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ABSTRACT

The crested newt Triturus dobrogicus (Kiritzescu, 1903) occurs from the Austrian Danube
Floodplains up to the Danube Delta. The kinematic of aquatic suction feeding was studied
by means of high-speed videography. 6 coordinate points were digitized from video
records of prey capture. Maximal values and movement courses of selected feeding
movements were analysed to describe the quality of the suction feeding process in this
species. 13 time- and velocity-determined variables were evaluated, and a principal
component analysis was conducted to quantify prey capture behaviour. All specimens
follow a typical inertial suction feeding process, where rapid hyoid depression expands the
buccal cavity. Generated negative pressure within the buccal cavity causes influx of water
into the mouth, along with the prey item. Maximal distance values of gape and hyoid
depression are greater in animals of smaller size. In accordance to the assumptions of
Hill's model, movement durations scale in positive proportion to increasing size. The extent
of behavioural variability was examined; and in one specimen feeding behaviour was
found to be highly stereotyped. Additionally, cranial morphology was examined by means
of dissection and pCT-investigation. Minor deviations to typical salamandrid morphology
were found, regarding characteristics of the hyobranchial apparatus and the musculus
rectus cervicis, and the insertion of the musculus geniohyoideus as well. To summarize,
Triturus dobrogicus is a typical inertial suction feeder in regard to kinematic and
morphology, although some characteristics were identified that are contrary to existing

literature.



INTRODUCTION

Since the oldest tetrapod footprints were discovered in Pennsylvania and are dated to
the Devonian, the first tetrapods must have emerged in Devonian, at the earliest in
Silurian times (Noble, 1931). The Osteolepidae, a family of Devonian crossopterygian
ganoids bear extensive resemblances to the primitive tetrapods, in regard of all
important skeletal features. Comparative anatomical studies imply that the ancestral
stock Osteolepidae and Dipnoan sprang from, also gave rise to the first Amphibians,
whether they branched from this stock, or from a fish closely related to the osteolepid
family, at the very base of the crossopterygian stem (Watson, 1926; Noble, 1931). This
viewpoint is regarded the paleontological one, hence it relies on comparative
morphological studies of structures preserved in the fossil record. On the contrary,
there are those biologists who take a rather neontologic view, explaining evolutionary
changes by comparing the anatomical and physiological features of extant species.
Aspects like ontogenesis, physiology and the morphology of soft tissues are taken into
account, as basis for defining homologies (Duellman & Trueb, 1994). The assumptions
about the evolutionary origin of the amphibians that emanate from this point of view
are contradicting the former mentioned, favouring a scheme in which the dipnoans and
tetrapods share a common ancestor, constituting a monophyletic clade that excludes
the crossopterygians (for review see Rosen, 1981).

These early tetrapods, evolved from fishlike ancestors, became adapted to land life
and were prepared for the terrestrial world long before they were forced to enter it
permanently (Watson, 1926). Presumably, the necessity for these adaptions existed in
the course of tetrapod evolution, at a time when the earliest Amphibians still inhabited
aquatic habitats together with their piscine ancestors. It can be assumed that the first
,shore leave® of the amphibians occurred in order to escape a drying pool and again

retrieve an aquatic habitat in an arid environment.

Adapting to terrestrial life requires far-reaching transformations of structure, as they
are extensively described by Noble (1931) and Duellman & Trueb (1994). In order to
survive and succeed in a terrestrial environment, several adaptations had to be
accomplished, like the loss of gills and the development of lungs, the extension of

nasal passages and the forming of internal nares. The integument was modified, to
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protect against drying, especially drying of the eyes, which would need lacrimal glands
and drainage. Sensory systems became dispensable, like the lateral line organs,
others, like the optic, auditory and olfactory system have gained more importance,
requiring considerable changes of the associated organs.

Every adaption to a new environment has to follow the universal principle of achieving
and maintaining a positive energy balance, by maximizing energy intake while
simultaneously minimizing effort and cost, to ensure individual survival and
reproduction (Lintner, 2010). Holding in mind, that all aspects of animal behaviour
have to comply with this law of greatest energy gain at lowest expenses, this must hold
true especially for two activities that determine the success of daily survival:
locomotion, and above all, feeding. The problems of locomotion and of obtaining food
in a fundamentally different environment are evolutionary key aspects of this transition
from the aquatic to the terrestrial world. As Ozeti & Wake (1969) have already stated,
these activities are usually found to have exceeding influence in the evolution of
adaptations, considering the phylogenetic history of various groups of vertebrates. To
modify fins and body for land locomotion requires more than the change of one
structure. The same is true for feeding mechanisms representing the highly complex
situation of an apparatus that consists of many interacting musculo-skeletal
components. It can be described as a system of rigid levers transmitting and
contracting muscles generating forces, whose modifications would also demand major

adaptations of the supplying nervous control system.

So, if feeding can be considered a key factor of evolution, and the phylogenetic
position of Amphibia is identified as a basal lineage of tetrapods, the examination of
this clade and of all its behavioural aspects — especially feeding — is critical for our
understanding of vertebrate evolution and the origin of terrestrial life.

1. Aquatic feeding

Aquatic feeding is the primitive mode of prey capture in vertebrates, and of course the
physical properties of the medium greatly influence the performance of feeding
mechanism (Bramble, 1973; Bramble and Wake, 1985; Gans, 1969; Lauder, 1985).
The density of water is about 900 times, the viscosity 80 times higher compared to air
(Lauder, 1985). Nevertheless, these hydrodynamical properties are many times
greater than the dynamical properties of air, and place constraints on the development
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of the feeding apparatus, as they limit rapid movements through higher resistance and
inertia, and therefore require the development of resilient structures withstanding
mechanical forces. Furthermore, the density of the prey corresponds to the density of
water to a large extent, so the predator lunging forward towards the prey induces a
bow wave, pushing away the prey (Alexander, 1967). In the case of ram feeding the
predator moves over a prey that remains fixed in space. The occurrence of this bow
wave is compensated by allowing water to discharge through the widely spread
opercula and gill slits, respectively. It therefore seems comprehensible that this mode
of prey capture is rather employed by fast-moving predators, which are able to allow
unidirectional flow of water, i.e. simultaneous influx and efflux through mouth and gill
slits. Higham (2011) for example described this feeding mode for tunas and whale
sharks.

On the other hand, exactly these physical properties of water enable the mechanisms
of aquatic prey capture to function in the first place (Herrel & Aerts, 2003). Contrary to
air, water retains a constant volume under pressure; a generated flow of
incompressible fluid has a constant momentum, what is a function/aspect of this
medium's inertia, and can be utilized by the predator for its advantage. Of course, in
order to cope with this high momentum and kinetic energy as it occurs at high flow
velocities, the structures of the feeding apparatus must be, as mentioned, designed to
resist these stresses.

These are the conditions under which aquatic prey capture mechanisms have evolved.
The great variety of terrestrial feeding methods we encounter today therefore has
been derived from a mechanical system, including all components like skeletal,

muscular and nervous features, which developed in this dense and viscous medium.

2. Feeding modes in Salamandridae

Within the salamandrid family we find three mechanisms of prey capture: suction
feeding, tongue prehension and jaw prehension (Deban, 2002). Tongue prehension
describes a feeding mode, where the tongue is protracted by rapid acceleration of the
hyobranchial apparatus, in order to attach a sticky tongue-pad to the prey,
subsequently retracting both into the mouth cavity. This feeding mechanism has been
extensively described by Deban & Dicke (1999) for plethodontid salamanders, and by
Nishikawa & Roth (1991) for anurans. Tongue prehension represents a highly
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specialized terrestrial mode of prey capture with the tongue being the principal agent
of food transport. Jaw prehension that constitutes a terrestrial mode of prey capture
just involves movements of the jaws to secure the prey, unlike suction feeding, which

relies on movements of the hyobranchial apparatus as well (Deban, 2002).

Even though we can see a diversity of feeding mechanisms within the salamandrid
family, all their members are aquatic at least at one point in their life history.
Considering feeding mechanisms, living salamanders divide into two classes, that can
be characterized by the specialisations of the tongue, associated with feeding either in
an aquatic or terrestrial habitat (Ozeti & Wake, 1969). According to these authors,
most of the genera are at least partially aquatic, such as those living and feeding
aquatically during breeding season (Tylototriton, Pleurodeles, Triturus, Neurergus,
Euproctus, Paramesotriton, Cynops, Hypselotriton, Pachytriton, Taricha and
Notophthalmus), some of them feeding exclusively aquatically (Pachytriton,
Pleurodeles). Salamandra, Chioglossa and Salamandrina possess tongues,
specialized for terrestrial feeding. What all these genera have in common is that they
utilize suction feeding as the exclusive mode of prey capture during their larval stage,
(Deban et al.,, 2001), representing a universal and homologous behaviour pattern
amongst this family.

3. Ontogenetic change in feeding behaviour

During metamorphosis, aquatic salamanders represent different patterns of
development. On one side of the wide ranged spectrum, perennibranchiate species
like the axolotl (Ambystomatidae) retain a completely larviform habitus, still possessing
typical larval features like external gills, gill slits and posterior branchial elements.
Additionally, all Sirenidae and Proteide are included in this group. On the other hand,
we find completely metamorphosing forms, including most newts, terrestrial and
semiaquatic salamanders, which have lost external gills, gill slits and some posterior
branchial elements, and have developed fully formed maxillae and tongue pads.
Intermediate forms — “partial metamorphs” — express both larval and adult features,
and can be found mainly within the families of Cryptobranchidae and Amphiumidae
(Deban & Wake, 2000).

Most newts exhibit the complete metamorphic pattern, thus the closing of the gill slits

requires a fundamental change in feeding behaviour, a transition from unidirectional to
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bidirectional suction feeding. Extant water, engulfed along with the prey item can no
longer be discharged through the gill slits and must be expelled through the mouth, in

reversed direction of the water stream that transported the prey into the mouth cavity.

These new conditions set new demands on the musculoskeletal apparatus. The
posterior branchial elements lacking any function, have been absorbed, the anterior
elements may ossify. Some of the muscles may disappear or give rise to new muscles,
especially those associated with epibranchial or gill movement. They are lost or

undergo substantial change in position and function.

To some degree ontogenetic changes in salamandrid feeding behaviour reflect

evolutionary tendencies.

Suction feeding is primitive for Osteichthyes, and presumably for Urodeles (Lauder,
1985; Gillis & Lauder, 1995). Fish employ ram feeding and unidirectional suction
feeding, expelling water through the opercula. Larval salamanders capture prey via
unidirectional suction feeding and drain off extant water through their gill slits.
Metamorphosed newts have lost those structures, introducing bidirectional suction
feeding, and highly evolved taxa like the Plethodontidae undergo a complete
reconstruction of the hyobranchial apparatus towards tongue prehension. In this
regard, changing of feeding behaviour during the development from larval to adult
newt, the aquatic salamandrid represents a chapter of this hierarchic evolutionary

sequence of feeding modes.

In this study the mechanism of suction feeding is emphasized, it's kinematic profile as

well as the underlying anatomical structures.

4. Mechanics of suction feeding

As mentioned above, the aquatic predator can utilize the incompressibility of water for
his advantage. By rapidly increasing the volume of the buccal cavity, a negative
pressure is caused, relative to the surrounding water. Since water retains constant
volume, a flow is created, carrying the prey inside the mouth along with the engulfed
water (Bramble & Wake, 1985; Lauder, 1985). Obviously, this generated suction can
only be exploited in an aquatic situation, due to the hydrodynamical properties of
water. The water jet has a high and constant momentum and exerts enough force to
overcome the gravitational and static forces operating on the prey item, which could
not be possible in air (Bramble & Wake, 1985).
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This expansion of the mouth volume is accomplished by rapidly opening the mouth
and pulling the hyobranchial apparatus caudoventrally at the same time. The
hyobranchial apparatus is the main propulsive element to draw water in until the mouth
begins to close (Deban, 2003).

RCP

Figure 1: Biomechanical events during suction feeding in a salamandrid larva. Schemes on
the left side depict the hyobranchial apparatus in the elevated position, schemes on the right
side the fully depressed position. The drag force of the RCP, indicated by the black arrows in
B and C (left side), results in hyobranchial depression, while conversely regaining of the
neutral position is a consequence of GH contraction, shown in B and C on the right side.

A) Skeletal elements of the larva in neutral and depressed position. B) Lateral views of major
hyoid muscles. C) Oblique views: left side: hyoid depression, right side: hyoid elevation.
BH...branchiohyoideus. BP...branchial plate, basibranchial. CH...ceratohyal. DM...depressor
mandibulae. EB1...first epibranchial. GH...geniohyoideus. IH...interhyoideus.
IHP...interhyoideus posterior. LAB...levatores arcuum branchiorum. LM...levator mandibulae.
RCP...rectus cervicis profundus. Figures taken unaltered from Deban & Wake (2000).

In an attempt to explain the functional morphology and the biomechanical
specifications of an apparatus associated with suction feeding, the figure above
introduces a simplified model of the feeding apparatus in regard of its function. The
skeletomuscular situation shown in this model refers to larval anatomy, and some of
the illustrated muscles may disappear or be replaced by new ones in adult anatomy.
Nevertheless, this scheme is suitable to explain the fundamental mechanics of suction
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feeding.

The copula represents the ventral, the lower jaw - in functional unit with the skull - the
dorsal aspect of the hyobranchial lever system. Since both communicate vertically via
the ceratohyals at the anterior, the paired epibranchials at the posterior end, any
movement induced on one component by muscle force will result in equal movement
of the others. The posterior ends of the ceratohyals are attached to the quadrate by a
strong tendon, the hyoquadrate ligament (Francis, 1934). The main contribution to
hyobranchial depression is provided by the rectus cervicis muscles (RC). The pulling
back of the basibranchial affects the vertical elements to rotate, causing the whole
apparatus to descend. In the opposite way, the geniohyoideus (GH) pulls the
basibranchial forward, causing the apparatus to move back to its neutral resting
position.

This model describes the basic function of hyobranchial depression, but the
mechanism is far more complex. The main contributors of hyobranchial movements,
the GH and RC muscles, stretch over more than one joint, and therefore are able to

cause movement of more than one skeletal element, when contracting.

Due to its origin on the mandible and insertion on the basibranchial, the GH is not only
capable to elevate the hyobranchial apparatus, but to open the mouth as well. In order
to permit that the full contractive force of the GH is turned into movement of the
hyobranchial system to regain neutral position, depression of the lower jaw has to be
prevented.

