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The study of the feeding mechanisms in vertebrates requires an integrative approach
since the feeding event consists of a chain of behaviors. In the present study we
investigated the food uptake behavior in different ontogenetic stages in the Danube
crested newt (Triturus dobrogicus). We focused on the coordination in the kinematics of
the elements of the locomotor and the feeding systems at the transition between the
approach of the newt to the prey and the food uptake start. In the feeding strategy of the
larvae of T. dobrogicus, the phase of food search is replaced by an initial “food detection
phase.” In both larvae and adult specimens, the animals approached the food to a close
distance by a precise positioning of the snout besides the food item. The larvae were
able to reach food items offered at over 80◦ relative to the longitudinal midline of the
head. When the food was offered at a large distance or laterally, the food uptake was
either not successful or the coordination chain at the transition between food approach
and food uptake was interrupted. In young larvae we detected an abrupt change in
the activity of the locomotor system and the feeding system. The larvae approached
the food by tail undulation and after reaching the final position of attack, no further
activity of the locomotor apparatus was detectable. The larvae used a pure form of
inertial suction to ingest food. In pre-metamorphic larvae and adults we registered an
integrated activation of the locomotor apparatus (both limbs and tail) and the feeding
apparatus during prey capture in the form of compensatory suction. The drastic change
in the feeding mode of the pre-metamorphotic larvae and the adults compared to
the younger larvae in T. dobrogicus may indicate the evolutionary development of a
defined relation in the activity of the locomotor system and the control of the feeding
apparatus. We propose that in newts, the interaction between the control execution
in both systems switched from successive (body movement – feeding) into integrated
(body movement – body movement and feeding) during the ontogeny. The main trigger
for such a switch (at least in T. dobrogicus) is the formation of functional limbs during
the late larval development.
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INTRODUCTION

In vertebrates, the movements of the cranial and post-cranial
element during the feeding events can be integrated to different
levels (Montuelle and Kane, 2019). In many vertebrate groups,
the kinematics of the feeding apparatus during the initial phases
of the feeding process (see Schwenk, 2000) is well documented
by using high-speed videography and cineradiography (for an
overview see Bels and Whishaw, 2019). Schwenk and Rubega
(2005) define the feeding stages which follow after the reaching
of a distance that allows for successful food uptake, as discrete
stages: (i) the capture/subjugation (present in snakes, some birds
and mammals), (ii) the food ingestion, (iii) the intraoral food
transport, (iv) the food processing (sometimes simultaneously
occurring with the transport), and (v) the swallowing. The stages
of capture/subjugation (when present) and ingestion are regarded
as the initial stages of the feeding process sensu stricto. Montuelle
and Kane (2019) define two behavioral phases which precede
the prey capture – the “searching” and the “approaching.”
The activity of the sensors and the locomotion system during
searching and approaching, allows the predator to recognize and
access the prey before the initial stages of the feeding process. The
activity of the locomotion system during the searching phase may
be absent in some “sit and wait” predators.

Such a theoretical framework allows for an exact description
of the food uptake mode and behavior in most ectothermic
vertebrates, where often the capture/subjugation stage is
integrated within the ingestion phase. However, in some species
a discrete capture/subjugation feeding stage can be recognized.
Very specific pre-ingestion phase is for example the forming of
the so-called “hydrodynamic tongue” in mudskippers (Michel
et al., 2015). Some specialized fish species may immobilize their
prey by using electric current (Catania, 2014, 2019; Mendes-
Júnior et al., 2020), or may use their rostrums to confuse, hurt
or kill prey before ingestion (Wisner, 1958; Scott and Tibbo,
1968; Stillwell and Kohler, 1985; Shimose et al., 2006). The
“scooping” behavior, typical for some frog species like Xenopus
leviae (Carreño and Nishikawa, 2010), Pipa pipa (O’Reilly et al.,
2002; Carreño and Nishikawa, 2010; Cundall et al., 2017), and
Pelophylax ridibundus (Yordanova et al., 2017) involves the
forelimbs in prey capture. In this feeding behavior, the limbs
are used as a barrier that prohibits the prey from leaving the
oropharynx of the predator (the limbs are not involved directly
in prey capture and the capture itself is based on the use of
hydrodynamic forces).

