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Abstract 
 
A Multi-Evidence Approach to the Affinity of Tylodus Deltoides Rohon 1893 
Thomas M. Claybourn 
 
Early gnathostome evolution has recently undergone revision due to newly published phylogenies. 
Within this new framework, early gnathostomes in the fossil record can be revised, particularly the 
subject of this paper Tylodus deltoides (Rohon, 1893), vertebrate microremains from the Silurian 
Ohesaare Formation of Estonia. Multiple analytical approaches are performed in order to offer insight 
into a phylogenetic position for the enigmatic T. deltoides. A three-dimensional model, based on 
synchrotron x-ray phase contrast microtomography of a small polyodontode morphotype and virtual 
thin sections show a unique palaeohistology. A survey of wear patterns shows the presence of tooth 
plates, comprising the larger cusp and plate morphotypes. Histological observations show a mosaic of 
vertebrate hard-tissues and organisations, including a tripartitie layered structure, descending rows of 
odontodes on a large primary odontode, an osteodentine or mesodentine base, pleromic dentine middle 
layer and capping layer of unknown tissue type. 

Two interpretations of this collection of observations are given. Both assume the large 
morphotypes are teeth, one that the smaller polyodontodes are scales, the other, that they are 
developing teeth. Histology alone demonstrates the remains are the teeth of a holocephalan, but with 
some uncertainty. A model for attachment by acrodonty and developmental model for conserved 
lyodont development are given to help explain the unusual histology and morphology of T. deltoides, 
but greater certainty in the phylogenetic position of T. deltoides requires a more detailed histological 
analysis based on thin sections and a broader comparison with 3D data of relevent taxa. This will 
necessarily be improved by formal phylogenetic analysis. 
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Populärvetenskaplig sammanfattning 
 
Flera analysmetoder testar ett problematiskt fossils (Tylodus deltoides Rohon 1893) 
systematiska tillhörighet 
Thomas M. Claybourn 
 
De käkförsedda ryggradsdjurerens (gnathostomernas) uppkomst och tidiga evolution är ett forsknings-
område där nya fossila fynd och paleontologiska forskningsinsatser på senare tid har medfört en bättre 
övergripande förståelse. Gnathostomerna kan delas in i två grupper: chondrichthyider (broskfiskar så 
som haja och rockor) och osteichthyider (s.k. benfiskar från vilket landlevande ryggradsdjur också har 
sitt ursprung). En utdöd grupp av fiskar, de s.k. taggpansarhajarna (acanthoder), har på senare tid 
ansetts representera de former från vilken broskfiskarna har sitt ursprung. Detta har medfört ett nytt 
perspektiv till vilket paleontologer måste relatera när de studerar de fossila gnathostomerna och dess 
tidiga utveckling. Dessutom bidrar även nya tekniker, så som högupplöst skiktröntgen av fossil med 
hjälp av synkrotronstrålning, till vår förståelse. Dessa tekniker kan ge oss detaljerade tredimensionella 
modeller av den inre konstruktionen utan att behöva skada de ofta sällsynta fossil som finns till-
gängliga 

Detta arbete avhandlar ett enigmatiskt fiskfossil, Tylodus deltoides, som endast är känt från mer 
eller mindre mikroskopiska vertebratrester. Dessa fossil beskrevs för första gången så tidigt som 1893, 
men man har fortfarande inte har lyckat komma fram till var bland ryggradsdjuren dessa hör. Med 
hjälp av nämnda tekniker och nya perspektiv, är målet med denna studie att ge en ny beskrivning och 
tolkning av dessa ganska udda fossila rester. Genom att studera skrapmärken på ytan av de individu-
ella fossilen så har jag kunna konstatera att åtminstone de större exemplaren är fungerande tänder, 
medan de mindre troligen är tänder under utveckling och som ännu inte brutit igenom huden i 
munnen. Genom att via högupplöst skiktröntgen skapa och studera en tredimensionell modell av den 
inre strukturen så har jag dessutom kommit fram till att dessa tänder troligen hör hemma bland en tidig 
grupp av broskfiskar som vi kallar helhuvudfiskar (Holocephali). Denna tolkning är inte helt utan 
problem, men innan man kan komma till mer slutgiltiga slutsatser måste kompletterande studier göras 
som innefattar jämförbara tredimensionella modeller av andra levande och fossila grupper, samt att 
med hjälp av dessa nya data även inkludera T. deltoides i en större analys rörande släktskaps-
förhållanden. 
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1. Introduction 

 The evolution of early gnathostomes has been greatly advanced by recent studies, in particular 

the relationship of the acanthodians and placoderms to the chondrichthyans (Brazeau 2009, Davis et 

al. 2012) and osteichthyans (Zhu et al. 2013), as well as stem members of those taxa (reviewed by 

Brazeau & Friedman 2014). The relationships of fossil taxa in the stems of the osteichthyan and 

chondrichthyan clades are still not well resolved, with competing phylogenetic interpretations still 

valid (Brazeau & Friedman 2014). Thus, an accruement of additional characters within a phylogenetic 

context of these early gnathostomes is vital in resolving the basal portions of these trees. Current 

understanding has split the once considered monophyletic acanthodians into a paraphyletic assemblage 

of taxa spread across the stem of both chondrichthyans and osteichthyans (Brazeau 2009) (Fig. 1b) or 

just chondrichthyans (Zhu et al. 2013, Davis et al. 2012) (Fig. 1a). This new-found flexibility of 

acanthodian tree topology has been useful in resolving early gnathostome characters, but  

synapomorphies  for the chondrichthyans in particular have remained elusive (Brazeau & Friedman 

2014). 

 Early chondrichthyan evolution has also benefited from recent fossil finds amongst both its 

stem and crown members. Acanthodians with chondrichthyan-like characters have been reported from 

the early Devonian Man on the Hill (MOTH) locality in Canada (Hanke & Wilson 2010), which have 

proven useful in resolving both scale and body-fossil based characters. Early chondrichthyan body 

fossils have also been recently described, such as Doliodus problematicus (Miller, Cloutier & Turner 

2003). Again, these finds have helped demonstrate some early chondrichthyan characters, but no 

synapomorphies. Some attempts have been made to describe the evolution and relationships of the 

early chondrichthyans (eg. Grogan & Lund 2004), but trees remain poorly resolved due to a scarcity of 

body fossils, leading some phylogenetic analyses to focus solely on hard parts such as teeth (eg. Stahl 

1999). 

 Illumination by fossil data of the gnathostome and chondrichthyan divergence and adjacent 

stems is a matter of importance in vertebrate palaeontology and evolution. Previously entrenched 

theories, such as the monophyly of acanthodians and placoderms, and chondrichthyan-like 

plesiomorphic conditions for early gnathostomes have seen a loss of support thanks to the findings 

described above (Brazeau & Friedman 2014). Gnathostome interrelationships still benefit from a 

consensus view, but these findings have “populate[d] the long, naked branches” (Brazeau 2009, p. 

307) of the chondrichthyan and osteichthyan stems.  

 The Silurian marked the beginning of the rise of jawed vertebrates, with gnathostome 

representatives appearing in the fossil record at this time (Brazeau & Friedman 2014). Far greater 

diversity is apparent in the Devonian, with all gnathostome groups diversifying after a late Silurian 
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Lau Event, which saw a significant reorganisation of vertebrate ecosystems (Eriksson et al. 2009). It 

was not until the late Devonian that the crown-group chondrichthyans and osteichthyans became more 

diverse than the placoderms and acanthodians (Zhao & Zhu 2007). The gnathostome crown node 

apparently lies in the Silurian (Brazeau & Friedman 2014), unless certain Ordovician microremains 

can be more confidently assigned to the chondrichthyans (Sansom et al. 2001, 2012). The somewhat 

sparse Silurian record of gnathostomes is becoming more complete, in particular the vertebrate 

assemblages of Yunnan, which demonstrate a greater diversity of vertebrates than previously known 

(Zhao & Zhu 2015). This is reflected to an extent in the diversity of Baltic fishes in the late Silurian, 

particularly the Ohesaare assemblage of Estonia, where the fossil remains of Tylodus deltoides, the 

subject of this thesis, were collected (Märss 1992). Durophagy in Silurian vertebrates was thought to 

be only represented by one species, Megamastax ablyodus from Yunnan, China (Choo et al. 2014), but 

whose teeth are now known to be pegs upon which tooth whorls were emplaced (Zhu 2015). This 

represents a niche in Silurian ecosystems which is poorly known for fossil vertebrates, but was 

followed by a great increase in diversity of durophagous organisms from the Devonain onwards 

(Signor & Brett 1984). The fossil record of early gnathostomes is thus becoming better represented in 

the Silurian, but with enigmatic taxa such as T. deltoides requiring further review. 

 Three-dimensional models created from propagation phase contrast synchrotron x-ray phase 

contrast microtomographic (PPC-SRμCT) data is a new technique that obtains high-resolution internal 

anatomical data from fossils (Tafforeau et al. 2006). Histology of hard parts has been traditionally 

analysed by the creation of thin-sections from fossils, giving a 2-dimensional view of the fossil, which 

has subsequently been destroyed. PPC-SRμCT provides a non-destructive technique from which 3-

dimensional structure can be observed. The density of fossils has prohibited the use of medical x-ray 

scans due to their lower energy and beam type (polychromatic). The monochromatic, high-energy 

beams used by (amongst others) the European Synchrotron Radiation Facility (ESRF) provide high 

resolution images of internal anatomy (Tafforeau et al. 2006). Compared to conventional thin-

sectioning, the fidelity of the virtual histology produced by PPC-SRμCT yields similar information 

(Tafforeau & Smith 2008). This technique, with subsequent 3-D models, has been recently utilised to 

applied to early vertebrate hard tissues, such as osteichthyan scales (Qu et al. 2013, 2015). These 

studies have given insight into palaeohistology at a highly detailed level, demonstrating patterns in 

development and growth, and adding assessable characters to our understanding of the evolution of 

vertebrate hard-parts. 
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Figure 1: Gnathostome phylogeny, including paraphyletic stems. Chondrichthyes has been expanded to show 
stem holocephalan bradyodonts. Monophyletic groups are written in black, paraphyletic stem-groups in red. a: 
Relationships resolved after Zhu. et al. (2012) (acanthodians as stem chondrichthyans). b: After Brazeau (2009) 
(acanthodians as stem chondrichthyans and osteichthyans). 
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1.1 A note on terminology 

Names given to fossil groups such as the bradyodonts, placoderms and acanthodians are used in 

an informal way, with the understanding that they have now been shown to be paraphyletic (see above 

text and references), ie. the older formal terms Bradyodonti, Placodermi and Acanthodii are not used 

due to their implications of monophyly. This is demonstrated in Fig. 1, which includes the 

monophyletic elasmobranch, holocephalan and osteichthyan clades. Where possible, the stem-group 

crown-group concept has been used, to avoid confusion over the array of 'putative' fossil members of 

gnathostome clades. In Fig. 1, the distinction can be seen in the acanthodians, who constitute stem-

group osteichthyans and chondrichthyans or just chondrichthyans, but are included as crown-group 

gnathostomes.  

