 2007. Coates (1998) states that the
maxilla of Melanecta bears large teeth interspersed with smaller teeth, but it is unclear how these

teeth are arranged. As such, this taxon is coded "?". ';

TEXT CHARACTER =74 TEXT = 'New character. In Styracopterus, Fouldenia and
Amphicentrum, a lateral lamina of bone obscures the maxillary dentition (Sallan & Coates

2013).;

TEXT CHARACTER =75 TEXT = "Patterson, 1982; Gardiner, 1984; Maisey, 1986;
Gardiner & Schaeffer, 1989; Cloutier & Ahlberg, 1996; Taverne, 1997; Coates, 1999; Poplin &
Lund, 2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Zhu & Yu,
2002; Cloutier & Arratia, 2004; Gardiner et al., 2005; Friedman & Blom, 2006; Zhu et al., 2006;
Friedman, 2007; Long et al., 2008; Zhu et al., 2009; Friedman & Brazeau, 2010; Choo, 2011; Xu
& Gao, 2011; Zhu et al., 2013; Xu et al., 2014; Giles et al., 2015b. The presence of acrodin in

Limnomis (Daeschler, 2000), Mansfieldiscus (Long, 1988), Melanecta (Coates, 1998) and
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Woodichthys (Coates, 1998) is uncertain, and the coding for these taxa is revised from "1" to

H")H .
« ey

TEXT CHARACTER =76 TEXT ='Zhu & Yu 2002; Friedman 2007; Lopez-Arbarello

2011.1%

TEXT CHARACTER =77 TEXT = "Friedman & Blom, 2006; Long et al., 2008;
Swartz, 2009; Grande 2010; Choo, 2011; Xu et al., 2014.";
TEXT TAXON =3 CHARACTER =77 TEXT =nb_three ossifications;

TEXT TAXON =41 CHARACTER =77 TEXT =nb_two_ossifications;

TEXT CHARACTER =78 TEXT = "Friedman & Blom, 2006; Friedman, 2007; Long et
al., 2008; Choo, 2011; Xu & Gao, 2011; Xu et al., 2014. The coding for Kentuckia hlavini
(Dunkle, 1964) and Guiyu (Zhu et al., 2009) is revised from "0" to "?". The coding for Limnomis
(Daeschler, 2000) and Stegotrachelus (Swartz, 2009) is revised from "1" to "?". The coding in
Mansfieldiscus (Long, 1988) is revised from "0" to "2". The coding for Moythomasia lineata is

revised to "1" (Choo, 2015).HO07:';

TEXT CHARACTER =79 TEXT ='Schultze and Cumbaa, 2001; Zhu and Schultze,

2001; Zhu et al., 2001; Zhu and Yu, 2002; Zhu et al., 2006; Friedman, 2007; Zhu et al., 2009. ';

TEXT CHARACTER =80 TEXT ='Ahlberg & Clack, 1998; Daeschler et al., 2006;

Long et al., 2006; Friedman, 2007; Zhu et al., 2009; Zhu et al., 2013; Giles et al., 2015b. A
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single specimen of Pteronisculus stensioi has at least five or six coronoids anterior to the
prearticular region. However, these appear to correspond to the three coronoids present in most
specimens, so the taxon is coded here as "2". Two coronoids are reported in Boreosomus
(Nielsen, 1942).";

TEXT TAXON =4 CHARACTER =80 TEXT = fused;

TEXT TAXON =71 CHARACTER =80 TEXT =

Hmm. The one figured in G&B only has two. ;

TEXT CHARACTER = 81 TEXT ='Gardiner & Schaeffer 1989; Zhu & Yu, 2002;

Friedman, 2007; Friedman, 2007; Xu & Gao 2011; Xu et al. 2014, 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =82 TEXT = Modified from Gardiner et al. 2005. ;

TEXT CHARACTER =83 TEXT =
Arratia 2013. A_distinct notch in the posterior margin of the dentary is seen in taxa suc

h_as_Leptolepis._;

TEXT CHARACTER = 84 TEXT ='Grande & Bemis 1998; Grande 2010; Xu & Wu

2012; Xu et al. 2014, 2015; Lopez-Arbarello 2011; Xu & Zhao, 2016.";

TEXT CHARACTER =86 TEXT = 'Revised from Friedman, 2007; Brazeau, 2009; Zhu
et al., 2009; Friedman & Brazeau, 2010; Davis et al., 2012; Zhu et al., 2013; Giles et al., 2015b.

This character is expanded from previous formulations, which only considered whether a
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basipterygoid fenestra was absent or present. Where a basipterygoid process is absent, the dorsal
margin of the palate may be flat, or the metapterygoid may bear a distinct notch. ';

TEXT TAXON =6 CHARACTER =86 TEXT = mpt_proc;

TEXT CHARACTER =88 TEXT = New_character._;

TEXT CHARACTER =89 TEXT = 'This character captures whether the

palatoquadrates contact at the midline. *n';

TEXT CHARACTER =92 TEXT = "Friedman, 2007.";

TEXT CHARACTER =94 TEXT = 'Lopez-Arbarello 2011; Arratia 2013; Xu & Wu,
2012; Xu & Zhao, 2016.";

TEXT TAXON =21 CHARACTER =94 TEXT = paired and median_vomers;

TEXT TAXON =33 CHARACTER =94 TEXT = vomers_fuse ontogenetically;

TEXT TAXON =71 CHARACTER =94 TEXT =

sutured to parasphenoid. Check in Grande & Bemis. ;

TEXT CHARACTER =95 TEXT = Hurley et al. 2007.;

TEXT CHARACTER =96 TEXT = 'Schultze & Cumbaa, 2001; Cloutier & Arratia,
2004; Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009. This region of the cheek was

removed in Coccocephalichthys (Poplin, 1974; Poplin & VEran, 1996), presumably by Watson
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(1925) when he first described the specimen. It is unclear from the surviving cast whether a

dermohyal and/or accessory operculum were present, and as such this taxon is coded as &71. ';

TEXT CHARACTER =97 TEXT = 'Modified from Lund et al., 1995; Lund, 2000;
Lund & Poplin, 2002; Cloutier & Arratia, 2004; Long et al., 2008; Swartz, 2009; Choo, 2011; Xu
et al., 2015; Xu & Zhao, 2016Xu & Zhao, 2015. . The coding in Osorioichthys (Taverne, 1997),
Mansfieldiscus (Long, 1988), Melanecta (Coates, 1988), Moythomasia nitida (Jessen, 1968),
Novagonatodus (Long, 1988; Holland et al., 2007), Woodichthys (Coates, 1998), Cuneognathus
(Friedman & Blom, 1006) and Krasnoyarichthys (Prokofiev, 2002) is revised from €0i to &11.
The coding in Howqualepis (Long, 1988), Donnrosenia (Long et al., 2008) and Limnomis

(Daeschler, 2000) is revised from €11 to €0i.";

TEXT CHARACTER =98 TEXT = Xu_et_al, 2014. ;

TEXT TAXON =9 CHARACTER =98 TEXT = multiple suboperc;

TEXT CHARACTER =99 TEXT = "Long et al., 2008; Choo, 2011; Lopez-Arbarello
2011. The coding in Howqualepis (Long, 1988) and Donnrosenia (Long et al., 2008) is changed
from "0" to "1". The anterodorsal process is described as well developed in Gogosardina (Choo et
al., 2009), and the coding for this taxon is revised from "?" to "1". An anterodorsal process is also
present in "semionotiforms". Although these processes do not appear to be homologous they are

coded within the character. ";
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TEXT CHARACTER =101 TEXT = "Friedman, 2007; Zhu et al., 2009; Zhu et al.,
2013; Xu & Zhao, 2016. ";
TEXT TAXON =1 CHARACTER =101 TEXT = lots_of small ossicles...;

TEXT TAXON =21 CHARACTER =101 TEXT = loads! suborbs carry it... ;

TEXT CHARACTER = 102 TEXT ='Modified from Gardiner et al., 2005; Swartz
2009. This character is reformulated from its original (compound) formulation, which considered
both maxilla and preoperculum shape. Primitively in actinopterygians the preoperculum is
wholly or partially developed dorsal to the maxilla as an anterodorsal-posteroventrally oriented
bone, either with (e.g. Mimipiscis, Moythomasia) or without (e.g. Cheirolepis) a dorsoventrally
oriented limb. The preoperculum may also be near-vertical, with no distinct anterodorsal or
anteroventral extensions (e.g. Boreosomus, Peltopleurus), or developed as an anteroventral-

posterodorsally-directed bone largely ventral to the maxilla (e.g. Discoserra, Propterus).';

TEXT CHARACTER =103 TEXT = 'Modified from Lopez-Arbarello 2011.";

TEXT CHARACTER =104 TEXT = 'Lopez-Arbarello 2011. ;

TEXT CHARACTER = 105 TEXT = 'Gardiner & Schaeffer 1989; Xu & Gao 2011; Xu

et al. 2014, 2015. Gardiner & Schaeffer 1989; Olsen & McCune 1991; Gardiner et al. 1996;

Gardiner et al. 2005; Cavin & Suteethorn 2006; Hurley et al. 2007; Lopez-Arbarello 2011; Xu &

