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VI 

Glossary 

This section contains definitions and information on many technical terms used often throughout 
the thesis - but please always keep in mind that: 

“Words have meaning only in context. The meaning of any word depends upon the sentence 
or on the paragraph in which it's found.” 

- Alan Wilson Watts 

Chewing Intraoral food processing using mandibular jaws. 

Feature    Part, trait, or character of an organism. 

Feeding Multistage behaviour of food acquisition, processing, transport, and swallowing. 

(also referred to as the process of nourishment or eating) 

Feeding apparatus  Entirety of organs actively used during feeding. 

(also referred to as feeding morphology) 

Feeding system   Relation of feeding morphology and behaviour. 

(also referred to as form-function relation of feeding) 

Heterochrony Change in timing or rate of development relative to an ancestor. 

Hyobranchial system Remnant of the visceral skeleton (splanchnocranium); assists in feeding and/ 

or lung ventilation of vertebrates. (also referred to as hyobranchium) 

[!] equivocal use for [!] hyobranchial system in larval and hyolingual in 

metamorphosed salamanders, respectively 

Intraoral food processing Mechanical food reduction or preparation in the oral cavity before swallowing. 

Ontogeny Developmental history of individual organisms within their lifetime. 

Phylogeny Evolutionary history of organic taxa or species. 

Tongue Complex, muscularly driven and motile lingual system of tetrapods (e.g. 

metamorphic salamanders) evolved from the ancestral hyobranchial system. 
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Abstract 

Every animal must consume food (i.e., feed), at least during some life stages, to survive, since the 

energy required for almost all processes in animal life comes from the assimilation of existing organic 

compounds. Intraoral food processing is one of the four stages of feeding (acquisition, processing, 

transport, and swallowing) and refers to any mechanical reduction or preparation of the food in the oral 

cavity before swallowing. Intraoral food processing involves rhythmic, cyclical, and usually coordinated 

movements of the skull, mandible, and tongue (i.e., the feeding apparatus). Jawed fishes 

(chondrichthyans, actinopterygians, and dipnoi) mostly use their mandible to process food intraorally, 

and thus this mechanism qualifies as chewing. The general pattern of these movements is mostly 

conserved across fishes. However, along with the transition from water to land during early tetrapod 

evolution, aquatic fish-like food processing (i.e., chewing and water-based food transport) has been 

replaced by terrestrial amniote-like food processing (i.e., chewing and tongue-based food transport). In 

fact, aquatic food processing behaviour had to adapt because of the significant difference between the 

physical conditions prevailing in water and on land. Although intraoral food processing occurs amongst 

almost all major groups of jawed vertebrates, it had been argued that recent amphibians (aside from 

very few potential exceptions) lacked intraoral food processing mechanisms. Previous authors argued 

that the demands for lung ventilation constrain intraoral food processing in amphibians. The thesis at 

hand aims to expand our knowledge of the ontogeny and evolution of intraoral food processing in 

salamanders (a group of recent amphibians). I demonstrate that intraoral food processing is common 

amongst salamanders and that the food processing mechanism switches from mandible-based chewing 

in larval and paedomorphic salamanders to a tongue-based palate rasping along with associated 

morphological changes during ontogeny of salamanders undergoing metamorphosis. Hence, my 

findings are at odds with the previously held idea that salamanders do not process their food before 

swallowing and, therefore, I refute the argument that lung ventilation constrains the feeding apparatus 

from processing food intraorally. The chewing mechanisms of salamanders with an early larval 

morphology (i.e., larval and paedomorphic salamanders) can be strikingly complex and even involve 

bending movements of the mandible (i.e., mandible wishboning) whereas, in salamanders with a later 

larval morphology, it can resemble simple vertical biting movements. 

In contrast, tongue-based processing (i.e., tongue-palate rasping) seems to be consistent across 

salamanders of metamorphic morphology which exhibit remodelled tongues that allow enhanced 

protraction. The ontogenetic switch in intraoral food processing that occurs in metamorphosing 

salamanders might be argued to resemble an analogue to the phylogenetic shift that happened during 

the evolution of early tetrapods. This analogue suggests that direct tongue-based interactions with food 

have evolved under aquatic conditions – hence, suggesting that terrestrial style feeding preceded the 

water-land transition. However, it remains to be studied why salamanders of metamorphic morphology 

do not use their mandibles to chew their food in addition to the processing that occurs during tongue 

palate-rasping. I anticipate that this doctoral thesis provides a starting point for more sophisticated 

studies of the evolution of feeding across vertebrates and especially the emergence of amniote-style 

feeding. 



2 

Zusammenfassung 

Jedes Tier muss Nahrung zu sich nehmen, um zu überleben. Die Energie, die für fast alle Prozesse im 

Tierleben benötigt wird, stammt aus der Assimilation vorhandener organischer Verbindungen. Die 

intraorale Nahrungsverarbeitung ist eine der vier Stufen der Nahrungsaufnahme und umfasst jede 

mechanische Reduktion oder Aufarbeitung der Nahrung in der Mundhöhle vor dem Schlucken. Die 

intraorale Nahrungsverarbeitung umfasst rhythmische, zyklische und koordinierte Bewegungen des 

Nahrungsaufnahme-Apparats, bestehend aus Schädel, Unterkiefer und der Zunge.  

Fische (Chondrichthyes, Actinopterygii und Dipnoi) verwenden ihren Unterkiefer meist zur 

intraoralen Verarbeitung von Nahrungsmitteln. Daher stellt dieser Mechanismus eine Form des Kauens 

dar. Das allgemeine Muster dieser Bewegungen bleibt innerhalb der meisten fischartigen Gnatostomata 

(Kiefermäuler) erhalten. Während der frühen Entwicklung der Tetrapoda (Landwirbeltiere) wurde jedoch 

zusammen mit dem Übergang von Wasser zu Land das zur aquatischen Nahrungsverarbeitung 

eingesetzte Kauen in Kombination mit hydrodynamischem Nahrungstransport durch die terrestrische 

Nahrungsverarbeitung, welche das Kauen in Kombination mit Zungen-basierten Nahrungstransport 

darstellt, ersetzt. Da sich die physikalischen Bedingungen im Wasser und an Land erheblich 

unterschieden und somit kein hydrodynamischer Nahrungstransport möglich ist, musste die aquatische 

Nahrungsverarbeitung an die neuen Bedingungen angepasst werden. Obwohl fast alle Hauptgruppen 

der Gnathostomata ihre Nahrung intraoral verarbeiten, wurde argumentiert, dass den rezenten 

Amphibien, abgesehen von wenigen potenziellen Ausnahmen, intraorale Nahrungsverarbeitungs-

mechanismen fehlten. Frühere Autoren vermuteten, dass die Anforderungen an die Luftatmung die 

intraorale Nahrungsverarbeitung bei Amphibien beschränken. 

Die vorliegende Arbeit zielt darauf ab, das Wissen über die Ontogenie und Evolution der 

intraoralen Nahrungsverarbeitung bei Salamandern, als eine Gruppe rezenter Amphibien, zu erweitern. 

Hierbei stellte sich heraus, dass die meisten Salamander ihre Nahrung wahrscheinlich intraoral 

verarbeiten und, dass sich der Nahrungsverarbeitungsmechanismus und die damit verbundene 

Morphologie während der Ontogenese von Salamandern verändert. Die Daten der vorliegenden Arbeit 

legen nahe, dass der Nahrungsverarbeitungsmechanismus von einem Unterkiefer-basierten Kauen, bei 

Larven und paedomorphen Salamandern, zu einer Zungen-basierten Nahrungsverarbeitung wechselt. 

Daher stehen die vorliegenden Ergebnisse im Widerspruch zu früheren Annahmen, dass Salamander 

ihre Nahrung vor dem Schlucken nicht verarbeiten. Daher widerlegen diese Ergebnisse das Argument, 

dass die Luftatmung die Salamander daran hindert, Nahrung intraoral zu verarbeiten. Die 

Kaumechanismen von Salamandern, die eine Morphologie von frühen Larven aufweisen, können 

auffallend komplex sein und sogar laterale Biegebewegungen des Unterkiefers beinhalten. Im 

Gegensatz dazu stellen die Kaumechanismen von Salamandern, welche eine Morphologie von 

späteren Larven aufweisen, „einfache“ vertikale Beißbewegungen dar. Die Zungen-basierte 

Nahrungsverarbeitung (Zungen-basiertes Gaumenraspeln) scheint in Salamandern mit metamorpher 

Morphologie, welche durch umgestaltete Zungen eine verbesserte Protraktion ermöglichen, konsistent 

zu sein.  



 3 

Der ontogenetische Wechsel der intraoralen Nahrungsverarbeitung, der bei 

metamorphosierenden Salamandern auftritt, könnte ein Analogon zu der phylogenetischen 

Verschiebung, welche während der Entwicklung früher Tetrapoda auftrat, darstellen. Dieses Analogon 

deutet darauf hin, dass sich unter aquatischen Bedingungen direkte Zungen-basierte 

Wechselwirkungen mit Nahrungsmitteln entwickelt haben, was darauf hindeutet, dass die terrestrische 

Nahrungsverarbeitung dem Wasser-Land-Übergang vorausging. Es bleibt jedoch zu untersuchen, 

warum Salamander mit metamorpher Morphologie ihren Unterkiefer nicht zusätzlich zu der 

Verarbeitung, welche während der Zungen-basierten Nahrungsverarbeitung stattfindet, zum Kauen 

ihrer Nahrung verwenden. Die vorliegende Arbeit stellt einen Ausgangspunkt für differenziertere Studien 

zur Entwicklung des Nahrungsaufnahmeverhaltens der Vertebrata (Wirbeltiere) und insbesondere zur 

Entstehung der terrestrischen Nahrungsverarbeitung dar. 
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Chapter I 

Introduction 

1 Objective and methodological background 

This work aims to expand our knowledge of the ontogeny and evolution of intraoral food processing in 

salamanders. Intraoral food processing refers to any mechanical reduction or preparation of the food in 

the oral cavity before it is swallowed and involves rhythmic, cyclical and usually tightly coordinated 

movements of the cranium, mandible and tongue (Hiiemae and Crompton, 1985; Reilly et al., 2001; 

Schwenk, 2000a; Schwenk and Rubega, 2005; Smith, 1984; Weijs, 1975). The present work integrates 

a variety of methods and schools of thought from the fields of Functional Morphology, Evolutionary 

Morphology, Ecological Morphology, Biomechanics, Developmental Morphology, and Constructional 

Morphology into a methodological framework. Depending on the size and availability of the specimens, 

legislative restrictions, and existing on-site equipment, the morphology of the feeding apparatus was 

studied using classical morphological techniques (dissection) and modern 3D approaches like micro-

computed tomography (µCT). The feeding apparatus function was studied using biplanar high-speed 

fluoroscopy or other high-speed videography to calculate kinematics and generate 3D animations. For 

methodological details, see the method sections of the attached articles (Ch. II-IV and supplementary 

material a). 

1.1 Form and function 

“The two dimensions - the form and the function - of phenotypic features […] constitute the two 
inseparable components of biological features and must always be considered together [...].” 

(Bock and Von Wahlert, 1965) 

The interrelationship between form and function, as a matter of scientific interest likely derived from 

two of the four Aristotelian causes (causa formalis and causa finalis respectively) (Padian, 1995; 

Rieppel, 1990; Russell, 1916). Thus, the ancient conceptual relationship between form and function is 

at least as old as Aristotle and displays a core issue of the origin of morphology (Bock and Von Wahlert, 

1965; Darwin, 1859; Padian, 1995; Russell, 1916). Form and function are different aspects of the same 

quality, as reverse and obverse of a coin – one implies the other (Fig. 1). The relationship between form 

and function described best with the term ‘form-function complex’. By introducing two new technical 

terms, Bock and Von Wahlert distilled the essence of the term form-function complex to the faculty of a 

feature (Bock and Von Wahlert, 1965). Feature and faculty, in turn, are described as any part, trait, or 

character of an organism and the combination of form and function of this feature respectively (Bock 

and Von Wahlert, 1965). In this context, form and function describe the appearance or configuration of 

a feature and its action or how it works (Bock and Von Wahlert, 1965). Thus, the form-function complex 

comprises the interaction of the appearance or configuration of a part, trait, or character of an organism, 

and its action or how it works. However, most features serve several functions. Thus, translated in terms 

of the concept of the doctoral thesis at hand, this means that the form-function complex of intraoral food 

processing in salamanders is the totality of the behaviours and physiological functions that are spatially 

and temporally interconnected with the feeding apparatus. 
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1.2 Development and evolution 

“Evolutionary changes must be expressed in ontogeny, and phyletic information must therefore 
reside in the development of individuals.” 

(Gould, 1977) 

Development (i) and evolution (ii) of intraoral food processing in salamanders might be translated best 

into the questions: (i) how does the processing behaviour evolve during the life of a salamander, and (ii) 

which different processing behaviours have evolved in distinct groups of salamanders? Thus, the 

developmental question is a question of ontogeny, and the evolutionary question is a question of 

phylogeny. 

The respective German fundamental concepts of ontogeny and phylogeny (i.e., “Ontogenie” and 

“Phylogenie”) were introduced by the German scientist, philosopher, and artist Ernst Heinrich Philipp 

August Haeckel (Haeckel, 1866) and adorn the ancient evolutionary tree on the façade of the Jena 

Phyletisches Museum, thus visualizing that ontogeny and phylogeny are core issues in evolution. In 

fact, since evolution continues to shape the predefined ontogeny of existing life and thus creates new 

forms of life with modified ontogenies, the processes of ontogeny and phylogeny are reciprocally linked 

(Fig. 1). The connection between ontogeny and phylogeny was not hidden from Charles Robert Darwin 

either, as he wrote: "Embryology rises greatly in interest, when we look at the embryo as a picture, more 

or less obscure, of the progenitor, either in its adult or larval state, of all members of the same great 

class." in the sixth edition of his most important and world-famous work (Darwin, 1876). 

