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Triturus carnifex: effects of environment and prey type
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ABSTRACT

Intraoral food processing mechanisms are known for all major vertebrate
groups, but the form and function of systems used to crush, grind or
puncture food items can differ substantially between and within groups.
Most vertebrates display flexible mechanisms of intraoral food
processing with respect to different environmental conditions or food
types. It has recently been shown that newts use cyclical loop-motions
of the tongue to rasp prey against the palatal dentition. However, it
remains unknown whether newts can adjust their food processing
behavior in response to different food types or environmental conditions.
Newts are interesting models for studying the functional adaptation to
different conditions because of their unique and flexible lifestyle: they
seasonally change between aquatic and terrestrial habitats, adapt
their prey-capture mode to the respective environment, and consume
diverse food types with different mechanical properties. Using X-ray
high-speed recordings, anatomical investigations, behavioral analyses
and mechanical property measurements, we tested the effects of the
medium in which feeding occurs (water/air) and the food type (maggot,
earthworm, cricket) on the processing behavior in Triturus carnifex. We
discovered that food processing, by contrast to prey capture, differed
only slightly between aquatic and terrestrial habitats. However, newts
adjusted the number of processing cycles to different prey types: while
maggots were processed extensively, earthworm pieces were barely
processed at all. We conclude that, in addition to food mechanical
properties, sensory feedback such as smell and taste appear to induce
flexible processing responses, while the medium in which feeding
occurs appears to have less of an effect.

KEY WORDS: Feeding, Tongue-palate rasping, Chewing,
Amphibians, Kinematics, Penetration force

INTRODUCTION

Intraoral food processing is used by many jawed vertebrates to
facilitate swallowing and digestion (Herrel et al., 2012; Schwenk,
2000; Schwenk and Rubega, 2005) or to immobilize prey (Dalrymple
et al., 1985; Konow et al., 2013) and thus likely avoid being hurt by
struggling prey. Such intraoral mechanical reduction of food is very
diverse amongst gnathostomes and can involve a variety of
processing systems, including oral jaws (Bemis and Lauder, 1986;
Bhullar et al., 2019; Crompton and Hiiemae, 1970; Gans et al., 1978,
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Gintof et al., 2010; Ross et al., 2007; Smith, 1982), pharyngeal jaws
(Gidmark et al., 2013, 2014; Liem and Greenwood, 1981,
Wainwright et al., 2012), the tongue-bite apparatus (Camp et al.,
2009; Konow et al., 2013; Sanford and Lauder, 1989) and rough
palatal structures in combination with a movable tongue (Griffiths,
1978; Heiss et al., 2019; Matsumoto and Evans, 2017; Werth, 2000).

Apart from their diverse intraoral food processing systems, most
gnathostomes exhibit a certain trophic niche breadth, including foods
with different sizes, shapes and mechanical properties (Hanlin, 1978;
Lahm, 1986; Pethybridge et al., 2011). Exploitation of a trophic niche
breadth with such diverse food properties probably requires an active
modulation of the food processing mechanism to allow adequate
incapacitation and preparation of the prey for swallowing (Konow
et al., 2013). In fact, modulation of food processing mechanisms by
adapting movement patterns, muscle activation or the number of
processing cycles has been reported for chondrichthyans (Gerry et al.,
2008, 2010), actinopterygians (Aerts et al., 1986; Konow et al., 2013;
Wainwright, 1989), lizards (Delheusy and Bels, 1999; Gorniak et al.,
1982; Herrel et al., 1996, 1997a,b) and mammals (Gorniak and
Gans, 1980; Thexton et al.,, 1980; Weijs and Dantuma, 1980).
Consequently, animals that are capable of reacting flexibly to
different foods might profit by increasing food processing efficiency
and broadening their trophic resource spectrum. However, although
modulation in prey capture is well studied in lissamphibians
(Anderson, 1993; Deban, 1997; Heiss et al., 2013a, 2015; Reilly
and Lauder, 1989; Valdez and Nishikawa, 1997), fewer data on the
modulatory capacity of food processing behaviors are available
(Rull et al., 2020).