1.2 Abbreviations used for figures 

 For useful glossaries on the often confusing histological terminology used, the reader is 

referred to reviews by Francillon-Vieillot et al. (1989), Karatajūtė-Talimaa (1998) and Smith & Hall 

(1990). 

v.cn- vascular canal 

dnt- denteon 

lac- odontocyte cell lacuna(e) 

pr.O- primary odontode 

O2-4- secondary odontodes, generations 2-4 

g.ln- growth line 

sh.f- Sharpey's fibres 

c.pl- compact pleromin 

v.pl- vascular pleromin 

cl.f- collagen fibres 
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2. Aims 

 The aim of this thesis is to cast new light upon T.deltoides with mulitple analytical techniques 

not available to prior researchers (eg. Gross 1971). The centrepiece of this approach is a  PPC-SRμCT 

scan and 3-D model, from which growth patterns and high resolution histological detail can be 

understood. This data will be used to synthesise ultrastructural and internal scanning electron 

microscopy and x-ray dispersive chemical mapping into a broad, coherent framework in which T. 

deltoides may be placed into an evolutionary perspective.  

 Firstly, a diagnosis of the nature of the microremains is required. A wide range of dermal 

denticles and plates are present in a wide range of early and mid-Paleozoic vertebrate taxa, and their 

oral-pharyngeal equivalents- teeth- also show a wide range of disparate morphologies. This will be 

tested by a review of the wear patterns present on the different morphotypes of T. deltoides' 

microremains. From this can be inferred the locations at which each denticle grew, due to the different 

stresses each remain was subjected to during life and from taphonomic processes. A chemical analysis 

will also be performed in an attempt to understand which apatite biomineral is present in the remains. 

This can further inform comparative study, due to clade-specific biomineralisation of hard tissues 

(Ishiyama 1991, Lund et al. 1992). 

 No recent histological study of T. deltoides has been performed- the most recent by Gross 

(1971), previously only by Rohon (1893, 1898). A phylogenetic position for T. deltoides has been 

allusive. The microremains are unusual and not immediately alliable to any group, nor have the 

previous histological examinations, due to the mosaic of characters observed. By examining three-

dimensional histology, a more complete account and characterisation of T. deltoides' histology, should 

ultimately allow for more accurate inference of taxonomic position through comparative morphology. 

A development of the hypothesis that some of the plate-shaped specimens are tooth-plates allows a 

heuristic approach to be taken with the comparisons, with a focus on other tooth-plate bearing 

organisms. This includes the dipnoans and holocephalans, tooth plate bearing members of the 

osteichthyans and chondrichthyans, respectively. To this affect, a differential diagnosis for an affinity 

for T. deltoides can be tested. 

 In the new paradigm of early gnathostome evolution, with some or all acanthodian taxa shifted 

to the stem of the chondrichthyan total-group, a novel framework for understanding enigmatic 

vertebrate microremains has become available. With new perspectives provided by three-dimensional 

histology, a new analysis can be made within this framework. 
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3. Background 

3.1 Specimens and location 

3.1.1 Tylodus deltoides 

 First described by Rohon in his 1893 treatise “Die obersilurischen Fische von Oesel. II Theil. 

Selachii, Dipnoi, Ganoidei, Pteraspidae und Cephalaspidae.”, it was placed in the Dipnoi, within the 

now defunct order Ctenodipterini, family Dipteridae. Three species were placed into this group: 

Tylodus deltoides, Tylodus excavata and Chelomodus digitiferus. Rohon (1898) then cast doubt on 

their inclusion in the Dipteridae, instead creating the family Tylodontidae, due to histological 

differences. Two of these three species included in the family- T. excavata, C. digitiferus are 

considered junior synonyms to T. deltoides. This is due to shared morphological features including 

large pores open at the base and ridges extending proximally to base, away from the crown (Gross 

1971). These can be seen in both larger and smaller specimens in Figs. 2 and 3. Gross (1971) supplies 

histological examinations of T. deltoides, but refrained from giving T. deltoides a phylogentic 

interpretation due to a lack of comparable characters. A final mention of T. deltoides comes by Märss 

(1992), who continues the tradition of considering them simply Pisces incertae sedis but suggested 

they may be  early representatives of a higher taxon. They were later assigned (the author assumes 

incorrectly) to the Pterspidamorphs (uncertain order) in Sepkowski's Compendium (2002, p. 533). 

3.1.2 Ohesaare cliff section 

 The Ohesaare cliff section is the stratotype of the Ohesaare regional stage of the East Baltic. It 

is the uppermost section of the Silurian stage in this region (Nestor 1992; Kaljo, Kiipli & Martma 

1997). The /formation is included in a carbonate basin setting proximal to the Iapetus Ocean, which, 

during the Přídolí, was undergoing compression due to the closure of the ocean, undergoing sediment 

infill (Nestor & Einasto, 1997b). The marlstone, limestone and /carbonaceous mudstones that compose 

the formation contain fossiliferous horizons of vertebrate remains, including heterostracans, 

thelodonts, acanthodians and an osteichthyan (Märss 1986, 1992). This fossil diversity includes the 

teeth, spines and scales from the acanthodians, as well as the problematic T. deltoides, and 

demonstrates a complex ecosystem of both vertebrates and invertebrates. The sequence is truncated at 

the top by an erosional boundary (Nestor, 1997). 
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Figure 2: Larger morphotypes of Tylodus deltoides. 
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Figure 3: Smaller morphotypes of T. deltoides. 

3.2 Early gnathostome and chondrichthyan evolution 

3.2.1 Gnathostome plesiomorphic conditions and stem chondrichthyes 

 Recent advances in the understanding of stem-chondrichthyan acanthodians have indicated 

chondrichthyan characters in taxa such as Acanthodes and Ptomocanthus represent symplesiomorphic 

conditions for either the total-group chondrichthyans (Davis et al. 2012) or gnathostomes (Brazeau 

2009). This is inferred from the wide distribution of tooth whorls across these groups, in both stem and 
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crown chondricthyans and stem and crown osteichthyans. Tooth whorls therefore represent a basal, if 

not plesiomorphic state of the total-group gnathostomes. This paradigm has recently been called into 

question by the observation of osteichthyan characters (dermal marginal jaw bones) in the placoderm 

Entelognathus primordialis (Zhu et al. 2013), with tooth whorls evolving convergently in the 

chondrichthyan and osteichthyan stems. Phylogenetic analysis resolves E. primordialis as sister group 

to crown group gnathostomes, in polychotomy with ptyctodonts and arthrodires. Also revealed here is 

that macromery was present as the plesiomorphic condition in gnathostomes, with micromeric dermal 

skeletons derived in the chondrichthyans. Contrary to the tooth-whorl plesiomorphic state, Hanke & 

Wilson (2010) indicate that the statodont condition (non-replaced teeth) may be the plesiomorphic 

state for total-group gnathostomes, with tooth whorls evolving independently in the stem-groups. 

Indeed, “experimentation” appears to be common in tooth form in early Devonian acanthodians also, 

presumably in response to feeding habits (Blais et al. 2015) 

 Polyodontode scales represent the plesiomorphic condition for gnathostomes, monodontode 

scales only present as a derived condition in the chondrichthyans (Qu et al. 2013).  The type of 

polyodontode scale found in different gnathostome taxa differ histologically and in growth pattern. 

Placoderms, now to be considered more representative of crown gnathostome plesiomorphic 

conditions, have large dermal plates generally consisting of a three-layered structure of superficial 

lamellar, cancellous medial and basal cellular bone layers, with various derivations (eg. Rhenanids) 

(Giles et al. 2013). It also suggested that there is a continuity between placoderms and crown 

gnathostomes due to the retention of basal and medial layers in a similar fashion to placoderms in their 

scales (Giles et al. 2013). Micromeric polyodontode scales first appears in the acanthodians, indicating 

polyodontodes are a primitive, if not plesiomorphic, condition for crown gnathostomes (Janvier 1996, 

Qu et al. 2013). In the acanthodians, polyodontode scales grow superpositionally (areal or 

superpostional growth occurs in some taxa, but is rare) (Valiukevičius & Burrow 2005), a pattern 

conserved into the stem and early chondrichthyans, thus representing their plesiomorphic state. Early 

chondrichthyans also display an array of scale types. Putative Ordovician and Silurian chondricthyan 

scales are of the placoid type typical of crown chondrichthyans, but are also polyodontode (Burrow & 

Turner 2013, Hanke & Wilson 2010, Karatajūtė-Talimaa 1995, Sansom et al. 2012). However, early 

Devonian chondrichtyan scales show a different morphology to the typical placoid type, at least 

superficially similar to some placoderm scales (Burrow & Turner 1998). Early Devonian Gladbachus 

shows areal growth of tuburcles from a laminar base (Burrow & Turner 2013), as do some putative 

chondrichthyan scales of the middle Devonian of Germany (Otto 1999). In the holocephalans, a form 

of placoid scale fusion occurred in the menaspids, to create a complex of fused monoodontodes into 

armour plates (Patterson 1965, Reif 1978). These examples demonstrates a certain amount of lability 

in the growth of scales in the early and stem chondrichthyans. A phylogenetic interpretation of these 

patterns is certainly lacking detail, possibly reflecting a relatively unconstrained evolution of scale 

growth in response to life habits. Nevertheless, some clarity is gained in the understanding that there 
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has been an individualisation of odontodes, perhaps derived from the odontogenesis patterns in 

placoderms, to poly- then monodontodes in modern chondrichthyans (Smith & Hall 1990). 