In regard of jaw motion, the levator mandibulae (LM) is considered the antagonist to
the depressor mandibulae (DM), but also the GH. Therefore, tension of the LM

prevents that mouth opening occurs, and the hyobranchial apparatus is elevated.

Additionally, closed jaws bear the biomechanical advantage of extending the GH, thus
conceding its more contractive capacity. In reverse direction, the GH will contribute
greater forces for gaping, when the hyobranchial apparatus is fully depressed. In this
case the ventral position of the hoyid must be secured and reinforced by stabilizing
muscles, to resist its elevation through the rostrally directed drag forces of the GH.

Obviously a similar biomechanical situation applies to the RC. A contraction of this
muscle results in hyobranchial depression, but also in skull depression. The muscles
of the neck are required to operate in opposition to downward movement of the head
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5. Morphology

This chapter focuses on the cranial and cervical morphology of the adult salamandrid,
presenting the general pattern of structures within this group, in special consideration
of their function in feeding.

The anatomical and functional descriptions of those elements accord with Eaton
(1936), Edgeworth (1911; 1935), Francis (1934) and Piatt (1939, 1940), and Duellman
& Trueb (1994). In terms of anatomical terminology current names for bony elements
and muscles are used in this study, which might deviate from specific denotations
used by these authors. The nomenclature used in this study is overall congruent with
Deban & Wake (2000).

5.1. Elements of the Skull and the Hyobranchial Apparatus

In this chapter the elements of the skull and the hyobranchial apparatus are
introduced, especially emphasizing those that fulfill a function during feeding. That
comprises of course the kinematic components, which transmit forces leading to
movements of these structures (i.e. the hyobranchial apparatus primarily), as well as
the upper and lower jaw and the dermal skull elements that provide attachment points
for the associated musculature.

The upper jaw consists of two dermal tooth-bearing elements, the premaxilla, which is
fused in salamandrids rather than paired, and the maxilla. Together with the premaxilla
it forms the pars dentalis of the upper jaw, and completes the skull laterally and
rostrally, forming the lateral and rostral walls of the orbit and the nasal capsule via
vertical processes. The maxilla, as well as the premaxilla, has a lingual aspect and
articulates with the vomer medially, which itself migrates posteriorly onto the

parasphenoid, overlapping it ventrally with dentate extensions (Deban & Wake, 2000).

The mandible is composed of the dentary, the dentate portion of the lower jaw
anteriorly, and the prearticulate (also called coronoid by some authors) posteriorly, that
is elaborated in the region of the jaw articulation. Both are dermal bones that embed?
Meckel’s cartilage, a branch of cartilage that ranges within the length of the jaw and is
widely retained in adult anatomy as well, except for a marginal ossification in the area
of the mandibular symphysis, which is called mentomeckelian. Posterior parts of
Meckel’s cartilage may ossify as the articulate (Duellman & Trueb, 1994).



INTRODUCTION

The jaw joint attains a new more posterior position in the adult salamandrid behind the
orbit. The joint is composed of the articulation between the lower jaw and the quadrate.
The quadrate is connected to the squamosal and the pterygoid dorsally. It is
conspicuous that the pterygoid process is not connected to the maxilla but lies
unattached at the height of the orbit. This incomplete maxillary arcade is
autapomorphic for the Urodela (Haas, 2010). The parietal lies anteriorly to the

squamosal and is itself preceded by the frontal.

The hyobranchial apparatus as a whole, as well as its function, has been introduced
above. The basibranchial, also called copula represents the ventral longitudinal axis of
the hyobranchial lever system and articulates rostrally with the ceratohyalia and
caudally with the ceratobranchials. At the rostral end the copula bears a pair of horns
that are imbedded in the tongue musculatur, termed anterior radials. Most parts of the
posterior branchial arches are lost during metamorphosis except the first and the
second ceratobranchials and one pair of epibranchials. Their ossification pattern as
well as the extent of ossification varies taxonomically even among species within the
salamandrid family. Within members of the Salamandridae, which use suction feeding
as the main mode of prey capture, the entire hyobranchial apparatus tends to ossify,
with only the rostral portion of the ceratohyal remaining cartilaginous (Ozeti & Wake,
1969).

The urohyal (the triangulare of Francis, 1934) is a small triangular element that is part
of the hypobranchial apparatus in larval morphology where it is connected to the
basibranchial by a longitudinal rod. It departs from the copula in metamorphosis and is
retained in many Urodela species. This bar of bone is usually lost in course of
development within the salamandrid family (Deban & Wake, 2000), causing the
insertion of muscles (e.g. the geniohyoideus) to shift.

5.2. Muscles of the Head

In Fig. 1 the function of the feeding apparatus was introduced as a versatile system of
four articulated levers. Therefore | divided the muscles into functional groups,
according to their role in feeding behaviour.

Muscles of the jaw are responsible for opening and closing the mouth. Muscles of the
hyobranchial apparatus can be divided into those, that exert horizontal force on the
lever-system of the hyobranchial apparatus, pulling it rostrad or caudad, resulting in an
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upward or downward rotation of the vertical levers of the hyobranchial apparatus
respectively, thus elevating or depressing it. Other hyobranchial muscles might not
mainly contribute to hyobranchial depression or elevation, but support these
movements by producing lateral actions like pulling the epibranchials apart (abductors)
or closer together (adductors). Hyobranchial abductors and adductors are primarily
larval structures and are intended to open or close the gill slits. Most of them are lost in
the course of development. Hyobranchial stabilizers anchor the branchial tips to
enable direct transmission of force. The levatores arcuum branchiorum muscles (LAB),
which are drafted in the scheme B of Fig. 1, exemplify such hyobranchial stabilizers.
Generally, they are resorbed at metamorphosis and will not be further examined within
this study. Finally, there are transversally oriented muscles that assist in the feeding
process by restricting the guttural area and the mouth cavity, and are thus referred as

throat muscles.

The muscles of the neck are also taken into account, since they produce the
dorsoventral and lateral movements of the head, which direct the gape and aid in prey
manipulation. Not least, swallowing of the prey is supported by reflexion of the head.

This section oughts to introduce the most important muscles assigned to these
functional groups, explaining their mechanics, their innervation patterns, and, in case
of ontogenetic changes, the functional shifts they might undergo in the development
from the larva to the adult salamandrid.

The jaw muscles consist of two antagonistic sets of muscles: the depressor and the
levators. The depressor mandibulae (DM) opens the mouth by pulling the most caudal
area of the lower jaw upwards. At the larval stage it can be divided into a depressor
mandibulae anterior and posterior, but during metamorphosis they merge and become
undistinguishable and are therefore known as the combined DM. Even if its homology
to the M. levator hyoidei of the Dipnoi is hypothesized (Edgeworth, 1935), the DM is
autapomorphic for (non-mammalian) tetrapods, due to its unique insertion on the
mandible, and overall homologous among recent amphibians (Bauer, 1997). It is
supplied by the Ramus jugularis of the seventh cranial nerve (Nervus facialis).

The levator mandibulae (Francis, 1934; LM), as implied by its name, elevates the
lower jaw, thus closing the mouth, and opposes the DM. The LM, also known as
adductor mandibulae (Luther, 1914), is divided into two main sections. The levator
mandibulae anterior, that consists of a superficial layer - superficialis (LMAS) - and a
deeper portion - profundus (LMAP) - can be distinguished from the levator mandibulae

10
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posterior (LMP). The term levator mandibulae internus for the LMA, and levator
mandibulae externus for the LMP is used by some authors (e.g. Deban & Wake,
2000), but since the LMA is obviously anterior to the LMP, the denotations of anterior
and posterior for these muscles are preferred for this study. In contrast to the DM, the
LM is already known in fish as the main mouth closing muscle (Diogo, 2008). The jaw
muscles of higher tetrapods, e.g. the masseter (Wilder, 1891) and the temporalis
(Cuvier, 1835), which are found in mammals, derive from the LM. All parts are
innervated by the trigeminal nerve (V5; mandibular branch), and assist in closing the

mouth by pulling the lower jaw up while contracting.

The muscles of the hyobranchial apparatus, which generate the main propulsive force
for hyobranchial depression and elevation respectively, are the already mentioned
rectus cervicis muscle (RC), which is also called sternohyoideus due to its anatomical
location, and its opponent, the geniohyoideus (GH). The function of these muscles in
producing hyobranchial movements has already been elucidated, but beside this
obvious assignment, these ventral elongate muscles are contributing to mouth opening
as well. The GH is also called coracomandibularis by some authors, since it
corresponds to the anterior section of the coracomandibularis known in condrichthyes
(Lauder & Shaffer, 1985). There, it is known to constitute the main mouth opening
muscle, where it is part of the coracocoarcualis muscle group, spanning from the
coracoid to the symphysis of the mandible and all other branchial arches (for review on
the function of the coracomandibularis and the sternohyoideus in fish, see Diogo,
2008).

The rectus cervicis (RC) muscles can be considered as part of the hypaxonic
musculature, as the functional anterior continuation of the rectus abdominis, from
which the deeper layer of the RC, the rectus abdominis profundus (RCP), originates
(Duellman & Trueb, 1994). Together with a contracted GH, they are able to exert
caudad-directed force on the mandible, assisting the depression of the lower jaw
(induced by the DM) by pulling back the hyobranchial apparatus, on which the GH is
inserted. In addition, the mandible and the ceratohyals are connected via the
hyomandibular ligament, a tendon attaching the posterior tips of the ceratohyals to the
posterior end of meckel’s cartilage, affecting a mouth opening along with hyobranchial
depression (Reilly & Lauder, 1990). Since they are derived from the ventral trunk
musculature, both portions of the RC are supplied by branches from each of the first
three spinal nerves, the GH by terminal branches of the XII cranial nerve (N.
hypoglossus).

11
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The muscles of the larval subarcualis rectus group (SAR) originate on the ventral
surface of the ceratohyal and span to the epibranchials, to move them towards one
each other. They pull the epibranchials medially, thus closing the gill slits prior to
suction feeding. These hyobranchial adductors are lost during metamorphosis except
SAR 1, which replaces the larval branchiohyoideus (BH), shown in scheme B of Fig. 1.
The SAR 1 is in a position to aid in hyobranchial depression by pulling the rostral end
of the ceratohyal towards the posterior tip of the epibranchial. Furthermore it will fix the
fully deflected hyobranchial apparatus in its depressed position. The SAR1 is a muscle
of the IX. cranial nerve (N. Glossopharyngeus, 1X). The subhyoideus (SH) lies partly
dorsally to the SAR1, so they are often not clearly distinguishable from each other. It
deflects the ceratohyal anteroventrally, which results in elevation of the tongue. This
function is of course of minor importance for the performance of suction feeding, but
the SH also aids in pharyngeal constriction by pulling the medial aponeurosis dorsally.
Along with the interossaquadrata (I0Q) the SH derives from the larval interhyoideus

(IH, Fig.1), thus its innervation relies on the R. jugularis (N. facialis; VII).

The genioglossus (GG) is a larval muscle, which is retained and elaborated in the
morphology of the adult salamandrids. It lies dorsal to the geniohyoideus, and shows
similarities to that muscle, considering the insertion, the orientation of the fibres and
the nervous supply, which is provided by the terminal twigs of the N. hypoglossus in
both cases. Like the GH, the GG is homologous with and derived from the
coracomandibularis of the Dipnoi (Diogo, 2008). Not least the GG fulfils a similar
function. Drawing the tongue pad toward the mandibular symphysis is a function
primarily necessary in tongue prehension and might not be significantly relevant for an
aquatic organism, employing suction feeding exclusively. Nevertheless, in this way the
GG contributes to hyobranchial elevation in the aquatic feeding newt.

The intermandibularis posterior (IMP), another muscle of the fifth nerve (R.
intermandibularis), is retained in adult morphology, while the intermandibularis anterior
(IMA) is also lost at metamorphosis. The fibres of the IMP run transversely between
the rami of the mandible, but are interrupted by a broad median aponeurosis, that
serves also as the attachment surface for the 10Q. Like mentioned above, this muscle
develops from the larval IH, that is shown in Fig. 1, and takes its place and function,
while the insertion of the 10Q shifts from the ceratohyal to the quadrate. Branches of
the R. jugularis VII innervate the I0Q. The interhyoideus posterior (IHP), also called
sphincter colli or quadrato-pectoralis (used mostly historically; e.g. by Druner, 1901;
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but also in the more recent work of Duellman & Trueb, 1994) is already distinct from
the IH in larval morphology, and widely retains its position and function in the adult
salamandrid. It shifts its insertion point from the tip of the first epibranchial to the
quadrate and the distal end of the squamosal, but is still called IHP. Like the 10Q - as
a derivate of the larval IH - it is supplied by the R jugularis VII, and may function in
branchial adduction. In addition this muscle tends to depress the head, or rather

inclines it laterally if the muscle of only one side contracts.

All three muscles raise the floor of the mouth and are in a position to constrict the
pharyngeal and buccal cavity (i.e. the hyobranchial skeleton) and therefore aid in
hyobranchial elevation, deglutition and respiration.

The dorsalis trunci (DT) is the main component of the epaxial, or dorsal trunk
musculature. Forming the bulk of dorsal muscle mass, it causes elevation and lateral
inclination of the head, dependent on innervation, which is carried out by dorsal rami of

the spinal nerves.

6. Aim of this study

To investigate suction feeding behaviour, a local aquatic newt of the family
Salamandroidea was chosen as subject of this study — Triturus dobrogicus, the
Danube crested newt.

In this study, measured and calculated variables are used to describe the individual
kinematic behaviour of each subject by comparing kinematic profiles and maximal
values of selected movements on the one hand, and to quantify absolute time- and
velocity-related values of these movement aspects on the other hand. This will be
done to detect behavioural trends and a potential assignability of these trends to either
sex or size of the animals. Furthermore, the anatomy of skeletal and muscular
structures associated with feeding is investigated by means of dissections and
additional radiological examinations. Using p-CT, three-dimensional data were gained,

and selected structures were reconstructed for 3D-visualisation.
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1. Species

The crested newt Triturus dobrogicus (Kiritzescu, 1903) along with Triturus cristatus,
Triturus carnifex and Triturus karelinii belongs to the crested newt (Triturus cristatus)
species complex (Arntzen et. al., 1999). They are widespread in Europe, but have been
declining severely in most known distribution areas (Arntzen et al., 1997).