It has generally been assumed that lissamphibians — with few
potential exceptions (Cundall et al., 1987; Elwood and Cundall,
1994; Erdman and Cundall, 1984; Schwenk and Wake, 1993) — lack
intraoral food processing mechanisms and thus swallow prey whole
and unreduced (De Vree and Gans, 1994; Deban and Wake, 2000;
Schwenk and Rubega, 2005). However, recent studies have shown
that particular intraoral food processing mechanisms are present in
salamanders (Heiss et al., 2019; Rull et al., 2020; Schwarz et al.,
2020a,b). Here, we tested whether salamandrids also adjust their food
processing mechanisms across environments or to different types of
prey. Newts are ideal candidates to test hypotheses regarding
processing flexibility in lissamphibians, because they generally
exhibit a high degree of behavioral flexibility: post-metamorphic
newts seasonally change between aquatic and terrestrial habitats
(Griffiths and Teunis, 1996; Nollert and Nollert, 1992; Thiesmeier
and Schulte, 2010; Thiesmeier et al., 2009), where they also undergo
dramatic changes of their feeding behavior (Heiss et al., 2013a, 2015;
Miller and Larsen, 1989, 1990). Specifically, for aquatic prey capture,
newts use suction feeding, whereas for terrestrial prey capture they
use quick protrusion of their sticky tongue. Considering the extremely
different physical conditions of the aquatic and aerial media (water is
about 850 times as dense and 50 times as viscous as air; Denny,
1993), and that newts use two fundamentally different strategies to
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capture prey in water and on land, we predict that the food processing
behavior is also adjusted to the respective medium. Our approach to
test the first hypothesis is to compare the food processing kinematics
in water and on land by means of high-speed X-ray recordings and to
compare the number of processing cycles across habitats.
Additionally, newts feed on diverse prey, including insect larvae
and imagoes, crustaceans, annelids, cestodes, gastropods, bivalves,
tadpoles, other newts and small fishes (Avery, 1968; Cicort-Lucaciu
et al., 2007; Diirigen, 1897; Joly and Giacoma, 1992; Thiesmeier
et al.,, 2009). These food types likely differ in their mechanical
properties. This observation motivates our second hypothesis: that
newts possess the ability to flexibly adapt their food processing
behavior to the mechanical requirements of the respective type of
prey. Our approach to test the second hypothesis is to quantify the
number of processing cycles used across different prey types with
distinct mechanical properties which we determine using prey
penetration force measurements.

MATERIALS AND METHODS

Animal care

Nine adult Italian crested newts [Triturus carnifex (Laurenti 1768)]
with meanss.d. snout—vent lengths of 80.5+10.6 mm and masses of
10.4+2.6 g were used in this study. The animals were collected in their
aquatic phase between April and June 2011 and 2012 in Lower
Austria, Austria, with collection permission (RUS5-BE-18/022-2011)
granted by the local government of Lower Austria. Animals were
group-housed in large tanks with water levels of 20 cm and an easily
accessible land part with piles of cork bark pieces. The water was
permanently filtered by an external trickle filter and the top of the tanks
were covered with a removable mosquito net to prevent newts from
escaping. The animals were fed twice a week with a variety of lake fly
larvae (Chironomidae), earthworms (Lumbricus sp.), crickets (Acheta
domesticus) and maggots (Lucilia sp.). Preliminary experiments (data
used for observation purposes only) were performed at the University
of Antwerp, Belgium, and the main experimental part at the Friedrich-
Schiller-University of Jena, Germany. Accordingly, husbandry and
experiments were approved by the Ethical Commission for Animal
Experiments of the University of Antwerp (code: 2010-36) and the
Committee for Animal Research of the State of Thuringia, Germany
(codes animal experiments: 02-042/14, 02-008/15, code animal
husbandry: J-SHK-2684-05-04-05-07/14).

