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ABSTRACT 
 
This habilitation thesis seeks to contribute to the knowledge of the physiology and way of life of early 
tetrapods of the Palaeozoic and Mesozoic. It is based on 13 included papers and focuses on the 
evolution of skeletal correlates from which the integumentary structure and the mode of breathing and 
feeding can be inferred.  
The first part of the thesis is composed of morphological and histological investigations of dermal 
ossifications in a wide range of early tetrapods. Dermal bone sculpture contributed to the consolidation 
of a dense integument; this and numerous dermal ossifications like osteoderms (armour plates) and 
scales render substantial cutaneous respiration as in extant lissamphibians unlikely. It is hypothesised 
that a further function of dermal bone sculpture was to buffer CO2-induced acidosis while the animals 
were on land. Numerous early tetrapods independently developed osteoderms in the trunk that may 
have served among other things for support of the vertebral column in terrestrial locomotion, buoyancy 
in aquatic forms and as a physiological calcium reservoir. The alterations in morphology, histology and 
arrangement of dermal scales during the fish-to-tetrapod transition occurred at roughly the same time 
when digits appeared and enabled greater flexibility of body and limbs. The second part of the thesis is 
concerned with the hyobranchial apparatus (or gill skeleton) and its role in breathing and feeding in 
early tetrapods. The fish-like hyobranchium was retained in an unexpected large number of early 
tetrapods, showing that many early tetrapods of both the stem- and crown-group breathed via the 
associated internal gills as adults, and via external gills as larvae. The hyobranchial apparatus and 
reconstruction of the associated musculature indicate that many aquatic early tetrapods fed by akinetic 
suction feeding, whereas others used crocodile-like jaw prehension. There is evidence that the earliest 
terrestrial tetrapods captured prey on land by jaw prehension rather than by tongue based feeding. 
Ontogenetic remodelling into a tongue supporting adult hyobranchium in early tetrapods can only be 
demonstrated in exceptional cases. 
 

KURZFASSUNG 
 
Diese Habilitationsschrift möchte zum besseren Verständnis der Physiologie und Lebensweise früher 
Tetrapoden des Paläozoikums und Mesozoikums beitragen. Sie basiert auf 13 eingefügte Arbeiten und 
konzentriert sich auf die Evolution osteologischer Korrelate, anhand derer Rückschlüsse auf die 
Struktur der Haut sowie die Art der Atmung und der Nahrungsaufnahme gezogen werden können. Der 
erste Teil der Habilitationsschrift besteht aus morphologischen und histologischen Untersuchungen der 
Hautknochen bei einer großen Auswahl von frühen Tetrapoden. Die äußere Skulptur der Hautknochen 
trug zur Konsolidierung der darüber liegenden Dermis (Lederhaut) bei; dies und die zahlreichen 
Hautverknöcherungen wie Osteoderme (Panzerplatten) und Dermalschuppen deuten darauf hin, dass 
Hautatmung im Gegensatz zu heutigen Lissamphibien keinen wesentlichen Teil des Gasaustausches 
ausmachen konnte. Es wird die Hypothese aufgestellt, dass eine weitere Funktion der Knochenskulptur 
in der Pufferung von CO2-induzierter Azidose bestand, wenn sich die Tiere an Land aufhielten. Mehrere 
Gruppen früher Tetrapoden entwickelten unabhängig voneinander Osteoderme im Rumpf, die unter 
anderem die Wirbelsäule bei der Fortbewegung an Land unterstützen konnten oder bei wasserlebenden 
Formen den Auftrieb verringerten und als Kalzium-Reservoir dienten. Die Veränderungen in der 
Morphologie, Histologie und Anordnung der Dermalschuppen während des Fisch-Tetrapoden-
Überganges erfolgte etwa simultan zur Entwicklung der Tetrapodenextremität und ermöglichte eine 
größere Flexibilität des Körpers und der Beine. Der zweite Teil der Habilitationsschrift beschäftigt sich 
mit dem Hyobranchial- oder Kiemenskelett früher Tetrapoden und seiner Rolle beim Atmen und 
Fressen. Das fischartige Kiemenskelett wurde bei einer unerwartet großen Anzahl früher Tetrapoden 
beibehalten. Dies zeigt, dass viele frühe Tetrapoden sowohl der Stamm- als auch der Kronengruppe als 
Adulte über innere Kiemen atmeten, während ihre Larven äußere Kiemen besaßen. Das Kiemenskelett 
und die Rekonstruktion assoziierter Muskeln zeigen, dass viele aquatische frühe Tetrapoden ihre 
Nahrung durch akinetisches Saugschnappen erbeuteten, während andere sie durch krokodilartiges 
Ergreifen mit den Kiefern fingen. Trotz spärlicher Fossilüberlieferung gibt es Hinweise darauf, dass die 
ersten an Land fressenden Tetrapoden noch keine bewegliche Zunge besaßen. Ein ontogenetischer 
Umbau des larvalen, kiementragenden Kiemenskelets in einen zungenstützenden Apparat kann bei 
frühen Tetrapoden nur in Ausnahmefällen belegt werden.      
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EXTENDED SUMMARY 
 
1. Introduction 
 
The evolution of tetrapods out of their fish-like ancestors in the Late Devonian and the 
subsequent conquest of land by limbed vertebrates is one of the major steps in vertebrate 
history. New discoveries have tremendously increased our knowledge of the structural and 
functional alterations involved (e.g., Coates & Clack 1991; Clack 1992, 2006, 2009; Ahlberg et 
al. 2005; Brazeau & Ahlberg 2006; Daeschler et al. 2006; Shubin et al. 2006; Niedźwiedzki et 
al. 2010; Pierce et al. 2013). However, studies of physiological aspects of early tetrapods are 
still in their infancy. This applies particularly to the skin structure, which determines major 
aspects in a vertebrate’s metabolism, and the question of how early tetrapods were breathing 
and feeding. Research in this field relies almost entirely on the identification and interpretation 
of osteological correlates of soft-tissues because soft-part integument, muscles and respiratory 
organs like lungs and gills are hardly ever preserved in fossil vertebrates.  

Early tetrapods evolved a variety of ossifications within their skin, comprising the 
dermal bones of skull and pectoral girdle as well as osteoderms (i.e. plate-like dermal armour) 
and dermal scales in the postcranial skeleton (Bystrow 1935, 1947; Dias & Richter 2003; 
Castanet et al. 2003). Dermal bones develop generally in the lower layer of the dermis and are 
usually penetrated by numerous canals that carried blood vessels and nerves (including the 
lateral line system of aquatic non-amniotes) to the external bone surface and into the directly 
overlying parts of the skin. For these reasons, the histomorphology of dermal bones as well as 
the structure of their external surface are well suited as osteological correlates of the soft-tissue 
integumentary structure in fossil vertebrates. In spite of this, the histology of dermal 
ossifications in early tetrapods has so far attracted only little attention in a limited number of 
taxa. Similar to the integumentary structure of early tetrapods, little is known about their 
hyobranchial apparatus (visceral or gill skeleton) that plays a fundamental role in breathing and 
feeding in fishes and tetrapods (e.g., Lauder & Reilly 1994; Deban & Wake 2000; Wake & 
Deban 2000). The investigation of how the hyobranchial apparatus of early tetrapods was 
altered in comparison to that of their fish-like relatives will thus give important insight in 
breathing and feeding of these extinct forms.   

This habilitation thesis focuses on the integumentary structure and hyobranchial 
morphology of early tetrapods to contribute to the knowledge of the physiology and mode of 
life of early tetrapods. It consists of two main parts. The first part deals with dermal bones as 
osteological correlates of the skin structure and is again subdivided into sections on dermal 
bone sculpture and histology, osteoderms and dermal scales. The second part is concerned with 
the hyobranchial skeleton of early tetrapods and the implications for breathing and feeding. 

The first tetrapods or limbed vertebrates are known from Late Devonian sediments, 
with the most famous taxa being Acanthostega and Ichthyostega from east Greenland (Clack 
2012, and references therein). Tetrapodomorph fishes are the finned stem-tetrapods, with the 
paraphyletic, Middle to Late Devonian “elpistostegids” (Panderichthys, Elpistostege and 
Tiktaalik) comprising the closest known relatives of tetrapods (Schultze & Arsenault 1985; 
Vorobyeva & Schultze 1991; Shubin et al. 2006) (Fig. 1). Despite the evolution of limbs, the 
Late Devonian tetrapods appear to have been primarily aquatic animals, as indicated by the 
presence of fish-like internal gills; furthermore, the rather paddle-like, polydactylous limbs 
were inappropriate for carrying the body on land (Clack 2012). Therefore, the fish-to-tetrapod 
transition, which occurred in the Late Devonian, cannot be synonymised with the 
terrestrialisation of vertebrates. The first tetrapods that were capable of larger land excursions 
are known from the Early Carboniferous (Clack & Finney 2005; Smithson et al. 2012).  
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In the Extended Summary of this habilitation thesis, the phylogenetic results of Ruta & 
Coates (2007) and Schoch (2013) are taken as phylogenetic framework; for an alternative view 
of early tetrapod relationships, see Marjanović & Laurin (2013). The term “early tetrapod” is 
used for non-amniote limbed stem- and crown-group tetrapods of the Palaeozoic and 
Mesozoic. Apart from the Late Devonian forms, well-known limbed stem-tetrapods are the 
Carboniferous colosteids, adelogyrinids, and whatcheeriids (Fig. 1). Among early crown group 
tetrapods, two main lineages can be distinguished: (1) the temnospondyls (or amphibian-
lineage) including extant lissamphibians (i.e. frogs, salamanders and caecilians), and (2) the 
amniote lineage comprising amniotes (mammals and reptiles including birds) and their stem-
group. Temnospondyls were adapted to a large spectrum of habitats and are represented by 
aquatic, terrestrial and semi-terrestrial forms, spanning a wide size range from small, newt- or 
salamander-like forms like dissorophoids to the several-metre-long, crocodile-like 
stereospondylomorphs (i.e. stereospondyls and their stem-group). The amniote stem-group 
comprises the paraphyletic, Permo-Carboniferous “anthracosaurs” (including 
seymouriamorphs) and the Permo-Triassic chroniosuchians, both often resembling extant 
varanids or large salamanders in their habitus (Laurin 2000; Novikov & Shishkin 2000; 
Smithson 2000), and the lepospondyls, a diverse group of mostly small, newt- or lizard like 
forms (e.g., microsaurs) known from the Permo-Carboniferous (Schoch 2009).  
 