 Analyses such as the one discussed in the next section (Lund & Grogan 1997), give an 

account of the evolution of the holocephali. An elasmobranch condition is described as the 

plesiomorphic state for chondrichthyans. With acanthodians now populating the stem of the 

chondrichthyan crown-group, it is expected that certain elasmobranch characters appear there. In the 

case of the dentition, recent fidings from the MOTH locality show both statodont (non-replaced) and 

lyodont (lingual-labial tooth whorls) teeth of Ischnacanthid acanthodians on this stem (Blais et al. 

2015). The plesiomorphic state for chondrichthyan dentition is therefore not entirely clear. The 

prevalence of tooth whorls in these acanthodians may suggest it is the basal state, but would result in 

homoplasies for statdonty in those species from the MOTH locality. The phylogenetic analyses of 

Brazeau (2009), Davis et al. (2012)  and Zhu et al. (2013) resolved the ischnacanthid Ischnacanthus 

and fellow Ischnacanthiforme Poracanthodes on on the osteichthyan stem. Thus, for the remainder of 

this thesis, the assumption that the lyodont condition is plesiomorphic for the chondrichthyans shall be 

made. 

3.2.3 Early holocephalan evolution and durophagy in the fossil record 

 Synapomorphies of the crown group holocephalans are usually identified from soft-parts, such 

as holostylic jaw suspension (where the palatoquadrate is totally fused to the brain case), a single gill 

opening, both frontal and pre-pelvic claspers and calcified rings surrounding sensory-line canals 

(Janvier 1996).This leads to issues when comparing fossils known only from hard parts such as teeth, 

scales or spines. Two forms of dentine unique to the holocephalans- 'tubular' and pleromic dentine, are 

known from histological studies (Ørvig 1985, Lund & Grogan 1997). The plesiomorphic states of the 

holocephalans are considered to be closer to the elasmobranch condition, mono-cuspid teeth replaced 

by tooth whorls and an autodiastilic jaw suspension (where the palatoquadrate is attatched to the 

braincase in the orbital and ethmoid regions) (Lund & Grogan 1997, Grogan & Lund 2000). 

 Early holocephalan evolution of teeth to tooth-plates is considered to represent a 

“morphoclinal gradation” away from the plesiomorphic conditions. This is summarised by Lund & 

Grogan (1997) as follows: 

1. Morphological change from cusp-shaped teeth to flatter, wider, lower crowned teeth: from the 

elasmobranch protacrodont (teeth not attached to jaw elements, seriallly replaced) condition to 

the orodont (typical of the orodonts and helodonts) condition. Enamaloid, prominent in the 

elasmobranch condition, is reduced to a thinner layer covering the tritorial region. Reduction 

of orthodentine and the increase in “tubular dentine”, derived from the osteodentine base. 

2. Final reduction of enameloid to a central region of the tooth. Replacement of mantle dentine, 

to a dentine complex of denteon, and interdentonal dentine, and their alignment. Tooth bases 

become fused. 
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 The Devonian marked the start of the 'Paleozoic Marine Revolution', a period of increased 

incidences of durophagous vertebrates in the fossil record, and decline of arthropods (Signor & Brett 

1984). The diversity of durophagous holocephalans and placoderms in the Devonian increased 

dramatically with the evolution of the above mentioned groups, which began to decline in during the 

Frasnian stage (mid-Devonian). This biodiversity curve is a reflection of the replacement of the 

placoderm durophages with holocepahalans, which came to dominate the durophagy niche during the 

Carboniferous (Sallan et al. 2011). The Holocephali taxa that took over this niche are the bradyodonts 

(Woodward 1921), a term since fallen out of use. The bradyodonts were named for their slow tooth 

replacement, inferred from extensive wear on the occlusal regions of the teeth, where tritors, small 

coronoid structures grew, and lack of evident tooth replacement mechanisms, such as tooth whorls. 

They still lack a well understood position in holocephalan phylogeny. Stahl (1999) placed them as a 

transitional series of reducing number of tooth plates, in a cladogram based on hard tissues only, but a 

more thorough analysis is lacking. 

3.3 Palaeohistology of early gnathostomes 

 The internal teeth and external scales or plates of vertebrates are parts of the dermal skeleton. 

Their developmental mechanisms have been united under different theories to explain what 

fundamental unit these homologous elements derive from. Reif (1982) proposed the odontode-

regulation theory, where the odontode consists (archetypically) as a scale-like element consisting of an 

enamel cap, dentine middle-layer and osseous base. By fusion or individualisation, superpositional or 

areal growth, the array of dermal skeleton elements was explained by the evolution of the odontode. 

Although this theory is not without flaw (see Donoghue 2002 for a review), the odontode is a term 

retained to describe the serially homologous unit common to most vertebrates. 

3.3.1 The study of vertebrate hard parts in the Palaeozoic 

 The study of hard tissue componants (eg. dentine and enamel) is one as old as palaeontology 

itself. Early palaeontologists saw the importance of histological study, as exemplified in such works of 

Richard Owen and George Cuvier. In the twentieth century, a more analytical approach to defining 

tissue types and their evolutionary history was continued by Walter Gross and Tor Ørvig, who 

provided the foundations upon which modern palaeohistology is studied (Janvier 1996). The evolution 

of vertebrate dermal armour from the agnathans through to the gnathostomes is well documented, if 

imperfectly understood. Taxon-specific hard tissues, along with various dentine cell-process 

organisations have been the chief components of histological analysis in the agnathans, and 

demonstrate that a great diversity of hard tissue types were present in at least the Ordovician (Sire et 

al. 2009).  
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3.3.2 Histology of gnathostome hard tissues 

 Dentine is a, mineral tissue that forms at the interface between the epithelium and 

mesenchyme, and functions as the interface between the pulp and surface of the tooth or scale, 

allowing for sensation and vascular supply from the base to the surface of the tooth or scale (Smith & 

Sansom 2000). The terminology used to define different types and histology of dentine is notoriously 

complex (Smith & Samsom 2000). Dentine organisations have historically been grouped by the 

orientation of cell-processes and the position of cell spaces relative to pulp and dentine. These types 

were divided into meso-, semi-, ortho- and meta-dentine, with increasing organisation of cell spaces, 

containing odontocytes into the pulp cavity and orientation and reduction of cytoplasmic processes to 

the surface of the odontode. Initially considered a transitional series, the presence of the apparently 

derived dentine types (orthodentine and metadentine) are present in basal agnathans (eg. orthodentine 

in the osteostracans) (Donoghue et al. 2006). These terms are retained, however, as  descriptive terms 

(Smith & Hall 1990, Smith & Samsom 2000).   

 Some dentines, or dentinous tissues exist that resemble bone more closely. Meso- and 

semidentine have odontocytes trapped within a calcified matrix, creating cell lacunae. This is unlike 

meta- and orthodentine whose odontocytes are kept within the  pulp cavity. Osteodentine and 

trabecular dentine represent a more bone-like architecture. Trabecular dentine represents an infilling of 

the pulp cavity by dentine, creating a complex web of vascular supply. Combined with tubular dentine, 

an arrangement of vascular canals specific to teeth, ascending to the surface of the tooth, this forms a 

condition common known as orthotrabeculine to organisms with crushing dentition, such as the 

holocephalans (Smith & Sansom 2000). A similar organisation forms around the vascular canals of 

some organisms, where a canaliculi radiated outwards from the canal, known at a denteone or denteon, 

with denteonal dentine encircling the canals. 

Different types of dentine, including those listed above are informative in terms of systematics 

and the definition of different groups. However, the evolution of dentine is not indicative of a 

transitional series, rather, dentine organisations represent an array of convergences in form across 

multiple Paleozoic vertebrate taxa, thus less informative in a phylogenetic sense (Smith & Sansom 

2000). This is particularly so for the polyphyletic placoderms and acanthodians, whose new-found 

lability in tree topology (particularly around the chondrichthyan-osteichthyan divergence) means a  

revision of how these dentines evolved is required in order to understand their evolutionary 

significance (Sire, et al. 2009). 

Enamel and enameloid are generally defined as hypermineralised surface tissue on dermal and 

oral odontodes, almost lacking entirely an organic component (Fincham et al. 2000). In this sense, 

both tissue types can be considered in terms of their relative position, development and histology, 

although care must be taken in distinguishing between homology and analogy in these types of tissue 

across disparate taxa, due to the plasticity in their development (Smith & Hall 1990).  
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Figure 2: A selection of illustrations from Gross' (1971) thin sections of T. deltoides. a: figure 26K, vertical thin 
section, x90. b: figure 26H, vertical thin section, x350. c: figure 28M, vertical thin section x550. d: figure 28H, 
vertical thin section, x350 e: figure 28A, horizontal thin section, x90. Abbreviations: dnt- "denton", shf- 
Sharpey's fibres ark- "arcade" canal-secondary canal system, waz- growth zone, lak- lacunae, gr- cross-
laminations, gfk- vascular canal, ost- osteon. Reproduced with permission of Schweizerbart Science Publishers 
(www.schweizerbart.de) 

 

3.3.3 Histology of T. deltoides, thin-sections by Gross (1971) 

 A useful comparison  for T. deltoides is provided by Gross (1971). He analysed and drew 

diagrams from thin sections and summarised the histology of T. deltoides specimens from Ohesaare. 

Identified were a set of characters he found unable to conform to a condition in a known group. Only 

focusing on the smaller elements, he identified the presence of two sets of canals, one larger set in the 
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central primary odontode of large ascending canals, one smaller in the secondary odontodes (Fig. 4 a 

and e). Cell lacunae are described and figured, showing a branching of canaliculi radiating away from 

the space, but oriented towards the crown in most images (Fig. 4b and d),or unoriented (Fig. 4e). 