The relationships between ontogeny, phylogeny and evolution are also reviewed from different 

points of view in Gould's famous 1977 book ‘Ontogeny and Phylogeny’ (Gould, 1977). The central 

statement of his book is that heterochrony is a major reason for changes in the relative time of 

appearance and the degree of development of characteristics that were already present in ancestors 

and he argues that "[...] changes in developmental timing [...] produce parallels between the stages of 

ontogeny and phylogeny" (Gould, 1977). As an extension to this idea and based on (McNamara, 2012; 

Reilly, 1994; Wiens et al., 2005), the view of the present work is that changes in developmental timing 

(heterochrony) discombobulate or obscure the parallels between the stages of ontogeny and phylogeny. 

Thus, integrating the knowledge of specific heterochronic states into functional studies across ontogeny 

and phylogeny might facilitate the usage of these evolutionary developmental data for more detailed 

evolutionary interpretations.  
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1.3 Methodological synthesis 

The English biologist, palaeontologist and morphologist Sir Richard Owen once described his idea of 

‘Zoological Anatomy’ as: 

“[…] that which investigates the structure of an animal in its totality, with the view of learning 
how the form or state of one part or organ is necessitated by its functional connections with 
another, and how the co-ordination of organs is adapted to the habits and sphere of life of the 
species ; but does not stop here, having for its main end the comparison of these associated 
modifications and interdependencies of organs in all the species of animals.” 

(Owen, 1866a). 

Apart from Owen’s biological way of thought and his idealistic view, the idea of Zoological Anatomy 

might be interpreted as a holistic approach to the study of animals. However, like most holistic 

approaches, this view of Zoological Anatomy remains theoretical due to scientific limitations, though 

worth striving for. 

The concept of this thesis is to study the form-function complex and interconnection of the 

feeding apparatus and to answer questions at the interface between evolution and development (mainly 

concerned with Devo–Evo, Eco–Evo–Devo) (Müller, 2007). Consequently, the dissertation at hand 

sketches a methodological framework somewhat similar to Zoological Anatomy – however, much 

reduced when compared to Owen’s ambitious intentions. 

Figure 1: Connections between form, function, ontogeny, and phylogeny. Form and function are strongly linked. Ontogeny and 
phylogeny are reciprocally connected via developmental processes like heterochrony. Ontogeny and phylogeny potentially 
necessitate changes of the form-function interplay. 
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Since studying the behaviour and morphology of representative taxa from all families across their 

respective ontogenesis would go beyond the scope of a doctoral thesis, a more subtle and practical 

method has been applied. The specimens were selected so that they comprised examples of distinct 

taxa that exhibited (i) a stereotyped larval morphology, (ii) a stereotyped metamorphic morphology, and 

(iii) a stereotyped ontogeny during which they change from a larval to a metamorphic morphotype. This 

selection ultimately served the purpose of investigating the form and function of the feeding apparatus 

of different salamander taxa, or stages of ontogeny, to generate a model of the ontogenetic form-function 

relation. This ontogenetic form-function model, in turn, had been used to deduct the missing behavioural 

patterns from the morphology of taxa that have not been studied functionally. 

Two core assumptions underlie the integrated concept of this work (Fig. 1): (i) the lines or “parallels” 

between ontogeny and phylogeny in salamanders can be used to conclude the respective mutual 

process based on knowledge about the heterochronic nature of taxa; and (ii) the simplification of the 

form-function complex of intraoral food processing into predefined heterochronous stages offers 

sufficient resolution to obtain a detailed picture of the ontogeny of a given behaviour. 

2 Feeding – form, function, and evolution 

All animals must consume food (feed), at least during some stages of ontogeny, to survive since the 

energy required for almost all processes of animal life arise from heterotrophic assimilation of organic 

matter. Based on this fundamental biological realization, the form, function and development of the 

feeding apparatus had been studied for centuries (Molyneux, 1714; Osler, 1837; Owen, 1866b). Feeding 

in most vertebrates involves the acquisition of food (i.e., prey), followed by its mechanical preparation 

to facilitate digestion and to maximize the ultimate energetic reward of a feeding event (Farrell, 1956; 

Lucas et al., 2002), its transport through the oral cavity, and finally swallowing to transport the food to 

the stomach for chemical breakdown (Bels and Whishaw, 2019; Bels et al., 1994; Schwenk, 2000a). 

Indeed, feeding is argued to impact on individual survival significantly and thus lifetime reproductive 

success (fitness consequences) (Bels and Herrel, 2019; Schwenk, 2000b). Therefore, the significance 

of feeding, as a fundamental part or behaviour of vertebrate life, is unquestionable. 

Feeding function depends on the morphology of the feeding apparatus, which comprises all parts 

that are integral to the feeding behaviour of a given species (e.g. skull, jaw, and tongue). However, form 

and function of the vertebrate feeding apparatus have changed dramatically during evolution (Bels and 

Whishaw, 2019; Owen, 1866b; Parker and Bettany, 1877; Schwenk, 2000c; Starck and Wang, 2005) – 

ranging from aquatic filtration in the first relatively small, jawless, and fish-like vertebrates to terrestrial 

predation and scavenging in some mammals, with virtually all kinds of feeding functions in between. In 

fact, during evolution, the feeding apparatus had to adapt to various external conditions like the type of 

food or environmental conditions which likely imposed distinct constraints (Denny, 1993; Schwenk and 

Rubega, 2005). Probably the most remarkable distinguishing features are the physical differences 

between the fluid environments (water and air) where feeding occurs, which place drastically different 

demands on the form and function of the feeding apparatus (Denny, 1993; Heiss et al., 2018). In this 

regard, one of the most intriguing aspects of the evolution of vertebrate feeding is the rise of terrestrial 

feeding behaviour from an aquatic feeding behaviour in tetrapods (Reilly, 1996) – which includes the 

rise of amniote feeding mechanisms.  
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3 The rise of tetrapod feeding 

Ancestral aquatic vertebrate feeding systems have been the basis from which terrestrial tetrapodean 

feeding systems evolved. Since the phylogenetic diversity of vertebrate feeding systems forms the basis 

for interpreting feeding systems of transitional forms, it seems important to understand this phylogenetic 

diversity to understand better how tetrapod feeding systems may have evolved. 

Figure 2: Generally accepted phylogenetic relationships among vertebrates. Cyclostomes (hagfishes and lampreys) represent 
the only extant jawless fishes; chondrichthyans are cartilaginous fishes; actinopterygians are the bony, ray-finned fishes; dipnoi 
or lungfish are recent lobe-finned fishes (sarcopterygians); lissamphibians are the only extant amphibians; and sauropsids 
consists of reptiles (including birds). 

The first jawless, fish-like vertebrates evolved approximately 525 million years ago. They used their 

pharyngeal mucus filter (consisting partly of the hyobranchial system) to sort out detritus and suspended 

microorganisms (i.e., filter feeding) (Denison, 1961; Mallatt, 1981; Moy-Thomas, 1971). They likely fed 

by a combination of a forward movement of the body, ciliary tracts in the pharynx, and active expansion 

of parts of the head, particularly the floor of the mouth (Denison, 1961; Lauder, 1985). 

Similar mechanisms can still be found in larval lampreys which belong to the taxa of recent 

jawless fish (cyclostomes) (Fig. 2) (Mallatt, 1979; Mallatt, 1981; Moore and Mallatt, 1980). However, the 

feeding system of adult lampreys’ changes substantially as these either bore holes into the flesh of other 

fish using their relatively massive laterally occluding tooth plates to eat tissue and suck blood (i.e., bulk 

feeding and fluid feeding) or stop feeding and live off the reserves acquired during larval life (non-feeding 

life) (Gill et al., 2003; Hardisty and Potter, 1971; Lafferty and Kuris, 2002). The other well-known group 

of cyclostomes, the hagfish, are known for their predatory or scavenging tactics for which they use their 

laterally occluding tooth plates to consume all or part of their prey (i.e., bulk feeding, fluid feeding and 

ram feeding) (Clark and Summers, 2007; Shelton, 1978; Zintzen et al., 2011). Therefore, members of 

both groups of cyclostomes use a feeding mechanism in which jawless, occluding tooth plates “bite”, 

grate, or scrape tissue from other animals, be they dead or alive. Despite the distinct feeding tactics 

across adult cyclostomes (i.e., mostly scavenging in hagfishes and parasitism in lampreys) the 
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underlying form-function relations of the feeding system have been suggested to be homologues 

(Yalden, 1985). Consequently, it seems plausible that with the rise of mineralized tissues (i.e., teeth) in 

the vertebrate oral skeleton, feeding seems to have largely switched to a targeted and prey-specific 

mechanism. In contrast to the traditional form of filtration of numerous small particles, these prey-specific 

mechanisms are characterized by the consumer either hunting live animals (similar to many recent 

lampreys) or feeding on the cadavers of animals (similar to many recent hagfish). Interestingly, the adult 

cyclostome feeding mechanism appears to be an intermediate form between that of ancestral 

vertebrates (i.e., filter feeding) and the novel gnathostome mechanism described below (Clark and 

Summers, 2007). Therefore, suggesting that the ancestors of the Gnathostomes may have used a 

feeding mechanism similar to that of recent adult cyclostomes. 

The term gnathostome, derived from the Greek gnathos = "jaw" and stoma = "mouth", and as 

the name suggests, the jaws, aside from the hyobranchial system, represented one of the most pivotal 

innovations across gnathostomes (Fig. 2). The lower jaw (i.e., mandible) brought about dramatic 

changes to the feeding apparatus of gnathostomes as it potentially allowed strong and fast bites to seize, 

incapacitate, and process food, as well as, in connection with the hyobranchial system, the rapid 

oropharyngeal expansion for efficient food capture and lung ventilation (Johanson et al., 2019; Schwenk, 

2000a). In fact, basal gnathostomes deploy powerful suction feeding mechanisms to ingest food 

(Bartsch, 1996; Coates et al., 2019; Lauder, 1980a; Wilga and Motta, 1998) or biting and chewing to 

process food (Huber et al., 2008; Lauder, 1980a; Markey et al., 2006; Rutledge et al., 2019; Wacker et 

al., 2001). Thus, the evolution of the lower jaw and the hyobranchial system represents another 

important event in the evolution of feeding and represent a key evolutionary innovation that facilitated 

novel feeding mechanisms. 

Actinopterygians (Fig. 2), the bony, ray-finned fishes account for approximately half of all 

vertebrate species and are the most numerous and most diverse group of vertebrates. One distinctive 

characteristic of actinopterygians is that their skeleton differs from that of chondrichthyans in that they 

largely replace cartilaginous elements by dermal skeletal material (bones). As a result, they have 

acquired a multipartite cranial skeleton made up of numerous bone plates that can move relative to one 

another (i.e., a kinetic cranial skeleton) (Anker, 1974; Lauder, 1980b; Liem, 1967; Stiassny, 2000). In 

fact, the success and power of suction feeding in ray-finned fishes, and thus the success of 

actinopterygians as a group, appears to be based at least in part on their highly kinetic cranial skeleton, 

which allows the oral cavity to expand in three dimensions (Alexander, 1967; Lauder, 1982; Westneat, 

2004). The more complex cranial morphology is also argued to be the basis for the evolution of the wide 

range of feeding mechanisms in actinopterygians (Hulsey et al., 2005; Wainwright et al., 2004). In fact, 

in addition to chewing to process their food, derived taxa of ray-finned fishes have evolved two additional 

food processing mechanisms: (i) raking, using the tongue–bite apparatus to shred and disable prey 

(Camp et al., 2009; Hilton, 2001; Konow and Sanford, 2008; Konow et al., 2013; Sanford and Lauder, 

1989; Sanford and Lauder, 1990) and (ii) pharyngognathy, using the pharyngeal jaw apparatus to grind 

food (Gidmark et al., 2014; Liem and Greenwood, 1981; Wainwright, 2002; Wainwright et al., 1989). 

Dipnoi (Fig. 2) also referred to as lungfish, as lobe-finned fishes (sarcopterygians), exhibit fleshy, 

lobed, and paired fins, which are connected to the body by a single bone giving them their name. 

However, most important for their feeding behaviour is that most modern lungfish have significantly 
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reduced and fused the bones of the skull roof and lower jaw (Clack, 2012; Kemp, 2000). It had been 

suggested that these changes in morphology, and with it the evolution of lungfishes, had been primarily 

governed by paedomorphosis, a form of heterochrony (Bemis, 1984a). In any event, these changes in 

the feeding apparatus morphology seemed to have constrained the feeding mechanism in dipnoi. 

Lungfish seem to feed only using the mechanisms seen in basal gnathostomes – they use suction 

feeding to ingest and chewing to process food (Bemis, 1984b; Bemis, 1986; Bemis and Lauder, 1986). 

Thus, the simplification of the feeding apparatus morphology (form) might be regarded as a bottleneck 

for its functionality. 

Tetrapods (with recent representative groups including the lissamphibians, sauropsids, and 

mammals; Fig. 2) have evolved from their sarcopterygian ancestor approximately 390 million years ago 

in the middle Devonian period (Narkiewicz and Narkiewicz, 2015). Some tetrapod groups managed the 

transition from an ancestral, aquatic, and fish-like life to a terrestrial life. This transition had many 

physiological, morphological and behavioural consequences for the organisms (Carroll, 2007; Clack, 

2012; Denny, 1993; Schmidt-Nielsen, 1997; Vogel, 1994). Early terrestrial vertebrates either retained 

the ancestral aquatic-feeding behaviour or modified it to enable terrestrial style feeding (Reilly, 1996). 

Indeed, some early tetrapods appear to have gone through long aquatic and juvenile development, while 

adults may have lived largely separately on land (Sanchez et al., 2016). It is generally agreed upon that 

early tetrapods likely used suction feeding to ingest food when underwater or grasped food using their 

jaws when feeding on land (Clack, 2012). However, an important but not yet fully understood detail 

about the water-land transition of early terrestrial vertebrates is what kind of mechanisms they used to 

process their food in new and potentially challenging conditions. 

