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ABSTRACT 

Fishes have evolved to exploit multiple ecological niches. Extant fishes in both marine 

(e.g., rabbitfishes, surgeonfishes) and freshwater systems (e.g., haplochromine cichlids, 

characiforms) have evolved specialized, scoop-like, multidenticulate teeth for benthic scraping, 

feeding primarily on algae. The ray-finned fish †Hemicalypterus weiri Schaeffer, 1967, from the 

Upper Triassic Chinle Formation of southeastern Utah (~210–205 Ma), United States is the 

oldest example of a ray-finned fish with specialized multidenticulate dentition. †Hemicalypterus 

weiri was a lower actinopterygian species distinguished by its deep, disc-shaped compressed 

body; ganoid-scaled anterior half and scaleless posterior half; spinose, prominent dorsal and 

ventral ridge scales anterior to dorsal and anal fins; hem-like dorsal and anal fins with rounded 

distal margins; small mouth gape; and specialized, multicuspid dentition. †Hemicalypterus is 

phylogenetically remote from modern fishes, and its specialized dentition is a morphological 

convergence with those of several living teleost fishes with a likely function of these teeth being 

to scrape algae off a rock substrate. This finding contradicts previously held notions that fishes 

with multicuspid, scoop-like dentition were restricted to teleosts, and indicates that ray-finned 

fishes were diversifying into different trophic niches and exploring different modes of feeding 

earlier in their history than previously thought, fundamentally altering our perceptions of the 

ecological roles of fishes during the Mesozoic. †Hemicalypterus weiri is redescribed and 

rediagnosed based on new information collected from reexamination of museum specimens as 

well as examination of recently collected specimens. A phylogenetic analysis infers a placement 

of †Hemicalypterus within †Dapediiformes, with †Dapediiformes being recovered as sister to 

Ginglymodi within holostean actinopterygians. 
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Fishes of the order †Redfieldiiformes (~22 genera, 26 spp.) are an extinct group of lower 

ray-finned fishes found globally in geologic deposits from the Early Mesozoic. Redfieldiiforms 

possessed a fusiform body shape, thick enameled (ganoid) scales covering the entire body, fixed 

maxilla, more upright jaw suspensorium, prominent and often tuberculated snout, and reduction 

in the dorsal lobe of the caudal fin. Redfieldiiforms represent one of the last remnants of a once-

dominant lineage of fishes during the Paleozoic (†Palaeoniscimorpha), but the evolutionary 

relationships within the †Redfieldiiformes were last examined over thirty years ago and have 

never been assessed via a quantitative phylogenetic analysis. Redfieldiiform fishes are 

reexamined, with updates to the anatomical and morphological descriptions of certain taxa. 

Parsimony and maximum-likelihood analyses support a monophyletic †Redfieldiiformes with 

two families, †Brookvaliidae and †Redfieldiidae. The order †Redfieldiiformes is closely related 

to the †Scanilepiformes, †Perleidiformes, and †Mesopoma. A new classification of the 

†Redfieldiiformes is presented. 

A new species of †Lasalichthys is described based on new, three-dimensionally preserved 

specimens from the Upper Triassic Dockum Group of western Texas. The new species of 

†Lasalichthys is diagnosed by a combination of unique traits found in the skull, including shape 

of maxilla, shape of preoperculum and associated cheek bones, pattern and articulation of bones 

in the snout, and patterns of sensory line canals in the dermal skull bones. Specimens of this new 

species display novel patterns in the sensory line canals of the skull that have never been 

observed in any other redfieldiiform. The new species of †Lasalichthys represents one of the 

oldest redfieldiiform taxa in North America, and is recovered within the family †Redfieldiidae. 
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NOMENCLATURAL DISCLAIMER 

The taxonomic information presented herein, including new taxa, are disclaimed as 

nomenclatural acts and are not available, in accordance with Article 8.3 of the International Code  

of Zoological Nomenclature. 
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CHAPTER ONE 

EVIDENCE OF A SPECIALIZED FEEDING NICHE IN A LATE TRIASSIC RAY-FINNED 

FISH: EVOLUTION OF MULTIDENTICULATE TEETH AND BENTHIC SCRAPING IN 

†HEMICALYPTERUS 

INTRODUCTION 

 Ray-finned fishes (Actinopterygii) are one of the largest and most successful groups of 

vertebrates on the planet, with over 30,000 species in both marine and freshwater environments 

(Near et al., 2012), and display a dazzling array of morphological variation associated with 

behavior, habitat, ecology, and preferred diet. Fishes have occupied carnivorous niches in both 

marine and freshwater systems for 450 million years (Long, 2010). Studies have indicated that 

the fossil record for herbivorous ray-finned fishes (Actinopterygii) extends only to the Eocene 

(~50 Ma; Bellwood, 2003). There is no evidence of herbivory among fishes prior to the 

Cenozoic, whereas, herbivorous tetrapods date back to the Carboniferous (~305 Ma; Sues and 

Reisz, 1998). To exploit various food sources, specialized dentition often associated with 

herbivory has evolved in teleosts in both marine and freshwater environments, and the 

morphology of herbivorous dentition varies among different groups: including rasping, needle-

like teeth (loricarioid armored catfishes; Delariva and Agistinho, 2001); densely packed, bristle 

teeth (coral-reef butterflyfishes, combtooth blennies, and bristletooth surgeonfishes; Bellwood et 

al., 2014a); and compressed, scoop-like, scraping incisors with multidenticulate edges (coral-reef 

rabbitfishes, tangs, surgeonfishes and freshwater characiforms and lacustrine algae-scraping 
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haplochromine cichlids; Blot and Tyler, 1990; Fishelson and Delarea, 2013; Purcell and 

Bellwood, 1993; Tyler and Bannikov, 1997; Teixeira et al., 2013; Fryer and Isles, 1972). The 

fossil record for teleosts expressing herbivory extends to the Eocene (~50 Ma; Bellwood, 1996), 

including fossil representatives of many extant marine and brackish inhabitants (e.g., 

rabbitfishes, scats; Tyler and Sorbini, 1990; Blot, 1969). Without previous fossil anatomical 

evidence to indicate a herbivorous diet, it has been assumed that Paleozoic and Mesozoic fishes 

were carnivorous or omnivorous as they possess generalized caniniform or styliform teeth, 

associated with carnivory (Schaeffer and Rosen, 1961) or specialized durophagous dentition for 

crushing invertebrates (e.g., Nursall, 1996; Kriwet, 1999; Tintori, 1983; Choo et al., 2014; 

Smithwick, 2015). Evidence of specialized, multidenticulate, scraping dentition is documented 

here for the first time in the Mesozoic fish †Hemicalypterus weiri (Fig. 1.1), a non-teleostean 

ganoid fish from the Upper Triassic Chinle Formation of Lisbon Valley, San Juan County, 

southeastern Utah (~210–205 Ma; Schaeffer, 1967). †Hemicalypterus is recovered within the 

upper part of the Church Rock Member of the Chinle Formation in Lisbon Valley, in a sandy 

siltstone lenticular bed that represents a fluvial channel (Martz et al., 2014; Gibson, 2013a, b). 

The fluvial channel deposits in this area of Lisbon Valley alternate with conglomerate layers, and 

these geologic deposits are interpreted as a braided stream system with occasional floodplain 

deposits (e.g., Martz et al., 2014; Blakey and Gubitosa, 1983). The environment is interpreted by 

geologists and paleontologists as a freshwater fluvial to deltaic environment (e.g., Dubiel, 1987; 

Good, 1998). Recent fieldwork in southeastern Utah recovered hundreds of ray-finned fish 

fossils from the Church Rock Member of the Chinle Formation, including multiple species of 

redfieldiiform fishes, a palaeonisciform (†Turseodus dolorensis), a perleidiform (†Tanaocrossus  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Figure 1.1. †Hemicalypterus weiri. (A) type specimen USNM 23425, composite image of part 
and counterpart, shown in left lateral view; (B) reconstruction of †Hemicalypterus weiri, 
modified from Schaeffer (1967); (C) inset showing the reconstruction of the teeth of 
†Hemicalypterus. Scale bar equals 1 cm.



kalliokoskii), two new species of semionotiform fishes, †Lophionotus sanjuanensis (Gibson, 

2013a) and †Lophionotus chinleana (Gibson, 2013b), as well as multiple complete specimens of 

†Hemicalypterus. 

 †Hemicalypterus is a monotypic genus whose evolutionary relationship to other 

actinopterygians remains unclear, although it has been hypothesized to potentially be a member 

of either the family †Semionotidae (Schaeffer, 1967) or †Dapediidae (Thies and Hauff, 2011) 

based primarily on body shape and cranial morphology (see Chapter 2 for a phylogenetic 

analysis of †Hemicalypterus).  

 †Hemicalypterus is a small- to medium-sized fish (average standard length 65 mm), with 

a deep, disc-shaped body, and thick, ganoid scales covering only the anterior half of the body 

(Fig. 1.1A–B). The posterior half of the body, beginning at the anterior margin of the dorsal fin, 

is scaleless, presumably to aid in locomotive flexibility. Its mouth gape is small, and this, 

combined with its body morphology, suggests that †Hemicalypterus was a slow, docile swimmer. 

The original description of †Hemicalypterus was based on specimens lacking complete skulls 

(Schaeffer, 1967). Schaeffer (1967) figured a single, isolated “premaxilla” (Schaeffer, 1967: pl. 

25, fig. 4), and described the teeth of †Hemicalypterus as single and peg-like. However, recent 

fieldwork recovered new specimens of †Hemicalypterus, and preparation of these new 

specimens revealed complete jaws with unique spatulate teeth (Figs. 1.1C, 1.2). The 

“premaxilla” figured in Schaeffer (1967) is in fact a single tooth of †Hemicalypterus. The 

specialized dentition observed on these specimens represents a previously unknown 

multidenticulate tooth morphology among any described species of non-teleostean ray-finned 

fishes and is unique among the extinct actinopterygian fishes of the Mesozoic. 
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MATERIALS AND METHODS  

Specimens of †Hemicalypterus from the American Museum of Natural History (AMNH), 

Natural History Museum of Utah (UMNH), and United States National Museum (USNM) were 

examined. In instances where the teeth and jaws were obscured with rock matrix, fossil 

specimens were mechanically prepared with pneumatic tools, microjacks, and sharpened carbide 

needles to remove excess matrix. Specimens were examined with the use of several 

stereomicroscopes with different resolution power. Photographs of the specimens were taken 

with a Canon digital SLR camera with macro-style lenses (65 and 100 mm). Fluorescent 

photographs were taken with a SMZ18 stereomicroscope with a P2-EFL GFP-B Filter. Drawings 

of specimens were done with a camera lucida arm attachment and a digital drawing tablet over 

high-resolution photographs. 

Extant herbivorous fishes from the University of Kansas (KU) Ichthyology collection 

were examined as comparative material for †Hemicalypterus. Extant specimens (Fig. 1.3) are 

preserved in alcohol. 

Specimens Examined 

Acanthurus chirurgus: KU 34267 

Acanthurus nigrofuscus: KU 18235 

Chaetodipterus faber: KU 14910 

Chaetodon semilarvatus: KU 41093 

Chaetodon striatus: KU 34269 

Ctenochaetus striatus: KU 32014 

Cyprinodon variegatus: KU 17040 
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Hyphessobrycon panamaensis: KU 17702–17704 

Hyphessobrycon savagei: KU 20104 

†Hemicalypterus weiri: AMNH 5709–5718; UMNH VP 19419, LV05-10, LV05-13; USNM V 

23424–23425, 23427–23429 

Labeotropheus fulleborni: KU 41343 

Maylandia callainos: KU 41344 

Naso literatus: KU 41125 

Poecilia sphenops: KU 18694 

Siganus rivulatus: KU 19959 

Siganus vulpinnis: KU 29284 

Zebrasoma scopas: KU 32001 

RESULTS 

 The tooth-bearing premaxillary bones of †Hemicalypterus are not large, lack long 

ascending processes attaching them to the skull roof, and each premaxilla bears three individual 

teeth (Fig. 1.2A–C). The teeth on the premaxillae are long and cylindrical at the base, each 

broadening at the crown to a flat, spatulate surface with four individual styliform cusps at the 

edge of the spatulate crown (Fig. 1.2A–C). These broader tips are in contact with each other, 

creating a continuous cutting edge (Fig. 1.2A–C). The lower jaw is short and robust (Fig. 1.2D–

F). The anterior portion of the dentaries contain from 3–6 long, spatulate, multicuspid teeth, 

which are morphologically identical to those seen on the premaxillae. At the broadened, spatulate 

margin, each tooth contacts its neighbor and is slightly recurved, creating a continuous scraping 

surface as well as a scoop. The maxilla is either poorly preserved or not preserved on the  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Figure 1.2. The multicuspid, herbivorous-type teeth of †Hemicalypterus, seen under normal 
light, fluorescent light, and line drawing interpretation. (A) AMNH 5712A, three premaxillary 
teeth, center tooth is preserved as an impression only; (B) fluorescent image of teeth as seen in 
A, hypermineralized acrodin caps on each toothlet do not fluoresce; (C) interpretation of the 
premaxillary teeth in AMNH 5712A, teeth shaded in gray; (D) UMNH VP 19419, lower jaw 
with six individual teeth, and one premaxillary tooth; (E) fluorescent image of lower jaw as 
seen in D; (F) interpretation of the teeth seen in UMNH VP 19419, teeth shaded in gray, jaw 
outline shaded in light gray; abbreviations: ang, angular; ant, antorbital; d, dentary; dt, dentary 
tooth; f, frontal; io, infraorbital; n, nasal; pmx, premaxilla; pmxt, premaxillary tooth; ?, 
question mark provided when identification of bone is unclear due to poor preservation of the 
fossil. Scale bars equals 1 mm.



specimens, but it could potentially be small and edentulous. It appears that this specialized 

spatulate dentition, while found in both the upper and lower jaws, is restricted to the premaxillae 

and dentaries (Figs. 1.1C, 1.2). 

DISCUSSION  

 Because direct behavior cannot be observed in extinct species, skeletal anatomy becomes 

crucial for inferring the diet, habit, and potential ecological niche of fossil fishes, and tooth and 

jaw morphology have been shown to correlate with diet in previous studies (e.g., Clifton and 

Motta, 1998; Bellwood, 2003; Purnell et al., 2012). Measurements of the jaw-lever ratio have 

been correlated with preferences in diet (e.g., Bellwood, 2003; Smithwick, 2015), but the 

preservation of specimens of †Hemicalypterus available for this study do not allow for accurate 

measurements of the jaw-lever ratio. And considering Liem’s paradox, which states that 

specialized feeding morphologies are not always directly in line with specialized dietary habits 

(Liem, 1980), one cannot definitively deduce the diet of an extinct fish based on specialized 

tooth morphology alone and can only make general assumptions until more information is 

available. So in order to infer the potential diet and ecological niche of †Hemicalypterus, the 

tooth and jaw morphology is compared to the dental morphology of extant taxa. Extant taxa with 

tooth structures similar to those observed in †Hemicalypterus (i.e., flattened, spatulate, scoop-

like incisors with pronounced, multicuspid edges) are found within both marine and freshwater 

environments, and many of these fishes are known to be benthic feeders scraping the substratum, 

feeding primarily on algae or attached invertebrates. In marine coral reefs, some surgeonfishes 

(e.g., Acanthurus, Zebrasoma) have developed large, pronounced, incisiform teeth with 

multidenticulate edges on the crown, which are successful at sheering algae from a rock substrate  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(Figs. 1.3A–C, 1.4; Fishelson and Delarea, 2013; Purcell and Bellwood, 1993). Within marine to 

brackish inhabitants, some fishes, such as the snouted mullet (Chaenomugil probiscideus), have 

small, recurved teeth with compressed, bifid cusps, and feed primarily on epilithic algae 

(Ebeling, 1957). Rabbitfishes (e.g., Siganus; Figs. 1.3D, 1.4) have robust teeth with notched 

cusps and a sharp edge that shears algal matter off a rocky substrate (Tyler and Bannikov, 1997). 

In freshwater habitats, several species of African rift-lake cichlids have evolved specialized 

dentition for feeding on epilithic algae (Fryer and Isles, 1972). Algae-scraping cichlids, such as 

Labeotropheus (Figs. 1.3E, 1.4) and Maylandia (Figs. 1.3F, 1.4), have a jaw margin 

characterized by rows of long teeth with narrow bases, broadening into a spatulate tip and 

terminated by a series of two to three cusps upon each tooth. The broadened section of each 

contacts the neighboring teeth and are slightly recurved (Fryer and Isles, 1972), much like what 

is observed in †Hemicalypterus (Fig. 1.2). Among non-percomorph teleosts, compressed 

multidenticulate teeth have also evolved independently in a few characoid lineages 

(Characiformes: Characoidei; Fink and Fink, 1981), such as those observed in the genera 

Deuterodon and Hyphessobrycon (Fig. 1.4; Teixeira et al., 2013), which are also known to feed 

upon algae and macrophytes as well as a small portion of other organisms, such as insect larvae 

(Teixeira et al., 2013).  

 The finding of a specialized, multidenticulate, scoop-like scraping dentition in the 

Mesozoic in a lower actinopterygian taxon, †Hemicalypterus, is indicative of a novel type of 

feeding strategy not otherwise observed in ray-finned fishes prior to the Mesozoic. The fine 

toothlets along the edge of each tooth suggest weak benthic feeding, and these toothlets would 

likely have broken off if †Hemicalypterus were to attempt feeding upon hard-shelled 
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Figure 1.3. Examples of the teeth of extant fishes, some showing similarity to the teeth of 
†Hemicalypterus. (A) Acanthurus chirurgus, KU 34267, upper jaw teeth; (B) Zebrasoma 
scopas, KU 32001, upper and lower jaw teeth; (C) Ctenochaetus striatus, KU 32014, upper jaw 
teeth; (D) Siganus rivulatus, KU 19959, upper and lower jaw teeth; (E) Labeotropheus 
fuelleborni, KU 41343, upper jaw teeth; (F) Maylandia callainos, KU 41344, lower jaw teeth. 
Scale bars equal 1 mm.



invertebrates. Invertebrates were more likely the prey of fishes with robust marginal teeth and a 

pavement of palatal and or vomerine teeth, which is observed in other Mesozoic and Cenozoic 

deep-bodies fishes, such as pycnodonts (e.g., Nursall, 1996; Kriwet, 1999), Sargodon (Tintori, 

1983), and some dapediids (e.g., Thies and Hauff, 2011; Smithwick, 2015). Based upon the tooth 

morphology of †Hemicalypterus and its similarity to many extant freshwater and marine 

herbivorous fishes, it is likely that †Hemicalypterus was herbivorous, at least in part, and 

exploited a benthic feeding niche by using its fork-like teeth to pull algae or other attached plants 

and organisms from a rocky substrate in the continental stream systems of the Upper Triassic 

Chinle Formation. In addition, the deep, disc-shaped body morphology with loss of heavy ganoid 

scales on its posterior flank imply that †Hemicalypterus was not a fast, open water predatory 

fish, but instead a slow-moving fish with a more flexible caudal region that could have allowed it 

to remain still in the water column while feeding and pulling on food sources on the substratum. 

 Prior to this discovery, the oldest fossil record for articulated herbivorous marine teleosts 

dates back to the middle Eocene (50 Ma; Bellwood et al., 2014a, 2014b). Marine herbivorous 

fishes with exceptionally preserved fossil taxa are found in the Eocene Monte Bolca Lagerstätte 

of Italy, which is hypothesized to represent a coral-reef environment (Blot, 1969; Bellwood, 

1996; Bellwood, 2003). Most of the fishes found in the Monte Bolca deposits display a more 

generalized dentition, unlike their extant relatives (Blot and Tyler, 1990; Bellwood et al., 2014b). 

Many species, however, possess a jaw-lever ratio that is consistent with a herbivorous lifestyle as 

per Bellwood (2003), and some species display similar types of specialized dentition that might 

indicate a benthic feeding lifestyle, such as the siganid †Ruffoichthys (Fig. 1.4; Tyler and Sorbini, 

1990), the monodactylid †Pasaichthys (Fig. 1.4; Blot, 1969), and the scatophagid 
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Figure 1.4. Occurrences of some fishes with multidenticulate dentition through time, with 
drawings of their individual tooth morphologies. †Hemicalypterus (highlighted in bold) is the 
oldest occurrence of a fish (within the Late Triassic) with multidenticulate dentition used for 
scraping the substratum, with the likely function of facultative herbivory. Other fishes with 
similar, multidenticulate dentition do not occur until the Eocene with fossilized fishes from the 
Monte Bolca Formation, such as †Pasaichthys and †Ruffoichthys. Many examples of fishes 
with multidenticulate dentition occur in the Recent, and all of these fishes are at least partially 
herbivorous.



†Eoscatophagus (Tyler and Sorbini, 1999). The initial divergence of these closely related 

families are potentially older than the Eocene, as several representatives from these clades are 

already present and established in coral-reef environments during the Eocene (Bellwood, 2003). 

Molecular divergence dating of spiny-rayed fishes based on fossil calibration evidence indicates 

that the origin of most acanthuriforms and crown percomorphs, that include modern taxa that 

occupy herbivorous niches, may extend back from the Early Paleocene to the Late Cretaceous 

(Near et al., 2012). In freshwater habitats, fishes that possess scraping dentition are found in a 

variety of teleost lineages, such as characiforms, livebearers, and cichlids. The oldest fossil 

record for a freshwater fish lineage with multiple taxa with compressed multidenticulate teeth 

(Characiformes) dates back to the Late Cretaceous (97 Ma; Malabarba and Malabarba, 2010), 

although the oldest fossil characiforms have not been hypothesized to be herbivorous. Likewise, 

African cichlids have a fossil record dating back 45 Ma (Murray, 2001; McMahan et al., 2013), 

but the origin of specialized scraping dentition is thought to have occurred recently in their 

evolutionary history, with the algae-scraping haplochromine cichlids of Lake Malawi 

hypothesized to have evolved during the Pleistocene (~1 Ma; Danley et al., 2012). 

 Mo et al. (2016) noted the presence of isolated, multicuspid teeth belonging to fishes of 

unknown affinity in Lower Cretaceous deposits from China, as well as noting the presence of 

similar teeth in Upper Cretaceous deposits in North Africa (e.g., Stromer and Weiler, 1930; 

Arambourg, 1952). However, the discovery of specialized benthic-scraping dentition in the Late 

Triassic (~210 Ma) neopterygian fish †Hemicalypterus changes prior conceptions that this type 

of specialized multidenticulate dentition evolved recently among teleost fishes. Additionally, the 

anatomy of its unique dentition is evidence that †Hemicalypterus may have occupied an 
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herbivorous ecological niche that has not been previously associated with any extinct lower 

actinopterygian or early teleost of the Paleozoic or Early Mesozoic. Although it is hypothesized 

that Mesozoic or Paleozoic ray-finned fishes may have been opportunistically feeding on plants 

or detritus, there is currently no evidence—either via gut contents, ichnological traces, or 

dentition—to indicate that Paleozoic or Mesozoic actinopterygians had moved into a herbivorous 

niche that had otherwise been occupied by aquatic invertebrates (Steneck, 1983). Instead, it has 

been inferred that Paleozoic and Mesozoic fishes were carnivorous or omnivorous feeders with 

generalized teeth either styliform, caniniform, or durophagous in appearance (Schaeffer and 

Rosen, 1961; Tintori, 1983; Nursall, 1996; Kriwet, 1999; Choo et al., 2014; Smithwick, 2015). 

With the evolution of highly specialized tooth morphology for scraping the substrate, 

†Hemicalypterus likely exploited a new ecological niche that would allow it to feed directly on 

primary producers in an aquatic ecosystem. 

 †Hemicalypterus is part of an assemblage of aquatic and terrestrial organisms in the 

Chinle Formation that evolved during a window of time in the Late Triassic that has been 

associated with significant ecological opportunity, following a faunal turnover event that 

coincides with a bolide impact (215 Ma; Ramezani et al., 2005; Parker and Martz, 2011) that 

caused ecological upheaval. The only known record of †Hemicalypterus fossils are the 

uppermost deposits of the Chinle Formation (210–205 Ma) of southern Utah, which falls 

between two known large catastrophic events that occurred during the Late Triassic (Fig. 1.4). 

First is the Manicouagan bolide impact in Quebec Canada (dated at 215.5 Ma; Ramezani et al., 

2005) that has been correlated with a terrestrial fauna turnover in the Chinle Formation (Parker 

and Martz, 2011). This event likely opened up ecological opportunity and niche space for aquatic 
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organisms as well, such as †Hemicalypterus and other fishes from the Chinle Formation, to 

diversify into and exploit. Second, the Triassic Period ended with one of the largest documented 

mass extinction events in Earth’s history (Benton, 1995), and the End Triassic Extinction event at 

201.5 Ma is correlated to a series of volcanic eruptions known as the Central Atlantic Magmatic 

Province (CAMP; Blackburn et al., 2013). CAMP volcanic eruptions are associated with the 

breakup of the supercontinent Pangaea, which caused significant climatic changes associated 

with one of the largest mass extinction events (Blackburn et al., 2013) in Earth’s history. These 

climatic changes altered the habitat of what is now the Chinle Formation, changing the wetland-

like habitat (Dubiel, 1987) into extensive sand dunes (Blakey, 1989). There is no evidence of 

†Hemicalypterus fossils following the End Triassic Extinction Event.  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The final publication of Chapter 2 is available open access at the Public Library of Science 

via http://dx.doi.org/10.1371/journal.pone.0163657  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CHAPTER TWO 

REDESCRIPTION AND PHYLOGENETIC PLACEMENT OF †HEMICALYPTERUS WEIRI 

SCHAEFFER, 1967 (ACTINOPTERYGII, NEOPTERYGII) FROM THE TRIASSIC 

CHINLE FORMATION, SOUTHWESTERN UNITED STATES: NEW INSIGHTS INTO 

MORPHOLOGY, ECOLOGICAL NICHE, AND PHYLOGENY 

INTRODUCTION 

 Ray-finned fishes (Actinopterygii) are one of the most successful groups of vertebrates 

on Earth, represented by over 30,000 species (e.g., Near et al., 2012; Nelson et al., 2016). In 

addition, ray-finned fishes have evolved to occupy multiple ecological niches in both freshwater 

and marine habitats, and consequently have evolved a vast array of morphological variation 

associated with different habitats, diets, behaviors, and ecologies. The evolutionary history of 

ray-finned fishes is equally expansive, with representatives in the fossil record occurring clear 

into the Late Silurian (~420 million years ago; Long, 2010). It has been long considered that ray-

finned fishes were carnivorous, generalist feeders in the Paleozoic and most of the Mesozoic, 

with no anatomical fossil evidence of herbivory until the Eocene (~50 Ma; Bellwood, 2003). 

Chapter 1 of this dissertation, on the Triassic deep-bodied neopterygian fish †Hemicalypterus 

Schaeffer, 1967, provided morphological evidence of a specialized, multicuspid dentition that 

has never before been seen in a non-teleost ray-finned fish. This morphology is found within 

several extant fish lineages, such as surgeonfishes (e.g., Acanthurus, Zebrasoma) and 

rabbitfishes (e.g., Siganus), which both occupy marine coral reef habitats, as well as freshwater 

haplochromine cichlids (e.g., Maylandia, Labeotropheus) and characiforms (e.g., 
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Hyphressobrycon; Gibson, 2015). The modern fishes that display this specialized multicuspid 

dentition are known to be benthic feeders scraping the substratum, feeding on algae as a 

predominant food source (Gibson, 2015). The specialized, multicuspid dentition observed in 

†Hemicalypterus suggests that it occupied a benthic scraping, herbivorous trophic niche, and is 

the oldest potential evidence of herbivory in ray-finned fishes (Gibson, 2015). 

 †Hemicalypterus is a monotypic genus whose evolutionary relationship to other 

actinopterygian fishes has previously been unclear. †Hemicalypterus was discovered in the mid-

twentieth century by scientists from the United States Geological Survey and the American 

Museum of Natural History in southeastern Utah, United States, and was described by Schaeffer 

(1967). Additional putative specimens of †Hemicalypterus (identified as cf. Hemicalypterus sp. 

in Johnson et al., 2002) were recovered from the Redonda Formation of eastern New Mexico and 

are reported in Johnson et al. (2002). These specimens are preserved only as patches of scales 

and a possible “premaxilla” (Johnson et al., 2002). Due to the incompleteness of these 

specimens, it is difficult to attribute them to the species level, but Johnson et al. (2002) stated 

that they are potentially †Hemicalypterus weiri. These specimens were reported in Milner et al. 

(2006a) as a distinct occurrence of †Hemicalypterus weiri in the Redonda Formation. Without 

further evidence that these fragmentary specimens are definitively †H. weiri, the geographic 

distribution of †H. weiri as discussed herein is restricted to the Chinle Formation of southeastern 

Utah. 

The initial morphological study and description of †Hemicalypterus weiri by Schaeffer 

(1967) did not identify the specialized, multidenticulate teeth (instead misidentifying a single, 

isolated tooth as a disarticulated premaxilla); however, these teeth were identified by Gibson 
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(2015). Schaeffer’s (1967) description was also based on a limited number of specimens, many 

lacking critical morphological information that could provide evidence of evolutionary 

relationships to other ray-finned fishes. However, because of certain skull features he recognized 

as being similar to other semionotid fishes, Schaeffer (1967) placed †Hemicalypterus in the 

family †Semionotidae, which at the time traditionally included other hypsisomatic (deep-bodied) 

fishes such as †Tetragonolepis and †Dapedium (Woodward, 1895a). Lehman (1966) proposed 

the family †Dapediidae to unite the deep-bodied fishes †Dapedium, †Tetragonolepis, †Dandya, 

and †Heterostrophus (= †Heterostropheus), but Schaeffer (1967) suggested that these lineages, 

as well as †Hemicalypterus, had independently evolved their deep-bodied appearances, and 

dismissed this familial union. Later authors (e.g., Tintori, 1983) followed Schaeffer (1967) and 

included additional deep-bodied neopterygian fishes in †Semionotidae, such as the genera 

†Sargodon, †Dandya, and a new species of †Dapedium, †D. noricum Tintori, 1983.  

Other authors have maintained that the deep-bodied neopterygian fishes, such a 

†Dapedium, constitute a separate family, the †Dapediidae, first proposed by Lehman (1966). 

Wenz (1968) and Patterson (1975) also supported the separation of “dapediid-type” fishes and 

“semionotid-type” fishes by noting that deep-bodied fishes, such as †Dapedium and 

†Tetragonolepis, were so morphologically distinct from other semionotids that they do not form 

a natural group. Thies and Hauff (2011) rediagnosed the family †Dapediidae based on shared 

characters, such as the deep, disc-shaped body. and considered the following genera members of 

†Dapediidae: †Dandya, †Dapedium, †Hemicalypterus, †Heterostrophus, †Paradapedium, 

†Sargodon, and †Tetragonolepis. However, Thies and Hauff (2011) did not conduct a 

phylogenetic hypothesis to test the monophyly of their †Dapediidae or investigate the 
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evolutionary relationships among taxa within the family. More recently, Thies and Waschkewitz 

(2015), produced a phylogenetic hypothesis of evolutionary relationships of dapediids in their 

reexamination of †Dapedium pholidotum. Based on new information, Thies and Waschkewitz 

(2015) could not support a sister-relationship between †Dapedium and teleosts proposed in other 

studies (e.g., Gardiner, 1960; Arratia, 1999; Arratia, 2001), and showed support for a relationship 

between dapediids and ginglymodians. Thies and Waschkewitz (2015) established a new order, 

†Dapediiformes, with a single family †Dapediidae, but their phylogenetic study was restricted to 

the genus †Dapedium, and failed to include other proposed dapediid taxa, which includes 

†Hemicalypterus (Thies and Hauff, 2011). 

 Recent collecting expeditions to the Upper Triassic Chinle Formation in Lisbon Valley, 

San Juan County, Utah by scientists at the Natural History Museum of Utah and the St. George 

Dinosaur Discovery Site recovered hundreds of fish fossils, including new species as well as taxa 

identified by Schaeffer (1967). The assemblage of osteichthyan fishes from the Chinle Formation 

in Utah includes the palaeonisciform †Turseodus dolorensis Schaeffer, 1967; the redfieldiiforms 

†Cionichthys dunklei Schaeffer, 1967, †Lasalichthys hillsi Schaeffer, 1967, and †Synorichthys 

stewarti Schaeffer, 1967; the enigmatic actinopterygian †Tanaocrossus kalliokoskii Schaeffer, 

1967; recently described semionotiforms †Lophionotus sanjuanensis Gibson, 2013a and 

†Lophionotus chinleana Gibson, 2013b; and one species of coelacanth, †Chinlea sorenseni 

Schaeffer, 1967. These recent collecting efforts also recovered dozens of additional specimens of 

†Hemicalypterus weiri. These new specimens provide additional morphological and meristic 

data that were lacking in the original description by Schaeffer (1967), and a thorough 

redescription of the genus is warranted to account for new, important morphological data.  
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The purpose of this chapter is to thoroughly reexamine and redescribe †Hemicalypterus 

weiri, as well as ascertain its evolutionary relationship among neopterygians within the context 

of phylogenetic analyses. †Hemicalypterus has never been included in any phylogenetic analysis 

and thus its relationship to other neopterygian fishes has remained unresolved.  

GEOLOGIC SETTING 

 Specimens of †Hemicalypterus weiri are found in the Upper Triassic (~210–205 million 

years ago; Martz et al., 2014) Church Rock Member of the Chinle Formation in Lisbon Valley, 

San Juan County, southeastern Utah. The Chinle Formation in Lisbon Valley is separated into 

two member-level units: the Kane Springs beds and the Church Rock Member (Martz et al., 

2014). The Church Rock Member is comprised of alternating layers of mudstone, siltstone, fine-

grained sandstone and conglomerate (Martz et al., 2014). The fish-bearing beds are isolated 

stream deposits made of fine-grained, red and pale green sandstone layers with cross-lamination, 

occurring approximately 15 meters below a discontinuous, informal unit termed the ‘red 

ledge’ (Martz et al., 2014). Based on geologic and lithostratigraphic studies of the Chinle 

Formation of southeastern Utah (e.g., Martz et al., 2014; Blakey and Gubitosa, 1983), the Chinle 

Formation represents a complex freshwater fluvial-deltaic-lacustrine system with increasing 

aridity and a perennial monsoonal climate (Martz et al., 2014; Stewart et al., 1972; Dubiel et al., 

1991). North America at this time was climatically impacted by the breakup of Pangaea (e.g., 

Dubiel et al., 1991), as well as the Manicouagan bolide impact in Quebec, Canada (e.g., Hodych 

and Dunning, 1992). Both of these events potentially impacted both terrestrial and aquatic fauna 

of North America during the Norian Triassic (Gibson, 2015; Parker and Martz, 2011). 
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MATERIALS AND METHODS 

 Specimens of †Hemicalypterus from the American Museum of Natural History (AMNH), 

the Smithsonian National Museum of Natural History (USNM), and the Natural History Museum 

of Utah (UMNH) were examined for this study. Specimens from the AMNH and USNM were 

collected by geologists and paleontologists in the mid-20th century (Schaeffer, 1967), whereas 

the specimens from UMNH were more recently collected between 2004–2010 by the author as 

well as researchers from the UMNH and the St. George Dinosaur Discovery Site (SGDS), and 

trained volunteers from the Utah Friends of Paleontology (Milner et al., 2006a; Milner et al., 

2006b). Specimens collected for this study were collected under Utah State Institutional Trust 

Lands Administration permits 02-334 and 05-347 and reposited in the UMNH. In instances 

where the fish fossils were obscured by rock matrix, specimens were carefully prepared and 

exposed with the use of pneumatic tools, microjacks, and sharpened carbide needles. In a few 

cases when only a negative impression of the specimen was preserved, a silicone peel was made 

to examine a positive cast of the fossil. Silicone peels were dusted with ammonium chloride to 

enhance contrast. Specimens were examined using several stereomicroscopes with varying 

resolution power. Photographs of each specimen were taken under normal lighting conditions 

with a Canon digital SLR camera with macro-style lenses (65 and 100 mm). Specimens were 

also examined and photographed under fluorescence using a Leica stereomicroscope with GFP-

LP and GFP3 filters, and a SMZ1 stereomicroscope with a P2-EFL GFP-B filter. Drawings of 

specimens were done with a camera lucida arm attachment and a digital drawing tablet over 

high-resolution photographs. 
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 Bone terminology. The terminology used herein follows osteological terminology 

outlined by Schultze (2008) and Wiley (2008). Postcranial morphology is described herein using 

the terminology set forth by Arratia (2008). In instances where the terminology has varied 

between authors or over the years and does not follow the terminology outlined in the studies 

above, the traditional terminology will be presented in parentheses the first time that the bone is 

cited, to aid in interpreting homologous characters for future morphological, descriptive, and 

phylogenetic studies.  

Anatomical Abbreviations. a.pr, ascending process of the premaxilla; a.io, anterior 

infraorbital (lacrimal); ang, angular; ao, antorbital; ar, articular; bchst, branchiostegal; bf, basal 

fulcra; b.pr, branched principal ray; cl, cleithrum; d, dentary; dpt, dermopterotic; dsph, 

dermosphenotic; dt, dentary teeth; ecp, ectopterygoid; enp, entopterygoid; ep, epural; ex, 

extrascapular; ff, fringing fulcra; g, gular; hyp, hypural; io, infraorbital; iop, interoperculum; n, 

nasal; mpt, metapterygoid; mx, maxilla; op, operculum; p, parietal (frontal); pcl, postcleithrum; 

phyp, parhypural; pmx, premaxilla; pmxt, premaxillary teeth; pop, preoperculum; pp, 

postparietal (parietal); pr, principal ray; psph, parasphenoid; ptt, posttemporal; q, quadrate; qj, 

quadratojugal; scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, suborbital.  

 Other Abbreviations. HL, head length; MBD, maximum body depth; SL, standard 

length. 

 Institutional abbreviations. AMNH, American Museum of Natural History, New York 

City, New York, USA; AMS, Australian Museum, Sydney, Australia; FMNH, Field Museum of 

Natural History, Chicago, Illinois, USA; SGDS, St. George Dinosaur Discovery Site at Johnson 

!24



Farm, St. George, Utah, USA; UMNH, Natural History Museum of Utah, Salt Lake City, Utah, 

USA. 

Specimens Examined 

†Aetheolepis mirabilis: AMS MF260, MF262 (photographs only) 

†Amia fragosa: FMNH PF 10299 

†Amia pattersoni: FMNH PF 14343 

†Amia scutata: FMNH PF 13108, PF 14313, PF 15345, PF 15347 

†Araripelepidotes temnurus: AMNH 11813, 19067; FMNH PF 11835, PF 11849, PF 11852–

11853, PF 14043, PF 14349 

†Cavenderichthys talbragarensis: FMNH PF 5998 

†Dapedium leachii: USNM V 16494 

†Dapedium pholidotum: FMNH P 25056, UC 2056; AMNH 7538, USNM V 4922 

†Dapedium politum: USNM V 1922–1923 

†Dapedium punctatum: FMNH PF 25433; USNM V 16108 

†Hemicalypterus weiri: AMNH 5709–5718, UMNH VP 19419, VP 22904; USNM V 23422, V 

23424, V 23425 (holotype), V23427–23429 

†Heterostrophus phillipsi: BGS GSM113113a–c (Holotype; photographs only) 

†Lepidotes elvensis: FMNH P 25095, PF 5367  

†Lepidotes notopterus: FMNH UF 539 

†Lepidotes oblongus: FMNH UC 2138 

†Lepidotes sp.: FMNH P 25351, P 25588, PF 12546, PF 15470 

†Leptolepides sprattiformis: FMNH P 25307, UC 2118 
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†Lophionotus chinleana: AMNH 5682-5683; UMNH VP 19415, VP 19417–19418 

†Lophionotus kanabensis: AMNH 8870 (holotype), 8871; USNM V 18399 

†Lophionotus sanjuanensis: AMNH 5679, 5680, 5684, 5685, 5690; USNM V 23417, V 23420; 

UMNH VP 19419–19421 

†Lophionotus sp. UMNH VP 19413–19419, VP 29416 

†Dorsetichthys bechei: FMNH UC 2137 

†Pholidophoroides limbatus: FMNH UC 2119 

†Platysomus gibbosus: USNM V 21805 

†Platysomus lacovianus: AMNH 7400 (type) 

†Sargodon tomicus: FMNH UC 952, UF 953;  

†Semionotus agassizii: AMNH 8459 

†Semionotus capensis: AMNH 8828, 8829, 19702; FMNH P 25053–25056 

†Semionotus elegans: FMNH P 12751, UC 2060, UF 551 

†Semionotus fultus: FMNH UF 958; MCZ 6152 

†Semionotus micropterus: FMNH PF 13104, UC 2059, UF 37 

†Semionotus tenuiceps: FMNH P 12548, P 25049, PF 13105, PF 25050–25052, UF 431 

†Semionotus sp.: AMNH 5681, 5686–5689, 5691–5696, 5698–5699, 5702–5703, 5705–5707, 

18970–18972; FMNH PF 5732, PF 13106, PF 15156, UC 2006, UF 452–458, UF 957; SGDS 

886, 894, 1059, 1237, 1241, 1314 

†Scheenstia ‘Lepidotes’ maximus: AMNH 13097; FMNH P 25587, UF 950 

†Teoichthys kallistos: USNM 460260 

†Tetragonolepis semicincta: AMNH 7541; FMNH UF 36; USNM V 279855 
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†Watsonulus eugnathoides: FMNH PF 4256 

 Morphological character and taxonomic sampling for analysis. To ascertain the 

phylogenetic relationships of †Hemicalypterus weiri to other neopterygian fishes, both 

parsimony and maximum likelihood analyses were performed based on a morphological 

character matrix of 100 characters and 54 taxa. The morphological data matrix was assembled 

using Mesquite Version 3.04 build 725 (Maddison and Maddison, 2015). The data matrix is built 

upon Gibson (2013b), which used many of the characters from López-Arbarello (2012) for 

ginglymodian fishes. Two other studies (Thies and Waschkewitz, 2015; Bermúdez-Rochas and 

Poyato-Ariza, 2014) have also used either the whole matrix or a subsample of the matrix from 

López-Arbarello (2012) for their respective analyses of holostean fishes. Two additional 

characters (the presence of a suprapreopercular bone, and the number of infraorbitals anterior to 

the orbit, characters 96 and 97 in this matrix, respectively) from Bermúdez-Rochas and Poyato-

Ariza (2014) were added to the matrix because of their use in further delineating ginglymodian 

relationships. Three characters include an additional character state for each, as first proposed in 

Thies and Waschkewitz (2015): character 1 includes a state 4 — dorsal fin originates posterior to 

pelvic fins and extends opposite to anal fin; character 22 includes a character state 3 — length of 

postparietals (parietals of traditional terminology) more than half of the parietal (frontal of 

traditional terminology); character 23 includes a character state 2 — parietals (frontals) only 

slightly longer than their maximum width. 

Two synapomorphic characters for †Dapediidae from Thies and Hauff (2011) and Thies 

and Waschkewitz (2015) were newly included in this study: character 94 — body deeply 
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fusiform to nearly circular (absent 0, present 1); character 95 —hem-like dorsal and anal fins 

(absent 0, present 1). 

To further elucidate a relationship to teleostean fishes, three additional teleostean 

synapomorphic characters were added to this matrix based on Arratia (2013): character 98 — 

tube-like, canal-bearing, anterior arm of the antorbital (absent 0, present 1); character 99 — two 

vertebral centra fused into occipital condyle in adults (absent 0, present 1); character 100 — 

hypural articulating with a few caudal rays (absent 0 present 1). 

The following characters are newly added to this study: character 91 — morphology of 

the premaxillary teeth (unicuspid 0, bicuspid/bifid 1, multicuspid 2); character 92 — ventral 

ridge scales (absent 0, present 1); character 93 — thickness of scales posteriad (no reduction in 

thickness 0, reduced in thickness or lost 1). 

One character from Gibson (2013b) was modified to include an additional state for this 

study. Character 83, the morphology of the dorsal ridge scales, includes a newly defined 

character state 3 for scales that are toothed or spinose, meaning the present of multiple spines per 

dorsal ridge scale.  

Coding for †Callipurbeckia minor was changed for character 29 from Gibson (2013b) 

and López-Arbarello (2012): the circumorbital ring closes in ontogeny in C. minor (López-

Arbarello personal communication); this character coding has been changed from 0 to 1 in this 

study. Coding of †Siemensichthys from Gibson (2013b) was changed for two characters based on 

Arratia (2013): character 7 is changed from ? to 0; character 10 is changed from ? to 1. 
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 Additional holostean taxa listed below are added to the data matrix based upon 

examination of specimens and interpretation of previous studies; each of these taxa have been 

chosen because previous hypotheses have purported a potential affinity to †Hemicalypterus. As 

†Hemicalypterus has been hypothesized to be related to semionotids within Holostei, five 

additional holostean fishes were included to further resolve the relationships of holostean fishes: 

the ionoscopid fish †Archaeosemionotus connectens; ginglymodian fishes †Camerichthys lunae, 

†Kyphosichthys grandei, and†Lepidotes elvensis; and the archaeomaenid fish †Aetheolepis 

mirabilis. Scores for †Archaeosemionotus connectens are based on López-Arbarello et al. 

(2014); scores for †Lepidotes elvensis are based on Thies (1989a); scores for †Camerichthys are 

based on Bermúdez-Rochas and Poyato-Ariza (2014); scores for †Kyphosichthys are based on 

Xu and Wu (2012); scores for †Aetheolepis mirabilis are based on Woodward (1895b) and 

examination of photographs of specimens. 

Other studies as outlined above have hypothesized a close relationship between 

†Hemicalypterus and dapediid fishes, and so several taxa are included in the analysis that are 

putative members of †Dapediidae (†Dapediiformes): †Dandya ovalis, †Dapedium caelatum, 

†Dapedium pholidotum, †Dapedium punctatum, †Dapedium stollorum,†Heterostrophus 

phillipsi, †Paradapedium egertoni, †Sargodon tomicus, †Tetragonolepis oldhami, and 

†Tetragonolepis semicincta,. Character scores of each taxon for the morphological data matrix 

are based on the following: scores for †Tetragonolepis semicincta are based on Thies (1989b, 

1991) and personal examination of specimens; scores for †Tetragonolepis oldhami and 

†Paradapedium egertoni are based on Jain (1973); scores for †Sargodon tomicus and †Dandya 

ovalis are based on Tintori (1983); scores for †Dapedium punctatum and †Dapedium stollorum 
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are based on Thies and Hauff (2011), Thies and Waschkewitz (2015), Gibson (2013b), Thies and 

Herzog (1999), and personal examination of specimens; scores for †Dapedium pholidotum are 

based on Thies and Waschkewitz (2015) and personal examination of specimens; scores for 

†Heterostrophus phillipsi are based on Woodward (1928), Woodward (1929), and examination of 

high-resolution photographs of the type material, freely provided by the JISC GB3D Type 

Fossils Online Project (found at http://www.3d-fossils.ac.uk). 

The complete list of characters used for this chapter is found in Appendix 2.1. The 

complete matrix can be found in Appendix 2.2. 

 Phylogenetic analysis of morphological data. A parsimony-based analysis was 

performed using PAUP* Version 4.0a147 for Macintosh Swofford (2002). Characters were 

unordered and given equal weight. Multistate characters were treated as polymorphisms. The 

starting tree in the heuristic search was obtained via stepwise addition, and branch-swapping was 

done with tree-bisection-reconnection (TBR). Branches were collapsed if maximum branch 

length was zero. Symmetric resampling bootstraps (Felsenstein, 1985) were performed with 100 

replicates. The subholostean †Perleidus was designated as the outgroup taxon in the analyses. 

 A maximum likelihood analysis was conducted using the software Garli Version 2.01 

(Zwickl, 2006) using a single partition with the Lewis MK model modified for only variable 

characters (MKv) as recommended for morphological data (Lewis, 2001). Characters were 

unordered, and polymorphisms were treated as missing data. Five separate likelihood analyses 

were conducted, with the tree having the best likelihood score presented here in order to evaluate 

evolutionary relationships. A nonparametric bootstrap analysis (Felsenstein, 1985) was 
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performed on the dataset with 100 random pseudoreplicates. As in the parsimony analysis, 

†Perleidus was rooted as the outgroup. 

SYSTEMATIC PALEONTOLOGY 

Osteichthyes Huxley, 1880 

Actinopterygii Cope, 1871 

Neopterygii Regan, 1923 

Holostei Müller, 1845 (sensu Grande, 2010) 

†Dapediiformes Thies and Waschkewitz, 2015 

†Dapediidae Lehman 1966 (sensu Thies and Hauff, 2011) 

Genus †Hemicalypterus Schaeffer, 1967 

Generic etymology. Greek origin, meaning hemi for “half” and kalyptos for “covered”, referring 

to the conspicuous body scales covering the anterior portion of body only. 

Generic Diagnosis. Same as for type and only species. 

Type species. †Hemicalypterus weiri Schaeffer, 1967 from the Upper Triassic Chinle Formation 

of San Juan County, Utah (United States) 

†Hemicalypterus weiri Schaeffer, 1967 

Figures 2.1–2.8 

Schaeffer, 1967: fig. 12; pls. 24–25 

Gibson, 2015: figs. 1–2; Chapter 1: figs. 1.1–1.2 
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Specific etymology. Named after Gordon W. Weir, a geologist for the United States Geological 

Survey who surveyed the geology of San Juan County, and was one of the first to report the 

presence of fossil fishes in Lisbon Valley, San Juan County.  

Holotype. USNM V 23425A, B: nearly complete specimen in lateral aspect (Fig. 2.1) 

Referred specimens. AMNH 5709A, B: nearly complete specimen in lateral aspect; AMNH 

5710: three partial specimens; AMNH 5711: anterior half of specimen; AMNH 5712: anterior 

half of specimen; AMNH 5713: partial specimen, head dissociated; AMNH 5714: partial trunk; 

AMNH 5715: partially dissociated trunk; AMNH 5716: nearly complete specimen; AMNH 

5717: trunk and dissociated skull; AMNH 5718: anterior portion of specimen; MCZ 9034: partial 

specimen; UMNH VP 19419: nearly complete specimen, lacking caudal fin, on block with 

†Lophionotus sanjuanensis; UMNH VP 22903: partial specimen, lacking posterior half; UMNH 

VP 22904: nearly complete specimen, lacking caudal fin; USNM V 23422: specimen lacking 

posterior portion; USNM V 23423: skull and dorsal region of trunk; USNM V 23424: partial 

articulated body, lacking anterior portion of skull; USNM V 23426: partly dissociated specimen; 

USNM V 23427: anterior portion of fish, nearly complete skull; USNM 23428: nearly complete 

specimen, lacking caudal fin; USNM V 23429, nearly complete specimen, lacking caudal fin. 