The hydrodynamics of the aquatic food ingestion in lower
tetrapods are influenced by several factors (see Heiss et al.,
2018). Some frogs like X. laevis and P. pipa (as adults) rely on
suction feeding (Carreño and Nishikawa, 2010; Cundall et al.,
2017). Due to the lack of gill slits, the frogs which can feed
underwater use bidirectional water suction mode (see Lauder
and Shaffer, 1986). The adult anurans are restricted in their
ability to engulf large volumes of water in a suction cycle and
suction feeding demand specialization of the feeding apparatus.
A unique specialization was described in P. pipa, where the ability
to suction feed impacted the whole body plan and even had led
to the reorganization of some muscle insertions (Cundall et al.,

2017). The metamorphosed urodelans also rely on bidirectional
suction feeding (e.g., Lauder and Reilly, 1988; Deban and Wake,
2000; Deban et al., 2001; Deban, 2003). To date, a significant
delay in the hyoid retraction start relative to the gape opening
start was reported only for cryptobranchids (Reilly and Lauder,
1992; Heiss et al., 2013b). In the Chinese giant salamander
(Andrias davidianus), the suction forces are generated initially
and predominantly by the displacement of the upper and the
lower jaw (Heiss et al., 2013b). In contrast – the under-pressure
within the buccal cavity in most salamanders is generated by a
rapid retraction of the hyo-lingual complex prior to peak gape
(Lauder and Shaffer, 1986; Lauder and Reilly, 1994). Several
studies were published on the aquatic feeding behavior and
kinematic in adult newts (Heiss et al., 2013a, 2015, 2016, 2017,
2018, 2019; Lukanov et al., 2016; Schwarz et al., 2020a,b,c), but
data on the food uptake in newt larvae are still scarce especially
in the early larval stages. The current knowledge on the prey
capture behavior in urodelans is biased toward investigations on
late larval stages and adult specimens (see Lauder and Reilly,
1988; Lauder and Shaffer, 1988; Schwarz et al., 2020a,b,c).

The feeding fitness of the larvae is of a crucial importance for
the viability of fishes and amphibians. The feeding success rate of
the larvae depends on the proper execution both of the approach
to the food and the execution of the food uptake (Sanderson and
Kupferberg, 1999). In the present study we investigate the food
uptake behavior of the Danube crested newt (Triturus dobrogicus)
during different ontogenetic stages. We focus on the locomotor
kinematics of both larvae and adults during the approach phases
and the timing of the execution of the final approach and the
food uptake. We then describe the integration of the motor
control of the locomotor and the feeding apparatuses and their
functional implications.

MATERIALS AND METHODS

The Danube Crested Newt has a restricted distribution area,
being present in floodplains of large rivers from eastern Austria
to Danube Delta (Fahrbach and Gerlach, 2018). The species is
characterized by its long body and short limbs. The Danube
Crested Newt is the most water related species and has the longest
larval stage among Triturus species (Furtula et al., 2009).

On 14.02.2020, we captured nine adult males and eight adult
females of T. dobrogicus from a temporary pond located in
southeast Romania, part of Danube Delta Biosphere Reserve
(Grindul Lupilor, 44◦37′15.83′′N, 28◦48′24.92′′E). Immediately
after capture, the adults were transported to the laboratory for
“Functional Morphology” at “Konstantin Preslavsky” University
of Shumen, Bulgaria.