Interestingly, the transformation of the ancestral aquatic hyobranchial system into a muscle 

driven and flexible lingual system (i.e., mobile and free tongue that allows enhanced protraction) was 

an important evolutionary event in the development of tetrapods (Iwasaki, 2002; Schwenk, 2000a). 

Indeed, the tongue plays a vital role in and has transformed intraoral food processing of extant tetrapods 

(e.g. chewing and mastication) (Bels and Goosse, 1989; Hiiemae and Palmer, 1999; Schwenk, 2000a). 

Thus, suggesting that the appearance of such mobile and free tongues in early tetrapods might have 

led to changes in their food processing behaviour. 

4 Modelling the evolution of tetrapod feeding 

Salamanders (Caudata) seem well suited for modelling the evolution of feeding during the evolution of 

tetrapods, because (1) they belong to the group of Lissamphibians (Fig. 2 and Fig. S1; supplementary 

material c) being one of the two groups forming the extant phylogenetic bracket of tetrapods (Fig. 2); (2) 

salamanders are possibly the least derived lissamphibians and thus retain many of the pleisiomorphic 

features of the ancestral tetrapod feeding mechanism (Carroll and Holmes, 1980; Duellman and Trueb, 

1994; Jarvik, 1980; Schmalhausen, 1968) including a broad and flat skull (Fortuny et al., 2011; Schoch, 

2009), and a relatively robust anatomy of the hyobranchial apparatus (Witzmann, 2013); (3) many 

salamanders metamorphose from an aquatic larval state to a terrestrial adult during ontogeny 

(ontogenetic water-land transition) (Brown and Cai, 2007; Duellman and Trueb, 1994); (4) many 

salamanders exhibit an analogous lifestyle to that of early tetrapods and switch between aquatic and 

terrestrial habits (i.e., semiaquatic); (5) additionally, salamanders appear to acquire novelties in their 
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feeding behaviour and morphology during ontogeny (Lauder and Reilly, 1994; Reilly and Lauder, 

1990a). Newts (i.e., salamanders from the subfamily Pleurodelinae) are particularly interesting in this 

regard as they switch seasonally between an aquatic and a terrestrial lifestyle (i.e., they exhibit a 

multiphasic lifestyle) (Duellman and Trueb, 1994). 

The ontogenetic and/ or seasonal habitat transition of salamanders has been argued to be a 

reasonable model of the changes that may have occurred during the transition to terrestrial life (Lauder 

and Reilly, 1994). Because we can study changes in the form and function of the feeding apparatus in 

individuals during ontogeny under laboratory conditions, I chose salamanders as the focus group for my 

thesis. Although phylogenetic relationships between the three recent amphibian groups (i.e., caudates, 

gymnophiones, and anurans) and fossil amphibian taxa remain controversial (Bolt, 1977; Carroll and 

Holmes, 1980; Duellman and Trueb, 1994; Schoch, 2014; Trueb and Cloutier, 1991), the relevance of 

amphibians to the evolution of vertebrate feeding and the vertebrate biology in general, is not in 

question. However, the evolutionary interpretations of the present work must be considered limited due 

to this controversy. In the following section, our current understanding, as well as unique features of 

salamander feeding are discussed to illustrate the background of this work. 

5 Difficulties associated with studying salamander feeding 

Feeding in salamanders like other vertebrates depends on distinct extrinsic (e) and intrinsic (i) 

influencing factors (Schwenk, 2000b). To truly understand the evolution of vertebrate feeding, one must 

conceive and factor in the particular characteristics of feeding - regarding its relative complex nature 

(i.e., multistage behaviour) (i), interconnectedness with other functions (i), dependence on the physical 

conditions of the environment (e), reliance on the (ontogenetically and phylogenetically) changing 

morphology of the feeding apparatus (i), and dependence on the properties of the food (e). These 

characteristics, as well as difficulties and peculiarities in interpreting them, are introduced in the following 

sections. 

5.1 Feeding stages 

Feeding is a multistage behaviour which can be divided into at least four stages or phases with distinct 

mechanics (Deban and Wake, 2000; Reilly et al., 2001; Schwenk, 2000a; Wake and Deban, 2000). 

First, ingestion (also referred to as food intake/uptake) is the initial stage of feeding when food is 

acquired and ingested (Fig. 3B). Second, intraoral processing (also referred to as food reduction; 

sometimes also referred to as manipulation; see for example (Cundall et al., 1987; Erdman and Cundall, 

1984)) represents any coordinated, rhythmic, and cyclical movement of the structures of the feeding 

apparatus that enable the mechanical breakdown of food in the oral cavity (Fig. 3C). Third, intraoral 

transport (also referred to as manipulation; see for example (Larsen and Guthrie, 1975; Regal, 1966)) 

involves the targeted movement of food through the mouth using structures of the feeding apparatus 

(Fig. 3D). Fourth, swallowing (also referred to as pharyngeal emptying) is the final stage in which food 

particles collected in the pharynx enter the oesophagus. (Fig. 3E). The term feeding has often been 

used to refer to the multi-stage event on the one hand (Lauder and Shaffer, 1985; Reilly et al., 2001; 

Wainwright et al., 1989), but also to ingestion (stage 1) on the other (Beneski Jr et al., 1995; O’Reilly et 

al., 2002; Scales et al., 2016). Additionally, as indicated above, the term manipulation has been used 
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redundantly to refer to intraoral transport (Larsen and Guthrie, 1975; Regal, 1966) and/ or intraoral 

processing (Cundall et al., 1987; Erdman and Cundall, 1984). These facts render many scientific works 

challenging to interpret, as the reader must look in the sub-text for clues as to what the authors meant. 

Figure 3: Schematics of the feeding stages in aquatic salamanders. (A) detection of the prey before feeding begins, (B) ingestion 
of the prey (stage 1), (C) intraoral food processing (stage 2), (D) intraoral food transport (stage 3), and (E) swallowing (stage 4). 
Note that the schematic representation points out that intraoral food transport (D) is a repetition of the ingestion movements (B). 
The red bulge raising towards the palate in the illustration of swallowing (E) depicts the tongue. Black arrows indicate the 
movement of structures or a region to which they attach. The blue arrow indicates water flow. Question marks indicate that the 
function or movements of structures for a particular phase are unknown. The tongue was not indicated in schematics other than 
(E); however, it follows the trend of the posterior arrow of the cheek region in (B) and (D). 

In addition to the problematic use of terms, the sequence, as well as the concealed nature of 

the intraoral stages (i.e., proceeding in the oral cavity and thus concealed by the buccal skin or “cheeks”), 

further complicates the study of feeding. The feeding stages likely proceed in an order that allows quick 

and efficient feeding (Schwenk, 2000c; Schwenk and Rubega, 2005). Consequently, the prey should 

have little chance of escaping and will be processed sufficiently to reduce the risk of injury and to 

facilitate digestion. In the simplest case, the feeding sequence (order of the feeding stages) would be 

ingestion, processing (if any), transport, and swallowing. However, many parameters determine the 

feeding sequence (Hiiemae, 1984; Hiiemae, 2004; Hiiemae and Crompton, 1985). For example, if the 

prey initially is only partially ingested or if it is sucked too far caudal upon ingestion, then the prey must 

be re-positioned in the oral cavity prior to any processing. Since the order of the feeding stages cannot 

be predicted, and the processing mechanism of salamanders is still unknown, it is, therefore, crucial to 

uncover the hidden intraoral behaviours to enable their differentiation. 
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Intraoral food processing plays a vital role in feeding as it serves to reduce the risk of injury from 

prey and to facilitate swallowing and digestion (Herrel et al., 2012; Schwenk, 2000a; Schwenk and 

Rubega, 2005). However, (i) processing, transport, and swallowing take place in the oral cavity and 

therefore are difficult to observe or even to distinguish from each other and (ii) form and function of the 

feeding apparatus had been studied almost exclusively in terms of ingestion and transport (Larsen and 

Guthrie, 1975; Lombard and Wake, 1976; Peck, 1973; Regal, 1966). Not least for these reasons, it was 

widely believed that lissamphibians - with few potential exceptions (Cundall et al., 1987; Elwood and 

Cundall, 1994; Erdman and Cundall, 1984; Schwenk and Wake, 1993) - lacked intraoral food processing 

mechanisms and thus swallowed food whole and unreduced (De Vree and Gans, 1994; Deban and 

Wake, 2000; Schwenk and Rubega, 2005). In contrast, intraoral food processing is common amongst 

almost all other major groups of jawed vertebrates (Gintof et al., 2010; Kolmann et al., 2016; Konow et 

al., 2011; Lauder, 1980a; Laurence-Chasen et al., 2019; Reilly et al., 2001; Ross et al., 2007; Ross et 

al., 2010; Rutledge et al., 2019; Throckmorton, 1976) – suggesting that intraoral food processing might 

also be present amongst salamanders. Hence, my first working hypothesis is that: Since intraoral 

food processing is an integral part of feeding behaviour that can help increase the digestive efficiency 

in virtually all other vertebrates, salamanders also process their food intraorally. 

5.2 Interconnectedness 

In salamanders, as well as most other animals, feeding is anatomically interconnected with many other 

behaviours and physiological functions. Observations, as well as logical considerations, suggest that 

feeding, for example, is linked with aerial ventilation (i.e., air- or lung breathing) (De Vree and Gans, 

1994), auditory perception (hearing) (Capshaw and Soares, 2016; Narins et al., 2006), visual perception 

(eyesight) (Fig. 4) (Witzmann et al., 2019), and hence locomotion (movement of the organism from one 

place to another). These connections can either be of a temporal or spatial character - or both. I 

hypothesize that a temporal relationship exists when the behaviours cannot take place simultaneously 

or only in a limited way and thus, in fact, resembles a temporal constraint. In contrast, a spatial 

connection exists when the behaviours demand the usage of structures that are also used in the 

respectively connected behaviour. Consequently, such behavioural interconnections could constrain a 

given behaviour spatially (i.e., in morphology) and/ or temporally (i.e., in the timing and duration of a 

behaviour). Following this logic, behaviours which are connected to feeding via both planes might 

impose profound constraints on the feeding behaviour. 

Locomotion and eyesight are temporally connected with feeding in salamanders (Fig. 4), as 

these physiological functions are integrated with multiple feeding stages (Roth, 1987a) and because 

during feeding, vigorous movements of the skull are used (Gillis and Lauder, 1994; Grigsby, 2009; Reilly, 

1996; Reilly and Lauder, 1992; Shaffer and Lauder, 1985). Additionally, eyesight seems to be spatially 

connected with feeding in salamanders (Fig. 4) because the eyes may be deployed actively during 

swallowing (Levine et al., 2004; Witzmann et al., 2019). Thus, a focused vision and/or oriented 

locomotion may be temporarily suppressed once feeding has begun. Aerial ventilation and audition are 

temporally and spatially connected to the feeding behaviour of salamanders. The spatial connection can 

easily be explained by the fact that, hearing (Capshaw and Soares, 2016; Mason, 2007), aerial 

ventilation (Brainerd, 1994; Brainerd et al., 1993), and feeding (Gillis and Lauder, 1994; Shaffer and 

Lauder, 1985) share overlapping basic structures (i.e., skull, tongue, and mandible). Thus, the temporal 

connection of lung ventilation and audition with feeding can, in turn, be explained by the temporary 

occupation that the underlying structures experience during each behaviour. 
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Aerial ventilation is an integral part of the behaviours of many amphibians (Brainerd, 1998; 

Brainerd, 1999; Brainerd et al., 1993) and interconnected with feeding via both planes (temporal and 

spatial) (Fig. 4) might be likely to constrain feeding in amphibians. Accordingly, it had been argued that 

the state of lung breathing in amphibians represents a redevelopment which constrains the usage of 

mandible and tongue, and their bridging muscles, and that they, therefore, appear to be functionally 

limited in supporting intraoral food processing (De Vree and Gans, 1994). 

Figure 4: Exemplary behaviours interconnected with feeding in salamanders. Continuous lines connecting to feeding show spatial 
(also referred to as morphological) connections and dashed lines indicate temporal relationships between the behaviours. Note 
that aerial ventilation (lung breathing), as well as the sense of hearing, are connected to feeding via both planes – the temporal 
and the spatial. 

This assumption contrasts with my first hypothesis that salamanders process food intraorally. 

However, many salamander taxa rely on bi-modal or tri-modal systems of gas exchange and thus on 

various respiratory surfaces (i.e., gills, lung and skin) (Guimond and Hutchison, 1972; Guimond and 

Hutchison, 1973; Rahn and Howell, 1976). In fact, lung respiration is rarely the primary source of oxygen 

uptake (Szarski, 1964). Additionally, the biggest group of salamanders (i.e., plethodontids) have lost 

their lungs altogether, and thus do not engage in lung ventilation (Gatz et al., 1974). Therefore, it is 

argued here that the behavioural interconnection with aerial ventilation is not so strong that the feeding 

apparatus is wholly prevented from applying any form of processing. 
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5.3 Morphology 

Feeding has a form-function relationship with the head, jaw and hyobranchial morphology (i.e., the 

feeding apparatus morphology) (Herrel et al., 2012; Schwenk and Rubega, 2005) which vary 

substantially with ontogeny and phylogeny in lissamphibians (Rose, 2003; Wiedersheim, 1877; 

Ziermann, 2019). An example is the ontogenetical and phylogenetical morphologies of the hyobranchial 

apparatus across salamanders (Fig. 5). In fact, the feeding apparatus morphology of salamanders can 

vary in the structure of the hyobranchial apparatus (either as a gill-bearing or as a tongue-bearing 

apparatus; (Fig. 5) (Djorović and Kalezić, 2000; Heiss and Grell, 2019; Noble, 1929; Reilly, 1987; Reilly 

and Lauder, 1988a); the structure, position and number of the teeth (Clemen and Greven, 1994; Clemen 

and Greven, 2013; Greven et al., 2017; Regal, 1966); the muscular and ligamentous suspension of the 

hyobranchial apparatus (Findeis and Bemis, 1990; Reilly and Lauder, 1989a; Rose, 2003); the 

morphology of the mandible and skull (Heiss and Grell, 2019; Ivanović et al., 2014; Reilly, 1986; Schoch 

et al., 2019); as well as muscular and ligamentous suspension of skull and mandible (Reilly and Lauder, 

1990b; Ziermann and Diogo, 2013). The morphological adaptations of the hyobranchial apparatus with 

respect to ontogeny and phylogeny of salamanders (i.e., differences in the form; Fig. 5) might 

necessitate changes in hyobranchial and fluid dynamics properties (i.e., differences in function). My 

second working hypothesis is therefore: Since form and function are interconnected, and 

salamanders exhibit diverging feeding apparatus morphologies across phylogeny and ontogeny, the 

behaviors of intraoral food processing with regard to salamander taxa and developmental morphotypes 

must be different. 