Zhao, 2016. ';
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TEXT CHARACTER =106 TEXT ='Lund et al., 1995; Cloutier & Arratia, 2004;
Choo, 2011. The coding for Mimipiscis bartrami, M. toombsi (Gardiner, 1984, Choo, 2011),
Stegotrachelus (Swartz, 2009), Cheirolepis canadensis (Arratia & Cloutier, 1996), C. schulzei
(Arratia & Cloutier, 2004), C. trailli (Pearson & Westoll, 1979) Donnrosenia (Long et al., 2008),
Gogosardina (Choo et al., 2009), Howqualepis rostridens (Long, 1988), Novagonatodus (Long,
1988; Holland et al., 2007), Mansfieldiscus (Long, 1988) and Woodichthys (Coates, 1998) is
revised from €11 to €0i. The coding for Cuneognathus (Friedman & Blom, 2006), Kentuckia
hlavini (Dunkle, 1964) and Melanecta (Coates, 1998) is revised from €11 to €?1. The coding for
Krasnoyarichthys (Prokofiev, 2002) is changed from &?1 to €11.";

TEXT TAXON =74 CHARACTER = 106 TEXT = 0;

TEXT CHARACTER =107 TEXT ="Xu et al., 2014. ;

TEXT CHARACTER =108 TEXT = 'Gardiner & Schaeffer, 1989; Cloutier & Ahlberg,
1996; Taverne, 1997; Lund & Poplin, 1997; Coates, 1999; Schultze & Cumbaa, 2001; Zhu &
Schultze, 2001; Cloutier & Arratia, 2004; Friedman & Blom, 2006; Long et al., 2008; Swartz,
2009; Brazeau, 2009; Xu & Gao, 2011; Davis et al., 2012; Zhu et al., 2013; Xu et al., 2014; Giles
et al., 2015b. The coding for Mansfieldiscus (Long, 1988) is revised from &?i to €1i. The
condition in Boreosomus (Nielsen, 1942) is unique: instead of lateral gulars flanking a median
gular, there appears to be a second median gular. This may well represent a fusion of the two,
longer lateral gulars, is coded as such. The coding for Moythomasia lineata is revised to "0"

(Choo, 2015)."
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TEXT CHARACTER =109 TEXT = 'Lund et al., 1995; Cloutier & Ahlberg, 1996;
Coates, 1999; Lund, 2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001:
Lund & Poplin, 2002; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Zhu et al., 2006; Friedman,
2007; Zhu et al., 2009; Xu & Gao, 2011; Zhu et al., 2013; Xu et al., 2014, 2015; Giles et al.,
2015b; Xu & Zhao, 2015. Pearson & Westoll (1979: p. 365) state that a median gular is not
known in Cheirolepis canadensis. Although a median gular is reconstructed by Cloutier &
Arratia (1996: fig. 7), this bone is not present in any specimen photos and is not mentioned in the

text. As such, this taxon is coded as €?1.";

TEXT CHARACTER =110 TEXT = "Friedman, 2007; Zhu et al., 2009; Brazeau, 2009;
Friedman & Brazeau, 2010; Davis et al., 2012; Zhu et al., 2013; Giles et al., 2015b. Cheirolepis

trailli is coded "0" (Giles et al., 2015a). ';

TEXT CHARACTER =111 TEXT = 'New character. iPrimitively in actinopts, the optic
nerve exits the cranial cavity into the orbit through paired foramina approximately halfway up
the orbital wall. In many Carboniferous and younger taxa, much of the orbital wall is unossified
(the optic fenestra). The optic nerves may exit through openings just posterior to (e.g.
Pteronisculus) or confluent with (e.g. Pholidophorus) the optic fenestra. In polypterids and
Fukangichthys, the optic nerve exits ventrally through paired foramina that abut the

parasphenoid."";
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TEXT CHARACTER =112 TEXT ='Giles et al., 2015b. Carboniferous and younger
actinopts such as Lawrenciella (Hamel & Poplin, 2008) have a median crista anterior to the

anterior dorsal fontanelle upon which the skull roof sits.";

TEXT CHARACTER =113 TEXT ="'Giles et al., 2015b. The anterior dorsal fontanelle
of many Carboniferous and younger actinopts is greatly expanded, in contrast to the smaller

fontanelle of Devonian taxa such as Mimipiscis (Gardiner, 1984).";

TEXT CHARACTER =114 TEXT = "'Coates, 1999.";

TEXT CHARACTER =115 TEXT ="Coates, 1999.";

TEXT CHARACTER =116 TEXT ='Coates, 1999; Gardiner et al. 1996; Hurley et al.

2007; Xu & Gao, 2011; Xu et al., 2014, 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =117 TEXT = 'Modified from Coates, 1999; Xu et al., 2014.
Wiley 1976; Gardiner, 1984; Gardiner & Schaeffer, 1989; Gardiner et al. 1996; Hurley et al.

2007; Lopez-Arbarello 2011; Xu & Gao, 2011; Xu et al. 2014, 2015; Xu & Zhao, 2016.";

TEXT CHARACTER = 118 TEXT = "Patterson, 1982; Gardiner, 1984; Gardiner &

Schaeffer, 1989; Taverne, 1997; Coates, 1999; Gardiner et al., 2005; Xu & Gao, 2011; Xu et al.,

2014. Taxa that lack a groove on the lateral commissure are coded as inapplicable for this
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character. . Following Xu et al. (2014), the spiracle in Moythomasia durgaringa is coded "1".

Cheirolepis trailli is coded "0" (Giles et al., 2015a). ';

TEXT CHARACTER =119 TEXT = 'Gardiner et al., 2005; Xu & Gao, 2011; Xu et al.,

2014, 2015; Xu & Zhao, 2016.)";

TEXT CHARACTER = 120 TEXT = 'Gardiner, 1984; Gardiner & Schaeffer, 1989;

Taverne, 1997; Coates ,1999.';

TEXT CHARACTER =121 TEXT = 'Gardiner et al. 2005; Gardiner et al. 1996; Hurley

et al. 2007; Xu & Gao 2011; Xu et al. 2015. ';

TEXT CHARACTER = 122 TEXT ='Gardiner, 1984; Gardiner & Schaeffer, 1989;
Taverne, 1997; Coates, 1999; Xu & Gao, 2011; Xu et al., 2014. Cheirolepis trailli is coded "0"

(Giles et al., 2015a). ';

TEXT CHARACTER = 123 TEXT = "Friedman, 2007; Brazeau, 2009; Zhu et al., 2009;

Friedman & Brazeau, 2010; Davis et al., 2012; Zhu et al., 2013; Brazeau & Friedman, 2014;

Giles et al., 2015b. Cheirolepis trailli is coded "1" (Giles et al., 2015a). ';

TEXT CHARACTER =124 TEXT ='Coates, 1999. We follow Coates (1999) in coding

Howqualepis as "0" on the basis of Long 1988 fig. 16 and AMF65495 (pers. obs. S.G.), rather
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than the braincase reconstruction (Long, 1988: fig. 18). Cheirolepis trailli is coded "0" (Giles et

al., 2015a). ';

TEXT CHARACTER = 125 TEXT = 'Friedman, 2007; Brazeau, 2009; Davis et al.,
2012; Zhu et al., 2013; Giles et al., 2015b. Cheirolepis trailli is coded "1" (Giles et al., 2015a). ';

TEXT TAXON =71 CHARACTER = 125 TEXT = check_this_coding..._ ;

TEXT CHARACTER = 126 TEXT ='Giles et al., 2015b. Variable in Boreosomus: the
posterior dorsal fontanelle is closed in the specimen figured in Nielsen (1942: plate 25F), but
developed in the specimen figured in plate 28. This taxon is coded €0/11 to reflect this

polymorphism. ';

TEXT CHARACTER =127 TEXT ="'Giles et al., 2015b. This projection is somewhat
reduced in Pteronisculus (Nielsen, 1942), but is coded "1" here. Variable in Boreosomus: the
posterior dorsal fontanelle is closed in the specimen figured in Nielsen 1942 plate 25F, but
developed in the specimen figured in plate 28. This taxon is coded €0/11 to reflect this

polymorphism. Cheirolepis trailli is coded "0" (2015a). ';

TEXT CHARACTER =128 TEXT ="'Coates & Sequeira, 1998; Coates & Sequeira,
2001a, b; Coates, 1999; Friedman, 2007; Zhu et al., 2009; Friedman & Brazeau, 2010; Zhu et al.,
2013; Giles et al., 2015b. This character is coded as inapplicable in taxa that lack a canal for the
dorsal aorta. Cheirolepis trailli is coded "0" (Giles et al., 2015a). The aortic canal of

Moythomasia is not figured by Gardiner (1984), but a clear posterior notch in the aortic canal
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can be seen in Long & Trinajstic (2010:fig 5b). The neurocranium of Gogosardina is not yet
described, but this character can be coded on the basis of Choo et al. (2009: fig. 9). ';

TEXT TAXON =25 CHARACTER = 128 TEXT = 'Rayner says canal, Patetrson says
no canal...’;

TEXT TAXON =43 CHARACTER = 128 TEXT = Draw_in_notebook!;

TEXT CHARACTER =129 TEXT ='Giles et al., 2015b. In Mimipiscis bartrami and
M. toombsi, a groove for one of the efferent branchial arteries branches off from the lateral
dorsal aorta immediately before the articular area for the first infrapharyngobranchial. However,
it is uncertain which, so both taxa coded as "?" for these characters. The neurocranium of

Gogosardina is not yet described, but this character can be coded on the basis of Choo et al.

(2009: fig. 9).

TEXT CHARACTER =130 TEXT ='Giles et al., 2015b. In Mimipiscis bartrami and
M. toombsi, a groove for one of the efferent branchial arteries branches off from the lateral
dorsal aorta immediately before the articular area for the first infrapharyngobranchial. However,
it is uncertain which, so both taxa coded as "?" for these characters. The neurocranium of

Gogosardina is not yet described, but this character can be coded on the basis of Choo et al.