Specific diagnosis. Amended from Schaeffer (1967) to account for additional diagnostic 

information. This species is based upon the unique combination of the following characters: 

small (average 65 mm SL), hypsisomatic (deep-bodied) fish, nearly cycloidal, laterally-

compressed body shape; anterior half of body covered in ganoid scales; posterior half of body 

completely scaleless; no central ossification around notochord; prominent dorsal and ventral 
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Figure 2.1. †Hemicalypterus weiri holotype specimen, USNM V 23427. Part and counterpart 
each in left lateral view. (A) USNM V 23427A. (B) USNM V 23427B (image reversed). Scale 
bar equals 1 cm.



ridge scales along anterior half of body; each dorsal and ventral ridge scale possesses strongly 

denticulated distal margins; premaxillary and dentary teeth multicuspid, with long cylindrical 

bases and laterally compressed crowns with 3–5 cusplets per tooth; maxilla edentulous with 

small anterior arm and broader, rounded posterior margin; maxilla not extending beyond middle 

of orbit; vertically-oriented preoperculum with broad, paddle-like ventral process; lateral origin 

of pectoral fins; dorsal and anal fins lacking basal or fringing fulcra, hem-like.  

Description. †Hemicalypterus weiri is a small-sized ganoid fish, with a deep, laterally 

compressed, cycloidal body shape (Figs. 2.1–2.2). Average length of specimens examined is 

approximately 65 mm SL, with the smallest specimen obtaining a SL of 53 mm and the largest 

with a SL of 85 mm. The TL of complete specimens averages 78.4 mm. The highest point on the 

dorsal margin occurs anterior to the dorsal fin, and the lowest point on the ventral margin occurs 

just posterior to the placement of the pelvic fins. The MBD, measured from the lowest point of 

the body vertically, averages at 57.25 mm. The anterior portion of the flank is covered in 

rectangular ganoid scales, which terminate just anterior to the anterior margins of the dorsal and 

anal fins (Figs. 2.1–2.2). The edge of the squamation terminates in an oblique angle 

anterodorsally to posteroventrally. The posterior portion of the trunk and the caudal peduncle are 

scaleless, and the axial skeleton is exposed. 

Skull roof 

 The skull roof contains a pair of parietals (frontals) and postparietals (parietals). The 

parietals comprise the bulk of the skull roof, and are semi-triangular in shape with a concave 

embayment along the lateral margin where it articulates with the supraorbitals (Figs. 2.2–2.4). 
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Figure 2.2. Reconstruction of †Hemicalypterus weiri. Modified from Schaeffer (1967) and 
Gibson (2015).
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Figure 2.3. Skull of †Hemicalypterus weiri, specimen AMNH 5718A. (A) Photograph of the 
skull of specimen AMNH 5718A under normal lighting in left lateral view. (B) Photograph of a 
silicone peel of AMNH 5718A, dusted with ammonium chloride to provide contrast. (C) 
Drawing interpretation of AMNH 5718A with bones of the skull labeled. Abbreviations: ao, 
antorbital; bchst, branchiostegal; cl, cleithrum; dpt, dermopterotic; dsph, dermosphenotic; ex, 
extrascapular; g, gular; io, infraorbital; iop, interoperculum; mpt, metapterygoid; op, 
operculum; p, parietal (frontal); pcl, postcleithrum; pmx, premaxilla; pmxt, premaxillary teeth; 
pop, preoperculum; pp, postparietal (parietal); ptt, posttemporal; q, quadrate; qj, 
quadratojugal; scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, suborbital. Scale 
bar equals 1 cm.
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Figure 2.4. Skull of †Hemicalypterus weiri, specimen USNM V 23427. (A) Photograph of the 
skull of USNM V 23427 in right lateral view. (B) Drawing interpretation of USNM V 23427 
with bones of the skull labeled. Abbrevations: bchst, branchiostegal; cl, cleithrum; d, dentary; 
dpt, dermopterotic; dsph, dermosphenotic; dt, dentary teeth; ex, extrascapular; g, gular; io, 
infraorbital; n, nasal; mx, maxilla; op, operculum; p, parietal (frontal); pcl, postcleithrum; 
pmx, premaxilla; pmxt, premaxillary teeth; pop, preoperculum; pp, postparietal (parietal); 
psph, parasphenoid; ptt, posttemporal; scl, supracleithrum; so, supraorbital; sop, 
suboperculum; suo, suborbital. Scale bar equals 1 cm.



The anterior margin is weakly digitate. The median suture between the parietals is linear, and the 

parietals articulate posteriorly with the postparietals in a digitate suture and posterolaterally with 

the dermopterotics (Figs. 2.3–2.4).  

 The postparietals are rectangular, slightly longer than wide, and are about half of the 

length of the parietals. The surface of the postparietals is ornamented with weak crenulations. 

They articulate with the parietals anteriorly in a digitate suture, with the dermopterotics laterally, 

and with the median extrascapula posteriorly (Figs. 2.2–2.4). 

 The supraorbital canal passes along the lateral margin of the parietal and into the 

postparietal. On the parietal, the canal follows the lateral margin of the bone and passes 

downward on the posterior expansion, but does not appear to connect to the canal present in the 

dermosphenotic (Figs. 2.3–2.4). 

 The dermopterotics are situated laterally to the postparietals on the skull roof (Fig. 2.2). 

Each dermopterotic is nearly equal in size, if not bigger than the postparietals. Each 

dermopterotic is longer than deep and is rhomboid in shape, with the medial and lateral margins 

being longer than the anterior and posterior margins. The medial margin articulates with the 

posterolateral margin of the parietal and the lateral margin of the postparietal, the anterior margin 

articulates with the posterior margin of the dermosphenotic. Laterally, each dermopterotic 

articulates with the dorsal part of the preoperculum and operculum. Posteriorly, the 

dermopterotic has a rounded edge with a small notch in the ventral corner, and appears to overlap 

the lateral extrascapular. The dermopterotic bears the temporal canal running from the 

dermosphenotic into the extrascapula (Figs. 2.3–2.4). 
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 The extrascapula are only partially preserved in the type specimen USNM V 23425, but 

are well preserved in USNM V 23427 and AMNH 5718B (Figs. 2.3–2.4). They occur in four 

pairs (eight bones across the skull in total). The size and shape of each extrascapular varies 

between the available specimens, but are all roughly quadrangular (Fig. 2.2). The ventrolateral 

extrascapular articulates with the dorsal margin of the operculum and the posterior margin of the 

dermopterotic, and carries the temporal canal from the dermopterotic, which curves dorsad and 

traverses through the remainder of the extrascapular series. In USNM V 23427, the sensory canal 

branches in the lateralmost extrascapular, with one branch, the supraoccipital commissure, 

traversing dorsad/mediad through the extrascapular series, and the other branch traversing 

posteriad to connect with the main lateral line along the posttemporal (Fig. 2.4). 

 Posterior to the extrascapula, one pair of posttemporals lies along the skull roof (Fig. 2.2). 

In AMNH 5718A (Fig. 2.3), USNM V 23427 (Fig. 2.4) and USNM V 23428, the posttemporals 

are long and semi-triangular, tapering mediad towards the skull roofs median, and broadening 

laterad. The posterior margin of the posttemporals is curved, and its ventral edge is concave and 

articulates with the dorsal convex surface of the supracleithrum. In USNM V 23427, the lateral 

line canal passes through the lateral half of the posttemporal. 

Snout and Cheek Region 

 The snout bones of †Hemicalypterus include paired nasals and antorbitals. One of the 

nasal bones is well-preserved in AMNH 5712A (Fig. 2.5), and it lies anterior to the parietals, 

though it does not appear to directly articulate with the parietals or the premaxillae; rather it is 

situated above the premaxilla (Fig. 2.5). The nasal bone is rectangular on the lateral edge. The 

antorbital bone is visible in lateral view on AMNH 5712A and 5718A (Figs. 2.3, 2.5). It 
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Figure 2.5. Premaxilla and snout of †Hemicalypterus. (A) AMNH 5712A, photographed under 
fluorescence. (B) USNM V 23427, photographed under fluorescence. A possible ascending 
process of the premaxilla is indicated. Abbreviations: a.pr, ascending process of the 
premaxilla; ao, antorbital; io, infraorbital; n, nasal; pmx, premaxilla; pmxt, premaxillary teeth; 
Scale bars equal 1mm.



articulates posteriorly with the anteriormost infraorbital (Fig. 2.5) and has a long, straight dorsal 

process that carries the supraorbital canal. There is a short, tubular process at the anteroventral 

edge of the bone that is directed anteromediad (Figs. 2.3, 2.5). This process does not appear to be 

as elongate as the tubular antorbital process seen in semionotiforms. The median rostral bone is 

not visible on any specimen. 

 †Hemicalypterus weiri has a complete (closed) circumorbital ring. The type specimen 

(USNM 23425A, Fig. 2.1) appears to have a series of three to four infraorbitals posterior and 

ventral to the orbit, but AMNH 5718A clearly has at least six infraorbitals (Fig. 2.3). Beginning 

at the ventral margin of the dermosphenotic, there are at least one or two small quadrangular 

infraorbitals posterior to the orbit and anterior to the suborbitals (Fig. 2.3). The two infraorbitals 

posteroventral to the orbit are deeper than those posterior to the orbit, and then the series narrows 

anteriad to a series of small infraorbitals (number varies from two to three) directly below the 

orbit before it contacts the large, trapezoidal anteriormost infraorbital (lacrimal/lachrymal). The 

infraorbital series bears the infraorbital canal near the orbital margin of each bone, although the 

canal becomes more medial in the anteriormost infraorbital into the antorbital bone. The 

anteriormost infraorbital (lacrimal/lachrymal) is larger than the rest of the infraorbital bones in 

the series, and expands to occupy the anteroventral corner of the orbit and contact the anterior 

supraorbital (Fig. 2.3). 

 The dermosphenotic is located at the posterodorsal corner of the orbit, where it meets the 

infraorbital series on the ventral edge, and the supraorbitals anteriorly (Figs. 2.3–2.4). Dorsally it 

articulates with the parietal and posterodorsally with the dermopterotic. The dermosphenotic is 

small and semi-triangular in shape and bears the junction of the infraorbital, supraorbital, and 
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temporal canals. Anterior to the dermosphenotic are two elongated, rectangular supraorbitals 

(Figs. 2.3–2.4). On AMNH 5718A, the posterior supraorbital has a short row of tubercles on the 

orbital edge. The anterior supraorbital articulates with the anteriormost infraorbital, completing 

the circumorbital ring. Both supraorbitals articulate along their dorsal margins with the lateral 

edge of the parietal, and together are shaped slightly convex, curving around the orbit (Figs. 2.3–

2.4).  

 Three anamestic suborbitals occupy the space between the infraorbitals and the anterior 

margin of the preoperculum in the holotype USNM V 23425 (Figs. 2.1–2.2), and there are at 

least two suborbitals preserved in USNM V 23427 (Fig. 2.4) and AMNH 5718A (Fig. 2.3). The 

dorsal suborbital posterior to the infraorbitals and anterior to the dorsal process of the 

preoperculum is large and quadrangular in USNM V 23427 (Fig. 2.4), USNM V 23428, and 

AMNH 5716, with an elongated, tapered dorsal margin (Fig. 2.4). In other specimens, such as 

holotype USNM V 23425 and AMNH 5718A, the dorsal suborbital is smaller, but retains a 

similar triangular shape (Figs. 2.1, 2.3). In the holotype USNM V 23425 (Fig. 2.1) and USNM V 

23422, there are two more suborbitals in the series anteroventral to the suborbital described 

above, each one quadrangular and occupying the space between the preoperculum and the 

infraorbitals; in other specimens (e.g., UNSM V 23427, AMNH 5718), there is only one 

suborbital preserved ventral to the dorsal suborbital (Figs. 2.3–2.4). In these specimens the 

ventral suborbital is small and triangular in shape. 

  The preoperculum is a vertical bone, composed of a narrow tall dorsal process and a 

broad, flattened, paddle-like anteroventral process (Figs. 2.1, 2.3, 2.4). It is bordered posteriorly 

by the operculum, ventrally by the suboperculum and interoperculum, anterodorsally by the 
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dermopterotic and the suborbital series. The preopercular sensory canal is preserved as a groove 

that runs near the anterior margin of the bone, with the ventral process perforated by ventrally 

directed grooves, which house exits for branches of the preopercular sensory canal. The 

preopercular sensory canal exits anteriad from the ventral process of preoperculum. 

 The operculum is large and oval, shorter than deep. Its surface is covered with radiating 

ridges originating around the upper middle portion of the bone. It articulates dorsally with the 

dermopterotic, extrascapular and supracleithrum, anteriorly with the preoperculum, 

anteroventrally with the suboperculum, and posteroventrally overlies the cleithrum (Figs. 2.1, 

2.3, 2.4). 

 The suboperculum is triangular, and is overlain by the operculum; the exposed depth of 

the suboperculum is less than half the depth of the operculum. It has a narrow ascending process 

that inserts into the space between the preoperculum and operculum. The anterior margin 

articulates with preoperculum and interoperculum (Figs. 2.1, 2.3, 2.4).  

 The interoperculum is a small, triangular bone situated between the preoperculum and 

suboperculum. Its anterior tip does not reach the lower jaw articulation, but it is separated from 

the jaw by lower process of the preoperculum (Fig. 2.3). 

Jaws 

 The premaxillae are small and may lack ascending processes that would otherwise 

articulate with the parietals. However, the premaxilla on USNM V 23427 appears to have a small 

ascending process at the anteromedial margin of the bone (Figs. 2.4, 2.5). Each premaxilla bears 

two to three individual teeth with long cylindrical bases, and spatulate crowns with 

multidenticulate edges. These broadened edges contact their neighbors to create a continuous 
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cutting edge (Figs. 2.3–2.5). These teeth are described in greater detail in Chapter 2 (Gibson, 

2015) and not described further here. 

 As observed in lateral view in USNM V 23427, the maxilla is a wedge-shaped bone with 

a curved, saddle-shaped ventral margin (Fig. 2.4). It tapers anteriorly to a small, rounded process. 

The posterior two-thirds of the bone is broad and laterally flattened. The caudal margin is curved 

with a slight taper caudad. The maxilla is edentulous and appears to lack ornamentation on the 

dermal surface. In USNM V 23427 the maxilla is preserved in its “extended” position (the 

posterior portion swung forward pivoting from the anterior process), and is laying on top of the 

lower jaw. In “resting” position (the posterior process more horizontal), the length of the maxilla 

would only extend slightly below the orbital region, and not reach the midline of the orbit. 

 The lower jaw is short and robust. Like the teeth of the premaxilla, the teeth of the lower 

jaw are multidenticulate, and number at least six. Each tooth has a long cylindrical base that 

extends deep into the jaw (visible through fluorescent images; Gibson, 2015; Fig. 2.2), and 

broadens at the crown to a spatulate margin with a multicuspid edge with four individual, 

styliform cusps. Each tooth contacts its neighbor, and each tooth is slightly recurved, making a 

continuous, scraping scoop. The teeth reduce in size posteriad. The coronoid process is large on 

UMNH VP 19419, but the posterior portion of the lower jaw is poorly preserved on all of the 

specimens. The mandibular canal can be viewed on UMNH VP 19419 as a series of pores 

passing along the ventral margin of the bone (Gibson, 2015; Fig. 2.2). 

 A single gular plate is preserved on AMNH 5718A (Fig. 2.3) and USNM V 23427 (Fig. 

2.4). It is disarticulated in both specimens, but is quadrangular in shape. 
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 The quadratojugal is clearly visible on AMNH 5718A (Fig. 2.3). It is long and splint-like, 

and runs along the dorsal edge of the ventral process of the preoperculum. The rounded anterior 

tip of the quadratojugal articulates with the quadrate. The quadrate is triangular, with a rounded, 

concave posteroventral edge that cups the quadratojugal articulation (Fig. 2.3). 

 A few palatal elements may also be visible on AMNH 5718A (Fig. 2.3). The 

metapterygoid is visible where the suborbitals are missing ventral to the orbit, but it’s exact 

shape is undeterminable. It lies dorsal to the quadratojugal. Likewise, a small portion of the 

entopterygoid is visible between the quadrate and the metapterygoid, dorsal to the quadratojugal, 

but preservation prevents further examination. 

 The hyoid arch is not visible in any specimens. 

 The branchiostegals are preserved as a series of plates ventral to the interoperculum and 

suboperculum. Schaeffer (1967) listed four branchiostegals present, but only three are observed 

on the holotype (Fig. 2.1), and two on AMNH 5718 (Fig. 2.3). They are elongate and triangular 

and there are anywhere from three to four preserved on the available specimens. 

Postcranial skeleton 

The cleithrum is a large, long, crescent-shaped bone, widest at the center and tapering 

gradually to the ends. It is partially obscured dorsally by the operculum (Fig. 2.4). A prominent 

ridge runs parallel to the length of the bone (AMNH 5718A; Fig. 2.3). A triangular 

supracleithrum is visible posterodorsal to and partially obscured by the operculum (Figs. 2.3–

2.4). A postcleithrum is present behind the cleithrum and is visible in the holotype USNM V 

23425 (Fig. 2.1), USNM V 23427 (Fig. 2.4), and AMNH 5718A (Fig. 2.3). 
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 A pectoral fin is visible on AMNH 5709A, and visibly well-preserved on USNM V 

23428A (Fig. 2.6A). The position of the fin is low on the lateral side of the flank. On USNM V 

23428A, two basal fulcra appear to be present on the anterodorsal edge of the pectoral fin as it is 

preserved (Fig. 2.6A). There are 16 fin rays preserved, each ray bifurcating distally. 

 The pelvic fins are not preserved on many specimens, only a small portion of them are 

poorly preserved on the holotype USNM V 23425 (Fig. 2.1) and USNM V 23429B (Fig. 2.6B). 

They are located along the ventral margin of †Hemicalypterus, inserting midway between the 

skull and the origin of the anal fin, approximately 10–11 scale rows posterior to the skull and 

approximately eight rows anterior to the end of the squamation. Each pelvic fin consists of 

approximately eight fin rays, and it is unclear if the pelvic fins possess basal or fringing fulcra 

due to the incomplete preservation of the available specimens. 

 The dorsal and anal fins originate just posterior to the termination of the squamation on 

the flank of †Hemicalypterus (Fig. 2.1). Both fins lack basal and fringing fulcra. The dorsal fin 

begins with short lepidotrichia, which gradually become longer posteriad until the center of the 

fin, and then gradually taper, creating a curved convex silhouette in lateral view. The dorsal fin 

has approximately 27–29 segmented, birfurcated rays preserved in AMNH 5713A, one of the 

larger specimens of †Hemicalypterus. The holotype USNM V 23425 possesses 32 visible dorsal 

fin rays (Fig. 2.1). The anal fin bears resemblance to the dorsal fin, but is smaller and possesses 

fewer rays, having only 16 segmented, bifurcated rays in AMNH 5713A. The pterygiophores are 

visible in specimens of †Hemicalypterus, and articulate one to one with the lepidotrichia along 

the body margin. The number of lepidotrichia and pterygiophores are double the number of 

neural and haemal spines, and so the pterygiophores are interspersed in groups of two between 
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Figure 2.6. Paired fins and lateral line of †Hemicalypterus. (A) USNM V 23428, closeup of 
pectoral fin, in left lateral view. (B) USNM V 23429, poorly preserved pelvic fin as indicated 
by black arrow, left lateral view. (C) AMNH 5709A, posterior portion of skull and some of the 
flank in left lateral view (image reversed), lateral line indicated by black arrow. Scale bars 
equal 5 mm.



each successive spine, and rest along the anterior and posterior sides of each spine for added fin 

support. 

 The caudal fin is well preserved on the holotype USNM V 23425 (Fig. 2.1) as well as 

AMNH 5709 (Fig. 2.7). The series of hypurals are arranged in a hemiheterocercal shape and the 

fin possesses approximately 14–16 segmented, bifurcated rays. The dorsal margin of the caudal 

fin possesses a row of fringing fulcra along a single, specialized scale-like ray (Fig. 2.7), and the 

ventral margin of the caudal fin is bordered by two to three strong basal fulcra (Fig. 2.7). 

 The scales of †Hemicalypterus are rectangular to rhomboidal in shape and cover only the 

anterior portion of the flank, ending abruptly anterior to the origin of the dorsal and anal fins 

(Fig. 2.1). There are approximately 18–19 rows of scales. Scales are deepest (at least 2.5–3 times 

deeper than their length) at the central portion of the flank, near the lateral line scale, and scales 

become more shallow towards the dorsal and ventral margins. The surface of each scale is 

covered with slight crenulations (AMNH 5709B) or small pits (AMNH 5718B). The lateral line 

passes from the posttemporal and postcleithrum along the mid-flank scales (near the midline), 

and is visible as a prominent groove along the surface of the scales (AMNH 5709A, Fig. 2.6C). 

 †Hemicalypterus possesses very prominent dorsal and ventral ridge scales. Each scale 

possesses 3–4 toothlike, spinose projections which point posteriad. These projections stand more 

“upright” near the skull, and become more flush with the body margin posteriad (Fig. 2.8). 

 The endoskeleton is exposed on the posterior portion of the flank, where the squamation 

terminates (Fig. 2.1). This exposed portion indicates that Hemicalypterus did not have ossified 

centra, but instead possessed an unrestricted notochord that supported neural arches dorsally and 

haemal arches ventrally. The neural and haemal arches have broad margins that would have 

!48



!49

Figure 2.7. Caudal skeleton of †Hemicalypterus. (A) Specimen AMNH 5709A, photographed 
under normal lighting in right lateral view. (B) Drawing interpretation of AMNH 5709, a 
combination of AMNH 5709A and B to account for material on both part and counterpart. 
Abbreviations: bf, basal fulcra; b.pr, branched principal ray; ff, fringing fulcra; hyp, hypural; 
phyp, parhypural. Scale bar equals 1 cm.



contacted the notochord, are triangular in shape with anterior and posterior processes that contact 

each respective neighboring arch, and are fused to long, thin neural and haemal spines, 

respectively. Each spine tapers to a point, and becomes shorter posteriad. Any possible 

supraneurals and ribs are obscured by the squamation of the anterior portion of the flank. 

 The endoskeleton of the caudal fin is visible on the holotype USNM V 23425 (Fig. 2.1), 

AMNH 5709 (Fig. 2.7), AMNH 5713, AMNH 5716, and partially on UMNH VP 19419. The 

distinction between hypural and preural haemal spines is difficult to make on laterally 

compressed fossils, and the preservation is incomplete on some specimens, making it difficult to 

interpret the area where bifurcation occurs. However, it is estimated that Hemicalypterus 

possesses at least three to four “epurals” and seven hypurals (Fig. 2.7). Each hypural, rather than 

tapering to a fine point, broadens distally to a flattened edge. The hypurals decrease in size as 

they curve upwards with the shape of the notochord (Fig. 2.7). The hypural spines articulate and 

support the rays of the caudal fin in a one-to-one relationship, with the exception of the 

ventralmost hypurals and parhypural, which appear to each articulate with two caudal fin rays. 

This is similar to what is observed in †Semionotus elegans as described in Olsen and McCune 

(1991). 

Evolutionary History of †Dapediiformes. The parsimony analysis inferred 84 most 

parsimonious trees with 417 steps. The strict consensus tree and 50% majority rule consensus 

trees are presented in Figure 2.9. In the parsimony analysis, the order †Dapediiformes is 

recovered as a monophyletic group with a bootstrap support of 67, and sister to Ginglymodi (Fig. 

2.9) (Gibson, 2013b; López-Arbarello, 2012; Grande, 2010). Ginglymodi + †Dapediiformes is 
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Fig. 2.8. Pronounced dorsal and ventral ridge scales of †Hemicalypterus. The pronounced 
dorsal and ventral ridge scales of †Hemicalypterus, showing multiple, toothlike projections on 
each scale. Specimen UMNH VP 19419 dorsal ridge scales photographed under (A) normal 
lighting and (B) fluorescence. Specimen UMNH VP 19419 ventral ridge scales photographed 
under (C) normal lighting and (D) fluorescence. Scale bars equal 5 mm.
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Figure 2.9. Strict consensus (left) and 50% majority rule (right) of 84 most parsimonious trees 
(100 characters, 55 taxa). Tree length = 417; consistency index (CI) = 0.345; retention index 
(RI) = 0.706; homoplasy index (HI) = 0.679. Bootstrap values >50% are given above each 
respective node on the majority rule tree. The position of †Hemicalypterus is indicated in red.



sister to Halecomorphi, forming the Holostei, which is then sister to Teleostei (Fig. 2.9). 

†Hemicalypterus is consistently recovered within †Dapediiformes in PAUP* in both strict 

consensus and majority rule phylogenetic trees (Fig. 2.9). However, many relationships are 

unresolved within †Dapediiformes in the strict consensus. The 50% majority-rule consensus tree 

provides resolution of evolutionary relationships within †Dapediiformes, and infers 

†Hemicalypterus as the sister group to †Sargodon, and forming a clade with †Dandya (Fig. 2.9). 

In both strict consensus and majority rule trees, the genus †Dapedium is monophyletic and sister 

to †Heterostrophus. Two species of †Tetragonolepis are recovered as monophyletic with a 

bootstrap support of 65 (Figs, 2.9, 2.10A). 

The results of the maximum likelihood analysis conducted in Garli also recovered 

†Hemicalypterus within a monophyletic †Dapediiformes supported by a high bootstrap support 

of 84 (Fig. 2.10), with †Dapediiformes sister to Ginglymodi, consistent with the results of the 

parsimony analysis. Relationships within †Dapediiformes differed in maximum likelihood when 

compared to parsimony, and interrelationships within †Dapediiformes have low bootstrap 

support. Figure 2.10 compares the differences within †Dapediiformes between the 50% majority 

rule consensus tree (Fig. 2.10A) and the maximum likelihood tree (Fig. 2.10B). Within the 

monophyletic genus †Dapedium, †D. stollorum and †D. caelatum are still recovered as sister 

taxa, but †D. pholidotum and †D. punctatum are pectinate. †Sargodon and †Dandya, which were 

recovered sister to †Hemicalypterus in the parsimony analysis, retain a close affinity to each 

other and to †Dapedium. †Heterostrophus and †Aetheolepis are recovered a sister taxa to 

†Paradapedium. The two species of †Tetragonolepis, which were recovered as monophyletic in 

the parsimony analysis with moderate bootstrap support (BSS = 65), were unresolved in the 
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Figure 2.10. Comparison of the results of parsimony and maximum likelihood analyses. (A) 
The clade †Dapediiformes from the 50% majority rule parsimony tree in Fig. 2.9; (B) the clade 
†Dapediiformes from the tree result obtained using maximum likelihood. Numbers at nodes 
indicate bootstrap support >50%. The position of †Hemicalypterus is indicated in red.



maximum likelihood analysis. Notably, †Hemicalypterus is recovered as a stem taxon within 

†Dapediiformes in maximum likelihood, whereas in parsimony it was recovered higher in a 

clade including †Dapedium, †Heterostrophus, †Sargodon, and †Dandya.  

DISCUSSION 

 Taxonomic comparisons and remarks. †Hemicalypterus possesses one unique 

character unknown in any other lower actinopterygian fish. As Gibson (2015) notes, the novel 

tooth and jaw morphology in †Hemicalypterus (Fig. 2.5) is similar to many extant fishes that 

feed predominantly on algae, using specialized multidenticulate teeth to scrape algae or attached 

organisms off of a rocky substrate. Gibson (2015) gave several extant examples in both marine 

(e.g., Acanthurus, Zebrasoma, Siganus) and freshwater (e.g., Labeotropheus, Maylandia, 

Hyphressobrycon) communities that possess specialized multicuspid dentition similar to what is 

observed in †Hemicalypterus. In the fossil record, this type of tooth morphology is found in 

teleosts in the Eocene Monte Bolca Formation (Bellwood, 2003; Bellwood et al., 2014b), and in 

some isolated remains of fishes of unknown actinopterygian affinity in Cretaceous deposits from 

Asia (e.g., Mo et al., 2016) and northern Africa (e.g., Stromer and Weiler, 1930; Arambourg, 

1952). To date, †Hemicalypterus is the oldest known ray-finned fish with this specialized 

multicuspid dentition, and demonstrates that ray-finned fishes were diversifying into and 

exploiting novel ecological niches (e.g., herbivory or partial herbivory) far earlier than 

previously hypothesized by other studies (e.g., Gibson, 2015; Bellwood et al., 2014b). 

Visually, †Hemicalypterus is most similar to †Aetheolepis mirabilis, a deep-bodied fish 

from the Jurassic Talbragar beds of Australia Woodward (1895b), which was placed in the family 
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†Semionotidae by Woodward (1895b), but later moved to the family †Archaeomaenidae by 

Gardiner (1960). Like †Hemicalypterus, †Aetheolepis possesses thick rhombic ganoid scales on 

the anterior portion of the flank and a distinct reduction/loss of scales on the posterior portion of 

the flank. However, †Aetheolepis displays thin amioid-type scales on the posterior flank, whereas 

†Hemicalypterus is scaleless on the posterior portion of the flank (Figs. 2.1–2.2). The dorsal and 

anal fins of †Aetheolepis are triangular, with the longest rays at the anterior portion of the fin and 

reducing in length posteriad, whereas the fin rays of †Hemicalypterus begin short at the origin, 

reach their greatest length near the center, and then shorten slightly posteriad (Figs. 2.1–2.2). The 

distal margins of the dorsal and anal fins are rounded. †Aetheolepis lacks the prominent spinose 

dorsal and ventral ridge scales seen on †Hemicalypterus (Fig. 2.8), and the caudal fin of 

†Aetheolepis lacks the dorsal upturn of the notochord and hypurals as seen in †Hemicalypterus 

(Fig. 2.7); rather the notochord remains centered as it enters the caudal region. Detailed 

comparison of the skull features of †Aetheolepis and †Hemicalypterus is not possible at the time 

of this study. 

 †Hemicalypterus has been placed in †Dapediidae (†Dapediiformes) in previous studies 

(e.g., Thies and Hauff, 2011), and shares with dapediid fishes (such as †Dapedium): a deep, disc-

shaped body (character 94); hem-like dorsal and anal fins (character 95); presence of prominent 

dorsal (character 83) and ventral ridge scales (character 92); and dorsal fins with more than 20 

rays (character 77). †Hemicalypterus possesses some features not seen in †Dapedium, such as 

the prominence of the interoperculum; in †Dapedium the interoperculum is large and spans the 

length of the ventral arm of the preoperculum, reaching the jaw symphysis; in †Hemicalypterus, 

the interoperculum is small and isolated from the jaw symphysis (Figs. 2.2–2.3). The dorsal arm 
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of the preoperculum is a much more prominent part of the cheek region of †Hemicalypterus 

(Figs. 2.1–2.4) than in †Dapedium, where the dorsal arm of the preoperculum is almost entirely 

covered by suborbital bones in all species. †Hemicalypterus is also very distinct from 

†Dapedium with regard to squamation: †Dapedium retains thick ganoid scales across the entire 

flank, as opposed to the scaleless posterior half of †Hemicalypterus (character 93). With regard 

to dentition, some species of †Dapedium display bifid marginal teeth on the premaxilla (e.g., †D. 

punctatum), but the toothlets of bifid teeth of some dapediids are much more robust than the fine, 

multicuspid toothlets of †Hemicalypterus (Figs. 2.3–2.5), and were possibly used for 

durophagous feeding by plucking invertebrates from substrate, rather than for herbivory. The fine 

toothlets of †Hemicalypterus suggest weak benthic feeding, and would have likely broken off if 

used for durophagy (Gibson, 2015). There is also no evidence of crushing palatal teeth in 

†Hemicalypterus. Other species of †Dapedium (e.g., †D. stollorum) possess unicuspid, styliform 

teeth likely used for generalist feeding strategies (Thies and Hauff, 2011). 

 †Sargodon tomicus (Tintori, 1983) from the Upper Triassic of Lombardy, Italy is another 

species of deep-bodied dapediid fish that possesses many similarities to †Hemicalypterus. 

†Sargodon possesses a spinose ventral ridge scales, however the dorsal ridge scales lack large 

spines. There is a reduction in the thickness of scales toward the caudal peduncle, but †Sargodon 

retains rhombic scales along the entire flank; scales on the ventral portion of the body are 

dorsoventrally longer than those on the dorsal half of the flank (above the lateral line). The 

general body shape is deep, but more diamond-shaped than the rounded body of 

†Hemicalypterus (Figs. 2.1–2.2). The dorsal and anal fins are elongated, but the fin rays are 

longest at the anterior origins and become shorter posteriad. There are many differences in the 
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head, for example the preoperculum of †Sargodon is not exposed on the dermal surface, whereas 

it is nearly fully exposed and is a large component of the cheek region of the head of 

†Hemicalypterus. The dentition of †Sargodon, like some dapediids, is comprised of bifid incisors 

on the premaxilla and dentary, as well as palatal grinding teeth, indicating that it fed on 

durophagous invertebrates, possibly using the bifid marginal teeth to pluck invertebrates from a 

substrate, then crushing hard exoskeletons with the grinding palatal teeth. This is unlike 

†Hemicalypterus, which possesses only multicuspid teeth on the premaxilla and dentary, and 

shows no signs of a grinding palatal dentition. 

Phylogenetic placement of †Hemicalypterus within †Dapediidae (†Dapediiformes). 

The order †Dapediiformes and family †Dapediidae is recovered in this study as a monophyletic 

group and sister to Ginglymodi (Fig. 2.9). The †Dapediiformes and Ginglymodi clade is 

supported by the following four unambiguous synapomorphies in this study: character 17 — 

presence of an independent, ‘splint-like’ quadratojugal; character 63 — development of a 

subrectangular ‘shape of the operculum’, being deeper than long; character 67 — suboperculum 

less than half the depth of the operculum; and character 83 — presence of a dorsal ridge of 

scales. This is consistent with the results of Thies and Waschkewitz (2015), which recovered 

†Dapediiformes as sister to Ginglymodi, however, their phylogenetic analysis included only a 

single chimaera †Dapedium as the sole representative for †Dapediiformes, whereas this study 

included all putative genera of †Dapediidae (Thies and Hauff, 2011).  

Both methods of phylogenetic reconstruction (parsimony and maximum likelihood) 

indicate that †Hemicalypterus weiri is a member of †Dapediiformes, and that †Dapediiformes 

forms a monophyletic group with strong bootstrap support in maximum likelihood (BSS = 84) 
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and moderate bootstrap support in parsimony (BSS = 67) (Figs. 2.9–2.10). †Aetheolepis, a deep-

bodied fish which has previously been hypothesized to belong to either †Semionotidae 

(Woodward, 1895b) or †Archaeomaenidae (Gardiner, 1960), is also inferred in this study to 

belong to the family †Dapediidae (†Dapediiformes). All other species that have previously been 

hypothesized to belong to the family †Dapediidae (Thies and Hauff, 2011) were recovered within 

†Dapediiformes. Members of †Dapediidae (sensu novo) inferred in this study (Fig. 2.10) include 

the following eight genera: †Aetheolepis, †Dandya, †Dapedium, †Hemicalypterus, 

†Heterostrophus, †Paradapedium, †Sargodon, and †Tetragonolepis. The monophyly of the order 

†Dapediiformes (Fig. 2.9), including †Hemicalypterus, is supported by three unambiguous 

synapomorphies: character 1 — the relative position of the dorsal fin, in †Dapediiformes the 

dorsal fin originates posterior to the pelvic fins and extends opposite to the anal fin; character 61 

— exposure of the dorsal limb of the preoperculum, with the dorsal limb being entirely covered 

or nearly covered by other dermal bones in adults; and character 77 — large dorsal fin, with 

more than 20 rays, which is present in †Dapediiformes.  

CONCLUSIONS 

 This work provides a redescription of the enigmatic taxon †Hemicalypterus weiri, with 

additional morphological information provided based on reexamination of museum specimens as 

well as examination of newly collected specimens and literature. Using these new morphological 

insights, †Hemicalypterus is placed within a phylogenetic hypothesis of evolutionary 

relationships, and is recovered as being a member of a monophyletic †Dapediidae and 

†Dapediiformes. This work will provide a framework for future studies, which will take into 
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account additional lower actinopterygian taxa and novel interpretations of characters as they 

become available. The phylogenetic relationships of neopterygian ray-finned fishes is still under 

much consideration and debate, and warrants reexamination of known taxa that have not been 

considered in an analysis of phylogenetic relationships before. 

 †Hemicalypterus weiri possesses a specialized multicuspid dentition that has not been 

observed in any other Early Mesozoic ray-finned fishes to date. The presence of isolated, 

multicuspid teeth belonging to ray-finned fishes of unknown affinity has been recorded in Lower 

Cretaceous deposits of Xinlong, China (Mo et al., 2016), as well as several locations in Upper 

Cretaceous deposits in North Africa (e.g., Stromer and Weiler, 1930; Arambourg, 1952). 

However, †Hemicalypterus is currently the oldest-known representative possessing this type of 

specialized tooth morphology, and thus possibly represents the oldest example of the evolution of 

herbivory in the evolutionary history of ray-finned fishes. †Hemicalypterus demonstrates that 

early ray-finned fishes were likely evolving to exploit novel ecological niches at the beginning of 

the Mesozoic (Gibson, 2015). By reexamining †Hemicalypterus and placing it within a 

hypothesis of evolutionary relationships of early ray-finned fishes, this study provides a 

framework for understanding the evolution of novel feeding strategies early in the evolutionary 

history of ray-finned fishes.  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CHAPTER THREE 

EVOLUTIONARY RELATIONSHIPS OF THE ORDER †REDFIELDIIFORMES 

(OSTEICHTHYES, ACTINOPTERYGII, †PALAEONISCIMORPHA) 

INTRODUCTION 

 Bony fishes (Osteichthyes), comprised of Actinopterygii (ray-finned fishes) and 

Sarcopterygii (lobe-finned fishes) are the most abundant vertebrates living on the planet today 

(Near et al., 2012, Nelson et al., 2016) and have a long and complex evolutionary history dating 

back to the Silurian (Long, 2010; Choo et al., 2017). Throughout this long history, fishes have 

evolved a vast array of traits that have allowed them to succeed in almost every aquatic 

environment. However, many gaps remain in our knowledge of how traits have evolved through 

time, or how these fishes are related and contribute to that shared evolutionary history. An area of 

the evolutionary tree of fishes that continues to remain elusive to researchers is the 

interrelationships of ‘primitive’ lower actinopterygians, the †Palaeoniscimorpha, a once-

dominant lineage of fishes during the Paleozoic. Much of the diversity of the 

†Palaeoniscimorpha was lost following the End-Permian extinction event (Mickle, 2012; 

Skrzycka, 2014) but a few lineages persisted into the Mesozoic. One of these persistent groups is 

the †Redfieldiiformes, represented by fishes recovered in geologic deposits globally throughout 

the Triassic and briefly into the Jurassic.  

 Redfieldiiforms possessed fusiform-shaped bodies, thick enameled (ganoin) scales 

covering the entire body, and the vertebral column extending into the dorsal lobe of the caudal 

fin, though the extension of the body lobe is reduced compared to other palaeoniscimorphs 
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where the body lobe reaches the tip (heterocercal tail). Redfieldiiforms, like other 

palaeoniscimorph fishes, had upper jaws firmly attached to the neurocrania (fixed maxillae), but 

the jaw suspensoria of redfieldiiforms were more upright relative to older palaeoniscimorphs. 

This adaptation is hypothesized to allow for more efficient feeding by allowing the gape to 

expand further without compromising breathing capacity, whereas other palaeoniscimorph fishes 

had a deeply anterodorsally inclined suspensorium, which greatly restricted jaw expansion and 

closed the gill region when the jaws were expanded (Schaeffer and Rosen, 1961). The snout of 

redfieldiiforms was more prominent than in other palaeoniscimorph fishes, often with a heavily 

tuberculated or denticulated rostral bones extending beyond the gape. This skull profile created 

by a prominent snout and almost subterminal gape has been hypothesized by previous authors 

(e.g., Hutchinson, 1973a; Schaeffer, 1984) to contribute to a possible benthic feeding lifestyle for 

redfieldiiforms, and that the tuberculated snout may have supported a prominent fleshy lip. 

The history of the †Redfieldiiformes 

 The history of redfieldiiform fishes begins with the discovery of fossils in the geologic 

deposits of the eastern coast of North America, by a father and son, William C. Redfield and 

John H. Redfield. John H. Redfield (1837) named fishes from the Newark Supergroup in 

Connecticut Valley †Catopterus gracilis Redfield, 1837, followed shortly by the description of 

the following species: †Catopterus macrurus Redfield, 1841, from the Newark Supergroup in 

Virginia; †C. anguilliformis Redfield, 1841, from deposits in Connecticut, New Jersey, and 

Massachusetts; and †C. parvulus Redfield, 1841, from deposits in Connecticut, New Jersey, and 

Massachusetts. Lyell (1847), with the aid of P. Egerton, found sufficient differences in 
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†Catopterus macrurus from †C. gracilis that they established a new genus, †Dictyopyge 

macrura, as well as described a new species of †Catopterus, †C. redfieldi Lyell, 1847. Egerton is 

misattributed as the author of these species in later publications (e.g., Newberry, 1888; 

Woodward, 1895a), which is clarified in Schaeffer and McDonald (1978). Schaeffer and 

McDonald (1978) would also later revert to the original spelling of the specific epithet name 

†Dictyopyge macrura, †D. macrurus. 

 Newberry (1888) wrote a monograph on the fossil fishes of the Newark Supergroup, and 

described several new species. Among them were the new species †Catopterus minor Newberry, 

1888, and †C. ornatus Newberry, 1888.  

 With the establishment of redfieldiiforms in North America, many authors in Europe 

began to reevaluate taxa from the Old World and attributed them to †Dictyopyge. Strüver (1864) 

renamed †Semionotus socialis Berger, 1843, from the Upper Keuper of Germany, as †D. socialis. 

†Palaeoniscus catoptera Egerton, 1858, from the Keuper of Ireland, was renamed †D. catoptera 

by Traquair (1877). †Palaeoniscus superstes Egerton, 1858, from the Keuper of England was 

renamed †D. superstes by Zittel (1887). A new species, †D. rhenana Deecke, 1889, was 

described from specimens from the Bunter Sandstone in Switzerland. And in Australia, 

Woodward (1890) described three species of †Dictyopyge, †D. illustrans Woodward, 1890, †D. 

robusta Woodward, 1890, and †D. symmetrica Woodward, 1890. Woodward (1893) also 

questionably attributed a new species to †Dictyopyge, †D. (?) draperi. 

 The family †Catopteridae was established by Woodward (1890) to accommodate the two 

genera of fishes †Catopterus and †Dictyopyge. A few years later, †Catopterus was renamed 

†Redfieldius by Hay (1899) due to †Catopterus being preoccupied by †Catopterus Agassiz, 

!63



1833. Hay (1899) also erected the family †Dictyopygidae to replace †Catopteridae, though most 

authors continued to use the term †Catopteridae (e.g., Stensiö, 1921; Brough, 1931, 1934, 1936; 

Wade, 1935). Eastman (1905, 1911) followed Hay (1899), and added an addendum of 

morphological characteristics to diagnose fishes of †Catopteridae, including ornamentation of 

the dermal bones and characteristics of the median fins (Eastman, 1905; Schaeffer, 1967). 

Stensiö (1921) proposed that the catopterids and the colobodontids (= perleidids) were closely 

related and should be grouped in the †Catopteridae (Stensiö, 1921; Schaeffer, 1984). 

 The genus †Helichthys Broom, 1909 was described from material from the Lower 

Triassic of Karroo [sic] Supergroup, Orange Free State, South Africa (Broom, 1909), for three 

species: †H. browni Broom, 1909, †H. draperi (Woodward, 1893), and †H. tenuis Broom, 1909. 

†Helichthys was later assigned to †Catopteridae by Brough (1931), along with †Daedalichthys 

Brough, 1931. Brough (1931) described five species of †Helichthys, retained †Helichthys browni 

as a valid species, but placed two other species of †Helichthys described by Broom (1909) in 

synonymy with †Dicellopyge Brough, 1931, a species of palaeoniscimorph outside of 

‘†Catopteridae’. Brough (1934) added a new genus †Atopocephala with a single species, 

†Atopocephala watsoni Brough, 1934, to the family †Catopteridae, as well as added further 

morphological information with regard to the skull to the description of †Daedalichthys. Brough 

(1931, 1934) was of the opinion that †Catopteridae was closely related to, if not derived from, 

the †Dicellopygidae, another palaeoniscimorph family. 

 Haughton (1934) described a new species, †Ischnolepis bancrofti Haughton, 1934, also 

from the Lower Triassic Karroo [sic] Supergroup, but from Zambia. While he and Brough were 

describing taxa from southern Africa, another researcher, the Reverend R. T. Wade, was 
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expanding knowledge of Australian taxa in the group, producing a boom of new taxa attributed 

to the family ‘†Catopteridae’. Wade’s first publication on fishes of New South Wales came in 

1931, where Wade listed fishes previously described from the Hawkesbury Sandstone of Gosford 

and dismissed three species that were assigned to †Dictyopyge by Woodward (1890), noting that 

they would likely be removed from the genus (Wade, 1931). He later commented on the 

similarity of two of the species, †D. illustrans and †D. robusta to †Helichthys, whereas the third 

species, †D. symmetrica, was attributable to another undescribed genus (Wade, 1940).  

 In 1933, out of necessity, Wade published a preliminary description of †Brookvalia Wade, 

1933, with three new species: †B. gracilis Wade, 1933, †B. parvisquamata Wade, 1933, and †B. 

propennis Wade, 1933. In 1935, Wade produced a more thorough description of †Brookvalia and 

its three species, as well as diagnosing and describing several new taxa he attributed to 

†Catopteridae: †Beaconia spinosa Wade, 1935, †Dictyopleurichthys latipennis Wade, 1935, 

†Geitonichthys ornatus Wade, 1935, †Molybdichthys junior Wade, 1935, †Phlyctaenichthys 

pectinatus Wade, 1935, and †Schizurichthys pulcher Wade, 1935.  

 Berg (1940) erected the order †Redfieldiiformes with two families (†Redfieldiidae and 

†Brookvaliidae), placing the genus †Brookvalia in its own family due to sensory canal pattern 

differences between †Brookvalia and the fishes he assigned to the †Redfieldiidae. He followed 

this familial arrangement in subsequent publications (Berg, 1955, 1958). In contrast, however, 

Lehman (1966) differed in opinion with Berg and placed †Brookvalia in †Catopteridae 

(disregarding the name †Redfieldiidae or †Redfieldiiformes), and placed †Catopteridae sister to 

†Perleididae in the order †Perleidiformes. 
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 While the discussion and disagreements continued between authors regarding 

hierarchical nomenclature and classification, taxa were still added to the increasingly 

taxonomically confusing †Catopteridae/Dictyopygidae/Redfieldiidae. Bordas (1944) described 

the fish †Pseudobeaconia with two species, †P. bracaccinii Bordas, 1944, and †P. elegans 

Bordas, 1944. Hutchinson (1973b) later indicated that †Pseudobeaconia was clearly a 

perleidiform fish, which was accepted and followed by later authors (e.g., López-Arbarello and 

Zavattieri, 2008). Liu (1958) described a new genus and species, †Sinkiangichthys 

longipectoralis, based on a single specimen from the Lower Triassic Sinkiang (= Xinjiang) 

region of China. Bock (1959) described specimens from the Newark Supergroup near Rushland, 

Pennsylvania and Fairview Village, Pennsylvania, including a new species of †Redfieldius, †R. 

obrai Bock, 1959, and a new genus and species, †Rushlandia gilli Bock, 1959. Both are based on 

poorly preserved and disarticulated specimens (Bock, 1959) and have been suggested by later 

authors (e.g., Hutchinson, 1973a; Schaeffer and McDonald, 1978; Murry, 1986) that these 

species are likely nomen dubium. Lehman et al. (1959) described another redfieldiiform, 

†Sakamenichthys germaini Lehman et al., 1959, based on a single specimen from the Triassic of 

Madagascar. 

 Confusion and disagreements regarding taxonomy and relationships of redfieldiiforms 

continued. The next major work on the group came in 1967, when Schaeffer (1967) described a 

suite of a new fossil fish fauna from the Triassic Chinle and Dockum formations of the 

southwestern United States, including three new genera of redfieldiiforms and several species in 

the suborder “†Redfieldoidei” and family †Redfieldiidae: †Cionichthys dunklei Schaeffer, 1967, 

†Cionichthys greeni Schaeffer, 1967, †Lasalichthys hillsi Schaeffer, 1967, and †Synorichthys 
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stewarti Schaeffer, 1967. Schaeffer (1967) included a discussion about the evolutionary 

relationships of the †Redfieldiidae, citing the many problems that have persisted in the group and 

the call for additional work to resolve the evolutionary relationships of redfieldiiforms. Schaeffer 

continued work on redfieldiiforms over the next decade, describing but not formally naming a 

species of †Synorichthys from the Newark Supergroup of the eastern United States (Schaeffer 

and Mangus, 1970), as well as redescribing and rediagnosing †Redfieldius and †Dictyopyge from 

the Newark Supergroup (Schaeffer and McDonald, 1978). Schaeffer and McDonald (1978) is an 

important work, in that it placed into synonymy many species of †Redfieldius and †Dictyopyge 

that have been previously mentioned into just a single species of †Redfieldius, †R. gracilis, and 

two species of †Dictyopyge, †D. macrurus and the newly named †D. meekeri Schaeffer and 

McDonald, 1978. Also important to note is the fact that Schaeffer and McDonald removed all of 

the Old World specimens that had been previously attributed to †Dictyopyge, including: †D. 

catoptera, †D. draperi, †D. illustrans, †D. rhenana, †D. robusta, †D. socialis, †D. superstes, and 

†D. symmetrica. The restriction of †Dictyopyge was, as mentioned previously, suggested by 

Brough (1931) with regard to the Australian forms established by Woodward (1890), but 

Schaeffer and McDonald (1978) were the first to formally restrict †Dictyopyge to the New World 

with two valid species. 