 
 
Figure 1: Interrelationships of early tetrapods. Topology of cladogram based on Ruta et al. (2007) and Schoch 
(2013). 
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2. Dermal ossifications and the integument in early tetrapods 
 
2.1 Dermal bone sculpture in early tetrapods: external morphology, histology and 
possible functions 
 
2.1.1 Introduction 
 
The external or superficial surface of dermal bones of the skull, of the pectoral girdle and – if 
present – of osteoderms (see chapter 2.2) in early tetrapods are conspicuously sculptured (or 
ornamented) by tubercles, pits, ridges, and furrows on their external surface (Fig. 2A, B). The 
following chapter deals with the morphology and histology of dermal bone sculpture in a wide 
variety of early tetrapods. First, external sculptural patterns are distinguished, and the 
correlation between the position of the numerous openings of the vascular canals that 
penetrated the bone surface and the bone sculpture is studied (Witzmann et al. 2010 [1]).  
 

 
 
Figure 2: External morphology of dermal bone sculpture in early tetrapods, exemplified by stereospondylomorph 
temnospondyls. A. Skull roof of Sclerocephalus bavaricus from the Early Permian of Rhineland-Palatinate 
(MB.Am.442; photograph by Hwa Ja Götz, Museum für Naturkunde, Berlin); B. Squamosal bone of 
Metoposaurus fraasi (UCMP 27103, Arizona, USA), showing polygonal and radial sculpture. Abbreviations: gr, 
groove; MB, Museum für Naturkunde, Berlin; np, nodal point (sculpture); pi, pit; sr, sculptural ridge; UCMP, 
University of California Museum of Paleontology, Berkeley; vo, vascular opening.  
 
Second, the phylogenetic signal of sculptural patterns is ascertained, and it will be investigated 
whether there is a correlation between the sculptural pattern and a presumed terrestrial or 
aquatic mode of life. Third, histological analyses of dermal bones of skull and pectoral girdle 
attach importance to the different types of bone tissues, the course of intrinsic bone fibres and 
the presence of extrinsic fibres; a further focus will be the degree of vascularisation and the 
type and morphology of the vascular canals, and the mode of growth of the dermal sculpture 
(Witzmann 2009 [2]). The results will be taken to draw conclusions about the integument in 
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which these bones were formed, and possible functional aspects of dermal bone sculpture in 
early tetrapods and during the fish-to-tetrapod transition will be discussed (Witzmann et al. 
2010 [1]; Janis et al. 2012 [3]). 
 
2.1.2 External patterns of dermal sculpture and their phylogenetic significance 
 
In early tetrapods, two basic dermal sculptural patterns can be distinguished: the polygonal and 
the radial patterns, whereby transitions between the two different patterns exist (Fig. 2B). The 
tubercular sculpture is a special case and can be derived from these two patterns (see below). 
The polygonal sculpture consists of rounded or hexagonal cells, and each cell consists of a pit 
enclosed by sculptural ridges. Each pit contains at least one opening of a large vascular canal at 
its bottom. Because the points of intersection of sculptural ridges, the “nodal points”, are 
visible in both basic sculptural patterns, they are interpreted here as homologous points that 
allow comparison between the different patterns. There is much variation between taxa 
concerning the height and width of the nodal points with respect to the sculptural ridges. Some 
early tetrapods possess a primarily radially arranged sculpture composed of sculptural ridges 
and furrows that radiate outwards from the ossification centre of each bone. This is basically a 
larval or juvenile character, but this pattern may also be retained in adult specimens. As 
Bystrow (1935) first demonstrated, the polygonal sculptural pattern develops ontogenetically 
from the radial pattern by the formation of dividing walls within the sculptural furrows. In 
certain taxa, the sculptural ridges are low or subdued, and the nodal points are well developed. 
Then, the sculptural pattern appears to be “tubercular”.  

Both polygonal and tubercular sculpture occurs in the earliest known tetrapods and their 
fish-like relatives (Witzmann et al. 2010 [1]; Witzmann 2010 [4]), so it cannot be ascertained 
which sculptural pattern is plesiomorphic for tetrapods. However, there seems to be a general 
trend in early tetrapod evolution that the sculptural morphology gets more regular and more 
pronounced from the stem group to more derived forms. The basic sculptural pattern of early 
tetrapods is retained in early amniotes (i.e. parareptiles and basal eureptiles). A principal 
component analysis (PCA) and a discriminant function analysis (DFA) of 47 taxa of early 
tetrapods using a set of 12 discrete characters of the external morphology of dermal sculpture 
were carried out (Witzmann et al. 2010 [1]). It shows that taxa that are interpreted as being 
largely aquatic have generally a more regular sculpture than presumably terrestrial ones. 
Furthermore, it demonstrates that dermal sculpture is well suited to distinguish some of the 
main temnospondyl lineages. However, when stem-amniotes and basal amniotes are included, 
it is apparent that the dermal sculptural pattern is of limited use to distinguish larger groups of 
tetrapods. Tests for phylogenetic significance were carried out for each of the 12 characters of 
dermal sculpture that were defined for the PCA using the software package Mesquite 2.6A. 
This test shows that the regularity of sculpture (constancy in width and height of ridges, and in 
width of nodal points, outline of polygons, presence or absence of pronounced tubercles) are 
phylogenetically significant.  
 
2.1.3 Dermal sculpture and vascularisation 
 
External morphology, thin sections and neutron scan imaging show that the pattern of the 
dermal sculpture reflects the course of the large vessels within the bone and within the dermis 
superficial to the bone surface (Witzmann et al. 2010 [1]). Within the dermal bone, the large 
blood vessels course roughly radially in the direction of the bone periphery, to be confluent 
with the vessels of neighbouring bones and to supply the growing bone at the periphery. The 
vessels that led to the superficial bone surface, and left the bone via the vascular openings, 
coursed within the dermis near the bone surface, and were always accompanied by sculptural 
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ridges and/or nodal points: either surrounded by a “funnel” in polygonal sculpture, or flanked 
within a furrow by ridges in radial sculpture towards the bone periphery. Ontogenetic data 
suggest that the vascular openings of the large canals induced the formation of sculptural 
ridges, either proximally, as an “axilla ridge”, when the canals open obliquely to the surface, or 
around the opening, when the canals course approximately vertical to the bone surface. An 
increase in the number of vascular openings vertical to the bone surface within sculptural 
furrows accompanies the alteration of radial sculpture into the polygonal one. Bone and dermis 
were obviously so closely integrated with one another (and the dermis on top of the ridges and 
tubercles was so thin) that only the capillaries passed over the sculptural ridges and tubercles 
(as shown by imprints of vessels on the bone surface), and anastomosed with capillaries from 
the adjacent pit or groove along the ridges and tubercles. The association of the sculptural 
ridges (whatever the pattern) with the large blood vessels that left the superficial bone surface 
by vascular openings might suggest that the sculptural ridges and tubercles acted as a 
protection for these vessels against mechanical damage like abrasion or pressure from the 
outside, as the large vessels always lie between the sculptural elements. The coarser sculpture, 
with the more pronounced sculptural tubercles, in many rather terrestrial taxa might have 
provided enhanced resistance against mechanical damage of the vessels (and probably also of 
nerves and glands) on land. 
 
2.1.4. Bone histology of dermal sculpture 
 
Witzmann (2009 [2]) investigated histological thin sections prepared from dermal bones of 
skull and pectoral girdle of 18 taxa of early tetrapods, the “elpistostegid” Panderichthys and 
the porolepiform Laccognathus. Porolepiforms are Devonian sarcopterygians that are more 
closely related to lungfishes than to tetrapods (Janvier 1996). All dermal bones investigated 
here possess basically a microstructure that can be designated as a diploë structure, i.e., a 
cancellous (or trabecular) region is framed by an external and internal compact cortex of bone 
(Fig. 3A, B).In the thin sections, the sculptural tubercles and ridges on the external surface of 
the dermal bones are designated as “saddles” and the grooves or pits between them as 
“valleys”. In Laccognathus, the sculptural tubercles are formed by tooth-like structures (dermal 
teeth or odontodes) consisting of dentine with a cap of enamel (Fig. 3A), whereas in early 
tetrapods and “elpistostegids”, dermal sculpture consists solely of bone (Fig. 3B). Dental tissue 
on the outer surface of dermal bones (and dermal scales) is plesiomorphic for osteichthyans 
(see chapter 2.1.6). The thin sections reveal that the bony dermal sculpture in early tetrapods 
did not develop by local bone resorption as described for crocodile dermal bones that bear a 
superficially similar sculpture (de Buffrénil 1982; but see Vickaryous & Hall 2008), but rather 
by preferential growth of bone in tubercles and ridges (see also Bystrow 1935).  
Sharpey’s fibres. In Laccognathus, non-mineralised Sharpey’s fibres penetrated the external 
bone surface between the odontodes (Fig. 3A). In early tetrapods and “elpistostegids”, 
numerous fan-shaped, mineralised Sharpey’s fibres are visible in the sculptural saddles, 
whereas they are often less abundant or absent in the sculptural valleys (Fig. 3B). In most early 
crown-group tetrapods, the Sharpey’s fibres are distinctly larger in diameter than in 
Laccognathus and limbed and finned stem-tetrapods, and often more densely arranged. 
Sharpey’s fibres represent extraneous, pre-existing fibres of the dermis that became 
progressively incorporated in bone during the centrifugal growth of the external cortex. Similar 
to Sharpey’s fibres in mammals (Boyde 1972; Mowbray 2005) and the anchoring fibres in 
scales of certain teleosts (Sire 1985, 1986), the pre-existing, strong bundles of Sharpey’s fibres 
in the dermis of early crown-group tetrapods might have induced the preferential growth of 
bone on the external surface, resulting in the dermal sculpture of tubercles and ridges that got 
more and more pronounced during ontogeny. The well mineralised fibres in early tetrapods 
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suggest a tight anchorage of the dermis to the external bone surface, especially to the ridges 
and tubercles, which served as the main points of  
 

 
 
Figure 3: Schematic reconstructions of dermal bone histology in (A) an odontode-bearing sarcopterygian fish 
(Laccognathus panderi, Middle Devonian of Latvia, drawing based on MB.f. 17666), and (B) in an early crown-
group tetrapod (based on several MCZ specimens of the eryopid temnospondyl Eryops from the Early Permian of 
Texas, USA). Scale bar equals 1 mm. Abbreviations: bcl, bone cell lacunae; bs, buried sculptural saddle of an 
earlier generation; de, dentine; en, enamel; fbs, former bone surface; iso, isopedine; MB, Museum für Naturkunde 
Berlin; MCZ, Museum of Comparative Zoology, Harvard, USA; po, primary osteon; scs, sculptural saddle; scv, 
sculptural valley; ShF, Sharpey’s fibres; so, secondary osteon. 
 