The conservation status of Triturus dobrogicus that occurs from the Austrian Danube
floodplains up to the Danube delta and the Pannonia lowlands, is considered “vulnerable”.
Populations of this species are increasingly isolated and decline due to loss of habitats like
small temporary water bodies and wetland by conversion into arable cropland (Arntzen et
al., 1997; Ellinger & Jehle 1997, Jehle et. al., 1997). Natural environments like river
branches of the Danube with low velocity are disappearing gradually, since rivers
regulation and soil sealing is pursued progressively. The significant decline of Triturus
dobrogicus (at a rate of 30 % over 10 years) and diminishment of distribution range was
also stated at the “Convention on the Conservation of European Wildlife and Natural
Habitats” in November 2006 in Strasbourg and can be inspected on the IUCN red list of
threatened species (http://www.iucnredlist.org/details/summary/22216/0, downloaded on
October 24™, 2013).

Triturus dobrogicus is a small newt, with a narrow head and short, slender legs. The total
length in males averages 14 cm and in females up to 17,5 cm. The skin on the back and
the sides is covered with numerous small warts. The dorsal coloration is brown to black,
the belly is usually yellow to bright orange with many sharply defined, black patches. Many
small white spots appear on the sides and on the throat, which is mostly black. The tail
takes up half of the total length. When reaching sexual maturity after more than two years
(Bell, 1979), males develop a characteristic dorsal comb with an irregular jagged edge. It
begins on the forehead and stretches to the tip of the tail. Additionally, the tail in males
shows a white and blue shimmering stripe on both sides. The crest is pronounced in
breeding season, the shape of the jags change from finger-shaped to irregular over the
course of the life, and are an idicator for age (Baker & Halliday, 2000). Instead of a crest,
females frequently show a dorsal brown line, which is also visible in young animals (For
further information about Triturus dobrogicus, see Arnold, 2003).
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2. Phylogeny

Triturus is a genus within the family of the Salamandridae (true salamanders and newts),
which are incorporated in the suborder of Salamandroidea (advanced salamanders). For
more detailed information on amphibian systematics and salamander classification, see
Duellman & Trueb (1994), Frost (2006) and Wiens (2005).

Some typical features for Salamandroidea are premaxillae with long dorsal processes, that
separate the nasals, a discrete angular is absent and fused with pre-articular, the ribs are
bicapitate. Recent families of the Salamandroidea further share characteristics like internal
fertilization via spermatophores, a diploid chromosome number of 38 or less, and a
general absence of the second ceratobranchial (Duellman & Trueb, 1994).

Premaxille within the Salamandridae are paired in primitive, and fused in advanced
genera. The exoccipital, prootic and opistotic are fused and a frontosquamosal arch is
present. The columella is fused with the operculum. The teeth are pedicellate (Duellman &
Trueb, 1994).

Several slightly deviating phylogenetic trees for salamanders are found in literature, and
new ones are issued periodically. The most current ones at this time are provided by
Wiens (2005) and Frost (2006). The results of the latter are not fully concordant with the
scheme of Wiens with respect to the phylogenetic position of the Sirenidae. According to
Frost, this Taxon is grouped together with the Proteidae and constitutes the sister taxon to

the clade comprising the three families above.
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Figure 2: Phylogenetic relationship of salamanders based on combined molecular and
morphological data provided by Wiens (2005). Fossil Taxa are not included in this arrangement.

The genus Triturus has the highest number of species among all other salamandrid taxa.
The phylogenetic position of them has not yet been completely resolved, and is
extensively discussed in herpeto-taxonomy. The monophyly of Triturus had been based on
the presumed homology of morphological and behavioural characters, a view that
becomes increasingly challenged by recent molecular data.

It is suggested by many authors, that Triturus, whose phylogeny has remained
incompletely solved, is a paraphyletic, traditional arranged species assemblage rather than
a monophyletic clade, (Zajc & Arntzen 1999; Arntzen et. al., 2007). For example,
McGregor et al. (1990) present a revised scheme for Triturus taxonomy, according to
which the genus is divided into two subgenera. Steinfartz et al. (2007) made a complete
taxon sampling of all Triturus species, stating that their Bayesian analysis of mitochondrial

DNA clearly support that this genus is not monophyletic.

However, the monophyly of the Triturus cristatus superspecies within the Triturus genus is
well supported by mitochondrial DNA (Arntzen et al., 2007, Ivanovic, 2012) and confirmed
by albumin immunological data (Busack et. al., 1988). Within this crested newt complex,
direct counting of the rib-bearing vertebrae appears to be the most reliable taxonomic tool
to discriminate and identify its species, although this method cannot be applied in
hybridisation zones (Arntzen et. al., 1999).
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3. Method

Five specimens (two males, three females) of Triturus dobrogicus - purchased from local

salamandrid breeder Gunther Schultschick - were studied for this diploma thesis.

For the period of this study, the animals were accommodated in a special room of the
university building, suitable for animal keeping. A tank of the dimensions 100cm x 40 cm x
40 cm was used, and equipped with roots, moss and floating driftwood, to resemble the
natural habitat of the crested newt. A floating island of cork provided the animals with the
opportunity to leave water if required. The level of water was about two thirds of the height
of the tank. Artificial lightening was adapted to the local change of day and night, so, the
duration of lighting was adjusted according to the respective season. To approximate
natural temperature regime, neither room nor tank was acclimatized, and therefore

temperature ranged between 25°C and 15°C.

The specimens were fed every three days. Two frozen cubes of either black mosquito
larvae (Culicidae) or bloodworms (Chironomidae) were thawed in advance of feeding, and
distributed in the aquarium. Additionally, they were fed living larvae on occasion.

The specimens were measured and weighted, using scale paper and an electronic

balance.

Figure 3: Subject GRM. A laboratory dish and scale paper was used for length
measurement.
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Table 1: Length and weight measurements of the subjects. Working name includes size

and sex.

Subject Working name Length in mm Weight in g
Big female GRW 152 11,95
Intermediate female | MW 144 10,5

Small female KLW 133 6,4

Big male GRM 131 5,2

Small male KLM 108 3,6

4. Kinematic analysis

For kinematic studies, prey capture behaviour was observed in five adult specimen of
Triturus dobrogicus. The animals were filmed in lateral view within a glass cuvette of the
dimensions 30x10x20cm, that was around half filled with water. The subjects were placed
at one end of the tank, living larvae of Chironomus sp. were presented on the opposite
end. Thus, the animals were able to choose the feeding distance to the prey individually.

All videos were recorded with a Photron Fastcam-X 100 K 1024 PCI (PHOTRON JAPAN)
high-speed camera and 2 Dedocool CT3 cold-light lamps (Dedo Weigert Film, Germany).

The recordings were shot at a frame rate of 1000 frames per minute; illumination level and
focal distance were adjusted at the discretion of the investigator and the demands of the

situation.

Subsequent analyses of the recordings were conducted using Simi MatchiX (Simi Reality
Motion Systems GmbH, Germany). The videos were calibrated (1 cm line in the
background of each video) and several markers were set (see Fig. 4):

ok - rostral tip of the upper jaw

uk - rostral tip of the lower jaw

hyo - most anterior point of the copula

mw - behind the cleavage of the mouth, where the quadrate-articulate joint was assumed
prey v - point on the front tip of the prey

prey h - point on the rear tip of the prey
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® 20b 0000026137 ] EI. 20121242

Figure 4: Screenshot of a video with set markers (yellow circles). Background vertical lines are 1
cm in length and were required for calibration of the video.

Every marker represents a coordinate point that describes the position of the respective
structure in two-dimensional space, and over the course of time the positional
displacement of this structure and therefore its movement. Through these position values,
several variables, like distances, angles and velocities (change of distance in a certain

time period) were calculated using Microsoft Excel®.

Variables being of particular importance for the qualitative as well as quantitative
characterization of suction feeding behaviour are listed below:

Gape: Distance between ok and uk

Jaw angle: Angle between ok, mw, and uk.

Hyoid deflection: Calculated as height in a scalene triangle with the corners uk, mw and

hyo. Thereby, the ventro-caudal movement of the lower jaw was taken into account, and
the distance between the copula and the edge of the lower jaw (side uk-mw of the triangle)

was measured, not only the extent of ventral depression.

Suction velocity: Absolute velocity of the prey / suction stream. For calculations the

coordinate plane itself was chosen for the reference system instead of a reference point or

a marker on the animal.
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The highly flexible and elongate prey was unfurled and straightened in the current of the
waterjet before it exhibited measurable motion in only one direction — towards the gaping
mouth of the subject. In several cases, this never occurred before the prey was engulfed,
or it only happened when the front tip had already disappeared in the buccal cavity. This
left us with the only option to use the marker prey h for further calculations that was

placed on the rear tip of the prey.

In principle, all velocity values were calculated as the function of spatial change of singular
coordinate-points or shortening/lengthening of distances respectively; either over a certain

period (mean velocity values), or from frame to frame (maximal velocity values).

4. 1. Courses of movement

In a first attempt, to describe the quality of feeding act of Triturus dobrogicus, some of the
movement aspects of suction feeding were subject of detailed examination. These aspects

are:

1) The complete cycle of gape, from opening till closing of the mouth.
2) The angular displacements of the jaws in course of gape.

3) The ventro-caudal movement of the hyobranchial apparatus till reaching the point of

maximal deflection.

4) The movement of the prey towards the mouth. Prey movement curves were only used
in Fig. 8, comparing several data curves with one another.

These courses of motion were depicted graphically for every film of every specimen, and
the created curves were compared. In order to draw up progressive graphs that depict for
example the length of ok-uk distances at any point of time, Excel tables were created in
advance containing all values of the particular movement. Since the gape cycles were
different in duration and starting time and for better comparison/visualisation, the maximal
gape values of each curve were aligned, allowing the peaks to coincide.

This method of bringing maximal peaks into alignment was applied on the curves of jaw

angle and hyobranchial depression as well.
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4.2. Quantitative analysis

For quantification of measured kinematic features by statistical means, several absolute
values were determined concerning time periods of specific movements as well as their

velocities to perform a principal component analysis upon them.

The following thirteen variables were compiled:

gape cycle: total time elapsing from opening to closing of the mouth (sec)
time to max gape: time to the maximal gape of the jaw (sec)

max vel gape: maximal velocity of opening of the mouth (m/sec)

mean vel gape: mean velocity of mouth opening (m/s)

max vel close: maximal velocity of closing of the mouth (m/s)

mean vel close: mean velocity of mouth closing (m/s)

time to max hyo: time elapsing between beginning and maximal deflection of the

copula (sec)

max vel hyo: maximal velocity of hyoid deflection (m/s)

mean vel hyo: mean velocity of hyoid deflection (m/s)

time gape hyo: delay of hyobranchial depression related to jaw opening (sec)
time max gape hyo: difference between time of maximal gape and the time of

maximal deflection of the hyobranchial apparatus (sec)

max vel suction: maximal velocity of the rear end of the prey during suction
(m/s)
mean vel suction: mean velocity of the prey during suction (m/s)

Movement curves were smoothed with a fourth-order Butterworth low-pass filter before

velocity calculations were performed to eliminate extreme spikes in the curves.

Movement initiation (opening/closing of the mouth, begin of copula descent) were not
influenced by this adjustment of data, since these time points were selected deliberately
via careful inspection of the videos. Importance was attached to the points of maximal
deflection (jaws and hyoid) so that they would remain in the same spatial and temporal
positioning, and that the slopes of the curve would neither loose nor gain any additional
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overall inclination. This assured that data were not altered to the extent that the substance

of information was being corrupted.
A principal component analysis was performed using IBM SPSS Statistics 15.

Since time and velocity variables were processed together, a correlation matrix was
applied for the factor analysis to eliminate any dimension units. Afterwards scatter
diagrams were created, in which the first, second and third principal components were
compared against each other.

5. Morphology

Two of the animals were choosen for examinations of cranial and cervical anatomy,
particularly emphasizing the morphology of the bony and muscular structures mainly
responsible for generating and transmitting propulsive forces during feeding behaviour.
This was done to complement the kinematic results and to correlate the kinematic profile
of suction feeding with the underlying morphological situation of those structures.

After measurements of body characters, one of the specimens (KLW) was injected with a
lethal dose of pentobarbital into the abdominal cavity. After decapitation it was retained in
formol (4%) until radiographic investigation. Two different y-CT samples were produced,
the first one imaging only bony structures, the second one gathering the visualisation of
soft tissues, for which the probe was contrasted with an iodine compound. Subsequently,
Amira 5.4.0 was used to reconstructed important structures like the cartilaginous
components of the hyobranchial apparatus, and the muscles mainly contributing to its
depression or elevation, respectively.

In order to describe the anatomy of the head and the hyobranchial apparatus a dissection
was performed, in addition and in support of the Amira-based reconstruction of the u-CT-
samples. GRW was chosen for the additional dissection. The investigation was conducted
using a Nikon SMZ 1500 stereoscopic microscope; pictures were taken with an attached
Optocam-I.
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1. Kinematic analysis

In the analysed videos, the animal approached the prey and used suction feeding by
simultaneously rapidly opening the mouth and depressing the hyobranchial apparatus.
Hyobranchial depression generated buccal expansion and therefore a drop in pressure in
the buccal cavity, causing water and prey to flow into the mouth. Maximal values and
courses of both movements, of the opening of the mouth, and of the deflection of the hyoid
were investigated. For quantitative analyses, durations, velocities and temporal relations

between these motions were evaluated and included in a principal component analysis.

1.1. Courses of movement
Gape

The first parameter of suction feeding | paid attention to was the gape of the jaw, the
distance between the rostral tip of the upper (ok) and the lower jaw (uk), as well as the
change of this distance over the course of time.

Table 2: List of maximal values of gape and angle of the mouth, hyoid deflection and their standard
deviations.

, max gape max angle max hyo
subject
mean SD mean SD mean SD

GRW 3,547 0,676 23,079 5,723 7,404 0,546
MW 4,929 1,122 28,712 6,377 7,537 0,934
KLW 6,120 0,526 49,945 3,067 9,853 0,995
GRM 3,392 0,401 24,806 7,398 6,810 1,281
KLM 5,019 0,749 37,404 5,216 7,204 1,456

Among the female subjects KLW, the smallest of the animals, showed the widest gape, 6,1
mm on average, and with 6,8 mm the generally highest value measured in this study. The
deviation rate was considerably low with SD=0,5. In contrast the biggest female, GRW
exhibited a comparatively low gape of 3,5 mm on average, with an SD of 0,7. MW resided
in between, showing an average gape of 4,9 mm with the broadest variability of SD=1,1,
ranging from 3,8 to 6,6 mm. Arranging the maximal gape values in inclining order reveals

an inverse proportion to body size.