 Forey and Gardiner (1973) described a new monotypic species of redfieldiiform, 

†Endemichthys likhoeli Forey and Gardiner, 1973, based on a single partial specimen consisting 

of the posterior portion of the flank including the dorsal, anal, and an impression of the right 

pelvic fins, and lacking any skull information. Forey and Gardiner (1973) note that this specimen 

from the Upper Triassic Cave Sandstone southern Africa, represents an ‘advanced’ form of 
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redfieldiiform fish that is similar to those seen in the Upper Triassic deposits of North America, 

and unlike the more ‘primitive’ redfieldiiforms from the Lower Triassic deposits of Bekker’s 

Kraal. Because †E. likhoeli is based on only one single specimen lacking any cranial 

information, it is difficult to ascertain its relationship to other redfieldiiform fishes, but Forey and 

Gardiner (1973) discuss the similarity of the position and morphology of the dorsal and anal fins 

to redfieldiiforms such as †Cionichthys. 

 During the 1970s, another researcher concentrated on the South African and Australian 

taxa. Focusing on redfieldiiforms, as well as perleidids, from the Lower Triassic Bekker’s Kraal 

(South Africa) and Brookvale (New South Wales, Australia), Hutchinson (1973a) reexamined 

material first described by Wade (1935) and Brough (1931). Hutchinson (1973a) updated the 

morphological descriptions of several taxa, provided reinterpretations through drawings of 

several redfieldiiforms, and called into question some taxa as being attributed to the 

†Redfieldiiformes, such as the previously mentioned †Pseudobeaconia (Bordas, 1944), 

†Rushlandia gilli (Bock, 1959), †Sakamenichthys germaini (Lehman et al., 1959), 

and†Sinkiangichthys longipectoralis (Liu, 1958), due to poor preservation, misidentifications, or 

other factors. Hutchinson (1973a) also proposed dividing the †Redfieldiiformes into three 

distinct families based on shared similar characters, but without a cladistic analysis: 

†Redfieldiidae (containing the genera †Cionichthys, †Daedalichthys, †Geitonichthys, 

†Helichthys, †Lasalichthys, †Molybdichthys, †Redfieldius, and †Synorichthys), †Brookvaliidae 

(containing the genera †Atopocephala, †Brookvalia, †Ischnolepis, and †Phlyctaenichthys), and 

†Schizurichthyidae (a monotypic family containing †Schizurichthys; Hutchinson, 1973a). 

Hutchinson also suggested a close affinity between the †Redfieldiiformes and †Perleidiformes, 
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and suggested that the two clades shared a common ancestor from a palaeonisciform likely from 

a “†Elonichthyidae-Acrolepididae complex” (Hutchinson, 1973a: fig. 54). 

 Jubb and Gardiner (1975) provided a comprehensive list of fossil fishes from southern 

Africa and also made some taxonomic changes to some redfieldiiform taxa. †Dictyopyge 

formosa and †Daedalichthys higginsi were placed into synonymy under the new combination 

†Daedalichthys formosa. †Helichthys stegopygae and †H. obesus were also placed into 

synonymy with †Helichthys browni (Jubb and Gardiner, 1975). 

 Hutchinson (1978) continued his overhaul of the †Redfieldiiformes by reexamining all 

material of †Helichthys further, and placed †H. ctenipteryx, †H. elegans, and †H. grandipennis 

into synonymy with †H. browni. 

 Martin (1980, 1982a) described the redfieldiiform †Mauritanichthys rugosus Martin, 

1980, based on a single specimen from the Upper Triassic of Morocco, noting its similarity to the 

redfieldiiform genus †Lasalichthys, due to the reduction of the postrostral, and suggested a close 

relationship between the two taxa. Martin (1982a) further used this relationship to infer 

biogeographic patterns between Morocco and North America. 

 Schaeffer (1984) examined the relationships of the †Redfieldiiformes in a cladistic sense, 

which will be discussed further below. But in terms of new taxa, no redfieldiiforms were 

described for several decades after Martin (1982a) until Sytchevskaya et al. (2009), a study 

which described a new species of redfieldiiform, †Denwoodichthys breviprinnus Sytchevskaya et 

al., 2009, based on a single specimen with an incomplete skull. Lombardo (2013) followed 

shortly thereafter, describing †Pacorichthys sangiorgioi Lombardo, 2013. Lombardo (2013) 

suggested that it shared similarities with redfieldiiform fishes but not definitively attributing it to 
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the †Redfieldiiformes or any other lower actinopterygian group. New specimens of 

redfieldiiforms have been recovered in southeastern Utah in the Upper Triassic to Lower Jurassic 

Chinle and Moenave formations (Milner et al., 2006a, 2012; Gibson, 2013a, 2013b), and 

examination by the author has concluded that most of the new specimens represent †Cionichthys 

dunklei, †Lasalichthys hillsi, and †Synorichthys stewarti, all previously described by Schaeffer 

(1967), though much of this material remains unprepared and may yet yield new, undescribed 

species of redfieldiiforms in the future. 

 Appendix 3.1 summarizes all taxa that have been considered members of the 

†Redfieldiidae/†Redfieldiiformes over the years, with their current status indicated. Valid 

redfieldiiform taxa are indicated in bold. 

The †Redfieldiiformes in phylogenetic studies 

 While many of the above studies offered informed opinions regarding the 

†Redfieldiiformes relationships to other palaeoniscimorph lineages, such as the †Perleidiformes 

(sensu Stensiö, 1921; Lehman, 1966; Hutchinson, 1973a), †Dicellopygidae (sensu Brough, 1931, 

1934), or generalized palaeoniscoids (sensu Schaeffer, 1967), no study had effectively conducted 

a study within the rigor of a cladistic analysis, as many of those methods had not been 

established (Gardiner and Schaeffer, 1989). Schaeffer (1984) was the first study to focus on 

relationships within the †Redfieldiiformes, as well as examine a possible sister-group 

relationship to other lower actinopterygians, using a cladistic methodology. Schaeffer (1984) 

conducted a broad survey of morphological characters that had been used to diagnose members 

of the †Redfieldiiformes over the years, and examined evolutionary relationships, including 
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testing previous hypotheses of relationships within the †Redfieldiiformes (sensu Hutchinson, 

1973a, 1978). Schaeffer (1984) conducted a non-quantitative cladistic analysis of twenty 

morphological characters and fifteen redfieldiiform taxa. Schaeffer (1984) was unable to 

reproduce the three-family classification proposed by Hutchinson (1973a), though the results 

largely agreed with the results of Hutchinson (1978), which had grouped the †Brookvaliidae and 

†Schizurichthyidae (Hutchinson, 1978: text-fig. 4). Schaeffer (1984) was unsuccessful in 

ascertaining a sister-group relationship to any other lower actinopterygian fishes, but rather he 

proposed a “hypothetical sister taxon” to redfieldiiforms, and listed characters that one would 

“expect” to find in such a taxon that is closely related to the †Redfieldiiformes (Fig 3.1). 

 Schaeffer (1984) was the last study to focus on redfieldiiforms, over thirty years ago. 

Most recent studies have focused on the larger, problematic group of “†Palaeoniscimorpha,” and 

often used a single representative of redfieldiiforms in a larger, broader phylogenetic analyses of 

palaeoniscimorph relationships (e.g., Gardiner and Schaeffer, 1989; Poplin and Dutheil, 2005; 

Mickle, 2012). 

 Gardiner and Schaeffer (1989) examined broader actinopterygian relationships, using 

†Redfieldius as a representative of the “†Redfieldius Group” in their analysis, retrieving the 

“†Redfieldius Group” as sister to the “†Haplolepis Group” (Fig. 3.2). Poplin and Dutheil (2005) 

used †Brookvalia gracilis as a representative of redfieldiiforms in their examination of the 

evolutionary relationships of the †Aeduellidae and recovered †Brookvalia as sister to the clade 

containing the palaeoniscimorph taxa †Commentrya, †Howqualepis, †Moythomasia, 

†Paramblypterus, †Pteronisculus, and †Wendyichthys (Fig. 3.3). Mickle (2012, 2015), provided 

a phylogenetic hypothesis of relationships of lower actinopterygian fishes, using representatives 
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Figure 3.1. Previous hypothesis of evolutionary relationships within the †Redfieldiiformes 
proposed by Schaeffer (1984). A hypothetical sister group was used for this study.
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Figure 3.2. Previous hypothesis of evolutionary relationships of lower actinopterygians 
proposed by Gardiner and Schaeffer (1989). The single genus †Redfieldius was used to 
represent the “†Redfieldius Group” (indicated in red). Gardiner and Schaeffer recovered the 
“†Redfieldius Group” sister to the “†Haplolepis Group.”
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Figure 3.3. Hypothesis of evolutionary relationships of †Aeduellidae proposed by Poplin and 
Dutheil (2005). The single redfieldiiform †Brookvalia gracilis was used in this study (indicated 
in red).



†Dictyopyge and †Redfieldius for redfieldiiform fishes, recovering them as sister taxa, with that 

clade closely related to the ptycholepid †Boreosomus and palaeoniscid †Mesopoma (Fig. 3.4). 

Most studies of lower actinopterygian relationships have omitted redfieldiiform fishes altogether 

(e.g., Coates, 1999; Cloutier and Arratia, 2004; Gardiner et al., 2005; Xu et al., 2014a), because 

many of these studies have focused on taxa limited to a specific time frame (e.g. Devonian in 

Cloutier and Arratia, 2004), or have focused on the relationships of other groups of lower 

actinopterygians (e.g., †Scanilepiformes in Xu and Gao, 2011; Xu et al., 2014a; †Amblypteridae 

in Dietze, 2000). Thus, the evolutionary relationships of fishes within the †Redfieldiiformes, as 

well as their potential affinity to other lower actinopterygians, have remained unresolved and 

essentially untested within a rigorous cladistic context. 

 Those studies that have included members of the †Redfieldiiformes in their phylogenetic 

analyses (e.g., Gardiner and Schaeffer, 1989; Poplin and Dutheil, 2005; Mickle, 2012, 2015; 

Figs. 3.2–3.4) have demonstrated that the position of the order †Redfieldiiformes has been 

unstable or inconsistent in a hypothesis of evolutionary relationships of lower actinopterygians. 

This confusion and underrepresentation of redfieldiiform fishes in phylogenetic studies will 

persist until the evolutionary history of the group itself is addressed and examined. The goal of 

this study is to reexamine anatomical and morphological characters of taxa that have been 

assigned to the †Redfieldiiformes, and to provide a comprehensive hypothesis of evolutionary 

relationships of the †Redfieldiiformes within a rigorous phylogenetic framework using modern 

analytical techniques.  

 The order †Redfieldiiformes represents an “advanced” group of lower actinoptyergian 

fishes that existed in the Early Mesozoic, long after most palaeoniscimorph groups had perished 
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Figure 3.4. Simplified version of the hypothesis of evolutionary relationships of 
†Palaeoniscimorpha proposed by Mickle (2012, 2015). The redfieldiiform genera †Dictyopyge 
and †Redfieldius were included in her study (indicated in red), and were recovered sister to 
†Boreosomus.



in the End-Permian Extinction event (e.g., Mickle, 2012; Skrzycka, 2014; Tintori et al., 2014). 

Understanding their place in the evolutionary history and relationships of lower actinopterygians 

could lend insight into the decline of †Palaeoniscimorpha as a whole, as well as the rise of 

Neopterygii to become the dominant group of fishes on the planet. 

 This study provides an evolutionary framework in which questions can be addressed in 

the future: For example, (1) What morphological features allowed redfieldiiform fishes to 

succeed in the Early Mesozoic?; (2) How did redfieldiiform fishes adapt for different trophic 

niches?; (3) Why did redfieldiiform fishes go extinct by the mid-Mesozoic?; (4) Do any 

biogeographic patterns exist for the †Redfieldiiformes? A robust hypothesis of evolutionary 

relationships is the backbone through which a full understanding of the organisms can be 

reached. This study will generate that phylogenetic backbone, and it fills a gap in the knowledge 

of Early Mesozoic fish evolution, a crucial time period in which extant fishes as we know today 

can trace their origins. 

 This study also provides updated morphological information for certain redfieldiiform 

taxa that have long been overlooked. Many of these taxa have not been thoroughly examined in 

more than half a century, and reexamination of this material using new preparation techniques 

and visual methods allows for a fresh interpretation and an opportunity to provide future 

researchers a base for exploring the morphology that defines this unique group of lower 

actinopterygian fishes. 

MATERIALS AND METHODS 

 Institutional abbreviations. AMNH, American Museum of Natural History, New York 

City, New York, USA; BMNH, Natural History Museum, London, England; DMNH, Denver 
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Museum of Nature and Science, Denver, Colorado, USA; FMNH, The Field Museum, Chicago, 

Illinois, USA; GN, University Museum of Zoology, Cambridge, England; IVPP, Institute of 

Vertebrate Paleontology and Paleoanthropology, Beijing, China; L, Manchester Museum, 

Manchester, England; MNHN, Muséum National d’Historie Naturelle, Paris, France; NMMNH, 

New Mexico Museum of Natural History and Science, Albuquerque, New Mexico, USA; 

NMNH, Smithsonian National Museum of Natural History, Washington, D.C., USA; TMM, 

Texas Memorial Museum, Austin, Texas, USA; UMNH, Natural History Museum of Utah, Salt 

Lake City, Utah, USA; USGD, University of Sydney, Geology Department, Sydney Australia. 

 Fossil preparation and examination. Specimens on loan to the author were examined by 

the author using Leica and Bausch and Lomb stereomicroscopes with varying resolution power. 

Specimens of redfieldiiforms that are from UMNH and NMMNHS have been recently collected 

in the Chinle Formation (see Chapters 1 and 2 for a discussion on the fieldwork) and Dockum 

Group (see Chapter 4) and required additional preparation (methods outlined in Chapters 2 and 

4). Preparation was conducted by the author as well as volunteers from the Utah Friends of 

Paleontology at the St. George Dinosaur Discovery Site at Johnson Farm in St. George, Utah. 

Photographs of each specimen were taken under normal lighting with a Canon digital SLR 

partial with an APS-C sensor with macro-style lenses (65 and 100 mm). Specimens that fluoresce 

were also examined and photographed under fluorescence using a Leica stereomicroscope fitted 

with GFP-LP and GFP3 filters. To accommodate depth of field, photographs were taken at each 

focal plane and merged using z-stacking software (HeliconFocus), to create a focused photo of 

each specimen with increased depth of field. Drawings of specimens were done using a camera 

lucida arm attachment as well as using a digital drawing tablet over high-resolution photographs. 
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 Bone terminology. Bone terminology follows the osteological terminology outlined by 

Schultze (2008) and Wiley (2008). Snout bone terminology follows Mickle (2012). In instances 

where traditional terminology varies from the above studies, the traditional terminology will be 

indicated in parentheses the first time the bone is described, to aid in interpreting homologous 

structures for future studies involving this material. 

 Anatomical abbreviations. ang, angular bone; aop, antoperculum; br, branchiostegal; 

clav, clavicle; cl, cleithrum; co, coronoid; d, dentary; dhy, dermohyal; dmp, 

dermometapterygoid; dpal, dermopalatine; dpt, dermopterotic; dsph, dermosphenotic; dt, 

dentary teeth; ecp, ectopterygoid; enp, entopterygoid; ex, extrascapular bone; g, gular; io, 

infraorbital; la, lachrymal (antorbital); mx, maxilla; mxt, maxillary teeth; n, nasal; no, narial 

opening; op, operculum; p, parietal (frontal); pcl, postcleithrum; pmx-la, premaxillo-lachrymal 

(premaxillo-antorbital); pop, preoperculum; pp, postparietal (parietal); pro, postrostral; psp, 

postspiracular (presupracleithrum); psph, parasphenoid; ptt, posttemporal (suprascapular); ro, 

rostral bone; sc, scale; scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, suborbital. 

 Taxon sampling for phylogenetic analysis. Forty-two taxa were chosen for this analysis 

based upon examination of specimens and interpretations of previous studies. Taxa range in age 

from the Devonian to Recent, with many of the taxa occurring in the Triassic. Twenty species 

attributed to redfieldiiforms in previous studies were included. In order to test relationships of 

the †Redfieldiiformes to other lower actinopterygians, representatives of several established 

palaeoniscimorph orders and families were included in this analysis (e.g., †Amblypteridae, 

†Elonichthyidae, †Palaeoniscidae, †Ptycholepiformes, †Rhadinichthyidae, †Scanilepiformes). 

Several chosen taxa were also included because they have been hypothesized to be closely 
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related to redfieldiiforms in previous studies (e.g., †Boreosomus, †Dicellopyge, †Haplolepis, 

†Mesopoma, †Perleidiformes). Some taxa also co-occur with putative redfieldiiforms in their 

respective geological deposits and were included in this study (e.g., †Tanaocrossus kalliokoskii 

and †Turseodus dolorensis co-occur with redfieldiiforms in the Chinle Formation of Utah and 

Colorado). As the focus of this study is examining a subset of taxa within Actinopteri, the basal 

actinopterygian †Cheirolepis canadensis is selected as the outgroup. 

 This is an analysis based primarily on literature for lower actinopterygians other than 

redfieldiiforms, except when specimens were available. Appendix 3.2 outlines all taxa used in 

the phylogenetic analysis. Literature used to code characters for the morphological matrix are 

listed, as well as specimens examined at their respective institutions for the study. As detailed 

redescriptions of many of these taxa are necessary for better understanding of their own 

respective relationships, this study does not represent a revision of the relationships of all 

included taxa. The objectives of this study are to examine relationships within the 

†Redfieldiiformes and to test its relationships to other lower actinopterygians, in particular to test 

hypotheses that have been previously presented by the studies listed above. 

 Morphological characters used for phylogenetic analysis. In order to test hypotheses of 

evolutionary relationships within the †Redfieldiiformes, as well as to ascertain potential sister 

group relationships to other lower actinopterygians, parsimony and maximum likelihood 

analyses were performed based on a morphological character matrix of 115 characters and 42 

taxa. The morphological data matrix was assembled using the software Mesquite Version 3.2 

(build 801) (Maddison and Maddison, 2017). The matrix is a combination of selected characters 

from previous studies regarding lower actinopterygian relationships, as well as new characters 
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based on suggested synapomorphies of the †Redfieldiiformes by Hutchinson (1973a) and 

Schaeffer (1984). Other characters have been selected from studies such as Coates (1999) and 

Cloutier and Arratia (2004), with modifications to certain characters as outlined in Mickle 

(2012). Morphological characters chosen mostly reflect dermal skull and body elements, as most 

endochondral and neurocranial elements are not visibly preserved on specimens belonging to the 

†Redfieldiiformes, thus making the inclusion of these type of characters unnecessary at this stage 

of testing an evolutionary hypothesis of relationships. Further examination of existing species 

using progressive techniques (such as CT scanning) or discovery of new specimens may provide 

more internal anatomical data that could help further elucidate evolutionary relationships of 

redfieldiiforms in a future study. 

 Below is a complete list of characters and character states. Characters that are unique to 

this study in order to resolve ingroup relationships are indicated in italics. Many of the characters 

listed below have been used in previous studies of palaeoniscimorph or lower actinopterygian 

relationships. The studies from which those respective characters are used are indicated. Mickle 

(2012) updated several characters based on her nomenclatural changes and other observations, 

and I am following her changes when possible. In instances where a taxon does not contain the 

bone or feature a character is addressing, the character state is coded as “?”. Please refer to the 

studies indicated for further explanation of each respective character. Characters are organized by 

anatomical regions. 
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1. Posttemporal fossa: (0) absent; (1) present. (Modified from Gardiner and Schaeffer, 1989: 

character 28; Coates, 1999: character 33; Cloutier and Arratia, 2004: character 4; Xu and 

Gao, 2011: character 1; Xu et al., 2014: character 1) 

2. Premaxilla: (0) present; (1) absent. (Modified from Cloutier and Ahlberg, 1996: character 

16; Lund et al., 1995; character 2; Poplin and Lund, 2000: character 6; Schultze and 

Cumbaa, 2001: character 26; Zhu and Schultze, 2001: character 6; Lund and Poplin, 

2002: character 3 & 4; Cloutier and Arratia, 2004: character 9). Following the definition 

of a premaxilla outlined in Westoll (1937), Schultze (2008), and Mickle (2012, 2015), 

the premaxilla defined here is a tooth-bearing, anamestic bone that contributes to the oral 

rim of the upper jaw, anterior to the maxilla. It may or may not be a part of a complex 

element. The terminology of the premaxilla in redfieldiiform literature has varied 

substantially and has created confusion and disagreements regarding the homology of 

the bones of the snout. 

3. Premaxilla composition: (0) part of complex bone; (1) separate and distinct bone. 

(Modified from Coates, 1999: character 13; Lund, 2000: character 3; Cloutier and 

Arratia, 2004: character 9; Poplin and Dutheil, 2005: character 5; Mickle et al., 2009: 

character 3; Mickle, 2012: character 3). In many palaeoniscimorphs, the premaxilla is a 

small, toothed element separate from the bones of the snout, such as the rostral bone, 

rostro-lachrymal, or lachrymal; these bones carry the ethmoid commissure and 

infraorbital canals, respectively (Mickle, 2012). Some redfieldiiforms such as 

†Daedalichthys or †Brookvalia possess an independent, anamestic toothed bone herein 

identified as a premaxilla, that is not part of a complex bone. 
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4. Complex premaxilla: (0) premaxilla is part of a rostro-premaxillo-lachrymal bone; (1) 

premaxilla is part of a premaxillo-lachrymal bone; (2) premaxilla is part of a rostro-

premaxilla. (Modified from Coates, 1999: character 13 in part; Lund, 2000: character 3 

in part; Mickle et al., 2009: character 3, in part; Mickle, 2012: character 4). This 

character was discussed in great detail in Mickle (2012) in an attempt to standardize 

lower actinopterygian snout nomenclature. However, her terminology for the lachrymal 

bone was changed to “antorbital” when it was published Mickle (2015). The antorbital 

bone according to Schultze (2008) is a neopterygian bone that does not occur in lower 

actinopterygians such as palaeoniscimorphs, and so this study follows the suggestions 

proposed by Schultze (2008) and Mickle (2012). The lachrymal bone bears a tripartite 

canal formed by the junction of infraorbital and supraorbital canals, and the continuation 

of the infraorbital canal anteromediad to meet the ethmoid commissure present in the 

rostral bone. Some redfieldiiforms, such as †Cionichthys, possess a large premaxillo-

lachrymal bone that forms the anterior margin of the orbit as well as the ventral margin 

of the snout and anterior to the maxilla. 

5. Premaxilla nasal process: (0) absent; (1) present. (Modified from Coates, 1999: character 

14; Cloutier and Arratia, 2004: character 10; Xu and Gao, 2011: character 24). This 

character is discussed in Cloutier and Arratia (2004) and is referring to a posterodorsal 

flange of the premaxilla. This feature shows a great amount of variation regarding the 

morphology of the nasal process, but as is noted in Coates (1999) and Cloutier and 

Arratia (2004), an assumption of homology is assumed for this character among lower 

actinopterygians. 
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6. Premaxilla at median line: (0) abutting medially; (1) separated medially. (Modified from 

Lund et al, 1995: character 2; Lund, 2000: character 2; Lund and Poplin, 2002: character 

3; Cloutier and Arratia, 2004: character 13; Friedman and Blom, 2006: character 1; Long 

et al., 2008: character 1; Swartz, 2009: character 1; Mickle, 2012: character 6). As noted 

in Mickle (2012), this character is coded regardless of whether the premaxilla is part of a 

complex bone or separate and distinct. 

7. Premaxilla contact: (0) does not contact nasal; (1) contacts nasal. (Modified from Dietze, 

2000: character 34; Cloutier and Arratia, 2004: character 14; Mickle, 2012: character 9). 

This character is coded regardless of whether the premaxilla is part of a complex bone or 

is separate and distinct. The position of the nasal bone and its contact with other bones in 

the snout region plays an important role in the morphology of the snout with regard to 

the †Redfieldiiformes compared to other lower actinopterygians. In most lower 

actinopterygians, the nasal bone does not contact the premaxilla. In †Boreosomus, 

†Mesopoma, and some redfieldiiforms, the nasal is in direct contact with the premaxillo-

lachrymal. In other redfieldiiforms, the position of the supraorbital bone and external 

narial opening separates the nasal bone from the premaxillo-lachrymal. 

8. Anterior end of the maxilla: (0) posterior to orbit; (1) orbital; (2) preorbital; (3) complete 

maxilla limited to preorbital region. (Modified from Cloutier and Arratia, 2004: 

character 17; Mickle, 2012: character 12). Following the definition of this character 

outlined in Cloutier and Arratia (2004), a taxon would be coded as “preorbital” (1) if the 

anterior margin of the maxilla is located in front of the anterior margin of the orbit, and a 

taxon would be coded as “orbital” (2) if the anterior end of the maxilla terminates ventral 
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to the orbit. If the entire maxilla is located posterior to the orbit, it would be coded as (0); 

if the entire maxilla is located anterior to the orbit, it would be coded as (3). 

9. Shape of anterior end of maxilla: (0) short and stout; (1) slender and curved dorsally; (2) 

slender and tapering but does not curve dorsally. (Modified from Dietze, 2000: character 

26). This character refers to the shape of the anterior process of the maxilla along the 

ventral margin, and relies on the shape of the skull and snout. Since redfieldiiforms have 

prominent snouts and large orbits, many redfieldiiform taxa have maxillae that are 

slender under the orbital region and curve anterodorsad towards the snout. In 

redfieldiiforms that possess a premaxillo-lachrymal that forms the ventral margin of the 

snout and reaches the oral rim, the maxilla is reduced anteriorly in length, and the 

anterior process is shorter and often blunt. 

10. Height of the posterior expansion of the maxilla: (0) low; (1) medium; (2) deep. (Modified 

from Cloutier and Ahlberg, 1996: character 20, 21; Dietze, 2000: character 25; Schultze 

and Cumbaa, 2001: character 31; Zhu and Schultze, 2001: character 54; Lund and 

Poplin, 2002: character 30; Cloutier and Arratia, 2004: character 18; Mickle, 2012: 

character 13). Criteria for this character are taken from Dietze, 2000, where the height of 

the posterior expansion is determined by dividing the maximum depth of the maxilla by 

its maximum length from the anterior process to the posterior margin. “Low” (0) 

represents maxillae with a ratio less that 0.25; “medium” (1) represents maxillae with a 

ratio between 0.25 and 0.35; “deep” (2) represents maxillae with a ratio greater than 

0.35. 
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11. Maxilla-preopercular ornamentation: (0) circumferential ridges of ganoin; (1) mainly 

vertical ridges of ganoin; (2) mainly tuberculations of ganoin; (3) ganoin ridges and 

tubercles; (4) absence of ornamentation on these bones; (5) no ganoin present. (Modified 

from Lund, 2000: character 35; Cloutier and Arratia, 2004: character 22; Swartz, 2009: 

character 25; Mickle, 2012: character 17). 

12. Maxilla: (0) fixed to neurocranium; (1) free from neurocranium and mobile. (Modified from 

Lund et al., 1995: character 50; Coates, 1999: character 16; Cloutier and Arratia, 2004: 

character 23; Hurley et al., 2006: character 37; Mickle et al., 2009: character 44; Mickle, 

2012: character 18).  

13. Shape of posterior expansion of maxilla: (0) not differentiated; (1) rectangular plate; (2) 

rounded plate; (3) triangular plate. (Modified from Mickle et al., 2009: character 42; 

Mickle, 2012: character 19). 

14. Supramaxilla: (0) absent; (1) present. (Modified from Coates, 1999: character 17; Cloutier 

and Arratia, 2004: character 24; Hurley et al., 2006: character 40; Mickle et al., 2009: 

character 49; Mickle, 2012: character 24).  

15. Lower Jaw: (0) Slender, long, and curved; (1) Deep, short, and either straight or curved. 

This character is reliant upon the shape of the skull, snout, and the length of the jaws. In 

redfieldiiform taxa with longer jaws, such as †Brookvalia, the lower jaw is long and very 

slender, and it curves to mirror the shape of the upper jaw around the large orbital region. 

In redfieldiiform taxa with shorter jaws, such as †Redfieldius, as well as most other 
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lower actinoptyergians included in this study, the lower jaw is short and robust, with 

little to no curvature. 

16. Dentition on coronoid bones: (0) broad toothed field; (1) narrow marginal tooth rows; (2) 

single tooth row. (Modified from Cloutier and Ahlberg, 1996: character 10; Zhu and 

Schultze, 2001: character 91; Cloutier and Arratia, 2004: character 30; Mickle, 2012: 

character 30).  

17. Coronoid process: (0) absent; (1) present. (Modified from Coates, 1999: character 19; Lund, 

2000: character 34; Poplin and Lund, 2000: character 20; Lund and Poplin, 2002: 

character 34; Cloutier and Arratia, 2004: character 31; Mickle et al., 2009: character 51; 

Mickle, 2012: character 31). 

18. Acrodin caps on teeth: (0) absent; (1) present. (Modified from Patterson, 1982: character 

12; Maisey, 1986: character N6; Gardiner and Schaeffer, 1989: character 2, B1; Cloutier 

and Ahlberg, 1996: character 7; Taverne, 1997: character 7; Coates, 1999: character 1; 

Poplin and Lund, 2000: character 21; Schultze and Cumbaa, 2001: character 35; Zhu and 

Schultze, 2001: character 210; Cloutier and Arratia, 2004: character 32; Friedman and 

Blom, 2006: character 25; Long et al., 2008: character 25; Mickle, 2012: character 33).  

19. Dentary and maxillary teeth: (0) dentary and maxillary teeth organized in two series; (1) 

dentary and maxillary teeth not organized in two series. (Modified from Dietze, 2000: 

character 27; Schultze and Cumbaa, 2001: character 36; Zhu and Schultze, 2001: 

character 77; Cloutier and Arratia, 2004: character 33; Mickle, 2012: character 34).  
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20. Ornamentation pattern of the skull roof: (0) absent or very lightly ornamented; (1) 

ornamented with ridges/rugae; (2) ornamented with scale-like denticles or low tubercles. 

(Modified from Dietze, 2000: character 53; Cloutier and Arratia, 2004: character 34; 

Mickle, 2012: character 36). 

21. Preparietal relative length: (0) short; (1) elongated. (Modified from Schultze and Cumbaa, 

2001: character 67; Zhu and Schultze, 2001: character 4; Cloutier and Arratia, 2004; 

character 35; Mickle, 2012: character 37). Following the definition of this character 

outlined in Schultze and Cumbaa (2001), Zhu and Schultze (2001), Cloutier and Arratia 

(2004), and Mickle (2012), the preparietal portion of the skull roof refers to the bones 

anterior to the anterior margin of the parietal. This region is coded as “short” (0) if it is 

less than 20% the distance between the anterior part of the snout and the posterior border 

of the extrascapular bones. 

22. Snout shape: (0) blunt rounded; (1) sharp bump; (2) elongated. (Modified from Lund, 2000: 

character 8; Cloutier and Arratia, 2004: character 36; Poplin and Dutheil, 2005: character 

3; Long et al., 2008: character 57; Mickle et al., 2009: character 1; Mickle, 2012: 

character 38). 

23. Rostral bone: (0) present as a distinct bone; (1) absent as a distinct bone. (Modified from 

Lund et al., 1995: character 3; Poplin and Lund, 2000: character 4; Lund and Poplin, 

2002: character 5; Cloutier and Arratia, 2004: character 37; Poplin and Lund, 2005: 

character 6 in part; Mickle et al., 2009: character 4; Mickle, 2012: character 39). 
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24. Rostral bone condition: (0) one distinct median bone; (1) part of a complex bone; (2) 

median and complex bone; (3) two separate and distinct media bones; (4) paired and 

median bones. (Modified from Lund, 2000: character 4; Poplin and Dutheil, 2005: 

character 7 in part; Mickle et al., 2009: character 4; Mickle, 2012: character 40).  

25. Position of median rostral bone: (0) median rostral bone does not contribute to jaw margin; 

(1) median rostral bone contributes to jaw margin. (Modified from Cloutier and Ahlberg, 

1996: character 22; Schultze and Cumbaa, 2001: character 28; Zhu and Schultze, 2001: 

character 9; Cloutier and Arratia, 2004: character 38; Mickle et al., 2009: character 6; 

Mickle, 2012: character 42). The condition of this bone is coded regardless whether the 

median rostral bone is part of a complex bone or is separate and distinct. 

26. Shape of median rostral: (0) widens anteriad; (1) equal width anteriorly and posteriorly; (2) 

narrow anteriad. (Modified from Dietze, 2000: character 32; Schultze and Cumbaa, 

2001: character 7; Cloutier and Arratia, 2004: character 39; Long et al., 2008: character 

58; Mickle, 2012: character 43). 

27. Rostral teeth: (0) absent; (1) present. (Modified from Lund et al., 1995: character 4; Lund 

and Poplin, 1997: character 4; Schultze and Cumbaa, 2001: character 8; Cloutier and 

Arratia, 2004: character 40, Mickle, 2012: character 44). 

28. Rostral notch: (0) absent; (1) present. (Modified from Lund et al., 1995: character 9; Lund, 

2000: character 9; Poplin and Lund, 2000: character 7; Lund and Poplin, 2002: character 

10; Cloutier and Arratia, 2004: character 41; Mickle et al., 2009: character 7; Mickle, 

2012: character 45). This character refers to a distinct notch on the ventral margin of the 
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rostral, as is seen in †Wendyichthys (Lund and Poplin, 1997: fig. 2). It was suggested by 

Lund and Poplin (1997) that this notch is present due to the absence of the premaxilla 

bone. 

29. Denticles on the snout: (0) absent; (1) lightly denticulated; (2) densely denticulated. 

(Modified from Schaeffer and McDonald, 1978; Mickle, 2012: character 46). 

Characteristic of the †Redfieldiiformes, the snout of many redfieldiiform taxa is covered 

in heavy tuberculation or denticulation. The density of tuberculation varies from lightly 

denticulated, as is the case with †Atopocephala, †Geitonichthys, †Helichthys, and 

†Mauritanichthys, to the most extreme case of denticulation seen in †Dictyopyge, where 

the denticles are so dense that it impairs interpretation of snout bones (Schaeffer and 

McDonald, 1978). 

30. Nasal reaches the orbital rim: (0) absent; (1) present. In almost all lower actinopterygians, 

the nasal bone forms the anterodorsal margin of the orbit, but in redfieldiiforms, the 

nasal bone does not participate in the orbital margin, but is separated from the orbit by 

the supraorbital and lachrymal/premaxillo-lachrymal. 

31. Contact of nasals medially: (0) absent; (1) present. In most lower actinopterygians, the 

nasals are separated by some combination of rostral, postrostral(s), and/or parietal bones. 

This is also the case in many redfieldiiforms, where the nasal bones are flanked medially 

by a large single postrostral bone. The exception is that of †Lasalichthys, which has a 

reduced or absent postrostral bone that allows for medial articulation of the nasal bones. 
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32. Nasal bone notches: (0) not notched for the formation of the medial (anterior) and lateral 

(posterior) nasal openings; (1) notched for both the medial and lateral nasal openings; (2) 

notched for the lateral nasal opening only; (3) notched for medial narial opening only. 

(Modified from Coates, 1998: character A5; Poplin and Lund, 2000: character 9; 

Schultze and Cumbaa, 2001: character 11; Cloutier and Arratia, 2004: character 44; 

Mickle et al., 2009: character 15; Mickle, 2012: character 49). In most lower 

actinopterygians, the nasal bone participates in the formation of the external narial 

openings. However, variation occurs among taxa regarding which narial openings 

contribute to the nasal bone notches. Many lower actinopterygians possess two notches 

to accommodate both the medial and lateral narial openings, whereas some taxa possess 

only a single notch, which accommodates either the medial narial opening or the lateral 

narial opening. Redfieldiiforms, as well as some other lower actinopterygians such as 

†Haplolepis, possess only a single external narial opening. For redfieldiiforms, this 

single narial opening represents the lateral narial opening due to its position relative to 

the trajectory of the supraorbital sensory canal in the nasal bone, which is discussed 

further below in character 33. Thus for redfieldiiforms, this character has been coded as 

“2” for the notch formed by the lateral nasal opening only. 

33. Number of external narial openings: (0) single; (1) double. In most lower actinopterygians, 

two external narial openings are present to allow the incurrent and excurrent flow of 

water. Patterson (1982) discusses the morphology of the nasal bone in lower 

actinopterygians, which is notched on both the anterior and posterior edges of the bone 

(see character 32). In many taxa where the nasal forms the dorsal or anterodorsal margin 
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of the orbit, the posterior narial opening often is part of the orbital rim, such as in 

†Mimipiscis. In lower actinopterygians, the supraorbital sensory canal traverses the nasal 

bone in between the medial and lateral narial openings. In redfieldiiform fishes, 

however, only a single external narial opening is present. Schaeffer (1984) notes that the 

single narial opening is formed or partially formed by the posterior border of the nasal 

bone and is also behind the supraorbital sensory canal, and thus represents the lateral 

nasal opening. Further examination of specimens confirms that there is no notch on the 

posterior border of the lachrymal/premaxillo-lachrymal of redfieldiiforms that would 

represent a second narial opening along the orbital rim, nor is there any medial narial 

opening found between the rostral and nasal bones. It is possible that redfieldiiforms 

may have used the single external narial opening for both incurrent and excurrent flow of 

water, with a possible septum formed by soft tissue, or two separate tubes that originate 

from a single opening in the bones. The latter condition is seen in some fishes such as 

Polypterus,. 

34. Nasal notched: (0) notched on the medial (anterior) and/or lateral (posterior) borders; (1) 

notched on the ventral border; (2) nasal bone not notched. (Modified from Mickle, 2012: 

character 50). This character refers to the physical placement of the notches on the nasal 

bone, if notches are present. This differs from character 32, which refers to which narial 

openings contribute to notches in the nasal bone. In most lower actinopterygians, the 

notches coincide with the placement with their respective narial openings; i.e., the 

medial narial opening is present inside the notch on the medial border of the nasal bone, 

and the lateral narial opening contributes to a lateral notch on the nasal bone. But as the 
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morphology of the snout changes among taxa, the placement and shape of the of the 

nasal bone varies, and the position of the medial and/or lateral narial openings may shift 

with regard to the position of the nasal bone. In redfieldiiforms, the nasal bone is located 

anterodorsal to the external narial opening, and the physical notch on the bone is located 

on the ventral margin of the nasal. The nasal notch is also present on the ventral border 

in some other lower actinopterygian taxa, such as among the †Haplolepidae (Westoll, 

1944). 

35. Postrostral: (0) absent; (1) present. (Modified from Cloutier and Ahlberg, 1996: character 

23; Lund, 2000: character 6; Schultze and Cumbaa, 2001: character 9; Zhu and Schultze, 

2001: character 10; Lund and Poplin, 2002: character 7; Cloutier and Arratia, 2004: 

character 47; Friedman and Blom, 2006: character 2; Long et al., 2008: character 2; 

Swartz, 2009: character 2; Mickle, 2012: character 52).  

36. Number of postrostrals: (0) single; (1) double; (2) multiple. (Modified from Lund et al., 

1995: character 7; Cloutier and Ahlberg, 1996: character 23; Lund, 2000: character 6; 

Schultze and Cumbaa, 2001: character 9; Zhu and Schultze, 2001: character 11; Lund 

and Poplin, 2002: character 7; Cloutier and Arratia, 2004: character 48; Mickle et al., 

2009: character 9; Mickle, 2012: character 53). Many palaeoniscimorph fishes possess 

single or multiple postrostral bones, posterodorsal to the rostral bone along the midline. 

The size, shape, and number of postrostral bones varies drastically among 

palaeoniscimorph taxa and is described in detail in Mickle (2015). Within fishes 

considered within the †Redfieldiiformes, a single, large postrostral bone is present and 

articulated with the rostral in all taxa except: †Lasalichthys hillsi, where it is highly 
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reduced and separated from the rostral by nasals contacting medially, or in 

“†Synorichthys” stewarti, where it is completely lost and the nasals meet fully along the 

midline. In other redfieldiiforms, the postrostral bone is ovoid to quadrangular in shape 

and separates the nasals medially, as well as the anterior portion of the parietals. 

37. Number of parietal (frontal) bones: (0) one pair; (1) two pair; (2) part of parietal shield. 

(Modified from Lund and Poplin, 2002: character 14; Cloutier and Arratia, 2004: 

character 53; Mickle et al., 2009: character 20; Mickle, 2012: character 57). 

38. Contact of parietal bones: (0) parietal contacts supraorbital; (1) parietal does not contact 

supraorbital. (Modified from Cloutier and Ahlberg, 1996: character 34; Schultze and 

Cumbaa, 2001: character 63; Zhu and Schultze, 2001: character 23; Cloutier and Arratia, 

2004: character 54; Mickle, 2012: character 58). 

39. Number of pairs of postparietals (parietals): (0) one pair; (1) two pairs. This character 

refers to certain taxa within the †Redfieldiiformes that have two sets of postparietals, an 

anterior and posterior pair. 

40. Shape of postparietals: (0) quadrangular; (1) triangular; (2) elongated. (Modified from 

Dietze, 2000: character 6). This character is coded for the anterior postparietals of 

redfieldiiforms, as well as the single postparietal of taxa with only one pair of 

postparietals. 

41. Postparietal: (0) without pointed lateral process; (1) with pointed lateral process. (Modified 

from Taverne, 1997: character 1; Dietze, 2000: character 8; Cloutier and Arratia, 2004: 

character 55; Mickle, 2012: character 59). 
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42. Relative size of postparietal: (0) postparietal longer than parietal; (1) postparietal almost 

equal to parietal; (2) postparietal shorter than parietal (parietal approximately two times 

the postparietal); (3) postparietal shorter than the parietal (parietal over two times to 

three times longer than the postparietal. (Modified from Taverne, 1997: character 3; 

Poplin and Lund, 2000: character 10; Dietze, 2000: character 7; Schultze and Cumbaa, 

2001: character 70; Lund and Poplin, 2002: character 15; Cloutier and Arratia, 2004: 

character 57; Poplin and Dutheil, 2005: character 14; Friedman and Blom, 2006: 

character 11; Long et al., 2008: character 11; Swartz, 2009: character 13; Mickle, 2012: 

character 61).  

43. Number of extrascapular bones: (0) three; (1) two; (2) four; (3) more than four. (Modified 

from Lund, 2000: character 20; Dietze, 2000: characters 2 and 4 in part; Lund and 

Poplin, 2002: character 21; Cloutier and Arratia, 2004: character 60; Poplin and Dutheil, 

2005: character 18; Friedman and Blom, 2006: character 15; Long et al., 2008: character 

15; Swartz, 2009: character 28; Mickle, 2012: character 66). 

44. Supraorbital (adnasal): (0) absent; (1) present without supraorbital canal; (1) present and 

carrying supraorbital canal. (Modified from Gardiner and Schaeffer, 1989: character 14; 

Coates, 1999: character 7; Lund et al., 1995: characters 13, 17; Dietze, 2000: character 

33; Zhu and Schultze, 2001: character 17; Lund and Poplin, 2002: character 12; Cloutier 

and Arratia, 2004: character 62; Hurley et al., 2006: character 28; Mickle, 2012: 

character 68). In many studies of the †Redfieldiiformes, a single, quadrangular, 

anamestic bone has been present along the anterodorsal margin of the orbit, and has been 

referred to as a prefrontal (Brough, 1931) and an adnasal (e.g., Schaeffer, 1967, 1984; 
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Hutchinson, 1973a, 1978). Schaeffer (1984) discussed the identity of the “adnasal,” 

suggesting that it could possibly represent a fragment of the “frontal” or the 

dermosphenotic, or that it represented a relic supraorbital. Schaeffer (1984) later 

suggests that the †Redfieldiiformes plus their hypothetical sister group would share the 

same derived character, “Nasal bone more or less excluded from orbit by an anterior 

supraorbital proposed as homologue of the redfieldiiform adnasal,” thus supporting a 

possible homology for the redfieldiiform adnasal and the supraorbital. There is no 

evidence that this bone does not represent a supraorbital bone, as in many redfieldiiforms 

it is part of the orbital rim, though it has been wedged out by the dermosphenotic and 

premaxillo-lachrymal in some taxa such as †Lasalichthys. This study therefore treats the 

redfieldiiform “adnasal” as a supraorbital bone. 

45. Supraorbital bones (0) single series; (1) double series; (2) single bone. (Modified from 

Lund et al., 1995: character 13; Lund, 2000: character 11; Lund and Poplin, 2002: 

character 12; Cloutier and Arratia, 2004: character 63; Poplin and Dutheil, 2005: 

character 20; Mickle et al., 2009: character 17; Mickle, 2012: character 69). 

46. Supraorbital forms part of orbital rim: (0) absent; (1) present.  

47.  Supraorbital separates nasal from orbital rim: (0) absent; (1) present.  

48. Supraorbital shape: (0) elongate; (1) quadrangular.  

49. Dermosphenotic shape: (0) falcate anterior margin, narrow or broad posteriorly; (1) flat 

anterior margin, broad posteriorly; (2) dorsoventrally tall and narrow; (3) rectangular. 

(Modified from Gardiner and Schaeffer, 1989: character 65; Lund, 2000: character 23; 
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Schultze and Cumbaa, 2001: character 77; Cloutier and Arratia, 2004: character 65; 

Friedman and Blom, 2006: character 54; Long et al., 2008: character 54; Swartz, 2009: 

character 14; Mickle, 2012: character 71). Following Mickle (2012), this character is 

coded for a single dermosphenotic or, if two dermosphenotics are present, it is coded for 

the ventral dermosphenotic. 

50. Dermosphenotic relative size in comparison to dermopterotic: (0) smaller than 

dermopterotic; (1) equal to nearly equal in length to dermopterotic; (2) larger/longer than 

dermopterotic. (Modified from Dietze, 2000: character 10; Cloutier and Arratia, 2004: 

character 67; Mickle, 2012: character 73). 

51. Dermosphenotic/nasal contact: (0) contacts nasal bone; (1) separate from nasal bone. 

(Modified from Dietze, 2000: characters 14, 15; Poplin and Dutheil, 2005: character 12). 

52. Dermosphenotic number: (0) no dermosphenotic present; (1) one bone; (2) two bones, 

dorsal and ventral. (Modified from Dietze, 2000: character 13; Schultze and Cumbaa, 

2001: character 76; Cloutier and Arratia, 2004: character 69; Mickle, 2012: character 

75). 

53. Intertemporal: (0) absent as a distinct bone; (1) present as a distinct bone. (Modified from 

Coates, 1999: character 4; Dietze, 2000: character 9). In this study, the intertemporal is a 

separate bone that carries the temporal (otic) canal, and is positioned between the 

dermosphenotic and supratemporal bones. Coates (1999) suggested that the 

intertemporal and supratemporal bones may have fused, forming the bone commonly 

called the dermopterotic (see character 54). 
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54. Supratemporal: (0) no parietal contact; (1) contacting parietal; (2) apparent fusion with 

intertemporal, forming dermopterotic; (3) dermopterotic meets midline. (Modified from 

Gardiner and Schaeffer, 1989: character 1; Coates, 1999: character 5; Cloutier and 

Arratia, 2004: character 70; Hurley et al., 2006: character 26; Mickle, 2012: character 

76). 

55. Lachrymal (antorbital) bone: (0) absent; (1) present. (Modified from Lund et al., 1995: 

character 16; Dietze, 2000: character 33; Lund, 2000: character 24, 25; Cloutier and 

Arratia, 2004: character 78, Mickle et al., 2009: character 12; Mickle, 2012: character 

84). The lachrymal bone, as defined in Mickle (2012) and discussed above, is a bone that 

bears a tripartite canal comprised of the anterior extent of the infraorbital canal, the 

continuation of the canal leading into the ethmoid commissure on the rostral bone, and a 

dorsal extension of the infraorbital that connects to the supraorbital canal in the nasal 

bone in many lower actinopterygians. In the †Redfieldiiformes, this tripartite canal is 

present but is not connected to the supraorbital canal. Rather, it terminates in the 

lachrymal. The lachrymal is often part of the anterior or ventral margin of the orbit; in 

the †Redfieldiiformes, the antorbital comprises nearly the entire anterior margin of the 

orbit. 

56. Lachrymal bone: (0) part of a complex bone; (1) separate and distinct bone; (2) absent. 

(Modified from Gardiner and Schaeffer, 1989: character 11; Coates, 1999: character 13; 

Lund, 2000: characters 24 and 25; Lund and Poplin, 2002: character 8; Cloutier and 

Arratia, 2004: character 78; Poplin and Dutheil, 2005: character 8; Mickle et al., 2009: 

character 11; Mickle, 2012: character 85). 
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57. Lachrymal shape: (0) rhombic; (1) inverted L with distinct dorsal and posteroventral 

processes; (2) vertical pillar; (3) triangular; (4) rectangular; (5) T-shaped with distinct 

anteromedial, dorsal, and posteroventral processes. (Modified from Lund et al., 1995: 

character 15; Lund, 2000: character 25; Poplin and Lund, 2000: character 4; Lund and 

Poplin, 2002: character 9; Cloutier and Arratia, 2004: character 79; Mickle et al., 2009: 

character 12; Mickle, 2012: character 86). A fifth character state was added to 

distinguish the morphology of the lachrymal of redfieldiiforms. This character is coded 

regardless of whether the lachrymal is part of a complex bone or separate and distinct. 

58. Lachrymal involved with narial opening: (0) absent; (1) present. In redfieldiiform fishes, a 

single narial opening is visible, and is bordered posteriorly by the premaxillo-lachrymal 

bone. This character is coded regardless of whether the lachrymal is part of a complex 

bone or separate and distinct. 

59. Lachrymal contribution to anterior orbital margin: (0) does not contribute to anterior 

orbital margin; (1) contributes less than half to half of the anterior orbital margin; (2) 

comprises the whole anterior orbital margin. In redfieldiiforms, the lachrymal/

premaxillo-lachrymal comprises almost the entire ventral margin of the orbit. This is 

contrary to what is seen in most lower actinopterygians, where the nasal bone comprises 

the anterior margin of the orbit, as seen in fish such as  †Amblypterus, †Cheirolepis, 

†Haplolepis, and others. In taxa such as †Boreosomus and †Mesopoma, the premaxillo-

lachrymal contributes to the orbital margin but to a lesser extent that what is observed in 

redfieldiiforms. This character is coded regardless of whether the lachrymal is part of a 

complex bone or separate and distinct. 
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60. Lachrymal part of oral margin or snout ventral margin: (0) absent; (1) present. In some 

lower actinopterygians, the premaxillo-lachrymal is toothed and contributes to the oral 

margin. In some redfieldiiforms, the premaxillo-lachrymal is covered in denticles that 

are not necessarily homologous to teeth, but the bone comprises the ventral margin of the 

snout anterior to the maxilla. 