anchorage for the skin. Interestingly, a very similar pattern is visible in the shells of many 
turtles, in which dense connective tissue is tightly anchored to the sculptural projections of the 
dermal bones via Sharpey’s fibres (e.g., Scheyer & Anquetin 2008). In the scales of many 
teleosts (Sire 1985, 1986) and osteoderms of lizards (Zylberberg & Castanet 1985; Levrat-
Calviac & Zylberberg 1986), anchoring fibres extend uninterrupted from the ossified tissue 
into the dermis and continue until to the basement membrane of the epidermal-dermal 
boundary. Dense Sharpey’s fibres that cross approximately perpendicularly the external cortex 
of osteoderms and interweave with the collagen fibres of the overlying dermis were also 
described by Hill (2006) in fossil and extant xenarthran mammals. It can be assumed that the 
Sharpey’s fibres in dermal sculpture of early tetrapods likewise extended beyond the bone 
surface and were interwoven with the fibres of the dermis (and possibly extended until to the 
epidermal-dermal boundary, see chapter 2.1.6). 
Bone tissue. The external cortices of the dermal bones consist mainly of parallel-fibred bone 
with growth marks, and the trabeculae of the cancellous middle region are composed mainly of 
parallel fibred bone that may be lined by lamellar bone of primary and secondary osteons. This 
middle region exhibits varying degrees of vascularisation, bone resorption and secondary bone 
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growth. The internal cortices of Laccognathus and the investigated finned and limbed stem-
tetrapods consists of a plywood-like tissue (often called isopedine), that has been demonstrated 
so far only in fishes (Fig. 3A). In early crown-group tetrapods, isopedine in the internal cortex 
is reduced and replaced mostly by parallel fibred bone. In early crown-group tetrapods, 
transitions of parallel-fibred bone to “interwoven structural fibres” (ISF) sensu Scheyer & 
Sander (2004) may occur. This tissue consists of three dimensionally interwoven bundles of 
collagen fibres with a well ordered fibre bundle arrangement. Scheyer & Sander (2004) and 
Scheyer & Sánchez-Villagra (2007) interpreted ISF in the turtle shell and in dinosaur 
osteoderms as metaplastic in origin. Metaplastic bone develops via direct transformation of 
pre-existing, dense connective tissue, in absence of a periost, osteoblasts and osteoid (Haines & 
Mohuiddin 1968; Vickaryous & Hall 2008). Instead, fibroblasts take over the role of 
osteoblastic cells, but Scheyer et al. (2008) reported the involvement of “normal” osteoblasts in 
metaplastic development of the turtle shell. However, none of the dermal bones investigated 
are composed completely of ISF; this tissue is found often as islets or larger areas within 
parallel-fibred bone, and transitions can be observed in the same sections. As pointed out by 
Main et al. (2005), there exist many intermediate states between “normal” periosteal bone and 
the metaplastic bone (see also Goodwin & Horner 2004 and Scheyer & Sánchez-Villagra 
2007). 
 
2.1.5 Inferences of the histology of dermal bone sculpture for the soft-tissue integument 
 
Development of bone via metaplasia requires a dense tissue such as articulation facets, 
attachment sites of tendons and ligaments, or a dense dermis (Haines & Mohuiddin 1968). 
Because metaplastic bone develops via direct transformation of pre-existing connective tissue 
(Haines & Mohuiddin 1968), its occurrence in dermal bones of several early crown-group 
tetrapods indicates that their dermis was rather dense and composed of an interwoven network 
of strong collagenous fibre bundles. The interpretation of a dense integument in early tetrapods 
is further supported by the mostly closely packed, thick bundles of Sharpey’s fibres that 
extended from the bone surface into the dermis and certainly led to a strengthening and tight 
attachment of the dermis to the outer bone surface (see chapter 2.1.4). Consequently, one may 
suggest that many early crown-group tetrapods had a more consolidated integument compared 
to limbed and finned stem-tetrapods, in which ISF is absent and the Sharpey’s fibres thinner 
and less densely arranged. Whereas most stem-tetrapods are regarded as water dwellers that 
hardly ever left the water, the earliest known temnospondyls of the Carboniferous are 
suggested to be capable of larger land excursions (Milner & Sequeira 1994; Holmes et al. 
1998; Clack 2012). Therefore, a denser integument might have been required to reduce the 
extent of water loss in air and to withstand mechanical friction and abrasion during locomotion 
on land.  
 
2.1.6 Changes of dermal bone structure during the fish-to-tetrapod transition 
 
Bone structure. The dermal bones of limbed stem-tetrapods like Acanthostega or Greererpeton 
are more “fish-like” compared to those of the early crown-group tetrapods in the possession of 
isopedine in the internal cortex, the lack of ISF and in the thinner Sharpey’s fibres within the 
external cortex. In turn, limbed stem-tetrapods are more “tetrapod-like” than their fish-like 
ancestors in that the dermal sculpture is more pronounced and forms a stronger relief. In early 
crown-group tetrapods, the sculpture is generally even more pronounced, what (in combination 
with the thicker and more densely arranged Sharpey’s fibres) certainly led to an increased 
consolidation of the bone-dermis contact. The ability of the tetrapod dermis to form metaplastic 
ISF probably evolved somewhere below the split into the amphibian- (temnospondyl-) and 
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amniote lineage in a stem-tetrapod more crownwards than the colosteid Greererpeton. This is 
in accordance with the study of Sire & Huysseune (2003), who found a “normal” periosteal 
development without evidence of metaplasia in the postcranial armour plates of extant bony 
fishes. However, the only exception among non-tetrapod vertebrates might be the Silurian / 
Devonian galeaspid agnathans, in which Wang et al. 2005 reported a unique bony tissue called 
galeaspedin consisting of acellular laminar bone. This tissue was interpreted by Sire et al. 
(2009) as probably metaplastic in origin. 
Odontodes versus bone sculpture. As mentioned above, the presence of dental tissue (dentine 
and enamel or enameloid) on the external surface of dermal bones as either tubercles or ridges 
(odontodes) can be regarded as plesiomorphic for osteichthyans and even for vertebrates in 
general (Janvier 1996). In early tetrapods and their immediate stem-forms, all dental tissue was 
lost in the exoskeleton, and the tubercles and ridges on the dermal bone surface consist 
completely of bone. The pattern of superpositional growth and arrangement of odontodes (Sire 
et al. 2009, and references therein) closely resembles that of bony sculptural tubercles or ridges 
of early tetrapods (Fig. 3), suggesting that the bony sculpture took over parts of the functional 
role of the odontodes. By the interaction of epidermal and ectomesenchymal tissue in the 
production of the odontodes, and their development above (enamel) and below (dentine and 
bone) the epidermal-dermal junction (Ørvig 1968), the outer skeletal surface was well 
integrated with both dermis and epidermis via the odontodes. Because of the superficial 
position of the odontodes within the skin, they may have stabilised the integument and served 
for mechanical protection of the soft-tissue in the “valleys” between them. The epidermal (and 
superficial dermal) portion of the exoskeleton was lost when the dental components were 
reduced. The bony sculpture laid deeper in the integument than the odontodes and did not reach 
the epidermis, as shown by the Sharpey’s fibres that penetrate the surface of the sculptural 
elements. As outlined above, it is interpreted here that the bundles of Sharpey’s fibres, that are 
found mainly and most closely packed in the bony tubercles and ridges, still maintained an 
association between the outer bone surface and the superficial parts of the dermis and 
epidermal-dermal junction, respectively, and led to a strengthening of the integument and its 
tight connection to the bone surface. Like the odontodes, the bony ridges and tubercles 
certainly also protected the numerous blood vessels mechanically that coursed in furrows or 
pits between them (see chapter 2.1.3). The difference, however, is that the bony tubercles and 
ridges were embedded deeper within the dermis and did not extend to or beyond the epidermis. 
This might be the reason why the skin was more tightly bound to the bone surface by 
Sharpey’s fibres after the odontodes were reduced; this difference is well visible between the 
odontode-bearing Laccognathus with loosely arranged, non-mineralised Sharpey’s fibres and 
Panderichthys, that has a bony sculpture and stronger, mineralised Sharpey’s fibres. 
 
2.1.7 Dermal sculpture and cutaneous respiration  
 
Bystrow (1947) assumed that vascularisation of dermal sculpture in early tetrapods was 
associated with cutaneous respiration. He based his assumption not on the large vessels that 
opened within the sculptural cells and furrows, but explicitly on a capillary network (“rete 
vasculosum”) within the external cortex. However, thin sections show that the superficial 
portion of the external cortex is often poorly vascularised or is even avascular, which renders a 
connection between cutaneous respiration and the capillaries doubtful (Witzmann 2009 [2]). 
The capillaries in the deeper parts of the external cortex rather indicate that bone growth was 
faster in an earlier ontogenetic phase and slowed down later in ontogeny. However, regarding 
the large number of vascular openings on the bone surface and the associated large vessels, and 
their ramification into small capillaries on the bone surface (see chapter 2.1.3), a respiratory 
function cannot be ruled out completely. Nevertheless, many early tetrapods were 
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comparatively large with an unfavourable ratio of surface area to body volume and often 
possessed well-ossified, tightly set ossified scales (see chapter 2.3). Furthermore, the presumed 
dense skin as indicated by the presence of metaplastic interwoven structural fibres (ISF) and 
numerous mineralised, strong Sharpey’s fibres in the dermal bones argues against a large-scale 
gas exchange function as seen in lissamphibians. Apart from this, there is evidence that the 
epidermis in early tetrapods was rather similar to amniotes in being more strongly cornified 
and more complex, compared with lissamphibians (Maddin et al. 2007).  
 

2.1.8 Sculptured dermal bones as adaptation for terrestrial acidosis? 
 
Dermal bone sculpture in early tetrapods probably did not serve a single function, and it must 
be considered that a character can be involved in new functional aspects. Apart from stabilising 
the integument as outlined above, dermal bone sculpture may have taken over a significant role 
in CO2 metabolism in early tetrapods. These animals probably would have lacked adequate 
means for CO2 elimination, such as the capacity to achieve the high ventilation rates made 
possible by costal aspiration as in amniotes, the ability to lose significant amounts of CO2 via 
the skin (as e.g. in lissamphibians), or the kidney function necessary to increase blood HCO3