(2009: fig. 9).

TEXT CHARACTER = 131 TEXT ="Coates, 1999. This character is coded as
inapplicable in taxa that lack a canal for the dorsal aorta. In Mimipiscis toombsi, the bifurcation

point of the dorsal aorta can be open (Giles & Friedman, 2014: fig. 2) or closed (Gardiner 1984:
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fig. 15). This taxon is coded "0/1" to reflect this polymorphism. The aortic canal of Moythomasia
is not figured by Gardiner (1984), but the bifucation into the lateral dorsal aortae can be seen in

Long & Trinajstic (2010:fig 5b).";

TEXT CHARACTER =132 TEXT = New_character._;

TEXT CHARACTER =133 TEXT ="'Wiley 1976; Lopez-Arbarello 2011. ;

TEXT CHARACTER =134 TEXT ='Gardiner et al. 1996; Hurley et al. 2007. This

character can only be coded when separate braincase ossifications can be identified. ';

TEXT CHARACTER = 135 TEXT ='Olsen & McCune 1991; Gardiner et al. 1996;
Cavin & Suteethorn 2006; Hurley et al. 2007; Lopez-Arbarello 2011. This character can only be

coded when separate braincase ossifications can be identified. ';

TEXT CHARACTER =136 TEXT ='Grande 2010; Lopez-Arbarello 2011; Xu & Wu
2012; Xu et al. 2014, 2015; Arratia 2013; Xu & Zhao, 2016. This character can only be coded

when separate braincase ossifications can be identified. ';

TEXT CHARACTER = 137 TEXT ="'Gardiner et al. 1996; Grande & Bemis, 1998;
Hurley et al. 2007; Xu et al. 2014; Xu & Shen, 2015; Xu & Zhao, 2016. This character can only

be coded when separate braincase ossifications can be identified. ';

152



TEXT CHARACTER =138 TEXT ='Wiley 1976; Cavin & Suteethorn 2006; Hurley et
al. 2007; Grande 2010; Lopez-Arbarello 2011; Xu et al., 2014, 2015; Xu & Zhao, 2016. This

character can only be coded when separate braincase ossifications can be identified.) ';

TEXT CHARACTER =139 TEXT ='Olsen 1994; Gardiner et al. 1996; Lopez-
Arbarello 2011; Xu et al. 2014; Xu & Shen, 2015; Xu & Zhao, 2016. This character can only be

coded when separate braincase ossifications can be identified. ';

TEXT CHARACTER =140 TEXT = 'Grande 2010; Xu et al. 2014, 2015; Xu & Zhao,

2016. This character can only be coded when separate braincase ossifications can be identified. ';

TEXT CHARACTER = 141 TEXT ='Gardiner et al. 1996; Hurley et al. 2007. This

character can only be coded when separate braincase ossifications can be identified. ';

TEXT CHARACTER = 142 TEXT ='Gardiner, 1984; Gardiner & Schaeffer, 1989;
Coates, 1999; Hurley et al. 2007; Lopez-Arbarello 2011; Xu & Gao, 2011; Xu et al. 2014, 2015;

Xu & Zhao, 2016. ';

TEXT CHARACTER = 143 TEXT = 'Gardiner, 1984; Gardiner & Schaeffer, 1989;

Gardiner et al. 1996; Hurley et al. 2007; Xu & Gao, 2011; Xu et al. 2014, 2015; Xu & Zhao,

2016.) "
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TEXT CHARACTER = 144 TEXT ='Gardiner, 1984; Gardiner & Schaeffer, 1989;
Coates, 1999; Gardiner et al. 1996; Hurley et al. 2007; Xu & Gao, 2011; Xu et al. 2014, 2015;
Xu & Zhao, 2016.)

TEXT TAXON =23 CHARACTER = 144 TEXT =

Unclear where hmd_articulates _so not sure. Also why foramen?;

TEXT CHARACTER = 145 TEXT = 'Coates, 1999; Zhu & Yu, 2002; Gardiner et al.,
2005; Friedman, 2007, Xu & Gao, 2011; Xu et al., 2014, 2015; Xu & Zhao, 2016. Cheirolepis

trailli is coded "0" (Giles et al., 2015a).";

TEXT CHARACTER = 146 TEXT = "Patterson, 1982; Coates, 1999; Dietze, 2000;
Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Cloutier & Arratia, 2004; Gardiner et al.,
2005; Friedman & Blom, 2006; Zhu et al., 2006; Zhu et al., 2009; Choo, 2011; Xu & Gao, 2011;
Zhu et al., 2013; Xu et al., 2014; Giles et al., 2015b. The coding in Wendichthys (Lund & Poplin,

1997) is revised from "?" to "1".";

TEXT CHARACTER = 147 TEXT = "Friedman & Blom, 2006; Friedman, 2007; Zhu et

al., 2009; Choo, 2011; Zhu et al., 2013; Giles et al., 2015b. ";

TEXT CHARACTER =148 TEXT ='Giles et al., 2015b. The buccohypophyseal canal

typically enters the dorsal surface of the parasphenoid, but whether it exits via the ventral surface

is more variable, and this distribution is captured by this character. ;
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TEXT TAXON =4 CHARACTER = 148 TEXT = 'nb median myodome means this is

not trye bhe, but mmaybe an anterior extension';

TEXT CHARACTER =149 TEXT = Arratia 2013._;

TEXT CHARACTER =150 TEXT = 'Gardiner et al. 1996; Hurley et al. 2007; Xu &

Wu, 2012; Xu et al., 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =151 TEXT = 'Gardiner et al. 1996; Hurley et al. 2007; Xu &

Wu, 2012; Xu et al., 2015; Xu & Zhao, 2016.";

TEXT CHARACTER =152 TEXT = Modified from Gardiner et al. 2005. ;

TEXT CHARACTER =153 TEXT ='Xu and Gao 2011; Xu et al. 2014.";

TEXT CHARACTER = 154 TEXT = 'Coates, 1999; Giles & Friedman, 2014.

Cheirolepis trailli is coded "1" (Giles et al., 2015a). ";

TEXT CHARACTER = 155 TEXT = 'Brazeau, 2009; Friedman & Brazeau 2010; Davis
etal., 2012; Zhu et al., 2013; Brazeau & Friedman, 2014; Giles & Friedman, 2014; Giles et al.,
2015b. Cheirolepis trailli is coded "0" (Giles et al., 2015a). The olfactory tracts of Osorioichthys

are elongate (pers. obs. unpubl. scan data S.G.).";
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TEXT CHARACTER = 156 TEXT = 'Coates, 1999; Giles & Friedman, 2014.

Cheirolepis trailli is coded "1" (Giles et al., 2015a). The olfactory nerves are carried in separate

tracts in Osorioichthys (pers. obs. unpubl. scan data S.G.).";

TEXT CHARACTER = 157 TEXT ='Coates, 1999; Xu & Gao, 2011; Xu et al., 2014. ';

TEXT CHARACTER = 158 TEXT ="'Giles & Friedman, 2014.";

TEXT CHARACTER =159 TEXT = "'Coates 1999; Hurley et al. 2007; Xu et al. 2014.

TEXT CHARACTER =160 TEXT = 'Coates, 1999.";

TEXT CHARACTER =161 TEXT ='Coates 1999; Hurley et al. 2007; Xu & Gao 2011;

Xuetal. 2014.';

TEXT CHARACTER =162 TEXT ='Coates 1999; Hurley et al. 2007; Xu & Gao 2011;

Xuetal. 2014. ',

TEXT CHARACTER =163 TEXT ='Coates 1999; Hurley et al. 2007; Xu & Gao 2011;

Xuetal. 2014. ',
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TEXT CHARACTER = 164 TEXT = 'Davis et al., 2012; Zhu et al., 2013; Giles &

Friedman, 2014; Giles et al., 2015b. ';

TEXT CHARACTER =165 TEXT ='Giles et al., 2015b. In certain primitive actinopts,
such as Mimipiscis (Giles and Friedman, 2014), a short length of canal lies between the posterior

ampulla and the remainder of the labyrinth.";

TEXT CHARACTER = 166 TEXT = 'Giles & Friedman, 2014. ;

TEXT CHARACTER = 167 TEXT ='Gardiner, 1984; Gardiner & Schaeffer, 1989;
Coates, 1999; Cloutier & Arratia, 2004; Gardiner et al., 2005; Zhu et al., 2006; Zhu et al., 2009;
Zhu et al., 2013; Giles & Friedman, 2014; Xu et al., 2014; Giles et al., 2015b. The presence of a
lateral cranial canal in Ligulalepis and Psarolepis is uncertain, but its presence in Meemannia is

confirmed following Lu et al. (2016). Erpetoichthys is conservatively coded as "?".';

TEXT CHARACTER =168 TEXT = New_character._;

TEXT CHARACTER =169 TEXT = 'Characters 147-150 form part of an atomisation
of the compound characters "ganoine" (typically defined as a single or multilayer enamel
covering) and "cosmine" (typically defined as a single layer of enamel with a well defined pore
canal network) (e.g. Cloutier & Ahlberg, 1996; Ahlberg & Johanson, 1998; Zhu & Ahlberg,
2004; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Zhu & Yu, 2002;