Male specimens also seemed to achieve greater gapes with decreasing size, GRM
exhibited an average maximal gape of 3,4, KLM 5,0 mm.
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Figure 5: Serial data curve charts of the gape of the mouth for all subjects, including the maximal
(red), minimal (blue) and average curves (green). Number indication shown in the legend of each
chart refer to the video, where the highest or lowest maximal gape value of the respective specimen
appeared. a) GRW. b) MW. ¢) KLW. d) GRM. e) KLM. f) Mean value curves in comparison.
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Deviation ranges mentioned above concern just maximal gape values and provide no
information on the course of gape. A low SD-value does not implicitly equate to a low

variability of curve shapes.

When inspecting the courses of gape, KLW (SD = 0,5) apparently showed the most
homogenous curves, although the male subject GRM had the lowest variation range of
SD=0,4, regarding the maximal gape value. However, GRM presented with curve shapes
greatly differing from each other. The same applied to the gaping behaviour of GRW
(SD=0,7), which trajectories, containing several peaks, were never constantly rising,
peaking, and then falling. KLM, despite of its second highest deviation range of the
maximal values (SD=0,8), showed somewhat homogenous movement courses, also MW,
(SD=1,1) presenting overall similar curves.

The comparison chart of the mean value curves (Fig. 5f) shows a clear separation
between the two oldest specimen (GRM, GRW; mean level at about 3mm), followed by the
two smaller ones (MW, KLM; mean level about 5mm) and the supposedly youngest

specimen KLW with the mean level at about 6mm.

Jaw angle

Considering the maximal values shown in Tab. 2, subject KLW appeared to achieve the
widest jaw angle, 50,0 degrees on average (53,8° in one video), and the lowest variation
(SD=3,1). The lowest angles were expressed by GRW and GRM (23,1° and 24,8° on
average). As in the case of gape of the jaw, the jaw angle presented by MW lied in
between the other two females (28,7°) and that of GRM (24,8°) below KLM (37,4°), again

showing the second highest value.

Angle courses closely resembled the previous gaping courses for each subject. The
curves of KLW (which also displays the lowest deviation range of SD=3,1) were again the
most similar ones, whereas GRW (SD=5,7) and GRM (SD=7,4) displayed extensive
disparities between their respective curves, and great irregularities along their courses.
Also, due to a statistical outlier (video grm9), subject GRM showed the highest deviation
for maximal jaw angle values. Like in the previous case of gape courses, subjects KLM
and MW displayed approximately homogenous curves with a deviation range in between
the others (SD KLM=5,2; SD MW=6,4).
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Figure 6: Serial data curve charts of jaw angle for all subjects, including the maximal (red), minimal
(blue) and average curves (green). Number indication shown in the legend of each chart refer to the
video, in which the highest or lowest maximal gape angle of the respective specimen appeared.

a) GRW. b) MW. c) KLW. d) GRM. e) KLM. f) Mean value curves in comparison.

26



RESULTS Kinematic Analysis

In summary, an overall similarity of behavioural motion patterns for both gape and jaw
angle movement courses was observed. The only obviously detectable difference was
determined when observing and comparing the respective mean value curve charts of
gape and jaw angle trajectories. The latter shows a clearer separation between KLM and
MW, where a far wider average jaw angle is exhibited by the smaller male (KLM = 37,4°,
MW = 28,7°), even though these subjects both gained almost the same maximal gape

values on average (KLM = 5mm, MW = 4,9 mm).

Hyoid deflection

The picture emerging from the analyses of maximal deflection values of the hyobranchial
apparatus resembled the results of the above presented maximal gape and angle values
of the specimens. The copula of the smallest female (KLW) reached the greatest distance
between the copula and the lower jaw on average (9,8 mm), followed by MW (7,5 mm) and
GRW (7,4 mm) within the female subject group. KLM exhibited a slightly higher average
maximum (7,2 mm) than GRM (6,8 mm).

Taking a view on the movement curves, | noticed that the highest degree of overall
homogeneity and similarity among all trajectories was again expressed by KLW (SD=1),
although the consistency of this particular movement did not attain the extent, in which the
curves of previously analysed gape and jaw angle were displayed. Despite the lowest
deviation range for maximal hyobranchial depression of GRW (SD=0,6), the subject
showed high variations of movement curves with subsequent spikes and irregularities in
comparison to KLW. The variance concerning the maximal deflection values (SD=0,9)
exhibited by MW is comparable to KLW, the courses of movement on the contrary were far
more varying.

GRW and MW showed tendencies to retain the depressed position of the hyoid after the
initial downward movement of the hyoid, before and long after reaching maximal
deflection, whereas the other subjects began to elevate the hyoid shortly after reaching

maximal deflection, regaining neutral position.

All curves were aligned for maximal deflection values. Due to the elongated duration of
hoyid depression in GRW and MW, and the long duration for reaching maximum distance
in the videos grwiw and mw14, the beginnings of the curves diverge widely on the
horizontal axis in Fig. 7a and 7b.
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Figure 7: Serial data curve charts of hyoid deflection for all subjects, including the maximal (red),
minimal (blue) and average curves (green). Number indication shown in the legend of each chart
refer to the video, in which the highest or lowest maximal hyoid depression value of the respective
specimen appeared. a) GRW. b) MW. c¢) KLW. d) GRM. e) KLM. f) Mean value curves in

comparison.
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KLM appeared to be the subject with the highest deviation range, concerning the maximal
values (SD=1,5). Despite of showing the highest variation in regard of maximal deflection,
KLM followed very similar movement patterns in each hyobranchial depression event,

resulting in similarly shaped curves.

GRM also showed a high deviation range of the maximal values (SD=1,3), but an overall
consistency of curve shapes, elevating the hyobranchial apparatus immediately after

reaching maximal depression distances.

The vertical sucession of the average value graphs correspond more or less to the
previous average diagrams (Fig.5f, Fig.6f). Subject GRM shows the smallest value for max
hyo on average, thus the most plain curve. Maximal hyobranchial depression values are
increasing for specimens KLM, GRW and MW, but with small distance between each

other. The curve of specimen KLW shows by far the highest peak again.

1.2. A graphical example of suction feeding

To demonstrate the temporal relations between the evaluated aspects of feeding
behaviour, representative single suction feeding events are shown in Fig. 8 for two
deliberately chosen subjects, combining the kinematic profiles of the gape of the mouth,
the deflection of the hyoid and the movement of the prey towards the mouth (as a function
of decreasing distance between the markers prey h and mw), to present all movement

courses combined in a temporal context.

Since the motion charts in Fig. 8 are thought to provide a representative scheme of suction
feeding, all movement curves were simplified by smoothing using a butterworth filter. The
starting time of the gape cycles was brought into temporal alignment. For its reliability in
reproducing smooth and consistent curves, specimen KLW was compared with specimen
GRW, which has proven to display a greater extent of variation between movement curves

of the same movement aspect.
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Figure 8: Data curves for mouth, hoybranchial and prey movements in the course of a single
suction-feeding event. Movement curves belonging to the same event are indicated by use of
either bright or dull colours. Vertical lines mark the maximal values of gape and hyobranchial
depression, horizontal connecting lines represent durations of delay periods.

a) Combined suction feeding events of the films KLW 6 and KLW 9. b) Combined suction feeding
events of the films GRW 9 and GRW 14.
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Subject KLW

The beginning of the gape occurred shortly before the descending of the hyobranchial
apparatus, apparently causing a marginal deceleration in the speed of gape, as can be
deduced from the slight depression of the otherwise rather uniform course of the gape

motion curve 6.

Both the gape and the hyoid curve were nearly congruent in their course, the starting time
of the curves hyo 6 and hyo 12 were almost identical, reflecting the low deviation range of
the delay of hyobranchial depression related to jaw opening (SD = 0,0026).

These gape curves of KLM were peaking shortly before the hyoid-depression curves,
corresponding to a deviation range of SD = 0,0019 concerning the latency period between
maximal gape and maximal hyobranchial depression.

In both cases it was observed, that maximal hyobranchial depression was reached shortly
after maximal gape, remaining in deflected position when the tips of the upper and the
lower jaw were already approaching each other. The lowered position of the copula was
held long after the mouth has been closed. By slowly returning to the neutral position, the
hyobranchial apparatus decreased the buccal volume, expelling excess water through a
narrow gape of the mouth, while the prey was retained by the teeth. Therefore, the
distance between the tips of the upper and lower jaw is always slightly greater at the end
of the gape cycle — the mouth is held ajar marginally for several seconds.

The curves of the prey did not coincide, curve prey 12 showed a lower inclination than
prey 6 at an earlier time in the feeding event, indicating a lower velocity in the beginning of

prey movement.

It is striking, that curves of both movement aspects, gaping of the mouth and hyobranchial
deflection, seem to complement each other with regard to their maximal values, within the
respective feeding event. In KLW 12, the greater value for hyobranchial depression
compensated for lesser maximal gape value, and, vice versa, the more flat curve of hyo6

demanded a greater gape of mouth.
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Subject GRW

A different picture emerged by analysing the movement curves of two suction feeding
events conducted by GRW. The gape curves did not even closely resemble each other,
they were of different length, exhibited different maximal peak values (GRW 9: 4,5 mm;
GRW 14: 2,5 mm) occurring at different times — with a difference of 14 ms — in
combination with a SD of 0,0055 for the variable time to max gape (for comparison:
KLW shows a SD = 0,0014 for this variable).

Despite a difference in starting time of 5 ms, the curves for hyobranchial depression
appeared similar, except for a delay in reaching the point of maximal deflection in hyo 14.
Accordingly, the delay period between maximal gape and maximal hyobranchial deflection
is 9 ms for GRW 9, and 36 ms for GRW 14. This shows a high variability for this time value
in GRW, that is expressed by a five times higher deviation range of SD = 0,0106 for the
variable time max gape hyo, when compared to KLW (SD = 0,0019).

Like in all other specimens, the duration of the expansive phase of hoybranchial
movement in GRW is always shorter than the gape cycle, and the hyoid reaches maximal
deflection between peak distance and ending of the gape cycle.

Despite the high values GRW exhibited for the variable time max gape hyo,
hyobranchial depression reached a maximum before the gape cycle was completed (Fig.
8b).

Unlike in KLW, the curves of the moving prey were very similar in inclination, representing

movements of constant velocity in both feeding events.

1.3. Quantitative analysis

Viewing the descriptive statistics of the individual subjects, the variability of speed-related
variables was generally higher when compared to variables expressing any kind of time
spans. This holds true especially for the variable max vel suction, where the highest
deviations were recognized (KLW: SD = 0,13; GRM : SD = 0,43 ). Additionally, these high
deviations were related to rather low values, ranging from about 0,9 m/s to 1,8 m/s.

On the other hand, a smaller variation range was detected when time-determined

variables were investigated.
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Kinematic Analysis

Table 3: Mean values and standard deviations of all subjects for time and velocity determined
variables used in quantitative analysis.

GRW MW KLW GRM KLM
subject

mean SD mean SD mean SD mean SD mean SD
gape cycle 0,0706 0,0100 | 0,0794 0,0051 | 0,0658 0,0025 | 0,0644 0,0067 | 0,0836 0,0034
gg“;e o max| 0350 0,0055 | 0,0442 0,0046 | 0,0374 0,0014 | 0,0324 0,0056 | 0,0464 0,0035
max vel gape | 0,1247 10,0500 | 0,1361 0,0588 | 0,2113 0,0374 | 0,0920 0,0283 | 0,1382 0,0232
mean vel gape | 0,0538 0,0147 | 0,0797 0,0349 | 0,1240 0,0120 | 0,0488 0,0106 | 0,0744 0,0202
max vel close | 0,1094 0,0429 | 0,1464 0,0665 | 0,2557 0,0373 | 0,0867 0,0094 | 0,1412 0,0335
mean vel close | 0,0502 0,0245 | 0,0832 0,0364 | 0,1546 0,0213 | 0,0457 0,0103 | 0,0985 0,0391
time to max hyo | 0,0428 0,0039 | 0,0412 0,0054 | 0,0372 0,0040 | 0,0380 0,0083 | 0,0542 0,0077
max vel hyo 0,2368 0,0230 | 0,2086 0,0407 | 0,3690 0,0428 | 0,2309 0,0863 | 0,1928 0,0398
mean vel hyo | 0,1340 0,0082 | 0,1204 0,0269 | 0,1975 0,0177 | 0,1434 0,0579 | 0,1035 0,0341
time gape hyo | 0,0094 0,0020 | 0,0096 0,0038 | 0,0084 0,0026 | 0,0104 0,0055 | 0,0160 0,0015
E;“Oe max gapre€ | 90172 0,0106 | 0,0066 0,0055 | 0,0082 0,0019 | 0,0160 0,0051 | 0,0226 0,0073
max vel suction | 1,3483 10,2510 | 1,7799 0,3813 | 1,5276 0,1332 | 1,0207 0,4367 | 0,9259 0,3709
Qi‘;‘ign Vel | 09129 0,1478 | 1,0871 10,1946 | 0,8841 02111 | 0,6864 0,3215 | 0,5879 0,2319
Velocity

Generally, | observed that mean velocity values showed of course a lesser range of

variation than maximal velocity values, since mean values are less prone to deviation.

Comparing the female individuals with each other, data revealed, that the animal with the
highest body mass (GRW) was precisely the one displaying the slowest movements
regarding opening and closing of the mouth. On the other hand, the smallest of the
females (KLW) achieved far higher velocities, as in case of the variables max vel gape
(0,21 m/s), mean vel gape (0,12 m/s), max vel close (0,26 m/s) and mean vel
close (0,16 m/s), which almost more than doubled the speed of GRW (0,13, 0,05, 0,11
and 0,05 m/s). The data of the intermediate subject was located between these upper and
lower values, but more closely to GRW (0,14, 0,08, 0,15 and 0,8 m/s). Regarding the
deviation ranges the smallest subject, KLW, showed the slightest variations in any aspect

of mouth-related movements. The highest SD-values were displayed by MW, while the
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biggest subject GRW ranged anywhere in between without any tendency for the upper or

the lower limit.