- 
concentrations to levels required to fully compensate for respiratory acidosis. Janis et al. (2012 
[3]) proposed that a key function of the dermal bone sculpture (associated with strong 
vascularisation that is characteristic of early tetrapods, see chapter 2.1.3) was to buffer CO2-
induced acidosis and perhaps also lactic acidosis induced by periods of anaerobic activity. This 
would have allowed these animals to maintain homeostasis for longer periods of time during 
land excursions. The longer an individual could survive in this new environment, the more it 
would be able to exploit terrestrial resources. This hypothesis is supported by studies on living 
tetrapods showing that dermal bone has the physiological capacity to buffer acidosis caused by 
the build-up of CO2 and lactic acid (e.g., Warren & Jackson 2005). Comparison of dermal 
sculpture between different groups of early tetrapods has shown that dermal sculpture is indeed 
coarser with pronounced tubercles and ridges in terrestrial early tetrapods than in more aquatic 
ones (see chapter 2.1.2). Dermal sculpture is reduced or lost only in those forms that would 
have been small enough to have been lissamphibian-like bimodal breathers, losing CO2 
through their skin (with reduced scales), or in stem-amniotes (like “anthracosaurs”) with 
evidence of costal ventilation. However, the picture is not always consistent: while the majority 
of aquatic taxa had less pronounced sculptured dermal bone, a few showed more pronounced 
sculpturing (e.g., plagiosaurid stereospondyls or colosteids like Greererpeton). These forms 
were predominantly bottom-dwelling taxa, with heavily ossified skeletons, and dermal 
sculpture may have added to this ballast weight. Alternatively, these aquatic forms may have 
specialised for hypercapnic or hypoxic aquatic environments, as indicated by their flattened 
body forms, and their integumental features represented an adaptation for carbonic and 
metabolic acid buffering in this type of environment (see also Ultsch 2012). The hypothesis of 
Janis et al. (2012 [3]) that sculptured dermal bones are a response to terrestrial hypercapnia, 
and that they had the function of buffering acidosis, is speculative in its approach: at present it 
is impossible to confirm or refute this hypothesis with histological studies of fossil vertebrates. 
However, the hypothesis is strongly supported by the observed dermal morphology in the 
diversity of early tetrapods in correspondence with their presumed ecologies (terrestrial or 
aquatic), as determined by other anatomical features. 
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2.2 Osteoderms (dermal armour plates) in early tetrapods 
 
2.2.1 Introduction 
 
Additional to dermal scales (see chapter 2.3), different lineages of early tetrapods have evolved 
dermal armour consisting of plate-like, often sculptured osteoderms in the postcranial skeleton 
that vary conspicuously in size, shape, and mode of articulation (e.g., Panchen 1959; DeMar 
1966, 1968; Golubev 1998; Novikov et al. 2000; Hellrung 2003; Dilkes and Brown 2007; 
Dilkes 2009; Witzmann et al. 2008 [5]). This chapter is concerned with the structure of early 
tetrapod osteoderms that has been investigated by Witzmann & Soler-Gijón (2010 [6]) and 
Buchwitz et al. (2012 [7]). These authors selected osteoderms of certain temnospondyls (the 
plagiosaurid stereospondyls Plagiosuchus and Gerrothorax, the possible plagiosaurid 
Peltobatrachus, and the dissorophoids Aspidosaurus, Platyhystrix and Cacops) and of different 
chroniosuchians. Chroniosuchians are Permo-Triassic stem-amniotes (Figs 1, 4) that are 
subdivided into two main subgroups, bystrowianids and chroniosuchids. Whereas Witzmann & 
Soler-Gijón (2010 [6]) investigated the osteoderm structure of the bystrowianid Bystrowiella, 
Buchwitz et al. (2012 [7]) studied the osteoderms of four chroniosuchid taxa (Chroniosuchus, 
Chroniosaurus, cf. Uralerpeton, and Madygenerpeton). Chroniosuchians are regarded as 
terrestrial or semi-terrestrial early tetrapods (Laurin et al. 2004), and the elaborate mechanism 
of articulation between the osteoderms (Novikov et al. 2000; Witzmann et al. 2008 [5]) may 
have stabilised the vertebral column (Clack & Klembara 2009; Buchwitz & Voigt 2010). It will 
be discussed which inferences can be drawn from the bone microstructure and histology of 
osteoderms concerning functional aspects, the associated soft parts and the phylogenetic 
significance.   
 

 
 
Figure 4: The chroniosuchian Chroniosaurus dongusensis (PIN 3585/124) from the Late Permian of the Orenburg 
Province, Russia, showing the skull and the anterior trunk with a row of osteoderms covering the vertebral 
column. Abbreviations: ost, osteoderms; PIN, Paleontological Institute and Museum of the Russian Academy of 
Sciences, Moscow, Russia. 
 
2.2.2 Osteoderm microstructure and functional considerations  
 
Osteoderms are plate-like dermal bones showing a diploë structure in thin sections 
corresponding to the dermal bones of the skull and pectoral girdle (see chapter 2.1.4). 
Comparison of bone microstructure revealed that the studied osteoderms show a wide range of 
compactness values that may reflect different lifestyles (Witzmann & Soler-Gijón 2010 [6]; 
Buchwitz et al. 2012 [7]). Among temnospondyls, the stereospondyls Peltobatrachus and 



17 
 

Gerrothorax have an extensive external compact cortex that accounts for more than half the 
thickness of the bone. The most compact bone structure is shown by Plagiosuchus, whose 
middle region is compact rather than cancellous and therefore, no true diploë structure is 
present. In contrast, the osteoderms of the investigated dissorophids are very lightly built with 
extensive vascular spaces, gracile trabeculae and thin cortices. At least in Aspidosaurus and 
Platyhystrix, the cortex is composed of a plywood-like tissue. This osteoderm structure 
provides maximum stability and minimum bone mass, and is consistent with the interpretation 
that the osteoderms of dissorophids served to strengthen the vertebral column during terrestrial 
locomotion (Dilkes & Brown 2007; Dilkes 2009).  

The much more massive osteoderms that covered the complete body of Gerrothorax 
and the back of Plagiosuchus might be interpreted as serving for reduction of buoyancy in 
these aquatic animals. Especially Gerrothorax can be regarded as a bottom-dwelling, lurking 
predator (Hellrung 2003; Witzmann & Schoch 2013 [12]) that shows pachyostosis of the ribs 
(Castanet et al. 2003) and a well ossified endocranium (Witzmann et al. 2012) that increased 
its body weight. Furthermore, the extensive dermal armour of Gerrothorax constituted a 
calcium reservoir, as indicated by the cyclical resorption events preserved in the external cortex 
(Witzmann & Soler-Gijón 2010 [6]). These structures can be interpreted as a physiological 
response to periodic changes in salinity of the aquatic environment. When the degree of 
salinity decreased or the animal encountered freshwater, it may have undergone physiological 
stress, and calcium has been remobilised from the osteoderms. Sedimentological studies 
support this interpretation and indicate that Gerrothorax lived in a large, brackish influenced 
delta (Schoch & Wild 1999; Hellrung 2003). These periodic changes in salinity might be 
explained in two ways: either Gerrothorax migrated periodically from brackish to freshwater, 
e.g. for spawning; or Gerrothorax remained rather territorial and the salinity changed 
periodically by input of freshwater from the hinterland, e.g. during the rainy season. In 
Peltobatrachus, whose postcranial morphology suggests a primarily terrestrial mode of life 
(Panchen 1959) the osteoderms are similarly massive as in Gerrothorax and probably served 
mainly for protection.  

Among chroniosuchians, quantitative osteoderm bone compactness analyses reveal high 
overall bone compactness in the bystrowianid Bystrowiella that resembles that of the 
investigated aquatic plagiosaurids (Buchwitz et al. 2012 [7]). In Chroniosaurus and 
Madygenerpeton, osteoderm bone structure is slightly less compact, whereas Chroniosuchus 
and cf. Uralerpeton have a comparatively thick trabecular middle region and low compactness 
values similar to the terrestrial dissorophids. These highly variable compactness profiles of 
chroniosuchian osteoderms might indicate an ecological differentiation of chroniosuchians 
within the aquatic-terrestrial spectrum (Buchwitz et al. 2012 [7]). 
 
2.2.3 Dermal sculpture of osteoderms and extraneous and intrinsic fibres 
 
The external surface of most osteoderms in early tetrapods bears dermal sculpture 
corresponding to dermal bones of skull and pectoral girdle (see chapter 2.1), that may be 
polygonal (reticulate) or tubercular (Witzmann et al. 2008 [5]; Witzmann & Soler-Gijón 2010 
[6]; Buchwitz et al. 2012 [7]). Also the bone histology of dermal sculpture with the associated 
mineralised Sharpey’s fibres corresponds to the pattern described in chapter 2.1. The internal 
cortex of Gerrothorax osteoderms is penetrated by strong bundles of long Sharpey’s fibres that 
presumably connected the osteoderms to the underlying tendons and muscles of the trunk. The 
Sharpey’s fibres converge towards the centre of the osteoderm, and a corresponding pattern 
and attachment of the osteoderms to the trunk is visible in Peltobatrachus. In contrast, 
similarly strong, anchoring fibres are absent in the internal cortex of Bystrowiella and in 
dissorophids, since these taxa have osteoderms that are tightly attached to the neural spines by 
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co-ossification (Witzmann et al. 2008 [5]; Witzmann & Soler-Gijón 2010 [6]). Buchwitz et al. 
(2012 [7]) found sets of antero- and posteroventrally directed Sharpey’s fibres in the non-
overlapping medial part of the internal cortex of the investigated chroniosuchid osteoderms. 
These fibres indicate the insertion of epaxial muscle systems to the ventral side of the 
osteoderms. The muscle connection of the osteoderms in chroniosuchids can be interpreted as 
part of a trunk-carrying construction that resembles the trunk-bracing systems of crocodylians 
(e.g., Salisbury & Frey 2000; Schwarz-Wings et al. 2009). This finding supports the hypothesis 
that the chroniosuchian osteoderm series evolved in a terrestrial context and primarily served 
as a device that supported terrestrial locomotion. However, the highly variable compactness 
profiles of chroniosuchian osteoderms as outlined above are in conflict with the interpretation 
of a primarily terrestrial lifestyle.  

Plagiosuchus has osteoderms that were not co-ossified with endoskeletal elements like 
vertebrae or ribs. They bear no dermal sculpture comparable to dermal bones of other early 
tetrapods but rather a roughened external surface. The Sharpey’s fibres are extensively 
developed and equally distributed in the external and internal regions and directed to the 
proximal portion of the osteoderm. The extensively developed Sharpey’s fibres in 
Plagiosuchus suggest a tight anchorage of the osteoderm within the dermis. As in dermal bones 
of skull and pectoral girdle, three-dimensionally interwoven structural fibres (ISF) are 
identified in osteoderms of Chroniosaurus (Buchwitz et al. 2012 [7]), Bystrowiella, 
Plagiosuchus (Witzmann & Soler-Gijón 2010 [6]), and, to a lesser degree, in osteoderms of 
Gerrothorax (Witzmann 2011 [9]) and co-occurs with parallel-fibred bone.  
 