Figure 5: Hyobranchial diversity across salamander ontogeny and phylogeny. (A) Larval hyobranchial systems. (B) Adult 
hyobranchial systems. (C) Phylogeny of salamanders after (Pyron and Wiens, 2011). The hyobranchial morphology is redrawn 
from own CT scans and the following references: (cryptobranchids) (Deban, 2003; Deban and Wake, 2000), (hynobiids) (Deban, 
2003; Deban and Wake, 2000; Smirnov and Vassilieva, 2002), (sirenids) (Deban and Wake, 2000; Reilly and Altig, 2006; Rose, 
2003), (ambystomatids) (Lauder and Shaffer, 1988; Reilly, 1987), (dicamptodontids) (Rose, 2003; Schoch et al., 2019), 
(salamandrids) (Ivanović et al., 2014; Reilly, 1987), (proteids) (Marche and Durand, 1983; Parker, 1877; Wiedersheim, 1877), 
(rhyacotritonids) (Rose, 2003; Worthington and Wake, 1971), (amphiumids) (Deban and Wake, 2000; Erdman and Cundall, 1984; 
Rose, 2003), (plethodontids) (Deban, 1997; Deban, 2003; Deban and Wake, 2000). 
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Aside from the fact that salamander development can be complex in terms of developmental stages 

(Reilly, 1987; Rose, 2003), salamanders might be sorted into morphological ontogenetic stages (i.e., 

ontogenetic morphotypes) based on their feeding apparatus morphologies. These morphotypes appear 

to share commonalities associated with feeding across taxa (Lauder and Reilly, 1990; Lauder and 

Shaffer, 1988; Reilly, 1987; Reilly, 1990; Reilly and Lauder, 1990b; Rose, 2003). Therefore, my third 

working hypothesis is that: As form and function are linked, and analogous morphotypes of distinct 

salamander taxa exhibit similar feeding apparatus morphologies, the intraoral food processing 

behaviour is conserved across analogous morphotypes of distinct salamander taxa. 

Form-function relationships are commonly used to investigate the ontogeny and evolution of 

behaviours. Yet, the ontogeny of salamanders complicates the picture of their phylogeny in that 

heterochrony distorts the morphological variance across taxa (Wiens et al., 2005). For example, a study 

of higher-level salamander relationships combined molecular and morphological data and placed three 

of the four paedomorphic families (Amphiumidae, Proteidae, Sirenidae) into a single group, because 

they contained non-transforming species with similar morphologies (Gao and Shubin, 2001). 

Accordingly, this suggests that when studying form-function relationships in salamanders, one cannot 

merely examine key taxa in order to draw conclusions about the evolution of feeding behaviour. As 

Gould states: “[…] changes in developmental timing […] produce parallels between the stages of 

ontogeny and phylogeny.” (Gould, 1977) – to study the evolution of feeding behaviour in salamanders, 

the respective developmental strategy, and the respective morpho-development (i.e., morphogenesis) 

of the specimen must be considered. These results, in turn, could be plotted on a phylogenetic tree and 

might be used for evolutionary or phylogenetic interpretations. This line of thought motivates my idea 

that the phylogeny of intraoral food processing in salamanders can be resolved based on a model of the 

ontogenetic form-function relationship and morphogenetic data (i.e., information about the heterochronic 

development) of salamander taxa that have not been functionally investigated here. 

However, a recent study suggested that parts of the skull associated with specializing in different 

feeding behaviours develop faster and more independently from others in species that undergo 

metamorphosis (Fabre et al., 2020). Consequently, changes in the morphology of the feeding apparatus 

do not have to be in accord with morphological changes in the rest of the organism. Thus, the 

morphology of the feeding apparatus must be used as a direct basis for the study of inferences about 

the developmental state of feeding morphology and feeding behaviour. 
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5.4 Environmental conditions 

Feeding requires interaction with the surrounding medium, as the food must be extracted (ingested) 

from the medium as well as processed, transported, and swallowed while the medium fills the oral cavity. 

The interaction with the surrounding medium has been well studied in terms of ingestion and intraoral 

transport in aquatic salamanders. In the following part, terrestrial and aquatic ingestion and transport 

movements are compared; note that they have been simplified into ‘two-stage’ behaviours to allow a 

basic comparison. 

Aquatic salamanders usually use suction feeding to ingest food (Cundall et al., 1987; Deban 

and Wake, 2000; Erdman and Cundall, 1984; Wainwright et al., 1989) and hydrodynamic transport to 

move the food in the oral cavity (Deban and Wake, 2000; Gillis and Lauder, 1994). Both behaviours rely 

on the inertial suction strategy – which means that salamanders actively generate an inertial flow in front 

of the 'stationary' mouth opening, which transports food towards and through the oral cavity (Heiss et 

al., 2018). When the food is outside of the moth, the influx of water causes the food to be drawn into the 

pharyngeal cavity (ingestion) (Erdman and Cundall, 1984) (Fig. 6A). As soon as the food is in the mouth, 

however, additional water inflows can help transport the food towards the oesophagus (caudal intraoral 

transport) (Gillis and Lauder, 1994) (Fig. 6C). The physical state of the aquatic medium (water) therefore, 

conveniently enables the same general motion pattern to solve the two problems of food ingestion and 

transport. Thus, aquatic ingestion and (caudal) intraoral transport is characterized by the same general 

motion pattern that makes up the inertial suction strategy. 

Figure 6: Connection between medium and feeding behaviour. (A) Ingestion underwater (i.e. suction feeding); (B) ingestion on 
land (i.e. lingual prehension); (C) intraoral transport underwater (i.e. hydrodynamic transport); and (D) intraoral transport on land 
(i.e. hyolingual transport). The grey arrows indicate movement of the jaws, and the red arrow indicates the movement of the 
tongue (i.e. hyobranchial apparatus). Note that: (i) the tongue is of fundamental importance for both feeding stages in each 
respective medium, (ii) the terrestrial motion sequence of the tongue stands in contrast to the aquatic during both stages, and (iii) 
the jaws, contrary to aquatic transport, remain or are closed during terrestrial transport.  
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During stage one of the inertial suction strategy the jaws open while the tongue is being depressed 

and retracted to expand the oropharyngeal volume – and thus to suck in water from the surrounding 

medium (Fig. 6A and C) (Deban and Wake, 2000; Erdman and Cundall, 1984; Heiss et al., 2015; Heiss 

et al., 2018). During stage two the jaws close while the tongue is slowly repositioned - thus clearing the 

pharyngeal cavity from dispensable water through the gill slits and/ or the remaining mouth aperture 

(Deban and Wake, 2000; Heiss et al., 2018; Reilly, 1995). However, like their ancestors, many 

salamanders exhibit biphasic life cycles and switch from an aquatic larval phase to a more terrestrial 

adult phase during ontogeny (Duellman and Trueb, 1994; Fabre et al., 2020; Johnson and Voss, 2013), 

and the physical conditions differ significantly between these respective environments. Water is about 

850 times as dense and 50 times as viscous as air (Denny, 1993). Consequently, it has been suggested 

that these distinct physical conditions constrain aquatic and terrestrial feeding differently (Herrel and 

Measey, 2012). Air does not provide the physical conditions necessary for the inertial suction strategy 

due to its low viscosity and density (Heiss et al., 2018). Additionally, it had been suggested that muscles 

suitable for aquatic feeding would have to work far from their optima for strength and efficiency to 

compensate for the differences in the physical conditions (Hill, 1950). 

As a result, salamanders are prevented from merely using the inertial suction strategy after switching 

from an aquatic to a terrestrial lifestyle (Heiss et al., 2018). Consequently, changes in behaviour and/ or 

morphology are inevitable to compensate for the different physical conditions of the two media - and 

thus, to enable feeding under terrestrial conditions. Hence, uptake and (caudal) intraoral transport do 

not show similar general movement patterns across aquatic and terrestrial salamanders (Deban and 

Wake, 2000; Wake and Deban, 2000). 

During stage one of the terrestrial ingestion, the tongue is protracted and elevated towards the food, 

and the sticky tongue pad makes contact with the food as the jaws open (Fig. 6B) (Deban, 1997; Deban 

and Marks, 2002; Deban et al., 2007). During the second stage of terrestrial ingestion, the tongue is 

retracted and depressed, drawing the food into the oral cavity - while the jaws open wider, followed by 

fast jaw closure (Deban, 1997; Deban and Marks, 2002). However, during the first stage of the terrestrial 

intraoral transport, the jaws either remain closed, or they close, and the tongue is elevated and 

protracted (Dockx and De Vree, 1986; Reilly, 1996). Because of the limited space in the oral cavity, the 

tongue moves rostrally while the food is held in place by the palatal dentition (Fig. 6D) (Bramble and 

Wake, 1985; Larsen and Guthrie, 1975). During stage two of the caudal intraoral transport of the food, 

the tongue is depressed and retracted while the jaws open quickly - thus moving the food closer to the 

oesophagus (Dockx and De Vree, 1986; Reilly and Lauder, 1991). Hence, terrestrial ingestion and 

transport are similar in that the tongue is being protracted and elevated during the initial stage; however, 

they differ regarding their jaw movements (Fig. 6B and D). Consequently, the movement pattern must 

have adapted to the terrestrial condition since the terrestrial medium prevented the inertial suction 

strategy in early tetrapods. Therefore, the problems of (i) food intake and (ii) transport of food to the 

oesophagus had to be solved differently to allow feeding across the water-land transition. These findings 

motivate me to hypothesize that: analogous to intraoral transport, intraoral food processing behaviour 

might adapt to the respective environment where feeding occurs in salamanders.  
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5.5 Food properties 

Feeding in salamanders also depends on various properties of the food. Ingestion in salamanders has 

been shown to be related to food size (Jaeger and Barnard, 1981; Johnson et al., 2003; Smith and 

Petranka, 1987), density (abundance) (Jaeger and Barnard, 1981), mechanical properties (Jaeger, 

1990; Jaeger and Barnard, 1981), olfaction (smell) (David and Jaeger, 1981; Lindquist and Bachmann, 

1982), gustatory properties (taste) (Barlow, 1998), agility (movability) (David and Jaeger, 1981; Ewert, 

1972; Lindquist and Bachmann, 1982), form (Luthardt, 1981; Luthardt and Roth, 1979; Roth, 1987a), 

and energy content (Jaeger and Rubin, 1982). 

Thus, the selection and presentation of food must enable the study of the feeding behaviour and its 

multiple stages. Indeed, most salamanders exhibit a considerable trophic niche breadth, including foods 

of varying sizes, shapes, and mechanical properties (Anderson, 1968; Hamilton, 1932; Hanlin, 1978; 

Scroggen and Davis, 1956). Exploitation of a trophic niche involving diverse food properties likely 

requires appropriate modulation of the food processing mechanism to allow adequate paralysis and 

preparation of the food to be swallowed (Konow et al., 2013). However, data on the modulatory capacity 

of food processing behaviours in salamander remain scarce (but see Rull et al., 2020). 

Therefore, like most other vertebrates, as for instance chondrichthyans (Gerry et al., 2008; Gerry et 

al., 2010), actinopterygians (Aerts et al., 1986; Konow et al., 2013; Wainwright, 1989), lizards (Delheusy 

and Bels, 1999; Gorniak et al., 1982; Herrel et al., 1996; Herrel et al., 1997a; Herrel et al., 1997b) and 

mammals (Gorniak and Gans, 1980; Thexton et al., 1980; Weijs and Dantuma, 1980), salamanders 

might also modulate their food processing behaviour by adjusting movement patterns, muscle activation, 

or the number of processing cycles. Hence, in addition to the results regarding the impact of the 

environmental conditions on feeding (see ‘5.4 Environmental conditions’), the results of this section 

motivate my fourth working hypothesis that: Since external conditions, including distinct 

characteristics of food and the environment, induce flexible adaptations in the food processing behaviour 

of different vertebrates, and the trophic niche breadth of salamanders includes foods of different sizes, 

shapes, and mechanical properties - salamanders can flexibly adjust their processing behaviour to 

external conditions. 

5.6 Difficulties and peculiarities summarized 

The multistage nature of feeding behaviour is undermined by the fact that the term “feeding” is often 

imprecisely used to refer to suction feeding or ingestion in general. Additionally, feeding in salamanders 

has mostly been studied in terms of ingestion and/ or transport. Consequently, evolutionary implications 

remain limited to these two stages of feeding. The reduction of feeding to only include ingestion and 

transport to understand evolutionary processes, however, resulted in an oversimplified reading of data, 

and the associated scholastic inertia (ideas being published are difficult to contradict) – thus potentially 

prevented more detailed interpretations. In summary, feeding in salamanders is a multistage suite of 

behaviours with poorly studied phases (e.g. intraoral food processing) that is temporally and spatially 

connected to other behaviours or actions and ontogenetically and phylogenetically dependent from the 

changing morphology of the feeding apparatus. Hence, form and function of feeding must be studied 

from both a phylogenetic and ontogenetic point of view to allow detailed evolutionary interpretations. 