Daeschler et al., 2006; Long et al., 2006; Zhu et al., 2006; Zhu et al., 2009; Davis et al., 2012;
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Zhu et al., 2013). A similar approach to atomization was taken by Friedman (2007), Brazeau &
Friedman (2010) and Giles et al. (2015b). As detailed histological investigations have not been
carried out for the majority of early actinopterygians (rather, they have simply been described as
being covered in/bearing ridges of ganoine), many of these characters cannot be coded for a
number of taxa. Histological data are only known for specimens of Mimipiscis toombsi
(Gardiner, 1984; Choo, 2011), so this and the following characters are coded "?" for Mimipiscis

bartrami (Gardiner, 1984; Choo, 2011). ';

TEXT CHARACTER =170 TEXT = 'See notes above for c. 147. C. trailli is coded "1"

follwing Lu et al. 2016. ';

TEXT CHARACTER =171 TEXT = 'Cloutier & Arratia, 2004; Friedman & Blom,

2006; Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Choo, 2011. ';

TEXT CHARACTER =172 TEXT = 'Maisey, 1986; Gardiner & Schaeffer, 1989;
Cloutier & Ahlberg, 1996; Coates, 1999; Dietze, 2000; Poplin & Lund, 2000; Schultze &
Cumbaa, 2001; Cloutier & Arratia, 2004; Friedman & Blom, 2006; Friedman, 2007; Long et al.,
2008; Brazeau, 2009; Swartz, 2009; Zhu et al., 2009; Friedman & Brazeau, 2010; Lopez-
Arbarello 2011; Xu & Gao, 2011; Choo, 2011; Davis et al., 2012; Zhu et al., 2013; Xu et al.,
2014; Giles et al., 2015b; Xu & Zhao, 2016. This character is coded only for taxa that possess
rhombic scales. The coding for Kentuckia hlavini (Dunkle, 1964) is revised from €11 to €01, and
the coding for Limnomis (Daeschler, 2000) from €0i to €1i. The coding for Cheirolepis trailli

(Giles et al., 2015a) is revised from €0i to €11. ;
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TEXT CHARACTER = 173 TEXT = "Patterson, 1982; Gardiner, 1984; Gardiner &
Schaeffer, 1989; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Zhu et al., 2001; Zhu & Yu,
2002; Cloutier & Arratia, 2004; Friedman & Blom, 2006; Zhu et al., 2006; Friedman, 2007;
Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Choo, 2011; Zhu et al., 2013; Giles et al.,
2015b. The coding for Limnomis (Daeschler, 2000) and Cheirolepis trailli (Giles et al., 2015a) is

revised from "0" to "1". ';

TEXT CHARACTER =174 TEXT = 'Friedman & Blom 2006; Long et al., 2008;
Swartz, 2009; Choo, 2011; Xu et al., 2014. Scale crowns of Cheirolepis schultzei (Arratia &
Cloutier, 2004) are not preserved, so this and the following scale characters are coded as "?". The
coding for Donnrosenia (Long et al., 2008) is revised from "1" to "0". Scales from the posterior
half of the flank in Wendichthys bear pores on the enamel surface, whereas those from the
anterior part of the flank lack these pores (Lund & Poplin, 1997: fig. 6). This taxon is scored

11111'1;

TEXT CHARACTER =175 TEXT = New_character._;

TEXT TAXON =49 CHARACTER = 175 TEXT = check;

TEXT CHARACTER = 176 TEXT = "Patterson, 1982; Gardiner & Schaeffer, 1989;
Coates, 1999; Dietze, 2000; Schultze & Cumbaa, 2001; Cloutier & Arratia, 2004; Friedman &
Blom, 2006; Friedman, 2007; Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Choo, 2011; Xu

& Gao, 2011; Zhu et al., 2013; Zhu et al., 2013; Xu et al., 2014, 2015; Xu & Zhao, 2016.";
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TEXT CHARACTER = 177 TEXT = "Friedman, 2007; Zhu et al., 2009; Friedman &
Brazeau, 2010; Xu & Gao, 2011; Zhu et al., 2013; Brazeau & Friedman, 2014; Xu et al., 2014,
2015; Xu & Zhao, 2016Xu et al., 2014; Xu & Zhao, 2015. Although Long (1988: p.24) mentions
the presence of a depression for the hyomandibular nerve in Howqualepis, it is unclear whether

this perforated the hyomandibula. This taxon is conservatively coded as "?". Cheirolepis trailli is

coded "0" (Giles et al., 2015a). Following Friedman (2007), we code Onychodus as "0". ";

TEXT CHARACTER = 178 TEXT = 'Gardiner & Schaeffer, 1989.";

TEXT CHARACTER =179 TEXT = 'Gardiner et al., 2005; Xu & Gao, 2011; Xu et al.,

2014. '

TEXT CHARACTER = 180 TEXT = 'Revised from Coates, 1999.The character
captures whether the ceratohyal (or the anterior ossification if an anterior and posterior

ceratohyal are present) is medially constricted (hourglass-shaped) or plate-like in lateral view. ';

TEXT CHARACTER =181 TEXT ="'Coates, 1999. The groove for the afferent

hyoidean artery in the ceratohyal of Gogosardina is visible in Choo 2009 (fig 6). ';

TEXT CHARACTER = 182 TEXT = 'Gardiner 1984; Gardiner & Schaeffer 1989;
Coates 1999; Hurley et al. 2007; Hurley et al. 2007; Xu & Zhao, 2016.Xu & Zhao, 2015 . The

general actinopterygian condition of the hyoid arch seems to comprise four ossifications:
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hyomandibula, ceratohyal (which may be one or two bones), hypohyal, and an intermediate bone
between the hyomandibula and ceratohyal termed, variably, the interhyal or symplectic. In some
actinopts (e.g. Amia, Lepisosteus, Hiodon, Dorsetichthys, Macrosemionotus, etc), a second
intermediate cartilage is present. The history attached to naming these terms is very complex (see
Paterson 1973, Patterson 1982, VEran 1988, Gardiner et al. 1996, etc), and we have tried here to
apply a simple, consistent approach. The ossification that forms an intermediary between the
hyomandibula and ceratohyal is termed the interhyal. This is primitively present (and in contact
with the quadrate), and may be very reduced (e.g. Watsonulus, Elops), or entirely cartilaginous
(e.g. Amia, Lepisosteus) in more derived actinopts. The ossification that contacts the
hyomandibula (and typically the quadrate), but does not articulate with the ceratohyal, is termed
the symplectic. This element may brace the quadrate, and in Watsonulus, Caturus and Amia
additionally articulates with the lower jaw. We follow Grande (2010) in identifying the
ésymplectici of Acipenser as the posterior ceratohyal. VEran (1988) identified a second
intermediate ossification in the hyoid arch in a number of &palaeoniscidsi, which she termed a
symplectic. This identification has been disputed on the basis of position (e.g. Gardiner et al.
1996). We have seen no evidence (either through visual examination or CT scanning) for a
second intermediate hyoid ossification in any specimens of Boreosomus or Pteronisculus. From
examination of Coccocephalichthys, we identify the ésymplectici of VEran to be the interhyal
and the &interhyali of VEran to correspond to the articular. This casts doubt on the presence of a
second element, and we have therefore coded Boreosomus, Pteronisculus and Coccocephalicthys

as 70?.";
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TEXT CHARACTER = 184 TEXT = 'Davis et al., 2012; Zhu et al., 2013; Giles et al.,

2015b.";

TEXT CHARACTER =185 TEXT = New_character._;
TEXT TAXON =9 CHARACTER = 185 TEXT = "Poorly preserved: only know first

three arches';

TEXT CHARACTER = 186 TEXT ='Grande, 2010; Xu & Wu, 2012; Xu et al., 2014,

2015; Xu & Zhao, 2016. ";

TEXT CHARACTER = 187 TEXT ="Coates, 1999; Xu & Gao, 2011; Xu et al., 2014,
2015; Xu & Zhao, 2016. An uncinate process is a dorsally-directed extension on the epibranchial

that articulates with the pharyngobranchial skeleton. ';

TEXT CHARACTER =188 TEXT = Arratia 2013.;

TEXT CHARACTER = 189 TEXT = 'Patterson, 1982; Gardiner, 1984; Gardiner &
Schaeffer, 1989; Taverne, 1997; Lund, 2000; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001;
Zhu et al., 2001; Lund & Poplin, 2002; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Gardiner et
al., 2005; Friedman & Blom, 2006; Zhu et al., 2006; Friedman, 2007; Long et al., 2008; Swartz,
2009; Zhu et al., 2009; Choo, 2011; Xu & Gao, 2011; Zhu et al., 2013; Xu et al., 2014. Presence
of a presupracleithrum is only inferred in Donnrosenia (Long et al., 2008), Gogosardina (Choo et

al., 2009) and Kentuckia hlavini (Dunkle, 1964), and the coding for these taxa is revised from €11
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to €71. Similarly, absence is inferred in Krasnoyarichthys (Prokofiev, 2002) and Novagonatodus
(Long, 1988; Holland et al., 2007), and the coding is thus changed from "0" to "?". An elongate
bone termed the "anocleithrum" is variably present in Wendichthys (Lund & Poplin, 1997) in the
position occupied by the presupracleithrum in other taxa. We regard this as a positional
homologue, and code the taxon "0/1" to reflect this polymorphism. Coded as "?" in C. trailli
following arguments in Friedman & Blom (2006). The coding is revised to "0" in Osorioichthys

(Taverne, 1997). The coding for Moythomasia lineata is revised to "1" (Choo, 2015).";

TEXT CHARACTER =190 TEXT = Xu_et_al. 2014._;

TEXT CHARACTER =191 TEXT = Cavin_& Suteethorn 2006.;