61. Contact between posteroventral infraorbital (jugal/infraorbital 3) and suborbital(s): (0) 

contacts suborbital(s) posteriorly; (1) contacts suborbital(s) posterodorsally; (2) not in 

contact with suborbital(s). (Modified from Dietze, 2000: character 21; Cloutier and 

Arratia, 2004: character 82; Mickle, 2012: character 89). 

62. Number of infraorbital bones in series, including lachrymal: (0) two; (1) three; (2) four 

or more. (Modified from Coates, 1998: character A9; Poplin and Lund, 2000: character 

14; Schultze and Cumbaa, 2001: character 25; Cloutier and Arratia, 2004: character 83, 

Mickle, 2012: character 90). 

63. Shape of infraorbital(s) posterior to orbit: (0) dorsoventrally elongated, quadrangular; (1) 

nearly equal in length and width; (2) anteroposteriorly longer than deep.  

64. Suborbitals: (0) absent; (1) present. (Modified from Gardiner and Schaeffer, 1989: character 

9; Coates, 1999: character 8; Lund et al., 1995: characters 37, 39; Lund, 2000: characters 

26–28; Poplin and Lund, 2000: characters 15–17; Schultze and Cumbaa, 2001: character 

54; Lund and Poplin, 1997: character 37; Dietze, 2000: character 19; Lund and Poplin, 

2002: characters 26–28; Cloutier and Arratia, 2004: character 84. Mickle, 2012: 

character 92). 
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65. Number of suborbital bones: (0) one to three; (1) four to six; (2) more than six. (Modified 

from Lund et al., 1995: character 37; Dietze, 2000: character 19; Poplin and Lund, 2000: 

character 17; Cloutier and Arratia, 2004: character 85; Poplin and Dutheil, 2005: 

character 21; Mickle et al., 2009: character 37; Mickle, 2012: character 93). 

66. Suborbital bones arrangement: (0) one row; (1) two rows; (2) many. (Modified from Lund, 

2000: character 26; Lund and Poplin, 2002: character 26; Cloutier and Arratia, 2004: 

character 86; Mickle et al., 2009: character 37; Mickle, 2012: character 94).  

67. Suborbital contact: (0) maxilla not in contact with suborbitals, (1) maxilla contacts 

suborbitals. (Modified from Lund et al., 1995: character 40; Dietze, 2000: character 24; 

Lund, 2000: character 29; Cloutier and Arratia, 2004: character 88; Poplin and Dutheil, 

2005: character 24; Friedman and Blom, 2006: character 18; Mickle et al., 2009: 

character 40; Mickle, 2012: character 96). 

68. Suborbital(s) separated from dermohyal by preoperculum: (0) absent; (1) present. In some 

redfieldiiforms, the dorsal process of the preoperculum has a pointed extension that 

reaches the dermopterotic, thus separating the dermohyal from the suborbital bone. Such 

is the case with taxa such as †Atopocephala and †Brookvalia. In some taxa, such as 

†Helichthys, †Lasalichthys, or †Redfieldius, the preoperculum does not reach the 

dermopterotic, and the suborbital and dermohyal bones contact each other above the 

preoperculum. 

69. Postspiracular (presupracleithrum) bone: (0) absent; (1) present. (Modified from Cloutier 

and Ahlberg, 1996: character 53; Dietze, 2000: character 48; Lund, 2000: character 53; 
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Zhu and Schultze, 2001: character 61; Lund and Poplin, 2002: character 50; Cloutier and 

Arratia, 2004: character 94; Poplin and Dutheil, 2005: character 53; Mickle et al., 2009: 

character 81; Mickle, 2012: character 103). This bone is situated posterior to the 

operculum and anterodorsal to the supracleithrum. It is considered homologous to the 

presupracleithrum bone in some literature (e.g., Schaeffer, 1984). 

70. Dermohyal bone(s): (0) absent; (1) present. (Modified from Lund et al., 1995: character 48; 

Cloutier and Ahlberg, 1996: character 52; Dietze, 2000: character 41; Lund, 2000: 

character 44; Schultze and Cumbaa, 2001: character 2; Zhu and Schultze, 2001: 

character 60; Lund and Poplin, 2002: character 41; Cloutier and Arratia, 2004: characters 

95, 96; Poplin and Dutheil, 2005: character 26; Friedman and Blom, 2006: character 53; 

Long et al., 2008: character 53; Mickle et al., 2009: character 62; Swartz, 2009: 

character 34; Mickle, 2012: character 104). This character is coded for presence or 

absence regardless of the number of dermohyal bones. 

71. Preoperculum: (0) preoperculum without distinct regions; (1) preoperculum with distinct 

anterodorsal and ventral regions. (Modified from Gardiner and Schaeffer, 1989: 

character A11; Coates, 1998: character A11; Lund et al., 1995: character 42; Lund, 2000: 

character 39; Dietze, 2000: character 35; Cloutier and Arratia, 2004: character 98; 

Swartz, 2009: character 35, Mickle, 2012: character 106). 

72. Preoperculum anterodorsal region: (0) subhorizontal; (1) subvertical or vertical. (Modified 

from Cloutier and Arratia, 2004: character 9; Mickle, 2012: character 107). 
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73. Preoperculum contact with maxilla: (0) preoperculum contacts dorsal and posterior 

margins of maxilla; (1) preoperculum contacts posterior margin of maxilla; (2) 

preoperculum not in contact with maxilla; (3) preoperculum contacts dorsal margin of 

maxilla. (Modified from Coates, 1999: character 15; Zhu and Schultze, 2001: character 

66; Cloutier and Arratia, 2004: character 102; Mickle, 2012: character 110). 

74. Shape of preoperculum: (0) reverse boomerang-shape and deeply anterodorsally inclined; 

(1) vertically or near-vertically oriented, r-shaped or hatchet-shaped, or with a broad, 

triangular dorsal process; (2) vertical and broad with broadest point located 

anteromedially; (3) boomerang-shaped and anteroventrally inclined. The shape of the 

preoperculum is closely tied to the inclination of the suspensorium and the mobility of 

the maxilla. A broad survey of the morphology of the preoperculum was discussed in 

Mickle (2013), but for the purposes of this study, fishes are coded according to broad 

categories. Lower actinopterygians, such as †Cheirolepis, †Mimipiscis, or 

†Moythomasia, possess very deeply anterodorsally inclined preopercula that are 

boomerang-shaped (with the angle of the boomerang towards the dorsoposterior). As the 

suspensorium becomes more vertical, the preoperculum, too, becomes more vertical. To 

accommodate the maxilla, the ventral process of the preoperculum becomes more 

narrow and vertical, and the dorsal process expands above the maxilla into a reverse “r” 

shape or a “hatchet” shape. In the case of the †Redfieldiiformes, this “hatchet” is often 

triangular with a corner extending anteriad between the suborbital and the maxilla and a 

corner extending dorsal between the suborbital and the dermohyal. In some other fishes 

with a vertical suspensorium, such as the †Haplolepidae, †Perleidiformes, or 
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†Scanilepiformes, the preoperculum has a straight, long, vertical posterior margin, 

generally broad body, and a broad anterior expansion near the central axis of the bone, 

making the widest part of the bone near the middle. In neopterygians and some 

palaeoniscimorphs, the suspensorium is anteroventrally inclined, and the axis of the 

preopercula is reversed from early diverging actinopterygians into a boomerang shape 

with the angle pointing towards the ventroposterior (Mickle, 2013). 

75. Preoperculum, anterior contact: (0) preoperculum contacts squamosal; (1) preoperculum 

contacts suborbitals; (2) preoperculum contacts infraorbitals extensively; (3) no anterior 

contact. (Modified from Mickle et al., 2009: character 59; Mickle, 2012: character 111). 

76. Inclination of suspensorium: (0) deeply anterodorsally inclined; (1) slightly anterodorsally 

inclined; (2) vertically inclined; (3) anteroventrally inclined. (Modified from Dietze, 

2000: character 30; Poplin and Dutheil, 2005: character 36). Following Dietze (2000), 

the orientation of the preoperculum is used to estimate the inclination of the 

suspensorium, which is based on the assumption of close relationship of preoperculum 

and suspensorium. Taxa with an orientation of approximate 45 degrees to horizontal 

were coded as “deeply anterodorsally inclined” (0); taxa with a degree between 45 and 

70 degrees were coded as “slightly anterodorsally inclined” (1); taxa with an orientation 

close to approximately 90 degrees were coded as “vertically inclined” (2); and taxa with 

an orientation beyond 90 degrees toward the posterior were coded as “anteroventrally 

inclined” (3). 
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77. Antoperculum: (0) absent; (1) present. (Modified from Schultze and Cumbaa, 2001: 

character 3; Cloutier and Arratia, 2004: character 104; Poplin and Dutheil, 2005: 

character 41; Friedman and Blom, 2006: character 19; Long et al., 2008: character 19; 

Mickle et al., 2009: characters 63, 64; Swartz, 2009: characters 32, 39; Mickle, 2012: 

character 114). The antoperculum refers to a small bone that occurs in some taxa. It is 

located at the anterodorsal corner of the operculum, situated between the dermohyal and 

the operculum, and ventral to the dermopterotic. 

78. Accessory Operculum: (0) absent; (1) present. (Modified from Dietze, 2000: character 56). 

The accessory operculum is a separate and distinct bone from the antoperculum 

(Character 77). The accessory operculum is located anteroventral to the operculum, 

wedged between the operculum and suboperculum. For reference, the bone is visible on 

†Cheirolepis canadensis (Arratia and Cloutier, 1996: fig. 6). 

79. Interoperculum (0) absent; (1) present. (Modified from Gardiner and Schaeffer, 1989: 

character 18; Lund et al., 1995: character 43; Coates, 1999: character 10; Cloutier and 

Arratia, 2004: character 105; Hurley et al., 2006: character 47; Mickle et al., 2009: 

character 71; Mickle, 2012: character 117). The interoperculum is a bone located ventral 

to the suboperculum, and is found in neopterygian fishes. It is included in this study as a 

shared  derived character to support the relationship of the the holosteans included in this 

study. 

80. Position of operculum: (0) operculum located dorsal to preoperculum; (1) operculum 

located posterior to preoperculum. (Modified from Cloutier and Arratia, 2004: character 
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108; Long et al., 2008: character 63; Swartz, 2009: character 36; Mickle, 2012: character 

120). 

81. Operculum size: (0) operculum three times deeper than suboperculum; (1) operculum two 

times deeper than suboperculum; (2) operculum approximately same depth as 

suboperculum; suboperculum deeper than operculum. (Modified from Lund et al., 1995: 

character 60; Lund, 2000: character 45; Lund and Poplin, 2002: character 43; Cloutier 

and Arratia, 2004: character 109; Long et al., 2008: character 64; Swartz, 2009: character 

37; Mickle, 2012: character 121). 

82. Operculum contact: (0) operculum not in contact with lateral extrascapular; (1) operculum 

contacts lateral extrascapular. (Modified from Dietze, 2000: character 4; Cloutier and 

Arratia, 2004: character 110; Long et al., 2008: character 65; Swartz, 2009: character 38; 

Mickle, 2012: character 122). 

83. Branchiostegal rays: (0) present; (1) absent; (2) present as a branchiostegal plate. (Modified 

from Lund et al., 1995: character 61; Lund, 2000: character 25; Poplin and Lund, 2000: 

character 25; Lund and Poplin, 2002: character 44; Cloutier and Arratia, 2004: character 

112; Mickle et al., 2009: character 73; Mickle, 2012: character 126). All redfieldiiforms 

possess a single branchiostegal plate. This is starkly different from other lower 

actinopterygians, which possess many branchiostegal rays, with the exception of a few 

taxa, such as †Haplolepis, which also possess a single branchiostegal plate. 

84. Number of branchiostegals rays per side: (0) one or two; (1) three to eleven; (2) twelve or 

more. (Modified from Coates, 1999: character 12; Dietze, 2000: character 39; Lund et 
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al., 1995: character 61; Cloutier and Ahlberg, 1996: character 63; Zhu and Schultze, 

2001: character 106; Cloutier and Arratia, 2004: character 114; Poplin and Dutheil, 

2005: character 50; Mickle et al., 2009: characters 73–74; Mickle, 2012: character 28).. 

85. Parasphenoid: (0) short; (1) long. (Modified from Xu and Gao, 2011: character 9; Xu et al., 

2014a: character 9). 

86. Ascending process on the parasphenoid: (0) present; (1) absent. (Modified from Dietze, 

2000: character 54; Xu and Gao, 2011: character 11; Xu et al., 2014a: character 11). 

87. Trajectory of supraorbital canal: (0) canal runs anterior to narial opening(s); (1) canal runs 

between anterior and posterior narial openings. (Modified from Lund et al., 1995: 

character 14; Zhu and Schultze, 2001: character 44; Cloutier and Arratia, 2004: character 

128; Mickle, 2012: character 142). This character is considered with regard to the 

external narial openings. In most lower actinopterygians, the nasal bone separates the 

medial and lateral narial openings, and also carries the anterior portion of the 

supraorbital canal between these two openings. However, in redfieldiiforms, which 

possess a single narial opening on each side of the skull, the trajectory of the supraorbital 

canal passes anterior to this opening. 

88. Supraorbital canal passes into postparietals: (0) absent; (1) present. (Modified from Lund 

and Poplin, 2002: character 17; Cloutier and Arratia, 2004: character 129; Mickle et al., 

2009: character 23; Mickle, 2012: character 143). The posterior trajectory of the 

supraorbital canal passes into the postparietals in many lower actinopterygian taxa, as 

well as some redfieldiiforms, such as †Lasalichthys. In some taxa, the supraorbital canal 
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does not fully extend to the postparietal, but ends in the parietal bones, as is the case in 

†Cionichthys or †Dictyopyge. 

89. Supraorbital canal passes into dermopterotic: (0) absent; (1) present. (Modified from 

Lund and Poplin, 2002: character 17; Cloutier and Arratia, 2004: character 129; Mickle 

et al., 2009: character 23; Mickle, 2012: character 143). For some redfieldiiform taxa, 

such as †Brookvalia, and †Phlyctaenichthys, the supraorbital canal does not pass into the 

postparietal or terminate in the parietal, but rather turns laterally and traverses into the 

dermopterotic bone. It does not connect with the temporal canal. This pattern can be seen 

in a few other actinopterygian taxa, such as the scanilepiform †Fukangichthys (Xu et al., 

2014a). 

90. Trajectory of temporal (otic) canal: (0) three bones; (1) two bones; (2) one bone. 

(Modified from Lund, 2000: character 15; Lund and Poplin, 2002: character 16; Cloutier 

and Arratia, 2004: character 132; Mickle et al., 2009: character 25; Mickle, 2012: 

character 146). 

91. Trajectory of preopercular canal: (0) to mid-otic region; (1) to postorbital corner; (2) to 

post-otic region. (Modified from Lund, 2000: character 40; Lund and Poplin, 2002: 

character 38; Cloutier and Arratia, 2004: character 139; Mickle et al., 2009: character 57; 

Mickle, 2012: character 153). 

92. Extent/length of preopercular canal: (0) preopercular canal ends blindly in half the length 

of preoperculum; (1) preopercular canal extends from dorsal part of cheek to mandible. 

(Modified from Cloutier and Ahlberg, 1996: character 105; Lund, 2000: character 41; 
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Schultze and Cumbaa, 2001: character 81; Zhu and Schultze, 2001: character 74; 

Cloutier and Arratia, 2004: character 140; Mickle et al., 2009: character 58; Mickle, 

2012: character 154). 

93. Preopercular sensory canal passes through suborbital: (0) absent; (1) present. This 

character refers to the anterior trajectory of the preopercular sensory canal. In some 

redfieldiiforms, such as †Lasalichthys, the canal does not end in the preoperculum, but 

rather continues its anterior trajectory through the suborbital, visible as a series of small 

pores, and possible joining the infraorbital canal in the posterior infraorbital. This is an 

unusual pattern not observed in any other lower actinopterygians, and is reminiscent of 

the jugal canal of sarcopterygians. 

94. Number of parallel rows of pores in the sensory canals of the skull: (0) single row of pores; 

(1) double row of pores; (3) more than three parallel rows of pores. In redfieldiiforms, 

the paths of the sensory canals of the skull can be readily traced due to prominent and 

visible pores that connect to the canals situated inside the bones. In most redfieldiiforms, 

as well as most lower actinopterygians, these pores are arranged in a single row. 

However, in some species of the redfieldiiform †Lasalichthys these pores are visible as 

two parallel rows of pores that represent lateral tubuli that connect to a single canal 

under the surface (Bock, 1959). The most unusual case is that observed in the “Otis 

Chalk redfieldiiform” described in Chapter 4, which has anywhere from two to four 

parallel rows of pores on several bones of the skull. 
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95. Postcleithrum: (0) absent; (1) present. (Modified from Gardiner and Schaeffer, 1989: 

character B2; Lund et al., 1995: character 69; Cloutier and Ahlberg, 1996: character 112; 

Dietze, 2000: character 46; Poplin and Lund, 2000: character 28; Schultze and Cumbaa, 

2001: character 92; Zhu and Schultze, 2001: character 153; Cloutier and Arratia, 2004: 

character 146; Mickle, 2012: character 160). 

96. Dorsal end of cleithrum: (0) pointed; (1) broad and rounded. (Modified from Cloutier and 

Ahlberg, 1996: character 115; Schultze and Cumbaa, 2001: character 94; Zhu and 

Schultze, 2001: character 164; Cloutier and Arratia, 2004: character 148; Mickle, 2012: 

character 162).  

97. Basal fulcra between dorsal and caudal fins: (0) absent; (1) present. (Modified from 

Cloutier and Arratia, 2004: character 155; Friedman and Blom, 2006: character 47; Long 

et al., 2008: character 47; Mickle et al., 2009: character 100; Mickle, 2012: character 

170). 

98. Fringing fulcra on pectoral fins: (0) absent; (1) present. (Modified from Coates, 1999: 

character 61; Dietze, 2000: character 51; Schultze and Cumbaa, 2001: character 90; 

Cloutier and Arratia, 2004: character 156; Friedman and Blom, 2006: character 37; Long 

et al., 2008: character 37; Swartz, 2009: character 47; Mickle, 2012: character 171). 

99. Basal fulcra anterior to dorsal fin: (0) absent; (1) present. (Modified from Patterson, 1982: 

character 19; Cloutier and Arratia, 2004: character 158; Mickle, 2012: character 173). 

100. Fringing fulcra on dorsal fin: (0) absent; (1) present. (Modified from Coates, 1999: 

character 61; Dietze, 2000: character 51; Schultze and Cumbaa, 2001: character 90; 
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Cloutier and Arratia, 2004: character 156; Friedman and Blom, 2006: character 37; Long 

et al., 2008: character 37; Swartz, 2009: character 47; Mickle, 2012: character 171). 

101. Origin of dorsal fin: (0) Dorsal fin originates behind anal fin; (1) dorsal fin originates at 

the same level as the anal fin; (2) dorsal fin originates anterior to anal fin. (Modified 

from Poplin and Lund, 2000: character 36; Cloutier and Arratia, 2004: character 162; 

Poplin and Dutheil, 2005: character 56; Friedman and Blom, 2006: character 51; Long et 

al., 2008: character 51; Mickle et al., 2009: character 88; Swartz, 2009: character 57; 

Mickle, 2012: character 179). 

102.Number of dorsal-fin rays: (0) more than ten; (1) ten or fewer; (2) dorsal finlets. (Modified 

from Mickle, 2012: character 182).  

103. Fringing fulcra on pelvic fins: (0) absent; (1) present. (Modified from Dietze, 2000: 

character 51; Coates, 1999: character 61; Schultze and Cumbaa, 2001: character 90; 

Cloutier and Arratia, 2004: character 156; Friedman and Blom, 2006: character 37; Long 

et al., 2008: character 37; Swartz, 2009: character 47; Mickle, 2012: character 171). 

104. Fringing fulcra on anal fin: (0) absent; (1) present. (Modified from Coates, 1999: 

character 61; Dietze, 2000: character 51; Schultze and Cumbaa, 2001: character 90; 

Cloutier and Arratia, 2004: character 156; Friedman and Blom, 2006: character 37; Long 

et al., 2008: character 37; Swartz, 2009: character 47; Mickle, 2012: character 171). 

105. Longitudinal striated ornament on shorts segments of median fin rays: (0) absent; (1) 

present. (Modified from Xu and Gao, 2011; Xu et al., 2014a). 
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106. Fringing fulcra on dorsal margin of caudal fin: (0) absent; (1) present. (Modified from 

Dietze, 2000: character 51; Coates, 1999: character 61; Schultze and Cumbaa, 2001: 

character 90; Cloutier and Arratia, 2004: character 156; Friedman and Blom, 2006: 

character 37; Long et al., 2008: character 37; Swartz, 2009: character 47; Mickle, 2012: 

character 171). 

107. Shape of caudal fin: (0) heterocercal; (1) triphycercal; (2) diphycercal; (3) hypocercal; (4) 

abbreviated heterocercal. (Modified from Lund, 2000: character 63, 64; Schultze and 

Cumbaa, 2001: character 100; Cloutier and Arratia, 2004: character 172; Poplin and 

Dutheil, 2005: character 62 in part; Mickle et al., 2009: character 97; Mickle, 2012: 

character 190). 

108. Extension of body lobe into caudal fin: (0) body lobe reaches posterior margin; (1) body 

lobe extends 1/2 to 2/3 into caudal fin; (2) body lobe extends into first 1/2 of caudal fin 

only; (3) body lobe does not extend into caudal fin. This character further delineates 

fishes with heterocercal or abbreviated heterocercal tails.  

109. Epaxial/epichordal fin rays in caudal fin: (0) absent; (1) present. (Modified from Cloutier 

and Ahlberg, 1996: character 134; Schultze and Cumbaa, 2001: character 101; Zhu and 

Schultze, 2001: character 191; Cloutier and Arratia, 2004: character 173; Mickle, 2012: 

character 193). 

110. Peg-and-socket articulation of scales: (0) absent; (1) present. (Modified from Maisey, 

1986: character N7; Gardiner and Schaeffer: 1989: character 3, A20; Cloutier and 

Ahlberg, 1996: character 4; Coates, 1999: character 3; Dietze, 2000: character 57; Poplin 

!112



and Lund, 2000: character 30; Schultze and Cumbaa, 2001: character 88; Cloutier and 

Arratia, 2004: character 177; Long et al., 2008: character 32; Swartz, 2009: character 42; 

Mickle, 2012: character 197). 

111. Denticulated/scalloped posterior margin of anterior flank scales: (0) absent; (1) present. 

(Modified from Dietze, 2000: character 49; Cloutier and Arratia, 2004: character 180; 

Mickle, 2012: character 200). 

112. Ganoine: (0) absent; (1) present. (Modified from Patterson, 1982: character 3; Maisey, 

1986: character N5; Gardiner and Schaeffer, 1989: character A3; Cloutier and Ahlberg , 

1996: character 6; Taverne, 1997: character 5; Coates, 1999: character A3; Schultze and 

Cumbaa 2001: character 4; Zhu and Schultze, 2001: character 211; Cloutier and Arratia, 

2004: character 181; Friedman and Blom, 2006: character 30; Long et al., 2008: 

character 30; Mickle, 2012: character 202). 

113. Flank scales: (0) same size as others; (1) deep. (Modified from Lund, 2000: character 70; 

Poplin and Lund, 2000: character 31; Cloutier and Arratia, 2004: character 184; Poplin 

and Dutheil, 2005: character 69; Mickle et al., 2009: character 107; Mickle, 2012: 206). 

114. Ventrolateral flank scales: (0) same proportions as others; (1) narrow; (2) micromeric; (3) 

shorter. (Modified from Lund, 2000: character 71; Poplin and Lund, 2000: character 32; 

Cloutier and Arratia, 2004: character 185; Poplin and Dutheil, 2005: character 70; 

Mickle et al., 2009: character 108; Mickle, 2012: character 207). 

115. Surface of scales smooth: (0) absent; (1) present. (Modified from Poplin and Dutheil, 

2005: character 66). 
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 The complete morphological character data matrix is available in Appendix 3.3. 

 Phylogenetic analysis of morphological data. Parsimony-based analyses were performed 

with PAUP* Version 4.0a146 for Macintosh (Swofford, 2002) and TNT version 1.1 (Goloboff et 

al., 2008). Within PAUP*, characters were unordered and of equal weight. Multistate characters 

were treated as polymorphisms. A heuristic search was obtained via stepwise addition with a 

random addition sequence with ten replicates; branch-swapping was done with tree-bisection-

reconnection (TBR). Branch lengths of zero were collapsed. Resampling bootstraps (Felsenstein, 

1985) were performed with 100 replicates. The basal actinopterygian †Cheirolepis canadensis 

was selected as the outgroup taxon.  

 Within TNT, twenty independent heuristic searches were performed with TBR branch 

swapping. Characters were treated as unordered and of equal weight, polymorphisms were 

treated as multistate. Again, the lower actinopterygian †Cheirolepis canadensis was designated 

as the outgroup. 

 A maximum-likelihood analysis was performed in Garli Version 2.01 (Zwickl, 2006) 

using a single partition with the Lewis MK model modified for only variable characters (MKy), 

which is the model as recommended for morphological datasets (Lewis, 2001). Characters were 

unordered, and polymorphisms were treated as missing data. Ten separate likelihood analyses 

were conducted, with the tree having the best likelihood score presented herein. A nonparametric 

bootstrap analysis (Felsenstein, 1985) was performed on the dataset with 100 random 

pseudoreplicates. †Cheirolepis canadensis was the root for the maximum-likelihood analysis. 
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RESULTS 

Revisions to the morphological descriptions of certain fishes assigned to the 

†Redfieldiiformes 

 Redfieldiiform specimens described by previous authors (e.g., Broom, 1909; Brough, 

1931, 1934; Wade, 1935; Liu, 1958; Schaeffer, 1967, 1984; Hutchinson, 1973a, 1978; Martin, 

1980, 1982a) were reexamined and compared to the original descriptions and interpretations of 

these respective authors. Some later authors, in particular Hutchinson (1973a, 1978) had already 

conducted a reexamination and had updated the diagnoses and descriptions for several 

redfieldiiform taxa from older studies where insufficient and incomplete descriptions had 

hindered comparative studies (e.g., Brough, 1931, Wade, 1935). 

 This study conducted a reexamination of specimens that were figured (as drawings only) 

and redescribed by authors such as Hutchinson (1973a), Martin (1980, 1982a) or Schaeffer 

(1984). In some cases, this reexamination led to a different interpretation of the morphology of 

certain anatomical elements. These differences impacted how these characters were coded in the 

morphological matrix. Below are remarks concerning taxa in which I found variation in my 

interpretation of those of the original or subsequent studies. 

†Atopocephala watsoni Brough, 1934 

Figure 3.5 

1934 †Atopocephala watsoni Brough: 564–570, figs. 2–3, pl. 1. 

1973a †Atopocephala watsoni Brough; Hutchinson, 1973a: 249–251, fig. 7. 
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1984 †Atopocephala Brough; Schaeffer, 1984: 4, figs. 2A, 3A. 

 Horizon and Locality. Lower Triassic †Cynognathus Zone, Beaufort Group, Karoo 

Supergroup, near Bekker’s Kraal, Free State, South Africa. 

 Remarks. Hutchinson (1973a) reinterpreted the snout of BMNH P. 16080 from Brough 

(1934), but was unable to delineate the boundaries of many of the snout bones. Hutchinson 

(1973a) did not recognize a postrostral bone on †Atopocephala; his interpretation had a nasal 

bone forming the anterodorsal margin of the narial opening. Schaeffer (1984: fig. 2A) provided a 

reconstruction of †Atopocephala based on Hutchinson (1973a) and BMNH P. 16083. Schaeffer 

interpreted the nasal bone forming the anterior (medial) margin of the external narial opening, 

and the rostral bone forming the ventral margin of the narial opening. In reexamining BMNH P. 

16080 for this study, I recognize a small nasal bone bordering the narial opening dorsally and a 

separate element forming the anteromedial margin of the narial opening as well as the front of 

the snout that I am interpreting as a postrostral (Fig. 3.5). Below this is a small element that I 

interpret as the rostral bone, which does not participate in the narial opening margin (contra 

Schaffer, 1984: fig. 2A). The posteroventral and posterior margin of the narial opening is formed 

by the prominent, T-shaped lachrymal bone, which connects to the narrow infraorbital series 

below the orbit, bordering the dorsal margin of the narrow maxilla. The lachrymal bone 

articulates dorsally with the supraorbital; these two bones comprise the anterior margin of the 

orbit (Fig. 3.5C, D). The lachrymal also does not form the ventral margin of the snout, which 

concurs with interpretations by Hutchinson (1973a) and Schaeffer (1984). There is a small, 

toothed premaxilla ventral to the lachrymal and situated along the snout and oral rim between the 

rostral bone and the maxilla (Fig. 3.5D). 
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Figure 3.5. †Atopocephala watsoni. (A) Holotype specimen BMNH P. 16079 in left lateral 
view; (B) holotype specimen BMNH P. 16080 (and counterpart to BMNH P. 16079) in right 
lateral view; (C) Peel of BMNH P. 16080, closeup of skull in left lateral view; (D) drawing 
interpretation of (C). Scale bar equals 5 mm. Abbreviations: ang, angular bone; aop, 
antoperculum; br, branchiostegal; clav, clavicle; cl, cleithrum; d, dentary; dhy, dermohyal; 
dsph, dermosphenotic; ex, extrascapular bone; io, infraorbital; la, lachrymal (antorbital); mx, 
maxilla; n, nasal; no, narial opening; op, operculum; p, parietal (frontal); pcl, postcleithrum; 
pop, preoperculum; pp, postparietal (parietal); pro, postrostral; ptt, posttemporal 
(suprascapular); ro, rostral bone; scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, 
suborbital.



 The dermosphenotic (Fig. 3.5D) is larger than what Hutchinson (1973a: fig. 7) figured, as 

is the suborbital bone, which is larger and more quadrangular (Fig. 3.5D) than the narrow and 

triangular suborbital figured in Hutchinson’s reconstruction (1973a: fig. 7). A small 

postcleithrum is visible, which was not included in Hutchinson’s interpretation of the skull 

(Hutchinson, 1973a: fig. 7). Some sensory canal pores are visible BMNH P. 16080 (Fig. 3.5B–

D); on the lachrymal, the infraorbital canal is visible as a few pores that pass dorsad from the 

posteroventral lachrymal process. On the nasal and parietal bones, three pores are preserved that 

represent the supraorbital canal; the anteriormost supraorbital canal pore is present anterodorsal 

to the narial opening (Fig. 3.5D). 

 The other bones of the skull not mentioned here above are congruent between my 

interpretation and that of previous authors (e.g., Hutchinson, 1973a; Schaeffer, 1984: fig. 2A). 

†Brookvalia gracilis Wade, 1933 

Figure 3.6 

1933  †Brookvalia gracilis Wade: 121–123, fig. 1 

1933  †Brookvalia parvisquamata Wade: 124–125, fig. 3 

1935  †Brookvalia gracilis Wade; Wade: 21–29, figs. 5–14, pl. 4, fig. 1, pl. 5, fig. 1 

1935 †Brookvalia parvisquamata Wade; Wade: 31–33, fig. 16, pl. 5, fig. 2 

1973a †Brookvalia gracilis Wade; Hutchinson: 252–259, figs. 8–12, 14 

1973a †Brookvalia parvisquamata Wade; Hutchinson: 259 

1984 †Brookvalia Wade; Schaeffer: 4, figs. 2D, 3D 
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Figure 3.6. †Brookvalia gracilis. (A) Holotype specimen BMNH P. 15799 in left lateral view; 
(B) BMNH P. 15813 skull in right lateral view; (C) drawing interpretation of (B); (D) BMNH 
P. 15827 skull in right lateral view; (E) drawing interpretation of (D). Scale bars equal 5 mm. 
Abbreviations: ang, angular bone; aop, antoperculum; br, branchiostegal; clav, clavicle; cl, 
cleithrum; co, coronoid; d, dentary; dhy, dermohyal; dmp, dermometapterygoid; dpal, 
dermopalatine; dpt, dermopterotic; dsph, dermosphenotic; ecp, ectopterygoid; enp, 
entopterygoid; ex, extrascapular bone; io, infraorbital; la, lachrymal (antorbital); mx, maxilla; 
mxt, maxillary teeth; n, nasal; no, narial opening; op, operculum; p, parietal (frontal); pcl, 
postcleithrum; pop, preoperculum; pp, postparietal (parietal); psph, parasphenoid; ptt, 
posttemporal (suprascapular); scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, 
suborbital.



 Horizon and Locality. Middle Triassic (Ladinian?) Hawkesbury Sandstone, Beacon Hill, 

Brookvale, New South Wales, Australia. 

 Remarks. Hutchinson (1973a) placed †Brookvalia parvisquamata into synonymy with 

†B. gracilis. Because of the amount and quality of material regarding †Brookvalia, Hutchinson 

(1973a) was able to thoroughly examine and interpret all species of the genus, and provide 

detailed drawings, including an interpretation of BMNH P. 15813 (Hutchinson, 1973a: fig. 10), 

which I have photographed and drawn in Figure 3.6B–C, along with a second specimen, BMNH 

P. 15827 (Fig. 3.6D–E). The specimens are well-preserved, and in most cases my interpretation 

is congruent with Hutchinson (1973a). However, I am interpreting two small (or possibly two 

parts of the same bone) suborbitals anterior to the preoperculum (Fig. 3.6C), which are not 

present in Hutchinson (1973a: fig. 10); the suborbital is present as a single bone in his 

reconstruction (Hutchinson, 1973a: fig. 9) and in Schaeffer (1984: fig. 2D). I also interpret a 

small branchiostegal and angular present on BMNH P. 15813, as well as a clear postcleithrum 

(Fig. 3.6C), which are not visible in the interpretation of BMNH P. 15813 (Hutchinson 1973a: 

fig. 10), but are present in his reconstruction (Hutchinson, 1973a: fig. 9) and in Schaeffer (1984: 

fig. 2D). I concur with Hutchinson regarding the number of postparietal bones, size and shape of 

the dermosphenotic and dermopterotic, possible presence of a small separate premaxilla, and the 

path of the supraorbital canal passing into the dermopterotic rather than the postparietal (Fig. 

3.6). 

 Other species of †Brookvalia (i.e., †B. latipennis, †B. propennis, and †B. spinosa) were 

not available to the author at the time of this study and were not included in the analysis. Further 
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examination of these species is warranted to compare their morphology to †B. gracilis and 

confirm their validity as distinct species. 

†Daedalichthys formosa (Broom, 1909) 

Figure 3.7 

1909 †Dictyopyge formosa Broom: 262 

1931 †Daedalichthys higginsi Brough: 245–246, fig. 3, pl. 1, fig. 4 

1934 †Daedalichthys higginsi Brough; Brough: 559–564, fig. 1, pl. 1, fig. 1. 

1973a †Daedalichthys higginsi Brough; Hutchinson: 273–274, figs. 19–20 

1975 †Daedalichthys formosa (Broom); Jubb and Gardiner: 414, fig. 18 

1984 †Daedalichthys (Brough); Schaeffer: 4, figs. 2I, 3I 

 Horizon and Locality. Lower Triassic †Cynognathus Zone, Beaufort Group, Karoo 

Supergroup, near Bekker’s Kraal, Free State, South Africa. 

 Remarks. The holotype (GN 301) was not examined for this study. Specimen BMNH P. 

17532–3 is a block containing two overlapping complete specimens of †Daedalichthys, the 

lower (BMNH P. 17532–3 B) being obscured by the body of the higher one (BMNH P. 17532–3 

A). The skulls of each are figured in Figure 3.7, as well as the upper fish (BMNH P. 17532–3 A; 

Fig. 3.7A). They are somewhat fragmentary, and much of BMNH P. 17532–3 A (Fig. 3.7D) is 

preserved only as impressions of the bones (shaded in gray in Fig. 3.7E). It also appears that the 

anterior portion of the skull of specimen P. 17532–3 A is actually the left side of the skull in 

medial view. The posterior portion of the skull is somewhat offset and higher, and represents the 

right side of the skull in dermal view, indicated by the presence of ganoin ornamentation (Fig. 
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Figure 3.7. †Daedalichthys formosa. (A) BMNH P. 17532–3 A in right lateral view; (B) BMNH 
P. 17532–3 B skull in left lateral view; (C) drawing interpretation of (B); (D) BMNH P. 17532–
3 A skull in right lateral view; (E) drawing interpretation of (D). Scale bars equal 5 mm. 
Abbreviations: br, branchiostegal; clav, clavicle; cl, cleithrum; d, dentary; dhy, dermohyal; 
dmp, dermometapterygoid; dpt, dermopterotic; dsph, dermosphenotic; ecp, ectopterygoid; 
enp, entopterygoid; ex, extrascapular bone; g, gular; io, infraorbital; la, lachrymal (antorbital); 
mx, maxilla; n, nasal; no, narial opening; op, operculum; p, parietal (frontal); pop, 
preoperculum; pp, postparietal (parietal); pro, postrostral; psph, parasphenoid; ptt, 
posttemporal (suprascapular); ro, rostral bone; scl, supracleithrum; so, supraorbital; sop, 
suboperculum; suo, suborbital.



3.7D–E). 

 Hutchinson (1973a) updated Brough’s description of †D. higginsi by recognizing two 

elements, the supraorbital and lachrymal, forming the anterior margin of the orbit. Though 

fragmentary, these bones are present in both specimens examined for this study. The rostral bone 

is present as a large, single median element. On BMNH P. 17532–3, two elements are identified 

as nasal bones because they carry the anterior portion of the supraorbital sensory canal (Fig. 

3.7B–C); they are separated medially by a postrostral. BMNH P. 17532–3 A also possesses a 

postrostral that would separate the nasals medially (Fig. 3.7D–E); this would concur with 

Hutchinson (1973a) in the presence of a postrostral in GN 301 separating the two nasal bones.  

 A notable difference from Hutchinson (1973a) is the presence of a separate premaxilla. 

Both specimens in BMNH P. 17532–3 show a toothed premaxilla that is separate from the 

lachrymal. In Hutchinson’s (1973a) examination of the holotype GN 301, he noted a fragment of 

bone ventral to the rostral that he initially identified as a premaxilla, but later dismissed due to 

the similarity of the tooth-like projections to the rostral tubercles (Hutchinson, 1973a: fig. 20), 

and considered it a broken part of the rostral bone. However, the specimens examined for this 

study confirm a separate premaxilla in †Daedalichthys. 

 Much of the cheek region of BMNH P. 17532–3 B is poorly preserved and impossible to 

interpret (Fig. 3.7B–C). The cheek region in BMNH P. 17532–3 A (Fig. 3.7D–E) is the medial 

view, so the canals are clearly visible, but the serrated ornamentation of the infraorbitals in 

Hutchinson’s (1973a) interpretation of GN 301 is not confirmable at this time. 

 In the description of †Daedalichthys by Brough (1934), the branchiostegal was described 

as a single plate with a horizontal joint giving it an appearance of two elements, which Brough 
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(1934) considered to have functional significance with regard to mouth expansion. Hutchinson 

(1973a) considered this branchiostegal plate as two separate elements, but my examination of 

BMNH P. 17532–3 A (Fig. 3.7D–E) confirms a single branchiostegal, in line with other 

redfieldiiform fishes. There is a possible joint visible in BMNH P. 17532–3 A (Fig. 3.7D), near 

the ventral margin of the element, but it cannot be ascertained if this is just preservational. At this 

time, †Daedalichthys formosa possesses a single branchiostegal plate that may have a horizontal 

joint, but it is unlikely that it had two separate branchiostegal plates.  

 Hutchinson (1973a) confirmed the presence of a dermohyal between the preoperculum 

and the operculum, and that is confirmed on BMNH P. 17532–3 A (Fig. 3.7D–E). Most other 

bones visible also concur with Hutchinson (1973a). 

†Geitonichthys ornatus Wade, 1935 

Figure 3.8 

1935 †Geitonichthys ornatus Wade: 37–39, fig. 18, pl. 8, fig. 2 

1973a †Geitonichthys ornatus Wade; Hutchinson: 277–280, figs. 23–24 

1984 †Geitonichthys Wade; Schaeffer: 4, figs. 2G, 3G 

 Horizon and Locality. Middle Triassic (Ladinian?) Hawkesbury Sandstone, Beacon Hill, 

Brookvale, New South Wales, Australia. 

 Remarks. Hutchinson (1973a) only figured a large portion of BMNH P. 15880 

(Hutchinson, 1973a: fig. 24), and omitted the opercular series and shoulder girdle from his 

drawing interpretation of the specimen, though he included it in his reconstruction (Hutchinson, 

1973a: fig. 23). Though most of my interpretation of the specimen concurs with Hutchinson 
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Figure 3.8. †Geitonichthys ornatus. (A) Specimen BMNH P. 15880 in right lateral view; (B) 
BMNH P. 15813 skull in right lateral view; (C) drawing interpretation of (B). Scale bars equal 
5 mm. Abbreviations: br, branchiostegal; cl, cleithrum; co, coronoid; d, dentary; dhy, 
dermohyal; dpt, dermopterotic; dsph, dermosphenotic; ex, extrascapular bone; io, infraorbital; 
la, lachrymal (antorbital); mx, maxilla; no, narial opening; op, operculum; p, parietal (frontal); 
pop, preoperculum; pp, postparietal (parietal); pro, postrostral; psp, postspiracular 
(presupracleithrum); ptt, posttemporal (suprascapular); ro, rostral bone; scl, supracleithrum; so, 
supraorbital; sop, suboperculum; suo, suborbital.



(1973a), I further delineate the borders of separate bones, thus making a more detailed review of 

the skull. The rostral bone is prominent, and appears to form the ventral and anterior (medial) 

borders of the narial opening (Fig. 3.8C). The postrostral is large and appears displaced and 

overlaps the supraorbital, thus obscuring the nasal bone (Fig. 3.8C); this is also the conclusion 

obtained by Hutchinson (1973a). The lachrymal does not appear to have a long anterior process 

as is visible in other redfieldiiform taxa, though this could just be due to preservation. Two long, 

narrow infraorbitals form the ventral and posteroventral margins of the orbit, and one smaller 

infraorbital forms the posterior margin of the orbit. The dermosphenotic and dermopterotic are 

congruent with Hutchinson (1973a), though I was able to distinguish the sensory canal 

impression on the dermosphenotic as it connects to the infraorbital canal in the posterior 

infraorbital ventrally, and continues as the temporal canal into the dermopterotic posteriorly. The 

postparietal, extrascapular, and posttemporal were partially missing due to a chip in the rock 

(indicated in Figure 3.8C), so their form could not be fully identified, though the lateral portion 

of the extrascapular is visible and preserves the temporal canal as it turns mediad to the 

supratemporal commissure. 

†Lasalichthys stewarti n. comb. (Schaeffer, 1967) 

Fig. 3.9–3.10 

1967 †Synorichthys stewarti Schaeffer: 312, figs. 10–11; pls. 17–18 

1984 †Synorichthys Schaeffer; Schaeffer: 4, figs. 2O, 3O 

 Horizon and Locality. Upper Triassic Chinle Formation, San Juan County, Utah, United 

States. 
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Figure 3.9. Skull roof bones of †Lasalichthys hillsi and †Lasalichthys stewarti. (A) Holotype of 
†L. hillsi, AMNH 5636 in dorsal view; (B) drawing interpretation of (A); (C) †Lasalichthys 
stewarti specimen AMNH 5677, skull in dorsal view; (D) drawing interpretation of (C). Scale 
bars equal 5 mm. Abbreviations: dpt, dermopterotic; dsph, dermosphenotic; ex, extrascapular 
bone; n, nasal; p, parietal (frontal); pmx-la, premaxillo-lachrymal (premaxillo-antorbital); pp, 
postparietal (parietal); pro, postrostral; ptt, posttemporal (suprascapular); so, supraorbital.
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Figure 3.10. †Lasalichthys hillsi. Specimen AMNH 5640, closeup of skull in (A) right lateral 
view, normal lighting; (B) right lateral view, fluorescent lighting; (C) drawing interpretation of 
(A–B). Scale bar equals 5 mm. Abbreviations: br, branchiostegal; clav, clavicle; cl, cleithrum; 
d, dentary; dhy, dermohyal; dpal, dermopalatine; dpt, dermopterotic; dsph, dermosphenotic; 
ex, extrascapular bone; io, infraorbital; mx, maxilla; n, nasal; no, narial opening; op, 
operculum; p, parietal (frontal); pmx-la, premaxillo-lachrymal (premaxillo-antorbital); pop, 
preoperculum; pp, postparietal (parietal); pro, postrostral; psph, parasphenoid; ptt, 
posttemporal (suprascapular); ro, rostral bone; scl, supracleithrum; so, supraorbital; sop, 
suboperculum; suo, suborbital.



 Remarks. Little morphological evidence separates the genera †Lasalichthys and 

†Synorichthys, as was done by Schaeffer (1967). Even Schaeffer (1967) noted that the only 

difference separating †Lasalichthys from †Synorichthys is the presence/absence of the postrostral 

bone. Most redfieldiiforms have a large postrostral that articulates with the rostral bone and 

separates the nasal bones medially. †Lasalichthys possesses a postrostral, but it is highly reduced 

and remote from the rostral, allowing enlarged nasal bones to meet at the midline. The postrostral 

is absent in †Synorichthys stewarti.  

 Comparison of specimens of the two taxa indicate that, aside from the postrostral 

condition, the two taxa share all other synapomorphic characters aside from independent 

variation in bone size in individuals (Fig. 3.9). These differences between the taxa are more 

indicative of species differences, not generic differences. Additionally, phylogenetic results 

discussed below further indicate that these taxa are very closely related. The presence of a 

reduced postrostral is thus likely autapomorphic for †Lasalichthys hillsi, and is not enough 

evidence to separate it at the generic level from †Synorichthys. 

 As the genera †Lasalichthys and †Synorichthys were established at the same genus-group 

level at the same time in the same publication (Schaeffer, 1967), the selection of the senior 

synonym is chosen by page preference. In this case, †Lasalichthys is selected over 

†Synorichthys, with the type species being †Lasalichthys hillsi (Figs. 3.9A–B, 3.10). 

†Synorichthys stewarti will thus be recognized as †Lasalichthys stewarti. A new genus-level 

diagnosis is provided in Chapter 4 along with a complete description of a new species of 

†Lasalichthys from the Dockum Formation. 
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†Mauritanichthys rugosus Martin, 1980 

Figure 3.11 

1980 †Mauritanichthys rugosus Martin: 438–440, figs. 1–5 

1982a †Mauritanichthys rugosus Martin; Martin: 363–367, figs. 5–6 

1984 †Mauritanichthys Martin; Schaeffer: 4, figs. 2–3 

 Horizon and Locality. Upper Triassic Argana Valley, Western Atlas, Morocco. 

 Remarks. Martin (1980) described †Mauritanichthys based on three specimens from the 

Trias of the Argana Valley in Morocco. The specimens he described consist of MNHN ALM312, 

a skull and body (up to the origin of the dorsal and anal fins, the posterior part missing) and two 

partial, poorly preserved and somewhat disarticulated skulls (ALM313 and ALM314). Martin 

(1980) interpreted a small postrostral and nasals meeting medially, and concluded that 

†Mauritanichthys must be closely related to the genus †Lasalichthys. Examination of ALM312 

(Fig. 3.11) indicates that †Mauritanichthys clearly possesses a postrostral large enough to 

separate the nasal bones medially, and also does not share other features associated with 

†Lasalichthys, such as parallel rows of pores along the sensory canal and triangular-shaped 

postparietals with pointed lateral process. 

 Examination of MNHN ALM312 has provided additional information that differs from or 

was not discussed in the original interpretation of Martin (1980). †Mauritanichthys possesses a 

single pair of quadrangular postparietals, one pair of rectangular extrascapula, and a single pair 

of triangular posttemporals. The nasals are separated from the orbit by a rectangular supraorbital. 

The supraorbital articulates anteroventrally with a thin, T-shaped (though not fully visible) 

premaxillo-lachrymal that clearly possesses visible pores from the infraorbital canal. The rostral 
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Figure 3.11. †Mauritanichthys rugosus. (A) Holotype specimen MNHN ALM312 in left lateral 
view; (B) closeup of skull in (A); (C) drawing interpretation of (B). Scale bar equals 5 mm. 
Abbreviations: cl, cleithrum; d, dentary; dhy, dermohyal; dpt, dermopterotic; dsph, 
dermosphenotic; ex, extrascapular bone; io, infraorbital; mx, maxilla; n, nasal; no, narial 
opening; op, operculum; p, parietal (frontal); pmx-la, premaxillo-lachrymal (premaxillo-
antorbital); pop, preoperculum; pp, postparietal (parietal); pro, postrostral; ptt, posttemporal 
(suprascapular); ro, rostral bone; scl, supracleithrum; so, supraorbital; sop, suboperculum; suo, 
suborbital.



bone is visible as a medial element with denticles. The maxilla and dentary are poorly preserved 

and partially disarticulated, but the maxilla possesses a medium–deep posterior expansion. The 

infraorbital posterior to the orbit is congruent with Martin’s (1980) interpretation as a 

dorsoventrally long, rectangular element carrying the infraorbital canal. The dermosphenotic is 

broad, with a flat anterior margin where it articulates with the supraorbital. The dermopterotic is 

similar in size to the dermosphenotic. Many of the cheek region elements are difficult to 

interpret, but I am interpreting a vertically-inclined right preoperculum visible from the medial 

side, as well as the right operculum. The left operculum and suboperculum are both preserved, 

with the operculum being slightly larger than the suboperculum. 

†Molybdichthys junior Wade, 1935 

Figure 3.12 

1935 †Molybdichthys junior Wade: 40–42, fig. 19, pl. 7, fig. 2 

1973a †Molybdichthys junior Wade; Hutchinson: 281–285, figs. 25–27 

1984 †Molybdichthys Wade; Schaeffer: 4, figs. 2H, 3H 

 Horizon and Locality. Middle Triassic (Ladinian?) Hawkesbury Sandstone, Beacon Hill, 

Brookvale, New South Wales, Australia. 