Surgical procedure

At the University of Antwerp, five newts were surgically implanted
with radio-opaque metal markers on the skeletal structures of interest,
following protocols modified from Herrel et al. (2000) and Manzano
et al. (2008) (see also Heiss et al., 2019). The animals were
anesthetized with buffered (pH 7.2) aqueous 0.05% MS222 (tricaine
methanesulfonate) solution and markers were percutaneously
implanted on the basibranchial (‘tongue bone’), the snout tip
(between the premaxillary upper jaw bones) and the lower jaw tip
(in the region of the dentary symphysis) using hypodermic needles.
Immediately after implantation, the marker placement was verified
using X-ray images. All animals were given at least 3 days of post-
surgery recovery before the start of X-ray recordings.

X-ray motion analysis

X-ray experiments were performed at the Department of Biology at
the University of Antwerp and at the Institute of Zoology and
Evolutionary Research at Jena University, and are described in
Heiss et al. (2019). To record feeding events, newts were placed on a
moistened tissue in an acrylic glass enclosure mounted on the

experimental table (terrestrial condition) and in an acrylic glass
aquarium (ground area 40x40 cm with a 25x7 cm tunnel where
animals were lured for the X-ray recordings; height of the aquarium:
30 cm) filled with 7 cm water (aquatic condition). For the
preliminary experiments performed at the University of Antwerp,
we used a Tridoros-Optimatic 880 X-ray apparatus (Siemens,
Erlangen, Germany), whereas a custom-built biplanar Neurostar
setup (Siemens, Erlangen, Germany) was used for the experiments
at Jena University. After acclimation, newts were fed maggots
(29.845.1 mg; mean+s.d.) and in order to visualize the maggots in
X-ray recordings, we glued small tantalum markers (diameter of
0.5 mm) on their cuticle. In total, 50 terrestrial and 50 aquatic
feeding events were recorded, from which 106 terrestrial and 113
aquatic food processing cycles were extracted for statistical analyses
described below (11, 23, 24, 26 and 28 terrestrial cycles and 16, 17,
31, 12 and 37 aquatic cycles for individuals 1-5, respectively).
Terrestrial X-ray recordings were taken from the latero-lateral and
ventro-dorsal projections at 40 kV and 53 mA. Aquatic X-ray
recordings were taken from the latero-lateral projections at 40 kV
and 80 mA and from the ventro-dorsal projections at 50 kV and
120 mA. The sampling frequency for both terrestrial and aquatic
recordings was 250 Hz. The ventro-dorsal recordings were
performed to determine lateral movements of tongue and jaw
systems during food processing, but because no clear lateral
movements were measured, they were excluded from further
analyses. Next, the resulting raw video recordings were
undistorted and filtered (e.g. gamma correction, contrast,
sharpness), and the horizontal (x-axis) and vertical (y-axis)
coordinates of the landmarks (Fig. 1) were tracked frame by
frame using SimiMotion software (SimiMotion Systems,
UnterschleiBheim, Germany). The 2D displacement of the
landmarks was used to calculate the following movements: (1)
jaw movements: angular displacement of upper and lower jaw
(Fig. 1A); (2) head rotation: angular displacement between the two
lines connecting (i) the points ‘occipital’ and ‘snout tip’ and (ii) the
points ‘first vertebra’ and fifth vertebra’ (Fig. 1A); (3) longitudinal
tongue movement: horizontal displacement of the tongue relative to
the point ‘occipital’ (i.e. parallel to a line connecting the points
‘occipital’ and ‘snout tip’); (4) vertical tongue movement: vertical
displacement of the tongue relative to a line connecting the points
‘occipital’ and ‘snout tip’; (5) longitudinal transport of the prey:
horizontal displacement of the point ‘prey’ relative to the point
‘occipital’; and (6) vertical movement of the prey: displacement of
the point ‘prey’ relative to a line connecting the points ‘occipital’
and ‘snout tip’ (Fig. 1B).