TEXT CHARACTER = 192 TEXT = 'Gardiner & Schaeffer, 1989; Lund et al., 1995;
Cloutier & Ahlberg, 1996; Dietze, 2000; Poplin & Lund, 2000; Schultze & Cumbaa, 2001; Zhu
& Schultze, 2001; Zhu et al., 2001; Zhu & Yu, 2002; Cloutier & Arratia, 2004; Zhu et al., 2006;

Friedman, 2007; Zhu et al., 2009; Zhu et al., 2013.";

TEXT CHARACTER = 193 TEXT ='Coates 1999; Xu & Gao 2011; Xu et al. 2014; Xu

& Zhao, 2016.";

TEXT CHARACTER =194 TEXT ="'Arratia 2013. The serrated organ (or appendage)

is a small, elongate element, typically ornamented with serrated ridges, present near the anterior

margin of the cleithrum. ';
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TEXT CHARACTER = 195 TEXT = 'Cloutier & Arratia, 2004; Xu et al., 2014. ";

TEXT CHARACTER =196 TEXT = 'Zhu & Schultze, 2001; Zhu et al., 2001; Zhu &
Yu, 2002; Zhu et al., 2006; Friedman, 2007; Zhu et al., 2009; Xu & Gao, 2011; Zhu et al., 2013;
Xu et al., 2014. The endoskeletal shoulder girdle is only described for Mimipiscis toombsi, so
the coding for this character is revised from "?" for M. bartrami (Gardiner, 1984; Choo, 2011).
The precise morphology of the scapulocoracoid is not known for Cheirolepis canadensis (Arratia
& Cloutier, 1996) or Gogosardina (Choo et al., 2009), and as such the coding for these taxa is

changed from €01 to &€?i. Cheirolepis trailli is coded €01 (Giles et al., 2015a). ';

TEXT CHARACTER = 197 TEXT = 'Patterson, 1982; Gardiner, 1984; Gardiner &
Schaeffer, 1989; Rosen, 1989; Taverne, 1997; Coates, 1999; Zhu & Schultze, 2001; Zhu et al.,
2001; Zhu & Yu, 2002; Zhu et al., 2006; Brazeau, 2009; Zhu et al., 2009; Friedman & Brazeau,

2010; Xu & Gao, 2011; Davis et al., 2012; Zhu et al., 2013; Xu et al., 2014; Giles et al., 2015b.";

TEXT CHARACTER = 198 TEXT = 'Patterson, 1982; Gardiner, 1984; Gardiner &
Schaeffer, 1989; Taverne, 1997; Coates, 1999; Schultze & Cumbaa, 2001; Zhu & Schultze,
2001; Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011; Xu & Gao, 2011.
The radials are only described for Mimipiscis toombsi, so the coding for this character is revised
from "11 to €71 for M. bartrami (Choo, 2011). The radials are not described in Gogosardina (Choo

et al., 2009), so the coding is changed from €11 to €?1.";
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TEXT CHARACTER =200 TEXT = 'Taverne, 1997; Coates, 1999; Friedman & Blom,
2006; Long et al., 2008; Swartz, 2009; Xu & Gao, 2011; Xu et al., 2014. The pectoral fin of
Cuneognathus (Friedman & Blom, 2006) and Kentuckia hlavini (Dunkle, 1964) is unknown, and

'

so the coding is revised from €11 to &71. ';

TEXT CHARACTER =201 TEXT ='Zhu & Yu, 2002; Friedman, 2007. Two series of
pectoral fin radials are described (but not figured) for Cheirolepis candensis (Arratia & Cloutier,
2004). Although we consider this arrangement to be unlikely, for now this taxon is coded "1".
Although Swartz (2009) describes a series of endoskeletal radials in Stegotrachelus, the elements
figured in fig. 17 have a scale-like morphology and appear to be made of dermal bone. As such,

this taxon is coded "?". ';

TEXT CHARACTER =202 TEXT ='Coates, 1999; Friedman & Blom, 2006; Long et
al., 2008; Choo, 2011; Xu & Gao, 2011; Xu et al., 2014. The pectoral fin in Kentuckia hlavini
(Dunkle, 1964) is not preserved, so the coding for this taxon is revised from €11 to €?1. The
coding for Osorioichthys (Taverne, 1997) is revised from "0" to "1". The segmentation of the
pectoral fin is not described for Limnomis (Daeschler, 2000), so the coding for this taxon is

revised from "0" to "?". ';

TEXT CHARACTER =203 TEXT = 'Gardiner & Schaeffer, 1989; Coates, 1998;

Coates, 1999; Lund, 2000; Schultze & Cumbaa, 2001; Cloutier & Arratia, 2004; Friedman &

Blom, 2006; Zhu et al., 2006; Long et al., 2008; Swartz, 2009; Zhu et al., 2009; Choo, 2011; Xu
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et al., 2014. The pelvic fin is incomplete in Novagonatodus (Long, 1988; Holland et al., 2007),

so this taxon is coded "?". The coding for Moythomasia lineata is revised to "0" (Choo, 2015).";

TEXT CHARACTER =204 TEXT = "Friedman, 2007; Zhu & Yu, 2002. ';

TEXT CHARACTER =205 TEXT = 'Lund, 2000; Poplin & Lund, 2000; Cloutier &
Arratia, 2004; Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo; 2011. Choo"s

(2011) codes for this character appear reversed. ';

TEXT CHARACTER =206 TEXT = 'Patterson, 1982; Taverne, 1997; Friedman &
Blom, 2006; Long et al., 2008; Choo, 2011. The coding for Howqualepis rostridens (Long, 1988)

and Melanecta (Coates, 1998) is revised from €0i to €11. ';

TEXT CHARACTER =207 TEXT = 'Cloutier & Arratia, 2004; Friedman & Blom,
2006; Long et al., 2008; Swartz, 2009; Choo, 2011. The coding for Gogosardina (Choo et al.,
2009) is revised from €11 to €0i. Cuneognathus (Friedman & Blom, 2006) possesses several
scutes immediately anterior to the anal fin, although it is unclear how far anteriorly they extend.
As such, the coding is changed from &?i to €1i. The coding in Melanecta (Coates, 1998) is
revised from &7 to €11. Choo (2011) erroneously codes Krasnoyarichthys (Prokofiev, 2002) as
state €21, which lacks a description; the coding is revised to €1i. The coding for Moythomasia

lineata is revised to "0" (Choo, 2015).";
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TEXT CHARACTER =208 TEXT = 'Poplin & Lund, 2000; Cloutier & Arratia, 2004;
Friedman & Blom, 2006; Long et al., 2008; Swartz, 2009; Choo, 2011. The coding for

Stegotrachelus is revised from €11 to €21.";

TEXT CHARACTER =209 TEXT = 'Gardiner et al., 2005; Xu & Gao, 2011; Xu et al.,

2014, 2015; Xu & Zhao, 2016. ';

TEXT CHARACTER =212 TEXT = 'Patterson, 1982; Cloutier & Ahlberg, 1996;
Coates, 1999; Schultze & Cumbaa, 2001; Zhu & Schultze, 2001; Friedman & Blom, 2006; Long

et al., 2008; Swartz, 2009; Choo, 2011. ';

TEXT CHARACTER =213 TEXT = "Patterson, 1982; Taverne, 1997; Gardiner &
Schaeffer, 1989; Gardiner et al., 2005; Friedman & Blom, 2006; Long et al., 2008; Choo, 2011.

Choo"s (2011) codes for this character appear reversed.';

TEXT CHARACTER =214 TEXT = 'Modified from Gardiner et al., 2005. A long
chordal lobe is considered to be present when the notochord reaches the posterior margin of the

caudal fin. ';

TEXT CHARACTER =215 TEXT = "Xu & Gao 2011; Xu et al. 2014; Xu & Zhao,

2016."

TEXT CHARACTER =216 TEXT = Arratia 2013.;
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TEXT CHARACTER =217 TEXT = "'Coates 1999; Hurley et al. 2007; Xu et al. 2014.";

TEXT CHARACTER =218 TEXT = 'Pinna, 1996; Hurley et al., 2007; Xu & Wu, 2012,

Xu et al., 2014; Xu & Zhao, 2016.";

TEXT CHARACTER =219 TEXT = 'Pinna, 1996, Xu & Wu, 2012, Xu et al., 2014; Xu

& Zhao, 2016.";

TEXT CHARACTER =221 TEXT ='Wiley, 1976; Lopez-Arbarello 2011. ';

TEXT CHARACTER =220 STATE =0 TEXT = single;

END;

BEGIN MESQUITECHARMODELS;
ProbModelSet * UNTITLED = 'Mkl (est.): 1-222;

END;

Begin MESQUITE;
MESQUITESCRIPTVERSION 2;
TITLE AUTO;

tell ProjectCoordinator;
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timeSaved 1621271660824;
getEmployee #mesquite.minimal.ManageTaxa.ManageTaxa;
tell It;
setID 0 8638558614273783985;
tell It;
setDefaultOrder 52 47 66 68 79 5746 5450600651235145
48 76 7569 58 7775978 45558953867974854910111263821462718672151617
18 192021 81 23 70 90 44 83 24 25 91 56 73 88 80 26 87 84 64 27 28 93;
attachments ;
endTell;
endTell;
getEmployee #mesquite.charMatrices.ManageCharacters.ManageCharacters;
tell It;
setID 0 2279276808437032474;
tell It;
setDefaultOrder 223 2 247 34207 213 246 193 231 5 6 245 8 258
192910111213 1516217 17 18269 268 19 26 22 2527 174 264 28 29 30 31 32 35 191 36 37
3839402324 175243 244 218 41 42 43 44 46 54 55 57 58 208 177 198 199 176 60 61 63 209
64 67272 68 222 69 73 70 71 74 241 226 202 271 78 270 237 257 259 253 77 255 221 212 47
48 203 49 273 59 274 263 219 181 50 214 51 52 82 238 83 84 87 88 89 90 92 93 95 178 96 98
99 101 102 103 104 105 106 108 240 220 210 215 190 194 195 196 197 232 170 171 172 110
111 112 113 225250251233 173 114115116 117 118 186 119 187 188 189 121 122 123 124