Growth lines are visible on one image (Fig. 4b), as are osteons (reffered to as denteons in this thesis- 

see Description) (Fig. 4e). A hypothesis for the affinity of T. deltoides is not given in his paper, 

Similarities are drawn between T. deltoides and the Rhenanids, Radotinids and Nostolepis, but he rules 

both out due to a lack of coherencey in histological comparisons. 
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4. Material and Methodology 

4.1 Fossil collection and preparation 

 Fossils were collected from the Ohesaare cliff section from the island of Saaremaa, in the 

Baltic Sea, west of Estonia. The Ohesaare Formation, , which outcrops at the cliff section of the upper 

Silurian, dated to the Přidoli Epoch. Some 300 individual elements were extracted using acetic acid 

and hand-picked. Acid extraction  was performed by Henning Blom (Uppsala University). Maps and 

stratigraphic columns of this locality are described in Nestor & Einasto (1997a). 

 The remains were embedded in epoxy in order to protect them durnig the grinding process, 

and create a medium in which the remains can be oriented along different planes. They were then 

ground using Buehler silicon carbide powders, incrementally, from P120 to P1000 particle size (~106 

to ~4 micron grain size). The moulds were then polished with Buehler Metadi monocrytalline diamond 

suspension from 9 to 1 micron diameter. Acid-etching with 10% HCl was performed to help define 

crystals and features structures and outlines on the ground surfaces. Samples were not coated with a 

conductive layer, in order to preserve the fidelity of the elemental signatures for x-ray dispersive 

techniques.  

 

4.2 Electron microscopy 

 All electron microscopy analyses were performed on a Zeiss Supra 35 field emission electron 

microscope. Specimens were prepared in different manners for different types of analysis. Specimens 

for scanning electron microscopy were coated in palladium and were analysed under high or low 

vacuum. Epoxy-embedded specimens were not coated, and analysed under low pressure SEM and 

backscattered electrons, in order to compensate for the noise generated by the charging of non-

conductive epoxy. For the chemical analysis, energy dispersive X-ray spectroscopy (EDS) was 

performed with an EDAX Genesis 4000 detector, under the same conditions as the SEM and BSE 

analyses. Due to the above charging issues with the epoxy, as well as in the highly porous material,  

low vacuum was the preferred method, with the beam strength set at 20keV to compensate. 

4.3 Synchrotron scanning and three-dimensional modelling 

 Synchrotron scanning was done in beamline ID19 (Three-dimensional x-ray imaging 

beamline) of the ESRF, images sampled with PPC-SRμCT, with a setup for scanning fossil histology. 

Voxel resolution was taken at 0.696 μm, using a fast-readout, low-noise CCD (FreLoN 2K14 detector) 

and gadolinium gallium garnet crystal scintillator. A polychromatic beam was filtered with 7mm on 

aluminium, with the sample 15mm from the optics, with a resulting energy of 19keV. 4998 projections 
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were acquired over 360 degrees with a 0.3s time exposure. The 3D model was constructed and 

segmented using VG Studio v.2.2 voxel data analyser (Volume Graphics, Heidelberg), using protocols 

similar to those summarised in Abel et al. (2011). 
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5. Description 

5.1 Morphology 

 The remains of T. deltoides show a wide range of variation, including small scale-like 

polyodontode elements range in size from 1 to 4 mm (Fig. 3) and larger plate or cusp-shaped elements, 

4 to 12mm across (Fig. 2). The smaller elements lack symmetry, as well as a distinct basal plate or 

peg. No two polyodontode remains are identical, but appear to fall into a continuous range of 

morphological variations of multiple odontodes cascading down the sides of the larger primary 

odontode. The larger cusp and plate shaped remains have polygonal bases and the surfaces of the 

elements are unornamented, at both the macroscopic and SEM level of observation. Vascular canals 

open at the base with wide apertures, and pores are visible on the upper surfaces of the largest tooth 

plates. A three-dimensional rendered image is shown in Fig. 8, showing a typical example of a sub- 

rhombic denticle. The image shows the tubercle outgrowths and porous base, with openings to the 

vascular canals. 

 
Figure 3: Horizontally ground sections of T. deltoides microremains. Images taken using backscattered electrons 
(a, c and d) and normal SEM (b). Scale bars are 100 microns for a,b and d, 1 micron for c. 
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5.2 Histology 

5.2.1 EDS and SEM based histology 

As part of an approach involving multiple types of analysis, histological examination of T. deltoides 

ground thick sections under SEM are included here. Only two additional observations can be made 

here that cannot under normal light microscopy of broken specimens. A junction between different 

tissue textures is visible in Fig. 5a, c. It is distinguishable from epoxy resin in structure, leading to the 

conclusion it may be part of the tooth. Positionally this could be inferred to be a dentine-enameloid 

junction, a conclusion based on this data alone is unsure, especially without visible crystal orietations 

(charging had become an issue due to proximity to epoxy preventing higher magnification). This layer 

does bear a resemblance to enameloid found in the basal or stem chondrichthyan Celtiberina, due to 

its homogenous structure (ie. not the triple-layered enameloid of derived elasmobranchs), and 

interwoven appearance (Botella et al. 2009), or perhaps dipnoan vitrodentine, for the same reasons 

(Campbell & Barwick 2007). A similarity is noted in primitive chondrichthyan teeth, of poorly defined 

crystals in a single layer, ascending from the vascular canals (Gillis& Donoghue 2007). A second 

observation is the two distinct regions visible in Fig. 5b. These may be related to the brown and black 

areas visible macroscopically on the surface and base of T. deltoides. It is also seen in a possible 

difference in diagenesis between the two layer, seen in the white infilling and open dark grey vascular 

canal openings in Fig. 5d. The ground and acid-etched sections are remarkably smooth. Apatite 

crystals are not visible under high magnification.  

Tissues of vetebrate hard-parts are comprised of variations of apatite. Flourapatite, 

hydroxylapatite and carbonate-apatite represent the most common forms (hydroxylapatite chief 

amongst them), with various calcium phosphates with other anions in replacing calcium, such as 

magnesium (whitlockite) (Bartholemew et al. 1992). In modern fishes, fluorine and magnesium 

weights, and calcium-phosphate ratios vary across both taxa and dental hard-tissues. Of interest here is 

the presence of the high-magnesium, high-phosphate whitlockite, known to form the pleromin of 

extant chimaeroids (Ishiyama et al. 1991, Lund et al. 1992). No magnesium componant was observed 

in the specimens, indicating a lack of whitlockite. Rather, the teeth are predictably composed of 

calcium phosphate, with component elements distributed homogenously across the tooth (Fig. 7). 

Minor elemental components may inform taphonomic studies. Sulphur is present as a trace element in 

most analyses, but concentrated in the canals in some (but not all) specimens (Fig. 6a and b. This is 

likely pyrite, evident as pronounced bulges protruding from the vascular canals (Fig. 6c), indicating 

the presence of microbial activity. 
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Figure 4: Framboidal pyrite preserved in the vascular canals of T. deltoides. Green stippling in b is an elemental 
map of sulphur, a and c are ground sections (a-BSE, b-SEM). Scale bars are 20 microns for a and b, 2 microns 
for c. 

5.2.2 Two-dimensional synchrotron scan virtual histology 
Virtual thin sections are provided here due to the fidelity produced by  PPC-SRμCT (Tafforeau et al. 

2006), and can be compared to diagrams in Gross (1971). Dentine, which appears to be mesodentine 

can be observed in the sections (Fig. 8a), as can the growth lines between each odontode generation 

(Fig. 8b, c). The scanned sections are composed of three layers (Fig. 9d). The lowest layer, comprising 

around half the thickness of specimen contains a higher density of odontocyte lacunae than the others, 

and is of a more homogenous texture. The second layer has fewer lacunae, and a heterogenous texture. 

Darker inter-denteonal dentine is surrounded by circular patterns of a lighter texture, with thin, darker 

regions interconnecting in between the denteons. This anastamosing texture dominates the specimen at 

the top of this second layer. The primary canal system only branch in this layer, they do not branch in 

the lower layer and do not reach the upper layer. The uppermost layer is darker still, and lacks lacunae.  
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Figure 5: Representative elemental map of T. deltoides ground sections. Scale at bottom left of the BSE image is 
20 microns 
 An interpretation of these layers can be established on these features. The lowermost layer 

(L1, Fig. 9d, b) is resemble most closely either osteodentine or mesodentine (sensu Francillon-Vieillot 

et al. 1989) and can be distinguished from other dentine organisation. Semi-, meta- and orthodentine 
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all have canaluculi oriented toward the surface and only a single canaliculi emanating from each 

lacuna. Meta- and ortho-dentine have lacunae situated only in the pulp cavity. The dentine organisation 

does bear resemblance to osteodentine (bone-like dentine) in its complex interconnected canaliculi, 

but lacks the trabeculine spongy texture of a trabecular dentine organisation and the  canaliculi are 

more oriented crownward than bone (Smith & Sansom 2000). However, the designation of 

mesodentine is one that is open to interpretation. The framework of dentine organisations, from meso- 

to orthodentine does not necessarily reflect the diversity of canaliculi orientation and lacuna 

morphology. The division between bone and dentine in this regard is also not one that is strictly 

delineated, and may be an oversimplification of the evolution of the development of these tissues 

(Snmith & Hall 1990). Apart from canaliculi orientation, designating such terminology to these 

observations may restrict interpretation by the assumption of homology between different dentine 

organisations, which may be more evolutionarily labile than the terminology suggests. 