2.2.4 Phylogenetic considerations    
 
Recent phylogenetic analyses of early tetrapods suggest that the osteoderms in dissorophids, 
plagiosaurids, and chroniosuchians evolved independently (Yates & Warren 2000; Ruta et al. 
2007; Schoch 2013). This is also indicated by the unique structure of the dissorophid 
osteoderms investigated by Witzmann & Soler-Gijón (2010 [6]) that might be a synapomorphy 
of the group. The osteoderms of Gerrothorax and Peltobatrachus resemble each other in the 
extensively thick external cortex and the strong Sharpey’s fibre bundles penetrating the thinner 
internal cortex. Furthermore, both taxa have a tubercular dermal sculpture. However, these 
similarities do not necessarily support the proposed close relationship of Peltobatrachus and 
plagiosaurids (Panchen 1959; Milner 1990) but can be explained with functional reasons: the 
thick cortex might have served for protection, and the large bundles of Sharpey’s fibres in the 
internal cortex anchored the osteoderms to the subdermal connective tissue, since no co-
ossification with vertebrae is present. Furthermore, tubercular sculpture on osteoderms is not 
restricted to these taxa but occurs also in certain chroniosuchians (Buchwitz et al. 2012 [7]), 
and can easily be derived from polygonal sculpture (see chapter 2.1.2). In contrast, the 
described differences in histological structure of the osteoderms in Gerrothorax and 
Plagiosuchus clearly suggest an iterative evolution of osteoderms within plagiosaurid 
stereospondyls.  

The independent acquisition of osteoderms in different lineages of early tetrapods 
reflects the potential of the dermis in tetrapods to develop skeletal structures. Additional to the 
dermal scales in early tetrapods that probably represent a heritage from nontetrapod ancestors 
(see chapter 2.3) and the large plate-like osteoderms of armoured temnospondyls and 
chroniosuchians described in this study, small, irregular osteoderms have been reported among 
early tetrapods locally in the trunk or gular region (Witzmann & Soler-Gijón 2010 [6], and 
references therein). The skeletogenic potential of the tetrapod dermis is also shown by extant 
anurans in which osteoderms evolved independently within different lineages (Ruibal & 
Shoemaker 1984; Quinzio & Fabrezi 2012), as well as in several groups of amniotes (e.g., 
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Scheyer & Sander 2004; Hill 2005, 2006; Vickaryous & Hall 2006, 2008). According to Main 
et al. (2005) and Vickaryous & Hall (2008), deep homology exists between osteoderms in the 
different tetrapod lineages because they have a common origin in the skeletogenic potential of 
the dermis. The advantages of osteoderms are manifold (like support of the vertebral column, 
the reduction of buoyancy, physiological calcium reservoir, or simply protection against 
predators). The presence of ISF in osteoderms of the quite distantly related chroniosuchians 
(amniote lineage) and the plagiosaurid stereospondyls (amphibian lineage) supports the above 
stated assumption (chapter 2.1.6) that the potential for metaplastic ossification in the dermis 
was present very early in tetrapod evolution. 
 
2.3. Structure of dermal scales in early tetrapods and their fish-like relatives 
 
2.3.1 Introduction 
 
Most early tetrapods were covered by ossified dermal scales from which two different types 
can normally be distinguished (Romer 1972; Boy 1988; Witzmann 2007 [8], 2011 [9]): 
rhombic or spindle-shaped “gastral scales” that form rows arranged in a chevron pattern on the 
ventral face of the trunk between pectoral and pelvic girdle, and thin “round-oval” or “dorsal 
scales” covering the dorsal portion of the trunk together with flanks, tail and limbs (Fig. 5).  

Schultze (1977) reconstructed the hypothetical ancestral scale of stem-osteichthyans as 
being thick and rhombic in outline, with tubercles of dentine covering a cancellous layer of 
bone, which is followed internally by a basal layer of plywood-like tissue (i.e. isopedine). 
These scales were arranged in oblique rows on the body in basal osteichthyans, and each scale 
was overlapped by adjoining scales anteriorly and dorsally on the external surface and ventral 
to a distinct keel on the internal side (Schultze 1977). The scales of “elpistostegids” are derived 
in the absence of dental tissue and the presence of dermal sculpture that is composed solely of 
bone, but are plesiomorphic in their rhombic outline and arrangement in oblique rows (Gross 
1930; Schultze & Arsenault 1985; Daeschler et al. 2006). “Elpistostegids” have anteromedially 
directed rows of rhombic scales both on the ventral and the dorsal face of the body (Witzmann 
2011 [9]). This chapter intends to show which alterations occurred in morphology, histology 
and arrangement of ossified dermal scales during the fish-to-tetrapod transition, and interprets 
how and why these changes occurred. 
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Figure 5: Juvenile specimen of the stereospondylomorph temnospondyl Sclerocephalus haeuseri from the Early 
Permian of Rhineland-Palatinate (MB.Am.1203), showing spindle-shaped gastral and round ovate dorsal scales. 
Abbreviations: cla, clavicula; ds, dorsal scales; gs, gastral scales; icl, interclavicula; MB, Museum für 
Naturkunde Berlin; np, nodal point (scales); ra, radius; ul, ulna. 
 
 
2.3.2 Ventral or gastral scales 
 
Arrangement of ventral or gastral scales. The gastral scales of early tetrapods are derived 
from the ventral scales of “elpistostegids”. Although the gastral scales of early tetrapods show 
an arrangement that corresponds to the oblique ventral scale rows of “elpistostegids”, they 
meet in the ventral midline in a different manner. “Elpistostegids” possess a single median row 
of hexagonal scales on the ventral side of the trunk that articulate with the medialmost scales of 
each oblique scale row. This median row is absent in early tetrapods; instead, the medialmost 
gastral scales from opposite sides show alternating overlap. Characteristic for most early 
tetrapods is the “nodal point” (Fig. 5) posterior to the interclavicle, in which the anteriorly and 
posteriorly directed chevrons of gastral scales meet (Witzmann 2007 [8]). In “elpistostegids”, 
all ventral oblique rows of scales are posterolaterally directed and no “nodal point” is 
developed. 
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Figure 6: Comparison of ventral scales of the “elpistostegids” Panderichthys (A, B) and Elpistostege (C, D) with 
rhombic gastral scales of the colosteid Greererpeton. Schematic drawings, not to scale. For each scale, the 
external view is shown at the top, and the internal view is shown at the bottom. Panderichthys and Greererpeton 
redrawn after Witzmann (2011 [9]) and Elpistostege redrawn after Schultze & Arsenault (1985). Abbreviations: 
adc, anterodorsal crest; aos, anterior overlap surface; dgr, dorsal groove; eaf, external articulation facet; fs, free 
surface; iaf, internal articulation facet; kl, keel; vmf, ventromedial facet. 
 
Origin of the rhombic gastral scale. To understand how scale morphology was altered during 
the fish-to-tetrapod transition, it is necessary to identify homologies in the rhombic scales of 
“elpistostegids” and the gastral scales of early tetrapods (Fig. 6). Homologous “landmarks” in 
the “elpistostegid” scale are (1) the keel on the internal surface, which serves as anchoring 
point for Sharpey’s fibres to connect the different oblique rows of scales in osteichthyans 
(Schultze 1966; Gemballa & Bartsch 2002; Witzmann 2011 [9]), and which frames the internal 
articulation facet of the scale; and (2) the external and internal articulation facets and the 
(sculptured) free external surface (Fig. 6). The morphological transformation between the 
“elpistostegid” scale and the gastral scale of early tetrapods can be reconstructed as follows. 
The internal articulation facet became proportionally distinctly longer, measuring more than 
half the length of the scale (Fig. 6B, D, F). The keel became correspondingly shorter, but 
increased in width and occupied the width of the medial portion of the scale. It still frames the 
internal articulation facet (or dorsal groove), but over a longer distance than in the 
“elpistostegid” scale. Posteriorly, the frame is formed by a thickened, posterior bulge-like crest, 
and anteriorly by a more slender, anterodorsal crest. In this way, the internal facet became 
conspicuously deeper in early tetrapods and can now be designated as “dorsal groove”. The 
area on the external surface that was overlapped by the anterior scale row proportionally 
increased in size. Accordingly, the free surface of the scale became narrowed. The external 
facet of articulation attained an elaborate, concavo-convex surface. These morphological 
alterations caused (1) a tighter connection between the gastral scales within a scale row, and (2) 
increased anteroposterior overlap between the scale rows.  
Scale ontogeny: rounded and spindle-shaped gastral scales. Thin, ovoid gastral scales were 
described in early growth stages of early tetrapods and designated as “larval”, and their 
transition to the spindle-shaped morphology can be demonstrated in further ontogeny 
(Witzmann 2007 [8]) (Fig. 7). The presence of ovoid gastral scales in adult specimens, e.g. in 
the Devonian tetrapod Tulerpeton, can thus be interpreted as a retained “larval” morphology. 
Spindle-shaped gastral scales and rhombic gastral scales can be traced back to basically the 
same morphology. Compared to the rhombic scale, the spindle-shaped scale is proportionally 
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elongate and slender, with a more tapering medial end. Due to the small size of the anterior 
crest, there is no (or little) overlap between the rows of spindle-shaped scales. As described by 
Witzmann (2007 [8]), the spindle-shaped gastral scales are the ontogenetic precursor of the 
rhombic gastral scales (Fig. 7). The rhombic outline is attained by the expansion of the slender 
crest that borders the dorsal groove anteriorly, and by a thickening of the posterior bulge-like 
crest. The largely smooth dorsal groove of the spindle-shaped gastral scales becomes the well-
defined facet or groove of the rhombic gastral scale. 
 

  
 
Figure 7: Comparison of ovoid, spindle-shaped and rhombic gastral scales in external view (top) and internal 
view (bottom). Schematic drawings, not to scale. After Witzmann (2011 [9]). Abbreviations: adc, anterodorsal 
crest; dgr, dorsal groove; pbc, posterior bulge-like crest. 
 
2.3.3 Dorsal or round-oval scales 
 
It is more parsimonious to assume that the dorsal round-oval scales of early tetrapods were 
derived from the rhombic “elpistostegid”-type of scale rather than being de novo structures, 
and convergent examples of a transformation from rhombic to rounded scales can be seen in 
the evolution of actinopterygians and different lineages of fish-like sarcopterygians (e.g., Gross 
1966; Schultze 1966, 1977; Janvier 1996; Sire et al. 2009). This transformation during the fish-
to-tetrapod transition can be reconstructed as follows. In the “larval” ovoid scale, proportional 
elongation of the scale ceased early in ontogeny, and so did the development of the posterior 
crest. Further growth of the scale was more compensational, resulting in a rounded shape. This 
evolutionary scenario is reflected in the gastral scalation in the ventrolateral part of the trunk in 
early tetrapods, where an almost continuous transition from gastral scale to round dorsal scale 
morphology is visible. As gastral and dorsal scales develop from the same anlagen, round-oval 
“dorsal” scales can also be observed to cover the ventral face of the trunk in certain early 
tetrapods (Witzmann 2007 [8], and references therein), representing a paedomorphic trait. 
Conversely, the colosteid Colosteus has rhombic scales not only on the ventral, but also on the 
dorsal side of the trunk, showing that the dorsal scale anlagen still had the ability to attain the 
plesiomorphic rhombic scale morphology. 
 