Further, feeding is extrinsically linked to the surrounding medium and food materials and their 

mechanical properties as it requires the interaction of the surrounding medium, the feeding complex and 

food. Therefore, the influence of these external factors must also be investigated in order to avoid 

incorrect interpretations.  
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6 Working hypotheses and respective chapters 

The thesis is driven by the following main hypotheses, which are probed in and across the following 

chapters (ch. II-V). Note that the wording of the hypotheses differs slightly from that in the previous 

sections, as they appear here without any preceding context. 

 

1. Since intraoral food processing is an integral part of feeding behaviour that can help increase 

the digestive efficiency in virtually all other vertebrates, salamanders also process their food 

intraorally.         (ch. II-IV) 

 

2. Since form and function are interconnected, and salamanders exhibit diverging feeding 

apparatus morphologies across phylogeny and ontogeny, the behaviours of intraoral food 

processing must differ with regard to salamander taxa and developmental morphotypes. 

          (ch. II-III) 

 

3. As form and function are linked, and analogous morphotypes of distinct salamander taxa exhibit 

similar feeding apparatus morphologies, the intraoral food processing behaviour is conserved 

across analogous morphotypes of distinct salamander taxa.   (ch. II-III) 

 

4. Since external conditions, including distinct characteristics of food and the environment, induce 

flexible adaptations in the food processing behaviour of different vertebrates, and the trophic 

niche breadth of salamanders includes foods of different sizes, shapes, and mechanical 

properties - salamanders can flexibly adjust their processing behaviour to external conditions.

          (ch. IV) 
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Chapter II 

A salamander that chews using complex, three-dimensional 

mandible movements 

[published, Journal of Experimental Biology, 2020, 223 (5)] 

Daniel Schwarz, Nicolai Konow, Yonas Tolosa Roba and Egon Heiss 

Estimated own contribution: 85%. 

Conceptualization: D.S., E.H; Methodology: D.S., E.H.; Software: D.S.; Formal analysis: D.S.; 

Investigation: D.S., Y.T.R.; Resources: E.H.; Data curation: D.S.; Writing - original draft: D.S., E.H., N.K.; 

Writing - review & editing: D.S., E.H., N.K.; Visualization: D.S.; Supervision: D.S., E.H.; Project 

administration: D.S.; Funding acquisition: E.H. 
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Precis: 

Chapter II contains a detailed description of the form and function of the feeding apparatus in the lesser 

siren (Sirenoidea, see Fig. S2; supplementary material d). It is shown that the paedomorphic sirenid 

salamander uses complex mandible-palate rasping (i.e., mandible-palate interaction), a form of chewing 

in which the mandible rasps the food cyclically across and along the dentition of the palate. Form and 

function of the feeding apparatus of this salamander are compared with those of amniotes, with the 

conclusion that, contrary to previously held ideas, complex mandible movements are not exclusive to 

amniotes. Given the general form of the feeding apparatus of early salamander larvae, it is also 

suggested that mandible-palate interactions such as those of the lesser siren are common amongst 

salamanders with a larval morphology - which raises the question of how intraoral food processing 

evolves during ontogeny. 

These results of this chapter support hypothesis 1 

and provide further data for comparisons to support or reject hypotheses 2 and 3. 
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Chapter III 

Ontogenetic plasticity in cranial morphology is associated with a 

change in the food processing behavior in Alpine newts 

[accepted, Frontiers in Zoology, August 15th, 2020] 

Daniel Schwarz, Nicolai Konow, Laura B. Porro and Egon Heiss 

Estimated own contribution: 85%. 

Conceptualization: D.S., E.H.; Methodology: D.S., E.H.; Formal analysis: D.S.; Investigation: D.S., E.H.; 

Resources: E.H.; Data curation: D.S.; Writing - original draft: D.S., E.H., L.B.P., N.K.; Writing - review & 

editing: D.S., E.H., L.B.P., N.K.; Visualization: D.S.; Supervision: D.S., E.H.; Project administration: D.S.; 

Funding acquisition: E.H. 

See (CRediT taxonomy; supplementary material b) for details. 

Precis: 

Chapter III contains detailed descriptions of the form and function of the feeding apparatus of distinct 

morphotypes in the Alpine newt (Salamandroidea, see Fig. S2; supplementary material d). It is shown 

that paedomorphic salamandrids use mandible-palate clenching (i.e., mandible-palate interaction), a 

form of chewing in which the mandible bites the food repeatedly against the palate with the teeth of the 

lower jaw impinging between the two rows of teeth of the upper jaw. Further, it is shown that the food 

processing mechanism switches to tongue-based processing as seen in Triturus carnifex (tongue-palate 

rasping) along with the morphological changes that occur during development. Form and function of the 

feeding apparatus of the ontogenetic morphotypes are compared with those of other salamanders, 

suggesting that the switch from mandible-based to tongue-based intraoral food processing is typical for 

salamanders undergoing metamorphosis. Given the differences of the chewing mechanisms as well as 

the form of the feeding apparatus of the lesser siren and the Alpine newt, it is also suggested that 

complex 3D mandible-palate interactions as seen in the lesser siren might be common amongst 

salamanders with a very early larval morphology – while later larval morphotypes likely change to vertical 

chewing. 

These results of this chapter support hypotheses 1, 2 and 3. 
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Chapter IV 

Flexibility of intraoral food processing in the salamandrid newt 

Triturus carnifex: effects of environment and prey type 

[accepted, Journal of Experimental Biology, September 9th, 2020] 

Daniel Schwarz, Stanislav N. Gorb, Alexander Kovalev, Nicolai Konow, and Egon Heiss 

Estimated own contribution: 75%. 

Conceptualization: D.S., E.H.; Methodology: D.S., E.H., S.N.G., A.K.; Formal analysis: D.S., E.H.; 

Investigation: D.S., S.N.G., A.K.; Resources: E.H.; Data curation: D.S.; Writing - original draft: D.S., 

E.H., S.N.G., A.K., N.K.; Writing - review & editing: D.S., E.H., S.N.G., A.K., N.K.; Visualization: D.S.; 

Supervision: D.S., E.H.; Project administration: D.S.; Funding acquisition: E.H. 

See (CRediT taxonomy; supplementary material b) for details. 

Precis: 

Chapter IV concerns the flexible adjustment of intraoral food processing in the Italian crested newt 

(Sirenoidea, see Fig. S2; supplementary material d). The results suggest that the intraoral food 

processing mechanics adapt to the type of prey eaten while the medium in which processing occurs 

seems to be of less effect. Given the switch in the food processing mechanisms that seems to occur 

during the early, aquatic development of salamanders (ch. III), the here presented also suggest that 

terrestrial style feeding (i.e., feeding where the tongue directly moves the food) evolved before the 

transition to land. 

These results of this chapter support hypothesis 4 

and provide further data for comparisons to support or reject hypotheses 1, 2 and 3. 
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Chapter V 

Discussion 

The results presented here extend and substantiate our knowledge about salamander food processing 

mechanisms and contrast the great support from literature for the idea that salamanders do not process 

their food intraorally (De Vree and Gans, 1994; Deban and Wake, 2000; Schwenk and Rubega, 2005). 

Thus, these findings suggest that salamanders seem to engage in intraoral food processing in general. 

The data also suggest that different salamander taxa use distinct processing mechanisms and that these 

mechanisms may change during the ontogeny of individual salamanders. Despite the disparate physical 

conditions of water and air, evidence from one group of salamanders, the multiphasic newts suggest 

that the medium in which feeding takes place appears to have less influence on the processing 

mechanism of salamanders than the food consumed. 

8. Intraoral food processing in salamanders 

In line with the first hypothesis, that Since intraoral food processing is an integral part of feeding 

behaviour that can help increase the digestive efficiency in virtually all other vertebrates, salamanders 

also process their food intraorally - the data presented here suggest that intraoral food processing might 

be common amongst salamanders. Thus, these results stand in contrast to the prevailing belief that 

salamanders, like other lissamphibians, do not process their food intraorally but rather swallow it whole 

and unreduced (Bemis et al., 1983; De Vree and Gans, 1994; Deban and Wake, 2000; Lauder and 

Gillis, 1997; Reilly and Lauder, 1990a; Schwenk and Rubega, 2005). The fact that processing appears 

to be shared amongst salamanders reflects the pattern seen in all other vertebrates; that intraoral food 

processing is a generalized trait of vertebrate feeding (Bemis and Lauder, 1986; Dean et al., 2005; Gans 

and De Vree, 1986; Gans et al., 1978; Gintof et al., 2010; Herrel et al., 1999; Sanford and Lauder, 1989; 

Schwenk and Rubega, 2005; Schwenk and Wake, 1993; Wainwright et al., 1989). 

The first mechanism of intraoral food processing described in this work (ch. II) is that of the 

Italian crested newt (Triturus carnifex; Laurenti, 1768). Food processing in the metamorphic Italian 

crested newt, a salamandrid (Fig. 7A) involves cyclic pitching movements of the head (i.e., vertical 

cranial rotation) in combination with repetitive loop motions of the tongue, which rasp the food across 

the palatal dentition (i.e., tongue-palate rasping) as the jaws cyclically open and close (Heiss et al., 

2019). The first stage of the processing cycle is defined by protraction and elevation of the food-bearing 

tongue to rasp the food against and across the palatal dentition. At the same time, the cranium is 

depressed (i.e., rotated ventrally). Later during the first stage, the jaws initially close from the previous 

cycle, then peak and start opening again (Fig. 7A). The second stage is defined by retraction and 

depression of the tongue to reposition the food while the cranium is elevated (i.e., rotated dorsally). 

During the second stage, the jaws first open further, reach their maximum opening (i.e., peak) and start 

rapid jaw closure, which in turn continues into the subsequent processing cycles.  
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The results of this work also support the second hypothesis that: Since form and function are 

interconnected, and salamanders exhibit diverging feeding apparatus morphologies across phylogeny 

and ontogeny, the behaviours of intraoral food processing must differ with regard to salamander taxa 

and developmental morphotypes. Since another mechanism of intraoral food processing was found in 

the lesser siren (Siren intermedia; Barnes, 1826) (ch. III; Fig. 7B), a member of the sirenids, the relatively 

basal sister taxon of the salamandrids (Pyron and Wiens, 2011) (Fig. S2; supplementary material d). 

Figure 7: Intraoral food processing mechanisms in salamanders. (A) tongue-palate rasping in the metamorphic Italian crested 
newt (Triturus carnifex), (B) mandible-palate rasping in the paedomorphic lesser siren (Siren intermedia), (C) mandible-palate 
clenching in the paedomorphic Alpine newt (Ichthyosaura alpestris), and (D) tongue-palate rasping in the metamorphic Alpine 
newt. The red arrows indicate the working direction of the processing organ (tongue or mandible), which in turn is highlighted in 
red. The prey item (maggot) is highlighted in yellow. 

The lesser siren uses water flow induced by its hyobranchial apparatus to drive the food antero-

dorsally, after which the mandible (i.e., lower jaw) translates the food longitudinally. Processing occurs 

as the prey is rasped antero-dorsally between the teeth of the mandible and the palatal dentition (i.e., a 

mandible-palate rasping) (Fig. 7B). Since the lesser siren processes its food using its jaws, this 

mechanism reflects a form of chewing in a practical sense, which by definition represents any mandible-

based form of intraoral food processing (Reilly et al., 2001). During chewing in the lesser siren, the 

hemimandibles (also referred to as mandibular arms) abduct and adduct laterally (i.e., mandibular 

wishboning) as the mandible is cyclically retracted and protracted, and the jaws cyclically close and 

reopen. This behaviour represents a peculiarly complex chewing motion that has been claimed to 

require a unique mandibular joint anatomy and symphysis that was believed to be exclusive to mammals 

(Bhullar et al., 2019; Grossnickle, 2017; Herring, 1993; Hylander and Crompton, 1986; Turnbull, 1970). 

Thus, the results of this work demonstrate that complex 3D movements of the lower jaw during chewing 

are not exclusive to amniotes, specifically mammals. 
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In addition to the extraordinarily complex chewing of the lesser siren and the tongue-palate 

rasping of the Italian crested newt, another food processing mechanism was revealed in the Alpine newt 

(Ichthyosaura alpestris; Laurenti, 1768) (ch. IV). Paedomorphic Alpine newts use their mandible to bite 

the food against the palate (i.e., mandible-palate clenching) (Fig. 7C), between the two functional upper 

jaw systems (i.e., the “primary” upper jaw and the palatal jaw). The first stage of the processing cycle is 

defined by jaw opening and coincident hyobranchial elevation (i.e., bite preparation and food transport), 

followed by a greatly accelerated jaw closure (Fig. 7C) during which the hyobranchial apparatus keeps 

elevating (i.e., bite and food transport). Both movements, the jaw closure and hyobranchial elevation, 

peak simultaneously. During the second stage, the jaws remain shut while the hyobranchial apparatus 

is depressed (i.e., repositioning). Interestingly, in contrast to the paedomorphic Alpine newts, 

metamorphic Alpine newts used a processing mechanism homologous to that of metamorphic Italian 

crested newt (i.e., tongue-palate rasping) (Fig. 7D). Since the development of salamandrids is 

stereotypical and different species exhibit very similar morphotypes during their ontogeny, it seems 

plausible to assume that paedomorphic Italian crested newts also apply a processing mechanism 

analogous to that of the Alpine newts. 