 The heterogenous texture of the second layer is more clearly viewed in the high-contrast insert 

to Fig. 9d (L2) and c and  resembles closely pleromic dentine (pleromin) in its position encircling  the 

vascular canals (vascular pleromin) and interconnecting between the vascular canals (compact 

pleromin- Fig. 9c). It also houses the short canaliculi radiating out from the vascular canals, connected 

to 'pleromoblasts', typical of the denteons of holocephalans (Ørvig 1985). In the SEM study, this 

feature is seen as darker, fibrous bundles around the vascular canal openings, although the compact 

pleromin is not observed (Fig. 9e) (this may be due to the ground sections showing the vascular 

pleromin closer to the base, where compact pleromin is not present). The uppermost capping-layer is 

marked by a growth line (L3, Fig. 9d).  It is acellular and has few vascular canals reaching its base, 

where the growth line can be seen arcing over the tips. Collagen fibres can be seen perpendicular to 

the base of the primary odontode, running up the inside of the vascular canals. Sharpey's fibres may 

also be present. Animation 1 (Supplementary information) shows fibrous textures at the edges of the 

specimen. Those on the right side of the images are thin, sub-parallel and reach the outside of the 

specimen, presumably for attachment to the mesoderm. On the lower left, potential Sharpey's fibres 

are present, although are longer and thicker than typical extraneous fibres (sensu Ørvig 1966-see 

Beverly Halstead 1969 for discussion). The fibres on the left, if not true Sharpey's fibres, may 

constitute non-attaching intrinsic fibres, related to some other function. Collagen fibres are present on 

the interior of the primary vascular canal system (Fig. 8e). Although not entirely clear that these 

feature are not artifacts, this diagnosis is corroborated by Gross (1971). Doubt may be cast on this 

interpretation due to Sharpey's fibres typically developing in the cementum or bone, and are unknown 

in mesodentine (Sire et al. 2009). 
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Figure 6: Virtual thin sections of the modelled specimen. a- Horizontal section near the base of the specimen. 
Diagrams beneath correspond to boxes on the image, showing details comparable to Gross' (1971) work. b. 
Vertical section, showing generations of odontodes. High-contrast insert shows the different texture visible 
within the dentine. c. Diagrammatic representation of the odontode generations. d. High contrast image of 
odontode 'O4' of image b. e. Vertical section showing collagen fibres on the insides of the vascular canals. 

 

 The boundary between the primary and secondary odontodes, and between the secondary 

odontodes where they overgrow is marked by a growth line. Their histology differs markedly from that 

of the primary odontode. There is no clear layering to the secondaries as there is to the primary, except 

for a lighter-coloured layer at the crown (Fig. 8d). The complex matrix of the secondary vascular canal 

systems is also notably different to the primary system, that being straight and parallel, without 

interconnections. The secondary systems do retain vascular pleromin, with radiating canaliculi. The 
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capping layer may be also interpreted as a form of hyperminiralised dentine such as pleromin,  

although this is a probematic.  

 

 
 
Figure 7:  Virtual sections of the specimen modelled. a. Horizontal section near the top of the specimen. b. As, 
image a, but near the base. c. High contrast image, same position as the white box of image a. d. Vertical section 
showing the layers (L1-3) described in text, with a high contrast insert. e. BSE image showing vascular pleromin 
in another, larger morphotype. 
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Figure 8: Rendering of the whole modelled specimen. In oblique view (top), basal view (middle) and top view 
(bottom). Scale boxes in mm. 
 

 Capping tissues, such as enameloid, enamel and durodentine,  are most easily described by the 

orientation and shape of the apatite crystals within them (Gillis & Donoghue 2007), which is not 

evident in all the SEM images. Compact pleromin will be used here to describe it however, due to the 

relationship between the canaliculi of the vascular pleromin radiating away from the vascular canals, 
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to the compact pleromin. It also bears a morphological similarity to the pearlstring dentine (Bargmann 

1933) or compact pleromin (Ørvig 1985) observed in chimaeroids. However, morphological similarity 

is not enough to designate this term to this tissue. A more general term acellular dentine, with 

odontoblasts present in the extensive canal systems of these secondary odontodes may be more 

accurate. 

5.2.3 Three-dimensional histology 

The vascular system of the primary odontode is composed of canals, thinning towards the 

crown, where some split into two or more smaller canals towards the top of the secondary, pleromic 

dentine layer (Fig. 11a). The odontocyte lacunae showed a gradual reduction in concentration through 

the basal dentine layer, before becoming scarce in the upper two layers (compare figs. 11b-layer 1and 

11c-layer 2). Odontocyte concentrations can be seen to increase at the edges of the primary odontode 

(Fig. 11a).  

The generations of growth of each odontode row can be seen in Fig. 12a and b, with older 

generations descending down the sides of the primary odontode (Fig. 12c). The rows extend in number 

of generations differentially, some with three and others a single odontode. The generations are clearly 

demarcated by a growth line, allowing the inferrence of age based on their superposition relative to 

one another (Fig. 8b, c). The vascular canal systems within each odontode differ also. The smallest, 

(ie. youngest) generations have small, truncated vascular canals that do not interconnect. This may be 

due to a completion of growth and an infilling of the canals by dentine, but no evidence of this is 

observed in the virtual thin sections. The larger (ie. oldest) secondary odontodes show a far more 

complex interconnected system of canals, with large basal canals opening at the base of the odontode 

(Fig. 12e). All other canals radiate upwards from it. The smaller system follows the outline of the 

outside of the odontode and corresponds so closely, that the vascular pleromin observed in the virtual 

thin sections follows the concentration of compact pleromin on the surface of the odontode (cf. Fig. 

12d, e). The basal canals in the younger generations do not open to the older generations in the pattern 

described above, and lack any evidence of previous vascular canals being infilled. This indicates the 

oldest generations that have canals opening to the surface may be terminal generations of each 

odontode row. This may be indicative of odontode regulation constraining the size of the whole 

element, which will be discussed in the following section. They may also represent a functional 

analogy to the neck canals of some stem holocephalan teeth, such as the petalodonts (Lund 1989). 

5.3 Abrasion patterns 

Non-skeletal vertebrate hard tissues developed dermally (in scales, plates and spines) or orally (in 

teeth) during the Palaeozoic. The dermal or oral position of T.deltoides specimens is an important 

aspect in their analysis, as body plates, scales, teeth and tooth-plates reflect function in their 
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morphology. Certain criteria for the differentiation can be surmised from abrasion patterns in other 

hard parts in the fossil record (Märss 2006), as well as experimental data (Irmis & Elliott 2006) and 

comparison with other Ohesaare remains.  

 
Figure 9: Three dimensional rendered images. a. Vertical clipping box showing odontocyte distribution (grey) 
and vascular canal systems (cyan). b. Horizontal clipping box, transecting layer 1. c. As image b, transecting 
layer 2 
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From this, three models for the cause of abrasion patterns can be deduced: 

Model Cause Criteria 

Ante-mortem wear Function, use Little wear on dermal denticles, regular, relatively 

deep wear patterns on oral denticles. 

Post-mortem abrasion 

(articulated) 

Whole body dragging 

along substrate (cf. 

Märss 2006) 

Regular, oriented, superficial scratches on upper 

surfaces of dermal denticles, no wear on oral 

denticles. 

Post mortem abrasion 

and breakage 

(disarticulated) 

Mechanical abrasion of 

individual denticles (cf. 

Irmis & Elliott 2006)  

Rounding of denticles from the edges and peaks 

nwards for both dermal and oral denticles 

  

 Two surveys of wear patterns, one of T. deltoides morphotypes, one of other species in the 

Ohesaare samples, were taken. The first survey, of T. deltoides,  showed both wear patterns of  ante-

mortem wear and disarticulated post-mortem abrasion and breakage. The patterns were not evenly 

distributed across the specimens analysed. Not observed is a resemblance to the 'pseudo-ultrastructure' 

as outlined in Märss (2006). Ante-mortem wear can be seen in Fig. 13a, b & e. Figure 13e shows 

indentations typical of flatter, plate-shaped teeth, Fig. 13b shows deep sctratches radiating away from 

the crown on the tooth, and Fig. 13a both shallow and deep sctratches in similar orientation. Figure 

13c,d are smaller specimens, which lack identifiable ante-mortem wear. The surfaces of the teeth are 

remarkably scratch-free, with damage confined to the edges as clean breaks. Finally, Fig. 13f provides 

an example of mechanical abrasion of a disarticulated specimen, with rounded edges. 

 Other species in the Ohesaare samples display both forms of post-mortem abrasion, but no 

clear ante-mortem wear, including a scale of the stem-osteichthyan Lophosteus (sp.?) and a dermal 

plate of the heterostracan Oniscolepis dentata.  In Figure 14b, the dermal armour of O. dentata shows 

no wear patterns, indicating at least very little post-mortem abrasion whilst articulated.  Sub-

longitudinal scratches are visible on the surface of the Lophosteus scale (Fig. 14a), coherent with post-

mortem dragging along a rough surface. The acanthodian spine in Fig. 14c and acanthodian tooth, 14d, 

also show no abrasion, but both have clean breakages, likely due to disarticulated mechanical forces. 

The highly rounded acanthodian scale (Fig. 14 e, f) shows both types of post-mortem abrasion, both 

longitudinal wear (f) and abrasion at the edges (e). 

 It is evident that there are two types of wear occuring in the remains of T. deltoides. The larger 

specimens conform to the wear patterns accrued on the occlusal surface of teeth during the lifetime of 

the organism, not the superficial scratches caused by the articulated body of the animal dragging along 

the substrate. The result of this is the open poers on the occlusal surfaces of these specimens, evident 

in Fig. 2. The smaller remains do not exhibit either of these patterns, so cannot be conclusively be 

described as teeth according to the criteria outlines above.  
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Figure 10: Three dimensional rendered images of the odontode generations. a: Two rows of 3 generations, 
lighter  blues indicate younger generations. b:  Corresponding vascular canals. Lighter reds indicating younger 
generations. c: Whole specimen, with odontode generations coloured and labelled in their order of generation. d: 
Vascular canal network in a secondary (oldest generation) odontode. e: Exterior rendering of image d. (basal 
canals purple, smaller system pink). 
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5.4 Summary of the characters of T.deltoides 

 Here is presented a summary of the histological and morphological characters observed in T. 

deltoides. Comments are provided where a lack of certainty is present for each character, or where the 

limitations of this project could be improved by future methods and analyses. 