 Remarks. Hutchinson (1973a) provided only a partial drawing interpretation of BMNH 

P. 16822 (Hutchinson, 1973a: fig. 27), which was reexamined for this study and can be seen in 

Figure 3.12. There is a lot of variation in between the interpretation of the snout and skull roof 

bones of Hutchinson (1973a) and this study. Hutchinson (1973a) presented ambiguous bones at 

the front of the snout. Figure 3.12 clearly shows a separation between the large, median, 
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Figure 3.12. †Molybdichthys junior. (A) Specimen BMNH P. 16822 in left lateral view; (B) 
Closeup of skull region; (C) drawing interpretation of (B). Scale bars equal 5 mm. 
Abbreviations. ang, angular bone; br, branchiostegal; clav, clavicle; cl, cleithrum; d, dentary; 
dhy, dermohyal; dmp, dermometapterygoid; dpt, dermopterotic; dsph, dermosphenotic; ecp, 
ectopterygoid; enp, entopterygoid; ex, extrascapular bone; io, infraorbital; la, lachrymal 
(antorbital); mx, maxilla; n, nasal; no, narial opening; op, operculum; p, parietal (frontal); pcl, 
postcleithrum; pop, preoperculum; pp, postparietal (parietal); pro, postrostral; psph, 
parasphenoid;  ptt, posttemporal (suprascapular); ro, rostral bone; scl, supracleithrum; so, 
supraorbital; sop, suboperculum; suo, suborbital.



tuberculated rostral and the T-shaped lachrymal. What Hutchinson (1973a) has interpreted as the 

postrostral and right nasal bone, I interpret as the left nasal bone and postrostral, respectively, 

due to the faint pattern of the supraorbital canal visible (Fig. 3.12C). These bones have been 

slightly disarticulated and rest above the margin of the skull roof slightly. 

 The dermosphenotic in Hutchinson (1973a: fig. 27) is the same as in Figure 3.12, but the 

sensory canal can be seen as an impression. Both left and right parietals are visible, and the left 

postparietal preserves the posterior portion of the supraorbital canal. The temporal canal can be 

seen passing from the dermosphenotic to the dermopterotic. Hutchinson (1973a) does not 

provide a drawing of the posterior portion of the skull, but his reconstruction (Hutchinson, 

1973a: fig. 26) is roughly congruent with my interpretation of specimen BMNH P. 16822 (Fig. 

3.12). The branchiostegal plate is large, almost equal in size to the suboperculum or the 

operculum. The preoperculum is vertical, with a broad, triangular-shaped anterodorsal process. 

Several palatal bones can be observed in BMNH P. 16822 in the area where the maxilla and 

preoperculum are disarticulated, such as the entopterygoid, dermometapterygoid, ectopterygoid, 

and parasphenoid (Fig. 3.12C). 

cf. †Phlyctaenichthys sp. 

Figure 3.13 

 Horizon and Locality. Middle Triassic (Ladinian?) Hawkesbury Sandstone, Beacon Hill, 

Brookvale, New South Wales, Australia. 

 Remarks. I was not able to examine the holotype for †Phlyctaenichthys pectinatus 

(USGD 200), USGD 183, and L. 12141 for this study. I did, however, examine BMNH P. 16205 

(Fig. 3.13) and P. 16206; both are incomplete specimens, and upon examination, it is 
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questionable that the specimens examined for this study are attributable to the species 

†Phlyctaenichthys pectinatus. BMNH P. 16205 is a partial skull and body, in an oblique 

ventrolateral view, thus obscuring a lot of the orientation of many bones and their morphology. I 

was not able to confirm the unusual mosaic pattern of suborbitals of †P. pectinatus as was 

figured (drawn) in Hutchinson (1973a: figs. 17–18), as it was not preserved on BMNH P. 16205. 

The size and shape of the opercular series, dermohyal, antoperculum, and preoperculum of 

BMNH P. 16205 are roughly consistent with the description of the holotype USGD 200 and the 

drawings of †Phlyctaenichthys (L. 12141 and reconstruction) in Hutchinson (1973a). However, 

one major difference of note is the size and shape of the dermosphenotic. Hutchinson (1973a) 

interpreted a small, narrow, falcate bone at the posterodorsal corner of the orbit of the holotype 

USGD 200 and L. 12141. In BMNH P. 16205, this bone is much larger than his interpretation of 

†P. pectinatus, with a clear impression of the path of the sensory canals (Fig. 3.13B). The 

dermopterotic bone is slightly disarticulated and askew, but preserves the temporal canal as well 

as the posterior end of the supraorbital canal, which concurs with Hutchinson (1973a). The other 

bones of the skull roof are difficult to compare to Hutchinson (1973a)’s interpretation, due to the 

state of preservation of BMNH P. 16205. Both left and right pairs of the shoulder girdle 

(cleithrum and supracleithrum) are visible as impressions on the specimen (Figure 3.13B). It is 

possible that many of the bones visible on BMNH P. 16205 (e.g., jaws, cheek) represent the 

bones of the right lateral side in medial view, with only the posterior portion of the skull and 

shoulder girdle visible as the left dermal view, which made interpretation of this specimen 

difficult. 
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Figure 3.13 cf. †Phlyctaenichthys sp. (A) Skull of specimen BMNH P. 16205; (B) drawing 
interpretation of (A). Scale bar equals 5 mm. Abbreviations. aop, antoperculum; br, 
branchiostegal; cl, cleithrum; d, dentary; dhy, dermohyal; dmp, dermometapterygoid; dpt, 
dermopterotic; dsph, dermosphenotic; ecp, ectopterygoid; enp, entopterygoid; ex, 
extrascapular bone; io, infraorbital; op, operculum; p, parietal (frontal); pcl, postcleithrum; 
pop, preoperculum; pp, postparietal (parietal); ptt, posttemporal (suprascapular); scl, 
supracleithrum; so, supraorbital; sop, suboperculum.



 It is possible that this specimen (BMNH P. 16205; Fig. 3.13) represents a different 

species than †Phlyctaenichthys pectinatus. Many features of this specimen differ from what is 

described of the holotype in Hutchinson (1973a); some of the key features of †P. pectinatus, such 

as the distinct suborbital series, are absent in the specimens available for this study (Fig. 3.13) 

due to preservation. The type specimen (USGD 200) is also very fragmentary and is missing a 

lot of data regarding the features of the skull (Wade 1935: fig. 20). This specimen (BMNH P. 

16205; Fig. 3.13), shares the same morphology of the opercular series of that seen in the 

holotype of †P. pectinatus, though much else is not comparable due to the preservation of each 

specimen.  

 For the purposes of this study, †Phlyctaenichthys pectinatus is coded in the 

morphological matrix after the descriptions provided by Wade (1935) and Hutchinson (1973a), 

as this specimen possibly represents a different species than †P. pectinatus. The genus 

†Phlyctaenichthys is in need of further study. 

Genera to be removed from the †Redfieldiiformes 

 Based on the re-examination and interpretation of available specimens, the following 

taxon is to be removed from the †Redfieldiiformes, which has also been suggested by previous 

studies (e.g., Hutchinson, 1973a). 

†Sinkiangichthys longipectoralis Liu, 1958 

Fig. Fig. 3.14 

1958 †Sinkiangichthys longipectoralis Liu: 149–150, pl. 1 

1973a †Sinkiangichthys longipectoralis Liu; Hutchinson: 290 
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 Horizon and Locality. Triassic, Chang-P’eng-Kon, Chitai, Sinkiang, China 

 Remarks. The genus †Sinkiangichthys is represented by a single specimen recovered 

from the Triassic of Chang-P’eng-Kon, Chitai, Sinkiang, China (IVPP V949; Fig. 3.14). The 

specimen is a complete, readily-recognizable fish missing the dorsal portion of caudal fin. 

Hutchinson (1973a) commented on †Sinkiangichthys and found it difficult to definitively place 

the taxon in the †Redfieldiiformes. Reexamination and reinterpretation of the specimen (Fig. 

3.14) corroborates Hutchinson’s (1973a) concern. The specimen appears to have an abbreviated 

heterocercal tail, though that is not conclusive. The scales have longitudinal striations. The skull 

is badly crushed, but as I interpret it, this fish is not a redfieldiiform. It appears to have multiple 

branchiostegal rays (as compared to the single branchiostegal plate characteristic of the 

†Redfieldiiformes). The preoperculum seems very anterodorsally inclined, as opposed to a 

vertically-inclined preoperculum with a distinct, triangular anterodorsal process. As the fish is in 

a slight ventral oblique view, the skull roof is not interpretable. The snout does not appear to 

have a distinct T-shaped premaxillo-lachrymal bone, but instead has a slender nasal bone or 

postrostral bone forming the anterior margin of the orbit. 

 Based on this interpretation, †Sinkiangichthys longipectoralis is not a member of the 

†Redfieldiiformes and at this point is incertae sedis within Actinopterygii until more information 

or additional specimens are recovered. 

Results of the parsimony analysis. 
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Figure 3.14. †Sinkiangichthys longipectoralis. (A) Holotype IVPP V949 in right lateral view; 
(B) closeup of skull region; (C) drawing interpretation of (B). Scale bar not provided. 
Abbreviations: br, branchiostegal; clav, clavicle; cl, cleithrum; d, dentary; dhy, dermohyal; 
dsph, dermosphenotic; ex, extrascapular bone; mx, maxilla; op, operculum; pop, 
preoperculum; pro, postrostral; ro, rostral bone; scl, supracleithrum; sop, suboperculum; suo, 
suborbital.



 The parsimony analyses performed in PAUP* and TNT produced comparable results. The 

heuristic search performed in PAUP* inferred six most parsimonious trees, with the best score of 

523 steps (CI = 0.348; RI = 0.603; HI = 0.683). The heuristic search in TNT also recovered six 

most parsimonious trees, with the best score of 507 steps. The strict consensus tree of the most 

parsimonious trees is identical in both PAUP* and TNT and is presented in Figure 3.15. 

Bootstrap values above 50% are indicated. The 50% majority rule consensus tree recovered from 

PAUP* is presented in Figure 3.16. 

 The heuristic search in both parsimony analyses recovered a monophyletic 

†Redfieldiiformes with a bootstrap support of 81. The †Redfieldiiformes was recovered sister to 

a clade that includes ((†Scanilepiformes + (†Perleidiformes + Holostei)) plus a clade including 

several “advanced” lower actinopterygians (e.g., †Dicellopygidae, †Haplolepidae, 

†Ptycholepidae), united by the following unambiguous shared derived characters: two 

extrascapula (43(1)); supraorbital(s) present (44(1)); postspiracular bone absent (69(0)). Sister to 

the clade (†Redfieldiiformes + advanced actinopterygians and Holostei) is the taxon †Mesopoma 

carricki, united by the following unambiguous shared derived characters: single dermosphenotic 

(52(1)); intertemporal absent as a distinct bone (53(0)); apparent fusion of intertemporal and 

supratemporal, forming the dermopterotic (54(2)); operculum approximately same height as 

suboperculum (81(2)); operculum contacts lateral extrascapular bone (82(1)); epaxial fin rays 

present in caudal fin (109(1)). The clade comprised of (†Mesopoma + (†Redfieldiiformes + 

(((Holostei + †Scanilepiformes) + †Perleidiformes) + advanced lower actinopterygians) is sister 

to †Boreosomus gillioti, united by the following unambiguous synapomorphies: height of the 

posterior part of the maxilla medium (10(1)); snout shape sharp bump (22(1)); posteroventral 
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Figure 3.15. Strict consensus of six most parsimonious trees (115 characters, 43 taxa). Best 
score of six most parsimonious trees = 523 (CI = 0.348; RI = 0.603; HI = 0.683). Bootstrap 
values >50% are given below each respective node. Letters A–H above respective nodes refer 
to subclades addressed in the text. †Redfieldiiformes, †Redfieldiidae, and †Brookvaliidae are 
indicated. Unambiguous synapomorphies for each subclade from the parsimony analysis: A: 
3(1), 39(1), 41(1), 48(0), 56(1), 57(5), 60(0), 77(1); B: 76(0); C: 10(0), 20(2); D: 19(0), 108(2); 
E: 88(1); F: 11(0), 19(0), 40(1), 41(1); G: 13(2), 38(1); H: 13(3), 114(1).
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Figure 3.16. 50% Majority rule consensus of six most parsimonious trees (115 characters, 43 
taxa). Best score of six most parsimonious trees = 523 (CI = 0.348; RI = 0.603; HI = 0.683). 
Letters A–H above respective nodes refer to subclades addressed in the text. †Redfieldiiformes, 
†Redfieldiidae, and †Brookvaliidae are indicated. Unambiguous synapomorphies for each 
subclade from the parsimony analysis: A: 3(1), 39(1), 41(1), 48(0), 56(1), 57(5), 60(0), 77(1); 
B: 76(0); C: 10(0), 20(2); D: 19(0), 108(2); E: 88(1); F: 11(0), 19(0), 40(1), 41(1); G: 13(2), 
38(1); H: 13(3), 114(1).



infraorbital contacts suborbital bone(s) posterodorsally (61(1)); suborbital not in contact with 

maxilla (67(0)); preoperculum anterodorsal region is subvertical or vertical (72(1)); body lobe 

extends one-half to two-thirds into the length of caudal fin (108(1)). Devonian-Age 

palaeoniscimorphs †Moythomasia durgaringa and †Mimipiscis toombsi were recovered as a 

stem taxa within Actinopterygii above the outgroup †Cheirolepis canadensis (Figs. 3.15–3.16). 

 Within the †Redfieldiiformes, the parsimony analyses conducted in both TNT and 

PAUP* recovered a clade containing the genera †Atopocephala, †Brookvalia, †Geitonichthys, 

†Ischnolepis, †Phlyctaenichthys, and †Schizurichthys. A second clade was recovered containing 

†Cionichthys, †Daedalichthys, †Denwoodichthys, †Dictyopyge, †Helichthys, †Lasalichthys, 

†Mauritanichthys, †Molybdichthys, †Pacorichthys, and †Redfieldius. 

Results of the maximum-likelihood analysis. 

 The maximum-likelihood analysis conducted in Garli recovered a phylogenetic tree with 

minor differences from the results obtained in the parsimony analysis and are presented in Figure 

3.17. The †Redfieldiiformes was recovered as monophyletic with a bootstrap support of 88. The 

maximum-likelihood analysis recovered †Mesopoma as the sister taxon to the †Redfieldiiformes 

with a bootstrap support of 49, united by the following shared characters: premaxilla part of a 

premaxillo-lachrymal bone (4(1)); anterior end of maxilla terminates ventral to orbit (8(1)); 

posterior expansion of maxilla medium depth (10(1)); snout shape is a sharp bump (22(1)); 

posteroventral infraorbital contacts the suborbital bone posterodorsally (61(1)); and the 

preoperculum is vertical or near-vertical, r-shaped or hatchet-shaped with a broad, triangular  
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Figure 3.17. Tree result from the maximum likelihood analysis of 115 characters and 43 taxa. 
Bootstrap values >40% are given below each respective node. Letters A–H above respective 
nodes refer to subclades addressed in the text and correspond to Figs. 3.15–3.16. 
†Redfieldiiformes, †Redfieldiidae, and †Brookvaliidae are indicated.



dorsal process (74(1)). The clade (†Redfieldiiformes + †Mesopoma) is in a polytomy with the 

†Scanilepiformes and (†Perleidiformes + Holostei). 

 Within redfieldiiforms, †Denwoodichthys was recovered as the stem taxon within the 

†Redfieldiiformes, and two major crown clades were recovered: the first clade is comprised of 

†Atopocephala, †Brookvalia, †Daedalichthys, †Geitonichthys, †Ischnolepis, †Phlyctaenichthys, 

and †Schizurichthys; the second clade is comprised of †Cionichthys, †Dictyopyge, †Helichthys, 

†Lasalichthys, †Mauritanichthys, †Molybdichthys, †Pacorichthys, and †Redfieldius. 

Differences between the results of the maximum-likelihood and parsimony analyses. 

 Overall, the results of the parsimony and maximum-likelihood analyses are largely 

congruent among the relationships within the †Redfieldiiformes, with few minor differences. 

Both analyses obtained two major clades within the †Redfieldiiformes, with variation in the 

placement of†Daedalichthys and †Denwoodichthys. Parsimony recovered †Daedalichthys and 

†Denwoodichthys within the second clade, but with poor resolution in the strict consensus. 

Maximum likelihood recovered †Daedalichthys as belonging to the first clade, united by the 

following shared characters: postparietal shorter than the parietal (42(2)); suborbital separated 

from the dermohyal by the preoperculum (68(1)); suspensorium slightly anterodorsally inclined 

(76(1)); body lobe extends over one-half the length into the caudal fin (108(1)); and surface of 

flank scales ornamented (115(0)). In the maximum likelihood analysis, †Denwoodichthys was 

recovered as the stem taxon within the †Redfieldiiformes. The differences of placement is likely 

due to the amount of missing data for the taxon †Denwoodichthys; it is likely additional data or 

specimens would help resolve its relationship to other redfieldiiforms. 
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 Aside from the two taxa indicated above, the hypotheses of evolutionary relationships are 

overall consistent. The first large redfieldiiform clade in both analyses includes the subclade 

((((†Atopocephala + †Phlyctaenichthys) + †Brookvalia) + (†Schizurichthys + †Ischnolepis)) + 

†Geitonichthys). The second large redfieldiiform clade in both analyses includes the subclade 

(((†Lasalichthys) + †Helichthys browni) + (†Molybdichthys + †Mauritanichthys)). 

Interrelationships between the taxa †Cionichthys, †Dictyopyge, †Pacorichthys, and †Redfieldius 

within the second large clade vary between parsimony and maximum likelihood, but both 

recover †Pacorichthys sister to †Dictyopyge. The majority rule consensus tree recovered 

†Redfieldius sister to †Cionichthys, whereas maximum likelihood recovered †Redfieldius sister 

to (†Pacorichthys + †Dictyopyge) and †Cionichthys sister to clade containing †Lasalichthys. 

 Those clades with consistent relationships in all analyses are included in a new 

classification below. 

DISCUSSION 

 The monophyly of the order †Redfieldiiformes, first proposed in Berg (1940) and 

supported by the studies of Hutchinson (1973a) and Schaeffer (1984), is supported by the results 

of the parsimony and maximum-likelihood analyses of this study. In addition, the families 

†Brookvaliidae and †Redfieldiidae are recovered as monophyletic groups, whereas the family 

†Schizurichthyidae (sensu Hutchinson, 1973a) is rejected by this study. 

  

Comparison to previous hypotheses of evolutionary relationships in the †Redfieldiiformes 

 Hutchinson (1973a). Though Hutchinson (1973a) did not provide a hypothesis of 

relationships within the †Redfieldiiformes, he did establish three individual families within the 
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order †Redfieldiiformes based on shared similarities. Two of these families (†Brookvaliidae and 

†Redfieldiidae) had been proposed previously by Berg (1940, 1958); Hutchinson (1973a) 

established a third family, †Schizurichthyidae, for the single genus †Schizurichthys. The current 

study concurs with Hutchinson (1973a) with the placement of certain taxa, and differs on others. 

For example, the †Brookvaliidae in Hutchinson (1973a) contains the genera †Atopocephala 

†Brookvalia, †Ischnolepis, and †Phlyctaenichthys. This study includes all of those members 

within the emended family †Brookvaliidae, but it also includes the taxa †Schizurichthys and 

†Geitonichthys based on the results of both the parsimony and maximum-likelihood analyses. 

Given the placement of these taxa, the the family †Schizurichthyidae established by Hutchinson 

(1973a) is unnecessary, and it removes †Geitonichthys from Hutchinson’s classification of the 

family †Redfieldiidae. The taxa that Hutchinson (1973a) had proposed as members of his 

†Redfieldiidae included †Cionichthys, †Daedalichthys, †Geitonichthys, †Helichthys, 

†Lasalichthys, †Molybdichthys, †Redfieldius, and “†Synorichthys”. As mentioned above, 

†Geitonichthys has now been removed from Hutchinson’s †Redfieldiidae, and the position of 

†Daedalichthys is inconsistent between the hypotheses of relationships recovered in the 

maximum-likelihood and parsimony analyses, but it remains within the †Redfieldiiformes. All 

other taxa Hutchinson (1973a) considered in the †Redfieldiidae were recovered in a 

monophyletic group. 

 Hutchinson (1978). Hutchinson (1978) explored possible relationships within the 

†Redfieldiiformes when he thoroughly redescribed the genus †Helichthys and tested the 

phylogenetic placement of the taxon, providing alternate hypotheses with a discussion of each 

possible placement. The hypothesis of relationships were based solely on theoretical 
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argumentation and not on a cladistic analysis, and were based on Hutchinson’s (1973a) 

establishment of three families within the †Redfieldiiformes. Hutchinson (1978) recognized that 

the †Schizurichthyidae and †Brookvaliidae were more closely related based on the shared 

character of a narrow, crescent-shaped dermosphenotic. That close relationship is corroborated 

by the results of this study, as described above. 

 Where the current study differs from Hutchinson (1978) is the hypothesis of relationships 

concerning †Helichthys. Hutchinson (1978) explored two hypotheses: (1) †Helichthys is more 

closely related to members of the †Redfieldiidae because of the shared character of the loss of an 

independent premaxilla, a classification he followed earlier in Hutchinson (1973a) by assigning 

†Helichthys to the †Redfieldiidae; or (2) †Helichthys is more closely related to members of the 

†Brookvaliidae + †Schizurichthyidae because of the shared character of the presence of two 

pairs of postparietals (Hutchinson, 1978: fig. 4). Hutchinson (1978) concluded that, given the 

information he had at the time, it was impossible to define the phylogenetic position of 

†Helichthys. This study recovered †Helichthys sister to †Lasalichthys, which was consistently 

recovered in both parsimony (BS = 61) and maximum-likelihood analyses. 

 Schaeffer (1984). Schaffer (1984) was the first study to cladistically explore relationships 

within the †Redfieldiiformes, and he presented a cladogram with a hypothetical sister taxon (Fig. 

3.1). The study was based on a small dataset of fifteen redfieldiiform taxa plus a hypothetical 

sister taxon and twenty characters. As was mentioned previously, this study was not a computer-

based cladistic analysis, but rather inferred via Hennigian interpretation. 

 Schaeffer (1984) could not confirm the classification of Hutchinson (1973a) and was not 

able to resolve several polytomies in his results. This study corroborates some of Schaeffer’s 
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(1984) conclusions regarding redfieldiiform intrarelationships. Schaeffer (1984) obtained a 

polytomy composed of the genera †Atopocephala, †Schizurichthys, and a clade containing 

(†Ischnolepis + (†Brookvalia + †Phlyctaenichthys)). The general grouping of these taxa in 

Schaeffer (1984) is somewhat consistent with the classification of the †Brookvaliidae + 

†Schizurichthyidae suggested by Hutchinson (1978). The results of this study differ somewhat 

from Schaeffer (1984), in that the clade (†Brookvalia + (†Atopocephala + †Phlyctaenichthys)) is 

sister to (†Schizurichthys + †Ischnolepis), with that whole clade sister to †Geitonichthys as the 

stem taxon. 

 In Schaeffer’s analysis, the †Redfieldiidae was recovered as a monophyletic group with 

resolved relationships. Several differences are present between the redfieldiiform 

intrarelationships of Schaeffer (1984) and the current study. †Helichthys was recovered as the 

stem taxa of the †Redfieldiidae in Schaeffer (1984), whereas in this study it is recovered as 

closely related to †Lasalichthys. †Mauritanichthys was recovered sister to †Lasalichthys + 

“†Synorichthys” in Schaeffer (1984), and was recovered closely related to †Molybdichthys in 

both the parsimony and maximum-likelihood analyses of this study. Though other minor 

variances occur between the two studies, the results of this study corroborate many of the 

relationships proposed by Schaeffer (1984). 

  

Comparison to previous phylogenetic hypotheses of relationships of the †Redfieldiiformes 

to other lower actinopterygians 

 Gardiner and Schaeffer (1989). The analysis conducted by Gardiner and Schaeffer 

(1989) was the first study to incorporate redfieldiiforms within a study of broad lower 
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actinopterygian relationships. Gardiner and Schaeffer (1989) used a combination of parsimony-

based analyses as well as visual comparison of pattern differences, in order to create a partial 

computer-based analysis that also supported preconceived ideas regarding relationships of lower 

actinopterygians. They recovered the “†Redfieldius Group” sister to the “†Haplolepis 

Group” (Fig. 3.2) based on the shared characters: single narial opening at junction of nasal, 

premaxillo-lachrymal, and rostral bones, with an additional “adnasal” entering narial margin in 

redfieldiiforms; one branchiostegal ray; and an enlarged postcleithrum. These sister “groups” 

were recovered as stem to a clade including the †Aeduella group, †Bobastrania group, 

†Dorypterus group, and †Mesopoma group, based on the shared characters: reduction in number 

of branchiostegal rays below 12–13; dermopterotic normally never overlaps more than one-third 

of dermopterotic [sic]. The results of the parsimony and maximum-likelihood analyses in this 

study were not able to confirm the hypothesis of evolutionary relationships of redfieldiiforms put 

forth in Gardiner and Schaeffer (1989) and did not obtain a close relationship between 

†Haplolepis and the †Redfieldiiformes. The most notable shared characters, as suggested by 

Gardiner and Schaeffer (1989), were the presence of a single branchiostegal plate and an 

enlarged postcleithrum. These characters are thus likely symplesiomorphic. The snout region of 

†Haplolepis is poorly preserved in the specimens and literature used for this study, and requires 

further examination outside of the scope of this study. 

 Poplin and Dutheil (2005). Poplin and Dutheil (2005) used a single representative of the 

†Redfieldiiformes, †Brookvalia gracilis, in their study of the evolutionary relationships of 

Aeduellidae (Fig. 3.3). Their hypothesis of evolutionary relationships recovered †B. gracilis 

stem to a clade containing several generalized palaeoniscimorph taxa (†Commentrya traquairi, 
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†Howqualepis rostridens, †Moythomasia nitida, †Paramblypterus decorus, †Pteronisculus 

stensioei, and †Wendyichthys dicksoni), based on the shared characters: lachrymal shaped like an 

inverted L; suborbital inserted between maxilla and infraorbital, preoperculum in the shape of an 

axe, postspiracular present; and caudal fin equilobed and forked. Poplin and Dutheil (2005) 

focused on the relationships of †Aeduellidae, and so redfieldiiforms are not prioritized in this 

study. However, some of the characters that place †Brookvalia stem to palaeoniscimorphs are 

problematic if other redfieldiiforms are considered. The shape of the lachrymals and premaxillo-

lachrymals are L-shaped in some redfieldiiform taxa, but are also distinctly T-shaped with 

elongate processes that carry the infraorbital canal and ethmoid commissure. The postspiracular 

is not present in all taxa within the †Redfieldiiformes. In addition, the condition and position of 

the suborbital varies greatly among redfieldiiforms, with no contact between the suborbital and 

the maxilla in almost all redfieldiiforms (with the exception of †Brookvalia); rather, the 

preoperculum usually extends ventral to the suborbital, separating the maxilla and suborbital. 

With many of the syapomorphies that placed †Brookvalia in a stem position relative to 

generalized palaeoniscimorphs questionable with the consideration of other redfieldiiform taxa, 

the hypothesis of relationships with regard to †Brookvalia is doubtful. This conclusion is 

supported by the results of the parsimony and maximum-likelihood analyses presented in this 

study, which recovered many of the generalized palaeoniscimorphs included in Poplin and 

Dutheil (2005), such as †Moythomasia and †Wendyichthys, as stem taxa (Figs. 3.15–3.17). 

 Mickle (2012, 2015). In her PhD dissertation, Mickle (2012) presented a broad, 

comprehensive hypothesis of evolutionary relationships regarding all of the †Palaeoniscimorpha. 

This hypothesis of relationships was later published (Mickle, 2015) as a standalone tree at the 
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end of a study proposing a new snout nomenclatural scheme (a simplified version of her results 

is presented in Figure 3.4). Mickle (2012, 2015) used two representatives of redfieldiiforms, 

†Dictyopyge sp. and †Redfieldius gracilis, in her study, and recovered them in a clade and sister 

to †Boreosomus piveteaui. The clade (†Redfieldiiformes + †Boreosomus) was then recovered in 

a polytomy with two species of †Mesopoma, †M. carricki and †M. planti. The clade of 

†Mesopoma, †Boreosomus, and the †Redfieldiiformes in Mickle (2012) was supported by the 

following shared characters: presence of a surangular; snout shape is a sharp bump; ventral 

protuberance of dermopterotic/supratemporotabular absent; jugal/infraorbital three contacts the 

suborbital posterodorsally; maxilla not in contact with the suborbital; gap between the operculum 

and skull roof bones present; and the number of body scales to dorsal ridge scales is not 

applicable, as dorsal ridge scales are absent. The clade †Boreosomus + †Redfieldiiformes in 

Mickle (2012) is supported by the characters: rear of nasal bones preorbital; dermosphenotic not 

in contact with nasal; and caudal outline is cleft equilobate. Mickle (2012) recovered the 

monophyletic †Redfieldiiformes (†Dictyopyge and †Redfieldius) based on the following shared 

characters: maxilla anterior end is orbital in position; height of posterior part of maxilla is high; 

tuberculated snout present; preoperculum anteriorly in contact with the infraorbitals extensively; 

gap between operculum and skull roof bones absent; branchiostegal rays present as a 

branchiostegal plate; branchiostegal rays not below the mandible; and supraorbital canal into 

parietal. 

 The results of the maximum-likelihood analysis in this study obtained results similar to 

that of Mickle (2012), with the †Redfieldiiformes being closely related to †Mesopoma. However, 

some of Mickle’s (2012) characters are problematic if taking all taxa within the 
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†Redfieldiiformes into consideration. For example, though the maxilla is separated from the 

suborbital in †Dictyopyge and †Redfieldius, the maxilla contacts the suborbital in 

†Daedalichthys and the redfieldiiform described in Chapter 4. The posteroventral infraorbital 

contacts the suborbital posterodorsally in †Dictyopyge and †Redfieldius as well as some other 

taxa such as †Atopocephala or †Ischnolepis, but does not contact the suborbital in other 

redfieldiiform taxa such as †Cionichthys, †Helichthys, or †Lasalichthys. The maxilla anterior end 

is orbital in †Dictyopyge and †Redfieldius, as well as some redfieldiiform taxa not included in 

Mickle (2012), but it is clearly preorbital in other redfieldiiforms such as †Atopocephala, 

†Brookvalia, †Geitonichthys, and †Schizurichthys. Mickle (2012) also used two taxa in which 

the supraorbital canal terminates in the parietal; however, in other taxa such as †Brookvalia and 

†Ischnolepis, the supraorbital canal passes into the dermopterotic, where in other redfieldiiform 

taxa such as †Helichthys, †Lasalichthys, and †Mauritanichthys, the canal clearly continues into 

the postparietal. With additional taxa taken into consideration, there is less support for the 

relationships obtained in Mickle (2012), showing the importance of taxon sampling. 

Updated diagnoses to the †Redfieldiiformes, its families, and its main subclades 

 Based on the results of the cladistic analyses in this study, taxonomic decisions are made 

within the framework of phylogenetic systematics to represent monophyletic groups and are 

presented below. The following diagnoses list synapomorphies for the recognized clades in the 

phylogenetic tree, organized by anatomical region. Unambiguous synapomorphies retrieved from 

the results of the parsimony analyses are indicated with an (*) asterisk. Additional 

synapomorphies are added to the diagnoses following earlier studies (e.g., Berg, 1940; 
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Hutchinson, 1973a; Schaeffer, 1984) and personal examination of specimens if they are 

supported by the dataset. Differences in diagnoses from previous studies will be discussed. 

†Redfieldiiformes Berg, 1940 

 Inclusive species. The clade including all taxa more closely related to †Redfieldius than 

to Amia, †Fukangichthys, †Haplolepis, †Pteronisculus, or †Turseodus. 

 Emended diagnosis of the †Redfieldiiformes. Actinopterygian fishes with the following 

combination of characters: Small- to medium-sized fusiform body; skull bones ornamented with 

rugose ridges or tubercles; premaxilla does not contact nasal bone (7(0))*; anterior end of 

maxilla slender and curved dorsally (9(1))*; single postrostral present; nasals separated from the 

orbital rim by supraorbital and/or lachrymal/premaxillo-lachrymal (30(0))*; nasal bone notched 

for single, lateral external narial opening (32(2))*; nasal bone notched ventrally (34(1))*; single 

external narial opening (33(0))*; narial opening bordered by lachrymal/premaxillo-lachrymal, 

supraorbital, nasal, and rostral bones; lachrymal/premaxillo-lachrymal forms majority of the 

anterior margin of the orbit (59(2))*; lachrymal/premaxillo-lachrymal shaped like an inverted L 

with distinct dorsal and posteroventral processes (57(1))* or T-shaped with distinct dorsal, 

posteroventral, and anteromedial processes (57(5))*; preoperculum high and r-shaped or hatchet-

shaped with a broad, triangular-shaped dorsal process (74(1)); one branchiostegal (84(0))*; 

branchiostegal present as a large plate (83(2))*; supraorbital canal runs anterior to narial opening 

(87(0))*; supraorbital canal does not pass into postparietals (88(0))*; dorsal and anal fin-rays 

more numerous than endoskeletal supports, jointed and bifurcated; leading rays usually bear 

fringing fulcra; abbreviate heterocercal caudal fin (104(4)); epaxial fin rays present in caudal fin. 
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†Brookvaliidae Berg, 1940 (sensu novo) 

 Type genus. †Brookvalia gracilis Wade, 1933 

 Inclusive Species. The clade contains †Atopocephala, †Brookvalia, †Geitonichthys, 

†Ischnolepis, †Phlyctaenichthys, and †Schizurichthys. 

 Emended diagnosis of †Brookvaliidae. Redfieldiiform fishes with the following 

combination of characters: snout lightly denticulated (29(1)); premaxilla is present as a separate 

element and not part of a compound bone (3(1)); anterior end of maxilla is situated preorbital 

(8(2)); anterior end of maxilla slender and curved dorsally (9(1)); maxilla posterior plate is 

rounded in shape (13(2))*; lower jaw is slender and curved dorsally toward the margin (15(0)); 

dermosphenotic usually smaller than dermopterotic (50(0)); dermosphenotic does not contact or 

has point contact with the supraorbital; suboperculum usually deeper than operculum (81(3))*; 

surface of scales usually ornamented (115(0)). 

 Remarks. Hutchinson (1973a) included the following characters in his original diagnosis 

of the †Brookvaliidae: two pairs of parietals; and supraorbital canal passes into the 

dermopterotic. The former character clearly does not apply to all taxa included in the new 

†Brookvaliidae. The latter character is missing in many of the taxa included in the new 

classification. Both of these characters are diagnostic for subclade A below. Hutchinson (1973a) 

also included the absence of the supraorbital as a synapomorphy for the †Brookvaliidae that now 

longer applies given the taxa now included in the new definition of the clade. Hutchinson 

(1973a) included the presence of a single dermohyal as a brookvaliid synapomorphy, but this 

character is found in almost all fishes in the †Redfieldiiformes and is thus symplesiomorphic. 
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 †Brookvaliidae Subclade A. Clade containing †Atopocephala, †Brookvalia, 

†Ischnolepis, †Phlyctaenichthys, and †Schizurichthys. 

 Diagnosis of †Brookvaliidae Subclade A. Brookvaliid fishes with the following 

combination of shared characters: Premaxilla is a separate and distinct bone (3(1))*; two pairs of 

postparietals (39(1))*; anterior postparietals rectangular (40(0)); posterior postparietals 

triangular; posterior postparietals with pointed lateral process (41(1))*; supraorbital shape 

narrow (48(0))*; dermosphenotic narrow and falcate, tapering anteriorly (49(0)); lachrymal 

separate and distinct bone (56(1))*; lachrymal bone T-shaped with pointed dorsal, posteroventral, 

and anteromedial processes (57(5))*; lachrymal does not contribute to oral or snout ventral 

margin (60(0))*; antoperculum present (77(1))*; supraorbital canal passes into the dermopterotic 

(89(1)). 

 †Brookvaliidae Subclade B. The clade containing †Ischnolepis and †Schizurichthys. 

 Diagnosis of †Brookvaliidae Subclade B. Brookvaliid fishes united by the shared 

character: inclination of the suspensorium deeply anterodorsally inclined (76(0))*. 

 †Brookvaliidae Subclade C. The clade containing †Atopocephala, †Brookvalia, and 

†Phlyctaenichthys. 

 Diagnosis of †Brookvaliidae Subclade C. Brookvaliid fishes united by the following 

shared characters: depth of the posterior extension of the maxilla low (10(0))*; skull roof 

ornamented with scale-like denticles or low tubercles (20(2))*. 

 †Brookvaliidae Subclade D. The clade containing †Atopocephala and 

†Phlyctaenichthys. 
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 Diagnosis of †Brookvaliidae Subclade D. Brookvaliid fishes united by the following 

shared characters: dentary and maxillary teeth organized in to two series (19(0))*; body lobe 

extends into the first half of the caudal fin (108(2))*. 

  

†Redfieldiidae Berg, 1940 (sensu novo) 

Type Genus †Redfieldius gracilis (J. H. Redfield, 1837) 

  Inclusive species. The clade containing †Cionichthys, †Dictyopyge, †Helichthys, 

†Lasalichthys, †Mauritanichthys, †Molybdichthys, †Pacorichthys, and †Redfieldius. 

 Diagnosis of †Redfieldiidae. Redfieldiiform fishes with the following combination of 

shared characters: snout usually covered with heavy denticles or tubercles (29(2)); premaxilla 

part of the complex bone (3(0)); premaxilla part of a complex premaxillo-lachrymal (4(1)); 

maxilla posterior plate usually rectangular (13(1)); anterior end of maxilla generally ends below 

the orbit (8(1)); lower jaw deep, short, and either straight or curved (15(1)); single pair of 

postparietals usually present (39(0)); supraorbital large and quadrangular (48(1)); supraorbital in 

contact with the dermosphenotic; dermosphenotic broad with flat anterior margin that articulates 

with the supraorbital (49(1)); dermosphenotic and dermopterotic equal in size (50(1)); lachrymal 

usually part of a complex bone (56(0)); lachrymal/premaxillo-lachrymal contributes to snout 

ventral margin (60(1)); suspensorium vertical or near vertical (76(2)); antoperculum absent 

(72(0)); body lobe extends only into the first half of the caudal fin (105(2)); surface of scales 

smooth (112(1)). 

 Remarks. Many of the characters listed in the diagnosis for the †Redfieldiidae are 

ambiguous according to the analysis; this is due to the low support at the stem of this clade, with 
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regard to the taxa †Daedalichthys and †Denwoodichthys. Due to the variation of placement of 

these taxa between the parsimony and maximum-likelihood analyses, they are not included in the 

family †Redfieldiidae. 

 †Redfieldiidae Subclade E. The clade containing †Helichthys; †Lasalichthys; 

†Mauritanichthys; and †Molybdichthys. 

 Diagnosis of †Redfieldiidae Subclade E. Redfieldiid fishes united by the following 

shared character: triangular shaped postparietals; supraorbital canal passes into postparietal 

(88(1))*. 

 †Redfieldiidae Subclade F. The clade containing †Helichthys and †Lasalichthys. 

 Diagnosis of †Redfieldiidae Subclade F. Redfieldiid fishes united by the following 

shared characters: maxilla-preopercular ornamentation consists of circumferential ridges of 

ganoin (11(0))*; dentary and maxillary teeth organized in two series (19(0))*; triangular shape of 

the postparietals (40(1))*; and postparietal with pointed anterolateral process (41(1))*. 

 †Redfieldiidae Subclade G. The clade containing †Mauritanichthys and 

†Molybdichthys. 

 Diagnosis of †Redfieldiidae Subclade G. Redfieldiid fishes united by the following 

shared characters: maxilla posterior plate rounded (13(2))*; parietal bone doe not contact the 

supraorbital (38(1))*. 

 †Redfieldiidae Subclade H. The clade containing †Dictyopyge and †Pacorichthys. 

 Diagnosis of †Redfieldiidae Subclade H. Redfieldiid fishes united by the following 

shared characters: maxilla posterior plate triangular (13(3))*; ventrolateral flank scales narrow 

(114(1))*.  

!158



CLASSIFICATION 

 Following the new diagnoses above, the new proposed classification of the 

†Redfieldiiformes and its respective families and genera is presented below. Taxa with an 

asterisk were not included in this study and require further investigation. 

Order †Redfieldiiformes 
 Family †Brookvaliidae sens. nov. 
  Genus †Atopocephala Brough 
   †A. watsoni Brough 
  Genus †Brookvalia Wade 
   †B. gracilis Wade 
   †B. latipennis (Wade)* 
   †B. propennis Wade* 
   †B. spinosa (Wade)* 
  Genus †Geitonichthys Wade 
   †G. ornatus Wade  
  Genus †Ischnolepis Haughton 
   †I. bancrofti Haughton   
`  Genus †Phlyctaenichthys Wade 
   †P. pectinatus Wade* 
  Genus †Schizurichthys Wade 
   †S. pulcher Wade 
 Family †Redfieldiidae sens. nov. 
  Genus †Cionichthys Schaeffer 
   †C. dunklei Schaeffer 
   †C. greeni Schaeffer 
  Genus †Dictyopyge 
   †D. macrurus (W. C. Redfield) 
   †D. meekeri Schaeffer and McDonald* 
  Genus †Helichthys Brough 
   †H. browni (Broom) 
  Genus †Lasalichthys Schaeffer 
   †L. hillsi Schaeffer 
   †L. stewarti (Schaeffer) 
  Genus †Pacorichthys Lombardo 
   †P. sangiorgioi Lombardo 
  Genus †Mauritanichthys Martin 
   †M. rugosus Martin 
  Genus †Molybdichthys Wade 
   †M. junior Wade 
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  Genus †Redfieldius (J. H. Redfield) 
   †R. gracilis (J. H. Redfield) 
 Family incertae sedis 
  Genus †Daedalichthys Brough 
   †D. formosa (Broom) 
  Genus †Denwoodichthys Sytchevskaya et al. 
   †D. breviprinnus Sytchevskaya et al. 
  Genus †Sakamenichthys Lehman et al.* 
   †S. germaini Lehman et al.* 
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CONCLUSIONS 

 The evolutionary history of lower actinopterygians has been the subject of few studies 

attempting to reconstruct relationships of palaeoniscimorph lineages, despite the dominance of 

these fishes in the Paleozoic and their contribution to the evolutionary history of fishes living 

today. The evolutionary relationships of many lower actinopterygians have remained poorly 

understood, and the sheer abundance of taxa found during this time in Earth’s history has left 

many taxa unstudied for decades. Such is the case of the †Redfieldiiformes, whose evolutionary 

history has not been explored cladistically in over thirty years, and whose relationships to other 

lower actinopterygians has varied in the few studies that have included them. 

 This study has shown that the order †Redfieldiiformes is a monophyletic group with high 

statistical support. Within the †Redfieldiiformes, two large families (†Brookvaliidae and 

†Redfieldiidae) were recovered that have been proposed in previous studies (Berg, 1940; 

Hutchinson, 1973a; Schaeffer, 1984) and were found to be monophyletic. The family 

†Schizurichthyidae proposed by Hutchinson (1973a) was rejected by this study. 

 The question of the sister group to the †Redfieldiiformes was not equivocally resolved in 

both forms of analyses (maximum likelihood and parsimony). This ambiguity can be attributed 

to the nature of fossil data, where important data could be missing due to preservation, or that 

key groups may not have been preserved in the fossil record that could elucidate relationships 

further. The hypothesis of evolutionary relationships obtained in the maximum likelihood 

recovered †Mesopoma carricki as sister to the †Redfieldiiformes, supporting the hypothesis of 

evolutionary relationships put forth in Mickle (2012). The hypothesis of evolutionary 

relationships obtained via parsimony, however, recovered the †Redfieldiiformes sister to a clade 
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containing the †Perleidiformes, †Scanilepiformes, Holostei, and several “advanced” 

palaeoniscimorphs. Though this is not a specific sister-group relationship, it does lend credence 

to previous hypotheses suggested by older studies (e.g., Stensiö, 1921; Berg, 1940; Hutchinson, 

1973a; Schaeffer, 1967). It also is reasonable to consider rationally that many early Mesozoic 

lineages would possibly share a common ancestor following the End Permian Extinction event. 

 This work contributes to understanding the evolutionary history of advanced lower 

actinopterygian fishes that persisted in the Early Mesozoic, long after most palaeoniscimorph 

lineages had perished in the end-Permian extinction event. Studies like this are the basic 

framework in which broad evolutionary questions can be addressed, such as understanding how 

fishes evolved key morphological innovations, explored trophic niches, and why they ultimately 

went extinct when other groups flourished. Further research on Early Mesozoic taxa with broader 

taxonomic sampling will continue to improve our understanding of the evolutionary relationships 

of lower actinopterygian fishes.  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CHAPTER FOUR  

A NEW SPECIES OF †LASALICHTHYS (ACTINOPTERYGII, †REDFIELDIIFORMES) 

BASED ON SPECIMENS FROM THE UPPER TRIASSIC DOCKUM GROUP OF 

HOWARD COUNTY, TEXAS 

INTRODUCTION 

 In North America, the order †Redfieldiiformes are represented by specimens from the 

Triassic–Jurassic Newark Supergroup of the eastern coast (e.g., †Dictyopyge macrurus, 

†Redfieldius gracilis, †Synorichthys sp.; Schaeffer and Mangus, 1970; Schaeffer and McDonald, 

1978), as well as by specimens from the Upper Triassic Chinle Formation in Arizona, Colorado, 

Utah, and from the Dockum Group of eastern New Mexico and western Texas (Schaeffer, 1967).  

 Within the Chinle Formation, Schaeffer (1967) described three species (†Cionichthys 

dunklei, †Lasalichthys hillsi, †Synorichthys stewarti) from sites in Lisbon Valley, San Juan 

County, Utah and equivalent-age sites in nearby Dolores Formation (= Chinle Formation) of 

Colorado (Figure 4.1). Schaeffer (1967) also described several new taxa from the Chinle 

Formation and Dolores Formation, including a new coelacanth †Chinlea sorenseni, deep-bodied 

neopterygian †Hemicalypterus weiri, indeterminate actinopterygian †Tanaocrossus kalliokoskii, 

and palaeoniscoid †Turseodus dolorensis. The deep-bodied fish †Hemicalypterus was 

redescribed by Gibson (2015, 2016; Chapters 1, 2), and placed within the order †Dapediiformes. 

†Tanaocrossus kalliokoskii was recovered within the order †Scanilepiformes in Chapter 3. 

Gibson (2013a, b) described two new species of holostean semionotid fishes from the Chinle 

Formation of Lisbon Valley, †Lophionotus chinleana and †L. sanjuanensis. 
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Figure 4.1. Map of the Upper Triassic geologic outcrops in the southwestern United States 
(modified from Stewart et al., 1972; Lehman, 1994; and Martz, 2008). Yellow circles indicate 
sites that produce articulated fish fossils. Yellow star indicates the Otis Chalk fish localities 
where the specimens described herein were recovered.



 The Dockum Group of western Texas has been lucrative in providing fossil vertebrates 

from the Late Triassic, beginning with discoveries made by Cope at the end of the nineteenth 

century (Cope, 1892). A large push to collect tetrapods in the 1920s was undertaken by E. C. 

Case from the University of Michigan and J. W. Stovall from the University of Oklahoma; their 

recovery efforts provided fossilized remains of large tetrapods, particularly phytosaurs (e.g., 

Case, 1929; Lucas et al., 1993). A considerable collecting effort was conducted under the Works 

Progress Administration (WPA) from 1939–1941, which resulted in the discovery and 

descriptions of significant Triassic taxa, including the aetosaur †Typothorax meadei (Sawin, 

1947) and the metoposaur †Buettneria “howardensis” (= perfecta) (Sawin, 1945, 1947; Hunt and 

Lucas, 1990; Hunt, 1993). Gregory (1945) also described the reptile †Trilophosaurus based on a 

significant amount of material collected from sites near Otis Chalk, Howard County, Texas.  

 Collection of identifiable fossil fishes in the Dockum Group, however, has been lower 

compared to the collection of tetrapods, due to the predominantly fragmentary nature of fishes in 

the Dockum Group (Schaeffer, 1967). Lungfishes were first reported in the Dockum Group by 

Case (1921), who described a new species of †Ceratodus, †C. dorotheae. Warthin (1928) 

described a second species, †C. crosbiensis based on a toothplate recovered in 1925 by E. C. 

Case and others from the University of Michigan. Martin (1979) erected a new genus 

†Arganodus, and later placed the †C. dorotheae from the Dockum Group in this new genus 

(Martin, 1982b), with subsequent workers following the new combination †Arganodus dorotheae 

(e.g., Schultze, 1992; Hunt, 1994; Heckert, 2004). Murry (1986) synonymized †Ceratodus 

crosbiensis with †Arganodus dorotheae, noting that “†C. crosbiensis” likely represented an 

ontogenetic stage for †A. dorotheae. 
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 Ray-finned fishes were first recognized in the Dockum Group near the quarry producing 

†Trilophosaurus fossils (Gregory, 1945). In 1954, Bobb Schaeffer of the American Museum of 

Natural History, and F. Earl Green of Texas Technological College (now University) discovered a 

locality near Otis Chalk, a ghost town in Howard County, Texas (Figure 4.1), that represented an 

isolated pond deposit replete with dissociated fish remains, in particular ganoid scales, and 

isolated dermal elements (Schaeffer, 1967). They returned to the site in 1963, at which time they 

collected a complete, partially compressed redfieldiiform skull that Schaeffer (1967) described 

and diagnosed as †Cionichthys greeni Schaeffer, 1967. 

 Among the other fish remains recovered from the Dockum Group in Otis Chalk, Texas, 

Schaeffer (1967) described and figured three partial skulls collected from the Otis Chalk locality 

in the Dockum Group (Schaeffer, 1967: fig. 16, pl. 30). These specimens, collectively given the 

specimen number AMNH 5662, were not identified or diagnosed by Schaeffer, but he noted their 

similarity to perleidiform fishes, such as †Meidiichthys Brough, 1931. The general morphology 

of dermal bones of the skulls of AMNH 5662 shares some similarity to perleidiforms from Upper 

Triassic Bekker’s Kraal, South Africa (e.g., Hutchinson, 1973a), such as a maxilla with a low 

postorbital expansion that articulates with an embayment along the anteroventral margin of a 

broad, vertically-inclined preoperculum; a preoperculum that possesses a shallow process that 

extends anteriad between the maxilla and an infraorbital series; and four small, quadrangular, 

anamestic, suborbitals that separate the preoperculum from the infraorbital series (Schaeffer, 

1967: fig. 16, pl. 30.3). 