248 136 137 140 141 143 144 239 146 129 130 125 126 127 216 254 132 234 200 180 227 149
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182 256 148 183 230 201 154 150 151 249 155 153 158 161 164 165 166 167 169 184 266 267
162 163 261 185 229 204 205 206 262 224 260;
attachments ;
endTell;
mqVersion 361;
checksumv 0 3 1819193692 null getNumChars 222 numChars 222
getNumTaxa 74 numTaxa 74 short true bits 2305843009213693983 states 31
sumSquaresStatesOnly 28645.0 sumSquares -4.150517416584649E19
longCompressibleToShort false usingShortMatrix true NumFiles 1 NumMatrices 1;
mgqVersion;
endTell;
getWindow;
tell It;
suppress;
setResourcesState false false 100;
setPopoutState 300;
setExplanationSize 0;
setAnnotationSize 0;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 2254 1233;
setLocation 316 213;

setFont SanSerif;
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setFontSize 10;
getToolPalette;
tell It;
endTell;
desuppress;
endTell;
getEmployee #mesquite.minimal.ManageTaxa.ManageTaxa;
tell It;
showTaxa #8638558614273783985 #mesquite.lists. TaxonList. TaxonList;
tell It;
setTaxa #8638558614273783985;
getWindow;
tell It;
useTargetValue off;
setTargetValue ;
newAssistant
#mesquite.lists. TaxonListCurrPartition. TaxonListCurrPartition;
setExplanationSize 30;
setAnnotationSize 20;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 2154 1161;

setLocation 316 213;
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setFont SanSerif;
setFontSize 10;
getToolPalette;
tell It;
setTool
mesquite.lists. TaxonList. TaxonListWindow.arrow;
endTell;
setActive;
endTell;
showWindow;
getEmployee #mesquite.lists.ColorTaxon.ColorTaxon;
tell It;
setColor Red;
removeColor off;
endTell;
getEmployee
#mesquite.lists. TaxonListAnnotPanel. TaxonListAnnotPanel;
tell It;
togglePanel off;
endTell;
endTell;

endTell;
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getEmployee
#mesquite.charMatrices.BasicDataWindowCoord.BasicDataWindowCoord;
tell It;
showDataWindow #2279276808437032474
#mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindowMaker;
tell It;
getWindow;
tell It;

setExplanationSize 30;

setAnnotationSize 80;

setFontIncAnnot 0;

setFontIncExp 0;

setSize 2154 1101;

setLocation 316 213;

setFont SanSerif;

setFontSize 10;

getToolPalette;

tell It;

setTool

mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindow.ibeam;

endTell;

setTool

mesquite.charMatrices.BasicDataWindowMaker.BasicDataWindow.ibeam;
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colorCells #mesquite.charMatrices.NoColor.NoColor;
colorRowNames
#mesquite.charMatrices. TaxonGroupColor.TaxonGroupColor;
colorColumnNames
#mesquite.charMatrices.CharGroupColor.CharGroupColor;
colorText #mesquite.charMatrices.NoColor.NoColor;
setBackground White;
toggleShowNames on;
toggleShowTaxonNames on;
toggleTight off;
toggleThinRows off;
toggleShowChanges on;
toggleSeparateLines off;
toggleShowStates on;
toggleReduceCellBorders off;
toggleAutoWCharNames on;
toggleAutoTaxonNames off;
toggleShowDefaultCharNames off;
toggleConstrainCW on;
toggleBirdsEye off;
toggleShowPaleGrid off;
toggleShowPaleCellColors off;

toggleShowPaleExcluded off;
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togglePalelnapplicable on;
togglePaleMissing off;
toggleShowBoldCellText off;
toggleAllowAutosize on;
toggleColorsPanel off;
toggleDiagonal on;
setDiagonalHeight 80;
toggleLinkedScrolling on;
toggleScrollLinkedTables off;
endTell;
showWindow;
getWindow;
tell It;
forceAutosize;
endTell;
getEmployee #mesquite.charMatrices.AlterData. AlterData;
tell It;
toggleBySubmenus off;
endTell;
getEmployee #mesquite.charMatrices.ColorByState.ColorByState;
tell It;
setStateLimit 9;

toggleUniformMaximum on;
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endTell;
getEmployee #mesquite.charMatrices.ColorCells.ColorCells;
tell It;
setColor Red;
removeColor off;
endTell;
getEmployee
#mesquite.categ.StateNamesEditor.StateNamesEditor;
tell It;
makeWindow;
tell It;
setExplanationSize 30;
setAnnotationSize 20;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 2154 1161;
setLocation 316 213;
setFont SanSerif;
setFontSize 10;
getToolPalette;
tell It;
setTool

mesquite.categ.StateNamesEditor.StateNames Window.ibeam;
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endTell;
rowsAreCharacters on;
toggleConstrainChar on;
toggleConstrainCharNum 3;
togglePanel off;
toggleSummaryPanel off;
endTell;
showWindow;
endTell;
getEmployee #mesquite.categ. StateNamesStrip.StateNamesStrip;
tell It;
showStrip off;
endTell;
getEmployee #mesquite.charMatrices. AnnotPanel. AnnotPanel;
tell It;
togglePanel off;
endTell;
getEmployee
#mesquite.charMatrices.CharReferenceStrip.CharReferenceStrip;
tell It;
showStrip off;

endTell;
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getEmployee
#mesquite.charMatrices.QuickKeySelector.QuickKeySelector;
tell It;
autotabOff;
endTell;
getEmployee
#mesquite.charMatrices.SelSummaryStrip.SelSummaryStrip;
tell It;
showStrip off;
endTell;
getEmployee
#mesquite.categ.SmallStateNamesEditor.SmallStateNamesEditor;
tell It;
panelOpen true;
endTell;
endTell;
endTell;
getEmployee #mesquite.charMatrices.ManageCharacters.ManageCharacters;
tell It;
showCharacters #2279276808437032474
#mesquite.lists.CharacterList. CharacterList;
tell It;

setData 0;
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getWindow;
tell It;
useTargetValue off;
setTargetValue ;
newAssistant
#mesquite.lists.DefaultCharOrder.DefaultCharOrder;
newAssistant
#mesquite.lists.CharListInclusion.CharListInclusion;
newAssistant
#mesquite.lists.CharListPartition.CharListPartition;
newAssistant
#mesquite.parsimony.CharListParsModels.CharListParsModels;
setExplanationSize 30;
setAnnotationSize 20;
setFontIncAnnot 0;
setFontIncExp 0;
setSize 2154 1161;
setLocation 316 213;
setFont SanSerif;
setFontSize 10;
getToolPalette;

tell It;
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setTool
mesquite.lists.CharacterList.CharacterListWindow.ibeam,;
endTell;
endTell;
showWindow;
getEmployee
#mesquite.lists.CharListAnnotPanel.CharListAnnotPanel,;
tell It;
togglePanel off;
endTell;
endTell;
endTell;
endTell;

end;
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AS Character assignments by species in phylogenetic matrix

Taxon

1 2 3 4 5 6 7 8 99
1234567890123456789012345678901234567890123456789012345678901234567890123456789012345678901

Acipenser brevirostrum
Aesopichthys erinaceus

Amia calva

Amphicentrum granulosum
Atractosteus spatula
Australosomus kochi
Beagiascus pulcherrimus
Beishanichthys brevicaudalis
Birgeria groenlandica
Bobosatrania groenlandica

Boreosomus piveteaui
Caturus furcatus
Cheirolepis canadensis

Cheirolepis schultzei
Cheirolepis trailli

Chondrosteus acipenseroides
Coccocephalichthys wildi
Cosmoptychius striatus
Cyranorhis bergeraci
Dapedium LIAS

Dapedium pholidotum
Dipteronotus ornatus
Discoserra pectinodon
Donnrosenia schaefferi
Dorsetichthys bechei
Ebenaqua ritchei

Elops hawaiensis
Erpetoichthys calabaricus
Evenkia eunoptera

Fouldenia ischiptera
Fukangichthys longidorsalis
Gogosardina coatesi

Hiodon alosoides
Howqualepis rostridens
Hulettia americana
Ichthyokentema purbeckensis
Kalops monophyrum
Kansasiella eatoni
Kentuckia deani

Lawrenciella schaefferi
Lepisosteus osseus
Leptolepis bronni
Luederia kempi

Luganoia lepidosteoides
Macrepistius arenatus
Macrosemimimus lennieri
Macrosemius rostratus
Melanecta anneae
Trawdenia planti

Mimipiscis bartrami
Mimipiscis toombsi
Moythomasia durgaringa
Moythomasia lineata
Moythomasia nitida
Obaichthys decoratus
Osorioichthys marginis
Peltopleurus lissocephalus
Platysomus superbus
Polypterus bichir
Propterus elongatus
Pteronisculus stensioi
Raynerius splendens
Saurichthys madagascarensis
Scanilepis dubia
Semionotus elegans
Styracopterus fulcratus
Tanaocrossus kalliokoskii
Tegeolepis clarki
Tetragonolepis semicincta
Venusichthys comptus
Watsonulus eugnathoides
Wendyichthys dicksoni
Woodichthys bearsdeni