Character Comment 

Polyodontode structure Designation of primary odontode may be improved by wider analysis 

of larger morphotypes. 

Tripartite structure  

Mesodentine Open to interpretation due to the difficulty in inferring cell type 

within the lacunae. Cellular dentine may be a preferred general term. 

Vascular pleromin Interpretation may be improved by improved acid etching. 

Compact pleromin As above, may be normal dentine. 

Enameloid As above. 

Ascending vascular canals In primary odontode. 

Arcade vascular canals In secondary odontodes. 

Sharpey's fibres Highly uncertain, may be improved by thin-sections. 

Intrinsic fibres As above, not necessarily informative for comparison. 
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Figure 11: Wear patterns on T. deltoides specimens. Scale bars are 10 microns for a, 100 microns for  b, c, d and 
f, 200 microns for e and g. Arrows mark wear and abrasion discussed in text. 
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Figure 12: Wear patterns on other microremains from the Ohesaare cliff section. a: Lophosteus scale, b: O. 
dentata dermal plate, c; acanthodian (Nostolepis?) spine, d: acanthodian tooth and jaw, e,f : acanthodian scale. 
Scale bars are 10 microns for a, 100 microns for b, c, d, e, 30 microns for f. 
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6. Discussion 

 In order to interpret the microremains of T. deltoides, two approaches could be taken. Firstly, 

comparisons of the histology and morphology of T. deltoides must be made with other known taxa, 

preferably those with well resolved phylogenies and positions in a wider gnathostome phylogeny. This 

approach will help form hypotheses of the phylogentic place of T. deltoides in gnathostomes until a 

full cladistic analysis can be made that is able to resolve gnathostome relationships based on 

microremains alone. The second approach echoes Gross's (1971, p. 74) conclusion that classification 

of T. deltoides is premature by analysis of its microremains only and must wait for the discovery of 

body fossils, which has proven conclusive in helping to classify other previously problematic 

Paleozoic gnathostomes (Miller, Cloutier & Turner 2003, Hanke & Wilson 2010). 

 As the remains display different morphologies and different wear patterns, presented are two 

different interpretations. The larger remains, with no obvious tubercle-like ornamentation (as opposed 

to the polyodontode smaller remains) are interpreted as teeth, based on their wear pattern and 

morphology. The small polyodontode specimens have been interpreted two ways. Firstly, as teeth, they 

exhibit an unusual mode of growth, due to teeth being typically monodontode (Francillon-Vieillot et 

al. 1989), but solves certain issue with the similarity between the bases of all specimens. This 

interpretation is strengthened by an understanding of the development of the compound teeth of 

holocephalans, and the mode of attachment of some types of teeth. The long, tubular vascular canals 

within all specimens are also a common feature of duropahgous tooth-plates, evolved convergently in 

holocephalans and dipnoans (Patterson 1996). Secondly, as scales, they  are similar to polyodontode 

constrcution and histology, but not morphology, of some acanthodian scales. These perpsectives will 

be expanded on in each interpretation below. 

6.1 Teeth and developing teeth 

 The distinction of the tooth plates and polyodontode remains as teeth and scales raises a 

problem, in the similar base and mode of attachment of these elements. They both have concave or flat 

bases, and both a pitted base with open ended vascular canals. Due to the different function and stress 

endured by these types of dermal element,  it is not unreasonable to presume a different type of 

attachment and basal growth, such as in the chondrichthyans and acanthodians (Fig. 15). On the basis 

of morphology, some specimens are large, highly peaked, and display a morphology like no other 

known dermal hard parts (Sire et al. 2009), and appear to lack any hydrodynamic design. Blunt teeth 

and tooth plates are an adaptation to a durophagous lifestyle (Signor & Brett 1985). 

As teeth, all elements are in the oral-pharyngeal region of T. deltoides. Inference of the large 

plate-shaped and blunt cuspid teeth as part of a crushing dentition has been established, so what of the 

polyodontode elements? These may be developing teeth, not yet protruded through the epidermis. This 

would help explain the same type of base present in both the polyodontode and tooth-plate elements. 
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True polyodontode teeth are unknown (Francillon-Vieillot et al. 1989), but tooth fusion is known to 

have occurred in the holocephalans. This is potentially along a morphoclinal gradient from tooth-

whorls (Iniopterygians), to multiple cusps gorwing from a single bony base (Chondrenchelyids, 

Helodus, both with linguo-labial replacement), to tooth pavements (Psammodonts, Cochliodonts, 

Copodonts) to the tooth plates of modern Chimaeroids (Lund & Grogan 1997-see summary in section 

3.2.3). This is rather a type of compound tooth and the polyodontode elements may then represent the 

mode of growth of the tooth pavement grade of this morphocline, the tubercle growths obscured 

within the developed tooth or developing into the ridges down the side of each tooth. The other tooth-

plate bearing group, the dipnoans, may have some relationship with T. deltoides. However, the fully 

formed tooth plates lack dipnoan structure of radiating tubercles, and are also far greater in number of 

morphotypes (Smith & Campbell 1987, Campbell & Barwick 2007), as well an outer layer not 

resembling petrodentine, the typical hypermineralised tissue present on the crown of dipnoan tooth 

plates, as closely as it does pleromin or enameloid (Kemp 2001).  

 A single known embryonic tooth plate is known in the fossil record of the Holocephali- a 

small Ischyodus tooth plate that has not undergone ante-mortem wear (Kriwet & Klug 2011), as in the 

small polyodontode specimens. A parallel is drawn here between the secondary odontodes on these 

specimens and the tritors of the tooth plates in Chondrenchelys problematica. Recently redescribed, 

Chondrenchelys apparently bridges the gap between tooth whorl and tooth plate, with larger posterior 

tooth plates, with radially growing tritors (ie. tubercle-like growths on the surface) added successively 

in an anterior-posterior direction. This is similar, and probably conserved the primitive chondrichthyan 

'lyodont' condition for tooth replacement, in terms of odontode growth (Finarelli & Coates 2012). The 

tritors of these tooth plates grow anterior-posteriorly, thus the youngest tritors are in the centre.  

Developmental studies illuminate a shared developmental program for tooth ontogeny in 

chondrichthyans. Didier et al. (1994) described the developing tooth of the chimaeroid Callorhinchus 

milii, where indivudual tooth primordia fuse later in ontogeny to create the tooth plates of modern 

chimaeroids. In this sense, the phylogeny of the holocephalans is shown in early developmental stages, 

such that tooth whorls and tooth plates represent two endmembers of a chondrichthyan tooth 

morphoclinal gradient, with Chondrenchelys showing variation derived from successions of 

odontogenesis, in the form of tritors, rather than fully formed teeth. If T. deltoides were to follow this 

holocephalan pattern, it can be inferred that the development of the odontode generations (central to 

proximal), if oriented in the lingual direction, could follow the lyodont mode of odontode addition, 

which also explains the lack of odontodes on the one side of the specimen. Alteration in the orientation 

of the odontode rows  relative to each other could be explained in this model by the rotation of the 

whole element, as has been in the case of Chondrenchelys (Finarelli & Coates 2012). 
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Figure 13: Modes of attachment of some scales (a,b and c) and teeth (d and e). The cartoon scales are of a 
mongolepid (a), a typical chondrichthyan placoid scale (d) and a scale of Nostolepis, a Silurian acanthodian (c) 
(adapted from Sire et al. 2009). d is the tooth attachment typical of the tooth whorls of chondrichthyans and 
acanthodians, and two forms of acrodonty, with and without fibrous attachment (adapted from Gaengler, 2000). e 
is a taken from a vertical cross section of the upper palatine tooth plate of the extant holocephalan Chimaera 
monstrosa (adapted from photographs in Stahl 1999, fig. 26). 

6.2 Modes of baseless attachment 

As discussed above, all T. deltoides specimens lack a base. In groups compared above, the 

acanthodians and chondrichthyans both evolved solutions in order to attach themselves to the 

epidermis. In scales, basal pegs of dentine or bone (in some acanthodians) sit within the epidermis, 

with fibrous attachments to the underlying tissues (Sire et al. 2009). In the teeth of these two groups, a 

similar solution is used, although with different basal layers within their respective histologies. Both 

chondrichthyans and acanthdians have a fibrous attachment to a peg of osteodentine (Gaengler 2000), 

but a baseless solution are also shown here (Fig. 15e). In the holocephalans, tooth plates are embedded 

in the epithelium, often (but not always) with a descending lamina, an elongate growth of dentine 

descending into the epithelium (Stahl 1999). 
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Figure 14: A speculative model for the development of a tooth of T.deltoides. Illustration after model proposed 
by Smith et al. 2012. The layers of outer epithelium (oe) and inner and outer dental epithelium (ide, ode) interact 
with the dental lamina (dl), derived from the ectomesenchyme (ecm) to creat new odontodes. Regulated by the 
inhibitory zone (iz). Question marks indicate uncertainty as to where these tissues are located where compared to 
Smith et al. (2012).   