We randomly assigned three females and three males per
aquarium (50 cm × 33 cm × 20 cm), except for one aquarium
where only two females were housed with three males. The
aquaria were filled with 30 L of aged tap water and provided
with plastic strips used for oviposition. We renewed the plastic
strips every two days and collected the eggs. All the eggs were
considered with the date when they were deposited. Half of the
water volume was changed every 3 days.
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To avoid overcrowding, we housed the eggs in eight plastic
aquaria (25 cm × 16 cm × 15 cm), with no more than 14
eggs in each. The aquaria were filled with 6L aged tap water
and half of the volume was refreshed weekly. The measured
water physico-chemical parameters were constant during the
experiment period (mean values: pH: 7.98; dissolved oxygen:
8.36 mg/l; conductivity: 395 µS). Ambient temperature was
maintained constant at 20◦C ± 1◦C and the animals were
kept under natural photoperiod throughout the experiment. We
checked for eggs that were not developing and removed them
from aquaria to avoid fungal infections. After hatching, we moved
the freshly hatched larvae to the experimental boxes. These
aquaria were filled with 3 L of aged tap water, 1/3 of the water
from the aquaria was refreshed with aged tap water every 4 days.
When the active feeding started after the yolk resorption, the
larvae were fed ad libitum with Cladocera (Daphnia sp., Moina
sp.) and Copepoda (Cyclops sp.). At the later larval stages (after
42), we supplemented the food with a mixture of dry low-
fat meat (beef liver and beef heart) every day. Metamorphosed
animals were housed until the end of the experiment when
all the juveniles together with the adults were released at the
point of capture.

We started the feeding kinematics investigation at larval
stage 42 (according to the developmental stages of Bernabò and
Brunelli, 2019). Before the recordings we housed the specimens
with no food for 24 h, then we moved the larvae individually
in the experimental aquaria where they were filmed. The larvae
of T. dobrogicus, are strictly carnivorous (Stojanov et al., 2011)
and feed only on moving prey. To simulate movements of the
prey, we used same sized pellets of beef liver-heart mixture.
Since larvae of the Pacific giant salamander (genus Dicamptodon)
were reported to react to larger prey offered at longer distances
(Parker, 1994), to exclude the effect of prey size we used
calibrated food pellets.

The particles were allowed to drop from the water surfaces
to the bottom of the experimental water basin, aimed to sink
directly in front of the larvae snout. During sinking, the food
pellets usually deviated from the target, landing at the bottom
at different distances from the predator and at different angles
relative to the longitudinal axis of the larval head (see Figure 1).
Each feeding event (successful or not) was recorded in order to
assess the effects of the recorded variables on the final feeding
success. The performance of the experiments was complicated
due to the problems related to the food offering. However,
we were able to record a total of 78 films in larval stages
42 to 50 (from stage 42 – 4 films from 2 specimens; stage
43 – 16 films from 5 specimens; stage 44 – 2 films from 1
specimen; stage 46 – 23 films from 5 specimens; stage 47 – 2
films from 2 specimens; stage 48 – 9 films from 2 specimens;
stage 49 – 6 films from 3 specimens, stage 50 – 7 films
from 2 specimens).

We refer further in the text to the larvae from stages before 50
as “young larvae.” We noticed that when the larvae entered the
pre-metamorphosis stages (around stage 50), the animals started
to swim and maneuver very actively. The food was attacked
by the predator almost at the water surface – not allowing
the particle to drop. This activity hampered us in gathering

FIGURE 1 | Variables measured in the kinematic analysis in larval feeding: allf,
angle between the longitudinal axis of the head and the prey; dp, distance
between the tip of the snout and the center of mass of the food item; fp, food
particle; llh, longitudinal axis of the head; tbl, total body length; st, snout tip; tt,
tail tip.

information concerning the feeding behavior in a comparable
way we collected it for the “young larvae” (we produced only
seven films from dorsal view). For kinematical comparison we
documented three feeding events in our largest larva from stage
50 – we filmed that animal in lateral view when food (domestic
fly) was offered at the water surface. We also documented 19
feeding events in two females and two male adult Danube crested
newts. The adults were filmed laterally, which allowed for detailed
observations of the kinematics of the elements of the feeding
apparatus during prey capture.