Generally, the descent of the copula was highly accelerated in all specimens, exhibiting
twice the speed on average than mouth opening (0,14 and 0,08 m/s respectively).
Amongst the females, the highest speeds of the copula descent were again exhibited by
KLW, concerning both maximal (0,37 m/s) as well as mean velocity values (0,18 m/s). MW
turned out to exhibit the lowest velocities among the females (0,21 and 0,12 m/s), with little
distance to GRW (0,24 and 0,13 m/s). Contrary to mouth-related movements, the biggest
subject GRW showed the slightest deviation range regarding average speed of the
hyobranchial apparatus, while the smallest, KLW, displayed a deviation range more than
twice, and the intermediate MW even more than three times as high as GRW (mean vel
hyo). Concerning the variable max vel hyo, MW and KLW showed comparable

deviation values, while GRW had the lowest variation by the factor V2 of the previous.

The male subjects overall reached velocity values lower than their female counter parts.
Especially the bigger subject, GRM, turned out to be the slowest in any aspects of mouth
movements (max vel gape 0,09 m/s, mean vel gape 0,05 m/s, max vel close 0,09
m/s, mean vel close 0,05 m/s), but concerning the velocity of descent of the
hyobranchial apparatus, it ranked in the higher middle. At the same time, it showed the
absolute lowest deviation rate amongst all subjects, regarding all mouth opening and
mouth closing values, except for max vel gape, where the smaller male KLM appeared
to have varied its movement pattern even less. Hence, subject GRM demonstrated the
slowest, but concurrently the most constant jaw moving behaviour. However, in regard of
hyoid movement, it displayed a higher variation range, the highest in maximal descent
speed, and an intermediate SD in mean velocity.

The smallest of the examined animals, KLM ranked in the higher middle field concerning
jaw velocity values, being the second (max vel gape 0,14, mean vel close 0,1 m/s) and the
third fastest (mean vel gape 0,07, max vel close 0,14m/s) respectively, with an
average deviation range. Velocities of the hyobranchial apparatus turned out to be the
lowest among all subjects (max vel hyo 0,19, mean vel hyo 0,1 m/s), again with a

variation rate ranging in the middle field.
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Time values

The subjects of highest body mass, namely GRW and MW, showed longer gape cycles
(71 and 79 ms), followed by KLW (67 ms) and GRM (64 ms). However, their cycle periods
were all exceeded by the smallest animal (KLM 84 ms).

GRW and GRM took on average approximately the same time for reaching the maximal
gape of the jaw as they did for closing the mouth (49,6% resp. 50% of the entire gape
cycle period to reach maximal gape) explaining the concurrence of the two mean velocities
for opening and closing of the jaws. The other subjects accomplished the gaping process
in a slightly longer period of the gape cycle (MW 55,7%, KLW 56,8%, KLM 55,5%), a fact
that reflected in the higher mean velocities of mouth-closing, compared to mouth-opening.

Time values displaying the delay period between the beginning time of mouth-opening and
of hyoid descent, did not differ greatly between the subjects, staying in a low range from
eight to ten milliseconds. The only thing noticeable is that one individual, namely KLM,
displayed nearly double the delay time, 16 ms.

The time values for delay between reaching maximal gape and maximal hyobranchial
depression appeared to be deviating from each other to a greater extent. MW and KLW
reached the point of maximal deflection for both structures nearly simultaneous (7 and 8
ms), followed by GRM and GRW (16 and 17 ms), again leaving behind the smallest

subject KLM, requiring the longest time of 23 ms.

Principal Component Analysis

Based upon the thirteen investigated variables a PCA was executed, providing us with
thirteen regression factors. From these, even the first explains just 41% of overall
variation. The second (19,4%) and third factor (15,6%) were also taken into account. From
the fourth factor on, all remaining factors were discarded as irrelevant for explaining overall

variance due to its very low loading of below 10%.
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Table 4: Register of the principal components, showing the percentage of explained overall
variance for each factor and for all factors combined. The first three factors exhibit accumulated
capacity for explaining 76,5% of total variance.

Component Initial Eigenvalues | Sum of squared factor scores for extraction

Total % of variance Accumulated % Total % of variance
1 5,399 41,531 41,531 5,399 41,531
2 2,527 19,442 60,973 2,527 19,442
3 2,021 15,549 76,522 2,021 15,549
4 1,236 9,508 86,030 1,236 9,508
5 ,735 5,656 91,686
6 ,322 2,475 94,161
7 ,305 2,344 96,505
8 178 1,371 97,875
9 118 ,907 98,782
10 ,093 712 99,494
11 ,042 ,324 99,818
12 ,019 ,148 99,966
13 ,004 ,034 100,000

Following the chart below, different variables are included into the three regression factors
with different weighting.

For the first component, all velocity related variables exhibit high weightings, whereas time
dependant variables show negative weightings. Regression factor 1 can therefore be

considered determinant for overall velocity.

The second principal component on the other hand is positively influenced by time related
variables, but also by those expressing speed — to a lesser degree. Variables for velocities
of gape show higher weightings than those of hyoid movements. Variables for suction
velocity are connoted highly negative.

Time-related variables contribute positively to regression factor 3, except for those
expressing delay periods. Gape velocity values appear to have a minor effect, showing
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values scarcely above or below zero, while values for suction velocity have a great positive

influence. Hyobranchial velocity values show negative weightings for this regression factor.

Table 5: Component matrix, extracted in the PCA. The weighting of the variables in the respective
factors is indicated by numerical values. According to their algebraic sign (+/-) they take positive or

negative influence on the factor.

Component

1 2 3
gape_cycle -,408 ,524 ,501
time_to_max_gape -, 127 ,598 ,638
max_vel_gape ,815 ,434 ,022
mean_vel_gape ,841 427 -,048
max_vel_close ,802 ,422 ,007
mean_vel_close ,814 ,448 ,102
time_to_max_hyo -617 ,590 17
max_vel_hyo , 769 ,077 -,437
mean_vel_hyo 774 -,109 -,424
time_gape_hyo =172 ,586 -,228
time_max_gape_hyo -,568 341 -,484
max_vel_suction ,596 -,405 ,553
mean_vel_suction ,511 -,395 ,612

Scatter plot diagrams were created, comparing factor 1 against factor 2, factor 1 against
factor 3 and factor 2 against factor 3 in three different charts.

The five feeding representations of each specimen were depicted in these charts. In
addition, the subjects were divided into coloured groups of sexes and weight classes in
Fig. 10 and 11, to detect potential separations according to these attributes.
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Scatterplots

Each individual representation constitutes the feeding event in a specific video. Its position
alongside the factor axis is influenced by the values for the variables (Tab. 3) exhibited in
the respective video, and by the weighting of these variables, included in the regression
factor.

The five feeding events of KLW displayed a discrete cluster of small dimensions. All
markings were close together and are scattered very slightly into all three factorial

dimensions.

Clusters of markings belonging to subject KLM were recognized to be discrete in Fig. 1a
and 1c, MW showed clusters without overlaps in Fig. 1b and 1c.

The clusters of GRW and GRM were overlapping each other in all three charts, seemingly
undistinguishable in their contribution patterns.

Considering the deviation ranges alongside the regression factors, it was observed that
KLW displayed the slightest distribution range regarding all three factors. GRM showed the
greatest distribution range along factor 2 and 3. Alongside factor 1 MW and KLM were
scattered more widely than GRM and GRW, which showed similar distribution patterns. In
regard of regression factor 2 and 3 circles of the subjects KLM and MW are scattered
within short range — the markings of KLW are closest along factor 2, those of MW along
factor 3 — whereas representations of GRW and GRM in particular were spread widely
apart.

For the second approach, I tried to detect possible variances that are based on the size of
the subjects. The arrangement of the animals within the groups do not reflect a linear
progression of body mass, the request has been rather to establish two groups, one
including the bigger and one the smaller subjects of each sex. The first group comprises
GRW (12 g), MW (10,5 g) and GRM (5,2 g), the second group KLW (6,4 g) and KLM (3,6
g). The representations of the subjects belonging to group big were distributed within a
slightly closer distribution range than the subjects belonging to group small in regard of
the factors 1 and 2. Alongside the geometrical axis of regression factor 3, small tends to
scatter cumulative at its base, big in the external area.

Like for the division in groups according to sex, a clear and obvious differentiation between
the groups based on body weight could not be detected.
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Figure 9: Scatterplot. Representations of feeding events are plotted between the axes of the
regression factors, calculated in the PCA. Feeding events of one particular individual are of the
same colour.

a) Diagram comparing factor 1 against factor 2.

Blue...GRM. Green...GRW. Brown...MW. Violett...KLM. Yellow...KLW.
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Figure 9: Scatterplot. Representations of feeding events are plotted between the axes of the

regression factors, calculated in the PCA. Feeding events of one particular individual are of the
same colour.

b) Diagram comparing factor 2 against factor 3.

Blue...GRM. Green...GRW. Brown...MW. Violett...KLM. Yellow...KLW.
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Figure 9: Scatterplot. Representations of feeding events are plotted between the axes of the
regression factors, calculated in the PCA. Feeding events of one particular individual are of the
same colour.

c) Diagram comparing factor 1 against factor 3.

Blue...GRM. Green...GRW. Brown...MW. Violett...KLM. Yellow...KLW.
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Figure 10: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one sex group are of the same colour.

a) Diagram comparing factor 1 against factor 2.

Blue...male. Green...female.
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Figure 10: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one sex group are of the same colour.

b) Diagram comparing factor 2 against factor 3.

Blue...male. Green...female.
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Figure 10: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one sex group are of the same colour.

c¢) Diagram comparing factor 1 against factor 3.

Blue...male. Green...female.
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Figure 11: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one body mass group are of the same colour.

a) Diagram comparing factor 1 against factor 2.

Blue...big. Green...small.
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Figure 11: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one body mass group are of the same colour.

b) Diagram comparing factor 2 against factor 3.

Blue...big. Green...small.
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Figure 11: Scatterplot. Feeding events are plotted between the axes of the regression factors,
calculated in the PCA. Feeding events of one body mass group are of the same colour.

c¢) Diagram comparing factor 1 against factor 3.

Blue...big. Green...small.
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2. Morphology

Table 6: Abbreviations of skeletal elements and muscles.

Skeletal elements

Skull
Art.
Dent.
Front.
Max
Orbsphen
Par
Parsphen
Pmax
Pro-Ex
Pt
Quad
Sgm
Vom
Hyobranchial apparatus
ant rad
BB
CB
CH
EB
Pectoral girdle
Cor

Muscles

DM
GG
GH
IHP
IMP
10Q
LM
LMA
LMP
Pect
RC
RCP
RCS
RCSL
SAR1
SH

Per

Articulate
Dentary

Frontal
Maxillae
Orbitosphenoid
Parietal
Parasphenoid
Premaxillae
Prootic-exoccipital
Pterygoid
Quadrate
Squamosal
Vomer

Anterior radial
Basibranchial; copula
Ceratobranchial
Ceratohyal
Epibranchial

Coracoid

Depressor mandibulae
Genioglossus
Geniohyoideus

Interhyoideus posterior
Intermandibularis posterior
Interossaquadrata

Levator mandibulae

Levator mandibulae anterior
Levator mandibulae posterior
Pectoral

Rectus cervicis

Rectus cervicis profundus
Rectus cervicis superficialis
Rectus cervicis superficialis lateralis
Subarcualis rectus
Subhyoideus

Pericard

Morphology
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2.1. Elements of Skull and Hyobranchial Apparatus

In this chapter, skeletal components of skull and hyobranchial apparatus of Triturus
dobrogicus are described, that carry out a specific function during suction feeding,
such as the hyobranchial apparatus as main propulsive element or the skeletal

elements of the skull, providing attachment points for the associated musculature.

Dorsally, the parietal is well defined and delimited clearly against the frontals. The
lateral border of this skull element constitutes the broad origin point for the LMA.

The squamosal and quadrate are the elements of origin for the LMP and the IHP. The

10Q inserts only on the quadrate.

The maxilla and premaxilla are fully ossified. The maxilla constitutes an incomplete
arcade with the pterygoid that appears detached and is easy to discern in Fig. 12a.
This situation is typical for Salamandridae.

The exoccipital and the components of the otic capsule (prootic and opistootic) are
fused and form one element, termed the prootic-exoccipital. It serves as attachment
point for the dorsalis trunci muscles. The DM partly originates on this skeletal element,

as on the squamosal likewise.

On the ventral side of the skull, the maxillae, premaxillae, parashenoid and vomera
form the palatinal plate, the roof of the mouth. The vomer appears as a prominent and
elongate bone lamella adjacent to the parasphenoid.

The jaw joint, consisting of the two articulating elements quadrate and articulate, is
host to the muscles 10Q and the IHP, both originating on the quadrate.

The mandible is a fused bone, consisting of the elements dentary, prearticulate and
articulate, in rostrocaudal course. The prearticulate is not entirely recognizable; the
position is indicated by a thickening of the mandible, closely anterior to the jaw
articulation. The DM inserts on the articulate, behind the jaw joint, the LMA on the
prearticulate, and the LMP broadly inserts on the prearticulate and posteriorly on the
dentary.

The IMP attaches alongside the rami of the mandible, mainly on the dentary. The GH
and the GG originate rostrally to the insertion of the IMP, to both sides of the

mandibular symphysis.
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Max

Vom

Parsphen

Dent Quad

b

Figure 12: Computer tomographic
representations of the skull of Triturus
dobrogicus (specimen KLW).

a) Dorsal view. b) Ventral view

c) Lateral view.

Art... articulate. Dent...dentary.
Front...frontal. Max...maxillae.
Orbsphen...orbitosphenoid.
Par...parietal. Parsphen...parasphenoid.
PMax...premaxillae. Pro-Ex...prootic-
exoccipital. Pt...pterygoid.
Quad...quadrate. Sgm...squamosal.
Vom...vomer.

The posterior elements of the hyobranchial apparatus are absent, the first
basibranchial (copula), the ceratohyals, the first and the second ceratobranchials and
the first epibranchials are the structures retained in adult morphology. Most of them

are completely ossified, with the following exceptions:

The posterior parts of the ceratohyals are ossified, the cartilaginous front parts reach
anterior alongside the basibranchial. In specimen KLW, the second ceratobranchials
are not entirely ossified, bony fragments are embedded in a cartilaginous matrix, in an
alternating sequence of bone and cartilage. The caudal regions of these hyobranchial
elements are cartilaginous as well in specimen GRW, but the ossification of anterior

section shows a continuous pattern without interjected cartilage.

Anterolaterally on one side of the copula, a cartilaginous appendage has been

reconstructed, apparently representing one of the anterior radials.