From movements 1-4, we calculated the following variables for
further kinematic analyses and statistics: (1) mouth opening angle
(angular displacement from start of mouth opening to maximum
gape); (2) mouth closing angle (angular displacement from maximum
gape to next minimum); (3) duration of mouth opening (time from
start of mouth opening until maximum gape); (4) duration of mouth
closing (time from maximum gape until next minimum); (5) head
elevation angle (angular displacement from start of head elevation
until maximum head elevation relative to the trunk); (6) head
depression angle (angular displacement from maximum head
elevation until maximum head depression relative to the trunk);
(7) duration of head elevation (time from start until maximum head
elevation); (8) duration of head depression (time from maximum head
elevation until maximum head depression); (9) tongue protraction
distance (distance from minimum to maximum horizontal tongue
displacement, parallel to a line connecting points ‘occipital’ and
‘snout tip’ and relative to point ‘occipital’); (10) tongue retraction
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Fig. 1. X-ray frame shots with landmarks. Lateral views showing the seven landmarks used to measure movements of (A) the mouth and head and (B) the
tongue and prey. Landmarks: (1) snout tip; (2) lower jaw tip; (3) ‘occipital’ (posterior part of the skull); (4) first vertebra; (5) fifth vertebra; (6) tongue (basibranchial);
and (7) prey. Gape and head rotation (A) were measured as angular displacements (indicated by dashed arc), whereas tongue and prey movements were
measured as vertical and horizontal translations (indicated by dashed lines in B) relative to the skull axis (line connecting points 1 and 3) and the normal line
through point 3, respectively. Note that the anterior end of the esophagus is approximately at the height of point 3 (‘occipital’). Modified from Heiss et al. (2019).

distance (distance from maximum to minimum tongue displacement,
parallel to a line connecting points ‘occipital’ and ‘snout tip’ and
relative to point ‘occipital’); (11) duration of tongue protraction (time
from minimum to maximum horizontal tongue displacement); (12)
duration of tongue retraction (time from maximum to minimum
tongue displacement); (13) tongue elevation distance (distance from
the minimum to the maximum vertical tongue displacement relative
to a line connecting the points ‘occipital’ and ‘snout tip’); (14) tongue
depression distance (distance from the maximum to the minimum
vertical tongue displacement relative to a line connecting the points
‘occipital’ and ‘snout tip’; (15) duration of tongue elevation (time
from minimum to maximum vertical tongue displacement); and (16)
duration of tongue depression (time from maximum to minimum
vertical tongue displacement). To account for different head sizes
between individuals, all displacement values for tongue movements
were normalized to percentage of cranial length. The cranial length
was measured from the latero-lateral X-ray recordings and defined as
the distance between the premaxillary and occipital condyles
(Fig. 1A,B). Calculations and graphic illustrations were performed
using Microsoft Excel 2010 (Microsoft, USA), custom-made scripts
for MATLAB (MathWorks, USA) and the open source software
Inkscape.

Behavioral experiments

To test for the effects of prey type and environment, five newts (two
of which were also used for the X-ray analyses) were fed different
prey organisms under both aquatic and terrestrial conditions, resulting
in a total of 350 feeding trials (see Table 1 for details). In order to
minimize food size effects on feeding kinematics (Ferry-Graham,
1998; Gidmark et al., 2013; Montuelle et al., 2012), we carefully
size-selected maggots to equal one mouth-width of the newts
(12.1£0.7 mm and 29.9+4.9 mg; means+s.d.). Crickets were chosen

Table 1. Overview showing the experimental design used to test for the
effects of different prey types on the number of processing cycles

Trials per Number of

Prey type Environment specimen specimens
Maggot Aquatic 10 5
Terrestrial 10 5
Cricket Aquatic 10 5
Terrestrial 10 5
Earthworm pieces Aquatic 10 5
Terrestrial 10 5
Ea-maggot Terrestrial 10 5