 Schaeffer (1967) also noted and figured a partial redfieldiiform skull preserved in three 

dimensions. Though it was well-preserved and figured (Schaeffer, 1967; pl. 19), the specimen 
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was never described due to its incompleteness. Schaeffer (1967) reported being unable to find 

any additional material as well-preserved as the partial redfieldiiform skull, and the specimen 

was deposited at what is now the Texas Memorial Museum. Additional partial skull and skull 

fragments, body fragments, and scales were attributed to †Lasalichthys or †Synorichthys 

(AMNH 5722), though the similarity between the two genera and lack of diagnostic characters 

prevented a specific diagnosis.  

 Additional fish fossil specimens from the Schaeffer fish quarry near Otis Chalk were 

collected by Spencer Lucas and crew in the 1990s (New Mexico Museum of Natural History and 

Science; Lucas et al., 1993), which was left unprepared and unsorted for over two decades. A 

thorough search through this bulk material by the author in February 2016 yielded high-quality, 

three-dimensionally preserved specimens of a redfieldiiform fish that clearly belongs to the same 

species as the partial, three-dimensional redfieldiiform skull originally mentioned by Schaeffer 

(1967). The material available is clearly a new species of redfieldiiform and warrants a thorough 

morphological description and diagnosis that is provided herein. 

GEOLOGICAL SETTING AND TAPHONOMY 

 The Dockum Group has been the subject of several geologic, stratigraphic, and 

paleontological studies concerning its age, correlation to the Chinle Formation, and relation to 

“faunachrons” used by certain authors to distinguish biostratigraphic distribution and age of 

organisms. Much of this discussion is outside of the scope of this study; however, a summary of 

the generally agreed-upon geology and stratigraphy regarding the fish fossil sites near Otis 

Chalk, Howard County, Texas is provided here.  
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 Most authors have considered the Otis Chalk localities to be the stratigraphically lowest 

in the Chinle/Dockum basins (Heckert, personal communication). The stratigraphic 

nomenclature has been highly contested (e.g., Lehman, 1994; Lucas et al., 1994), but more 

recent studies (Heckert, 2004; Martz, 2008) agree that these deposits fall within the Colorado 

City Formation of the Dockum Group. 

 The Otis Chalk fish fossil localities were recognized by Lucas et al. (1993) as belonging 

within an 80 meter thick bed of reddish brown to grayish red smectitic mudstone, intercalated 

with pale orange to yellowish brown crossbedded, subarkosic sandstones (Fig. 4.2). This section 

of strata was identified originally as the Iatan Member of the Dockum Group by Lucas et al. 

(1993) and Lucas and Anderson (1994), though this name was preoccupied. Lucas et al. (1994) 

emended this by renaming it the Colorado City Member. Lucas et al. (1994) refers to the 

Dockum Formation rather than Group, and so the Colorado City unit was established initially as 

a Member of the Dockum Formation. As most researchers in this area follow the stratigraphic 

nomenclature of the Dockum Group, most recent authors (e.g., Sarigül, 2016; Heckert et al., 

2017) refer to the Colorado City Formation rather than as a member. 

 The Otis Chalk fossil sites occur between two sandstone beds in the lower half of the 

Colorado City Formation (Fig. 4.2). Lehman (1994) and Lehman and Chatterjee (2005) have 

argued that the Colorado City Formation is correlative with the Cooper Canyon Formation. 

Martz (2008) outlined and discussed the many correlative problems argued in Lucas and 

Anderson (1993a, 1993b, 1994), Lehman (1994), Lucas et al. (1994), and others. 

 Specimens described in this study are from a site known colloquially as the “Schaeffer 

Fish Quarry” (Murry, 1987; Lucas et al., 1993). It represents a small, isolated, dark red siltstone 
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Figure 4.2. Generalized stratigraphic column for the Dockum Group in Howard County, Texas 
(modified after Lucas et al., 1993; and Sarigül, 2016). Schaeffer’s fish quarry is indicated.



lens filled with dissociated fish remains (Schaeffer, 1967). Inferring from the taphonomy of the 

site, the deposit likely represents an ephemeral pond or small lake that filled during a previous 

advance of water on a floodplain and then dried up during a period of aridity, as is indicated by 

the dark red, oxidized color of the deposits (Lehman and Chatterjee, 2005). The fishes that lived 

in this ephemeral pond died during a period of desiccation, and were dissociated and macerated 

(Schaeffer, 1967), possibly by scavengers due to high irregularity of bones and little or lack of 

association between fragments (Elder and Smith, 1988).  

MATERIALS AND METHODS 

 The specimens described herein are the result of the collecting trips described above. 

Specimens collected in the 1950s by Bobb Schaeffer and crew were deposited at the American 

Museum of Natural History (AMNH) and the Texas Memorial Museum (TMM). Specimens 

from the New Mexico Museum of Natural History and Science (NMMNH) were collected by 

Spencer Lucas and crew in 1990 from private land (Locality #L-3099), with permission of the 

land owner, and were deposited at NMMNH. Three bags of unprepared material were given a 

single catalog number (NMMNH P 25801); these bags of material contain hundreds of isolated 

skull and body fragments, scales, partially articulated sections of fishes; they were sorted by the 

author in February 2016. Preparation of a subsample of this material has yielded a new species of 

redfieldiiform that is described herein. Fossils were exposed from a hard, fine sandstone matrix 

with careful use of a pneumatic microjack tool (PaleoTools Microjack 1) and sharpened carbine 

needles. Minimal adhesive was used as needed (Paleobond Penetrant Stabilizer). Specimens 

were prepared and examined under normal light using Leica and Bausch and Lomb 
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stereomicroscopes with varying resolution power. Photographs of each specimen were conducted 

under normal lighting with a Canon digital SLR partial with an APS-C sensor with macro-style 

lenses (65 and 100 mm). Specimens were also examined and photographed under fluorescence 

using a Leica stereomicroscope fitted with GFP-LP and GFP3 filters. Due to the three-

dimensional nature of the material, photographs under both normal and fluorescent lighting 

conditions were conducted using a z-stacking method, where photographs were taken an multiple 

focal planes and merged using a stacking software program (HeliconFocus); the end results are 

fully-focused images of the specimens. Drawings of the specimens were done using a digital 

drawing tablet over high-resolution photographs. 

 Bone terminology. Bone terminology follows the osteological terminology outlined by 

Schultze (2008) and Wiley (2008). Snout bone terminology follows Mickle (2012). In instances 

where traditional terminology varies from the above studies, the traditional terminology will be 

indicated in parentheses the first time the bone is described, to aid in interpreting homologous 

structures for future studies involving this material. 

 Anatomical abbreviations. ang, angular bone; br, branchiostegal; cl, cleithrum; d, 

dentary; dhy, dermohyal; dpt, dermopterotic; dsph, dermosphenotic; dt, dentary teeth; enp, 

entopterygoid; ex, extrascapular bone; io, infraorbital; n, nasal; mx, maxilla; op, operculum; p, 

parietal (frontal); pcl, postcleithrum; pmx-la, premaxillo-lachrymal; pop, preoperculum; pp, 

postparietal (parietal); psp, postspiracular; ptt, posttemporal; ro, rostral bone; sc, scale; scl, 

supracleithrum; so, supraorbital; sop, suboperculum; suo, suborbital. 

 Materials Examined (Comparative). Please see Chapter 3, Appendix 3.2, for a complete 

list of taxa and literature used for comparison in this study. 
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 Morphological character and taxonomic sampling for phylogenetic analysis. 

Parsimony and maximum-likelihood phylogenetic analyses were conducted based on a 

morphological matrix of 115 characters and 42 taxa, which included the new species of 

redfieldiiform described herein. Details concerning the matrix, character sampling, taxon 

sampling, and phylogenetic analysis are described in Chapter 3. 

SYSTEMATIC PALEONTOLOGY 

OSTEICHTHYES Huxley, 1880 

ACTINOPTERYGII Cope, 1871 

†PALAEONISCIMORPHA Lund et al., 1995 

†REDFIELDIIFORMES Berg, 1940 (sensu novo; see Chapter 3) 

†REDFIELDIIDAE Berg, 1940 (sensu novo; see Chapter 3) 

Genus †LASALICHTHYS Schaeffer, 1967 

Type species. †Lasalichthys hillsi Schaeffer, 1967 

Etymology. The generic name “Lasalichthys” is the combination of “La Sal” for the La Sal 

Mountains of Utah, and the Greek “ichthys,” meaning fish. 

Revised generic diagnosis. †Lasalichthys is diagnosed among †Redfieldiidae by a unique 

combination of the following characters: medium-sized redfieldiid fishes; nasal bones meet at 
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midline; postrostral either reduced and separated from rostral, or absent; parietals slender with 

smooth medial articulation; one pair of postparietals, triangular in shape with pointed 

anterolateral processes; single pair of large extrascapular bones that taper mediad; T-shaped 

premaxillo-lachrymals forming anterior of orbital rim; large, triangular-to-trapezoid-shaped 

single supraorbitals with reduced participation in the orbital rims; dermosphenotics large and 

broad and form the posterodorsal rim of the orbit; dermopterotics large and broad with broad 

pointed dorsomedial process; maxillae and mandibles short, not extending anteriad below snout; 

single row of pores in nasals and mandibles; duplicated, parallel rows of pores along the cranial 

sensory canals of the parietals, postparietals, extrascapula, posterior infraorbitals, preopercula; 

supraorbital canals extend posteriad through entire postparietals to join supratemporal 

commissure in extrascapular bones; dermal skull bones covered in prominent rugose ridges and 

tubercles. 

†Lasalichthys otischalkensis n. sp. 

Figures 4.3–4.7; Schaeffer (1967): pl. 19 

1967 cf. †Lasalichthys or †Synorichthys; Schaeffer: 315, pl. 19. 

1986 †Lasalichthys/Synorichthys; Murry: 115. 

1987 †Lasalichthys or †Synorichthys; Murry: 76.

1993 †Lasalichthys hillsi; Lucas et al.: 243. 

1993 †Sinorichthys [sic] stewarti; Lucas et al.: 243. 
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Derivation of name. The specific epithet refers to Otis Chalk, a ghost town located in Howard 

County, Texas, near where the new specimens described below were recovered. 

Holotype. NMMNH P-44698; a nearly complete skull and partial body preserved in left lateral 

aspect, lacking all fins and poster portion of body (Fig. 4.3) and skull (Fig. 4.4). 

Referred specimens TMM 31098-44, (Schaeffer, 1967: pl. 19) a partial skull, three-dimensionally 

preserved, displaying part of the dermal skull roof and neurocranial elements; NMMNH P 78661 

(Figs. 4.5, 4.6), a partially complete, three-dimensionally preserved skull, missing posteriormost 

bones of the skull and various dermal elements; NMMNH P 78662, body fragment with flank 

scales and pelvic fin; NMMNH P 78663, isolated cleithrum, preserved in left lateral view; 

NMMNH P 78664, partial cleithrum preserved in left lateral view; NMMNH P 78665, partial 

cleithrum preserved in right lateral view; NMMNH P 78666 partial cleithrum preserved in right 

lateral view; NMMNH P 78667 complete supracleithrum preserved in left lateral view; 

NMMNH P 78668, partial cleithrum preserved in left lateral view; NMMNH P 78669, partial 

supracleithrum preserved in right lateral view; NMMNH 78670, partial supracleithrum preserved 

in left lateral view; NMMNH P 78671, complete left dermopterotic preserved in dorsal view. 

Diagnosis. †Lasalichthys otischalkensis n. sp. is diagnosed from other species of †Lasalichthys 

by the following unique combination of characters: absence of postrostral bone; nasal bones 

quadrangular and fully articulate along the midline; supraorbital (adnasal) bone does not 

participate in the orbital rim; posterodorsal margin of the premaxillo-lachrymal (premaxillo-
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Figure 4.3. †Lasalichthys otischalkensis n. sp. Holotype NMMNH P-44698, skull and anterior 
portion of body, preserved in left lateral view. Scale bar equals 5 mm.



antorbital) articulates with the anterior margin of the dermosphenotic; dermosphenotic lacking 

denticles along orbital rim; suborbital articulating ventrally with the dorsal margin of the 

infraorbital at the posteroventral corner of the orbital rim; more anteriorly inclined preoperculum 

than other species of †Lasalichthys; concave embayment on the posteroventral margin of the 

dermopterotic for articulation with the dermohyal; small knob-like process on posteroventral 

corner of maxilla; large teeth on distal end of dentary; multiple parallel rows (2–4 parallel rows 

of pores) along the parietal (frontal), postparietal (parietal), dermosphenotic, dermopterotic, 

extrascapular, preoperculum, and supracleithrum; preopercular sensory canal extends anteriorly 

along entire length of the preoperculum and passes through the suborbital; supraorbital canal 

passes through entire length of postparietal bone and may connect to the supratemporal 

commissure; presence of a postspiracular bone; scales lacking ornamentation. 

DESCRIPTION 

Body form and measurements. The most complete specimen of †Lasalichthys otischalkensis is 

the holotype NMMNH P 44698 (Figs. 4.3–4.4), which preserves most of the skull and a large 

portion of the flank in lateral view (Fig. 4.3). This specimen indicates that L. otischalkensis is a 

relatively medium-to-large sized redfieldiid fish with a fusiform body shape. The complete body 

is unknown, so it is difficult to estimate the total length of L. otischalkensis.  

 The skull of †L. otischalkensis is heavily ornamented with rugose ridges (Figs. 4.3–4.7) 

and dense tuberculation on the snout and jaws (Figs. 4.4–4.7).  
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Snout and Skull roof. †Lasalichthys otischalkensis possesses a large (Fig. 4.5A–C), heavily 

tuberculated rostral bone that separates the paired premaxillo-lachrymal bones (Figs. 4.4–4.5). 

The rostral bone forms the anteroventral margin of the narial opening. Posteriorly, it articulates 

with the anterior margins of both paired nasals Figs. 4.4–4.5). 

 The front of the skull roof contains a pair of nasals that are roughly quadrangular in shape 

(Figs. 4.4–4.5). They meet at the midline, where the postrostral is absent (Fig. 4.5G–I). The 

nasals are tuberculated (Figs. 4.4–4.5). Anteriorly, they meet the median rostral bone, and 

ventrally they articulate with the supraorbital (adnasal). Posteriorly they meet the parietals 

(frontals). The nasals comprise the dorsal margin of the single narial opening of †L. 

otischalkensis (Figs. 4.4, 4.5F). As is described in Chapter 3, redfieldiiform fishes possess a 

single external narial opening that likely represents the posterior narial opening due to the 

position of the narial opening relative to the nasal bone and supraorbital canal. There is no 

evidence of a separate anterior narial opening on †L. otischalkensis, nor is there any evidence of 

a narial notch along the orbital margin in the premaxillo-lachrymal. The posterior margin of the 

premaxillo-lachrymal bone along the orbital rim in †L. otischalkensis is visible in NMMNH P 

78661 (Fig. 4.5) and clearly shows a smooth margin along the orbit that lacks any notch for a 

second external narial opening. As was discussed in Chapter 3, it is possible that †L. 

otischalkensis, may have had a condition similar to what is observed in Polypterus, where a 

single narial opening possesses two separate, soft tissue tubes that separate incurrent and 

excurrent flow of water. 

 The supraorbitals (adnasals) are anamestic, triangular-to-trapiezoidal shaped bones that 

occupy the posterodorsal margin of the narial opening (Figs. 4.4–4.5). Their ventral margin 
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Figure 4.4. †Lasalichthys otischalkensis n. sp. Skull of Holotype NMMNH P-44698 in (A) 
normal lighting, (B) fluorescence, and (C) line drawing interpretation with bones labeled. 
Abbreviations: ang, angular bone; d, dentary; dhy, dermohyal; dpt, dermopterotic; dsph, 
dermosphenotic; ex, extrascapular bone; io, infraorbital; n, nasal; mx, maxilla; op, operculum; 
p, parietal (frontal); pcl, postcleithrum; pmx-la, premaxillo-lachrymal; pop, preoperculum; pp, 
postparietal (parietal); psp, postspiracular; ptt, posttemporal; ro, rostral bone; scl, 
supracleithrum; so, supraorbital; sop, suboperculum; suo, suborbital. Scale bar equals 5 mm.



articulates with the premaxillo-lachrymal bone (Fig. 4.4). Posteriorly, they articulate with the 

anterior margin of the dermosphenotic (Figs. 4.4–4.5). Though a portion of the supraorbital 

approaches the orbital margin, the bone does not appear to be a part of the orbital rim, as is best 

observed in the holotype NMMNH P 44698 (Fig. 4.4). The medial margin of the supraorbital 

articulates with the nasal and the parietal. 

 A pair of parietals occupy the bulk of the skull roof, and each parietal is long, nearly four 

times longer than wide (Figs. 4.4–4.5). The median suture between the parietals is linear and 

meets along the whole length in the midline. The parietals taper mediad anteriorly and 

posteriorly. They articulate with the nasals anteriorly at a slightly oblique angle, which then turns 

slightly posteriad as the parietal articulates laterally with the medial margin of the supraorbitals. 

The angle of the lateral margins of the parietals then becomes more posteriad as each parietal 

articulates with the dermosphenotic. At the posterior margin of the dermosphenotic, the lateral 

margin of the parietal flares out slightly at it widest point, and then is slightly directed medially 

as it articulates with the medial margin of the dermopterotic. As the articulation with the 

dermopterotic ends, the posterior margin of the parietal turns abruptly towards the midline, and 

the posterior margin articulates with the anterior margin of the postparietals (Figs. 4.4–4.5, 

Schaeffer 1967: pl. 19). 

 †Lasalichthys otischalkensis possesses a single pair of triangular-shaped postparietals. 

Their longest margin is along the midline, where they meet with a linear articulation, tapering 

anteriad and posteriad (Figs. 4.4–4.5; Schaeffer 1967: pl. 19). At their widest points, they are 

1.56 times longer than wide, and are less than half of the length of the parietals (Figs. 4.4–4.5). 

Their anteriormost margin articulates with the posterior margin of the parietals, and the 
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Figure 4.5. †Lasalichthys otischalkensis n. sp. Specimen NMMNH P-78661, a three-
dimensionally preserved skull shown in (A–C) right lateral view, (D–F) left lateral view, (G–I) 
dorsal view. Each aspect show in normal lighting (A, D, G), fluorescence (B, E, H), and line 
drawing interpretations with bones labeled (C, F, I). Anatomical abbreviations. d, dentary; dpt, 
dermopterotic; dsph, dermosphenotic; enp, entopterygoid; ex, extrascapular bone; io, 
infraorbital; n, nasal; mx, maxilla; p, parietal (frontal); pmx-la, premaxillo-lachrymal; pop, 
preoperculum; pp, postparietal (parietal); ptt, posttemporal; ro, rostral bone; sc, scale; scl, 
supracleithrum; so, supraorbital; suo, suborbital. Scale bars equal 5 mm.



anterolateral margin of the postparietal articulates with the posteromedial margin of the 

dermopterotic (Figs. 4.4–4.5). Posteriorly, they articulate at an oblique suture with the anterior 

margin of the extrascapula. 

 The dermopterotics are large bones and pentagonal in shape. Anteriorly, they have a 

broad abutment with the posterior margin of the dermosphenotics (Figs. 4.4–4.5). The medial 

margin of the dermopterotic comes to a wide point at the center; anteromedially, the 

dermopterotic articulates with the parietal, and posteromedially, it articulates with the 

postparietal. Posteriorly, it articulates with the extrascapula (Fig. 4.4). The ventral margin is not 

completely straight; it articulates with the suborbital and nears the dorsal expansion of the 

preopercular bone, and has a slight concavement, where it meets the dermohyal (Figs. 4.4–4.5). 

 †Lasalichthys otischalkensis possesses a single pair of large extrascapular bones. They 

meet medially along the dorsal margin and widen laterad (Fig. 4.4). Anteriorly, they articulate 

with the postparietals with an oblique suture that extends from the midline slightly anteriorly 

(Figs. 4.4–4.5). The margin of the extrascapular bone then curves perpendicular to the length of 

body as it articulates with the large dermopterotic bone (Fig. 4.4). The posterior margin is 

heavily rounded, as seen on NMMNH P 44698 (Fig. 4.4). It articulates with the posttemporal and 

postspiracular bones. Along the ventral margin, the extrascapular abuts the dorsal margin of the 

operculum (Fig. 4.4). The anteroventral tip of the extrascapular bone extends slightly towards the 

dermohyal but does not necessarily meet the dermohyal, as this cannot be ascertained from the 

available specimens (Fig. 4.4). 
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Orbital Region. The premaxillo-lachrymal forms the anterior margin of the orbital rim. In the 

available specimens of †Lasalichthys otischalkensis, only the dorsal half of the premaxillo-

lachrymal is preserved (Figs. 4.4–4.5); a portion of the ventral process that forms the front of the 

orbital rim is preserved in specimen NMMNH 78661 (Fig. 4.5D–F), indicating that it curves 

posteroventrally. The premaxillo-lachrymal is heavily tuberculated (Fig. 4.5A–C). Anteriorly, it 

forms the posterior margin of the narial opening, where it curves anteriad to meet the medial 

rostral bone (Fig. 4.4). Posterodorsally, it tapers to a small process that articulates with the front 

of the dermosphenotic, eliminating the supraorbital from the orbital rim (Figs. 4.4, 4.5A–C). 

 The large and broad dermosphenotic occupies the entirety of the dorsal margin of the 

orbital rim. Its rectangular anterior margin meets the supraorbital and the premaxillo-lachrymals 

(Fig. 4.4). Its ventral margin is a concave embayment and forms the dorsal margin of the orbital 

rim. It meets along the posteroventral margin with the dorsal margin of the single posterior 

infraorbital (Fig. 4.4). Posteriorly, it abuts the dermopterotic, and dorsally it articulates with the 

parietal (Figs. 4.4–4.5). 

 The posterior infraorbital is well-preserved in the holotype NMMNH P 44698 (Fig. 4.4), 

and partially preserved NMMNH P 78661 (Fig. 4.5). It is rectangular, deeper than long, and 

forms the posterior margin of the orbit. Posteriorly it contacts the suborbital (Figs. 4.4–4.5). 

Ventrally, it articulates with the long, falcate infraorbital that forms the posteroventral corner of 

the orbital rim (Fig. 4.4). This posteroventral infraorbital (jugal) is curved and tapering 

anteriorly, forming a concave embayment along the orbit (Fig. 4.4). Its dorsal margin contacts 

the ventral margin of the posterior infraorbital as well as the ventral margin of the suborbital 
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(Fig. 4.4). Its posteroventral margin is curved convexly to articulate with the contour of the 

anterodorsal margin of the posterior expansion of the maxilla (Fig. 4.4). 

 The remainder of the infraorbital series is not preserved in any specimen. It is unknown 

whether there are more infraorbitals forming the ventral margin of the orbit, contacting the 

premaxillo-lachrymal, or if the anterior portion of the maxilla is directly involved in the orbital 

rim. 

 A single suborbital is present in †L. otischalkensis (Figs. 4.4–4.5). It is triangular in 

shape. Its dorsal edge meets the anteroventral margin of the dermopterotic. Anteriorly, it 

articulates with the single posterior infraorbital (Figs. 4.4, 4.5A–C). Ventrally, the suborbital 

contacts the posteroventral infraorbital (Fig. 4.4). The posterior margin of the suborbital 

articulates with the preoperculum. It appears to be separated from contact with the dermohyal by 

the dorsal expansion of the preoperculum (Figs. 4.4, 4.5A–C). The suborbital also displays pores 

on it surface that connect the preopercular canal to the infraorbital canal (Figs. 4.4–4.5, described 

below). 

Opercular Region. The preoperculum is large and hatchet-shaped (Figs. 4.4–4.5). It is slightly 

anteriorly inclined, gently contouring concavely with the posterior expansion of the maxilla. A 

small, tapered process on the anterior part of the preoperculum inserts between the posterior 

margin of the suborbital and the dorsal margin of the maxilla (Figs. 4.4, 4.5A–C). The 

preoperculum reaches dorsally, extending between and separating the suborbital and dermohyal 

bones (Fig. 4.4). The posterior border of the preoperculum is convexly curved, and articulates 

with the anterior margins of the dermohyal, operculum, and suboperculum (Fig. 4.4). The 
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posteroventral process of the preoperculum is robust, tapered and elongate, extending between 

the maxilla and the suboperculum to articulate with the angular on the lower jaw (Fig. 4.4). 

 The operculum is small and quadrangular (Fig. 4.4). It articulates with the extrascapular 

dorsally, dermohyal and preoperculum anteriorly, suboperculum ventrally, and the 

supracleithrum and postspiracular posteriorly. It appears to have an embayment to accommodate 

the dermohyal (Fig. 4.4). 

 The suboperculum is large and quadrangular to oval in shape, deeper than long and 

approximately 1.5 times larger than the operculum (Fig. 4.4). Dorsally it articulates with the 

operculum; anteriorly it articulates with the ventral process of the preoperculum (Fig. 4.4). 

Posteriorly, it articulates with the large supracleithrum, though this is slightly disarticulated in 

NMMNH P 44698 (Fig. 4.4). It may also articulate with the cleithrum posteroventrally, but the 

cleithrum is not preserved in any articulated specimen (i.e., NMMNH P 44698, Fig. 4.4; 

NMMNH P 78661, Fig. 4.5). The area ventral to the suboperculum is also not preserved on either 

articulated specimen available in this study. 

 One small bone visible on the holotype NMMNH P 44698 (Fig. 4.4), is situated 

posterodorsal to the operculum. Its location on the skull identifies it as the postspiracular. It is 

roughly quadrangular in shape, with a wider anterior margin, tapering slightly posterodorsad 

(Fig. 4.4). It lies dorsal to the supracleithrum and posteroventral to the extrascapular bone. 

Jaws. As the premaxilla is absent as an independent element in †Lasalichthys otischalkensis and 

is interpreted as a fused element with the lachrymal comprising a large component of the snout 

region, it is described above. 
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 The maxilla is firmly attached the neurocranium, as with other palaeoniscimorphs and 

redfieldiiforms. It has the typical shape of a palaeoniscimorph maxilla, with a narrow anterior 

process ventral to the orbit and a broad posterior expansion that comprises part of the cheek 

region (Figs. 4.4–4.5). The maxilla broadens dorsally posterior to the orbit is deepest at the place 

where the dorsal just posterior to the tapered, anterior process of the preoperculum (Fig. 4.4). 

The dorsal margin curves posteroventrad and tapers to a small posterior process that, on the 

holotype NMMNH P 44698 extending posteriad articulates with the lower jaw (Fig. 4.4). This 

posterior process possesses a small embayment that cups the rounded end of the ventral arm of 

the preoperculum (Fig. 4.4, slightly disarticulated on NMMNH P 44698). Teeth on the maxilla 

are present along the occlusal margin of the maxilla. The teeth are small and cylindrical, lacking 

serrations, with small hypermineralized (acrodin) caps on each tooth (Figs. 4.5–4.6). 

 The lower jaw is partially preserved on both articulated skulls of †L. otischalkensis (Figs. 

4.4–4.5). The posterior portion of the dentary is visible on the holotype NMMNH P 44698 (Fig. 

4.4). Though they are fused, there is a clear distinction between the dentary and the angular, with 

the suture still visible and a change in the pattern of ornamentation between the two bones (Fig. 

4.4B). The angular is narrow and curves anteroventrally from the jaw symphysis. It comprises 

the posterior portion of the lower jaw (Fig. 4.4). The articular is not visible on this specimen and 

is not preserved on any other specimen. 

 The dentary is long and tapers anteriad (Fig. 4.4–4.6). The anterior portion of the dentary 

is preserved on NMMNH P 78661 (Fig. 4.6). The dentary does not reach the terminal end of the 

snout; as with other redfieldiids, the dentary terminates just anterior to the orbit, contributing to 

†L. otischalkensis’ prominent snout and subterminal mouth. Small teeth line the dentary at the 
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Figure 4.6. †Lasalichthys otischalkensis n. sp. Specimen NMMNH P-78661 in (A) ventral view 
of skull in normal lighting showing underside of rostral bone towards the left and jaws. (B) 
closeup of inset area in (A) under fluorescence to show enlarged teeth at the terminal margin of 
the dentary. Acrodin caps on teeth does not fluoresce. Scale bar equals 1 mm.



occlusal margin. At the anterior end of the dentary, two prominent, larger teeth are present (Fig. 

4.6); this condition is seen only in one other redfieldiiform fish, †Brookvalia. 

Hyoid arch. The only visible element of the hyoid arch in the available specimens is the 

dermohyal, situated between the posterodorsal margin of the preoperculum and anterior margin 

of the operculum (Fig. 4.4). The dermohyal is small and triangular. 

Palate and neurocranium. A portion of bone that lines the orbital cavity is visible on NMMNH P 

78661, dorsal to the thin, anterior process of the maxilla (Fig. 4.5D–F). Though not fully 

exposed, this bone represents the entopterygoid lining (Fig. 4.5D–F). 

 Due to the three-dimensionality and preservation of NMMNH P 78661 and TMM 

31098-44, some information is available regarding the neurocranium of †Lasalichthys 

otischalkensis. Schaeffer (1967) briefly described the morphology of the neurocranium of TMM 

31098-44, indicating that: 

“[T]he occipital surface has the typical bipartite opening for the foramen magnum 

and the notochord. There is a prominent craniospinal protuberance that extends 

anteroventrally as a ridge below the lateral occipital fissure. The wall in area of 

the vestibular fontanelle is thin, and it is probable that a fontanelle was present. 

The hyomandibular facet, preserved on the left side, is somewhat more vertical 

than that of Perleidus. There is apparently an unpaired posterior myodome above 
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the remnant of the ventral orbitotemporal bar. Canals and foramina are not clearly 

in evidence.” (Schaeffer, 1967; p. 315; pl. 19) 

 Further study of the neurocranium is warranted given the quality of the material from 

Otis Chalk. At the time of writing this manuscript, the author is analyzing micro-computed 

tomography (CT) scans of TMM 31098-44, and planning to micro-CT scan the skull of 

NMMNH P 78661. The results of these analyses will be published in a future study. 

Sensory canals of the skull. The main lateral line enters the skull through the supracleithrum. On 

the supracleithrum it is visible as a series of scattered pores, roughly arranged in two parallel 

rows (Figs. 4.4, 4.7B–E) that begin approximately two-thirds down the length of the posterior 

border of the bone and traverses at an oblique angle anterodorsally, exiting the supracleithrum on 

the dorsal margin of the bone and entering the extrascapular bone at its posteroventral margin 

(Figs. 4.3, 4.4, 4.7B–E). On the extrascapular bone, the lateral line connects the to the occipital 

(supratemporal) commissure that traverses mediad across the midline to the extrascapular bone 

on the opposite side (partly visible on NMMNH P 78661; Fig. 4.5G–I) and the temporal canal, 

which traverses anteriorly to the dermopterotic. 

 The temporal (otic) canal visibly begins as two parallel series of pores, passing anteriad 

along the center portion of the medial half dermopterotic and continuing along into the 

dermosphenotic (Figs. 4.4, 4.5, 4.7). The pattern of “branching” in the sensory canal pores is 

various among individual specimens, but clearly branches from two rows of pores to multiple 

rows. In NMMNH P 44698, two rows clearly branch into four rows of pores at the anterior 
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portion of the dermopterotic, and condense into three parallel rows of pores at the posterior 

margin of the bone (Fig. 4.4). In NMMNH P 78661, two parallel rows on the right 

dermopterotic, branches into four parallel rows in the anterior half of the bone, then condenses 

into two rows and then one single row of pores in the posterior half of the bone (Fig. 4.5G–I). 

The left dermopterotic on NMMNH P 78661 is broken and eroded, and so the canal is not fully 

preserved Fig. 4.5D–I). However, the bone surface has been partly eroded, exposing a portion of 

the sensory canal and demonstrating how the pores are connected to the canal (Fig. 4.5D–I). The 

specimen clearly demonstrates that the dual parallel rows originate from one single sensory 

canal. One isolated specimen of a left dermopterotic (NMMNH P 78671; Fig. 4.7A) also displays 

similar patterns regarding the temporal canal: two parallel rows of pores beginning at the anterior 

margin, which then branch into three–four parallel rows before returning to two parallel rows of 

pores at the posterior margin (Fig. 4.7A). Anteriorly, the temporal canal connects to the 

infraorbital canal in the dermosphenotic bone (Fig. 4.4–4.5). 

 The supraorbital canal is visible on both NMMNH P 44698 (Fig. 4.4) and NMMNH P 

78661 (Fig. 4.5D–I). In the parietal, the supraorbital canal begins at the anterior margin as a 

single row of pores (Figs. 4.4, 4.5G–I), which then branches into two parallel rows of pores. As 

these rows pass posteriad, they duplicate with varying patterns on each individual. On NMMNH 

P 44698 (Fig. 4.4), the canal pores first branch in the lateral row, creating three parallel rows, 

followed by four parallel rows as the medial row branches. Continuing posteriad, the parallel 

rows have condensed into three rows, finally condensing into two parallel rows by the time the 

canal has reached the posterior margin of the parietal (Fig. 4.4). On NMMNH P 78661 (Fig. 4.5), 

a similar pattern is observed on each parietal, with two rows splitting into three, then four, then 
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again three parallel rows before condensing into two at the posterior margin of the parietals (Fig. 

4.5D–I). The supraorbital canal passes from the parietal to the postparietal, where the canal is 

visible as two parallel rows of pores (Figs. 4.4, 4.5), passing posteriad along the median portion 

of the postparietals. It appears to connect to the supratemporal commissure on the extrascapula 

(Figs. 4.4, 4.5D–I). Anteriorly, the supraorbital canal passes from the parietal through the nasal 

bone just lateral to the midline of the bone and medial to the single external narial opening; it is 

visible as a single row of pores in the nasal bone. 

 The infraorbital canal, beginning in the dermosphenotic bone where the temporal canal 

turns abruptly posteroventrad, is visible as two parallel rows of pores (Figs. 4.4, 4.5). The 

infraorbital canal passes through the posterior infraorbital, and is visible as a scattered series of 

pores on the surface of the posterior infraorbital bone (Figs. 4.4B–C, 4.5C). Due to preservation, 

it is difficult to interpret the infraorbital canal in the posteroventral infraorbital (Fig. 4.4), though 

under fluorescence (Fig. 4.4B), it is possible to see a few scattered pores along the ventral margin 

of the posteroventral infraorbital bone (Fig. 4.4B). The remainder of the infraorbital sensory 

canal is unknown. The infraorbital canal is visible on both NMMNH P 44698 (Fig. 4.4) and 

NMMNH P 78661 (Fig. 4.5B, C) as a series of pores. The anterior part of the infraorbital canal 

can be seen in the premaxillo-lachrymal bone as a few visible pores on NMMNH P 44698 (Fig. 

4.4) and NMMNH P 78661 (Fig. 4.5). 

 The ethmoid commissure along the front of the skull is obscured by the denticles on the 

snout on NMMNH P 78661 (Fig. 4.5), but on NMMNH P 44698 a single canal pore is visible on 

the rostral bone (Fig. 4.4A–B). 
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 The preopercular canal is visible as a two parallel rows of pores that follow path of the 

canal from the jaw articulation dorsad, then curving anterodorsad, following the curvature of the 

preopercular bone (Figs. 4.4–4.5). It exits near the center of the anterodorsal margin of the 

preoperculum, and continues as a single row of pores through the suborbital bone anteriad (Figs. 

4.4B–C, 4.5A–C). This connection could be considered the jugal canal, which is similar to what 

is observed in sarcopterygian fishes, and uncommon in actinopterygians. It exits on the anterior 

margin of the suborbital and appears to join the infraorbital canal (Figs. 4.4C, 4.5C). 

 The mandibular canal is preserved on NMMNH 44698 (Fig 4.4), visible as a row of pores 

on the angular and dentary; and on NMMNH P 78661 (Fig. 4.6), as a single row of pores that 

traverses near the ventral margin of the dentary. 

Shoulder girdle. The posttemporals are situated posterior to the extrascapular bones along the 

skull roof (Fig. 4.4). They are teardrop in shape, tapering anteromediad towards the midline. 

Each posttemporal has a rounded posterior margin where it overlaps the supracleithrum 

posteroventrally. Anterodorsally each posttemporal is overlapped by the extrascapular bones 

(Fig. 4.4). The main lateral line is visible as a series of scattered pores and passes from the 

extrascapular bone through the center of the posttemporal and towards the ventral margin of the 

bone, where it continues into the supracleithrum (Fig. 4.4). 

 The supracleithrum is a large bone situated ventral to the posttemporal, preserved on the 

holotype NMMNH P 44698 (Fig. 4.4), as well as four isolated bones (NMMNH P 68667–68670; 

Fig. 4.7B–E). The supracleithrum is long and “narrow”, tapering slightly ventrad. Anteriorly, the 

supracleithrum articulates with the postspiracular bone, operculum, and suboperculum (Fig. 4.4). 
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Figure 4.7. †Lasalichthys otischalkensis n. sp. Isolated elements from the Otis Chalk fish 
locality. (A) NMMNH P-78671, left dermopterotic in dorsal view. (B) NMMNH P-78667, left 
supracleithrum in lateral view. (C) NMMNH P-78668, left supracleithrum in lateral view. (D) 
NMMNH P-78669, right supracleithrum in lateral view. (E) NMMNH P-78670, dorsal portion 
of left supracleithrum in lateral view. (F) NMMNH P-78665, dorsal half of right cleithrum in 
lateral view. (G) NMMNH P-78666, partial right cleithrum in lateral view. (H) NMMNH 
P-78664, left cleithrum in lateral view, unidentified element on top. (I) NMMNH P-78663, left 
cleithrum in lateral view, anterior laminate margin visible. (J) NMMNH P-78662, anal fin and 
portion of body in right lateral view, rounded anal scute visible at origin of fin. Scale bars equal 
5 mm.



 No postcleithrum was visible in any available specimens. 

 The cleithrum is not preserved on either articulated skull (NMMNH P 44698, NMMNH P 

78661). However, there are several complete and partial cleithra preserved as isolated elements 

from the material collected at Otis Chalk (NMMNH P 78663–78666; Fig. 4.7F–I). Though they 

are not articulated to a specimen, I identify them as belonging to †L. otischalkensis based on the 

size of the bones relative to the articulated specimens an the shared type of rugose 

ornamentation, as other cleithra identified from Otis Chalk do not possess this type of 

ornamentation. The cleithrum of †L. otischalkensis is a highly concave bone with an anterior 

facing laminate margin that comprises the posterior boundary of the branchial cavity (Fig. 4.7H–

I). The dorsal process of the cleithrum is tapered dorsally (Fig. 4.7F–I). The anteroventral 

process of the cleithrum is not preserved in the available specimens. The posterior border of the 

cleithrum is convex, with a notch located at the posteroventral corner of the bone (Fig. 4.7G–I). 

This notch is an embayment that allows for the insertion of the pectoral fin into the shoulder 

girdle. 

Paired fins. No paired fins are preserved on the available specimens. 

Median fins. The dorsal fin is not preserved on any of the available specimens, but based on the 

preservation of NMMNH P 44698 (Fig. 4.3), which retains a large portion of the anterior trunk, it 

would have been situated far along the back of †L. otischalkensis, as with other redfieldiiform 

fishes. 
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 One specimen, NMMNH P 78662 (Fig. 4.7J), recognized as †L. otischalkensis because of 

the similar scale morphology on the flank to NMMNH P 44698 (Fig. 4.3), possesses an isolated 

portion of the anal fin and a small portion of the scales near the anal area, including a rounded 

anal scute/scale just anterior to the origin of the anal fin (Fig. 4.7J). The anal fin possesses paired 

fringing fulcra along the first lepidotrichium, and at least six to eight lepidotrichia are exposed 

(Fig. 4.7J). 

 The caudal fin is not preserved on any specimen. 

Squamation. The scales of †L. otischalkensis possess a layer of ganoin, and the surface of each 

scale is relatively devoid of ornamentation or ridges (Fig. 4.3, 4.7J). Each scale is smooth, except 

for very small pits scattered irregularly along the surface of each scale. The scales are rhombic in 

shape, and become shallower ventrally. There are 29 rows of scales preserved on NMMNH P 

44698, so †L. otischalkensis possessed at least that many rows of scales, if not more, anterior to 

the origin of the dorsal and anal fins. The main lateral line passes from the supracleithrum along 

the midflank scales (Fig. 4.3). The lateral-line scales are notched along the posterior margin; 

these notches allow for an opening of lateral-line canal to surface (Fig. 4.3). Additionally, some 

scales along the lateral line have distinct pits on the surface, representing the pit organs (Fig. 4.3; 

Schultze, 1966).  

DISCUSSION 

 Taxonomic comparison and remarks. When Schaeffer (1967) first discussed fish fossil 

remains he collected near Otis Chalk (AMNH 5722 and TMM 31098-44), he commented on the 
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exceptional uncrushed preservation of TMM 31098-44, a partial skull roof and neurocranium 

(Schaeffer, 1967: pl. 19 , figs. 1–4). Schaeffer commented that, upon returning to the Otis Chalk 

sites, he was unable to find any additional specimens, and thus was not able to diagnose the 

specimens beyond “†Synorichthys-Lasalichthys” (Schaeffer 1967). The addition of the NMMNH 

specimens, preserved in a similar three-dimensional state, provide further morphological 

information regarding this species, and thus finally the ability to diagnose these specimens as a 

new species of redfieldiiform fish, †Lasalichthys otischalkensis. 

 As was discussed in Chapter 3, only the condition of the postrostral separated the genera 

†Lasalichthys and †Synorichthys, with little to no other variation occurring to justify the splitting 

of these two genera. As such, †Synorichthys stewarti is now assigned to the genus †Lasalichthys, 

under the new combination †Lasalichthys stewarti. Some characters that are present in the Otis 

Chalk redfieldiiform described herein identify it as †Synorichthys in the traditional definition, 

such as the absence of the postrostral, but †L. otischalkensis also shares characters with †L. 

hillsi, such as the dual parallel rows of pores in the preoperculum that reach the infraorbital 

series, that are not seen in †L. stewarti. †L. otischalkensis also possesses a postspiracular bone, a 

bone not observed in †L. stewarti or †L. hillsi, but is visible in †Synoricthys sp. from the Newark 

Supergroup. 

 †Lasalichthys otischalkensis has been assigned to the genus †Lasalichthys based on the 

following shared characters: absence or highly reduced postrostral; quadrangular nasals fully 

articulating along the midline; large, broad dermosphenotic; large dermopterotic; and triangular, 

paired postparietals; and duplicated, parallel rows of pores. †L. otischalkensis is distinguished 

from all other redfieldiiforms by the condition of the sensory canal pores. †L. otischalkensis 

!195



possesses parallel rows of pores, similar to the condition seen in †L. stewarti and †L. hillsi, but in 

those two taxa, the pores are visible as two distinct parallel rows. In all available specimens of 

†L. otischalkensis, the pores split into two rows, but then split again into three–four parallel 

rows. Though there is some individual variation, the character is consistent with every specimen 

of †L. otischalkensis recovered thus far, even in isolated bones (Fig. 4.7). †L. otischalkensis is 

also unique among all redfieldiiforms in that the preopercular sensory canal is visible as a dual 

row of pores that extends anteriad through the suborbital bone. In †Synorichthys stewarti, the 

preopercular canal is visible only as a single row of pores that ends blindly in the middle region 

of the preopercular bone. In †S. hillsi, the preopercular canal is a dual row of pores that extends 

the entire length of the preoperculum, dorsad from the mandible, then turning anteriad and 

reaching the anterior margin of the preoperculum, but not passing through the suborbital as is 

seen in †L. otischalkensis. 

 Within species from eastern North America, “†Synorichthys sp.” from the Lockatong 

Formation of the Newark Supergroup near North Bergen, New Jersey also possesses dual rows 

of pores (Schaeffer and Mangus, 1970). Another species, †Rushlandia gilli Bock, 1959 was 

recovered from the Lockatong Formation of the Newark Supergroup, from two localities in 

Pennsylvania (Rushland and Fairview Village). †Rushlandia gilli is based on very minimal and 

highly disarticulated dermal skull elements that show an affinity to †Lasalichthys, such as the 

dermal ornamentation pattern and a dual row of sensory pores on a single isolated element. As it 

is so incompletely known, †Rushlandia gilli likely represents a nomen dubium and possibly 

belongs to the same taxon as well. Further investigation of the specimens of †Rushlandia is 

needed. 
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 Other morphological differences distinguish †L. otischalkensis as a different species from 

†L. stewarti, †L. hillsi, or “†S. sp.” On †L. otischalkensis, the suborbital bone articulates with the 

posteroventral infraorbital (Fig. 4.4), whereas this articulation does not occur in †L. stewarti or 

hillsi. The dermosphenotic on †L. stewarti + hillsi possesses a row of denticles on the 

anteroventral margin along the orbit; there is no evidence of these denticles on †L. 

otischalkensis. The dermosphenotic on “†S. sp.” from the Newark Supergroup has a much 

narrower dermosphenotic than the dermosphenotic of †L. stewarti and †L. otischalkensis. The 

supraorbital bone on the other species of †Lasalichthys appears to participate in the orbital 

margin, whereas, in †L. otischalkensis, this bone is isolated from the orbital margin by the 

articulation of the premaxillo-lachrymal and dermosphenotic (Figs. 4.4, 4.5) 

 †Dictyopyge, a species of redfieldiiform fish from the Newark Supergroup (Schaeffer and 

McDonald, 1978), possesses similar skull ornamentation and narrow rounded belly scales to 

what is observed in †Lasalichthys (Schaeffer 1967). †Dictyopyge also has a similar articulation 

between the suborbital and posteroventral infraorbital to what is observed in †L. otischalkensis. 

†Dictyopyge also possesses a single pair of weakly-shaped, triangular postparietals, similar to all 

species of †Lasalichthys. However, similarities beyond those characters in the two taxa are 

minimal; †Dictyopyge possesses singular rows of pores along the sensory canals with different 

patterns along the respective bones, and it is difficult to interpret the snout characteristics of 

†Dictyopyge due to the extreme tuberculation of the snout (Schaeffer and McDonald, 1978). 

 †Redfieldius gracilis from the Newark Supergroup (Schaeffer and McDonald, 1978) and 

†L. otischalkensis also share very little morphological similarities. †Redfieldius possesses three 

postparietals, with one medial postparietal and two somewhat rounded lateral postparietals, 

!197



whereas all species of †Lasalichthys possess only one pair of triangular postparietals. The 

supraorbital sensory canal in †Redfieldius terminates in the parietal bones, where it continues 

posteriad through the postparietals in †L. otischalkensis as well as other species of †Lasalichthys.  

 †Cionichthys is a genus of redfieldiiform that co-occurs with †Lasalichthys in both the 

Chinle Formation and the Dockum Group (Schaeffer, 1967). †Cionichthys greeni from the 

Dockum Group and †C. dunklei from the Chinle Formation share more similarity 

morphologically to †Redfieldius than they do to †Lasalichthys. Both species have a large 

postrostral that separates the nasals medially and articulates with the rostral (the postrostral being 

absent or highly reduced in †Lasalichthys). †Cionichthys has a single pair of postparietals, but 

they are roughly square in shape, as opposed to the triangular postparietals of †Lasalichthys. The 

sensory canals are represented by minimal singular rows of pores in the dermal skull bones, and 

the supraorbital canal terminates posteriorly in the parietal, as opposed to continuing through the 

postparietals in †Lasalichthys. †Cionichthys also lacks the heavy rugose ornamentation observed 

in all species of †Lasalichthys. 

 †Lasalichthys otischalkensis possesses a postspiracular bone, which is observed in 

“†Synorichthys sp.”, but is not present in †L. stewarti or †L. hillsi. The postspiracular bone is 

also present in †Helichthys browni, a redfieldiiform fish from the Triassic Karoo Supergroup of 

South Africa (Hutchinson, 1973a, 1978). †Helichthys browni also possesses a large 

dermosphenotic, similar to L. otischalkensis, but similarities beyond that are not present in the 

two taxa. †Helichthys browni possesses a large postrostral bone that articulates with the rostral 

bone and separates the narrow nasal bones medially. †Helichthys browni possesses two pairs of 

postparietals, compared to the one pair observed in all species of †Lasalichthys; however, the 
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shape of the posterior pair of postparietals in †H. browni is similar in shape (triangular with a 

pointed lateral process) is similar to the shape of the single pair of postparietals observed in 

†Lasalichthys. †Helichthys browni also differs in that it possesses an antoperculum, a bone that is 

present in some South African and Australian redfieldiiform fishes (e.g., †Atopocephala, 

†Brookvalia, †Ischnolepis, †Phlyctaenichthys, †Schizurichthys; Hutchinson, 1973a) but is absent 

in all North American redfieldiiform taxa (including L. otischalkensis) and other global 

redfieldiiforms (e.g., †Daedalichthys, †Denwoodichthys, †Geitonichthys, †Molybdichthys, and 

†Pacorichthys; Hutchinson, 1973a; Sytchevskaya et al., 2009; Lombardo, 2013). 

 The pattern of the supraorbital canal posteriad along the skull roof also shows variation 

among different redfieldiiform fishes. In taxa such as †Molybdichthys, †Lasalichthys, and 

possibly †Helichthys, the supraorbital canal passes into the postparietal; however for 

†Molybdichthys this canal terminates in the middle region of the postparietal, whereas it 

traverses longitudinally the entire length of the postparietal in all species of †Lasalichthys and 

possibly connecting to the supratemporal commissure. In the redfieldiiform taxa †Redfieldius, 

†Cionichthys, †Dictyopyge, and †Pacorichthys, the supraorbital canal terminates posteriorly in 

the parietal bones (Schaeffer, 1967; Schaeffer and McDonald, 1978; Lombardo, 2013). In the 

redfieldiiform taxa †Brookvalia and †Phlyctaenichthys, the supraorbital sensory canal passes into 

the dermopterotic dorsolaterally, rather than passing into the postparietals (Hutchinson, 1973a). 

This pattern is also observed in a few lower actinopterygians, such as †Fukangichthys (e.g., Xu 

et al., 2014a) and †Aeduella (Westoll, 1937). 

 Based on morphological evidence and comparison, †Lasalichthys otischalkensis 

represents a new species co-occurring with †Cionichthys greeni in isolated pond deposits in the 
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Dockum Group. The age of these deposits are older than those of the Chinle Formation and 

Newark Supergroup taxa (e.g., Schaeffer, 1967; Lucas et al., 1993; Heckert, 2004; Martz, 2008), 

thus making †Lasalichthys otischalkensis and †Cionichthys greeni the oldest known 

redfieldiiform fishes found in North America.  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APPENDIX 2.1 

List of phylogenetic characters for Chapter 2. 