For high-speed video documentation we used a “Sony RX-
III” video system (Sony corporation, Minato, Tokyo, Japan).
The films were performed with 1,000 fps (set at “quality mode”:
1136 × 384 p) and for illumination we used two “Ledlenser
T-16” (LEDLENSER GmbH & Co. KG, Solingen, North Rhine-
Westphalian, Germany) light sources. The videos were imported
in Movavi Video Editor v20.1.0 Plus for video processing and
frame extraction. The images were digitized by the use of “SIMI-
MatchiX” (SIMI Reality Motion Systems, Unterschleißheim,
Germany). For larvae we extracted the following variables:
A, angle between the food particle center of mass and the
longitudinal axis of the larvae head (in degrees); D, prey distance
(cm); S, speed of the larvae to the prey during the approach
stage (cm/s); TL, Length of the larvae (cm); TT, length of
the trajectory of the tail tip (cm); ST, max. speed of the
movement of the tail tip during the approach stage (cm/s); SDi,
distance traveled by the snout tip during the inertial suction
(cm); SS, speed of the displacement of the snout tip during
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TABLE 1 | Descriptive table of larval feeding behavior.

Parameter Successful feeding Parameter Unsuccessful feeding

n Mean ± SD Min–Max n Mean ± SD Min–Max

A 52 30.73 ± 27.9 0–90 A 17 35.29 ± 31.14 0–120

D 33 0.4 ± 0.35 0.01–1.48 D 16 0.66 ± 0.26 0.26–1.21

S 33 0.31 ± 0.17 0.02–0.7 S 16 0.33 ± 0.17 0.18–0.89

TL 52 2.09 ± 2.9 1.53–2.9 TL 17 2.01 ± 0.27 1.66–2.65

TT 50 1.4 ± 1.87 0.11–12.05 TT 17 2.16 ± 1.03 0.39–3.97

ST 52 0.61 ± 0.52 0.10–2.25 ST 17 1 ± 0.33 0.22–1.53

SDi 48 0.19 ± 0.1 0.05–0.63 Sdi 10 0.24 ± 0.07 0.15–0.39

SS 48 0.23 ± 0.2 0.02–1.25 SS 10 0.17 ± 0.05 0.05–0.22

n, sample size; Mean ± SD, average values ± standard deviation; Min – Max, minimum and maximum; A, prey angle related to longitudinal axis of the larvae head
(in degrees); D, prey distance (cm); S, speed of the larvae to the prey (cm/s); TL, Length of the larvae (cm); TT, trajectory of the tail tip (cm); ST, max. speed of the
movement of the tail tip (cm/s); SDi, distance of the snout tip displacement traveled during the inertial suction (cm); SS, speed of displacement of the snout tip during the
inertial suction (cm/s).

the inertial suction (cm/s) – see Table 1. For the adults we
collected data concerning: La, start of limbs before gape opening
(s); Dag, delay of limb adduction end to start gape opening
(s); Dla, duration of limb adduction (s) – see Table 3 and
Figure 2.

Each variable was checked for normality using Shapiro-Wilk
test. Next we used a Generalized Linear Model (GLM) to check
the effect of our variables on the larval success in feeding. For all
tests, differences were significant at p < 0.05. We performed all
of the statistical analyses using RStudio Version 1.3.1093© 2009-
2020 RStudio, PBC.

FIGURE 2 | Prey capture event in an adult T. dobrogicus. (a) Start of the limb
adduction; (b) start of gape opening; (c) start of hyoid depression; (d) end of
limb adduction; the red line indicates the trajectory of the metapodium of the
fore-limb and the yellow line indicates the trajectory of the metapodium of the
hind-limb.

RESULTS

The relations between the position of the food and the distance
to the snout and the feeding success is presented in Tables 1, 2
and Figure 3. A binomial logistic regression performed by using
Generalized Linear Models (GLMs) assessed the effects of: (a) A,
angle between the center of mass of the food item to longitudinal
axis of the larvae head; (b) D, food item distance (cm); (c) S,
speed of the larvae during approach (cm/s); (d) TL, Length of
the larvae body (cm); (e) TT, trajectory of the tail tip (cm); (f)
ST, speed of the movement of the tail tip (cm/s); (g) SDi, inertial
suction distance (cm) and (h) SS, speed of the inertial suction
displacement of the snout tip (cm/s) (Table 2 and Figure 3). The
logistic regression model was statistically significant in case of D
(Wald =−2.32, p = 0.02) and ST. The larvae fed successfully with
decreasing of the distance to the food item. In case of successful
feeding, a higher ST indicates a lower probability of feeding.