The term ‘ea-maggot’ refers to maggots soaked in earthworm blood.

so that their thorax—abdomen length corresponded approximately to the
length of the maggots, and earthworms with a width equal to that of the
maggots were cut into ‘maggot-sized’ pieces. In addition, the crickets'
heads and thorny jumping legs were removed. Maggots soaked in
earthworm blood (henceforth referred to as ‘ea-maggots’) were only
used in terrestrial experiments, because blood was immediately rinsed
off the maggots upon contact with water, thereby preventing aquatic
trials. All feeding trials were performed in the animals’ home tanks
using a high-speed camcorder (JVC GC-PX100, Japan), and the
number of processing cycles used were counted from the recordings.

Measurement of food mechanical properties (prey
penetration force)

As previously shown, the newt 7. carnifex processes its prey by
pressing and translating it across the palatal dentition by means of
cyclic loop motions of the tongue, causing multiple perforations to
the prey (Heiss et al., 2019). In order to compare the forces required
to penetrate different foods, we took measurements of the
penetration force of different prey types. The penetration force is
not intended to represent the actual force exerted by the consumer to
damage the food. Rather, it should represent an easily modellable
and comparable property of food in relation to the respective
consumer. Ideally, a real newt tooth would have been used to
measure the prey penetration force. However, because the vomerine
teeth of 7. carnifex are approximately 200 um long, they are difficult
to dissect out and, owing to their hollow root structure, even more
difficult to mount to a force transducer. Moreover, drying of teeth or
infiltration with glue would also change their mechanical properties.
Therefore, we decided not to use real teeth for this measurement. As
a substitute, we first analyzed the needle-like vomerine teeth of the
Italian crested newt using histological sections. The histological
sections were prepared as described in Heiss et al. (2016). In short,
two newts were euthanized by immersion in a 0.5% aqueous
solution of MS222 (tricaine methanesulfonate), buffered to pH 7.2,
and decapitated, and the heads were immersed in Bouin’s fixative
for 2 months (Kiernan, 1999; Mulisch and Welsch, 2015). Next, the
samples were rinsed, dehydrated in a graded ethanol and acetone
series, and embedded in paraffin. The paraffin blocks were mounted
on a MH 360 (Zeiss, Germany) rotatory microtome and 7 pm thick
serial sections were made. The sections were mounted on glass
slides and stained with Azan (standard protocols after Mulisch and
Welsch, 2015) and documented using a digital camera mounted to
an Axiolab microscope (Carl Zeiss Jena, Germany). From the
resulting micrographs, we calculated the mean#s.d. tip diameter
(39.244.7 um) and crown angle (29.7+4.6 deg) of the vomerine
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teeth. Steel pins (code no. 10242930; Prym Consumer Europe
GmbH, Stolberg, Germany) with very similar tip properties
(45.6 um tip diameter and 29 deg crown angle) were selected to
replace real teeth for these measurements. We maintain that the
strong resemblance in terms of the tip properties of real teeth of 7.
carnifex and the steel pins we selected supports the use of steel pins
as ‘model teeth’ in penetration force tests, thus yielding realistic
results. In addition, the original elastic modulus of fairly stiff teeth
(on the order of a few dozen GPa) and the elastic modulus of steel
(~100 GPa) would not make a significant difference in the much
softer foods, whose elastic modulus ranges from hundreds of kPa to
a few GPa.

The properties and the geometry of the needle tip were verified
before each trial using a 3D measurement macroscope (Keyence VR
3100) with associated software (Keyence One-Shot Software
v. 1.4.0.0; Keyence KK, Osaka, Japan).