In summary, the most intriguing implications come from comparing the remarkable complex food 

processing mechanisms in the relatively conformal group of salamanders. The data obtained suggest 

that the lesser siren and the larval Alpine newt use their mandibles, while the Italian crested newt and 

the metamorphic Alpine newt use their tongues to process food (Fig. 7). Besides the apparent superficial 

homology; that these different mechanisms resemble forms of palatal processing, it is intriguing that 

such diverse processing mechanisms (i.e., chewing vs tongue-palate rasping) are used within a group, 

and even across an individual's ontogeny. The presence of such distinctive processing mechanisms 

raises the question: What causes these disparate behaviours, and why do some taxa apply similar forms 

of food processing? 

8.1. Form and function 

Since form and function are firmly related, and represent different aspects of the same quality (i.e., of 

the form-function complex), each side of the quality provides information about the other (see ‘1.1 Form 

and function’ and Bock and Von Wahlert, 1965). The most pronounced changes in the form of the cranial 

region that occur during early larval development and metamorphosis of salamanders involve structures 

that are directly involved in feeding (Fabre et al., 2020; Rose, 2003). Thus, as one side of the form-

function complex, the feeding apparatus morphology, changes during ontogeny, it seems to necessitate 

the observed changes of the other side, the food processing mechanism. Hence, the answer to the 

question of what causes the different processing mechanisms and why some taxa employ similar 

mechanisms is likely to be contained in their form (i.e., morphology). The change in the form of an 

individual, the morphological development or morphogenesis, however, takes time and can therefore 

be viewed as a function of ontogenesis (Bonett et al., 2014; Hanken, 1999; McNamara, 2012). Thus, 

form and function, as well as the ontogeny and the underlying developmental patterns of salamanders, 

are considered in the following part. 

Salamanders can exhibit distinct strategies of morphological development (i.e., heterochronic 

strategies), which involve different speeds as well as outcomes (i.e., ontogenetic morphotypes) (Fig. 8) 

(Zug et al., 2001). The ancestral and widespread mechanism among salamanders is metamorphosis 
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(i.e., isomorphosis), in which individuals develop from a larval to a metamorphic stage in a short period 

during ontogenesis (Hanken, 1999; Just et al., 1981; Lofts, 1976; Zug et al., 2001). During 

metamorphosis, an discrete and accelerated developmental period causes dramatic changes in the 

morphology of salamanders (Greven et al., 2017; Reilly, 1986; Reilly, 1994; Rose and Reiss, 1993; 

Schoch et al., 2019) (Fig. 8). Another widespread morphogenetic strategy, however, is paedomorphy (a 

form of heterochrony), in which salamanders do not undergo metamorphosis but rather reach sexual 

maturity while maintaining larval characteristics (Denoël and Poncin, 2001; Gould, 1977; Hayes, 1997; 

Pierce and Smith, 1979; Semlitsch, 1987; Wiens et al., 2005; Zug et al., 2001) (Fig. 8). 

Paedomorphosis comes in different variations, and some paedomorphic salamanders can still 

experience delayed metamorphosis (Clemen and Greven, 2018; Denoel and Joly, 2000; Greven et al., 

2015; Jömann et al., 2005). However, the most common form of development in salamanders is direct 

development, in which as a result of peramorphosis (another form of heterochrony), salamanders 

develop through a single “metamorphosis” directly inside the egg (Bonett et al., 2014; McNamara, 2012; 

Wake and Hanken, 2004). These distinct morphogenetic strategies and their outcomes (i.e., ontogenetic 

morphotypes) must be factored in when working comparatively with the morphology of different groups 

of salamanders (Wiens et al., 2005). 

Figure 8: Major morphogenetic strategies and intraoral food processing in salamanders. The labelled arrows on the sketched 
trajectories indicate different strategies or stages thereof. Cranial morphology of the larval (1) and metamorphic morphotype (2) 
are displayed (for more details see Fig. 9), and their emergence is positioned on the sketched life-history trajectories. However, 
since the larval morphotype represents a realm of morphotypes rather than a state of morphological development, its positioning 
can only be approximated. The position of a mid-metamorphic morphotype remains unclear and is thus neglected. The colour in 
the background of the coordinate system indicates the lifestyle (aquatic vs amphibious) of a salamander at a given height of the 
trajectory. The idea of this morphogenetic scheme is derived from previous attempts to display metamorphosis and heterochrony, 
see for example (Reilly, 1994; Schoch, 2009; Schoch, 2010; Zug et al., 2001). The black sketches represent the processing mode 
applied by given ontogenetic morphotypes (with a given morphology); larval morphotypes use mandible-based processing (i.e., 
chewing) as indicated by a red mandible while metamorphic morphotypes apply tongue-palate rasping as indicated by a red 
hyobranchial system.  
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To include the ontogenetic morphotypes of salamanders in the comparative analysis of the form-

function complex of food processing, I identified (i) larval (Bonebrake and Brandon, 1971; Jömann et 

al., 2005; Lauder and Shaffer, 1988; Reilly, 1986; Reilly, 1987; Rose, 2014; Worthington and Wake, 

1971) as well as (ii) metamorphic feeding apparatus morphotypes (Edgeworth, 1923; Erdman and 

Cundall, 1984; Greven and Clemen, 2009; Hyrtl, 1865; Kleinteich et al., 2014; Mivart, 1869; Reilly and 

Altig, 2006; Rose, 2003) based on their presence in states of either (i) larvae and paedomorphic forms 

or (ii) adult transforming and direct-developing forms, respectively. It has been argued that the accurate 

determination of a trait as larval or paedomorphic depends on the nature and ontogeny of its 

phylogenetically close relatives (i.e., local phylogenetic interpretation) for phylogenetic analysis (Fink, 

1982). However, as ‘only’ the evolution of intraoral food processing across the currently accepted 

phylogeny of salamanders (Pyron and Wiens, 2011) shall be interpreted in the following, a global 

phylogenetic interpretation was used. In other words, the ontogenetic morphotypes of the feeding 

apparatus are compared across all salamander families to identify typical larval (or paedomorphic) and 

metamorphic characteristics. 

Figure 9: Morphological development of the feeding apparatus. (A) skull and (B) hyobranchial apparatus of a generalized 
salamander larva and (C) skull and (D) hyobranchial apparatus of a generalized metamorphosed salamander. All schematics are 
from a ventral perspective. During metamorphosis, salamanders reduce the posterior branchial arches (cb2-4) as well as urohyal 
and mechanically decouple the hyoid arch (blue) from the branchial arch (purple); a rearrangement specific for metamorphic 
salamanders that allows protraction of the tongue pad-bearing tip of the branchial arch (i.e., basibranchial) by contraction of the 
subarcualis rectus and the branchiohyoideus externus muscles. Retraction is powered by the rectus cervicis muscle. Note that, 
for the sake of clarity, only the respective sides of the muscles that point away from the marking in the middle of the two 
hyobranchial systems (B/D) are shown. Abbreviations: (bb) basibranchial, (bhe) branchiohyoideus externus, (cb1–4) 
ceratobranchial 1–4, (ch) ceratohyal, (hb1–2) hypobranchial 1–2, (hh) hypohyal, (uh) urohyal, (rc) rectus cervicis, and (sr1) 
subarcualis rectus.  
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The structures of the ontogenetic morphotypes that are associated with feeding exhibit 

remarkable similarities between salamander taxa. For example, larval morphotypes possess tongues 

with relatively little internal movement potential (Erdman and Cundall, 1984; Heiss and Grell, 2019), V-

shaped mandibles (Lauder and Shaffer, 1985; Schoch et al., 2019), and palatal dentition patterns, in 

which the teeth are located mostly in the anterior region (Clemen and Greven, 2013; Greven et al., 2017; 

Rose, 2003). In contrast, metamorphic morphotypes possess tongues with relatively great internal 

movement potential (Findeis and Bemis, 1990; Heiss and Grell, 2019; Reilly and Lauder, 1990b), U-

shaped mandibles (Schoch et al., 2019), and palatal dentition patterns, in which the teeth often reach 

into more posterior regions (Accordi and Mazzarani, 1992; Reilly, 1986; Rose, 2003) (Fig. 9). 

Given the details of these morphotypes, the data on the change in the food processing behaviour 

in Alpine newts presented here (ch. III) suggest that this switch is directly linked to the change from a 

larval to a metamorphic morphotype. The form-function complex of food processing of the Alpine newt 

switched from mandible-based chewing in the larval morphotype (Fig. 8A) to tongue-based processing 

in the metamorphic morphotype (Fig. 8B) during ontogeny. This represents an intriguing ontogeny of 

form and function of the feeding apparatus in an exemplary salamander species. As suggested in the 

methodological background of this work (1.3 Methodological synthesis), the comparative study of form 

and function of food processing across salamander taxa could help to understand the development and 

evolution of intraoral food processing in salamanders. 

Regarding the distinct processing mechanisms of the Italian crested newt and the lesser siren, 

these data initially are not intuitive since both salamanders are sexually mature (adults) and thus did not 

show different ontogenetic stages per se. However, when comparing the underlying morphology of both 

salamanders and their respective mechanisms of food processing with those of the ontogenetic 

morphotypes of the Alpine newt, it becomes apparent that there are similarities to be found between 

those species. On the one hand, the Italian crested newt and the metamorphic morphotype of the Alpine 

newt had a metamorphic morphology and used tongue-palate rasping to process their food (Fig. 7A and 

D); while on the other hand, the lesser siren and the larval morphotype of the Alpine newt exhibit a larval 

morphology and a processing mechanism that qualifies as chewing (i.e., mandible-based intraoral food 

processing) (Fig. 7B and C). 

In fact, the lesser siren is known to exhibit paedomorphy, which is characterized by an arrest in 

the differentiation of somatic features during early ontogeny (Noble and Marshall, 1932; Reilly and Altig, 

2006; Reiss, 2002; Rose and Reiss, 1993). Thus, the lesser siren features larval musculoskeletal 

characteristics (Clemen and Greven, 1988; Davit-Béal et al., 2007; Diogo and Abdala, 2010; Reilly and 

Altig, 2006) distinct from those of metamorphosed salamanders (Carroll and Holmes, 1980; Estes, 

1965). Hence, since the form of the feeding apparatus represents that of larval salamanders (i.e., a 

larval morphotype), so does the food processing mechanism (i.e., chewing). Consequently, these results 

suggest a model of the intraoral food processing ontogeny in salamanders, which involves a change 

from chewing to tongue-palate rasping (function) and from a larval- to a metamorphic morphotype (form) 

via metamorphosis (as suggested in Fig. 8). Salamanders with heterochronous morphogenetic 

strategies (i.e., peramorphosis and paedomorphosis), however, only exhibit the food processing 

mechanism typical of their respective morphotype. This model is supported by the fact that metamorphic 

newts (i.e., the Alpine newt and the Italian crested newt) apply consistent food processing mechanisms 

(tongue-palate rasping), paedomorphic salamanders (i.e., the lesser siren and the Alpine newt) deploy 
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consistent food processing mechanisms (chewing), and larval and paedomorphic as well as isomorphic 

and peramorphic salamanders (i.e., larval morphotypes and metamorphic morphotypes respectively) 

exhibit overall similar morphologies (Rose, 2003), which in turn likely facilitate similar behaviours. 

Regarding the particularly early arrest of the differentiation of somatic features in the lesser siren 

resulting in an early larval morphotype (Carroll and Holmes, 1980; Reilly and Altig, 2006; Rose, 2003) 

as well as its mandible-based rasping mechanism (ch. III) and the fact that salamanders eat virtually 

during their entire larval development (Kuzmin, 1997), the model might be extended by the idea that 

early larval morphotypes generally apply complex 3D mandible-based chewing as seen in the lesser 

siren, while later larval morphotypes apply more simple vertical chewing as seen in paedomorphic Alpine 

newts. This idea is corroborated by my own unpublished data from fire salamander early-stage larvae 

(Salamandra salamandra; Linnaeus, 1758). The shift from 3D chewing to simple vertical chewing might 

be explained by the larval development of the jaw joint, ligaments, and muscles attached to the lower 

jaw, which in combination prevent mobile lower jaws and thus constrain 3D chewing. However, since 

detailed data on the early larval development of cranial structures are scarce for salamanders, this idea 

had not been added to the model. 

The model for the food processing ontogeny in salamanders contrasts with the ontogeny of 

aquatic food intake, as salamanders have been shown to change their food processing during ontogeny, 

while suction feeding (i.e., a form of the inertial suction strategy) is used to ingest food across all 

ontogenetic stages (Heiss and Grell, 2019). The fact that aquatic, intraoral food processing changes 

during ontogeny, while aquatic ingestion remains similar, can be explained by changes in the underlying 

morphology. Despite ontogenetically changing morphology and the resulting shift in suction feeding 

performance, the inertial suction strategy is not prevented (Heiss et al., 2013a; Heiss et al., 2015; Lauder 

and Reilly, 1990; Reilly, 1995; Reilly, 1996; Reilly and Lauder, 1988a) while the aquatic food processing 

might either be functionally constrained (i.e., due to changes in morphology) or the changing morphology 

enables a more efficient mechanism which replaces the ancestral mechanism. The idea that larval 

chewing is replaced by a more efficient mechanism seems to be corroborated by the fact that longitudinal 

processing movements (grinding and rasping) are better suited to facilitate the breakdown of food as 

compared to the relatively simple, vertical mechanism (Takanobu et al., 1998). At first glance, the lesser 

sirens’ longitudinal chewing seems to contradict this assumption, but as discussed earlier, its feeding 

apparatus likely resembles the form and function of very early larval salamanders. Since the lower jaw 

becomes firmly attached to the skull during normal larval development in salamanders (Rose, 2003), it 

can be assumed that larval salamanders can only exert simple vertical chewing movements from a 

particular stage onwards. However, the question of what causes the switch from mandible-based to 

tongue-based food processing in salamanders cannot be answered here, since the Alpine newt's 

mandible has lost its chewing function in the same morphotype (i.e. mid-metamorphic morphotype) in 

which its tongue became more mobile and free (ch. IV). However, apart from the unresolved reason of 

the ontogenetic change, the model of these behavioural changes is consistent with the third hypothesis 

that: As form and function are linked, and analogous morphotypes of distinct salamander taxa exhibit 

similar feeding apparatus morphologies, the intraoral food processing behaviour is conserved across 

analogous morphotypes of distinct salamander taxa. Since the processing mechanics appear to be 

conserved across comparable morphotypes of salamander taxa. These results raise the question of 

how these processing mechanisms are distributed across the phylogeny of salamanders. 
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8.2. Ontogeny and phylogeny 

As shown in the previous section, the developmental state of the feeding apparatus, and thus its 

morphology, appears to define the food processing mechanism. Therefore, to answer the question of 

how these processing mechanisms are distributed across the phylogeny of salamanders, the model of 

the ontogeny of food processing in salamanders was combined with morphological data of larval and 

metamorphic stages of basal representatives of each salamander family (from literature (Bonett and 

Blair, 2017; Bonett et al., 2014; Ehmcke and Clemen, 2000; Erdman and Cundall, 1984; Fabre et al., 

2020; Macaluso et al., 2020; Marks, 2000; Parker, 1882; Reilly and Altig, 2006; Rose, 2003; Schoch et 

al., 2019; Vassilieva et al., 2013; Worthington and Wake, 1971) and my own investigations) (Fig. 10A) 

and plotted on the currently accepted phylogenetic tree of salamanders (Pyron and Wiens, 2011) (Fig. 