50



RESULTS Morphology

Cart CB2

Figure 13: Hyobranchial apparatus of Triturus dobrogicus. a)-c) Computer tomographic
representations of the hyobranchial apparatus of specimen KLW a) Ossified components in ventral
view. b) Reconstruction of associated cartilages in ventral view. ¢) Photograph of the hyobranchial
apparatus of specimen GRW. Dissected right side of the hyobranchial apparatus. The arrow points
to the transition of bone to cartilage in the second ceratobranchial.

ant rad...anterior radial. BB1...first basibranchial; copula. Cart BB1...cartilage associated with the
first basibranchial. Cart CB2... cartilage associated with the second ceratobranchial. Cart CH...
cartilage associated with the ceratohyal. CB1...first ceratobranchial. CB2...second ceratobranchial.
CH...ceratohyal. EB1.. first epibranchial.
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2.2. Muscles of the Head

The DM opens the mouth by exerting force on the posterior elements of the lower jaw,
pulling in dorsal direction. It originates on the posterial edge of the squamosal and the
crista muscularis of the otic capsule and inserts on Meckel's cartilage, which is

ossified as the articulate, behind the jaw joint. The muscle shows a triangular shape.

The LM pulls the lower jaw upwards antagonistically to the DM. The LMA arises from
the lateral borders of the parietal and crosses the otic region, to insert anterior to the
jaw articulation, primarily on the prearticulate, but also on the dentary of the lower jaw.
Compared to the DM, it shows a more narrow shape, and is of greater length. The
LMP originates on the quadrate and the squamosal, and inserts on the articulate
element. The fibres of both the LMA and the LMP are oriented nearly horizontally —
except for the more vertical fibres of the deeper portion of the LMA, which is covered
by the superficial layer and thus not shown in this photo. The pulling direction of the
LM describes a 45° angle to the lower jaw. The LM represents a pennate muscle, the
orientation of the fibres is not congruent with its pulling direction. The physiological
cutting plane (perpendicular to the muscle fibres) has a larger surface than the
anatomical cutting plane (perpendicular to tendon, thus pulling direction). Due to the
angle, more contractile fibrillae are inserted on the tendon, thus the muscle is able to
exert greater contractile force (Schinke et al., 2005).

The vertical fibre orientation of the DM corresponds to its vertical pulling direction.
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a

Figure 14: The main muscles of the jaw of Triturus dobrogicus in lateral view. Arrows indicate
pulling direction. a) DM highlighted
DM...depressor mandibulae.

53



RESULTS Morphology

b

Figure 14: The main muscles of the jaw of Triturus dobrogicus in lateral view. Arrows indicate
pulling direction. b) LM muscles highlighted, DM removed. Blue line indicates orientation of the

fibres.
LMA...levator mandibulae anterior. LMP...levator mandibulae posterior.

The GH consists of a strong longitudinal muscle that runs dorsally to the IMP and
10Q, originating on the inner edge of the mandibles near the symphysis. The left and
the right GH remain distinct from each other over most of their length, but some fibres
are mingling along the anterior third of the muscle, near the origin. A very narrow
lateral part of very few fibres seems to insert on the RCS, whereas almost the whole
width of the GH is inserted above the pericard in GRW. Analysis of uCT data reveals
that the fibres of the GH vanish gradually over a distance of about less than a
millimetre. Figure 15 shows different views of yCT data in transverse plane, illustrating
the course of the GH till its disappearance. Since the uCT investigation was carried
out with a section thickness of 12 micrometres, the distance over which the GH has

completely disappeared could be calculated, and amounts to about 0,8 mm.
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b

Figure 15: Transversal views of yCT data of Triturus dobrogicus, illustrating the progressive
disappearance of the GH. The first frame is depicted as a whole, to estimate the position of the
muscle within cross-section. Frames b), ¢) and d) were cropped, since the region of interest is
the GH in anterior-posterior course, shown in the lower section of the image. The distance
between each frame is about 500 um a) The GH presents with a diameter that is maintained
constantly over the bigger part of total length. b) The cross-section area of the GH is reduced
and partly separating.

Violet: common RC. Blue: RCP. Green: RCS. Red: GH.
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d

Figure 15: Transversal views of uCT data of Triturus dobrogicus, illustrating the progressive
disappearance of the GH. The first frame is depicted as a whole, to estimate the position of the
muscle within cross-section. Frames b), ¢) and d) were cropped, since the region of interest is
the GH in anterior-posterior course, shown in the lower section of the image. The distance
between each frame is about 500 uym. ¢) The remaining muscle fibres form islets, surrounded
by connective tissue. d) The GH has disappeared completely. The yellow circled areal includes
no identifiable muscle fibres. The pericard is located posteriorly to the yellow-circled area.
Violet: common RC. Blue: RCP. Green: RCS. Red: GH.

As indicated in the introduction, the RC as a whole represents the anterior
continuation of the rectus abdominis and is divided into a superficial and a deeper
portion (profundus). Both can be described as broad sheets of muscle tissues,
stretching from their insertion area — the dorsomedial and lateral margin of the
basibranchial — to the sternum, running backwards dorsal to the cartilaginous coracoid
and ventral to the pericardium.

From the insertion point both strata run parallel in posterior direction, with the RCS
covering the RCP. At about the point of insertion of the GH the RC furcates and both

layers depart from each other, with the RCS running mesioventrally towards the
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sternum and the RCP running laterally, to be continued as the rectus abdominis
profundus. For this reason it seems curious to assign an exact point of origin to the
RCP. The point of separation, where the RCS becomes distinguishable from the RCP
in ventral view, will be referred to as the bifurcation point of the RC.

In specimen GRW, an additional third portion of RC muscle fibres departs laterally
from the bifurcation point. Since it apparently constitutes a further furcation of the

RCS, branching off from this muscle at the same level alongside the dorsoventral

axis, it is called rectus cervicis superficialis lateralis (RCSL).

’ 4 -

Figure 16: Ventral view on the superficial hyobranchial muscles of Triturus dobrogicus. a) GH,
pulled up with a dissecting needle to identify origin and insertion area. The red circle indicates
the anterior region of interchanging fibres from both bilateral portions of the GH. The red line
implies the position of the coracoid.

C.Cor...cartilaginous coracoid. GH...geniohyoideus.
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Figure 16: Ventral view on the superficial hyobranchial muscles of Triturus dobrogicus. b)
Portions of RC; arrows indicate the course of RCP and RCS posterior to the bifurcation point of
the RC. GH has been removed.

C.Cor...cartilaginous coracoid. RCP...rectus cervicis profundus. RCS...rectus cervicis
superficialis.
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Cc

Figure 16: Ventral view on the superficial hyobranchial muscles of Triturus dobrogicus. c)
insertion area of the GH near the pericard, indicated by the red bracket. The most lateral fibres
seem to merge with RC. The semi-transparent line indicates the bifurcation point of the RC.
Departing from this area the third portion (RCSL) runs laterally.

GH...geniohyoideus. Per...pericard. RCP...rectus cervicis profundus. RCS...rectus cervicis
superficialis. RCSL...rectus cervicis superficialis lateralis.

Additionally, the GH and the RC in specimen KLW were reconstructed using Amira. In
course of perusal of the yCT data an unusual — apparently artificial — location of the

RC-complex was revealed.

Alongside the longitudinal axis, the left and the right bifurcation point were displaced
in anterior direction in varying degrees. Furthermore the course of the muscles has
shifted to the left side.
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Figure 17: CT-Reconstruction of skull and
Hyobranchial apparatus of Triturus dobrogicus
with main hyoid muscles coloured.

a) lateral view. b) ventral view. ¢) RC-complex in
ventral view, GH removed from reconstruction.
GH...geniohyoideus. RC...the common rectus
cervicis. RCS...rectus cervicis superficialis.
RCP...rectus cervicis profundus.

Normally, the position of the bifurcation point of the RC is supposed to reside on equal
height alongside the rostrocaudal axis on both sides of the body, as shown in Fig.
16¢. However, in the reconstruction of the hyobranchial muscles of specimen KLW,
the bifurcation point of the right RC has shifted rostrad, representing a situation that
has to be regarded an artefact.

Fig. 18 shows two transversal sections of uyCT data, through the middle of the
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basibranchial and through the pectoral girdle. In Fig. 18a the RC is represented as
one undivided RC to both sides of the copula. Fig. 18b reveals considerable
differences between the left and the right RC, considering their separation extent. The
left RC still presents itself as one common muscle, whereas the right part has
separated in two distinct layers, apparently having passed the bifurcation point of the
common RC (that is located anteriorly, in the beholders direction).

a

Figure 18: Cross-section of the RC of Triturus dobrogicus (specimen KLW) at different
positions alongside the longitudinal axis. a) RC near the middle of the copula.
Violet: common RC.

61



RESULTS Morphology

b

Figure 18: Cross-section of the RC of Triturus dobrogicus (specimen KLW) at different
positions alongside the longitudinal axis. b) RC in the region of the pectoral girdle.

Violet: common RC. Blue: RCP. Green: RCS.

The SAR1 originates on the ventral surface near the anterior border ceratohyal,
running parallel to this cartilage on its ventral side and inserts on the dorsal side of the
posterior end of the first epibranchial. The fibres radiate around this epibranchial tip

and enclose it, thus forming a muscular bulb.

Similar in appearance, the SH originates at the posterior end of the ceratohyal and
forms a muscular cup around this structure but inserts on the medial aponeurosis
together with the IMP, the I0Q and minor parts of the IHP. Since both the SH and the
SAR muscles run parallel to the ceratohyal, they are not clearly distinguishable (Fig.
19a).
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Originating on the mandibular symphysis dorsal to the GH, the GG fans out into the
tongue pad. After removing the IMP, the GH and the ceratohyal, the GG is a strong
trapezoidal-shaped muscle, narrowing only slightly in posterior direction and still being
extensively wide on the posterior end. Some fibres seem to insert on the rostro-lateral
edge of the cartilaginous ceratohyal.

a

Figure 19: Ventral view of the hyobranchial apparatus of Triturus dobrogicus. a) SAR1 and SH
muscles.

SARH1...subarcualis rectus. SH...subhyoideus.
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Figure 19: Ventral view of the hyobranchial apparatus of Triturus dobrogicus. b) GG after

removal of ceratohyal. The red line traces the edge of the GG.
GG...genioglossus.

The broad aponeurosis of the floor of the mouth (IMP) serves as insertion region for
the throat muscles I0Q and IHP. The IMP is a transversally oriented muscular sheet,
which lies directly underneath the skin. The fibres originate on the medial aponeurosis
and insert on the rami of the mandible, mainly the dentary and the prearticulate,

constricting the pharyngeal cavity on activation.

The 10Q originates on the quadrate, from where it emanates fan-wise to attach on the

medial aponeurosis.

The IHP lies ventrally to the 10Q, spreading out from the quadrate. The strong tendon
of this origin point forms a capsule around the jaw articulation. Being slightly fan-
shaped, some of the anterior fibres run more transversally to be inserted on the
medial aponeurosis. The posterior portion forms the bulk of this muscle, runs caudo-
mesially, and inserts on the fascia of the pectoral muscle.
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Figure 20: The throat muscles of Triturus dobrogicus. a) Overview (medial aponeurosis
removed). The grey area indicates the region of the aponeurosis. The red lines imply the
residues of the IMP and the 10Q and the location of the pectoral muscle. The muscles are
located between the lines, tracing the muscle edges.

IHP...interhyoideus  posterior. IMP...intermandibularis posterior. 10Q...interossaquadrata.
Pect...pectoral muscle.

65



RESULTS Morphology

b

Figure 20: The throat muscles of Triturus dobrogicus. b) IHP in full length, including the insertion
on the jaw joint. The red line indicates fibres of the IHP running towards the medial aponeurosis.
IHP...interhyoideus posterior. I0Q...interossaquadrata.
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DISCUSSION

1. Kinematics

All specimens of Triturus dobrogicus show the typical pattern of aquatic suction feeding.
They create lower pressure compared to the surrounding medium within the buccal cavity
by depression of the hyobranchial apparatus, thus carrying the prey item into the mouth
along with a stream of water. In all feeding events the hyobranchial depression continues
beyond the gape cycle, as described for amphibians (Deban & Wake, 2000; Reilly &
Lauder, 1992), and for other suction feeding taxa like teleosts (Gillis & Lauder, 1995) and
turtles (Lauder & Prendergast, 1992). The kinematics of prey capture in both salamanders
and fish are very similar, as a result of hydrodynamic constraints (Lauder & Shaffer, 1992).

1.1. Maximal values and courses of movement

Gape. The gape is expressed in an almost bell shaped curve, although the time required
for the lower jaw to reach full deflection is slightly longer than for closing the mouth (54%
of the entire gape cycle period is used for reaching maximal gape on average). My
observations regarding the relative durations of expansive (opening) and compressive
(closing the jaws) phases within the gape cycle are not concordant with Lauder (1985).
They found out that for salamanders the amount of time for closing the mouth after full
peak takes slightly longer relative to mouth opening.

Compared the investigated specimens with each other, they can be arranged for
increasing maximal gape values in the order GRM — GRW — MW — KLM — KLW. This trend
towards achieving greater gape values in negative proportion to body size becomes more
obvious when specimens are devided into two groups with regard to their sex, within both
the sequences GRW — MW — KLW, and GRM — KLM.

It should be kept in mind, that this order is based on average values, and does not involve
minimal or maximal distances of gape, thus not showing the high degree of variation
expressed in some of the specimen. Maximal gape curves in Fig. 5 illustrate that specimen
exhibiting lesser average gape values (e.g. MW, GRW) are capable of achieving greater
gapes as well, but simply do not exploit their full potential for each feeding event. They
show higher deviation values than smaller animals (KLM, GRM), and therefore much
higher variability than the specimen with the greatest gape values (KLW).

67



DISCUSSION Kinematics

Jaw angle. The close relationship between gape distance and gape angle might be
considered obvious at first sight. But since specimens of significantly varying body
dimensions were investigated, the magnitude of gape constitutes a mere function of

overall size.

In general, when creating motion profiles for feeding behaviour, the variable jaw angle
can be introduced to eliminate the effect of “body size” on the presentation of jaw motion

performance.

Assuming that the specimens used in this study differ only in size but have the same
geometrical proportions in regard of all body parts, | expected that smaller animals, which
already exhibit greater gape values than those of greater size, would stand out even more
prominently by showing significantly greater gape angles, due to their supposed smaller
skulls. In this way, both male specimens, constituting the smallest subjects in my sample,

would possibly move closer together in the sequence of subjects mentioned above.