Our experiments demonstrated that the initial distance
between newt and prey had a significant effect on the feeding
behavior in the larvae of T. dobrogicus. When the food particle

TABLE 2 | Binomial regression coefficients of the following parameters related to
success of feeding.

Variable Std. Error z-value P-value

Prey angle related to longitudinal
axis of the larvae head (A)

0.01 0.459 0.6465

Prey distance (cm) (D) 1.03 −2.322 0.0203

Speed of the larvae to the prey
(cm/s) (S)

1.82 −0.322 0.747

Length of the larvae (cm) (TL) 1.002 −1.001 0.317

Trajectory of the tail tip (cm) (TT) 0.172 1.38 0.167

Speed of the movement of the tail
tip (cm/s) (ST)

0.590 2.51 0.011

Inertial suction distance (cm) (SDi) 3.144 1.389 0.164

Speed of the inertial suction
displacement (cm/s) (SS)

3.8105 −0.806 0.420

Bold values represent significant differences (p < 0.05).
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FIGURE 3 | (A) Effects of prey distance on probability of successful feeding; (B) effect of speed on probability of successful feeding.

landed on the bottom of the aquarium at relatively long distance
(but less than 74% of the total body length), the larvae actively
swam toward the item, adjusting the head position and correcting
the angle of alignment of the head and the food. In the young
larvae, the locomotion was performed only by tail undulation. No
involvement of the limbs was detected as the larvae approached
the food in a way that the tip of the snout was positioned very
close to the food, almost touching it. In the next phase, the food
pellet was captured by suction feeding (Figure 4). In case the
pellet sank at a distance of less than 6% of the larval body length,
it was immediately attacked by the larvae without any activity of
the locomotor system (Figure 5).

FIGURE 4 | Prey capture in T. dobrogicus larvae. (a) Start of the approach
phase (the yellow line represents the trajectory of the tip of the snout and the
red line represents the trajectory of the tail tip); (b) end of the approach phase;
(c) stationary position of the predator; (d) start of the suction feeding; (e)
suction of the food item; (f) end of the food uptake cycle.

When the particles landed at a distance larger than 74% of the
body length, the larvae reacted in two different manners. In most
cases, the animals did not react to the stimulus at all. In 17 cases
however, the larvae swam toward the food item and positioned
their snouts like in the strike demonstrated on Figure 5, hence
no further prey capture occurred.

In the pre-metamorphosis larvae from stage 50, the newts
approached the prey to a very close distance and then stopped.
The active prey capture started by simultaneously activation of
the tail and the limbs, followed by the start of the gape opening
(Figure 6). In adult Danube crested newts, during the start of the
ingestion, we detected a simultaneous activation of the limbs and
tail prior jaw opening (Table 3 and Figure 2). The kinematical

FIGURE 5 | Inertial suction feeding event in T. dobrogicus larvae. (a) Start of
mouth opening; (b) start of the movement of the food toward the predator; (c)
the food item is ingested in the oropharyngeal cavity; (d) end of the forward
movement of the predator; the red crosses indicate the initial and the final
position of the food item; the red arrow indicates the distance traveled by the
food item during ingestion.
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FIGURE 6 | Kinematics of the prey capture in a T. dobrogicus larvae stage 50.
(a) Start of the approach phase; (b) start of jaw opening (notice the change in
the position of the limbs and the tail); (c) end of limb adduction; (d) reaching
peak gape. The yellow arrow indicates the position of the fore-limb
metapodium; the green arrow indicates the position of the hind-limb
metapodium; the red arrow indicates the undulation of the tail.

data measured in adults did not differ significantly between the
specimens and sexes (Table 3).

DISCUSSION

Based on our results, we propose a theoretical framework
concerning the evolution of the integration of the motor
programs of the locomotor and feeding apparatus in newts. Only
shortly before metamorphosis, the limbs became operational and
this impacted the feeding strategy of the developing larvae to
large scale. The young larvae in T. dobrogicus are operating
predominantly on the bottom and have more or less a two
dimensional hunting field. Only after the development of

TABLE 3 | Descriptive table of adults feeding behavior.