10B). 

Since form and function are two aspects of the same quality (i.e., the form-function relationship), 

the presence of a larval or metamorphic morphotype during ontogeny is represented by chewing or 

tongue-palate rasping, respectively. Hence, the ubiquitous presence of chewing indicates 

paedomorphosis (e.g., neoteny), the exclusive presence of tongue-palate rasping indicates 

peramorphosis (e.g., direct development), and the presence of both processing mechanisms indicates 

isomorphosis (i.e., metamorphic development) to be common in the respective family. 

Figure 10: Phylogeny of the food processing ontogeny in salamanders. (A) Model of the ontogeny of intraoral food processing 
across salamanders based on the basal-most morphogenesis of each family (Bonett and Blair, 2017; Bonett et al., 2014; Ehmcke 
and Clemen, 2000; Erdman and Cundall, 1984; Fabre et al., 2020; Macaluso et al., 2020; Marks, 2000; Parker, 1882; Reilly and 
Altig, 2006; Rose, 2003; Schoch et al., 2019; Vassilieva et al., 2013; Worthington and Wake, 1971). The ontogeny of food 
processing is divided into two phases: mandible-based chewing in larval morphotypes (lower row, i.e., larval and paedomorphic 
salamanders) and tongue-palate rasping in metamorphic morphotypes (upper row, i.e., peramorphic and metamorphic 
salamanders). Highlighting: (dark green) primary support, (light green) secondary support, (yellow) potential support, (orange) 
counter-evidence. Split highlighting indicates conflicting data; no highlighting indicates a lack of data or references. The absence 
of a “feeding stage” during ontogeny is indicated by dark grey blocks. Own unpublished data are marked with (*) and with 
references (reference numbers 1-5). References: 1, (Cundall et al., 1987); 2, (Rull et al., 2020); 3, (Dockx and De Vree, 1986); 4, 
(Erdman and Cundall, 1984); 5, (Schwenk and Wake, 1993). (B) exhibits the relationships among the ten salamander families 
after (Pyron and Wiens, 2011). Groups (suborders) are framed with different shades of grey. 
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The data that was used to generate the model (ch. II-V) are classified as primary support (Fig. 

10A; dark green). Additionally, my own unpublished findings from the common mudpuppy 

(Necturus maculosus; Rafinesque, 1818) as well as that of the northern slimy salamander 

(Plethodon glutinosus; Green, 1818) were added to test the model (Fig. 10A, marked with *). The 

paedomorphic common mudpuppy (Proteidae), on the one hand, exhibits a typical larval morphotype 

and uses mandible-based intraoral food processing, while the peramorphic northern slimy salamander 

(Plethodontidae), on the other hand, shows a metamorphic morphotype and applies tongue-palate 

rasping. Hence, the unpublished data support the model of the food processing ontogeny of 

salamanders. However, as this data has not yet been published and reviewed, they have been classified 

as secondary support (Fig. 10A; light green). 

Further, available data from literature has been added (Fig. 10A, marked with numbers). 

However, the literature on food processing in salamanders is scarce, and is mainly concerned with other 

stages of feeding, with the processing function being of minor importance (Dockx and De Vree, 1986; 

Erdman and Cundall, 1984). The few articles directly focusing on food processing in salamanders leave 

out the general kinematic pattern and/ or the result of the processing mechanism (Rull et al., 2020; 

Schwenk and Wake, 1993). Thus, as neither of these articles reports a combination of a detailed 

description of the food processing mechanism (e.g., kinematics) and nor its result (i.e., processing 

marks), they have been classified as secondary support (Fig. 10A; light green). However, the few pieces 

of information gathered from these articles mostly seem to support the model of the food processing 

ontogeny of salamanders. Since the paedomorphic cryptobranchids and amphiumids, as well as a 

paedomorphic member of the ambystomatids, exhibit a larval morphotype and chew their food (Cundall 

et al., 1987; Erdman and Cundall, 1984; Rull et al., 2020) (Fig. 10A). 

It is unsurprising, however, that all articles reporting on intraoral food processing in amphibians 

include chewing, a mechanism that is known because we use it ourselves and seems unmistakable due 

to typical jaw movement. However, early approaches to the application of X-ray videography for 

kinematics showed that metamorphic ambystomatids use an intraoral transport mechanism that appears 

homogeneous to tongue-palate rasping (Dockx and De Vree, 1986). As shown in chapter II, from the 

point of view that during tongue-palate rasping, the prey is processed but also transported back and 

forth across the oral cavity, it may not be possible to classify it as either intra-oral processing or transport 

clearly. In fact, it is argued that tongue-palate rasping, because of its ambiguous nature, resembles a 

mixture of processing and transportation. This could indicate that the movement of the food during 

tongue-palate rasping, which is evident from the X-ray videos, resulted in the behaviour being 

interpreted as mere food transport and that, therefore, food processing went unnoticed. The kinematics 

described are homogeneous to tongue-palate rasping; however, as no information is available about 

potential damage to the food, the source is classified as potential support (Fig. 10A; yellow). 

In contrast to the previous data that support the model of the food processing ontogeny of 

salamanders, the plethodontid Desmognathus uses a mandible-based processing mechanism (referred 

to as head-tucking) yet possesses a metamorphic morphology (Schwenk and Wake, 1993). In fact, the 

head-tucking mechanism and its result (mechanical preparation of the food) are well documented, and 

this mandible-based processing mechanism is known to commonly snap foods in half (Dalrymple et al., 

1985). As a result, this plethodontid head-tucking behaviour appeared to contradict the model of the 
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ontogeny of intraoral food processing in salamanders and was therefore classified as counterevidence 

(Fig. 10A; orange). In contrast to the food processing behaviour reported here, however, plethodontid 

food processing has been studied using relatively large foods (earthworms and waxworms) (Dalrymple 

et al., 1985; Schwenk and Wake, 1993), although (i) such foods are not a large part of the prey spectrum 

of members of this family (Keen, 1979; Sites Jr, 1978) and (ii) parts of the food regularly protruded from 

the mouth (Dalrymple et al., 1985; Schwenk and Wake, 1993). Since it had been argued that 

comparisons between taxa used to study the evolution of feeding behaviour required the use of natural 

and comparable prey (Maglia and Pyles, 1995), one could argue that the head-tucking of the 

Plethodontid should not be included in the comparison. In fact, the head-tucking behaviour of 

plethodontids is significantly associated with feeding upon such relatively large and uncommon foods 

(Dalrymple et al., 1985). Thus, it might be argued that as the food commonly protruded the jaws of 

plethodontids, the head-tucking behaviour may not resemble intraoral processing per se. According to 

this logic, processing in plethodontids appears to resemble a red herring for modelling the ontogeny of 

intraoral food processing in salamanders and should therefore be excluded. This idea is corroborated 

by my own unpublished findings that show that the plethodontid northern slimy salamander, besides 

using tongue-palate rasping to process maggots, relied on head-tucking movements when feeding on 

whole earthworms. Consequently, since all comparable behaviours from the literature seem to support 

the model of the intraoral food processing ontogeny of salamanders, the model appears to be correct. 

8.3. Flexibility 

Behavioural flexibility is the ability of animals to reversibly change or adapt their actions in response to 

new challenges or conditions and thus results in adaptations and diversity of behaviours (Fagen, 1982; 

Wainwright et al., 2008). Since (i) intraoral food processing facilitates the digestion, and the energy 

consumption from a food source (Bels and Whishaw, 2019; Bels et al., 1994; Schwenk, 2000a; Schwenk 

and Rubega, 2005) and (ii) animals are exposed to a variety of different external conditions that might 

affect processing, it seems plausible to assume that flexibility plays an essential role in intraoral food 

processing. These external conditions (e.g., environment, the activity of food, and mechanical properties 

of food) potentially affect food processing. In fact, flexible adjustment of food processing to such external 

conditions has been suggested to be present in chondrichthyans (Dean et al., 2005; Gerry et al., 2008; 

Gerry et al., 2010), actinopterygians (Aerts et al., 1986; Konow et al., 2013; Wainwright, 1989), lizards 

(Delheusy and Bels, 1999; Gorniak et al., 1982; Herrel et al., 1996), and mammals (Gorniak and Gans, 

1980; Thexton et al., 1980; Weijs and Dantuma, 1980) – and thus, across most vertebrates. 

Since it was argued that intraoral food processing is absent in salamanders, data on the 

modulation capacity of food processing behaviour was also lacking. However, it has been shown that 

salamanders flexibly adapt their food ingestion behaviours to different external conditions (Deban, 1997; 

Heiss and De Vylder, 2016; Heiss et al., 2013a; Heiss et al., 2015; Maglia and Pyles, 1995) - hence, 

suggesting that flexibility could also be necessary for food processing. Indeed, the results of the present 

work indicate that metamorphic salamanders adapt their processing behaviour to the type of prey, while 

the medium in which feeding occurs does not seem to have a pronounced effect (Fig. 11), since 

metamorphic salamanders use tongue-palate rasping regardless of the medium (ch. V). Thus, the 

results of this work support the fourth hypothesis that salamanders can flexibly adjust their processing 

behaviour to external conditions. 
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Figure 11: Flexibility of intraoral food processing in salamanders. Each arrow with a schematic in the middle indicates the test 
condition (A and B medium, C, and D prey type) shown in the subsection of the figure. Feeding (A) underwater, (B) on land, (C) 
on a maggot, (D) on an earthworm piece. Note that feeding on land required approximately half of the processing cycles 
(0.5x cycles) that were used underwater (x cycles) and that when feeding earthworm pieces, these were usually swallowed 
immediately after ingestion while maggots were processed more intensely. 

In addition to the results presented here, a recent study has shown that salamanders of a larval 

morphotype can adapt their processing behaviour to different types of prey (Rull et al., 2020). The 

adaptation of the processing behaviour to the prey type of salamanders exhibiting larval (Rull et al., 

2020) and metamorphic (ch. V) morphotypes was not surprising since such flexible adaptations are 

common amongst vertebrates (Gerry et al., 2010; Gorniak and Gans, 1980; Throckmorton, 1980; 

Wainwright, 1989). In contrast, the fact that the medium appears to have little impact on food processing 

(mainly changes in the number of processing cycles and minor kinematic changes, see Fig. 11A-B and 

ch. V) was quite surprising as water and air have very distinct physical conditions (Denny, 1993) and in 

fact, ingestion has been shown to change with the switch from aquatic to terrestrial conditions (Heiss 

and De Vylder, 2016; Heiss et al., 2013a; Heiss et al., 2015). This raises the question of why intraoral 

food processing, in contrast to ingestion, does not adapt to the respective medium in metamorphic 

salamanders. It could be argued that the more or less self-contained system of feeding apparatus and 

food is relatively liberated from the physical conditions of the environment, not least because of the 

saliva production of salamanders (Francis, 1961). Regardless of the reason, the independence of the 

processing behaviour from the surrounding medium is a remarkable feature for the evolution of the 

feeding behaviour. Because, while other stages of the feeding behaviour (ingestion and food transport) 

had to adapt to the new medium to enable feeding under the divergent conditions, the processing 

mechanism remained unaffected and stable in the Alpine newt. The results on form, function, 

development, and flexibility of how intraoral food processing in salamanders raise the question of how 

this behaviour might have evolved in tetrapods. 
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8.4. The Evolution of tetrapod feeding 

Several key innovations in the vertebrate feeding apparatus seem to have occurred during the evolution 

of the intraoral food processing mechanism of salamanders (see ‘3 The rise of tetrapod feeding’). The 

hyobranchial system in fishes (chondrichthyans, actinopterygians, and dipnoi) and the hyolingual 

system (tongues) in terrestrial tetrapods are considered to be homologous structures (Reilly and Lauder, 

1988b). Therefore, both hyobranchial and hyolingual systems will, from now on, simply be referred to 

as "tongue" to be able to describe the evolutionary processes as simple as possible. 

The rise of tetrapods had been coupled with further remodelling and reduction of elements of 

the tongue, which thus became more free and moveable (Witzmann, 2013). Further, with the reduction 

of internal gills during the evolution of tetrapods, the feeding apparatus had been decoupled from aquatic 

ventilation. Thus, the muscular activities and mechanical processes of the feeding apparatus were able 

to evolve independently (Schoch, 2014). However, the feeding apparatus of tetrapods were still 

temporally and structurally related to at least three behaviours (i.e., aerial ventilation, food ingestion, 

and food transport). Basal tetrapods, like recent amphibians, likely relied on bi-modal or tri-modal 

systems of gas exchange (Schoch, 2014), and just like in recent amphibians, they likely did not rely 

critically on aerial respiration. Thus, it might be assumed that their feeding apparatus, like in 

salamanders, had been relatively freed from functional constraints imposed by respiration altogether. 