Comparing the charts of mean value curves for both variables in Fig. 5f and 6f, it is clearly
visible that the curves in Fig. 6f, especially those of MW and KLM, appear more separated,
each clearly distinct from the other.

The succession of specimens arranged according to increasing jaw angle shows GRW —
GRM — MW — KLM — KLW. According to my expectations the small specimen GRM has
shifted its position to the right in the spectrum of this succession, exhibiting a greater jaw
angle than GRW, whereas the maximal gape distance of GRW is greater than the maximal
gape of GRM, yet only to a small extent.

Hyobranchial deflection. The depression of the hyobranchial apparatus in Triturus
dobrogicus occurs slightly after the beginning gape cycle, in accordance with Deban &
Wake (2000). Maximal hyobranchial deflection is reached after maximum gape,
representing a kinematic characteristic, shared by many aquatic vertebrates like teleosts
(Lauder, 1980b) and dipnoans (Bemis, 1986; Bemis & Lauder, 1986). Hyobranchial
depression occurs in one rapid movement, the duration of this expansive phase is always
and by a multiple shorter (by 8-10 times) than the slow and gradual elevation of the
copula. | found the ratio of durations of about for hyoid depression relative to the duration
for the hyoid regaining neutral position being similar to that described for ambystomatids,
of about 1:10 (Reilly & Lauder, 1990).

According to Deban & Wake (2000), mouth opening occurs much more rapidly than
hyobranchial depression, which constitutes the typical pattern of suction feeding.
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Accordingly, Deban & Marks (2002) emphasise the much greater velocity of mouth
opening, compared to hyobranchial depression in plethodontid salamanders. However, in
Triturus dobrogicus the deflection of the copula is highly accelerated, exhibiting twice the
speed on average than mouth opening (0,14 and 0,08 m/s respectively). A possible reason
for this apparant contradiction might lie in the modalities of measurement, | used for
hyobranchial depression. My description of hyobranchial movement was not confined to
the transversal plane. Instead of measuring only the extent of ventral distance, the ventro-
caudal deflection of the hyoid was evaluated. The deflection distance of the copula was
measured perpendicular to the line between the markers uk and mw, the edge of the
dentals, thus taking the displacement of the lower jaw into account. | felt that this way of
measuring the relative distance between the hyobranchial apparatus and the lower jaw
would capture the nature of the actual movement best, that is not only directed ventrally,
but caudally as well. Of course, this mode of measuring hyobranchial deflection provided
me with much higher distances and velocities, which cannot be compared with those
reported in literature.

Similar to the previous movement aspects, the maximal values for hyobranchial
depression scale in reverse proportion to body size in each sex. The order of specimens
for increasing maximal deflection of the copula is presented as GRM — KLM — GRW — MW
— KLW. When devided into groups based on sex, the resulting sequences GRW — MW —
KLW, and GRM - KLM show that in each group smaller subjects exhibit greater
hyobranchial depression values than bigger ones.

But quite contrary to jaw motions, the highest variability for movements of the hyobranchial
apparatus can be found in smaller specimens, showing the highest deviations for the
variable max hyo. In fact, inrceasing SD-values for this variable are strictly reflected in
decreasing body size of the specimens. GRW exhibits the lowest, KLM the highest
variance for maximal hyobranchial depression, although the movement curves for the
biggest specimens GRW and MW again seem to express the most inconsistency and
inhomogeneity along their courses.

1.2. Kinematic profiles in spatial relation
Hyobranchial depression is mainly responsible for expanding the buccal cavity, thus

creating suction. Little is known about the contribution of accelerated mouth opening to a

generation of low pressure for suction feeding (Heiss et. al., 2013). Nevertheless, | could
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observe on several occasions that within one feeding event a minor hyobranchial
depression was compensated by a more pronounced gape and vice versa, showing a
tendency for both of these feeding movement aspects to complement each other. This
conjunction of intensities between both movements seems clearly evident when observing
Fig. 8.

The ability to sufficiently create low pressure for suction feeding just by accelerated mouth
opening has been reported recently for the Chinese giant salamander (Andrias
davidianus). The modified suction mechanism employed by this animal does not rely on
hyobranchial depression, since rapid separation of the surfaces, formed by the broad and
long upper and lower jaws, is exclusively responsible for the acceleration of the water
stream towards the mouth. Hyobranchial depression, occurring after the gape, does not
contribute any further to suction velocity in Andrias davidianus, as concluded by kinematic
data (Heiss et. al., 2013). This alternative mode of generating suction is hypothesized to
be primitive for salamanders. Although the main propulsive force for acceleration of prey is
created from hyobranchial depression in Triturus dobrogicus, it is supported by my
observations that a contribution of jaw motion to suction force seems likely, for this species

as well.

1.3. Movement durations

By measuring gape cycles in various plethodontid salamanders and comparing these
results to cycles of other families of the Salamandroidea, Deban & Marks (2002) showed a
direct correlation between gape cycle periods and body size. In accordance with these
results, Deban & O’Reilly (2005) reported that the duration of feeding movements gape
cycle and hyobranchial depression scale in direct proportion to linearly increasing length,
in the nearly geometrically growing hellbender salamander (Cryptobranchus
alleganiensis). These conclusions of the previous authors seem to meet the assumptions
of Hill's model of positive correlation between feeding movement duration and body length
(Hill, 1950).

In my study, | could recognize a clear indication of movement durations lengthening with
increasing size of the specimens for most movements. However, close observation of
table 3 reveals that the smallest subject, KLM, requires the longest periods of time
regarding gape cycle, the duration to reaching maximal gape, and maximal hyobranchial
depression. In case of this specimen, the generally poor condition and health of the animal
has to be considered. Being only two thirds of length and one third of weight compared to
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GRW, it appeared generally weak, inactive and expressed poor prey-aiming capabilities.
Since this subject represents an outlier for the durations of all movements, it is not taken

into consideration in the following discussion of these motion periods.

Summarizing and arranging the specimens in regard of increasing period lengths of
movement aspects, the following succession emerges, based on the values shown in table
3:

For the gape cycle: GRM — KLW — GRW — MW; regarding the duration for reaching
maximal hyobranchial depression: KLW — GRM — MW — GRW; regarding the duration for
reaching maximal gape: GRM — GRW — KLW — MW.

Hence, complying with Hill's prediction, the time required for the gape cycle is increased
with increasing body length — with the exception of KLM. However, MW shows a slightly
longer gape cycle than GRW but this change in succession might be considered
negligible, since length and weight of those two subjects were closer together in value,
whereas the other specimens differ more noticeably in body characteristics (GRW: length
152 mm, weight 11,9g; MW: length 144mm, weight 10,59).

Hil's scheme can be applied only in a limited way to the sequence of specimens,
expressing the order for increasing durations for reaching maximal hyobranchial
depression. Amongst the females, a lengthening of this period with increasing size is true,
but GRM shows a greater duration for this movement than KLW, despite being of lesser

size.

However, in regard of time for reaching maximal gape, there is no tendency for scaling
proportional to increasing body size. The sequence of specimen rather appears
disarranged and random, apart from the position of GRM, the smallest specimen in this
arrangement, exhibiting the shortest movement periods.

1.4. Stereotypy

Stereotypy of feeding behaviour is considered the invariance of procedure in prey capture
from initiation to completion, and the inability to modulate this behaviour (Reilly, 1995). The
research conducted on this issue is vast, still there is no universal terminology that
incorporates the various sources of variability and communicates their biological

significance (Wainwright et al., 2008).

For example, Reilly (1995) examined the ontogenetic variability in feeding behaviour in
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different life stages of Salamandra salamandra, Lauder & Shaffer (1988) investigated
motor pattern conservatism during metamorphosis in the tiger salamander (Ambystoma
tigrinurn) via electromyographic measures of muscle activity. Van Wassenbergh et al.
(2006) compared the variabilities in prey capture kinematics between four different clariid
species. Shaffer & Lauder (1985) researched on the ability of ambystomatid salamanders
to modify behaviour in response to different prey types. Elwood & Cundall (1994) also
used different prey types and observed high variability in suction movements of
Cryptobranchus alleganiensis, Erdman & Cundall (1984) in Amphiuma tridactylum.
Although a variance of behaviour induced by changes of the experimental setup or
stimulus might be considered flexibility rather than stereotypy (Grigsby, 2009).

When describing stereotyped feeding, all these authors refer to a pattern of low variation in
behaviour in some way, but of course interpret these patterns differently.

Wainwright et. al. (2008) defined stereotypy as the degree of variance in behaviour under
constant, laboratory conditions. Therefore, measuring behavioural variability by comparing
feeding between prey types, like conducted by researchers mentioned above, does not
meet the requirements defined in Wainwright’s proposition.

To correspond to Wainwright’s proposition, the five specimens of Triturus dobrogicus used
in this study were held under constant conditions, regarding keeping and feeding. To give
the animals the chance to adapt their feeding behaviour to moving and, to small extent,
elusive prey, they were fed living larvae occasionally in advance of filming. During filming,
the same filming cuvette and light conditions were used in every session, the prey was

never changed and was presented always in the same manner.

Gape. When trying to evaluate the stereotypy of feeding behaviour as the extent of
variance in performance, it is more insightful to take a closer look at the movement curves
of gape in Figs. 5, 6 and 7 than to focus on deviation ranges of maximal gape values.
These SD-values concern only one position, the maximal gape distance, and provide no
information on the course of gape, hence the shape of the curve. For example, the
movement curves for specimen KLW, shown in Fig. 5¢c show a high degree of
homogeneity and consistency, depicting the ideal bell-shaped curve described in literature.
Coincidentally, KLW also exhibits the second lowest deviation for max gape (SD = 0,53),
but its value is in between GRW and GRM (SD = 0,67; SD = 0,40). Both of these
specimens show curves that are very irregular and include several peaks, once again
underlining that deviation range values of maximal gape distance reveal nothing about

behavioural consistency, when defined as invariant course of performance.
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In general the highest degree of stereotypy is demonstrated by the smaller specimen,
KLW and KLM, the lowest by the bigger specimens of each sex, GRW and GRM, with MW
somewhere in between. This progression of behavioural variance detected in the
specimens of course does not reflect their actual succession of body weight; the factor sex
has to be taken into consideration as well.

Hyobranchial deflection. As for hyobranchial depression, the smaller specimens show the
disposition to repeatedly reproduce highly similar shapes of movement curves. Specimen
KLW, KLM and GRM follow the movement pattern described in literature, a rapidly
accelerated descent of the hyobranchial apparatus, continuing till the most ventral position
of deflection followed by a slow gradually elevation of the copula, regaining the neutral
position. In the bigger specimens GRW and MW, the initially quick descending hyoid
appears to decelerate sharply in some feeding events, before reaching its maximal
depression, as is shown for example in Fig. 8b for the curve of hyo 14. This occasional
occurrence of slowing down the motion of the hyobranchial apparatus before reaching
maximal distance is reflected in average velocities of this movement, that are lower than in
subject KLW and GRM. In contrast, the maximal velocity of hyoid depression in GRM is
higher than in MW, and roughly equal with GRW.

Again, due to the high repeatability of consistent curves, KLW is considered highly
stereotyped the for this movement pattern. GRM and KLM show a slightly higher degree of
variability, GRW and MW even more.

Suction velocity. Wainwright & Day (2007) demonstrated that a small prey item, floating
freely in the water column, moves like it is a particle in the fluid, with the exact speed of the
surrounding medium. Provided that the prey shows no escape response, or is strongly
attached to the substrate — what can be excluded in case of the bloodworms — the velocity
of the prey is equivalent to the velocity of the generated suction stream (Van Wassenbergh
& Aerts, 2009, Wainwright & Day, 2007). When looking closely at Fig. 8a, it is discovered
that the movement curves of gape and hyoid depression of subject KLW are in both
feeding events equal to a large extent, whereas the curves of the prey, being sucked
towards the mouth differ in inclination. Varying inclination angles of the prey curves
indicate differences in speed of the prey, hence different velocities of suction flow in both

feeding events.

In contrast to the small female the movement curves of GRW show a higher degree of
variance, especially for the gape curve and the beginning of the hyoid movements in
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relation to the gape cycle. The curves of the prey show, in contrast to KLW, a similar
inclination, despite the different timing. The ability of GRW to create constant suction
velocity is also evident from the lower deviation range of the average suction velocity (0,91
m/s) of SD = 0,14, compared to KLW (mean vel suction = 0,88 m/s; SD = 0,21).

Apparently specimen GRW is able to respond to slightly changed circumstances by
varying its distance to the prey item. A lateral displacement of the prey or an oblique or
inclined position of the body in relation to the prey are compensated with alterations of

behaviour, still resulting in successful prey capture.

Contrary to the variations of behaviour, as demonstrated by the big female, specimen KLW
reproduces very similar shaped and coordinated movement patterns, but producing
varying amounts of suction force in both feeding events, as can be deduced from the
different shapes of the prey-curves. It seems that this specimen is highly stereotyped in its
behaviour, and tends to perform every movement reaching to the limits of its physiological
and anatomical capacity. The intensities and the timing of the movement aspects are
designed to generate maximum flow of water into the mouth, regardless of necessity and
the demands of the situation in the particular feeding event. It seems not to be able to
modify its behaviour according to the actual circumstances.

Principal component analysis. Apart from these specific surveys of discrete feeding
events, we can qualify stereotypy and variance for all specimens when inspecting the
results of the PCA. The scatterplot diagrams, depicting previously extracted factors against
each other, are not suitable to express statistical significance of any kind, but depict
interrelations of — in this case — behavioural aspects among themselves, and are open to
any interpretation. Usually, scatter plots are used to identify patterns of discrimination
between individuals or groups of individuals. However, a separation of the individuals into
distinct groups could not be achieved. The representations of the specimens do not show
discrete clusters for each subject, but are widely distributed along the factors and have

large overlapping areas.

Nevertheless, the diameter of the distribution pattern of each individual is an indication for
overall variance, showing a high degree of behavioural variability for GRM, followed by
GRW. The extent of variance for subject MW is below that of the previous; the behaviour
of KLM is slightly less variable. It has already been demonstrated that specimen KLW
shows the lowest variance and the highest degree of stereotypy for all movement curves,
which was also confirmed for all the three chosen dimensions of the PCA, and therefore
for time- and velocity-related variables.
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2. Morphology

The morphological situation of most skeletal and muscular structures of Triturus
dobrogicus is generally consistent with typical salamandrid morphology described in
literature (for review see Deban & Wake 2000). However, minor and moderate

deviations were detected and are discussed below.