Variable Females (n = 10) Males (n = 9)

Mean ± SD Min–Max Mean ± SD Min–Max

La 0.25 ± 0.12 0.11–0.44 0.15 ± 0.05 0.1–0.27

Dag 0.18 ± 0.09 0.07–0.35 0.22 ± 0.04 0.16–0.28

Dla 0.44 ± 0.1 0.28–0.61 0.37 ± 0.08 0.31–0.55

n, sample size; Min, minimum; Max, maximum; Range, max-min; Mean, average
values; SD, standard deviation. La, start of limbs before gape opening (s);
Dag, delay of limb adduction end to start gape opening (s); Dla, duration of
limb adduction (s).

operational limbs in the late pre-metamorphic phases, the larvae
started to exploit the whole 3-D volume of the water basin and
were able to attack prey from multiple directions (see Figure 6).
In the younger stages of the development in T. dobrogicus, the
feeding strategy is impacted by the poor potential of the larvae to
perform any forms of ram feeding (for overview see Heiss et al.,
2018; Montuelle and Kane, 2019).

In newts with seasonal shifts of terrestrial and aquatic life
stages, the specialization of the feeding apparatus for underwater
prey capture may be constrained. The seasonal change of
feeding media (water vs air) is not related only to shifts in
the motocontrol programs of the feeding apparatus (suction vs.
lingual or jaw prehension), but may lead even to reorganization
of the oropharyngeal morphology (Heiss et al., 2013a, 2015,
2016, 2017, 2018; Van Wassenbergh and Heiss, 2016). These
authors provide a detailed analysis of the feeding ecology and
the functional morphology of the feeding apparatus in the adults
of the Alpine newt (Ichthiosaura alpestris) and the Smooth newt
(Lissotriton vulgaris). Heiss and De Vylder (2016) report on
aquatic suction feeding in the predominantly terrestrial living
Himalayan newt (Tylototriton verrucosus). It seems that the
Smooth newt (at least in aquatic phase) and the Himalayan
newt use predominantly inertial suction for prey capture. The
data provided for the aquatic feeding kinematics in the Balkan-
Anatolian crested newt (Triturus ivanbureschi) also indicate on
the predominant use of inertial suction in this species (Lukanov
et al., 2016). The alpine newt, when fed underwater during the
terrestrial life stage, is moving forward during suction and the
angles of the joints in the forelimb are changing during ingestion
(see Heiss et al., 2013a). The involvement of the limb movement
in ingestion indicates a similar feeding behavior as described here
for the adults in the Danube crested newt. In adult T. dobrogicus,
the ingestion stage starts with the simultaneous movement of the
fore- and the hind-limbs, in combination with tail undulation
(Figure 2). The locomotor apparatus is active until the start of the
fast closing gape phase (see Bramble and Wake, 1985), indicating
that the adult Danube crested newt use a form of compensatory
suction (sensu Aerts et al., 2001) during food ingestion.

Even small differences in the shape and the volume of the
oropharynx may largely impact the efficiency of the suction
performance (see Lauder, 1979). A larger oropharyngeal space
contributes to the execution of powerful suction (see Lemell
et al., 2002; Heiss et al., 2013b). The relatively small skull and
the bidirectional water suction mode which is used by the adult
Danube newts do not allow them to engulf a large amount of
water - the bow wave has to be compensated by a lounge of the
predator toward the prey. Thus, it is possible that the suction
mechanism in T. dobrogicus does not allow the adults to rely
on inertial suction and the activity of the locomotor system has
to be integrated in the ingestion phase to support successful
prey capture. The timing coordination in the activation of the
locomotor system and the feeding apparatus is rather uniform
and does not indicate significant differences concerning the sexes
in the adults in T. dobrogicus.