 

It can here be proposed that baseless attachment is possible in both the tooth scenarios for the 

smaller and larger elements. The teeth would likely have used an acrodont type of attachment, lacking 

a acro-protothecadonal mode. Thus, this raises some difficulty in establishing the attachment of the 

small polyodontode elements. The scenarios in Fig. 15 a-c for scale attachment all have a basal peg of 

bone or dentine, and represent the majority of acanthodian and chondrichthyan conditions, but for the 

handful of exceptions mentioned above. The extrinsic fibres (ie. Sharpey's fibres) shown in Animation 

1 (Supplementary Material) probably fit the role of attachment fibre shown in Fig. 15f, as they are 

only present at the edges. A hybrid between the models e and f of Fig. 15.but lacking the pulp cavity in 

these examples, I propose to fit T. deltoides, also due to the concave base. The edges of the concave 

base are interpreted to be at least analogous to the descending lamina of chimeroids, (a synapomorphy  

of the holocephali) which in embedded into the cartilagenous jaw (Didier 1995) 
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6.3 Developmental perspective 

 Dermal or oral-pharyngeal, denticles develop from interactions between the endodermal and 

ectodermal tissues, developing from epithelial and neural crest mesenchyme cell lineages (Fraser & 

Smith 2010). Odontode Regulation Theory, first proposed by Reif was developed as a competing 

theory to the Lepidomorial Theory of Stensio and Ørvig, with odontodes and lepidomoria the atomic, 

homologous units (respectively) which constitute the range of dermal and oral-pharyngeal denticles in 

vertebrates (see Donoghue 2002 and references therein for a summary of these concepts). The 

Lepidomorial Theory remains unsupported by fossil and developmental evidence, and the Odontode 

Regulation Theory fails to establish internal homologies of hard tissues, particulary homology in 

vascular architecture, which, as established, implies different developmental mechanisms for different 

odontodes (Donoghue 2002). A framework for denticle homology, development and replacement is 

still a matter of contention, but progress has been made in understanding the role of sonic hegdehog 

genes as a deeply homologous inductor in the elasmobranch catshark Scyliorhinus canicula (Smith et 

al. 2009) in the inception of tooth primordia.  

 Regular tooth replacement in Chondrichthyans is well known, and their development is 

becoming progressively more well understood (Smith 2003, Smith et al. 2013), and may be (although 

controversially) conserved from placoderms (Johanson & Smith 2003). The similar lyodont pattern 

proposed by Finarelli & Coates (2012) in the holocephalan total group, where this mode of developing 

tritors in the same patterns as tooth whorls indicates that, if the fossil remains of T. deltoides  represent 

teeth, a similar model for the odontode generations of extreme heterodonty can be conceptualised. 

Deriving from Smith's et al. (2013) model, one can be fit around the presumed unerupted tooth (Fig. 

16). The presence of the dental lamina is the most difficult to infer the position of , as the specific 

stage of growth in this interpretation (beyond that it is developing) is unknown, and the dental lamina 

is only present on those denticles (in this case odontodes) that are growing (cf. Smith et al. 2013, fig. 

7). Separated layers of epithelial tissues negotiate the development of each odontode in a lyodont 

direction. The dental lamina provides the ectomesenchymal interaction within the epithelial layers, 

regulated by the zone of inhibition, which prevents the creation of a new odontode before prior one 

has already formed.  This model, for the development of chondrichthyan (viz. putative holocephalan in 

the case of T.deltoides-see hypotheses of affinity below) is one of particular importance in the 

inferrence of developmental modes in fossil gnathostomes showing lyodont tooth replacement. The 

findings of Smith et al. (2009) in the position of the dental lamina in embryonic chondrichthyans may 

have important implications for interpreting conservative development in gnathostomes, in particular 

the cryptic lyodont development in holocephalans and tritor development in both their stem and crown 

groups.  

 I recognise here a contradiction in two modes of lyodont evolution. One, that it is conserved 

from acanthodians and potentially placoderms (see above), and the second, that a statodont condition 
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evolved first in the chondrichthyan stem (Blais et al. 2015). A conserved lyodont condition seems the 

more likely explanation due to supportive developmental evidence, but leads to problems with 

autapomorphic statodont conditions in fossil  ischnacanthid acanthodians, which are resolved as stem-

group chondrichthyans in the phylogeny of Zhu et al. (2012). This may be resolved by new 

phylogenetic analyses including the new ischnacanthids from the MOTH locality. 

6.4 Tooth and scale 

 Assuming the interpretation that the larger, plated denticles are teeth or tooth plates, and the 

small polyodontode denticles are scales, a gnathostome of micromeric condition is inferred. These 

odontode-complex denticles support this interpretation, as true teeth form as single odontodes 

(Francillon-Vieillot et al. 1989), or teeth fused at the base, is in some holocephalans such as 

Chondrenchelys (Stahl 1999). This leads to difficulty in comparing T. deltoides scales to other 

gnathostomes, not least in their lack of a clear basal element.  The position of the generations of 

secondary odontodes on the primary odontode, from the crown and outwards towards the base 

indicates a type of areal-superpostional growth of multiple odontode generations with some similarity 

to the growing scales of chondrichthyans (Karatajūtė-Talimaa 1998, Hanke & Wilson 2010). The lack 

of a clear basal layer for attachment, and the highly convex base of the polyodontode remains is one of 

their more striking features. A common feature in gnathostome scales is the presence of an osseous 

peg or base plate for attachment to the epidermis, but is lacking in some. Sharpey's fibres are observed 

in virtual thin sections of T. deltoides,  providing the attachment of the scales to the dermis, but the 

lack of a base for attachment to the body in placoid scales of sharks and the scales of acanthodians 

means a lack of comparative data. However, putative chondrichthyans Altholepis and Ctenacanthus 

also use this as a means of attachment without a basal outgrowth (Hanke & Wilson 2010), as well as 

elasmobranch Petrodus (Elliot et al. 2004), holocephalan Deltoptychius (Patterson 1965) and 'Type II' 

denticles of the chondrichthyan Listracanthus (Mutter & Neuman 2006). 

 The cell lacunae in T. deltoides are poorly organised within the dentine, with long canalicuni 

oriented towards the surface and shorter one interconnecting each lacuna. This may be the dentine type 

mesodentine , sensu Francillon-Vieillot et al. (1989), in that cell lacunae have more that one branching 

tubule in an interconnected, irregular pattern. The pitfalls of such an interpretation are discussed in the 

Results section. Mesodentine is a common dentine type in the dermal armour of osteostracans, 

acanthodian scales (Sire et al 2009) and stem chondrichthyans such as Gladbachus  (Burrow & Turner 

2013) and Seretolepis  (Hanke & Wilson 2010). However, the lack of a boney base, micromery and the 

presence of teeth would ally the polyodontode remains to an acanthodian or stem chondrichthyan 

position based on the interpretation of this character. The extensive vascular canal system found in 

these scales is not common in stem group chondrichthyans, or in basal crown chondrichthyans. They 

resemble in some respect the ascending vascular canal system found in the Diplocanthid acanthodians, 

in their extent, and regular verticle orientation (Hairapetian et al 2006, Trinajstic 2001). The 
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diplocanthids are a poorly resolved group of acanthodians (Hanke et al 2001), whose a generalised 

scale structure (Diplocanthus-type) a main feature of which is the presence of these vertical canals and 

polyodontode construction (Valiukevičius 1995). Any interpretation here of these as scales is indeed 

problematic, in particular due to the presence of ascending vascular canals in high concentration, a 

feature mostly found in tooth-plates of holocephalans and dipnoans, a mechanical adaptation for 

durophagy. 

6.5 Hypotheses of a phylogenetic position 

6.5.1 As teeth and scales 

 The polyodontode nature of the smaller unabraded remains is difficult to compare to anything 

observed in known acanthodians,  who rather display lepidomorial growth or elongate 

odontocomplexes (eg. Diplocanthids, Protacrodus) (Karatajūtė-Talimaa 1998), or ocassionally stellate 

tubercles in the cranial region of Nostolepis (as compared by Gross 1971). Tuberculate growths on 

sub-rhombic micromeric scales is known from the placoderm Stensioella (Denison 1983),  rhenanids 

(Burrow 1996) and petalychthids (Burrow & Turner 1999). However, histological examination 

excludes them from a placoderm classification. Mesodentine is only known in the most basal 

placoderms, such as the antiarch Romundina, it being a primitive state for placoderms, inherited from 

Osteostracan ancestors, or derived in that group (Burrow & Turner 1999), the remaining placoderm 

groups having dentine comprised exclusively of semidentine (Sire et al 2009). The extensive vascular 

canal system would exclude T. deltoides  from the any placoderm clade, however (Burrow & Turner 

1999). Tubercle growth in Rhenanids also ascends, with older generations at the base, and larger, 

younger generations towards the crown (Giles et al. 2013), and maintain series of unipolar cells near 

the capping tissue at the surface of each crown (Johanson & Smith 2005).The Ohesaare remains also 

lack any large placoderm plates (Märss 1992, BalticDiversity 2015). 

 A comparison here is noted between the scales of T. deltoides  and those of the armoured 

holocephalan Deltoptychius and enigmatic putative placoderm Stensioella or primitive forms such as 

Radotina. Patterson (1965) suggested that the placoderm-like head shields of Deltoptychius formed by 

the fusion of smaller scales, with smaller, polodontode scales cladding the rest of the body. The scales 

of Deltoptychius also lack an obvious basal attachment, and have bases punctated by numerous canal 

openings, as with T. deltoides. The dentition of Deltoptychius differs from T. deltoides,  who has a 

more cochliodont-like dentition, with larger plates straddling the jaw, and small oval teeth at the 

anterior of the mandible. Of the basal perculiarities in the placoderm paraphyly, post-cranial 

micromery has been hypothesised as plesiomorphic (Patterson 1965). Stensioella, although as yet not 

histologically examined, has been descibed as having a dentinous layer in its tuberculated scales, with 

a concave base, much like T. deltoides (Burrow & Tuner 1999). However, Janvier (1996) suggested 

that Stensioella may have bradyodont affinity.  
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Figure 15: Gnathostome interrelationships, adapted from Zhu et al. (2013). Positions a and b are marked out as 
hypothetical positions for T. deltoides. 
 

 Although beyond the scope of this report, further histological examination of the putative 

placoderm Stensioella and Deltoptychius may have some impact on the relationship between 

placoderms and crown gnathostomes. In the current phylogenetic framework of gnathostome 

evolution, a sister-relationship between placoderms and holocephalans is not apparent, despite 

histological examination lending some support (Ørvig 1980, 1985). 

 Based on these comparisons, it seems unlikely that if the small, polyodontode remains bear 

much relation to scales known in the fossil record. This is likely down to the interpretation of these 

remains as scales. A hypothesised position ('b') in gnathostome phylogeny is shown in Fig. 17, marked 

with a dotted line, based on this interpretation. In terms of the similarity to Deltoptycius, if T. deltoides  

were to represent a less well-armoured stem holocephalan of this type, position 'a' of the Fig. 17 would 

also be plausible. 