 



23 
 

2.3.4 Evolutionary and functional implications 
 
Apparently at roughly the same time when digits appeared, the rhombic scales of 
“elpistostegids” were altered and differentiated into ventral gastral and dorsal round-oval 
scales, thus being one of the most rapid morphological changes during the fish-to-tetrapod 
transition. Once established in tetrapods, especially the gastral scales were retained as a 
conservative character in different lineages of early tetrapods, in both the amphibian and the 
amniote lineage. The transformation of the scalation pattern might have been connected with 
the need for a more flexible trunk during terrestrial or semiterrestrial locomotion, and a 
reduction of weight. The following characters indicate that the gastral and dorsal scalation in 
early tetrapods was more flexible and probably allowed a larger degree of trunk flexion of the 
trunk compared to “elpistostegids”: (a) the contralateral rows of gastral scales articulate in an 
alternating, overlapping fashion; (b) the mode of overlap of the spindle shaped (“juvenile”) 
gastral scales allowed telescoping of the scales within the rows during sideward flexion of the 
body; (c) though the rhombic (“adult”) gastral scales were more tightly connected within the 
rows, the anterior overlap surface became proportionally larger than in “elpistostegids”, 
allowing more overlap between scale rows; (d) dorsal scales were thinner and certainly more 
flexible than ancestral rhombic scales. Also the “nodal point” contributed to an enhanced 
flexibility of the anterior trunk region and forelimbs: when head plus girdle moved to one 
lateral side, the degree of overlap between the anterolaterally directed rows of this side 
increased, whereas the degree of overlap between rows of the other side decreased. As the 
forelimbs are located lateral to the nodal point in the “gap” between anterolaterally and 
posterolaterally directed rows (Fig. 5), the forelimbs had a greater degree of freedom. 
Scale histology in early tetrapods is simplified compared to their finned ancestors, resulting in 
a physiologically less expensive development of dermal scales. Both dorsal and gastral scales 
of early tetrapods consist uniformly of parallel fibred bone with circumferential growth marks 
(Dias & Richter 2003; Witzmann 2011 [9]), and the thick basal layer consisting of isopedine is 
completely reduced.  

The well-ossified rhombic and spindle-shaped gastral scales indicate that the 
integument was initially very thick in early tetrapods. This is also supported by the dorsal, 
round-oval scales that were originally cup-shaped and thick in most Carboniferous and Early 
Permian early tetrapods. Many derived Late Permian and Triassic forms (i.e. stereospondyls) 
have less ossified, thinner gastral and dorsal scales or have even reduced dermal scales 
completely. This might indicate that the integument has become proportionally thinner in these 
forms (Witzmann 2007 [8]). The conspicuous, deep lateral line sulci on the skull roofing bones 
of most stereospondyls with reduced scales support this interpretation. In contrast, the lateral 
line sulci of most aquatic Palaeozoic temnospondyls with thick dermal scales are 
comparatively weakly impressed on the skull bones, and consist of long oval depressions that 
are sometimes difficult to distinguish from the furrows of the dermal sculpture. One may 
conclude that the lateral lines left only weak traces on the bones because the integument was 
proportionally thicker, whereas in the forms with the possibly thinner integument the lateral 
lines came to lie on the surface of the bones.  
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3. The hyobranchial apparatus in early tetrapods and its significance for 
feeding and breathing 
 
3.1 The configuration of the hyobranchial apparatus during the fish-to-tetrapod 
transition 
 
3.1.1 Introduction 
 
The hyobranchial apparatus shows a wide variety of morphologies and characteristics among 
the different lineages and taxa of jaw-bearing fishes and tetrapods. Figure 8 shows the 
schematic reconstruction of the hyobranchial apparatus of a “generalised” early vertebrate. The 
plesiomorphic configuration of the hyobranchial skeleton is a complex set of paired segmented 
arches, consisting of the mandibular arch (i.e., the jaws), followed by the hyoid arch and the 
subsequent branchial (or gill) arches, which are linked ventrally to the median basibranchial 
series (Nelson 1969; Janvier 1996). Whereas the mandibular arch consists of only two 
segments (palatoquadrate dorsally and Meckelian cartilage ventrally), the hyoid arch can be 
subdivided (from ventral to dorsal) into basihyal, hypohyal, ceratohyal and hyomandibula (the 
stapes of tetrapods). The posteriorly following gill arches may vary from one to six in jaw-
bearing fishes and tetrapods. The following segments can be distinguished per gill arch (from 
ventral to dorsal): hypo-, cerato-, epi-, and pharyngobranchial. The gills (either external or 
internal gills or both) are attached to the gill arches, more precisely the ceratobranchials. This 
chapter seeks to reconstruct what is the plesiomorphic condition of the hyobranchial apparatus 
in early tetrapods, and which changes occurred in this skeletal region in the fish-to-tetrapod 
transition. 
 
 

  
 
Figure 8: Schematic reconstruction of the “generalised” hyobranchium of an early vertebrate. Redrawn after Liem 
et al. (2001). Abbreviations: bb, basibranchial; bh, basihyal; cb, ceratobranchial; eb, epibranchial; gs, gill slit; 
hb, hypobranchial; hh, hypohyal; ch, ceratohyal; hm, hyomandibula; nc, neurocranium; Mc, Meckelian cartilage 
(lower jaw); pb, pharyngobranchial; pq, palatoquadrate (upper jaw); sp, spiraculum. 
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3.1.2 The plesiomorphic condition of the hyobranchial apparatus in early tetrapods 
 
Comparison between the hyobranchial skeleton of tetrapodomorph fishes (Jarvik 1954, 1963; 
Lebedev 1995; Johanson & Ahlberg 1997; Long et al. 1997; Downs et al. 2008) and early 
tetrapods reveals the following picture. In tetrapodomorph fishes, an anterior and posterior 
basibranchial of rectangular to polygonal outline are present that are well ossified and have 
extensive articulation facets for the hypohyals and the first two pairs of hypobranchials. In 
early tetrapods, in contrast, only a single, poorly ossified basibranchial is present that is rod-
like and has no ossified articulation facets. Where known, the hypohyals are much smaller 
elements in early tetrapods than in their fish-like relatives. Whereas the ceratohyal consists of 
an anterior and posterior element in many tetrapodomorph fishes, it is a single elongate 
element from Tiktaalik crown wards. In tetrapodomorph fishes, the four pairs of 
hypobranchials are stout elements and differentiated with crests and furrows. In early tetrapods, 
these elements are simplified and rod-like, and albeit there is a trend to reduce the 
hypobranchials to two pairs, their number is subject to variation within the different groups of 
early tetrapods. As in tetrapodomorph fishes, the plesiomorphic number of ceratobranchials is 
four pairs in early tetrapods, and they are similar in their curved shape and the posterolateral 
grooves (that housed the gill arteries, see chapter 3.2.2). The pharyngo- and epibranchials of 
fishes, which are located distal to the ceratobranchials, have never been demonstrated in 
tetrapods, and the only early tetrapods with unequivocal epibranchials preserved are 
Acanthostega (Clack & Coates 1993; Witzmann 2013 [10]) and among lepospondyls the 
microsaur Pantylus. Denticulate ossified platelets (or branchial teeth) in the pharyngeal region 
are present in tetrapodomorph fishes on almost all hyobranchial elements and the 
neurocranium. In early tetrapods, the denticulate platelets are restricted to the ceratobranchials 
to which they were attached (Schoch 2002; Witzmann 2004). Curiously, denticulate platelets 
have not been found in stem-amniotes with the exception of the microsaur Microbrachis (Olori 
2013). Extant lissamphibians have completely reduced the teeth on the gill arches; however, 
larvae of early crown-group salamanders still developed teeth on the gill arches (Gao & Shubin 
2012; Skutschas & Gubin 2012). Instead of branchial teeth, larvae of extant salamanders have 
gill rakers consisting of cartilage or connective tissue on the gill arches. These gill rakers may 
mineralise in rare cases and “resemble a tooth crown”, as reported in larvae of the salamander, 
Rhyacotriton olympicus (Worthington & Wake 1971, p. 358).  

In conclusion, the basic arrangement of hyobranchial skeletal elements has been 
conserved to a considerable degree across the fish-to-tetrapod transition. Most changes in the 
hyobranchium during the fish-to-tetrapod transition encompass solely the reduction in number 
of skeletal elements and their morphological simplification. The plesiomorphic condition of the 
tetrapod hyobranchium can be reconstructed as follows: a single slender, rod-like basibranchial 
bone with expanded anterior and less expanded posterior portions, a pair of small, stout 
hypohyals, one pair of elongate, albeit flattened ceratohyals, four pairs of rod-like 
hypobranchials, four pairs of curved, deeply grooved ceratobranchials that bear elongate, 
denticulate branchial platelets, and short epibranchials. 
 
3.2 Gill breathing in early tetrapods  
 
3.2.1 Introduction  
 
Lungs are phylogenetically ancient organs that evolved in the osteichthyan stem-group well 
before the first sarcopterygians invaded the land (Janvier 1996); the first tetrapods are therefore 
considered to have possessed lungs. Despite of the importance of aerial respiration, the 
majority of early tetrapods are likely to have had an aquatic existence (Schoch 2009). What 
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might have been the alternative to lung breathing in these early aquatic tetrapods? Extant 
lissamphibians are the only model for physiological inference: many of them use larval gills to 
breathe under water, but also cutaneous respiration is significant in numerous species, both 
terrestrial and aquatic (Duellman & Trueb 1986). Cutaneous respiration is difficult to prove in 
fossil taxa; however, both the inferred skin structure and the extensive cover of dermal scales 
in most early tetrapods and their often large overall body size make a large-scale contribution 
of the skin to breathing unlikely (see chapter 2.1.7). Therefore, the role of the gills in early 
tetrapods comes sharply into focus. While internal gills are essential organs in all jaw-bearing 
fishes, no living tetrapod retains them, even as vestiges. Instead, gills of a different kind are 
found in larvae of lissamphibians: instead of being located inside a gill chamber as in fishes, 
these gills are located outside the body surface and often form branching, bushy structures 
(Duellman & Trueb 1986). The homology of the external gills of amphibians and the internal 
gills of fishes has often been questioned. These observations raise the issue of identifying the 
type of gills (if any) present in those taxa that spanned the fish-to-tetrapod transition. In the 
Devonian stem-tetrapods Acanthostega and Ichthyostega, the retention of internal gills has 
been inferred from the structure of their bony gill arch skeleton (Coates & Clack 1991; Clack 
2012). Presently, the (implicit) consensus seems to be that internal gills were lost after the 
branching of Ichthyostega, but before the origin of crown-group tetrapods (amphibian- and 
amniote-lineages). The evolutionary origin of the lissamphibian-type external gills is unknown, 
but fossil evidence indicates that in several groups of Palaeozoic tetrapods, larval external gills 
similar to those of salamanders were present (Boy 1974; Klembara 1995; Witzmann 2004). In 
conclusion, there must have been a phase in which the internal gills disappeared and the 
external ones evolved. It is unknown whether this involved a transformation from one gill type 
into another, or if one truly disappeared and was replaced by a completely new and convergent 
structure. So what do the fossils tell?  
 