Our results demonstrate a major difference in the feeding
modes used by the young larvae and the adults in the
Danube crested newt. In larvae we observed two scenarios of
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successful feeding depending on food position – a pure inertial
suction, when the food was offered close to the snout, and
the swimming/stop/suction behavior when the food was offered
further from the predator. In the second case, the larvae swam
by tail undulations toward the offered food until the snout was
positioned at a very close distance to the particle. Then the
locomotion apparatus was deactivated and the feeding apparatus
was activated during the ingestion stage. The larvae, however,
were not motionless during the ingestion stage and moved
forward, despite the fact that the locomotor apparatus was not
functioning. Such forward movement of the larvae during the
ingestion phase was described by Deban and Olson (2002).
These authors studied the ingestion mechanism of a tiny pipid
frog larvae and found that in Hymenochirus boettgeri, the prey
is captured by the extension of a tubular formed mouth that
approaches the food. This way the predatory larvae reduces the
bow wave - a remarkable convergence to feeding apparati in some
teleost species (Osse, 1985). The larvae of H. boettgeri moved only
slightly forward during ingestion. For larvae that rely on inertial
suction (sensu Aerts et al., 2001), but lack protrudable snouts,
they have to engulf more water and the generated momentum
is greater – contributing to the forward movement of the whole
predator (see Muller and Osse, 1984). In other words, the larvae
“suck themselves forward” (Deban and Olson, 2002).

The body form impacts the efficiency of the swimming
and steering in the amphibian larvae. In the evolution of the
amphibians, the larvae have lost the sturdy plates in form
of skeletal fin elements characteristic for the bony fishes and
their body execute significant lateral undulation in low Re
numbers swimming (Wassersug and Hoff, 1985). The tadpoles
show a high yaw rotation during swimming (Wassersug and
Hoff, 1985). The bauplan of the salamander larvae is not
principally different concerning the hydrodynamics and the
streamlining is additionally impacted by the external bushy
gills (Sanderson and Kupferberg, 1999). According to Blight
(1976), the main difference of the swimming mode in salamander
larvae compared to fish, is the high amplitude to which the
larvae rotate laterally their heads in swimming (larvae wobble).
The yaw of the head during swimming is not significant for
the feeding efficiency in most anuran larvae, because they
are mostly greasers or rely on filtration (Wassersug and Hoff,
1985). In predators the estimation of distance is crucial for
successful prey capture. The highly specialized carnivorous larvae
of H. boettgeri possess large eyes which are directed forwards
(Deban and Olson, 2002). To reduce yaw in prey capture,
these larvae use only the most posterior part of their tail to
propel themselves. This results in lack of lateral oscillation of
the head (Wassersug and Hoff, 1985). The swimming mode
in the young larvae of T. dobrogicus is not contributing
to the stabilization of the head. Unlike in H. boettgeri, the
tail undulation is initiated in the midsection of the body
and the whole tail is involved in swimming (Figures 7a,b).
The high lateral displacement of the head prevents from
exact aiming of the mouth toward the prey during active
swimming. During the food approach phase, the snout tip
is constantly redirected left and right off-target due to the
wobbling (Figures 7b,c). Directly before the ingestion, the

locomotor activity stops and the snout is correctly aimed
(Figure 7d).

The young larvae of T. dobrogicus have to approach the
food item to a very close distance for a successful grasp - this
occurs as the locomotion system transports the predator near
the prey. These larvae do not use the tail (or the legs) during
the food ingestion. That indicates a strict succession in the
execution of the motor control programs of the locomotor and
the feeding apparati. Both systems were switched in succession –
the locomotor system was active during the prey approach phase
and the feeding apparatus was activated in the following ingestion
phase. A very interesting point is, that when the larvae had to
travel a distance of over 74% body length toward the prey, they
successfully took the position of final head fixation (see Lemell
and Weisgram, 1997), but the activity of the feeding apparatus
was not triggered to start the ingestion stage. This may indicate
that the motor programs of the locomotor system and the feeding
system are time correlated. The execution of the ingestion may
start only within a defined period of time after the activation of
the locomotor system, as a reaction to the prey detection in a
particular strike. Such a coordination may prevent the energy loss
from feeding attempt which could be potentially unsuccessful.
We were not able to test that hypothesis, since due to technical
limitations, we were forced to use food pellets and not living
prey in our experiments with the “young larvae”. In case of active
movements of the prey after the predator approached it, a new
feeding situation could occur and the larvae may lounge a new
attack in reaction to the new stimulus. As Triturus adults are
known to feed on immobile prey (see Careddu et al., 2020), a
topic for further research is the detection of the ontogenetic stage
at which the animals switch their mode of reaction concerning
the mobility of the prey.