Prey items (animals and parts thereof) are often structurally
complex and consist of a large number of materials that are
interconnected in complex ways. Consequently, foods exhibit
complex material properties (including strength, stiffness and
toughness), and therefore conventional materials science variables
have proved inadequate to quantify food properties (Evans and
Sanson, 2005; Sanson et al., 2001). Therefore, we used the following
technique to measure the prey penetration force, inspired by earlier
experiments (Andrews and Bertram, 1997; Herrel et al., 1996, 1999).
The prey penetration force measurements were conducted with an
experimental set-up consisting of a motorized micromanipulator
(DC3001R with controller MS314, World Precision Instruments,
Sarasota, FL, USA), with an attached force transducer (FORT100,
World Precision Instruments) connected to an ADC amplifier (analog
to digital converter) MP100A (BIOPAC Systems, Inc., Goleta, CA,
USA). The steel pin (as a model tooth) was mounted directly on the
force transducer. The motorized micromanipulator was used to move
the model tooth perpendicularly onto the prey samples at a constant
speed of 200 um s~ to penetrate their outer integument, as indicated
by a sudden slope change (eventually a drop in force) in the force—
time curve. After penetration of the outer integument, the model tooth
was moved back out of the specimen. A camera (1A1900-32gc, Basler
AG, Ahrensburg, Germany), which was mounted on a stereo
microscope (MZ 12-5; Leica Microsystems GmbH, Wetzlar,
Germany), was used to monitor and record the experiments. The
force—time curves were recorded on a PC using the Acq-Knowledge
3.7.0 software (BIOPAC Systems). The resulting force—time curves
were used to calculate the force required to penetrate the hull of the
food objects (i.e. prey penetration force) as the maximum force before
the sudden drop in the force—time curve, minus the baseline force
before the start of the penetration test.

The penetration force was measured in three prey types: maggots
(Lucilia sp.), crickets (Acheta domesticus) and earthworms
(Lumbricus sp.). The specimen selection was performed as
described in the ‘Behavioral experiments’ section above. All prey
specimens were anesthetized with CO, for approximately 1 min, after
which they were embedded on one side in two-component dental
impression silicone (AFFINIS® light body polyvinylsiloxane;
Coltene/Whaledent AG, Altstitten, Switzerland) on a microscope
glass slide. Before embedding, some specimens needed further
preparation: the heads of the crickets were removed and the
earthworms were cut in two pieces to fit the microscope slides. We
probed the prey-penetration force for all specimens along the sagittal
plane of the dorsal side. The measurements were performed with 10
maggots, five crickets and five earthworms. Maggots were only used
for one measurement, earthworms were probed twice (each piece) as

their segmented anatomy resulted in stable results (i.e. owing to
internal pressure of each segment), and crickets were probed once on
the abdomen (median tergites) as well as on the mid thorax. The
heads of the crickets were not examined, as the newts were only fed
decapitated crickets. Further detail about the potential implications of
this methodological simplification can be found in ‘Behavioral
experiments’ as well as in the Discussion.

Statistics

The first goal was to test for differences of kinematic variables across
environments (aquatic versus terrestrial) and individuals (1-5). As
the variables violated the assumptions for parametric tests, non-
parametric statistical tests were performed. Specifically, the variables
were heteroscedastic in nature or the variables’ residuals were non-
normally distributed (even after log;, transformation). To test for
differences across individuals, we performed a series of Kruskal—-
Wallis tests and corrected the P-value to account for multiple tests
performed (to avoid type 1 error). Given that the same individuals
were used in both environments, the samples could not be considered
independent and a Wilcoxon signed-rank test had to be performed to
test for differences across environments. To account for diverging
sampling numbers across environments (e.g. for individual 1 there
were 29 terrestrial cycles versus 16 aquatic cycles), we first calculated
the median values for each variable and individual and then
performed the Wilcoxon signed-rank tests on the medians. Given
the very conservative nature of this approach (Wilcoxon signed-rank
tests were performed on medians and not on direct measurements)
and to avoid type 2 error, P-values were left uncorrected for the
Wilcoxon signed-rank tests (see also Armstrong, 2014; Garamszegi,
2006; Moran, 2003 for cautious use of Bonferroni corrections).