Concentrilepis minnekahtaensis

1— 007000-1-71000-01011—-00110-0771-001001-—000-—00—————— -010-0-70-1-0-0-001011-
01-000000111010111001120700010110-111110101--1101000-01110100000000000002077727712077?77777
01-100012010011000001120101011—-0001110110000110000-10--0100001111000002017110112010017010
000101000711010117001020700011—-01717700-1100000000-00--111000000007010-1-772070-0-1200010
000100-12010111000001120101111—-0121110112--3-10111101110100100100000001001110212000010011
1?2277-77-27070777771020100011—-0101100770-001--0-—-010111100000001000020?7011-0-0-0200000
000000000111010111001120100010110-0210-7101003111000-71077111700000770001017?77?7-0772272777
007010007011010111001120707711—-00111700-10021002070010171100000000700020177272717077272777
1-—-1-0-—-11010110001?720100011—-0100110102003010200001710111000000000001017017711070010000
1——-1-—-00010111-01120700011—-07001100-2100010000-00--010001100000010-0-772770-7-0777070
1

001011000011011111071020100111—-01100-00-2003100000-1101011110000070000107001030-0-0200001
000100017110111000001120001101—-0001110112102701200110--0100001111770002077010312010210017
0701-00000000000770100107000100-0-1001100-1010010000-010711111000001000010072710?0-077272777
1
000000000700000007011020700711—001011170-1010010000-010711117000001000070072772770722727277
000010000000000010010010100010000-1001000-1010010000-0110111170000010000100771010-2-0100000
1
11— 1?7777727-21020?77711—-07270-2270707700?77?70-—00———— 770010-0-7071-770-077217?
?77707?777711710101071020100111—-00110-0112000700107017070111700700770001017717711070107000
©07710007007101011100112?7700011—-7071770101002100000-010701110000001700010772727277270207777

11— 11010111-01120100010100-111110101002110000-010101110000000700020?777?77777077207777
001100001711011070001-—0-?7——-1-11110102--3-0-100070--0100001101771002077070?17077?777077
001100001111011010001-—7-01——-1-21110102--3-0-200010--0100001701001002077?172?77070?07777

077100007711010010771120700071—-7077277170-0077?71--177777100000000000002017771777070?717777
000010000101010111001120700001—-00211000-2003001100000--010000700000000207772070-0-0712770
070017000011010111000010100010100-1011170-7770710000-0707111170000011000107771770-0-2777777
©070100100711010100001121107111—-0001100102101110100000--7101001102000002077717772100717077
1—-1-—-11010101-01120700011—-00101100-2700000000-00--0100011?70007010-0-772070-070772777?
01-100102111010000001121001111—-0001110102100000100010--1101001102000000010021-12000210010
01-11000001000000100102011101-———-211100-100 910101101 20700203100-0011010
07001000000070701700112001111-—---71770072002700200001170110000000777072077717777072272777
000101000711010107001110777711—-01011170-1000700000-7101711170000007010217772070-071707777
000710007711017111701120701011—-0110117777703100207071010111000000770002010017710070011010
00001000000101011110001010071010?7-1777770-770007070770100711110000001000101702070-0-0107000
000100100111011000001120100111—-10011000-2000000000-00-——-100101100010002007021-12000017010
01-010000011010111100120100010100-1011170-1100010000-0100111170000000001107711070-2-0100000
000100001111110000001720100011—-0001110102-03100200000--0100001100070072077710712000210010
01-100100111011010001020100011—-0001100102101101200010--0100001101000002077020412100210000
000100007111010111001121100011—-00010-01020030002000010101110000007000010777207770772772777
2722272272222272227270020100711—-02772722222722207277227227227222222202222722222227072172°27?
070010000001010111000020100017-7-71011100-7700070007-710771117007000700017270277770-0107000

1
22227200222202202222020220200200202202022020020222220222202002022022022200202 202020220077
000100-12010101010001020101111—-0021110112-03100111101100100000100010001001110312000010011
0001001011110100?77001121100111—-00010-00-2-01110100000--7100011102000002077727712170210010
077222707272272272222020222227222222020222222222222222222222222202272272221222222222222227277
001100001011-10007701--11-0001—-1-1111-0-1002001207071010100107000000002017027?777070?717017
©0771000177107277070701120777710000-101117112-03701200170--710070170?77700020772717?17072272727?
000100077711111070001120707771—-00010-7112-71001211170--0100701100770002077710777000710000
000100012110717007001121007111—-0001101112--0-00001-70--0101001100070002077010412070017000
01-010007011010111001027100017?—-07772770-1707070000-070711117000007700070772772770772272777
©0700170077110101110?7112010?7711—-00171770-7071700000-71710111770000770007077277277072272777

1

000010000001010111000010100110001-1011100-1000010000-0100111110000001000101002070-2-0100000
000010000011010111100020100110001-1011100-1000010000-0100111110000001000101002010-0-0100000
01-010007011010111000120100110010-1107710-1110011000-0100111110000000000101001010-2-0100000
000011000111010111000020107710000-1101710-1000110000-010711117000001000010772717?0-072272777
000110000111010111000020100010000-1111110-1102010000-0100111170000010000107727172770722727277
070100072010777077701020707711—-0011107772--3-07111170--7100001100770072010110712000710071
000010007011010110101011107010000-7101000-1001010000-010711117007001000010772?17277272272277
070011000111010110001120100011—-00010-00-1002000200101070110010000070002017770777070?772777
1—-10?-—-01010111-01120100011—-00111100-1 00--011107 ?027277272270?2272277?
00011000001000000100102011101-———-211100-10030000-—-010101101000000000020100203100-0011010
000100777110111007001021101011—-0077771112--0-00201070--0101001100070002077777777070717070
0000100001110101110?71120100010—-0111100102002100000-0107071110000010000107001020-0-0200000
?772727272772777177770017100010077-71117077771001777777110111170000700000101001070-2-0100000
1—000-—-17-101-—07021007?711—-07001170-7071700100707770111000000070002017017777070070000
077010777711717077701000177711—-011117777170310-207071070111700700770072077277277072272727?
00010001211-111010001120007111—-0001110112-01000211170--0100000101000002010710712000717070
1-—-101-—-11010107-01120?777?711—-01011170-1000700000-7101711170000007010211772070-0?1272777?
2222722722220220222272222027017222217222202002222222222227117222270722222722222222222272 22 7?
000000707011010177701010700010000-110177117000010000-077771117007000700110771172?770722727277
000100001011010010001020700111—-0001100102103001100000--0100001100070002077710477000710010

000100000111010110001121707711—-0001170102-0 0101 207722777707027777?
00000011111-110000001120000111—-0001010112100010100100--0101001111000002077010212010217010
1——————-11010117-01120100010110-111110111102111000-1107011170000000000207707770-077272777

000010007011010111001120100010100-1111700-1000100000-0107111170000000000107771770-070007000
010107070711010117701021777710117-711777102003701010-71007111700000770717770010711077701710

181



Taxon

1 1
7 88
2345678901234567890123456789012345678901234567890123456789012345678901234567890123456789012

Acipenser brevirostrum
Aesopichthys erinaceus
Amia calva

Amphicentrum granulosum
Atractosteus spatula
Australosomus kochi
Beagiascus pulcherrimus
Beishanichthys brevicaudalis
Birgeria groenlandica
Bobosatrania groenlandica
Boreosomus piveteaui

Caturus furcatus
Cheirolepis canadensis
Cheirolepis schultzei
Cheirolepis trailli
Chondrosteus acipenseroides
Coccocephalichthys wildi
Cosmoptychius striatus
Cyranorhis bergeraci
Dapedium LIAS

Dapedium pholidotum
Dipteronotus ornatus
Discoserra pectinodon
Donnrosenia schaefferi
Dorsetichthys bechei
Ebenagqua ritchei

Elops hawaiensis
Erpetoichthys calabaricus
Evenkia eunoptera
Fouldenia ischiptera
Fukangichthys longidorsalis
Gogosardina coatesi
Hiodon alosoides
Howqualepis rostridens
Hulettia americana
Ichthyokentema purbeckensis
Kalops monophyrum
Kansasiella eatoni
Kentuckia deani
Lawrenciella schaefferi
Lepisosteus osseus
Leptolepis bronni
Luederia kempi

Luganoia lepidosteoides
Macrepistius arenatus
Macrosemimimus lennieri
Macrosemius rostratus
Melanecta anneae
Trawdenia planti
Mimipiscis bartrami
Mimipiscis toombsi

Moythomasia durgaringa
Moythomasia lineata
Moythomasia nitida
Obaichthys decoratus
Osorioichthys marginis
Peltopleurus lissocephalus
Platysomus superbus
Polypterus bichir
Propterus elongatus
Pteronisculus stensioi
Raynerius splendens
Saurichthys madagascarensis
Scanilepis dubia
Semionotus elegans
Styracopterus fulcratus
Tanaocrossus kalliokoskii
Tegeolepis clarki
Tetragonolepis semicincta
Venusichthys comptus
Watsonulus eugnathoides
Wendyichthys dicksoni
Woodichthys bearsdeni