The larvae changed their feeding strategy at the developmental
stage 50. The kinematics in this pre-metamorphosis stage
(see Bernabò and Brunelli, 2019) resembles that of the adult
specimens. The limbs and the tail were involved in the prey
ingestion mode and the prey capture starts with the activation of
the locomotor apparatus - the gape opened with a delay relative
to the limb and tail activation. The involvement of the functional
limbs and the tail in the food ingestion process allowed for a
principal change in the execution of the prey capture. The larvae
switched from inertial suction to a form of compensatory suction
(Heiss et al., 2018) with a component of lounge of the whole
body toward the prey. This shift may allow the larvae for hunting
of larger and more agile prey, which in turn increase feeding
efficiency and may result in improvement of the general fitness
of the specimens.

From a biomechanical perspective (see Neenan et al., 2014),
one of the crucial factors for the shift in the feeding mode during
the ontogeny in T. dobrogicus is the development of movable
limbs. In the post 50-stage the limbs can be stretched before the
strike in a manner to stabilize the position of the head toward
the prey for attack from many possible directions. Possibly, the
limbs are also contributing to development of thrust, however at
the late larval stages the main momentum was presumably gained
by the tail. We suggest that during the prey capture, the forward
thrust is delivered predominantly by the tail and the correct
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FIGURE 7 | Movement of the tip of the snout during a food uptake event in T. dobrogicus larvae: (a) start of the approach phase (the blue arrow indicates the point
where undulation was initially generated); (b) displacement of the snout tip to the right from the correct direction due to head yaw; (c) displacement of the snout tip
to the left from the correct direction due to head yaw; (d) stop of the tale undulation.

lounge direction was maintained with the support of the lateral
appendages. During the ingestion, the function of the limbs may
be crucial for preventing head yaw and in securing precise aiming
of the gaping mouth toward the prey. This function of the lateral
appendages may converge to the function of the paired fins in
teleost food uptake (Wainwright, 1983; Westneat et al., 2004;
Higham, 2007).

The ontogenetic shift may impact the feeding behavior to a
large degree in newts (see Schwarz et al., 2020c). Even specimens
from closely following ontogenetic phases, like late larval phases
and early metamorphosed newts may differ in the execution of
some feeding stages. In the case of I. alpestris, the development
of the tongue during the metamorphosis has a deep impact on
the food processing mode of the newt (Schwarz et al., 2020c).
The drastic change in the feeding mode of the pre-metamorphic
larvae and adults compared to the younger larvae in T. dobrogicus
indicates the evolutionary development of a defined relation
in the activity of the locomotor system and the control of the
feeding apparatus. We propose that in newts, the interaction
between the control execution in both systems switches from
successive (body movement – feeding) into integrated (body
movement – body movement and feeding) during ontogeny. Our
results indicate that this shift in feeding behavior occurrs prior to
metamorphosis, and can be crucial for maintaining continuous
feeding through metamorphosis. In the genus Triturus, during
the postembryonic phase (i.e., the brief period between hatching
and feeding) the larvae rely on the rest of the yolk sac. The further
development is convoyed by crucial changes in the skeletal
morphology (Fahrbach and Gerlach, 2018) and presumably in
the skull kinetics, which allows the larvae to include larger
and more mobile prey in their diet. Further studies are needed

to unravel the levels of integration in the movements of the
locomotor system and the hyoid apparatus (as the main generator
of suction forces) in Triturus larvae. An important aspect for the
in-depth understanding of the ontogenetic shift in the feeding
motorics would be the direct comparison of the 3D movements
of components of the feeding apparatus in larvae and adults.
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