3.2.2 Osteological correlates of internal gills 
 
A review of the hyobranchial apparatus in early tetrapods reveals that the branchial or gill 
arches (i.e. ceratobranchials) may bear important osteological correlates of soft anatomical 
structures. First-hand examination of extant sarcopterygian fishes (the coelacanth Latimeria 
and the Australian lungfish Neoceratodus) and extant actinopterygians confirm the reliability 
of these correlates (Schoch & Witzmann 2011 [11]). These are: (1) grooves on the 
posterolateral flank of the ceratobranchials indicating the presence of gill arteries, and (2) a 
postbranchial lamina on the shoulder girdle (clavicle and cleithrum) indicating the presence of 
a gill chamber. Therefore, internal gills similar to those of Latimeria and Neoceratodus are 
likely to have existed in taxa possessing such grooved ceratobranchials. In contrast to internal 
gills of fishes, the gill arteries of the external gills of lissamphibian larvae are not located in 
close neighbourhood to the gill arches; thus, ceratobranchials with external gills are not 
grooved as those with internal gills. The osteological features correlated with internal, fish-like 
gills are more widespread among Palaeozoic and Mesozoic early tetrapods than previously 
thought. According to these findings, internal gills were not only present in the earliest 
tetrapods of the Devonian (Coates & Clack 1991; Clack et al. 2003), but also in Carboniferous 
stem-tetrapods and present in a range of adult, aquatic temnospondyls (Schoch & Witzmann 
2011 [11]; Witzmann 2013 [10]).  

Direct preservation of external gills is reported in a range of early crown-group 
tetrapods, confirming earlier views (Witzmann 2004) that they must have been present in (at 
least the larval stages of) the earliest crown tetrapods. These external gills resemble those of 
basal salamanders and are probably their phylogenetic precursors. The question whether early 
tetrapods had internal or external gills can be resolved by examination of osteological features. 
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The results suggest that the distribution of internal and external gills is different from what was 
thought before: internal gills did not disappear before the external ones evolved. This parallels 
the situation in lepidosirenid lungfishes: in the South American lungfish Lepidosiren and the 
African lungfish Protopterus, both larval external gills and adult internal gills are present. In 
early tetrapods, this appears to have occurred convergently to lungfishes (Schoch & Witzmann 
2011 [11]). Among early crown-group tetrapods, internal gills may have been present among 
“anthracosaurs” in embolomeres (stem-amniotes), since Pawley (2006) reported a 
postbranchial lamina in Archeria. Taking the analyses of Ruta & Coates (2007) and Schoch 
(2013) as phylogenetic framework, then internal gills were reduced at least twice in tetrapod 
evolution: in temnospondyls the clade comprising the terrestrial zatracheids and dissorophoids 
(the latter giving rise to lissamphibians) and on the amniote stem below lepospondyls and 
seymouriamorphs (Witzmann 2013 [10]). External gills developed somewhere on the tetrapod 
stem and were retained in temnospondyls (including lissamphibians) and were reduced on the 
amniote stem in the immediate ancestors of amniotes.   
 
3.2.3 The question of homology of internal and external gills 
 
In jaw-bearing fishes, the lamellae of internal gills are long, vascularised sheets of tissue in 
which the respiratory gas exchange takes place (Sewertzoff 1924; Rauther 1937). They form 
numerous parallel, closely spaced lobes attached to the posteroventral flank of the gill arches. 
The lamellae are clearly separated from the septum which divides the anterior and posterior 
lamellae of each gill arch. Gill septa are layers of connective tissue that separate the anterior 
and posterior gill lamellae of each gill arch. The septa of sarcopterygian fishes (Latimeria, 
Neoceratodus) are as long as the lamellae, whereas in actinopterygians, the septa are usually 
shorter or even rudimentarily developed. As the internal gills of fishes, the external gills of 
lissamphibian larvae are attached to the ceratobranchials. However, in contrast to the fish 
condition, the gill lamellae are not attached to the ceratobranchial, but arise from the gill 
septum proper, which is probably homologous to that of jaw-bearing fishes. The distal edge of 
the septum is serrated to form gill lamellae that are very similar to the ones of internal gills. If 
the enlarged septum of sarcopterygian fishes and lissamphibian larvae is indeed a shared-
derived character of sarcopterygians, then the formation of lamellae at the end of the septum 
would only be a final step towards the lissamphibian condition. Hence, external gills could be 
derived from internal ones, although the lamellae themselves are probably not homologous 
(Schoch & Witzmann 2011 [11]). 
 
3.3 The hyobranchial apparatus and feeding in early tetrapods 
 
3.3.1 Introduction 
 
Apart from breathing, the hyobranchial apparatus of jaw-bearing fishes plays a pivotal role in 
aquatic feeding. Movements of the apparatus assist in opening the jaws and expanding the 
bucco-pharyngeal cavity, thus generating negative pressure within the mouth cavity and 
initiating a rapid inflow of water together with the prey, a process called suction feeding 
(Deban & Wake 2000). Because air is a much less dense medium than water, the hyobranchial 
apparatus of fishes and aquatic early tetrapods had to be remodelled during the change from an 
aquatic to a rather terrestrial existence in order to support and move a fleshy tongue that 
manipulates and transports the prey in the oral cavity (Wake & Deban 2000). This chapter will 
focus on determining if it is possible to distinguish between an “aquatic” and a “terrestrial” 
hyobranchial apparatus in early tetrapods. In other words, what is the evidence in hyobranchial 
morphology for suction feeding in aquatic forms, and is it possible to identify remodelling of 
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the hyobranchium for tongue-based feeding on land in terrestrial forms?   
 
3.3.2 Hyobranchium and suction feeding in early tetrapods: a case study of the plagiosaurid 
Gerrothorax 
 
In the rich fossil material of the Triassic plagiosaurid stereospondyl Gerrothorax, numerous 
traces of muscle attachments can be identified on the skull and the well ossified, “fish-like” 
hyobranchial apparatus including four pairs of grooved ceratobranchials (Fig. 9). The objective 
of this paragraph is to achieve a comprehensive understanding of the feeding apparatus in this 
fully aquatic early tetrapod. Cranial and hyobranchial muscles were reconstructed as far as 
possible, based on direct evidence (spatial limitations, ossified muscle insertion sites on skull, 
mandible, and hyobranchium) and on phylogenetic reasoning (with extant basal 
actinopterygians and salamanders as bracketing taxa). The resulting skeletal and soft-
anatomical data were used as a basis for an integrated functional hypothesis of prey capture in 
Gerrothorax (Witzmann & Schoch 2013 [12]). 
 

 
 
Figure 9: Skull and hyobranchial apparatus of the stereospondylomorph temnospondyl Gerrothorax pulcherrimus 
from the Late Triassic of Greenland in ventral view (MGUH 28919). Abbreviations: bb, basibranchial; cb, 
ceratobranchial; ch, ceratohyal; gr, groove on ceratobranchial; hb, hypobranchial; MGUH, Geological Museum, 
University of Copenhagen, Denmark.  
 
Morphological evidence for suction feeding in Gerrothorax. Previous studies on 
temnospondyl feeding largely neglected the role of the hyobranchial apparatus during feeding 
(e.g., Panchen 1959; Howie 1970; Jenkins et al. 2008). As this apparatus is extensively ossified 
in Gerrothorax and bears prominent muscle attachment sites, it must be assumed that it was 



29 
 

involved in capture of prey under water, more specifically, in expansion of the buccal cavity 
and thus in suction feeding. The following aspects of skull and hyobranchial morphology 
indicate that Gerrothorax was able to prey by suction feeding in water: the broad, short-faced 
skull, which is a prerequisite for suction feeding (Taylor 1987); the broad, anteriorly directed 
mouth opening (enabling directed flow of water into the buccal cavity); the robust, well 
ossified hyobranchial apparatus which is required to generate strong suction (Deban & Wake 
2000). Furthermore, strong associated hyobranchial muscles are necessary for suction feeding, 
and at least a strong m. rectus cervicis can be reconstructed in Gerrothorax that was able to 
draw the hyobranchium rapidly in a posteroventral direction (see below). The internal gills as 
indicated by grooved ceratobranchials (see chapter 3.2.2) and the associated branchial denticles 
(Nilsson 1946; Witzmann 2013 [10]) indicate a water-filled pharynx by analogy with extant 
osteichthyans. 
Reconstruction of the feeding strike of Gerrothorax. The flattened morphology, the short 
limbs and tail and the heavily built skeleton including an extensive cover of osteoderms (see 
chapter 2.2) strongly suggest that Gerrothorax was a bottom-dwelling ambush predator in 
freshwater and brackish environments (Hellrung 2003; Jenkins et al. 2008; Schoch & 
Witzmann 2012). However, if Gerrothorax rested on the bottom during prey capture and solely 
raised the head as suggested by Jenkins et al. (2008), there would have been by far not enough 
interspace between skull and pectoral girdle to retract the hyobranchial apparatus and to 
increase the size of the buccal cavity for suction feeding. Furthermore, the muscle scars on the 
postglenoid area of the mandible indicate that one of the two portions of the m. depressor 
mandibulae extended backwards on the back of the trunk behind the skull. This suggests that 
the depressor was indeed used for lowering the mandible and not to raise the skull as earlier 
supposed (Panchen 1959) and implies that the skull including the mandible must have been 
lifted off the ground during prey capture. It can thus be assumed that when bypassing prey was 
recognised by Gerrothorax, it raised the head (and possibly also the anterior trunk region) 
toward the prey with the jaws still closed. Then the mouth started to open rapidly. This was 
caused by (1) raising the head as shown by the extant bracketing taxa basal osteichthyans 
(Lauder 1980), extant lungfishes (Bemis 1986) and aquatic salamanders (Lauder & Shaffer 
1985), by action of strong epaxial muscles (strong muscle attachment sites are visible on the 
occiput and occipital lamellae of the skull table in Gerrothorax) and probably the 
cleidomastoideus muscle (that is supposed to have linked the cleithrum and the region of the 
tabular in at least some stereospondyls, see Howie 1970; Shiskin 1987; Sulej & Majer 2005; 
Jenkins et al. 2008), and (2) by lowering the mandible by action of the strong m. depressor 
mandibulae and the m. rectus cervicis. During further elevation of the skull, the action of the 
m. rectus cervicis rotated the hyobranchial apparatus ventrally and caudally, thus expanding the 
buccal cavity and causing the inflow of water plus prey through the mouth opening. The 
obviously strong m. depressor mandibulae, the well ossified, large quadrate-articular joint and 
the powerful m. rectus cervicis (which in Gerrothorax inserted on a distinct crest on the 
prominent first hypobranchial and was attached posteriorly on the large interclavicle) suggest 
that this action occurred rapidly and that strong suction was generated. As bracketing by extant 
basal osteichthyans and salamander larvae (Lauder 1980; Lauder & Reilly 1994) suggests, 
maximum hyobranchial retraction occurred after maximum gape. The m. geniohyoideus (that 
originated on a posterior attachment site of the mandibular symphysis in Gerrothorax and 
might have inserted on the elaborate first hypobranchial) pulled the hyobranchium 
anterodorsally, and water was expelled through the opened gill clefts. The captured prey item 
was seized by pressure of the hyobranchial apparatus against the palate (the parasphenoid is 
toothed in at least some individuals of Gerrothorax; Schoch & Witzmann 2012) and was 
probably moved toward the oesophagus by a posteriorly directed current of water as in larvae 
of salamanders as well as in actinopterygians and lungfishes (Lauder & Reilly 1994). The 
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denticulate branchial platelets situated on the ceratobranchials prevented the prey from 
escaping through the gill clefts. Similar to the jaw opening muscles, also the jaw adductors 
were well developed as indicated by osteological correlates on the ventral side of the dermal 
skull roof, the palate and on the mandible, enabling a rapid closure of the mouth. Despite the 
similarities of the feeding mechanism in Gerrothorax to that in extant salamander larvae, a 
striking difference exist: unlike in extant salamander larvae and many derived actinopterygians 
(teleosts), no cranial kinesis was possible in the Gerrothorax skull, because all sutures of skull 
roof and palate are rigid and no moveable articulation of skull bones was present, neither in the 
skull roof nor in the palate. An akinetic skull roof is characteristic for the vast majority of 
temnospondyls and is probably plesiomorphic for early tetrapods in general; in this respect, the 
skull of Gerrothorax and most temnospondyls resemble those of extant basal actinopterygians 
(Lauder 1980; Janvier 1996). 
 