The second goal was to test for differences in processing cycle
numbers across prey type and environment. As the data violated the
assumptions for parametric statistics and to account for the
dependence of the samples (different prey was tested on the same
animals), pairwise Wilcoxon signed-rank tests were performed. By
contrast, differences between individuals were examined by using
Kruskal-Wallis tests.

The third goal was to test for differences between the mechanical
properties (i.e. penetration forces) of different prey types (maggot,
cricket, earthworm). To determine whether the kinematic parameters
differed between morphotypes, we performed a Kruskal-Wallis one-
way ANOVA. Sequential pairwise multiple comparisons (i.e. Mann—
Whitney U-tests) using ranks based on consideration of all samples,
not just the two samples currently involved in a comparison (Dunn,
1964), were performed to determine which morphotypes differed.
The significance values were Bonferroni adjusted to account for
multiple testing.

RESULTS

Kinematics

The general mechanism used to process maggots was the same across
environments; newts used tongue-palate rasping when processing
maggots both on land and in water (Fig. 2, Fig. S1, Movies 1-4),
resulting in generally similar kinematic profiles (Figs 2 and 3). The
tongue-palate rasping processing mechanism is described in detail
elsewhere (Heiss et al., 2019). In short, the prey is pressed and
translated across the palatal dentition by cyclic loop motions of the
tongue, causing multiple perforations to the prey. The series of
Wilcoxon signed-rank tests revealed that the median ranks of nine out
of 20 kinematic variables differed across environments (Table 2).
Specifically, mouth opening and closing, as well as tongue protraction,
differed in both magnitude and duration across environments, being
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Fig. 2. Tongue and prey movements in the 2D cranial reference coordinate system in Triturus carnifex. The loops are running in a counter-clockwise
direction and indicate motion of the tongue (continuous line) that moves prey (dashed line) along the mouth roof under aquatic (A) and terrestrial (B) conditions.
To facilitate interpretation, schematic hyobranchial apparatus, skull and lower jaw have been added. The loops show the mean trajectory from 113 (A) and 106
(B) processing cycles from maggot feeding trials, with colored areas indicating 68% confidence intervals, normalized to cranial length (% CL). The start of mouth
opening phases are indicated by an asterisk and the peak gape (i.e. peak mouth opening) by ‘pg’. B is modified after Heiss et al. (2019).

less pronounced with shorter durations in aquatic feeding events
(Fig. 3, Table 2). Similarly, head depression, tongue elevation and prey
protraction durations were significantly lower during aquatic feeding.
A series of Kruskal-Wallis tests revealed that significant inter-
individual differences were present in 16 out of the 20 kinematic
variables tested. Only the durations of mouth opening and prey
protraction, along with the magnitudes of head depression and head
elevation, showed no significant inter-individual differences (Table 2).
In sum, differences across individuals were higher than across
environments.

Behavior

Behavioral differences across environments and across different prey
were quantified by comparing the number of processing cycles used.
Descriptive statistics and a series of Wilcoxon signed-rank tests
revealed that the number of processing cycles only differed across
environments when newts processed maggots, being almost twice as
high in aquatic feeding compared with terrestrial feeding events
(Table 3, Fig. 4). By contrast, there were no differences across
environments for crickets and earthworm pieces (Table 3, Fig. 4). On
the individual level, the series of Kruskal-Wallis tests revealed
significant inter-individual differences in the number of processing
cycles used only related to crickets (Table 3). Feeding on maggots,
earthworm pieces and ea-maggots showed no inter-individual effects
(Table 3). When testing for differences in food processing cycle
numbers across prey types, the series of Wilcoxon signed-rank tests
showed significant differences of the median ranks across all prey
types (Table 4, Fig. 4), except for one scenario: the median rank of the
number of processing cycles associated with maggots rinsed in
earthworm blood (ea-maggots) did not differ from regular earthworm
pieces (but note that the difference between ea-maggots and
regular maggots was highly significant). Descriptive statistics
showed that the highest number of processing cycles was
associated with maggots, followed by crickets and then earthworm
pieces along with maggots rinsed in earthworm blood (see Tables 3
and 4, Fig. 4).