Concentrilepis minnekahtaensis

11100-0002---011-00000-72021-010-0--0-—107007010-00021112001110100001011010---100001001100
777701001010001071227272272?77222212222727200-——————=27227227222722222222222772722711100111?77?
0001000100210101-17000111221-110-0--0--211-011100110131110001000111011110010-0010—70111001
7777020010100000?7717727772701070-07727017777077777170110070017772727727277222272277277107770
0001010100210011-01000-022201110-0--0-—11-110110-101311100010?771?77777727777710110001111101
7000010000100000711001102221-7111100200001—————— 07101012000001111107771110-77111001110010
7777110000000010112272722722722222222222272272222222022222222222222222222727227111001272777?
?777010000000000077272722727727227227272722272222222727020222220272222°272727227222711107072772770
00--070000000000111007107227-01771--777210--07777-000210120017777777777277777077100001007070
77270-1-—11000-7-010727227720722227222222221227222222222212222772222227272227727227117701710100
010001000010001011101017122010110100211000—————— 00001010100001071111007711077111001011170
11
7001000100210711-1107?7772721-170-07777771070011001177211100000772772?77?2727721177277701111001
77771000000000000777727227277272272272727227227222227272700727277272222272727722727270007012772777?
707710000000000071227272272272222222222227227222222222222027722222222222772722700072?1272777?
0000100000000000010770777710000101700-—00 11177772777777711011701007770
10770200077-77072722272722227022222222222272272222227272117200117722272222277277-————70000100
007071017000007777107707022000710177210100—————— 0700101000007?72772?77?27277272271?727222177270@
77771000000000171117727727701771117711117070077777777017170000772777727727721727111001?72777
7777000000000000112272722722722222222222272272222222022222222222222222227727227111001217777?

0077010100210101-110701712701110-0772?7720—————— 11121777771701111177277110112711707171777?
7071010000210101-1227272272?27122222222220——————=222272272227222222222222772722711700127277?
?7727100001000717722727222277172272272727227227022722727711012007277227277272722722271770712?2?277?
70770-1--1200000107077770227-110-72?72?70—————— 1772170707727227272727227272227117011170000

777710010007000001227272272272222222222222227222222220222222222222222222277272271110012727770
7117010000210177-1177100022011110177077710100000111112100011117107117?7771111177117077117771
77770000011000-0-0277272722727122222222222272272222222021227222222222222222772722711700?7270177?
1111000010210101-1107?7777200-110-0--0-—217100101111120010101777?77777777770-0000-001111111
00100-1-—00000-0000100-00011-001-0--2001107707000000021010001010101010000117010111000010000
7777110010000000072272722722722222222222272272222222022222222222222222227727227117010272777?
77770100100000001177727227227727227222722222227222227270222272770722222722277227222711100177727277
00100100000000000101727227727127222727722722722722227277710000070772777727227727227117001010010
0070010100000000077777777770077277727710077077727272727700770000777777777727777777111001100770
1110000000210001-077001172100110-0——0-—11-1001011171210110010?77?77777771110-0010-000111101
0000000100000000017772772710077107270-—2077-272277770110000007777777272772772711100170?7770
©9717000100210101-077777777201177-1770-—200700000070721101110077777772727777717117001111101
1711000100210101-1107?71072701110-0--0--7211170001111121001100?777?277772727727710111071771011

7777000010000010117772722272712722722727277207 —————— 27721727227222227272227272722227111001707777
?77072777770007772710111112201011011011111007 70000101 10011110?711110??77772?2277117?
007?710000000000011100171112010111100110000—————— 00001700007001001170071111017277077117770
?77077772772777777101110022010110111110100—————— 00001710000001001171001111077277272272777

0001010100210011-070777722201111-0--0-—21-110110-00130110001000111011110111011111001111101
7117010000210101-110771072701170-0--20172070000011177210171111771?772?77?27277711777277700111111
27?70727727227727272710717727222010110107211100--7-——-07711277000?7710?2772722772722222222222277?
7711010000200001772272722722722222222222272702222222227027227222222222227727227111077110177?
77070001002101077710771012701170-07777771010100001111217121001772777727727727710177071272777
777700010021010777707?77772201770-0770--711-101110-11721107071077?2777727277210?77117001777771
00010001002-1101-0777?77772701170-077777711-100117-17021177007?777272?727277217?2711707111117?
77770100000000772722727222227222222222222222722220220222272222222022022227222270770?122277?
777701000000001077270727217272722227222722222072722222222272272772770011100017170?77111001770117

000001010000000001107000701000010177200000—————— 0000010000-071177777777771777111001770010

000001010000000001107000001000010100200000——————-0000010000-01110010-—1001010111001100010
1

000001010000001001107011011000010100100000——————-000011000000?771777777277771717111101100010

777700010007001001272727227227222222222222722722222220222222222222222222277272101110?127277?
77771100000000101172727227227227227227222222222222222722222222222222222722722217111171272?7?
7001000100210101-0?7727727701770-0770--217-117110-77720110??71?772772772?2772772?27111001171101
777701000000001001707272072722722722727222222222272272222722727211727722722722227111001?772?7?
77770100001000012722727227272722222227222222220222222222222222222222220222272222717270°122277?
7777010000100000172727272277012222722272272272272222227721007001777222277272277272271110?1272777?
00100001000000-0000177-00011-001-0771007107707000000021010001710101010007777710111000010000
77070001002-1001-0?72727227720122227222722222722022222222222222222222222222222222271172?127117?

000011000000000011107111022010111101210100—————— 00001010000011111111001111077111001110110
007?770000000100001100077711000010100100000——————-00000700000077700107771001017111177100010
77000200000000-1-01070771221-710-0777?770——————-770317007770011011777?277?772?77100001272?777?

777711007000000007727272272277272272227272222222222272702022272202722227272727777271011101072772?277
0001000100210101-0777272222771722727727721772171117-27171100001777277772727727710177701117101
777702001000001011727272272277272272227272222227222227270222272770722222727277272227111001717?277
2722710027270077222272272222272222222022222200222202202222222222222220222272222221701027277?
7727717700007000112272722722722222222222272272222227227100700727722227727227727227011727000?7777?
1717000100210101-110777777201170-077727707727727227277212221170772727727277277227117001117101
7777000001110001-12272722722722222222222222272222222202222222222222222222272722711100127277?
1071010100110110-11770111220117111--0--2101010000011121010000077?7727777777210?77177077111011
77770000000000101127272722272707?71212727227227227222222270122722272222222222222727227177101222777?
977701000000000010777?7727277010710177110100————— 0000100700007?72772?77?77277272271111012772?7?
7077000007070010117272722722772722722272722222222222722020222222022222227272772272227111011107777?

182



Taxon

1 2 2
8 9 [} 1 22
3456789012345678901234567890123456789012

Acipenser brevirostrum
Aesopichthys erinaceus
Amia calva

Amphicentrum granulosum
Atractosteus spatula
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A6 Log of maximum parsimony analysis in PAUP

PAUP*
Version 4.0a (build 167) for Macintosh (X86) (built on Feb 1 2020 at 22:15:41)
Friday, July 17, 2020 at 3:37:28 PM Eastern Daylight Time
Processing of file "~/Parsimony/First Full
Run/Data/PF3721 FullMatrix 7 17 2020 MinorChanges.txt"
begins...
Data matrix has 74 taxa, 222 characters
Valid character-state symbols: 01234
Missing data identified by '?'
Gaps identified by '-'
Case significant for alphabetic character-state symbols
Character types changed:
Of 222 total characters:

7 characters are of type 'ord' (Wagner)

215 characters are of type 'unord'

All characters have equal weight
**% Skipping "NOTES" block
**% Skipping "MESQUITECHARMODELS" block
**% Skipping "MESQUITE" block
Processing of input file "PF3721 FullMatrix_7 17 2020 MinorChanges.txt" completed.
paup> Outgroup 13-15;

Outgroup status changed:
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3 taxa transferred to outgroup
Total number of taxa now in outgroup = 3
Number of ingroup taxa = 71
paup> Set maxtrees=1000 increase=auto autolnc=1000;
Maxtrees reset to 1000
paup> HSearch nchuck=10000 chuckScore=1 addSeq=random nreps=500 hold=5;
Heuristic search settings:
Optimality criterion = parsimony
Character-status summary:
Of 222 total characters:
7 characters are of type 'ord' (Wagner)
215 characters are of type 'unord'
All characters have equal weight
All characters are parsimony-informative
Gaps are treated as "missing"
Multistate taxa interpreted as uncertainty
Starting tree(s) obtained via stepwise addition
Addition sequence: random
Number of replicates = 500
Starting seed = generated automatically
Number of trees held at each step = 5
Branch-swapping algorithm: tree-bisection-reconnection (TBR) with reconnection limit = 8

Steepest descent option not in effect
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No more than 10000 trees of score (length) greater than or equal to 1 will be saved in each
replicate
Initial 'Maxtrees' setting = 1000 (will be auto-increased by 1000)
Branches collapsed (creating polytomies) if maximum branch length is zero
'MulTrees' option in effect
No topological constraints in effect
Trees are unrooted
Heuristic search completed
Total number of rearrangements tried = 3.7375e+10
Score of best tree(s) found = 1088
Number of trees retained = 49308

Time used = 05:36:00 (CPU time = 02:46:32.0)
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A7 Log of Bayesian analysis in MrBayes

#Script written by Jack Stack in August 2020

#Execute dataset

exe /Users/Hemaron/MrBayes/8 11 20 Run/Data/MrBayesl 8 10 20.nex
outgroup Cheirolepis canadensis

Iset rates=gamma coding = variable

mcmep ngen=500000

mcmep samplefreq=100

memcp printfreq=100

sump

sumthin's burninfrac=0.5
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