1. Relative position of the dorsal fin (López-Arbarello, 2012, modified in Thies and 

Waschkewitz, 2015: character 1): dorsal fin contained between pelvic and anal fins (0), 

dorsal fin opposite to anal fin (1), dorsal fin opposite to pelvic fins (2), dorsal fin 

originates anterior to pelvic fins and extends opposite to anal fin (3), dorsal fin originates 

posterior to pelvic fins and extends opposite to anal fin (4). 

2. Posttemporal fossa (Coates, 1999: character 33): absent (0), present. (1).  

3. Forward extension of the exoccipital around the vagus nerve (Olsen and McCune, 1991: 

character 3): absent (0), present (1). 

4. Opisthotic (Wiley, 1976: character 6c): present (0), absent (1). 

5. Intercalar (Olsen, 1984: character 22): present (0), absent (1). 

6. Basisphenoid (Wiley, 1976: character 17b): present (0), absent (1).  

7. Sphenotic with small dermal component (Grande, 2010: character 23): absent (0), present 

(1). 

8. Posterior myodome (Wiley, 1976: character 2a): present (0), absent (1). 

9. Elongation of the rostral region anterior to the lower jaw symphysis (Grande, 2010: 

character 4): extends anterior to the dentary symphysis by less than 20% of mandibular 

length (0), extends well anterior to the dentary symphysis by more than 50% of 

mandibular length (1). 

10.  Vomers co-ossified (Olsen, 1984: character 38): absent (0), present (1). 

11.  Autopalatine missing (Wiley, 1976: character 11b): absent (0), present (1). 
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12.  Ectopterygoid elongate (Wiley, 1976: character 10b): absent (0), present (1).  

13.  Ectopterygoid participation in palatal surface area (Grande, 2010: character 63): 

ectopterygoid form half or less of the palatal region (0), ectopterygoid forms the majority 

of the palatal region (1). 

14.  Part of dorsal surface of ectopterygoid ornamented and forming part of skull roof 

(Grande, 2010: character 61): absent (0), present (1). 

15.  Endopterygoid dentition: present (0), absent (1). 

16.  Quadrate position in front of the orbit (Wiley, 1976: character 13b): absent (0), present 

(1). 

17.  Splint-like quadratojugal (modified from Brito, 1997: character 32): absent (0), present 

and independent (1), present and partially fused to the quadrate (2), completely fused to 

the quadrate (3). 

18.  Symplectic involvement in jaw joint (modified from Grande and Bemis, 1998: character 

61): does not articulate with lower jaw (0), distal end articulates with articular bone of 

lower jaw (1). 

19.  Ornamentation of the dermal bones of the skull (Grande, 2010: character 2, Grande and 

Bemis, 1998: character 8): ornamented with tubercles or ridges (0), smooth or very 

slightly ornamented (1), ornamented with firmly anchored large conical teeth (2).  

20.  Number of extrascapular bones (modified from Grande and Bemis, 1998: character 49): 

one pair (0), two pairs (1), three or more pairs (2). 

21.  Posterior extension of postparietals median to the single pair of laterally placed 

extrascapular bones: character 21): absent (0), present (1). 
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22.  Relative length of postparietals (parietals) and parietals (frontals) (modified by Thies and 

Waschkewitz, 2015: character 22): length of postparietals less than half but more than 

one-third the length of parietals (0), length of postparietals about half the length of 

parietals (1), length of postparietals less than one-third the length of parietals (2), Length 

of postparietals more than half of the parietals (3). 

23.  Length of parietals (frontals) (from Jain, 1983; modified from Grande and Bemis, 1998: 

character 34; character state 2 from Thies and Waschkewitz, 2015): less than 3 times 

longer than their maximum width (0), 3 or more times longer than their maximum width 

(1), parietals only slightly longer than their maximum width (2). 

24.  Parietal (frontal) bones distinctly broader posteriorly, but long and narrow anteriorly 

(modified from Arratia, 1999: character 188): absent (0), present (1). 

25.  Antorbital portion of parietal (frontal): broad (0), tapering gradually (1), tubular (2). 

26.  Parietal (frontal) ethmoidal sagittal lamina: absent (0), present (1).  

27.  Triangular lateral expansion of antorbital portion of parietal (frontal): absent (0), present 

(1). 

28.  Nasals long and narrow: absent (0), present (1). 

29.  Circumborbital ring (Wiley, 1976: character 9a): supraorbitals do not contact 

infraorbitals at the anterior rim of the orbit (0), supraorbitals contact infraorbitals, closing 

the orbit (1). 

30.  Ventral border of infraorbital series flexes abruptly dorsally at the anterior margin of the 

orbit: absent (0), present (1). 

31.  Large supraorbital bones: absent (0), present (1).   
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32.  Most anterior supraorbital bone trapezoidal, longest at ventral margin, and contacting 

more than one infraorbital bone on ventral margin: absent (0), present (1). 

33.  A series of toothed infraorbitals bordering the snout (Wiley, 1976: character 3b): absent 

(0), present (1).   

34.  Anterior infraorbitals (Olsen and McCune, 1991: character 1): absent (0), present (1). 

35.  Most anterior infraorbital: lower than or equaling the posterior elements (0), deeper than 

posterior elements (1). 

36.  Relative size of the infraorbital bone (or bones) at the posteroventral corner of the orbit: 

not enlarged (0), enlarged, but do not reach the preoperculum (1), enlarged and reach the 

preoperculum (2).  

37.  Shape of the infraorbital bones at the posterior border of the orbit: deeper than long, 

sometimes almost tubular (0), approximately quadrangular (1), longer than deep, 

expanded posteriorly (2).  

38.  Dermosphenotic participation in orbital margin (Grande, 2010: character 16): 

dermosphenotic reaches orbital margin (0), dermosphenotic does not reach orbital margin 

(1).  

39.  Dermosphenotic/sphenotic association (Grande, 2010: character 22): closely associated 

with each other (i.e. contacting or fused to each other) (0), not in contact with each other 

(1).  

40.  Quadrate laterally covered by infraorbital bones: absent (0), present (1). 

41.  Suborbital bones (Grande and Bemis, 1998: character 7): present (0), absent (1). 
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42.  Number of suborbital bones (modified from Cavin and Suteethorn, 2006: character 4): 

one (0), two (1), several arranged in one row, which extends anteriad below the orbit (2), 

mosaic of numerous suborbitals (3), three or four suborbitals arranged in a row, which 

does not extend anteriad below the orbit (4). 

43.  Independent of the total number, there is a large suborbital covering almost the whole 

area between the infraorbital bones and the preoperculum (López-Arbarello, 2012): absent 

(0), present (1). 

44.  First and last suborbitals are larger than the other suborbitals: absent (0), present (1).  

45.  Suborbital series separates preoperculum from dermopterotic: absent (0), present (1).  

46.  Triangular suborbital lateral to quadrate: absent (0), present (1).  

47.  Premaxilla with nasal process (modified from Olsen and McCune, 1991: character 4): 

absent (0), present (1).  

48.  Premaxillary nasal process forming an external dermal component of the skull roof 

(Wiley, 1976: character 5b): absent (0), present (1).   

49.  Supraorbital canal in premaxillary nasal process (Wiley, 1976: character 4b): absent (0), 

present (1).   

50.  Length of maxilla: long, extends backwards lateral to the coronoid process of the lower 

jaw (0), short, does not reach the coronoid process (1), atrophied or absent (2).   

51.  Depth of maxilla: shallow (0), deep (1).  

52.  Supramaxillae (Wiley, 1976: character 3a): absent (0), present, single bone (1), present, 

two bones (2).  

53.  Maxillary teeth (Cavin, 2010: character 30): present (0), absent (1).  
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54.  Plicidentine (Wiley, 1976: character 27b): absent (0), present (1).  

55.  Tritoral dentition (from Jain, 1983): absent (0), moderately tritoral (1), extremely tritoral 

(2).  

56.  Well-developed posteroventral process of the dentary (from Thies, 1989a): absent (0), 

present (1).  

57.  Double row of teeth in dentary (modified from Grande, 2010: character 39): absent (0), 

present (1). 

58.  Mandibular symphysis very deep (from Jain, 1983): absent (0), present (1). 

59.  Extent of teeth on denture (excluding coronoid tooth plates) (Grande, 2010: character 

56): tooth row extends over a third the length of dentary (0), tooth row is present on only 

the anterior one third or less of dentary (1).  

60.  Shape of preoperculum: dorsoventrally elongated without anteroventral arm (0), 

crescent-shaped (1), L-shaped (2). 

61.  Exposure of dorsal limb of preoperculum (Grande, 2010: character 73): mostly exposed 

forming a significant part of the ornamented lateral surface of the skull anterior to the 

operculum (0), entirely covered or nearly entirely covered by other dermal bones in adults 

(1).  

62.  Posterior border of preoperculum notched ventrally: absent (0), present (1).  

63.  Shape of the operculum: subrectangular, deeper than long (0), rounded to quadrate, 

approximately as deep as long (1), tapering anteroventrally (2). 

64.  Suboperculum with well-developed ascending process: absent (0), present (1).  
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65.  Shape of ascending process of the suboperculum: robust, with broad base and rounded 

distal end (0), slender, tapering dorsad (1).  

66.  High ascending process of the suboperculum: less than or equal to half of the length of 

the dorsal border of the bone (0), more than half of the length of the dorsal border of the 

bone (1).  

67.  Suboperculum less than half the depth of the operculum: absent (0), present (1). 

68.  Interoperculum (modified from Wiley, 1976: character 10a): absent (0), present (1).  

69.  Size of interoperculum: large, approximately as long as the ventral arm of the 

preoperculum (0), small, remote from mandible (1).  

70.  Gular plate (modified from Olsen and McCune, 1991: character 8): double (0), single 

(1), absent (2).  

71.  Opistocoelous vertebrae (Wiley, 1976: character 26b): absent (0), present (1). 

72.  Knob-like anteroventral process of posttemporal: absent (0), present (1). 

73.  Supracleithrum with a concave articular facet for articulation with the posttemporal 

(Grande, 2010: character 93): absent (0), present (1).  

74.  Series of denticles along the ridge between the branchial and lateral surfaces of the 

cleithrum (from Bartram, 1977): absent (0), one or two rows (1), several rows (2). 

75.  Fringing fulcra on pectoral fin: present (0), absent (1). 

76.  Fringing fulcra on pelvic fin: present (0), absent (1). 

77.  Large dorsal fin, with more than 20 rays: absent (0), present (1). 

78.  Large basal fulcra in the dorsal and anal fins: absent (0), present (1). 
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79.  Scale-like ray at the dorsal margin of the caudal fin (from Bartram, 1977): absent (0), 

present (1).  

80.  A constant number of exactly eight lepidotrichia in the lower, non-axial lobe of the tail 

(from Bartram, 1977): absent (0), present (1).  

81.  A constant number of exactly six lepidotrichia in the lower, non-axial lobe of the tail: 

absent (0), present (1). 

82.  Body lobe scale row (modified from Lombardo and Tintori, 2008): absent (0), present, 

with additional incomplete row (1), present, without additional incomplete row (2).  

83.  Dorsal ridge of scales (modified from Olsen and McCune, 1991: character 17): 

inconspicuous (0), conspicuous, with a low spine (1), conspicuous, with a deep spine (2), 

toothed or spinose (3). 

84.  Scales of the body with a strong posteriorly directed spine: absent (0), present (1). 

85.  Vertical peg-and-socket articulation: present (0), reduced or absent (1). 

86.  Longitudinal articulation of the scales of the body: absent (0), single (1), double (2).  

87.  Posttemporal penetration by lateral line canal (Grande, 2010: character 91): present (0), 

absent (1). 

88.  Supraorbital sensory canal in postparietal (parietal) (modified from Wiley, 1976): 

supraorbital canal penetrates postparietals at the central portion of these bones (0), 

supraorbital canal running almost on the lateral rim of the postparietals (1), supraorbital 

canal does not penetrate the postparietals (2).  

89.  Orbital canal (sensory canal present in supraorbital bones): absent (0), present (1). 
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90.  Deep groove housing the middle pit line in dermopterotic and postparietal: absent (0), 

present (1). 

91.  Premaxillary teeth: unicuspid (0), bicuspid (1), multicuspid (2). 

92.  Ventral Ridge Scales: absent (0), present (1). 

93.  Scale thickness posterior half of body (striate squamation): no reduction in thickness (0), 

reduced in thickness or lost (1). 

94.  Body deeply fusiform to nearly circular: absent (0), present (1). 

95.  Dorsal and anal fins hem-like: absent (0), present (1). 

96. Suprapreopercular bone (from Bermudez-Rochas and Poyato-Ariza 2014): 0. absent (0), 

present (1). 

97. Number of infraorbitals anterior to the orbit (from Bermudez-Rochas and Poyato-Ariza, 

2014): none (0), one (1), two (2), three (3), four (4), five or more (5). 

98. Tube-like, canal bearing, anterior arm of the antorbital (from Arratia, 2013): absent (0), 

present (1). 

99. Two vertebral centra fused into occipital condyle in adults (from Arratia, 2013): absent 

(0), present (1). 

100. Arrangement of hypurals and caudal fin rays (from Arratia, 2013, modified from 

Grande and Bemis, 1998: character 46): each hypural normally articulated with one 

caudal ray (0), each hypural normally articulated with a few caudal rays (1), hypural plate 

articulated with many rays (2). 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APPENDIX 2.2 

 Morphological Data Matrix for Chapter 2. See Appendix 2.1 for list of characters. 

0 
1

0 
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0 
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0 
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0 
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0 
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0 
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0 
8

0 
9

1 
0

1 
1

1 
2

1 
3

1 
4

1 
5

1 
6

1 
7

1 
8

†Aetheolepis 4 ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ?

Amia 3 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1

†Araripelepidotes 2 1 1 1 1 0 0 0 ? ? ? ? ? ? ? 0 ? ?

†Archaeosemionotus connectens 1 ? ? ? ? ? 0 ? 0 ? ? ? ? 0 ? 0 ? ?

Atractosteus 1 0 0
&
1

1 1 1 1 1 0 0 1 1 1 1 0 1 1 0

†Callipurbeckia minor 0 ? 1 1 1 0 0 ? 0 ? ? 0 0 0 ? 0 ? 0

†Camerichthys ? ? ? ? ? ? 1 ? 0 ? ? ? ? ? ? 0 ? 0

†Dandya ovalis 4 ? ? ? ? ? ? ? 0 ? ? ? ? 0 ? 0 ? ?

†Dapedium caelatum 4 ? ? ? 0 ? ? 0 0 0 1 ? ? ? ? 0 ? 0

†Dapedium pholidotum 4 ? ? ? ? ? ? ? 0 ? 1 ? ? 0 ? ? ? 0

†Dapedium punctatum 4 ? ? ? 0 ? ? ? 0 0 1 ? ? 0 ? 0 ? 0

†Dapedium stollorum 4 ? ? ? ? ? ? ? 0 ? 1 ? ? 0 ? 0 ? ?

†Dentilepisosteus 1 0 1 1 1 1 1 1 1 0 1 1 1 0 ? 1 1 0

†Hemicalypterus weiri 4 ? ? ? ? ? 0 ? 0 ? ? 0 0 0 ? 0 1 ?

†Isanichthys 1 ? ? ? ? ? 0 ? 0 ? ? ? ? ? ? 0 ? ?

†Kyphosichthys grandei 0 ? ? ? ? ? ? ? 0 ? ? ? ? 0 ? 0 1 ?

†Lepidotes elvensis ? ? ? ? ? ? 0 ? 0 ? ? 0 0 0 ? 0 ? ?

†Lepidotes gigas 0 ? ? ? 1 ? 0 ? 0 ? 0 0 0 0 ? 0 1 0

†Lepidotes semiserratus 0 ? 1 1 ? 0 0 0 0 1 ? 0 0 0 ? 0 1 0

Lepisosteus 1 0 1 1 1 1 1 1 0 0 1 1 1 1 0 1 1 0

†Leptolepis ? ? 0 0 0 0 0 0 0 1 ? 0 0 0 ? 0 3 0

†Lophionotus chinleana 0 ? ? ? ? ? 0 ? 0 ? ? ? ? 0 ? 0 1 0

†Lophionotus kanabensis 0 ? ? ? ? ? 0 ? 0 ? 0 0 0 0 ? 0 1 ?

†Lophionotus sanjuanensis 0 ? ? ? ? ? 0 ? 0 ? ? 0 0 0 ? 0 1 ?

†Luoxiongichthys 3 ? ? ? ? ? ? ? 0 ? ? 0 0 0 ? 0 1 ?

†Macrosemimimus fegerti 0 ? ? ? ? 0 0 ? 0 1 ? 0 0 0 ? 0 1 0
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†Macrosemimimus lennieri 0 1 1 1 1 0 0 0 0 1 0 0 0 0 1 0 1 0

†Macrosemius spp 3 ? 1 1 1 1 0 0 0 0 ? 0 0 0 1 0 2 0

†Masillosteus 1 ? ? ? ? ? 1 ? 0 ? ? 0 1 0 ? 1 ? 0

†Neosemionotus 0 ? ? ? ? ? 0 ? 0 0 ? ? ? ? ? 0 ? 0

†Notagogus spp 3 ? ? ? ? ? ? ? 0 ? ? ? ? ? ? 0 2 0

†Obaichthys 1 0 1 1 1 1 1 1 1 0 ? 1 1 0 ? 1 0 0

†Paradapedium egertoni 4 ? ? ? ? ? ? ? 0 ? ? 0 ? 0 ? 0 ? ?

†Paralepidotus 3 ? ? ? ? ? 0 ? 0 0 ? 0 ? ? ? 0 1 ?

†Perleidus 0 1 0 0 0 0 ? 0 0 ? ? 0 ? ? ? 0 0 ?

†Pholidophorus 2 1 0 0 0 0 0 0 0 1 ? 0 0 0 ? 0 3 0

†Pliodetes 2 ? ? ? ? ? 0 ? 1 0 ? ? ? ? ? 0 1 ?

†Propterus spp 3 ? ? ? ? 1 0 ? 0 0 ? ? ? ? 1 0 1 0

†Sangiorgioichthys aldae 0 ? ? ? ? ? 0 ? 0 ? ? ? 0 0 ? ? ? ?

†Sangiorgioichthys sui 0 ? ? ? ? ? 0 ? 0 ? 0 0 0 0 ? 0 1 0

†Sargodon tomicus 4 ? ? ? ? ? ? ? 0 1 ? 0 ? 0 ? 0 ? ?

†Scheenstia laevis 0 ? ? ? ? ? 0 ? 0 ? ? ? ? ? ? 0 ? ?

†Scheenstia mantelli 0 1 1 1 1 0 0 ? 0 1 ? 0 ? ? ? 0 ? ?

†Scheenstia maximus 0 ? ? ? ? ? 0 ? 0 1 0 0 ? ? ? 0 ? ?

†Scheenstia zappi 0 ? ? ? ? ? 0 ? 0 ? 0 0 ? ? ? 0 1 0

†Semiolepis 0 ? ? ? ? ? ? ? 0 ? ? 0 0 0 ? 0 1 ?

†Semionotus bergeri 0 ? ? ? ? ? 1 ? 0 ? ? 0 ? ? ? 0 ? 0

†Semionotus capensis 0 ? ? ? ? ? 1 ? 0 ? 0 0 0 0 ? 0 1 0

†Semionotus elegans 0 ? 1 1 1 ? 1 0 0 0 0 0 0 0 ? 0 1 0

†Siemensichthys 2 ? ? ? ? ? 0 0 0 1 0 0 ? ? ? 0 3 0

†Tetragonolepis oldhami 4 ? ? ? ? ? 0 ? 0 ? ? ? ? 0 ? 0 ? ?

†Tetragonolepis semicincta 4 ? ? ? ? 0 0 ? 0 0 0 ? ? 0 ? 0 1 ?

†Tlayuamichin 0 ? ? ? ? ? 1 ? 0 0 ? 0 ? ? 1 0 ? 0

†Watsonulus 0 1 0 ? 0 ? 0 0 0 0 0 0 0 0 0 0 0 1
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Appendix 2.2 (Continued). 
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†Aetheolepis 0 ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? ? ?

Amia 0 0 0 1 0 0 0 0 0 0 ? 0 ? ? 0 0 ? 1

†Araripelepidotes 1 1 0 1 0 0 0 0 0 ? ? ? 1 ? 0 1 0 2

†Archaeosemionotus connectens 0 ? ? ? 0 0 0 ? 0 ? 1 0 0 0 0 ? ? 1

Atractosteus 0 2 0 0 1 0 0 0 0 0 1 1 1 1 1 1 0 2

†Callipurbeckia minor 0 0 0 2 1 0 1 0 0 1 1 0 0 0 0 1 0 0

†Camerichthys 0 ? ? ? 1 0 1 0 0 1 1 0 0 1 0 1 2 0

†Dandya ovalis 0 2 0 1 0 0 0 ? 0 0 ? 0 ? ? 0 ? ? 0

†Dapedium caelatum 0 2 0 3 2 0 0 ? 0 0 0 0 0 0 0 0 ? ?

†Dapedium pholidotum 0 2 0 3 2 0 ? ? 0 0 1 0 0 0 0 0 ? 1

†Dapedium punctatum 0 2 0 3 2 0 0 ? 0 0 1 0 0 0 0 0 ? 1

†Dapedium stollorum 0 2 0 3 2 0 0 ? 0 0 0 0 0 0 0 0 ? 1

†Dentilepisosteus 2 1 0 0 1 0 0 0 0 0 1 1 0 1 0 1 ? 2

†Hemicalypterus weiri 0 1 0 3 0 1 1 ? 0 ? 1 ? 0 0 0 0 ? 1

†Isanichthys 0 1 0 0 0 0 0 0 0 ? 1 1 1 1 0 1 1 0

†Kyphosichthys grandei 0 1 0 2 1 0 1 ? ? 0 ? 0 0 ? 0 1 1 2

†Lepidotes elvensis 1 0 ? 0 0 0 0 ? 0 0 1 1 1 1 0 1 1 0

†Lepidotes gigas 1 0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 1 0

†Lepidotes semiserratus 0 0 0 0 0 0 0 0 0 0 1 ? 1 1 0 1 1 0

Lepisosteus 0 1 0 0 1 0 0 0 0 0 1 1 1 1 1 1 0 2

†Leptolepis 0 0 0 2 1 1 0 0 0 ? 0 0 0 0 0 0 ? 2

†Lophionotus chinleana 1 0 0 0 0 0 0 0 1 ? 1 1 0 0 0 1 0 2

†Lophionotus kanabensis 1 0 0 0 0 0 1 0 1 ? ? ? ? ? 0 1 ? 2

†Lophionotus sanjuanensis 0 0 0 0 0 0 0 0 1 ? 1 1 0 0 0 1 0 2

†Luoxiongichthys 0 ? ? 0 1 0 0 0 1 1 1 0 0 0 0 1 0 1

†Macrosemimimus fegerti 1 ? 1 0 1 0 2 1 0 1 0 0 0 0 0 1 0 0

†Macrosemimimus lennieri 0 0 0 0 1 0 2 1 0 ? 0 0 1 0 0 1 0 0

†Macrosemius spp 1 ? 1 2 1 0 2 0 0 1 0 0 ? 0 0 1 0 0
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†Masillosteus 0 1 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 2

†Neosemionotus 1 2 0 0 0 0 0 0 0 1 1 0 1 0 0 1 0 0

†Notagogus spp 1 ? 1 2 1 0 2 0 0 ? 0 0 0 0 0 1 0 0

†Obaichthys 2 1 0 0 0 0 0 0 0 0 1 1 0 ? 0 1 0 2

†Paradapedium egertoni 0 0 0 3 0 0 0 ? 0 0 ? 0 ? ? 0 ? ? 0

†Paralepidotus 0 0 0 2 1 0 1 0 0 1 0 0 0 0 0 1 0 1

†Perleidus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0

†Pholidophorus 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0 0 ? 2

†Pliodetes 2 1 0 1 0 0 0 0 0 0 1 1 1 1 0 1 0 1

†Propterus spp 1 ? 1 2 1 0 2 0 0 1 0 0 0 0 0 1 0 0

†Sangiorgioichthys aldae 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 2

†Sangiorgioichthys sui 0 1 0
&
1

0 1 0 0 0 0 1 0 0 0 0 0 1 0 1
&
2

†Sargodon tomicus 0 ? 0 3 0 0 0 ? 0 0 1 0 0 0 0 0 ? 0

†Scheenstia laevis 0 2 0 0 1 0 0 0 0 ? 1 1 1 1 0 1 0 0

†Scheenstia mantelli 0 2 0 0 1 0 0 0 0 ? 1 1 1 1 0 1 0 0

†Scheenstia maximus 0 2 0 0 0 0 0 0 0 ? 1 1 1 1 0 1 0 0

†Scheenstia zappi 0 2 0 0 0 0 0 0 0 0 1 1 1 0 0 1 0 0

†Semiolepis 0 2 0 2 1 0 1 0 0 ? 0 0 0 0 0 1 0 2

†Semionotus bergeri 0 0 0 0 1 0 1 0 1 ? 1 0 0 0 0 1 0 1

†Semionotus capensis 1 1 0 0 1 0 1 0 1 1 0 0 0 0 0 1 0 1

†Semionotus elegans 1 0 0 0 1 0 1 0 1 1 1 0 0 0 0 1 0 0

†Siemensichthys 0 0 0 2 0 0 0 0 0 ? ? 0 ? ? 0 0 ? 2

†Tetragonolepis oldhami 0 0 0 3 0 0 0 ? 0 0 1 0 0 ? 0 0 ? ?

†Tetragonolepis semicincta 0 0 0 3 0 0 0 ? 0 0 1 0 0 0 0 0 ? 0

†Tlayuamichin 0 1 0 2 1 0 1 0 0 1 0 0 0 0 0 1 0 0

†Watsonulus 0 0 0 2 0 0 0 0 0 0 1 0 0 0 0 0 ? 1
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Appendix 2.2 (Continued). 
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†Aetheolepis ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

Amia 2 0 0 0 1 ? ? ? ? ? 1 0 0 0 0 1 0 0

†Araripelepidotes 2 0 0 1 0 4 0 0 0 0 ? 0 ? 1 0 0 1 ?

†Archaeosemionotus connectens 1 ? ? ? 1 4 1 1 0 ? 1 ? ? 1 0 1 0 ?

Atractosteus 1 0
&
1

1 1 0 3 0 0 0 0 1 1 1 2 ? 0 ? 1

†Callipurbeckia minor 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 1 1 0

†Camerichthys 1 0 0 0 0 2 1 1 0 0 1 0 0 0 0 1 ? 0

†Dandya ovalis ? ? ? 0 0 2 0 0 1 1 0 ? ? 0 0 ? 1 ?

†Dapedium caelatum 2 0 0 0 0 2 0 0 0 0 0 ? ? 0 0 1 ? 0

†Dapedium pholidotum 2 0 0 0 0 2 0 0 1 0 ? ? ? 0 0 1 1 0

†Dapedium punctatum 0 0 ? 0 0 2 0 0 1 0 0 ? 0 0 0 ? 1 ?

†Dapedium stollorum 2 0 ? 0 0 2 0 1 1 0 0 ? ? 0 0 1 0 ?

†Dentilepisosteus 2 1 0 1 0 3 0 0 0 0 1 1 1 1 0 1 0 0

†Hemicalypterus weiri 1 0 0 ? 0 2 1 1 0 ? 1 ? ? 0 0 ? 1 ?

†Isanichthys 2 1 ? 0 0 2 0 0 0 0 ? ? ? 0 0 1 0 0

†Kyphosichthys grandei 1 0 ? 1 0 1 0 0 1 0 1 ? ? 0 0 1 0 ?

†Lepidotes elvensis 1 0 ? 0 0 2 0 0 0 0 1 0 ? 0 0 1 0 ?

†Lepidotes gigas 1 0 0 0 0 2 0 0 0 0 1 0 0 0 0 1 0 0

†Lepidotes semiserratus 1 0 0 0 0 2 0 0 0 0 1 0 ? 0 0 1 0 0

Lepisosteus 1 0 1 1 0 3 0 0 0 0 1 1 1 2 ? 0 ? 1

†Leptolepis 2 0 0 0 0 0 1 0 0 0 0 ? ? 0 0 2 0 0

†Lophionotus chinleana 0 0 ? 1 0 0 1 0 0 0 1 0 0 ? 0 ? 0 ?

†Lophionotus kanabensis ? 0 ? 0 0 0 1 0 0 0 1 0 0 ? 0 1 1 ?

†Lophionotus sanjuanensis 0 0 ? 1 0 0 1 0 0 0 1 0 0 0 0 ? 0 ?

†Luoxiongichthys 0 0 ? 1 0 2 0 0 0 0 ? 0 ? 0 1 1 0 ?

†Macrosemimimus fegerti 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 1 1 0

†Macrosemimimus lennieri 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 1 1 0
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†Macrosemius spp 0 0 0 0 1 ? ? ? ? ? 1 0 0 0 0 0 0 0

†Masillosteus 2 0
&
1

1 1 0 3 0 0 0 0 1 1 ? 2 ? 0 ? 1

†Neosemionotus 1 0 0 0 0 4 0 0 0 0 1 0 0 0 0 1 0 0

†Notagogus spp 0 ? 0 0 1 ? ? ? ? ? 1 0 0 0 0 0 0 0

†Obaichthys 1 1 0 1 0 3 0 0 0 0 1 1 1 1 0 ? 0 0

†Paradapedium egertoni 0 ? ? ? 0 2 0 0 1 0 ? ? ? ? ? ? ? ?

†Paralepidotus 0 0 0 0 0 0 1 0 0 0 ? 0 ? ? ? ? 1 ?

†Perleidus 0 0 0 0 0 0 0 0 0 0 0 ? ? 0 0 0 0 0

†Pholidophorus 2 0 0 0 0 0 1 0 0 0 0 ? ? 0 0 2 0 0

†Pliodetes 2 0 0 1 0 3 0 0 0 0 1 1 1 1 0 0 1 0

†Propterus spp 0 0 0 0 1 ? ? ? ? ? 1 0 0 0 0 0 0 0

†Sangiorgioichthys aldae 0 0 0 0 0 2 0 0 1 1 1 0 0 0 0 1 1 ?

†Sangiorgioichthys sui 0 0 0 0 0 2 1 0 0 1 1 0 0 0 0 1 0
&
1

0

†Sargodon tomicus 1 0 ? 0 0 2 0 0 0 1 1 ? ? 0 0 ? 1 ?

†Scheenstia laevis 2 0 0 0 0 2 0 1 0 0 ? 0 ? 1 1 ? 1 0

†Scheenstia mantelli 2 0 0 0 0 2 0 1 0 0 1 0 ? 1 1 1 1 0

†Scheenstia maximus 2 0 0 0 0 2 0 1 0 0 1 0 0 ? ? ? ? 0

†Scheenstia zappi 1 0 0 0 0 2 0 1 0 0 1 0 0 ? ? ? ? 0

†Semiolepis 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0

†Semionotus bergeri 0 0 0 0 0 0 1 0 0 0 1 0 0 ? ? ? 0 0

†Semionotus capensis 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 ? ?

†Semionotus elegans 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0

†Siemensichthys 2 ? 0 0 1 ? ? ? ? ? 0 ? ? 0 0 1 0 0

†Tetragonolepis oldhami ? ? ? 0 0 2 0 1 0 ? ? ? ? ? ? ? 0 ?

†Tetragonolepis semicincta 1 0 ? 0 0 2 0 1 0 0 1 1 0 0 0 ? 0 ?

†Tlayuamichin 0 0 0 0 0 4 0 0 1 0 1 0 0 0 1 1 1 0

†Watsonulus 0 0 0 0 1 ? ? ? ? ? 1 0 0 0 0 1 0 0
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Appendix 2.2 (Continued). 
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†Aetheolepis ? ? ? ? ? ? 1 ? 0 ? ? ? ? ? ? ? ? ?

Amia 0 0 0 0 0 1 0 0 1 1 0 0 1 1 1 1 0 0

†Araripelepidotes 0 0 0 0 ? 2 0 0 1 1 1 0 1 1 1 2 0 0

†Archaeosemionotus connectens 0 0 0 0 0 1 0 0 1 1 1 0 0 1 0 1 ? ?

Atractosteus 0 0 1 0 0 2 1 0 1 1 0 0 0 0 ? 2 1 0

†Callipurbeckia minor 1 1 0 0 0 1 0 0 0 1 1 1 1 1 0 2 0 0

†Camerichthys 1 1 0 0 0 1 0 0 0 1 1 0 ? 1 0 2 ? ?

†Dandya ovalis 0 0 0 0 0 2 ? ? 0 1 ? 0 1 1 0 1 0 0

†Dapedium caelatum 1 ? 0 1 0 2 1 0 0 1 ? 0 0 1 0 1 0 0

†Dapedium pholidotum 1 0 0 1 0 2 1 0 0 0 ? ? 0 1 0 1 0 0

†Dapedium punctatum 1 0 0 1 0 2 1 0 0 0 ? ? 0 1 0 1 0 0

†Dapedium stollorum 1 0 0 1 0 2 1 0 0 1 1 0 0 1 0 1 ? 0

†Dentilepisosteus 0 1 0 0 1 2 0 0 1 1 0 0 0 1 1 2 1 0

†Hemicalypterus weiri 0 0 0 1 0 1 0 0 0 1 1 0 1 1 1 1 0 0

†Isanichthys ? 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 0 0

†Kyphosichthys grandei 0 0 0 1 0 0 0 1 0 1 1 0 1 1 1 ? ? 0

†Lepidotes elvensis 0 1 0 0 0 1 0 0 0 0 ? ? 1 1 0 ? ? 0

†Lepidotes gigas 0 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 0 0

†Lepidotes semiserratus 1 1 0 0 ? 1 0 0 0 1 1 0 1 1 0 2 0 ?

Lepisosteus 0 0 1 0 0 2 1 0 1 1 0 0 0 0 ? 2 1 0

†Leptolepis 0 1 0 0 ? 1 0 0 2 0 ? ? 0 1 0 0 0 0

†Lophionotus chinleana 0 1 0 0 0 1 0 0 0 1 1 0 1 1 1 2 ? 0

†Lophionotus kanabensis 0 1 0 0 1 1 0 0 0 1 1 0 1 1 0 2 ? ?

†Lophionotus sanjuanensis 0 1 0 0 0 2 0 0 0 1 1 0 1 1 1 2 ? 1

†Luoxiongichthys 0 1 0 0 0 1 0 0 0 1 ? ? 0 1 0 2 ? ?

†Macrosemimimus fegerti 1 1 0 0 0 1 0 0 0 1 1 1 1 1 0 2 ? 0

†Macrosemimimus lennieri 2 1 0 1 0 1 0 0 0 1 1 1 1 1 0 2 ? 0

†Macrosemius spp 1 0 0 0 0 1 0 1 0 1 1 0 1 1 1 2 0 0
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†Masillosteus 1 0 0 0 1 2 1 0 1 1 0 0 0 0 ? 2 1 0

†Neosemionotus 0 1 0 0 0 1 0 0 0 1 1 0 1 1 1 2 ? 0

†Notagogus spp 0 0 0 0 0 1 0 1 0 1 1 0 1 1 1 2 0 0

†Obaichthys 0 0 0 0 1 2 0 0 1 1 1 0 1 1 1 2 1 0

†Paradapedium egertoni 0 ? 0 ? 0 2 1 ? 0 0 ? ? 1 1 0 ? 0 0

†Paralepidotus 1 ? 0 0 0 1 0 0 0 1 1 1 1 1 0 2 0 ?

†Perleidus 1 0 0 0 0 0 0 0 1 0 ? ? 0 0 ? 0 0 0

†Pholidophorus 0 1 0 0 0 1 0 0 2 0 ? ? 0 1 ? 0 0 0

†Pliodetes 0 0 0 0 ? 2 0 0 1 1 1 0 0 0 ? 2 0 0

†Propterus spp 0 0 0 0 0 1 0 1 0 1 1 1 1 1 1 2 0 0

†Sangiorgioichthys aldae 0 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 ? 0

†Sangiorgioichthys sui 0 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 ? 0

†Sargodon tomicus 1 0 0 1 0 2 1 ? 0 1 ? 0 0 1 0 ? 0 0

†Scheenstia laevis 2 1 0 1 ? 1 0 0 0 1 0 0 1 1 0 ? ? 1

†Scheenstia mantelli 2 1 0 1 ? 1 0 0 0 1 1 0 1 1 0 2 0 1

†Scheenstia maximus 2 1 0 1 0 1 0 0 0 1 0 0 1 1 0 2 ? 1

†Scheenstia zappi 2 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 ? 1

†Semiolepis 1 1 0 0 0 1 0 0 0 1 1 1 1 1 1 2 0 0

†Semionotus bergeri 0 ? 0 0 0 1 0 0 0 1 1 0 1 1 0 2 ? 0

†Semionotus capensis 0 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 ? 0

†Semionotus elegans 0 1 0 0 0 1 0 0 0 1 1 0 1 1 0 2 0 0

†Siemensichthys 0 1 0 0 ? 1 0 0 2 0 ? ? 0 1 ? 0 0 0

†Tetragonolepis oldhami 0 0 ? 1 ? 1 1 ? 0 0 ? ? 1 1 0 1 0 ?

†Tetragonolepis semicincta 0 0 ? 1 0 1 1 0 0 0 ? ? 1 1 0 0 ? ?

†Tlayuamichin 1 1 0 0 0 1 0 0 0 1 1 1 1 1 0 2 0 0

†Watsonulus 0 1 0 0 0 0 0 0 1 0 ? ? 0 1 1 1 0 0
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Appendix 2.2 (Continued). 
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†Aetheolepis ? ? 1 1 1 1 0 ? ? 0 1 0 0 0 ? ? ? ?

Amia 0 0 1 1 1 ? 0 ? ? ? ? 0 ? ? 0 2 0 0

†Araripelepidotes 1 0 0 0 0 0 0 0 0 0 0 1 0 2 0 2 0 0

†Archaeosemionotus connectens ? ? ? 0 0 1 1 ? ? 1 ? 0 ? ? ? ? ? ?

Atractosteus 1 0 0 0 0 0 0 0 1 0 0 0 1 1 1 2 1 1

†Callipurbeckia minor 1 2 0 0 0 1 0 1 0 1 1 0 0 2 0 1 ? 0

†Camerichthys ? ? ? ? ? ? ? ? ? ? 1 0 ? ? ? ? ? ?

†Dandya ovalis ? ? ? 0 1 0 1 0 0 ? 0 0 ? ? ? ? ? 0

†Dapedium caelatum 0 0 0 0 1 0 1 0 0 0 0 0 0 0 ? ? ? 0

†Dapedium pholidotum 0 0 0 0 1 0 1 0 0 0 1 0 0 0 ? ? 1 1

†Dapedium punctatum 0 ? 0 0 1 0 1 0 0 0 1 0 0 0 ? ? ? 1

†Dapedium stollorum 0 0 0 0 1 0 1 0 0 0 0 0 0 0 ? 1 ? 1

†Dentilepisosteus 0 ? 0 0 0 0 0 0 1 0 0 1 1 1 0 2 0 1

†Hemicalypterus weiri ? 0 ? ? 1 0 1 0 0 0 3 0 0 0 ? 0 0 0

†Isanichthys ? ? ? ? ? 0 ? ? ? ? 0 0 ? ? 0 1 0 0

†Kyphosichthys grandei 1 ? 0 0 0 0 0 0 0 1 1 0 0 ? 0 ? ? ?

†Lepidotes elvensis 1 ? 0 ? ? ? ? ? ? ? 0 0 ? ? 0 ? 0 1

†Lepidotes gigas 1 2 0 ? 0 0 0 0 0 0 0 0 1 2 0 1 ? 1

†Lepidotes semiserratus ? 2 0 0 ? ? ? ? ? ? 0 0 1 2 0 1 ? 1

Lepisosteus 1 0 0 0 0 0 1 0 1 0 0 0 1 1 1 2 1 1

†Leptolepis 0 0 1 1 0 0 0 ? ? ? 0 0 ? ? 0 0 0 0

†Lophionotus chinleana 0 ? 0 0 0 1 1 1 0 ? 2 0 0 ? 0 0 0 0

†Lophionotus kanabensis ? ? ? ? 0 1 ? ? ? ? 2 0 0 ? ? 0 0 0

†Lophionotus sanjuanensis 1 0 0 0 0 1 1 ? ? 1 2 0 0 1 0 0 0 0

†Luoxiongichthys ? ? 0 0 1 0 ? 0 0 1 0 0 0 0 ? ? ? ?

†Macrosemimimus fegerti 1 2 0 0 0 0 0 1 0 1 0 0 0 ? 0 ? 1 0

†Macrosemimimus lennieri 1 2 0 0 0 0 ? ? ? ? 0 0 ? 2 0 0 ? 0

†Macrosemius spp 0 1 1 1 1 ? 1 1 0 ? ? 0 0 0 0 2 ? 0
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†Masillosteus 1 0 0 0 0 0 0 0 1 0 0 0 1 2 1 2 0 1

†Neosemionotus 1 ? ? 0 0 1 1 0 0 0 1 0 ? ? 0 0 ? 0

†Notagogus spp 0 1 0
&
1

1 1 0 0 1 0 ? 0 0 0 0 0 2 0 0

†Obaichthys 0 0 0 0 0 0 ? ? ? ? 0 1 0 1 ? 2 0 0

†Paradapedium egertoni 0 ? ? 0 1 1 ? ? ? ? 1 0 0 0 0 ? ? ?

†Paralepidotus ? 1 0 0 1 0 1 0 0 1 0 0 0 1 0 ? ? 0

†Perleidus 0 0 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 0

†Pholidophorus 0 0 1 1 0 0 0 ? ? ? 0 0 0 0 0 0 0 0

†Pliodetes 1 ? 0 0 0 0 ? ? ? ? 0 1 0 1 0 2 0 0

†Propterus spp 0 1 1 0 1 0 1 1 0 1 0 0 0 0 0 2 0 0

†Sangiorgioichthys aldae ? ? 0 ? 0 0 ? ? ? 2 1 0 0 0 0 0 ? 0

†Sangiorgioichthys sui 0 2 0 0 0 0 1 0 0 2 1 0 0 0 0 0 1 0

†Sargodon tomicus 0 1 ? ? 1 0 1 0 0 ? 0 0 1 0 ? ? 0 ?

†Scheenstia laevis 1 ? 0 0 ? ? ? ? ? ? 0 0 ? ? 0 1 1 1

†Scheenstia mantelli 1 1 0 0 0 0 0 0 0 0 0 0 0 2 0 1 ? 1

†Scheenstia maximus 1 ? 0 0 0 0 0 0 0 0 0 0 ? 2 0 ? 1 ?

†Scheenstia zappi 1 2 ? 0 0 0 0 0 0 0 0 0 ? ? 0 1 1 1

†Semiolepis 1 1 0 0 0 0 1 0 0 1 1 0 0 1 0 ? ? ?

†Semionotus bergeri ? 1 0 0 0 1 ? 1 0 ? 2 0 0 1 0 0 0 0

†Semionotus capensis 1 ? 0 0 0 1 1 1 0 1 2 0 0 1 0 0 0 0

†Semionotus elegans 0 1 0 0 0 1 ? 1 0 1 2 0 ? ? 0 0 0 0

†Siemensichthys 0 0 0 0 0 0 0 ? ? 0 0 0 0 0 0 0 0 0

†Tetragonolepis oldhami ? ? ? ? 1 0 ? ? ? ? 1 0 0 0 ? ? ? ?

†Tetragonolepis semicincta 0 ? ? ? 1 0 1 0 0 0 1 0 0 0 0 0 0 ?

†Tlayuamichin 1 2 0 0 0 1 0 1 0 1 1 0 ? 2 0 0 1 0

†Watsonulus 0 0 0 0 0 0 ? 0 0 0 0 0 0 0 0 0 0 0
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Appendix 2.2 (Continued). 
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†Aetheolepis ? 0 1 1 0 ? ? ? ? 0

Amia 0 0 ? 0 0 0 0 1 1 0

†Araripelepidotes 0 0 0 0 0 0 1 1 ? ?

†Archaeosemionotus connectens 0 0 ? 0 0 0 ? ? ? ?

Atractosteus 0 0 0 0 0 0 4 1 ? ?

†Callipurbeckia minor 0 0 0 0 0 0 2 ? ? ?

†Camerichthys 0 0 ? 0 ? 1 3 0 ? ?

†Dandya ovalis 0 0 1 1 1 0 ? ? ? 0

†Dapedium caelatum 0 ? 0 1 1 0 0 0 ? ?

†Dapedium pholidotum 0 0 0 1 1 0 0 0 ? ?

†Dapedium punctatum 0 0 0 1 1 0 0 0 ? ?

†Dapedium stollorum 0 0 0 1 1 0 0 0 ? ?

†Dentilepisosteus 0 0 0 0 0 0 5 1 ? ?

†Hemicalypterus weiri 2 1 1 1 1 0 0 0 ? 0
&
1

†Isanichthys 0 0 0 0 0 0 2 0 ? ?

†Kyphosichthys grandei 0 0 0 1 0 0 2 1 ? ?

†Lepidotes elvensis 0 0 ? 0 0 0 2 ? ? ?

†Lepidotes gigas 0 0 0 0 0 0 2 ? ? ?

†Lepidotes semiserratus 0 0 0 0 0 0 3 ? ? ?

Lepisosteus 0 0 0 0 0 0 4 1 1 0

†Leptolepis 0 ? ? 0 0 0 0 0 0 1

†Lophionotus chinleana 0 0 0 0 0 0 2 1 ? ?

†Lophionotus kanabensis 0 0 0 0 0 0 2 1 ? ?

†Lophionotus sanjuanensis 0 0 0 0 0 0 3 1 ? ?

†Luoxiongichthys 0 0 0 0 0 0 3 1 ? ?

†Macrosemimimus fegerti 0 0 0 0 0 0 4 0 ? ?

†Macrosemimimus lennieri 0 0 0 0 0 0 3 ? ? ?
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†Macrosemius spp 0 0 ? 0 0 0 3 1 ? ?

†Masillosteus 0 0 0 0 0 0 2 1 ? ?

†Neosemionotus 0 0 0 0 0 0 2 1 ? ?

†Notagogus spp 0 0 ? 0 0 0 3 1 ? ?

†Obaichthys 0 0 0 0 0 0 5 1 1 0

†Paradapedium egertoni 0 1 0 1 1 ? ? 0 ? ?

†Paralepidotus 0 0 ? 0 0 0 3 1 ? ?

†Perleidus 0 0 ? 0 0 0 0 0 ? ?

†Pholidophorus 0 ? ? 0 0 0 0 0 ? 1

†Pliodetes 0 0 0 0 0 0 ? 1 ? ?

†Propterus spp 0 0 ? 0 0 0 3 1 ? 0

†Sangiorgioichthys aldae 0 0 0 0 0 0 1 1 ? ?

†Sangiorgioichthys sui 0 0 0 0 0 0 1 1 ? ?

†Sargodon tomicus 1 1 1 1 1 0 0 0 ? 0
&
1

†Scheenstia laevis 0 0 0 0 0 0 3 ? ? ?

†Scheenstia mantelli 0 0 0 0 0 0 3 ? ? ?

†Scheenstia maximus 0 0 0 0 0 0 2 ? ? ?

†Scheenstia zappi 0 0 0 0 0 0 3 1 ? ?

†Semiolepis 0 0 ? 0 0 0 3 1 ? ?

†Semionotus bergeri 0 0 0 0 0 0 ? 1 ? ?

†Semionotus capensis 0 0 0 0 0 0 ? 1 ? ?

†Semionotus elegans 0 0 0 0 0 0 1 1 ? 0

†Siemensichthys 0 ? ? 0 0 0 ? 0 0 ?

†Tetragonolepis oldhami 0 1 0 1 1 ? ? 0 ? ?

†Tetragonolepis semicincta 0 1 0 1 1 0 0 0 ? 0
&
1

†Tlayuamichin 0 0 0 0 0 0 5 1 ? ?

†Watsonulus 0 0 ? 0 0 0 0 1 ? ?

9 
1

9 
2

9 
3

9 
4

9 
5

9 
6

9 
7

9 
8

9 
9 

1 
0 
0

!250



APPENDIX 3.1 

Summarized list of all taxa currently and previously attributed to †Redfieldiiformes, with notes 
concerning current status, considerations, or synonymies indicated by subsequent studies. 
Currently valid taxa indicated in bold. 