3.3.3 Hyobranchium and aquatic feeding in non-suction feeding early tetrapods 
 
In contrast to limbed stem-tetrapods like adelogyrinids, or temnospondyls like dvinosaurians, 
plagiosaurids, and brachyopids that have well ossified hyobranchia including ossified gill 
arches proper, the hyobranchial apparatus remained largely cartilaginous in a great number of 
aquatic early tetrapods, and most often, only the rod-like basibranchial (and casually also the 
associated hypobranchials) was ossified. Examples for this situation are colosteids and many 
stereospondylomorph temnospondyls. However, three to four rows of branchial platelets in the 
throat region indicate that the posterior gill arches were still present and fish-like, albeit 
cartilaginous, elements. The fact that from the hyobranchial apparatus only the basibranchial 
was ossified in several taxa of aquatic early tetrapods might be connected with the functional 
role of this element as point of insertion of the m. rectus cervicis: this muscle aids in lowering 
the mandible when pulled posteroventrally in larval salamanders (see chapter 3.3.2), a 
mechanism that is probably plesiomorphic for jaw-bearing vertebrates (Lauder & Reilly 1994). 
Additionally, the rigid basibranchial bone served for pressing the prey against the toothed 
palate to seize and to manipulate it. Especially the elaborated, downturned anterior extension of 
the basibranchial in basal stereospondylomorphs may have served for insertion of a powerful 
m. rectus cervicis. In more derived stereospondylomorphs, the stereospondyls, a retroarticular 
process is often well developed on the mandibles and thus a strong m. depressor mandibulae is 
able to insert on the lower jaw (Schoch & Milner 2000). This development in stereospondyls 
might be correlated with a morphological simplification (and the frequent non-ossification) of 
the basibranchial. The absence of ossified gill arches and the elongate or parabolic skull shape 
in these early tetrapods suggests that they were “crocodilomorph” feeding analogues (Damiani 
2001; Witzmann 2006; Fortuny et al. 2011), that is, they used rapid sidewards sweeps of the 
head and direct biting, rather than elaborate suction feeding. 
  
3.3.4 Hyobranchium and terrestrial feeding in early tetrapods   
 
The adult hyobranchial apparatus of most primarily terrestrial early tetrapods is almost 
unknown, probably because the hyobranchium remained largely cartilaginous. In contrast, the 
larval hyobranchium of many of these forms is well known based on the presence of ossified or 
cartilaginous branchial arches often associated with branchial dentition and external gills (Boy 
1974; Witzmann 2004). What can we reconstruct from the adult “terrestrial” hyobranchial 
apparatus in early tetrapods in spite of this rather frustrating scarceness of data?   

Interestingly, there is evidence that the third or even the fourth gill arch (and thus a 
“fish-like” hyobranchium) was retained not only in primarily aquatic early tetrapods, but also 
in rather terrestrial forms like the microsaur Pantylus (Romer 1969), although internal and 
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external gills were certainly absent in the terrestrial adults. Also the anteroventral hyobranchial 
elements (basibranchial, ceratohyals, hypobranchials) of terrestrial adult dissorophoid 
temnospondyls like Micropholis (Boy 1985; Witzmann 2013 [10]), Pasawioops (Fröbisch & 
Reisz 2008) and Doleserpeton (Sigurdsen & Bolt 2010) resemble closely the elements in the 
“aquatic” type hyobranchium (unfortunately, however, the ceratobranchials are not preserved 
in adult dissorophoids). Evidence of a transformation or remodelling into a true “terrestrial” 
hyobranchium (i.e., with the posterior gill arches reduced and the anteromedial hyobranchial 
elements modified to support a moveable tongue for terrestrial feeding) is poor in early 
tetrapods and evidence for this has so far been reported only in two taxa. In larvae of the 
zatracheid temnospondyl Acanthostomatops, Witzmann & Schoch (2006 [13]) showed four 
pairs of ossified gill arches that do not bear posterolateral grooves; thus, no internal (but 
probably external) gills were present in the living animal. The largest (adult) specimen lacks 
any ceratobranchials. Instead, it preserves a full range of rather delicate, rod- and plate-like 
bones ventral to the anterior part of the parasphenoid basal plate. One may conclude that during 
ontogeny of Acanthostomatops, the larval hyobranchial apparatus was reorganised in larger 
specimens, including resorption of ceratobranchials and ossification of the anteroventral 
portion of the hyobranchial skeleton. Thus, a “larval” gill-supporting skeleton apparently 
transformed into an “adult” tongue-supporting apparatus in Acanthostomatops. This fits into 
the concept that in zatracheids, an enlarged intermaxillary gland (as indicated by a large 
fontanelle in the snout region) played a key role in terrestrial feeding (Schoch 1997). On the 
basis of the blade-like ceratohyal reminiscent to those of metamorphosed salamanders, Clack 
& Milner (2010) suspected that the otherwise not preserved adult hyobranchial skeleton in the 
dissorophoid Platyrhinops represents a primitive version of the tongue-elevating system found 
in salamanders. 

Based on the admittedly very incomplete preservation of the hyobranchium in primarily 
terrestrial early tetrapods one may tentatively conclude that the first tetrapods feeding on land 
performed jaw prehension (i.e. simple closure of the mouth around the prey during which the 
hyobranchial apparatus plays a little role) rather than tongue-based feeding and still retained 
three or four pairs of gill arches. Because metamorphosed, terrestrial caecilians retain three or 
four pairs of gill arches, have a poorly developed tongue musculature and use jaw prehension 
for terrestrial prey capture (Stadtmüller 1936; Wake 1989; O’Reilly 2000), they might serve as 
an extant analogue among lissamphibians (although they possess a highly derived jaw closing 
mechanism, and it is not clear if they have reduced a tongue-supporting apparatus secondarily). 
On the lissamphibian stem (dissorophoids) tongue-based feeding might have started in 
Platyrhinops-like forms, giving rise to terrestrial feeding by tongue-protraction in 
lissamphibians, and this might have evolved convergently in zatracheids. On the amniote 
lineage, the situation is even more ambiguous, and the fossil record gives no evidence of when 
and how often a “terrestrial” hyobranchial apparatus evolved in early amniotes and their 
immediate stem-forms.  
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4. Conclusions and outlook 
 
Although dermal bone histology and fossil integumentary structure were thoroughly studied in 
fossil amniotes in recent years, see e.g. de Ricqlès et al. (2001), Scheyer & Sander (2004), 
Main et al. (2005), Hill (2005, 2006), Scheyer (2007), Scheyer & Sánchez-Villagra (2007) and 
Scheyer & Anquetin (2008), this topic has so far received the attention of only few workers in 
early tetrapods. Similarly, the role of the hyobranchial apparatus in feeding and breathing of 
early tetrapods has often been underestimated. This may be due to the fact that the sometimes 
tiny and feebly ossified hyobranchial skeletal elements of early tetrapods are often poorly 
preserved and are thus difficult to interpret. This thesis has tried to show that many inferences 
concerning associated soft-parts (like soft-tissue integument, gills and muscles) that are 
important to understand the way of life and physiology can be drawn also from early tetrapod 
dermal bone structure and the gill skeleton. In some of these aspects, like the hyobranchial 
apparatus, early tetrapods were remarkably conservative and fish-like. Other characters, like 
the scalation pattern, appear to have evolved very quickly during the fish-to-tetrapod transition.  

The data presented here naturally do not represent the ultimate answers to early tetrapod 
integumentary structure, their hyobranchial apparatus and associated functions. There are a 
number of problems that could guide future studies on the subject. For instance, future work on 
extant tetrapods may yield histological and / or chemical signatures that can be applied to fossil 
sculptured dermal bones, to test the hypothesis that dermal sculpture had the function of 
buffering acidosis. Furthermore, also the dermal scales of stem-amniotes and early amniotes 
should be in-depth investigated morphologically and histologically, to clarify the proposed 
homology of gastral scales and amniote gastralia (see e.g. Claessens 2004). Concerning the 
gills of sarcopterygians, it would be of interest to trace the fate of cells that give rise to the gill 
septum, gill lamellae and arteries in both sarcopterygian fishes and salamander larvae. Only 
developmental studies can reveal (a) the homology of tissue layers in the gill region, (b) the 
mechanisms of gill formation and (c) form the basis for a model of how – and why – internal 
gills evolved into external ones. A further unresolved problem is the question of homology of 
the medial elements in the larval hyobranchium of salamanders and caecilians (i.e. 
basibranchials, basihyal, urohyal) with respect to the hyobranchium in early tetrapods and 
tetrapodomorph fishes. Morphological and histological investigation of the “mineralised gill 
rakers” and their morphogenesis in larvae of the extant salamander Rhyacotriton olympicus 
(Worthington & Wake 1971) and comparisons with the similarly arranged branchial teeth of 
branchiosaurids and early salamanders (Gao & Shubin 2012; Skutschas & Gubin 2012) might 
yield important data to test the hypothesis that the Permo-Carboniferous branchiosaurids and 
caudates are sister groups (Carroll 2004, 2007), and might shed light on the origin of 
salamanders. 
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