Therefore, the liberation of the feeding apparatus from respiration constraints in tetrapods might be 

regarded as a license for the evolution of relatively time-intensive, cyclical, tongue-based feeding 

mechanisms in tetrapods. However, tongue modification that supports enhanced protraction (i.e., 

terrestrial tongues) similar as seen in metamorphic salamanders is scarce in early tetrapods. Thus, since 

early tetrapods seemed to have lacked such more mobile and free tongues (Witzmann, 2013), they 

likely also lacked tongue-palate interactions, as seen in metamorphic salamanders, and relied on 

aquatic chewing (i.e., fish-like) to process food intraorally. Terrestrial tongues have been argued to have 

evolved independently within temnospondyls (e.g., lissamphibians) and early amniotes, and thus 

convergently across tetrapods (Witzmann, 2013). Thus, the tongue-palate rasping of salamanders might 

have evolved independently of similar behaviours. 

In contrast to the evolution of tongue-palate rasping in salamanders (from the amphibian lineage 

of tetrapods), reptiliomorph tetrapods seem to have evolved terrestrial (or amniote) chewing alongside 

or next to their transition from water to land. Terrestrial chewing differs from aquatic chewing in that the 

muscularly and highly mobile sticky tongue is used to transport food mostly directly (i.e., without 

hydrodynamic drag) across the oral cavity (Hiiemae, 1984; Hiiemae and Crompton, 1985; Iwasaki, 

2002). Since water-land transitions are associated with a significant change in the physical conditions 

of the medium (Denny, 1993), early terrestrial tetrapods were prevented from using hydrodynamic food 

transport while chewing (Heiss et al., 2018). They, therefore, had to rely on a different intraoral food 

transport mechanism to coordinate the food during processing and to move it towards the oesophagus 

in preparation for swallowing. In fact, tetrapods both the amphibian lineage (e.g., salamanders) and the 

reptiliomorphs developed and improved adhesive and highly moveable terrestrial tongues (Bramble and 

Wake, 1985; Erdoğan and Iwasaki, 2014; Iwasaki, 2002; Kleinteich and Gorb, 2015), which could be 

used to manipulate food. Therefore, the terrestrial tongues in reptiliomorphs enabled tongue-based 

transport, which, despite the new physical conditions, continued to allow the same general chewing 

mechanism (vertically occluding jaws). 
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Interestingly, the terrestrial chewing and intraoral food processing of metamorphic salamanders 

exhibit very similar mechanics (Bels and Goosse, 1989; Bramble and Wake, 1985; Hiiemae, 1984; 

Hiiemae and Crompton, 1985; Hiiemae and Palmer, 1999; Hiiemae et al., 1981). When broken down 

into two stages, both terrestrial chewing and tongue-palate rasping basically follow the same trend 

(compare ch. II-V and (Bramble and Wake, 1985)). During stage one, the mouth opens, and the tongue 

elevates (or still elevates in consecutive cycles), and more or less shortly before the mouth reaches the 

maximal opening, the tongue starts depressing (i.e., preceding gape closure). Stage two begins with the 

closure of the mouth while the tongue still depresses, reaching maximal depression before the mouth 

reaches maximal closure and then beginning to elevate once more, which in turn marks the start of a 

potential successive processing cycle. The similar mechanics of amniote-like chewing and tongue-

palate rasping might be explained by the fact that both mechanisms rely on the tongue to move the food 

against and across the palate and/ or dentition. Hence, tongue-palate interactions are at the core of 

amniote chewing and tongue-palate rasping in salamanders. This raises the question of why 

salamanders only process food with their tongue but not with their jaws (i.e., chewing). 

Considering that a relatively pronounced dentition on the palate was widespread across 

reptiliomorphs and early amniotes and was only gradually reduced during their evolution (Matsumoto 

and Evans, 2017), this might suggest that terrestrial chewing initially started as tongue-palate rasping 

and that the jaws were only secondary incorporated into the processing mechanism. The idea that the 

jaws had been incorporated later to facilitate enhanced processing might be explained by the fact that 

intrinsic tongue muscles that allow fine-tuned coordination of the food evolved later within amniotes 

(Iwasaki, 2002; Matsumoto and Evans, 2017). This idea is further supported by the fact that adductors 

became more powerful (permitting increased bite-forces) across amniotes once their tongues became 

more fine-tuned and precise (Matsumoto and Evans, 2017). 

However, both mechanisms exhibit temporal shifts, so that as a result, the peaks of tongue and 

jaw movements can be delayed across distinct taxa (potentially resembling another mechanism) and 

different foods (potentially resembling behavioural flexibility) (compare ch. II-V and (Hiiemae et al., 

1981)). These delays need to be studied in a comparative context and deserve future attention. Despite 

the unknown nature of these delays, tongue-palate interaction, either (i) mainly as a processing 

mechanism as seen in salamanders or (ii) mostly as a transport mechanism as seen in recent amniotes 

(Bels and Goosse, 1989), is likely to resemble the origin of cyclic loop-like food transport motions of 

fleshy amniote tongues during terrestrial chewing. Terrestrial chewing has been suggested to have a 

common origin related to the water-land transition (Reilly et al., 2001); however, regarding the data 

acquired here, it seems plausible to assume that it developed under aquatic conditions – preceding the 

transition to land, supporting the idea that tetrapods may have developed new feeding mechanisms in 

their aquatic environment and that these later paved the way for terrestrial feeding mechanisms (Ahlberg 

et al., 2005; Clack, 2012; Markey and Marshall, 2007; Porro et al., 2015). In any case, mobile and sticky 

tongues like seen in salamanders likely enabled the usage of new feeding behaviours across tetrapods, 

thus representing another key innovation in the vertebrate feeding system and the origin of tongue-

palate interactions. However, since tongue-palate interactions during feeding (in food transport or 

processing) appear to be broadly distributed across tetrapods (Witzmann, 2013) and the phylogeny and 

morphogenesis of early tetrapods still remain controversial (Bolt, 1977; Carroll and Holmes, 1980; 

Duellman and Trueb, 1994; Marjanović and Laurin, 2019; Schoch, 2014; Trueb and Cloutier, 1991) the 

question of whether these interactions evolved convergent or divergent remains unanswered.
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Conclusion 

Amphibians represent the last class of vertebrates whose processing mechanisms remained relatively 

unknown. Contrary to previously accepted ideas, the present work suggests that salamanders generally 

engage in intraoral food processing after ingestion, thus expanding the known picture of vertebrate food 

processing mechanisms. Further, it has been shown that salamanders undergo considerable changes 

in the form and function of the feeding apparatus during ontogeny. In fact, the development from a larval 

to a metamorphic morphotype (i.e., metamorphosis) is connected to a switch from mandible-based 

chewing to tongue-based rasping. This model of the development of the form and function of intraoral 

food processing has been combined with pre-existing data of morphogenetic peculiarities (i.e., 

heterochrony) as well as a phylogenetic tree of the currently accepted relationships among the 

salamanders to generate a phylogeny of the food processing ontogeny in salamanders (Fig. 10). 

The model has been used to extend the evolutionary history of intraoral food processing in 

vertebrates by reconstructing a scenario of how tetrapod feeding might have evolved. The ontogenetic 

switch from chewing to tongue-palate interactions in salamanders seems to reflect the phylogenetic shift 

from chewing in fishes (chondrichthyans, actinopterygians, and dipnoi) to tongue-palate interaction in 

recent tetrapods (lissamphibians and amniotes). Unsurprisingly, the underlying morphological changes 

in salamanders (i.e., switch from an aquatic- to a terrestrial tongue) also reflect the morphological 

changes which occurred across the evolution from fishes to tetrapods. Since terrestrial tongues seem 

to have evolved independently across tetrapods, cyclic loop-like food transport motions of the fleshy 

amniote tongues during terrestrial chewing (i.e., tongue-palate interaction) likely emerged convergently 

to tongue-palate rasping in salamanders and thus resemble analogous behaviours. Based on my 

salamander food processing model, it can be argued that tongue-palate interactions and terrestrial 

tongues both evolved under aquatic conditions – hence, suggesting that terrestrial style feeding, which 

might be regarded as a license for a permanent life on land, preceded the water-land transition. 

However, the most significant difference between the tongue movements of amniotes and that of 

salamanders is that salamanders rely on tongue-palate interaction to process food while amniotes 

mostly seem to use these to transport and reorient food intraorally while the jaws perform processing. 

In fact, kinematically, this resembles a minor difference because the jaws actually move in a way that 

would allow mandible-based processing (chewing) – the food, however, is not transported to come into 

contact with the jaws or their dentition. Kinematically, this can be explained by the temporal shift in 

tongue movement; functionally, however, it remains to be studied why metamorphic salamanders do 

not chew their food in addition to tongue-palate rasping. 

Finally, it should also be mentioned that in the same way that heterochrony complicates the 

interpretation of the morphological phylogeny of salamanders, it also complicates the interpretation of 

the tetrapod evolution. Since early tetrapods, like recent amphibians, presumably lived amphibiously, 

distinct morphotypes of different species could have inhabited a single aquatic habitat during a given 

time. These morphotypes of different species may have exhibited similar morphologies, complicating a 

form-based classification. The problem of similar forms during ontogeny, aside from other limitations of 

palaeontology (e.g., taphonomy), illustrates why the evolution of early tetrapods is an unresolved and 

heavily debated problem. As a result, the interpretations of this work, which has been based strongly on 

the current paleontological view of the evolution of tetrapods, are limited in this regard.  
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Supplementary Material 

a. First article on intraoral food processing in salamanders 

Chewing or not? Intraoral food processing in a salamandrid newt 

[published, Journal of Experimental Biology, 2019, 222 (6)] 

Egon Heiss, Daniel Schwarz and Nicolai Konow 

Estimated own contribution: 40%. 

Conceptualization: E.H., N.K.; Methodology: E.H., D.S., N.K.; Formal analysis: E.H., D.S., N.K.; 

Investigation: E.H., D.S.; Resources: E.H.; Data curation: E.H., D.S.; Writing - original draft: E.H., D.S., 

N.K.; Writing - review & editing: E.H., D.S., N.K.; Visualization: E.H., D.S.; Supervision: E.H.; Project 

administration: E.H.; Funding acquisition: E.H., N.K. 

See (CRediT taxonomy; supplementary material b) for details. 

Precis: 

This supplementary material contains the first detailed description of the form and function of the feeding 

apparatus in a salamandrid newt (Salamandroidea, see supplementary material c), which also 

demonstrates that mechanical reduction and preparation of food occurs during intraoral food processing. 

It is shown that metamorphic newts use tongue-palate rasping, a form of tongue-palate interaction in 

which the tongue that carries the food performs cyclical loop motions to rasp the food across and along 

the dentition of the palate. Form and function of the feeding apparatus in this salamander are compared 

to those of fishes and amniotes, with the conclusion that tongue-palate interactions are common 

amongst gnathostomes – hence prompting the question of whether these evolved convergent or share 

a common origin. 

The results of this chapter support hypothesis 1 

and provide initial data for future comparisons to support or reject hypotheses 2 and 3. 
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b. Author contributions 

CRediT taxonomy 

Contributor role Role definition 

Conceptualization Ideas; formulation or evolution of overarching research goals and aims. 

Methodology Development or design of methodology; creation of models 

Software 

Programming, software development; designing computer programs; 

implementation of the computer code and supporting algorithms; 

testing of existing code components. 

Validation 

Verification, whether as a part of the activity or separate, of the overall 

replication/reproducibility of results/experiments and other research 

outputs. 

Formal analysis 
Application of statistical, mathematical, computational, or other formal 

techniques to analyze or synthesize study data. 

Investigation 
Conducting a research and investigation process, specifically 

performing the experiments, or data/evidence collection. 

Resources 

Provision of study materials, reagents, materials, patients, laboratory 

samples, animals, instrumentation, computing resources, or other 

analysis tools. 

Data curation 

Management activities to annotate (produce metadata), scrub data and 

maintain research data (including software code, where it is necessary 

for interpreting the data itself) for initial use and later reuse. 

Writing – original draft preparation 
Creation and/or presentation of the published work, specifically writing 

the initial draft (including substantive translation). 

Writing – review and editing 

Preparation, creation and/or presentation of the published work by 

those from the original research group, specifically critical review, 

commentary or revision – including pre- or post-publication stages. 

Visualization 
Preparation, creation and/or presentation of the published work, 

specifically visualization/data presentation. 

Supervision 
Oversight and leadership responsibility for the research activity 

planning and execution, including mentorship external to the core team. 

Project administration 
Management and coordination responsibility for the research activity 

planning and execution. 

Funding acquisition 
Acquisition of the financial support for the project leading to this 

publication. 

The breakdown of the authors' contributions was adopted from the Journal of Experimental Biology 

(2020.10.15), Author Contributions: CRediT Taxonomy, retrieved from: 

https://jeb.biologists.org/content/author-contributions   

https://jeb.biologists.org/content/author-contributions
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c. Phylogeny of lissamphibians 

 
Fig. S1: Phylogeny of lissamphibians. Relationships between recent amphibians, which are framed by different shades of grey, 
after (Pyron and Wiens, 2011). 

d. Phylogeny of salamanders 

 
Fig. S2: Phylogeny of salamanders. Relationships among the ten salamander families after (Pyron and Wiens, 2011). Groups 
(suborders) are framed with different shades of grey.  
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e. Correction of supplementary figure S1 from page 68 

Fig. S3: Representative kinematic profiles during aquatic (blue) and terrestrial feeding (green) from the same animal. 
Basibranchial (tongue), gape and skull displacements are shown during a typical intraoral processing event in Triturus carnifex. 
As a reference, tongue protraction phases are indicated by grey bars. CL, cranial length. The terrestrial part of the figure is modified 
after Heiss et al. (2019). 
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