6.5.2 As teeth and unerupted teeth 

 The remainder of this section will focus on the interpretation that all remains of T. deltoides 

are teeth- the polyodontode specimens unerupted, the larger erupted, adult teeth. This is due to a lack 

of similarity between the polyodontode remains and the scales of any other organism (except perhaps 
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Deltoptychius) beyond that of isolated characters. 

 The morphology of the tooth plates resembles closely the tooth plates of the holocephalan 

Mazodus, and Newberry's (1889) description of the morphology and histology of these teeth (found in 

conjuction with a prismatic calcified jaw) is notably similar to some observations of T. deltoides. Both 

have an assortment of tooth plates and cone-shaped cuspid teeth with ridged and tubercule ornaments 

on their edged, and both have a pitted base, with no clear distinction between base and crown. A 

further similarity is in the histology, specifically the anastomosing canaliculi but lacunae lacking in 

Mazodus (Claypole 1897). A holocephalan affinity is also supported by the extensive, vertical vascular 

canal system, and the polyodontode unerupted teeth argued for in the previous section can explain the 

presence of such a complexes in the oral-pharyngeal region. A key synapomorphy is apparently 

missing for these tooth plates however- the presence of a tubercular dentine-laminar layer at the base 

of each element (Stahl 1999). At can be demonstrated that as Mazodus is very likely a holocephalan 

(due to the presence of a cartilagenous jaw), teeth that lack  a trabecular dentine base are known in the 

fossil record of this group. 

Position 'a' of Fig. 17 places T. deltoides as part of the bradyodonts- the stem-group 

holocephalans. The morphology of the tooth plates, the presumptive cartilagenous jaw, conserved 

tooth-whorl style of tooth replacement and extensive vascular canal network support this position,as 

well as the descending lamina on the larger specimens. From histological analyses, the presence of 

pleromin also supports this, in particular due to the similarity between the form of the denteons and 

compact dentine in the drowns of the secondary odontodes (Ørvig 1985). The lack of a trabecular 

dentine base and orthodentine arrangement into the typical bradyodont orthotrabecline (a compund of 

those two dentines) casts doubt on this position though, due to its prevelence in these groups (Stahl 

1999). T. deltoides stratigraphic position would place it as the oldest holocepahan in the fossil record 

by at least 30 million years when compared even to the putative holocephalan tooth plate of 

Melanodus (Darras et al. 2008). A postulation that it may represent a primitive holocephalan, with a 

hitherto unknown histological arrangement is not unreasonable, particulary due to its temporal 

proximity to the elasmobranch-holocephalan divergence, as estimated by molecular clocks, in the late 

Silurian (Inoue et al. 2010). 

6.5.3 A summary of of the characters of T.deltoides and the holocephali 

 Below is a summary of the characters that can be used to unite T.deltoides to the holocephali. 

Those that do not support, or contradict, such a hypothesis are also included. It should be noted that in 

spite of a large record of holocephalan microremains, at least from the Devonian onwards, poorly 

resolved phylogenies of the holocephalan stem, and ambiguous histological characters, have lead to a 

lack of a synapomorphy scheme for holocephalans that includes hard tissues (Brazeau & Friedman 

2014). Two cladistic analyses that have included stem group holocephalans also result in different tree 

topologies, and use different character matrices (Lund & Grogan 1997, Stahl 1999) Thus, the 



41 

characters listed below are those that are common in the crown holocephalans and the stem group, as 

have been discussed previously. It should be noted that the below table is strictly a summary of 

comparative morphological and histological observations. 

 

 T. deltoides Holocephali Reference 

Variation in dentition Heterodonty Heterodonty Lund & Grogan (1997) 

Tooth plates consisting of 

multiple odontodes 

Polydontode structure Tooth fusion at the 

base 

Stahl (1999) 

Primary dentine 

organisation(s) 

Mesodentine* Trabecular dentine Stahl (1999) 

Hyperminieralised dentine 

organisation (s) 

Vascular pleromin, 

Compact pleromin* 

Vascular pleromin, 

Compact pleromin 

Stahl (1999) 

Hyperminiiralised tissue 

on occlusal surface 

Enameloid* Enameloid Stahl (1999) 

Pulp and vascular canals Parallel, ascending 

vascular canals 

Parallel, ascending 

vascular canals, 

orthtrabeculine 

Stahl (1999) 

Pulp and vacular canals in 

secondary odontodes/ 

tritors 

Arcade vascular canals ? † 

Extrinsic fibres Sharpey's fibres* Absent † 

Intrinsic fibres Intrinsic fibres* Absent † 

* Uncertainties in the interpretation of these characters are discussed in the table on page 29 

† Characters are absent in either cladistic analysis 

6.6 The relevance of T. deltoides 

 As argued in the previous section, some of the denticles are described as teeth. If this is indeed 

the case, T. deltoides  represents the only  example of durophagy in Silurian vertebrates. Although at 

first considered a durophage, the Osteichthyan Megamastax (Choo et al. 2014) whose large, coronoid 

teeth were considered an adaptation to durophagy, these have now been found to have been pegs upon 

which tooth whorls sat (Zhu 2015). Due to this, we have increased our understanding of Silurian 

ecosystem of Baltoscandia, and pushed back the fossil record of durophages into the Silurian, from the 

early Devonian. 
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 To say T. deltoides is unusual is an understatement. It displays an array of characters not 

known in any other organism, fossil or otherwise, making comparison difficult. Placing T. deltoides in 

any of the positions postulated above is one of great uncertainty. Position 'a' assumes some primitive 

histology in T. deltoides,  but this can only be inferred via cladistic analysis. Although chosen as the 

least-unparsimoneous phylogenetic positions, either still warrant assumptions as to early gnathostome 

and chondrichthyan evolution. To improve this, I would recommend a reappraisal of histological 

characters and tooth replacement conditions as primitive and derived features in the total-group 

holocephalans. These have not at the time of writing, been thoroughly assessed, even in holocephalan 

phylogenies with a focus on hard parts (eg. Stahl 1999). This will increase our understanding of the 

distribution of primitive lyodont and cryptic lyodont tooth development in the stem-group, and put 

into context unusual holocephalans such as and M. kepleri  and the extensive putative members of the 

chondrichthyan, holocephalan and elasmobranch stems, such as T. deltoides. 
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7. Conclusions 

 Analysis of T. deltoides by SEM and EDS has provided useful ultrastructural data, but less 

informative histological data. Wear pattern analysis has demonstrated two types of wear patterning in 

larger and smaller specimens of T. deltoides. Comparison with other Ohesaare remains and literature 

has shown large elements have wear patterns corresponding to that of teeth and abrasion typical of 

disarticulated vertebrate micoremains is observed on the smaller elements. This indicates smaller 

denticles are not functional teeth-rather they are scales or unerupted teeth. 

  This study of T. deltoides has demonstrated the importance of three-dimensional modelling for 

interpreting the interelationships of histological characters of early vertebrates and gnathostomes. A 

three-layered structure has been observed in T. deltoides. The dentine types, mesodentine and compact 

and vascular pleromin, were identified as histological characters, but not with some level of 

uncertainty. The smaller element modelled was identified as a polyodontode complex. From this is 

deduced a series of similarities and differences between T. deltoides, acanthodians, holocephalans and 

placoderms. The mosaic of different histological and morphological characters has proven difficult to 

interpret phylogentically. Characters common or synapomorphic in each of these three groups are 

missing in T. deltoides. Inferred from this is the possibility that T. deltoides  is either a highly derived 

member of one of these groups, or represents a hitherto unknown primitive condition. Due to recent 

phylogenetic breakthroughs focussing on cranial characters (eg. Brazeau 2009, Zhu et al. 2013), 

histological characters have not been re-analysed in this context, thus are less informative in our 

current understanding of early gnathostome evolution (exceptions to this include Qu et al. 2013, for 

example). This issue can be rectified by  PPC-SRμCT techniques and the three-dimensional models 

that can be created from them. Thus, more light can be shed on the histological variation in 

gnathostome origins and evolution, by adding the three-dimensional perspective that traditional thin-

sectioning has been unable to achieve. 

  Initially, an interpretation of T. deltoides' remains as the teeth of holocephalans seems unlikely 

due to the polyodontode remains. Certain histological features unite them to the stem-group 

bradyodont holocephalans, such as long, ascending vascular canals. Interpretation of the smaller 

elements as unerupted teeth allows for a developmental model to be hypothesised for tooth growth. 

Conserved lyodont tooth replacement and development in the chondrichthyans and the tooth-whorl 

bearing acanthodian stems demonstrates the possibility of reconstructing ancient developmental 

patterns in total-group chondricthyans (Smith et al. 2013). Congruence in the relative positioning of 

secondary odontodes of T. deltoides with modern and fossil observations shows developmental 

homology between secondary growths on holocephalan tooth plates and archetypal elasmobranch 

tooth conditions (Finarelli & Coates 2012). This has gone some way to an explanation of T. deltoides  

as a holocephalan, due to a hypothesised common developmental pattern. Similarities in histological 

features, such as long, parallel vascular canals, pleromic dentine and descending lamina, all 
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holocephalan synapomorphies, as well as gross morphology and heterodonty, in particular with M. 

kepleri, support a holocephalan relationship. Thus, only trabecular dentine is missing as a 

holocephalan character, as well as orthodentine. I find this the most likely hypothesis of T. deltoides' 

affinity, although a wider cladistic analysis which includes hard tissue histological data is necessary to 

confirm this.  

  A necessary reappraisal of the extensive 'putative' members of gnathostome clades, 

particularly those known only from microremains is evident, and new three-dimensional modelling 

breakthroughs provides a tool for doing this. I echo Brazeau & Friedman's (2014, p.788-789) 

sentiment of assigning such fossil to stem-groups based on their synapomorphy list to avoid  

ambiguity. An issue lies here in characterising histological and morphological features of vertebrate 

micorremains. Odontode homology, as outlined by Reif (1982) for example, does not inform 

homology at the histological level (Donoghue, 2002), thus a reappraisal of dentine types in fossil teeth 

is necessary. 
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