Original Name Author Synonymized/
Current Status

Author of 
changes  
(if any)

†Atopocephala watsoni Brough, 1934 valid

†Beaconia spinosa Wade, 1935 †Brookvalia 
spinosa

Hutchinson, 1973a

†Brookvalia gracilis Wade, 1933 valid Hutchinson, 1973a

†Brookvalia latipennis (Wade, 1935) valid Hutchinson, 1973a

†Brookvalia parvisquamata Wade, 1933 †Brookvalia 
gracilis

Hutchinson, 1973a

†Brookvalia propennis Wade, 1933 valid

†Brookvalia spinosa (Wade, 1935) valid Hutchinson, 1973a

†Catopterus  minor Newberry, 1888 †Redfieldius 
gracilis

Schaeffer and 
McDonald, 1978

†Catopterus anguilliformis W. C. Redfield, 1841 †Redfieldius 
gracilis

Schaeffer and 
McDonald, 1978

†Catopterus gracilis J. H. Redfield, 1837 †Redfieldius 
gracilis

Hay, 1899

†Catopterus macrurus W. C. Redfield, 1841 †Dictyopyge 
macrura 
(=macrurus)

Lyell, 1847

†Catopterus ornatus Newberry, 1888 †Redfieldius 
gracilis

Schaeffer and 
McDonald, 1978

†Catopterus parvulus W. C. Redfield, 1841 †Redfieldius 
gracilis

Schaeffer and 
McDonald, 1978

†Catopterus redfieldi Lyell, 1847 †Redfieldius 
gracilis

Schaeffer and 
McDonald, 1978

†Cionichthys dunklei Schaeffer, 1967 valid

†Cionichthys greeni Schaeffer, 1967 valid

†Daedalichthys formosa (Broom, 1909) valid

†Daedalichthys higginsi Brough, 1931 †Daedalichthys 
formosa

Jubb and 
Gardiner, 1975

Original Name
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†Denwoodichthys breviprinnus Sytchevskaya et al., 2009 valid

†Dictyopgye formosa Broom, 1909 †Daedalichthys 
formosa

Jubb and 
Gardiner, 1975

†Dictyopleurichthys latipennis Wade, 1935 †Brookvalia 
latipennis

†Dictyopyge (?) draperi Woodward, 1893 †Helichthys 
draperi

Broom, 1909; 
Schaeffer and 
McDonald, 1978

†Dictyopyge catoptera Traquair, 1877 indeterminate Schaeffer and 
McDonald, 1978

†Dictyopyge decipens Brough, 1931 †Dictyopyge 
macrura 
(=macrurus)

Schaeffer and 
McDonald, 1978

†Dictyopyge illustrans Woodward, 1890 cf. †Helichthys Wade, 1940

†Dictyopyge macrura 
(=macrurus)

(W. C. Redfield, 1841) valid

†Dictyopyge meekeri Schaeffer and McDonald, 
1978

valid

†Dictyopyge rhenana Deecke, 1889 indeterminate Schaeffer and 
McDonald, 1978

†Dictyopyge robusta Woodward, 1890 cf. †Helichthys Wade, 1940

†Dictyopyge socialis (Berger, 1843) indeterminate Schaeffer and 
McDonald, 1978

†Dictyopyge superstes (Egerton, 1858) indeterminate Schaeffer and 
McDonald, 1978

†Dictyopyge symmetrica Woodward, 1890 palaeonisciform Wade, 1940

†Endemichthys likhoeli Forey and Gardiner, 1973 indeterminate

†Geitonichthys ornatus Wade, 1935 valid

†Helichthys browni Broom, 1909 valid

†Helichthys ctenipteryx Brough, 1931 †Helichthys 
browni

Hutchinson, 1978

†Helichthys draperi Broom, 1909 †Dicellopyge Brough, 1931

†Helichthys elegans Brough, 1931 †Helichthys 
browni

Hutchinson, 1978

†Helichthys grandipennis Brough, 1931 †Helichthys 
browni

Hutchinson, 1978

Author Synonymized/
Current Status

Author of 
changes  
(if any)

Original Name
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†Helichthys obesus Brough, 1931 †Helichthys 
browni

Jubb and 
Gardiner, 1975

†Helichthys stegopygae Brough, 1931 †Helichthys 
browni

Jubb and 
Gardiner, 1975

†Helichthys tenuis Broom, 1909 †Dicellopyge Brough, 1931

†Ischnolepis bancrofti Haughton, 1934 valid

†Lasalichthys hillsi Schaeffer, 1967 valid

†Lasalichthys stewarti (Schaeffer, 1967) valid this study

†Mauritanichthys rugosus Martin, 1980 valid

†Molybdichthys junior Wade, 1935 valid

†Pacorichthys sangiorgioi Lombardo, 2013 valid

†Palaeoniscus catoptera Egerton, 1858 †Dictyopyge 
catoptera

Traquair, 1877

†Palaeoniscus superstes Egerton, 1858 †Dictyopyge 
superstes

Zittel, 1887

†Phlyctaenichthys pectinatus Wade, 1935 valid

†Pseudobeaconia bracaccinii Bordas, 1944 Belongs in 
†Perleidiformes

Hutchinson, 1973a

†Pseudobeaconia elegans Bordas, 1944 Belongs in 
†Perleidiformes

Hutchinson, 1973a

†Redfieldius gracilis (J. H. Redfield, 1837) valid

†Redfieldius obrai Bock, 1959 indeterminate Schaeffer and 
McDonald, 1978

†Rushlandia gilli Bock, 1959 indeterminate, 
likely nomen 
dubium

Schaeffer and 
McDonald, 1978; 
Murry, 1986; this 
study

†Sakamenichthys germaini Lehman et al., 1959 indeterminate

†Schizurichthys pulcher Wade, 1935 valid

†Semionotus socialis Berger, 1843 †Dictyopyge 
socialis

Strüver, 1864

†Sinkiangichthys longipectoralis Liu, 1958 indeterminate, 
not 
redfieldiiform

Hutchinson, 
1973a; this study

†Synorichthys stewarti Schaeffer, 1967 †Lasalichthys 
stewarti

this study

Author Synonymized/
Current Status

Author of 
changes  
(if any)

Original Name
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APPENDIX 3.2  

Taxa included in this phylogenetic study and literature and/or specimens examined. 

Taxon Source Examined 
Specimnes

Order 
Redfieldiiformes

“Otis Chalk Redfieldiid” U. Triassic, North 
America

Schaeffer, 1967 TMM 31098-44; 
NMMNH P 25801, P 
44698, P 78661–
78677

Order 
Redfieldiiformes

†‘Dictyopyge’ illustrans 
(=Helichthys)

M. Triassic, 
Australia

BMNH P 6269, P 
18111, P 33239; 
NMNH V 1831

Order 
Redfieldiiformes

†‘Dictyopyge’ robusta 
(=Helichthys)

M. Triassic, 
Australia

BMNH P 3568, P 
6271, P 18110

Order 
Semionotiformes

†Acentrophorus varians U. Permian, 
United Kingdom

Gill, 1923 NMNH V 5980

Order 
Palaeonisciformes 
   Family 
Amblypteridae

†Amblypterus latus L. Permian, 
Germany

Gardiner, 1963; 
Dietze, 2000

—

Order 
Redfieldiiformes

†Atopocephala watsoni L. Triassic, South 
Africa 

Brough, 1934; 
Hutchinson, 1973

AMNH 10487 
(peel); BMNH P 
16079, P 16080; 
FMNH UF 313

Order Scanilepiformes †Beishanichthys 
brevicaudalis

L. Triassic, China Xu and Gao, 
2011

—

Order indeterminate 
   Family incertae 
sedis

†Belichthys minimus L. Triassic, 
Australia

Wade, 1935; 
Hutchinson, 1975

BMNH P 15864–5, P 
15870, P 16360

Order 
Ptycholepiformes 
   Family 
Boreosomidae

†Boreosomus gillioti L. Triassic, 
Madagascar

Priem, 1924 BMNH P 19691, P 
50125, P 50126, P 
63969; NMNH V 
21468

Order 
Palaeonisciformes 
   Family 
Dicellopygidae

†Brachydegma caelatum L. Permian, 
North America

Dunkle, 1939; 
Daly 1973

—

Order 
Redfieldiiformes

†Brookvalia gracilis M. Triassic, 
Australia

Wade, 1933, 
1935; 
Hutchinson, 1973

AMNH 4707; 
BMNH P 15813, P 
15827, P 24711, P 
24722

Order 
Redfieldiiformes

†Brookvalia latipennis M. Triassic, 
Australia

BMNH P 15883

Order 
Redfieldiiformes

†Brookvalia propennis M. Triassic, 
Australia

Wade, 1933; 
Hutchinson, 1973

BMNH P 15825, P 
15868, P 24710

Taxon
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Order 
Redfieldiiformes

†Brookvalia sp. M. Triassic, 
Australia

AMNH 6335

Order 
Redfieldiiformes

†Brookvalia spinosa M. Triassic, 
Australia

Wade 1935; 
Hutchinson, 1973

BMNH P 16211–
16212

Order indeterminate 
   Family 
Cheirolepididae

†Cheirolepis canadensis U. Devonian, 
Canada

Arratia and 
Cloutier, 1996

—

Order 
Redfieldiiformes

†Cionichthys dunklei U. Triassic, North 
America

Schaeffer, 1967 AMNH 5615–19, 
5621–32, 5645, 
5650–51, 5670; 
NMNH V 23411, V 
23413; UMNH VP 
22906, VP 22909, 
LVF10-29, 
LVF12-07, 
LVF12-52, 
LVF12-69

Order 
Redfieldiiformes

†Cionichthys greeni U. Triassic, North 
America

Schaeffer, 1967 AMNH 5600

Order 
Redfieldiiformes

†Cionichthys sp. U. Triassic, North 
America

AMNH 5593, 5620, 
5661; DMNH 
1997-161; UMNH 
VP 22902, VP 
22907, LV05-53, 
LV05-87, LVF12-04

Order Perleidiformes 
   Family 
Colobodontidae

†Colobodus baii M. Triassic, 
China

Sun et al., 2008 —

Order 
Redfieldiiformes

†Daedalicthys formosa 
(=higginsi)

L. Triassic, 
Australia

Brough, 1931; 
Hutchinson, 1973

BMNH P 17532–
17533, P 17238

Order 
Redfieldiiformes

†Denwoodichthys 
brevipinnus

U. Triassic, South 
Africa

Sytchevskaya et 
al., 2009

—

Order 
Palaeonisciformes 
   Family 
Dicellopygidae

†Dicellopyge 
macrodentata

L. Triassic, 
Australia

Brough, 1931; 
Hutchinson, 1975

—

Order 
Redfieldiiformes

†Dictyopyge catoptera U. Triassic, North 
America

BMNH P 1033, P 
3490–3491; NMNH 
V 21371

Order 
Redfieldiiformes

†Dictyopyge macrurus U. Triassic, North 
America

Schaeffer and 
McDonald, 1978

AMNH 654G, 1541, 
4764, 4766, 4769, 
4877, 5241, 6770; 
BMNH P 11129

Source Examined 
Specimnes

Taxon
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Order 
Redfieldiiformes

†Dictyopyge meekeri U. Triassic, North 
America

Schaeffer and 
McDonald, 1978

AMNH 4733, 4740–
41, 4743, 4756, 
4762, 4876, 4927, 
5244

Order Scanilepiformes †Fukangichthys 
longidorsalis

M. Triassic, 
China

Xu et al., 2014a AMNH 1964 (peel 
of IVPP V 4096.1)

Order 
Redfieldiiformes

†Geitonichthys ornatus M. Triassic, 
Australia

Wade 1935; 
Hutchinson, 1973

BMNH P 15859, P 
15880, P 24698

Order 
Palaeonisciformes 
   Family 
Elonichthydae

†Gonatodus punctatus L. Carboniferous, 
Scotland

Gardiner, 1967 —

Order 
Palaeonisciformes

†Haplolepis ovoidea U. 
Carboniferous, 
North America

Westoll, 1944 AMNH 1960, 1979

Order 
Redfieldiiformes

†Helichthys browni L. Triassic, South 
Africa

Hutchinson, 1978 AMNH 8062–63, 
8065, 11213–14

Order 
Redfieldiiformes

†Helichthys browni 
(=‘ctenopteryx’)

L. Triassic, South 
Africa

Hutchinson, 1978 FMNH UF 298–299, 
UF 301–302

Order 
Redfieldiiformes

†Helichthys browni 
(=‘elegans’)

L. Triassic, South 
Africa

Brough, 1931; 
Hutchinson, 
1973; 
Hutchinson, 1978

FMNH UF 300, UF 
304–306

Order 
Redfieldiiformes

†Helichthys sp. L. Triassic, South 
Africa

BMNH P 16086–
16087, P 16099, P 
16117; FMNH UF 
311, UF 10379

Order 
Redfieldiiformes

†Helicthys browni 
(=‘stenopygae’)

L. Triassic, South 
Africa

Hutchinson, 1978 FMNH UF 303

Order 
Redfieldiiformes

†Ischnolepis bancrofti L. Triassic, 
Zambia

Haughton, 1934; 
Hutchinson, 
1973a

BMNH P 27577–
27578

Order 
Redfieldiiformes

†Lasalichthys 
(=“Synorichthys”) sp. 
(Chinle Fm.)

U. Triassic, North 
America

AMNH 5674

Order 
Redfieldiiformes

†Lasalichthys 
(=“Synorichthys”) sp. 
(Newark Spgp.)

U. Triassic, North 
America

Schaeffer and 
Mangus, 1970

AMNH 3983

Order 
Redfieldiiformes

†Lasalichthys 
(=“Synorichthys”) 
stewarti

U. Triassic, North 
America

Schaeffer, 1967 AMNH 5646, 5663–
69, 5671–73, 
56755678; NMNH V 
23415–16; UMNH 
LVF12-23

Source Examined 
Specimnes

Taxon
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Order 
Redfieldiiformes

†Lasalichthys hillsi U. Triassic, North 
America

Schaeffer, 1967 AMNH 5636–44, 
5647, 5722; NMNH 
V 23414; UMNH 
LVF15-24

Order 
Redfieldiiformes

†Mauritanichthys 
rugosus

U. Triassic, 
Morocco

Martin, 1980; 
Martin, 1982

MNHN ALM 312 
(photographs), 
AMNH 10488 (peel 
of ALM 312)

Order 
Palaeonisciformes

†Mesopoma carricki L. Carboniferous, 
Scotland

Coates, 1999 —

Order 
Palaeonisciformes 
   Family incertae 
sedis

†Mimipiscis (=Mimia) 
toombsi

U. Devonian, 
Australia

Gardiner, 1984; 
Trinajstic 1999; 
Choo 2011

—

Order 
Redfieldiiformes

†Molybdichthys junior M. Triassic, 
Australia

Wade 1935; 
Hutchinson, 1973

BMNH P 16822, P 
16204, P 24696–
24696

Order 
Palaeonisciformes

†Moythomasia 
durgardinga

U. Devonian, 
Australia

Gardiner, 1984 —

Order 
Redfieldiiformes

†Pacorichthys 
sangiorgioii

M. Triassic, Italy-
Switzerland

Lombardo, 2013 —

Order Perleidiformes 
   Family Perleididae

†Perleidus altolepis M. Triassic, Italy-
Switzerland

Lombardo, 2011 —

Order 
Redfieldiiformes

†Phlyctaenichthys 
pectinatus

M. Triassic, 
Australia

Wade, 1935; 
Hutchinson, 1973

BMNH P 16205–
16206

Order 
Palaeonisciformes 
   Family incertae 
sedis

†Pteronisculus nielseni M. Triassic, 
China

Xu et al., 2014b —

Order 
Ptycholepiformes 
   Family 
Ptycholepididae

†Ptycholepis marshi U. Triassic, North 
America

Schaeffer et al., 
1975

AMNH 575

Order 
Redfieldiiformes

†Redfieldius gracilis L. Jurassic, North 
America

Schaeffer and 
McDonald, 1978

AMNH 4827–28; 
FMNH P 15152–
15155; NMNH PAL 
279569–70, PAL 
279575, PAL 
279578–81, NMNH 
V 1942, V 3050–51, 
V 4651, V 4662, V 
6051, V 8105, V 
8115, V 21658, V 
215153, V 279554, 
V 279558, V 
279559, V 279566

Source Examined 
Specimnes

Taxon
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Order 
Redfieldiiformes

†Redfieldius gracilis 
(=minor?)

L. Jurassic, North 
America

AMNH 639, 648G

Order 
Redfieldiiformes

†Redfieldius redfieldi L. Jurassic, North 
America

NMNH PAL 279462, 
PAL 279469–70, V 
1862–63, V 1938

Order 
Redfieldiiformes

†Redfieldius sp. L. Jurassic, North 
America

AMNH 6704–05, 
6707, 6709–16, 
6718, 6721–22; 
FMNH PF 15151, 
UC 2007, UF 450–
451; NMNH PAL 
215150, PAL 
215152, PAL 
283117, V 14935, V 
18328–30, V 22742

Order 
Redfieldiiformes

†Sakamenichthys 
germaini

L. Triassic, 
Madagascar

Lehman et al., 
1959

MNHN MAT13 a, b 
(photographs)

Order 
Redfieldiiformes

†Schizuricthys pulcher M. Triassic, 
Australia

Wade 1935; 
Hutchinson, 1973

BMNH P 15891–
15892

Order 
Redfieldiiformes

†Sinkiangichthys 
longipectoralis

L. Triassic, China Liu, 1958 IVPP V949 
(photographs), 
AMNH 10486 (peel 
of IVPP V949)

Order indeterminate 
  Family incertae sedis

†Tanaocrossus 
kalliokoskii

U. Triassic, North 
America

Schaeffer, 1967 AMNH 5700; 
UMNH VP 22905

Order 
Palaeonsiciformes 
   Family 
Palaeoniscidae

†Turseodus dolorensis U. Triassic, North 
America

Schaeffer, 1967 AMNH 5603–15, 
5633–34, 5648

Order 
Palaeonisciformes 
    Family 
Rhadinichthyidae

†Wendyichthys dicksonsi L. Carboniferous, 
North America

Lund and Poplin, 
1997

—

Order Amiiformes Amia calva Recent, North 
America

Grande and 
Bemis, 1998

—

Source Examined 
Specimnes

Taxon
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Order 
Redfieldiiformes

indet. Redfieldiiformes U. Triassic, North 
America

UMNH VP 22908, 
LV05-55, LV05-53, 
LV05-74, LV05-76, 
LV05-87, LV05-93, 
LV05-109, 
LVF10-01, 
LVF10-05, 
LVF10-10, 
LVF10-12, 
LVF10-14, 
LVF10-30, 
LVF12-37, 
LVF12-93, 
LVF15-13

Source Examined 
Specimnes

Taxon
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APPENDIX 3.3 

Morphological character matrix of 42 taxa and 115 characters used in this study. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

†Acentrophorus varians 1 0 1 ? 1 0 1 3 0 2 ? 1 0 0 1 ? 1

†Amblypterus latus ? 0 ? ? 0 0 1 2 0 2 ? 0 1 0 1 ? 0

Amia calva 1 0 1 ? 1 0 1 2 0 0 ? 1 0 1 1 0 1

†Atopocephala watsoni ? 0 1 ? 0 1 0 2 1 0 2 0 2 0 0 ? 0

†Beishanichtys brevicaudalis ? 0 0 0 0 0 1 2 0 2 ? 0 1 0 1 ? 0

†Belichthys minimus ? 0 1 ? 0 1 0 1 2 0 ? 0 1 0 0 ? 0

†Boreosomus gillioti 0 1 ? ? 0 ? 1 2 0 1 ? 0 1 0 1 ? 0

†Brachydegma caelatum ? ? ? ? ? ? ? 2 0 3 ? 0 3 0 1 ? 0

†Brookvalia gracilis ? 0 1 ? 0 2 0 2 1 0 ? 0 2 0 0 1 0

†Cheirolepis canadensis 0 0 0 0 0 0 0 2 0 2 3 0 1 0 1 0 0

†Cionichthys dunklei ? 0 0 1 0 1 0 1 0 1 4 0 1 0 1 ? 0

†Cionichthys greeni ? 0 0 1 0 1 0 1 0 1 4 0 1 0 1 ? 0

†Colobodus baii ? ? ? ? ? 0 ? 2 0 2 0 0 1 0 1 ? 0

†Daedalichthys formosa ? 0 1 ? 0 1 0 1 1 1 3 0 1 0 1 ? 0

†Denwoodichthys brevipinnus ? ? ? ? ? ? ? 1 1 1 ? 0 1 0 1 ? ?

†Dicellopyge macrodentata ? 0 0 2 0 0 ? 2 1 0 ? 0 1 0 1 ? 0

†Dictyopyge macrurus ? 0 ? ? 0 1 ? 1 0 2 1 0 3 0 1 ? 0

†Fukangichthys longidorsalis ? 0 1 ? 0 1 1 2 2 1 4 0 1 0 1 ? 0

†Geitonichthys ornatus ? 0 0 1 0 1 0 2 1 1 3 0 2 0 ? 2 0

†Gonatodus punctatus ? 0 0 2 0 0 0 2 2 0 ? 0 1 0 1 ? 0

†Haplolepis ovoidea ? ? ? ? ? ? ? 2 0 0 0 0 0 0 1 ? 0

†Helichthys browni ? 0 0 1 0 1 0 1 1 1 0 0 1 0 1 ? 0

†Ischnolepis bancrofti ? 0 1 ? 0 1 0 2 1 1 0 0 2 0 0 ? 0

†Lasalichthys hillsi ? 0 0 1 0 1 0 1 0 1 0 0 1 0 1 ? 0

†Lasalichthys sp. Newark ? 0 0 1 0 1 0 1 1 0 0 0 1 0 1 ? 0

†Lasalichthys stewarti ? 0 0 1 0 1 0 1 1 1 0 0 1 0 1 ? 0

†Mauritanichthys rugosus ? 0 0 1 0 1 0 1 0 1 ? 0 2 0 1 ? 0
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†Mesopoma carricki ? 0 0 1 0 0 1 1 2 1 ? 0 1 0 1 ? 0

†Mimipiscis toombsi 0 0 0 1 0 0 1 2 0 1 3 0 1 0 1 0 0

†Molybdichthys junior ? ? ? ? ? 1 0 2 1 1 3 0 2 0 0 ? 0

†Moythomasia durgaringa 0 0 0 1 0 0 1 2 0 2 ? 0 1 0 1 ? 0

Otis Chalk redfieldiiform ? 0 0 1 0 1 0 1 1 0 1 0 1 0 1 ? 0

†Pacorichthys sangiorgioii ? 0 0 1 0 1 0 2 0 2 ? 0 3 0 0 ? 0

†Perleidus altolepis 1 0 1 ? 1 1 0 2 0 2 ? 0 3 0 1 ? 0

†Phlyctaenichthys pectinatus ? 0 1 ? 0 ? 0 2 1 2 ? 0 1 0 0 2 0

†Pteronicsculus nielseni 0 0 0 ? 0 0 0 1 2 2 1 0 1 0 1 ? 0

†Ptycholepis marshi ? 0 0 0 0 1 1 1 0 0 0 0 0 0 1 ? 0

†Redfieldius gracilis ? 0 0 1 0 1 0 1 0 2 2 0 1 0 1 ? 0

†Schizuricthys pulcher ? ? 1 ? ? ? ? 2 1 1 ? 0 2 0 0 ? 0

†Tanaocrossus kalliokoskii ? 0 0 0 0 0 ? 2 0 2 1 0 3 0 1 2 0

†Turseodus dolorensis ? 0 0 1 0 1 1 1 2 1 ? 0 1 0 1 ? 0

†Wendyichthys dicksoni ? 1 ? ? ? ? ? 2 0 1 1 0 1 0 1 ? 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
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Appendix 3.3 (continued). 

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34

†Acentrophorus varians 1 1 0 0 0 0 ? ? ? ? 0 ? 0 1 0 ? 2

†Amblypterus latus ? 1 1 0 0 0 0 0 2 0 0 0 1 0 ? 1 ?

Amia calva 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 2

†Atopocephala watsoni 1 0 2 1 1 0 0 ? ? ? 0 1 0 ? 2 0 1

†Beishanichtys brevicaudalis 1 1 0 1 0 0 2 0 1 0 0 ? 1 0 1 1 0

†Belichthys minimus ? 1 1
&
2

0 0 0 ? 0 ? 0 ? 0 1 0 1 1 0

†Boreosomus gillioti 1 0 1 0 1 0 2 0 0 0 0 0 1 0 1 1 0

†Brachydegma caelatum 1 2 0 ? 0 0 1 ? ? 1 0 ? ? ? ? ? ?

†Brookvalia gracilis 1 1 2 1 1 ? ? ? ? ? 0 ? 0 ? 2 0 1

†Cheirolepis canadensis 0 0 1 0 0 0 ? 0 0 0 0 0 0 0 0 1 ?

†Cionichthys dunklei 1 1 0 1 1 0 0 0 2 0 0 2 0 0 2 0 1

†Cionichthys greeni 1 ? 0 1 1 0 0 0 2 0 0 2 0 0 2 0 1

†Colobodus baii 1 1 2 ? 0 1 0 0 1 0 0 0 1 0 ? 1 ?

†Daedalichthys formosa 1 1 1 1 1 0 0 0 2 0 0 2 0 0 2 0 1

†Denwoodichthys brevipinnus 1 ? 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ?

†Dicellopyge macrodentata ? 0 1 1 0 0 3 0 ? 0 ? ? 1 0 3 ? 0

†Dictyopyge macrurus 1 1 1 1 1 ? ? ? 2 0 0 2 ? ? ? ? ?

†Fukangichthys longidorsalis 1 1 0 0 0 0 0 0 0 0 0 ? 1 0 1 1 ?

†Geitonichthys ornatus 1 1 1
&
2

1 1 0 0 0 ? 0 0 1 0 0 ? 0 ?

†Gonatodus punctatus 1 1 1
&
2

0 0 0 3 ? 0 1 0 0 1 0 1 1 0

†Haplolepis ovoidea ? ? 1 0 0 0 ? ? ? ? 0 ? 1 0 1 1 1

†Helichthys browni 1 0 1 1 1 0 0 ? 2 ? 0 1 0 0 2 0 1

†Ischnolepis bancrofti 1 1 1 1 1 ? ? ? ? ? 0 ? ? 0 ? 0 ?

†Lasalichthys hillsi 1 0 1 1 1 0 0 0 2 0 0 2 0 1 2 0 1

†Lasalichthys sp. Newark 1 1 1 1 1 0 0 0 2 0 0 2 0 1 2 0 1
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†Lasalichthys stewarti 1 0 1 1 1 0 0 0 2 0 0 2 0 1 ? 0 1

†Mauritanichthys rugosus 1 ? 1 1 1 0 0 ? 2 0 0 1 0 0 ? 0 ?

†Mesopoma carricki ? 1 0 1 1 0 0 1 2 0 0 0 1 0 1 1 0

†Mimipiscis toombsi 1 0 2 0 1 0 0 0 2 0 0 ? 1 0 1 1 0

†Molybdichthys junior 1 1 1 1 0 0 0 0 ? 0 0 2 0 0 ? 0 1

†Moythomasia durgaringa ? 0 1 0 0 0 ? 0 1 0 0 ? 1 0 1 1 0

Otis Chalk redfieldiiform 1 1 1 1 1 0 0 0 2 0 0 2 0 1 2 0 1

†Pacorichthys sangiorgioii 1 1 0 1 0 0 0 0 0 0 ? 0 0 0 2 0 1

†Perleidus altolepis 1 0 2 1 0 1 0 0 2 0 0 0 1 0 3 1 0

†Phlyctaenichthys pectinatus 1 0 2 1 1 ? ? ? ? ? 0 ? ? ? 2 0 1

†Pteronicsculus nielseni 1 1 1 1 0 0 0 0 1 0 0 0 1 0 1 1 0

†Ptycholepis marshi 1 1 1 1 0 0 3 1 ? 1 ? 0 1 0 1 1 0

†Redfieldius gracilis 1 0 2 1 1 0 0 0 2 0 0 2 0 0 2 0 1

†Schizuricthys pulcher 1 1 1 ? 1 ? ? ? ? ? 0 ? 0 ? 2 0 1

†Tanaocrossus kalliokoskii ? 1 1 ? 0 0 3 0 ? 1 ? ? ? ? ? ? ?

†Turseodus dolorensis ? 0 2 0 0 0 0 0 1 0 ? 1 1 0 1 1 0

†Wendyichthys dicksoni ? 1 0 1 0 0 0 0 1 0 1 0 1 0 1 1 0

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
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Appendix 3.3 (continued). 

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51

†Acentrophorus varians 0 ? 2 0 0 0 0 2 1 1 0 1 ? 1 3 0 1

†Amblypterus latus 0 ? 0 ? 0 0 0 2 0 0 ? ? ? ? 3 0 1

Amia calva 0 ? 0 ? 0 0 0 2 1 0 ? ? ? ? 3 0 1

†Atopocephala watsoni ? ? 0 0 0 0 0 3 1 1 2 1 1 0 0 0 ?

†Beishanichtys brevicaudalis 0 ? 0 0 0 0 0 2 2 1 0 1 0 1 2 0 1

†Belichthys minimus 1 0 0 ? 0 0 0 3 1 ? ? ? ? ? 0 0 ?

†Boreosomus gillioti 0 ? 0 ? 0 0 0 2 2 0 ? ? ? ? 0 ? 1

†Brachydegma caelatum ? ? 0 0 0 0 0 2 1 1 ? 1 0 0 0 ? 1

†Brookvalia gracilis ? ? 0 ? 1 0 1 3 1 ? 2 1 1 0 0 0 1

†Cheirolepis canadensis 1 4 0 1 0 0 0 1 1 1 2 1 1 1 1 ? 1

†Cionichthys dunklei 1 0 0 0 0 0 0 3 2 1 2 1 1 1 1 1 1

†Cionichthys greeni 1 0 0 0 0 0 0 3 2 1 2 1 1 1 1 1 1

†Colobodus baii 1 0 0 0 0 0 0 2 1 1 0 1 0 1 2 ? 1

†Daedalichthys formosa 1 0 0 1 0 0 0 2 1 1 2 1 1 1 1 1 ?

†Denwoodichthys brevipinnus ? ? 0 ? 0 0 0 ? 1 ? ? ? ? ? 1 0 ?

†Dicellopyge macrodentata ? ? 0 ? 0 0 0 3 2 1 2 1 0 0 0 0 1

†Dictyopyge macrurus ? ? 0 ? 0 0 1 3 1 ? ? ? ? ? 1 1 1

†Fukangichthys longidorsalis 0 ? 0 0 0 0 0 2 2 1 0 1 0 1 1 0 1

†Geitonichthys ornatus 1 0 0 0 0 0 0 2 1 1 2 1 1 1 1 2 1

†Gonatodus punctatus 1 0 0 0 0 0 0 2 1 1 2 1 0 0 2 1 1

†Haplolepis ovoidea ? ? 0 ? 0 0 0 1 1 0 ? ? ? ? 0 2 0

†Helichthys browni 1 0 0 0 1 1 1 3 1 1 2 1 1 1 1 1 1

†Ischnolepis bancrofti 1 0 0 ? 1 0 1 2 1 ? ? ? ? ? 0 0 1

†Lasalichthys hillsi 1 0 0 0 0 1 1 3 1 1 2 1 1 1 1 1 1

†Lasalichthys sp. Newark 0 ? 0 0 0 1 1 2 1 1 2 1 1 1 1 1 1

†Lasalichthys stewarti 0 ? 0 0 0 1 1 3 1 1 2 0 1 1 1 1 1

†Mauritanichthys rugosus 1 0 0 1 0 0 0 3 1 1 2 1 1 1 1 1 1

†Mesopoma carricki 0 ? 0 ? 0 0 0 2 2 0 ? ? ? ? 0 1 0
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†Mimipiscis toombsi 0 ? 0 ? 0 0 1 1 1 0 ? ? ? ? 1 1 0

†Molybdichthys junior 1 0 0 1 0 0 0 2 1 1 2 1 1 1 1 1 ?

†Moythomasia durgaringa 0 ? 0 ? 0 0 1 2 2 0 ? ? ? ? 0 1 1

Otis Chalk redfieldiiform 0 ? 0 0 0 1 1 2 1 1 2 0 1 1 1 1 1

†Pacorichthys sangiorgioii 1 0 0 ? 0 0 0 2 1 ? ? ? ? ? 1 1 ?

†Perleidus altolepis 0 ? ? 0 0 0 0 2 1 1 0 1 0 1 2 0 1

†Phlyctaenichthys pectinatus ? ? 0 ? 1 0 1 2 1 ? ? ? ? ? 0 1 ?

†Pteronicsculus nielseni 0 ? 0 ? 0 0 0 2 2 0 ? ? ? ? 0 ? 1

†Ptycholepis marshi 1 0 0 ? 0 0 0 3 1 0 ? ? ? ? 0 0 1

†Redfieldius gracilis 1 0 0 0 0
&
1

0 0 3 1 1 2 0 1 0 1 1 1

†Schizuricthys pulcher ? ? 0 ? ? ? ? ? 1 1 2 1 1 0 0 0 1

†Tanaocrossus kalliokoskii ? ? ? ? 0 0 0 ? 1 ? ? ? ? ? ? ? ?

†Turseodus dolorensis 1 0 0 1 0 0 0 2 2 1 2 1 0 0 0 0 0

†Wendyichthys dicksoni 0 ? 0 ? 0 0 0 2 2 0 ? ? ? ? 2 ? 0

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51
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Appendix 3.3 (continued). 

52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68

†Acentrophorus varians 1 0 2 0 ? ? ? ? ? 0 2 1 1 1 0 0 ?

†Amblypterus latus 2 ? 1 ? ? ? ? ? ? 0 1 0 1 0 0 1 0

Amia calva 1 0 2 ? ? ? ? ? ? ? 2 2 0 ? ? ? ?

†Atopocephala watsoni 1 0 2 1 ? 5 1 2 0 1 2 0 1 0 0 0 1

†Beishanichtys brevicaudalis 1 0 2 1 0 4 0 1 1 0 2 ? 1 0 0 1 1

†Belichthys minimus ? 0 2 1 0 ? 0 1 0 ? ? 0 1 0 0 1 1

†Boreosomus gillioti 2 1 1 1 0 5 0 1 ? 1 2 0 1 1 0 0 1

†Brachydegma caelatum 1 0 1 ? ? ? ? ? ? 0 1 0 1 0 0 1 0

†Brookvalia gracilis 1 0 2 1 1 5 1 2 0 ? 2 0 1 0 0 ? 1

†Cheirolepis canadensis 1 1 0 1 0 0 0 0 1 ? 2 ? 0 ? ? ? ?

†Cionichthys dunklei 1 0 2 1 0 5 1 2 1 2 2 0 1 0 0 0 1

†Cionichthys greeni 1 0 2 1 0 5 1 2 1 2 2 0 1 0 0 0 1

†Colobodus baii 1 0 ? 1 ? 4 ? ? ? ? 1 ? 0 ? ? ? ?

†Daedalichthys formosa 1 0 2 1 1 1 1 2 1 ? 2 0 1 0 0 1 1

†Denwoodichthys brevipinnus 1 0 2 ? ? ? ? ? ? ? ? 0 1 0 0 0 ?

†Dicellopyge macrodentata 2 0 2 1 1 0 0 0 0 1 1 0 1 0 0 1 1

†Dictyopyge macrurus 1 0 2 ? ? ? ? 2 ? 1 2 1 1 0 0 0 ?

†Fukangichthys longidorsalis 1 0 2 ? ? ? ? ? ? ? 2 ? 1 0 0 1 1

†Geitonichthys ornatus 1 0 2 1 0 1 1 2 1 1 2 0 1 0 0 0 1

†Gonatodus punctatus 1 0 2 1 0 0 0 1 0 0 2 0 1 0 0 1 1

†Haplolepis ovoidea 1 0 2 ? ? ? ? ? ? 1 ? 0 1 0 0 1 0

†Helichthys browni 1 0 2 1 0 5 1 2 1 2 ? 0 1 0 0 0 0

†Ischnolepis bancrofti 1 0 2 1 1 5 1 2 0 1 2 0 1 0 0 0 1

†Lasalichthys hillsi 1 0 2 1 0 1 1 2 1 ? 2 0 1 0 0 0 0

†Lasalichthys sp. Newark 1 0 2 1 0 1 1 2 1 ? 2 0 1 0 0 0 0

†Lasalichthys stewarti 1 0 2 1 0 1 1 2 1 2 2 0 1 0 0 0 ?

†Mauritanichthys rugosus 1 0 2 1 0 1 1 2 1 ? ? 0 ? ? ? ? ?

†Mesopoma carricki 1 0 2 ? ? ? 0 1 1 1 2 0 1 0 0 0 1
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†Mimipiscis toombsi 2 1 0 1 0 2 1 1 1 ? 2 ? 0 ? ? ? ?

†Molybdichthys junior 1 0 2 1 1 1 1 2 0 ? 2 0 1 0 0 0 0

†Moythomasia durgaringa 2 1 0 1 0 4 0 1 1 0 2 ? 0 0 0 1 ?

Otis Chalk redfieldiiform 1 0 2 1 0 5 1 2 1 1 ? 0 1 0 0 1 1

†Pacorichthys sangiorgioii 1 0 2 1 0 1 1 2 1 ? ? ? ? ? ? ? ?

†Perleidus altolepis 1 0 2 1 1 3 0 0 1 1 1 0 1 0 0 0 1

†Phlyctaenichthys pectinatus 1 0 2 1 1 5 1 2 0 ? ? 1 1 0 2 0 1

†Pteronicsculus nielseni 2 1 1 1 1 4 0 1 0 0 2 0 1 0 0 1 1

†Ptycholepis marshi 2 0 1 1 0 4 0 1 1 1 2 0 1 2 2 1 1

†Redfieldius gracilis 1 0 2 1 0 5 1 2 1 1 2 0 1 0 0 0 0

†Schizuricthys pulcher 1 0 2 1 1 5 1 2 0 ? ? ? ? ? ? ? ?

†Tanaocrossus kalliokoskii ? ? ? 1 0 ? 0 ? 1 0 ? ? 1 0 0 0 ?

†Turseodus dolorensis 2 0 2 1 0 0 0 1 1 0 2 0 1 0 0 1 1

†Wendyichthys dicksoni 1 1 1 1 1 1 0 1 1 0 2 ? 1 0 0 1 1

52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68
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Appendix 3.3 (continued). 

69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85

†Acentrophorus varians 0 0 0 ? 2 3 1 3 0 0 1 1 2 1 0 1 1

†Amblypterus latus 1 1 1 0 0 1 1 2 0 0 0 1 1 0 0 1 1

Amia calva 0 0 0 ? 2 3 3 3 0 0 1 1 0 0 0 1 1

†Atopocephala watsoni 0 1 1 1 0 1 1 1 1 0 0 1 1 1 2 0 ?

†Beishanichtys brevicaudalis 0 1 1 1 0 2 1 2 0 0 0 1 1 1 0 1 ?

†Belichthys minimus 0 1 1 1 0 0 1 0 0 0 0 1 2 1 0 2 ?

†Boreosomus gillioti 1 1 1 1 0 2 1 1 0 0 0 1 1 0 0 1 0

†Brachydegma caelatum 1 1 1 1 0 1 ? 2 1 0 0 1 2 1 0 1 ?

†Brookvalia gracilis 0 1 1 1 0 1 1 1 1 0 0 1 2 1 2 0 ?

†Cheirolepis canadensis 0 1 1 0 3 0 2 0 0 1 0 1 1 0 0 ? 0

†Cionichthys dunklei ? 1 1 1 0 1 1
&
2

2 0 0 0 1 3 1 2 0 ?

†Cionichthys greeni ? 1 1 1 0 1 1 2 0 0 0 1 2 1 2 0 ?

†Colobodus baii 0 1 0 1 0 2 2 2 0 0 0 1 2 ? ? ? ?

†Daedalichthys formosa 0 1 1 1 0 1 1 1 0 0 0 1 2 1 2 0 ?

†Denwoodichthys brevipinnus 0 1 1 1 0 ? 1 1 0 0 0 1 2 ? 2 0 ?

†Dicellopyge macrodentata 0 1 1 1 0 0 1 0 0 0
&
1

0 1 2 1 0 2 0

†Dictyopyge macrurus 0 0 1 1 0 1 1
&
2

2 0 0 0 1 3 1 2 0 ?

†Fukangichthys longidorsalis 0 1 0 1 3 2 1 2 0 0 0 1 2 1 0 1 ?

†Geitonichthys ornatus 0 1 1 1 0 1 1 1 0 0 0 1 3 1 2 0 ?

†Gonatodus punctatus 0 1 1 1 0 0 1 1 0 0 0 1 1 1 0 2 0

†Haplolepis ovoidea 0 1 0 1 1 2 2 2 0 0 0 1 1 1 2 0 ?

†Helichthys browni 1 1 1 1 0 1 1 1 1 0 0 1 1 1 2 0 ?

†Ischnolepis bancrofti 0 1 1 1 0 1 ? 0 1 0 0 1 3 1 2 0 ?

†Lasalichthys hillsi 0 1 1 0 0 1 1
&
2

2 0 0 0 1 2 1 2 0 ?
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†Lasalichthys sp. Newark 1 1 1 1 0 1 1 1 0 0 0 1 2 1 2 0 ?

†Lasalichthys stewarti 0 1 1 1 0 1 1
&
2

1 0 0 0 1 2 1 2 0 ?

†Mauritanichthys rugosus ? 1 1 1 0 1 ? 2 0 0 0 1 2 1 2 0 ?

†Mesopoma carricki 1 1 1 1 0 1 1 1 0 0 0 1 2 1 0 1 0

†Mimipiscis toombsi 1 1 1 0 0 0 2 0 0 0 0 1 2 0 0 2 0

†Molybdichthys junior 0 1 1 1 0 1 1 2 0 0 0 1 2 1 2 0 ?

†Moythomasia durgaringa 1 1 1 0 0 0 1 0 0 0 0 1 1 0 0 2 ?

Otis Chalk redfieldiiform 1 1 1 1 0 1 1 1 0 0 0 1 2 1 2 0 ?

†Pacorichthys sangiorgioii ? ? 1 1 0 2 ? 2 0 0 0 1 3 1 2 0 ?

†Perleidus altolepis 0 1 0 1 0 2 1
&
2

2 0 0 0 1 2 1 0 1 1

†Phlyctaenichthys pectinatus 0 1 1 1 0 1 1 2 1 0 0 1 3 1 2 0 ?

†Pteronicsculus nielseni 0 1 1 1 0 0 1 0 0 0 0 1 0 1 0 2 0

†Ptycholepis marshi ? 0 0 1 3 2 1 2 1 0 0 1 1 1 0 1 ?

†Redfieldius gracilis 0 1 1 0 0 1 1
&
2

2 0 0 0 1 3 1 2 0 0

†Schizuricthys pulcher ? 1 1 1 0 ? ? 0 1 0 0 1 3 1 2 0 ?

†Tanaocrossus kalliokoskii ? ? 1 1 1 2 1 2 0 0 0 1 2 1 0 1 ?

†Turseodus dolorensis ? 1 1 0 3 0 1 0 0 0 0 0 0 ? 0 2 0

†Wendyichthys dicksoni 0 1 1 0 0 0 1 0 0 0 0 1 1 1 0 2 0

69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85
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Appendix 3.3 (continued). 

86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102

†Acentrophorus varians ? ? 1 0 2 0 1 0 ? ? ? 1 1 1 1 2 0

†Amblypterus latus 0 ? 1 0 ? ? 1 0 0 1 1 ? 1 ? 1 2 ?

Amia calva 0 0 1 0 2 0 1 ? 0 0 0 0 0 0 0 2 0

†Atopocephala watsoni ? ? ? ? 1 ? ? 0 ? 1 0 1 ? 1 1 2 0

†Beishanichtys brevicaudalis ? 1 0 0 1 0 1 0 0 0 0 0 0 0 0 2 0

†Belichthys minimus ? 1 1 0 2 0 1 0 0 ? 0 1 1 1 0 2 0

†Boreosomus gillioti 0 1 1 0 1 0 1 0 ? 0 0 1 1 1 1 2 0

†Brachydegma caelatum ? ? ? ? 0 0 1 0 0 1 0 ? ? ? ? ? ?

†Brookvalia gracilis 0 0 0 1 1 0 1 0 ? 1 0 1 1 1 1 1 0

†Cheirolepis canadensis 0 ? 1 0 1 0 1 0 0 0 0 1 1 0 1 0 0

†Cionichthys dunklei ? 0 0 0 1 2 0 0 0 1 0 1 1 1 1 0 0

†Cionichthys greeni ? 0 0 0 1 0 0 1 0 1 0 ? ? ? ? ? ?

†Colobodus baii ? ? 1 0 1 0 ? 0 0 ? 0 ? 1 1 1 2 0

†Daedalichthys formosa 0 0 0 ? 1 0 1 0 0 ? 0 1 1 1 1 1 0

†Denwoodichthys brevipinnus ? ? ? ? ? ? ? ? ? ? ? 1 1 1 1 2 0

†Dicellopyge macrodentata ? 1 1 0 1 1 1 0 0 1 0 1 1 ? 1 1 0

†Dictyopyge macrurus ? ? 0 0 1 0 1 0 0 ? 0 1 1 1 1 2 0

†Fukangichthys longidorsalis ? 1 0 1 1 0 1 0 0 ? 0 ? 1 0 0 2 0

†Geitonichthys ornatus ? ? ? ? 1 0 0 0 0 ? 0 1 1 1 1 2 0

†Gonatodus punctatus ? 1 1 0 1 0 1 0 0 1 1 1 ? ? ? 2 0

†Haplolepis ovoidea ? ? 1 0 ? ? ? 0 0 0 1 1 1 0 1 2 1

†Helichthys browni ? 0 1 0 1 0 1 0 0 1 0 1 1 1 1 1 0

†Ischnolepis bancrofti 0 ? ? ? ? 0 ? 0 0 1 0 1 1 1 1 1 0

†Lasalichthys hillsi ? 0 1 0 1 1 ? 1 1 1 0 ? 1 ? ? ? ?

†Lasalichthys sp. Newark ? 0 1 0 1 1 ? ? 1 1 0 1 1 1 1 ? ?

†Lasalichthys stewarti ? 0 1 0 1 1 0 0 1 1 0 1 1 1 1 0 0

†Mauritanichthys rugosus ? 0 1 0 1 0 ? ? 0 ? 0 ? 1 ? ? ? ?

†Mesopoma carricki ? 1 1 ? 1 ? ? 0 0 0 ? 1 1 1 1 1 0
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†Mimipiscis toombsi 1 1 1 0 0 0 1 0 0 0 0 0 1 0 1 2 0

†Molybdichthys junior ? 0 1 0 1 0 ? 0 0 1 0 1 1 1 1 1 0

†Moythomasia durgaringa 1 1 1 0 0 0 1 0 0 0 1 1 1 ? 1 1 0

Otis Chalk redfieldiiform ? 0 1 0 1 1 1 1 2 ? 0 ? ? ? ? ? ?

†Pacorichthys sangiorgioii ? 0 0 0 1 ? ? ? 0 1 0 1 1 0 1 2 0

†Perleidus altolepis 0 1 1 0 2 0 1 0 0 1 0 1 1 1 1 2 0

†Phlyctaenichthys pectinatus ? 0 0 1 1 0 ? ? 0 1 0 1 ? 1 1 2 0

†Pteronicsculus nielseni 0 1 1 0 0 0 1 0 0 1 0 1 1 1 1 2 0

†Ptycholepis marshi ? 1 1 0 0 0 1 0 ? ? ? 1 1 1 1 2 0

†Redfieldius gracilis 0 0 0 0 1 0 0 0 0 1 0 1 1 1 1 1 0

†Schizuricthys pulcher ? 0 ? ? ? ? 0 ? ? ? 0 1 1 1 1 2 0

†Tanaocrossus kalliokoskii ? ? ? ? ? 2 1 ? ? ? ? 0 ? 1 0 2 0

†Turseodus dolorensis ? ? ? ? 1 1 ? 0 0 1 0 1 1 0 1 1 0

†Wendyichthys dicksoni 0 1 1 0 0 0 1 0 0 0 0 1 1 0 1 2 0

86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102
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Appendix 3.3 (continued). 

103 104 105 106 107 108 109 110 111 112 113 114 115

†Acentrophorus varians 1 1 0 1 4 2 1 1 0 1 0 0 1

†Amblypterus latus 1 1 0 ? 0 0 0 1 0 1 0 0 1

Amia calva 0 0 0 0 4 3 1 0 ? 0 0 0 1

†Atopocephala watsoni 1 1 0 1 4 2 1 1 0 1 0 0 0

†Beishanichtys brevicaudalis 0 0 1 0 4 1 0 1 0 1 0 0 0
&
1

†Belichthys minimus 1 0 ? 0 0 0 0 1 0 1 0 0 0

†Boreosomus gillioti 1 1 0 1 0 1 0 1 0 1 0 1 0

†Brachydegma caelatum ? ? ? ? ? ? ? 1 1 1 1 ? 0
&
1

†Brookvalia gracilis 0 1 0 1 4 1 1 1 ? 1 0 0 0

†Cheirolepis canadensis 1 1 0 1 0 0 0 0 0 1 0 0 0

†Cionichthys dunklei 1 1 0 1 4 2 1 1 0 1 0 0 1

†Cionichthys greeni ? ? ? ? ? ? ? 1 0 1 0 ? 1

†Colobodus baii 1 1 0 1 4 2 1 1 1 1 0 0 0

†Daedalichthys formosa 1 1 0 1 4 1 0 1 1 1 0 1 0

†Denwoodichthys brevipinnus 1 1 0 1 4 2 1 1 1 1 0 0 ?

†Dicellopyge macrodentata 1 1 0 1 0 0 0 1 0
&
1

1 0 0 1

†Dictyopyge macrurus 1 1 0 1 4 2 1 1 1 1 0 1 1

†Fukangichthys longidorsalis ? 0 1 ? 4 1 0 1 0 1 0 0 0

†Geitonichthys ornatus 1 1 0 1 4 1 1 1 0 1 0 0 ?

†Gonatodus punctatus ? ? 0 ? 0 0 0 1 1 1 0 0 0

†Haplolepis ovoidea 1 1 0 1 0 0 0 1 1 1 1 0 0

†Helichthys browni 1 1 0 1 4 1 1 1 0 1 0 0 1

†Ischnolepis bancrofti 0 0 0 1 4 1 1 1 0 1 0 0 0

†Lasalichthys hillsi ? ? ? ? ? ? ? 1 0 1 0 ? 1

†Lasalichthys sp. Newark ? ? 0 1 4 2 1 1 0 1 0 0 1
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†Lasalichthys stewarti 1 1 0 1 4 2 1 1 0 1 0 1 1

†Mauritanichthys rugosus ? ? 0 ? ? ? ? 1 0 1 0 0 1

†Mesopoma carricki 1 1 0 ? 0 1 1 1 1 1 0 0 0

†Mimipiscis toombsi ? ? 0 1 ? 0 0 1 0 1 0 0 0

†Molybdichthys junior 1 1 0 1 4 2 1 1 0 1 0 1 1

†Moythomasia durgaringa 1 1 0 1 0 0 0 1 1 1 0 0 0

Otis Chalk redfieldiiform ? 1 ? ? ? ? ? 1 ? 1 0 0 1

†Pacorichthys sangiorgioii 1 1 ? 1 4 2 1 1 0
&
1

1 0 1 0
&
1

†Perleidus altolepis ? 1 0 1 4 2 1 1 1 1 0 1 0

†Phlyctaenichthys pectinatus 1 ? 0 1 4 2 1 1 0 1 0 0 ?

†Pteronicsculus nielseni 1 1 0 1 0 0 0 1 1 1 0 0 0

†Ptycholepis marshi 1 1 ? 1 4 2 0 1 1 1 0 0 0

†Redfieldius gracilis 1 1 0 1 4 2 1 1 1 1 0 0 1

†Schizuricthys pulcher 1 1 0 1 4 1 1 1 0 1 0 0 0

†Tanaocrossus kalliokoskii ? ? 1 1 4 1 1 1 0 1 0 0 1

†Turseodus dolorensis 1 1 ? 1 0 0 0 1 0 1 0 0 0

†Wendyichthys dicksoni 1 1 0 1 0 0 0 1 1 1 0 1 1

103 104 105 106 107 108 109 110 111 112 113 114 115
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