2.1. Hyobranchial apparatus

During metamorphosis of salamanders, the reduction of posterior branchial arch
elements is common (Duellman & Trueb, 1994). In these metamorphosing taxa,
elements of the first two branchial arches are retained (Deban & Wake, 2000). In
Triturus dobrogicus, like in the majority of salamanders, the first epibranchial is the
remaining distal element that articulates with the first and second ceratobranchial. In
contrast to the elements of the skull, the transformation of the hyobranchial apparatus
occurs abrupt (Rose, 1996), since this apparatus is a prerequisite for a correct

function of the adult feeding apparatus.

In aquatic feeding salamandrids, almost the entire hyobranchial apparatus ossifies,
with just the rostral portion of the ceratohyal remaining cartilaginous (Deban & Wake,
2000), since they employ suction feeding and have to rely on resilient structures
resisting mechanical forces exerted on the hyobranchial apparatus during this mode
of prey capture (see Wainwright & Day, 2007). On the contrary, terrestrial feeding
species tend to exhibit less extensive ossifications of the hyobranchial skeleton (for
review see Deban & Wake, 2000; Ozeti & Wake 1969).

Accordingly, the hyobranchial apparatus of Triturus dobrogicus is very robust and
ossified, a condition common for all suction feeding salamanders (Deban, 2002). The
distinctly separated first cerato- and epibranchials form strong elements, since they
constitute the posterior vertical components of the interconnected hyobranchial lever
system. The second ceratobranchials are weaker and partly cartilaginous. They reside
medially to the first ceratobranchials and are connected to the copula rostrally, and to

the articulation between the first cerato- and epibranchials caudally.

The second ceratobranchials are partially ossified, with bone and cartilage alternating
(Fig. 13) in KLW. In GRW these hyobranchial elements also show cartilage, but are

on both sides characterized by a relatively significant border of ossification, in which
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bone and cartilage converge (see Fig. 13d). Additionally, concerning the percentage
of ossification, the second ceratobranchialia in GRW are ossified to a higher extent
than in KLW.

The entire body of the basibranchial is bony, except for the most anterior tip, the apex,
which is still cartilaginous in p-CT reconstruction. Against expectation, only one horn
of the supposed pair of anterior radials was found in specimen KLW. According to
Ozeti & Wake (1969), in Triturus, possessing only a single pair, these cartilaginous
radii are the shortest amongst urodeles (together with Notophthalmus and
Paramesotriton), but still exhibit 12% of basibranchial length. In subject KLW, only
very small residues of the anterior radii could be found.

The anterior radii appear early in metamorphosis, while the hypohyals are still present
(Bogoljubsky, 1924). But it was inconclusive to me how much time these anlagen
would require to reach their destined length. | found no reference in literature of one
unilateral element of the radii being completely missing.

The degree of ceratohyal ossification is about 60% in Triturus cristatus (Ozeti & Wake,
1969). Although areal measurements of the ceratohyals based on landmarks were not
conducted, it can be estimated that approximately two thirds of total length appear to
be ossified in the reconstructed ceratobranchial (Fig. 13b, c) of specimen KLW, as
well as in GRW. Therefore the amount of ossification is in accordance with the

previous mentioned authors.

2.2. Musculus rectus cervicis

In all salamandrids, the rectus cervicis as a whole forms a direct forward continuation
of the rectus abdominis, with regard to function and anatomy. Since the RCS
originates on the sternum, the RCP, by analogy with the superficial stratum, is also
regarded as originating at about the level of the sternum. Posterior to that point, it
bears the term rectus abdominis. Both layers of the RC are attached to the
basibranchial, the RCP dorsally, on the apex of the copula, inserting into the
substance of the tongue pad in some taxa, whereas the RCS inserts ventrally at the
copula, at the angle formed by the basibranchial and the first ceratobranchials, on the
tendon of insertion of the RCP and — if present — the urohyal (Francis, 1934; Duellman
& Trueb, 1994). According to these authors, both layers are separate muscle sheets
over their entire length, and become even more distinct during metamorphosis (Deban
& Wake, 2000).
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In the current species, by analizing yCT data, both layers of the RC appear merged
over the distance between their insertion and the point of RC bifurcation. Figure 18a
shows a cross-section of yCT data through the center of the copula. Since the lateral
fibres of the RCS insert on the tendon of the RCP, these portions of the RCS should
be visible in this picture. Instead, the RC in Fig. 18a, as well as the left RC in Fig. 18b

present themselves as apparently undivided, homogenous structures.

The fact, that it was not possible to discern two layers by means of dissection or uyCT
does not imply that the more anterior section of the RC is not separated into two strata
by a fascia. Using histological methods, the two-part design of the anterior RC might

become visible.

Apart from the RCS and RCP, a third portion of rectus cervicis fibres could be found,
departing from the RCS at the bifurcation area of the RC. As shown in Fig. 16c, the
RCS runs mesialwards towards the sternum, and the RCP lateral of the RCS, to be
continued as rectus abdominis. The third portion was situated even more laterally,
being shorter in length. Deban & Wake (2000) mentioned a superficialis lateralis slip
of the rectus cervicis in plethodontids, therefore this part is called RCSL.

2.3. Musculus geniohyoideus

In aquatic feeding salamandrids, the preliminar function of the GH is to drag the
depressed hyobranchial apparatus towards the mandibular symphysis, resulting in
elevation of the hyobranchial lever system and regaining the neutral position.
According to this function this muscle inserts directly on the hyobranchial apparatus.
In most larval urodela, the GH is attached to the urohyal, being connected to the
posterior tip of the first basibranchial by a slender cartilaginous connection. Due to this
location in the anatomical situs of the larva it is also called second basibranchial
(Ozeti & Wake, 1969). During metamorphosis, this branchial element detaches from
the copula, and is termed urohyal (Jarvik, 1963) or os triangulare (Francis, 1934) in

adult morphology.

In most newts the urohyal completely disappears during development, resulting in a
shift of insertion of this muscle. According to Deban & Wake (2000), the insertion of

the GH shifts to the RC in those taxa lacking this hyobranchial skeletal element.

In Triturus dobrogicus, the bulk of this muscle is not inserted on RC, but rather
finishes above the pericard, as shown in Fig.16c. Nevertheless, some lateral fibres of
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the GH are still merging with the RC in specimen GRW.

In specimen KLW, the GH is not connected to the RC to any degree, as can be
proven by inspection of the reconstructions based on yCT data. The artificial
representation of the reconstructed RC-muscle complex — whose location is not
reflected in normal hyobranchial muscular situs of Triturus dobrogicus — contributed to
my findings regarding this matter.

The probable cause for the artefact, that was mentioned in the results section and
shown in Fig. 17, is that specimen KLW was decapitated immediately after death.
Since the RC represents the anterior continuation of the rectus abdominis, this muscle
was cut in half and deprived of its origin on the pubo-ischium (pelvis). As a
consequence of the innate basic tension (tenor) of a muscle, the RC contracted,
apparently to unequal extent on both sides in the body, resulting in a shift of the
bifurcation point of the RC to a more anterior direction.

Comparing the RC parts of both sides (Fig. 17c), it seems that the right RC is greater
in diameter, thus has shortened more than the left RC. Simultaneously, | discovered
that both the left and the right GH were of same length and diameter (Fig. 17b);
therefore its insertion did not follow the asymmetrical displacement of the left and right
RC bifurcation point. The posterior end of the right GH seems clearly detached from
the bifurcation point of the right RC in Fig. 17b. Hence, the GH is not inserted on the
RC in KLW. In specimen GRW some lateral fibres of the GH seem to merge with the
RC, whereas the bulk of the GH is not inserted on the RC. To clarify the situation of
GH insertion in specimen GRW, further histological examinations would be required.

An insertion of the GH on the RC is the common state in newts, so the question
remains to what structure it might be attached in KLW. | could not find any references
regarding this unusual situation. To this point, | was not aware of the possibility that
the GH, a strong muscle associated with feeding, would not insert on a skeletal
structure (i.e. on the urohyal, as it does in most urodeles), or on another muscle like
the RC, providing enough resistance to constitute a solid and resilient attachment
point. Anyway, a direct insertion of the GH directly on the pericard seems highly
improbable.

At first, if the GH would insert on a soft and highly elastic dermal structure like the
pericardium, it would forfeit a good part of functional capacity, since contraction would
cause the flexible pericard to be dragged forward. Secondly, it seems conceivable,
that the force exerted on the pericardium itself might influence the performance of the
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heart. It is described by Francis (1934), that the section of the RC lying directly ventral
to the pericardium passes through a sort of connective tissue sleeve, in order to
minimize the effect of contraction or increased exertion of this muscle on the
surrounding tissue. In the light of these circumstances, an insertion of the GH directly
on the pericard would roughly contradict the efforts and precautions taken to preserve

tissues and organs from compressive and extensive stress, as in case of the RC.

It seems more likely that an additional layer of connective tissue ventrally to or
associated with the pericard is present, that provides an attachment surface for the
GH. It should be subject of further investigations, whether or not this structure of
connective tissue is congruent with the connective tissue sheets separating the RC
from the pericardium, or if it represents an entirely new structure. However, the exact
circumstances of GH insertion could not be clarified by means of the methods used
this study, and would require further histological examinations.
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3. Conclusions

Adult specimens of Triturus dobrogicus follow a kinematic pattern of suction feeding that
conforms to the general pattern defined as being primitive for salamanders (Deban &
O’Reilly, 2005; Deban & Wake, 2000; Lauder, 1985; Reilly, 1995; Reilly & Lauder, 1992;
Shaffer & Lauder, 1985) and other aquatic vertebrates (Bemis & Lauder, 1986; Gillis &
Lauder, 1995; Lauder, 1980a; Lauder, 1980b; Lauder & Prendergast, 1992).

Deviations were found regarding the relative durations of expansive and compressive
phases of jaw motions. Specimens of Triturus dobrogicus tend to require longer periods for
opening than for closing the mouth. Secondly, deflection of the hyoid occurs more rapidly
than mouth opening in the current species. Both kinematic characteristics do not
correspond to the typical pattern of suction feeding, described by the authors above.

Generally, smaller specimens achieve greater maximal distance values of gape and
hyobranchial depression than larger ones. Durations of gape cycle and hyobranchial
depression scale in direct proportion to increasing size, in accordance with Hil's model
(Hill, 1950).

In several feeding events it was observed that a shorter hyobranchial depression distance
is compensated by a greater gape. Although the hyoid constitutes the main propulsive
element for creating suction in Triturus dobrogicus, a contribution of gape to suction force

might be taken into consideration.

The degree of behavioural stereotypy is correlated intensively with body size. The larger
female and the large male specimens show a considerable higher extent of variance in
performance than the smaller female and male specimens. One specimen, KLW is
considered highly stereotyped for most movement patterns. Maximal distance values,
courses and temporal relations of movements are nearly congruent in all its feeding

events.

Analysis of scatterplot diagrams support my findings from examinations of movement
courses and time variables, suggesting that kinematic variability in prey capture of Triturus

dobrogicus is correlated with varying age.

The morphological situation of the skull and hyobranchial apparatus in Triturus
dobrogicus generally corresponds with typical salamandrid morphology, described by
Deban & Wake (2000), Duellman & Trueb (1994), Eaton (1936), Edgeworth (1911;
1935), Francis (1934), Piatt (1939, 1940), and (Ozeti & Wake, 1969).
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Two specimens were examined by means of dissection and pCT-investigation. The
insertion of the geniohyoideus could not be clarified. It was shown, that this muscle is
not attached to the rectus cervicis in specimen KLW, and only to small degree in
specimen GRW, what constitutes a deviation from typical salamandrid morphology.

A visible separation of the rectus cervicis in a superficial and a deep layer anterior to

its bifurcation point was not evident, and would require histological investigation.

Both specimens differed in the extent of ossification of the hyobranchial apparatus,
which was higher in specimen GRW, according to its higher age. Reconstructions of
the pCT-sample revealed an inconsistent ossification pattern of the second

ceratobranchials, and an absence of the anterior radii of the copula in specimen KLW.

A lateral slip of the superficial rectus cervicis was found in specimen GRW, but not in
KLW.
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ABSTRACT [German]

Das Verbreitungsgebiet des Donaukammmolches Triturus dobrogicus (Kiritzescu, 1903)
erstreckt sich von den osterreichischen Donauauen bis ins Donaudelta. Das kinematische
Profil des Saugschnappens wurde durch die Auswertung von Highspeed-Filmen
analysiert. Dazu wurden 6 Koordinatenpunkte aus den Videoaufnahmen des Beutefangs
digitalisiert. Die maximalen Auslenkungsdistanzen sowie das Verlaufsmuster ausgewahlter
Bewegungen wurden analysiert, um den Prozess der Nahrungsaufnahme bei dieser
Spezies qualitativ. zu beschreiben. Auf Basis von 13 erhobenen zeit- und
geschwindigkeitsabhangigen  Variablen wurde eine  Hauptkomponentenanalyse

durchgefuhrt, um das Beutefangverhalten zu quantifizieren.

Alle Exemplare zeigen typisches Saugschnappen, wobei durch die Absenkung des
Hyoidapparates das Volumen in der Mundhohle vergrof3ert wird. Der so entstehende
Unterdruck im oropharyngealen Raum bewirkt den Einstrom von Wasser mitsamt darin
enthaltener  Beute. Kleinere  Exemplare erreichen bei den  maximalen
Auslenkungsdistanzen der Maul6ffnung und der Hyoidabsenkung hohere Werte. In
Ubereinstimmung mit Hills Modell ist die Dauer der Bewegungen proportional zur
Korpermasse. Das Ausmal} der Variabilitat der Verhaltensmuster wurde untersucht, wobei
bei einem der Exemplare eine ausgepragte Stereotypie des Verhaltens festgestellt wurde.
Zusatzlich wurde die Morphologie des Schadels mittels Sektion und Computertomographie
untersucht. Es wurden geringe Abweichungen zum typischen Bauplan der Salamandridae
festgestellt, namlich in Bezug auf den Hyobranchialapparat, den Musculus cervicis, sowie
den Ansatz des Musculus geniohyoideus. Zusammenfassend kann festgestellt werden,
dass es sich bei Triturus dobrogicus bezuglich der Fress-Kinematik und der Morphologie
um einen typischen Saugschnapper handelt, wobei jedoch einige Auffalligkeiten entdeckt

wurden, die im Widerspruch zur existierenden Literatur stehen.
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