Mechanical properties of different prey types

A Kruskal-Wallis one-way ANOVA revealed significant differences
of penetration forces between the three prey types (H>=19.36,
P<0.001). Pairwise comparisons showed that penetration forces were
significantly higher for maggots (557.9£147.5 mN) than both for
crickets (136.7£54.0 mN) and earthworms (137.9+£31.5 mN) (Fig. 5,
Fig. S2). By contrast, the penetration forces for crickets and
earthworms showed no statistically significant difference after
Bonferroni correction (Fig. 5).

DISCUSSION

Italian crested newts show a moderate level of modulation of their
intraoral food processing behavior across fluid environments, but
respond flexibly to different prey and modulate their processing
behavior in accordance to the different prey types. Maggots are
processed extensively, crickets moderately and earthworm pieces
barely, if at all. Below, we discuss how these differences might be
explained.

Links between food mechanical properties and food
processing flexibility

Mechanical tests of different prey types showed that maggots require
significantly higher forces to be perforated by the vomerine tooth
model than crickets and earthworms. Accordingly, the greater
number of intraoral food processing cycles that the newts use while
feeding on maggots could be explained, at least in part, by the
significantly greater prey-penetration force. Furthermore, maggots
might also be dangerous prey. Specifically, it has been reported that
maggots — if not processed adequately — can survive for some time
after being swallowed and cause severe damage to the predator
(Brumpt, 1934; Zumpt, 1965). The tough cuticle of maggots seems to
protect them from the digestive enzymes, so piercing the cuticle
before swallowing might be essential not only to kill a potentially
dangerous prey, but also to allow enzymes to enter the maggot
and facilitate digestion. Compared with maggots, crickets and
earthworms require significantly less force to be perforated.

5

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


http://jeb.biologists.org/lookup/doi/10.1242/jeb.232868.supplemental

RESEARCH ARTICLE

Journal of Experimental Biology (2020) 223, jeb232868. doi:10.1242/jeb.232868

W

Terrestrial processing

A Aquatic processing
j o - w
S 3
g R
T 60 = 20
15 S
L x T a
5 50 = 30
s b=
S 2
o
g 40 5S40
o 7}
] T T T 1 3 T T T 1
o
o w
~ 10
o 60 5
= x < [a]
] T 20
<] °
£ 40 b
o >
< >
3 3
6-. o
w o
S
~ [a] = o
5 160 §1 20
E ~
5 g
—_ @
s [0}
c
S 140
S 10
0 50 100 0 50 100

-«—

N
o

N
o

Basibranchial vertical (% CL)

Basibranchial horizontal (% CL) ey

Prey vertical (% CL)
S 3

w
o

Prey horizontal (% CL)

w
o

Cranial rotation (deg)
Gape (deg)
N
o

0 50 100
Time (% basibranchial cycle)

—

Fig. 3. Kinematic profiles of aquatic and terrestrial food processing in T. carnifex. Solid lines indicate mean values and dashed lines indicate ts.d. from 113
(A) and 106 (B) processing cycles from maggot feeding trials. The time scale on the x-axes is normalized as percentage of basibranchial cycle. Vertical and
horizontal translations of tongue (basibranchial, bb) and prey on the respective y-axes are normalized as percentage of individual cranial length (% CL). C and O,
closure and opening; D and E, depression and elevation; and R and P, retraction and protraction.

Interestingly, although crickets do not require significantly higher
penetration forces than earthworms, they are processed more
intensively. At first sight, the case that two prey types that demand
similar penetration forces are processed with different intensities
might sound contradictory. However, as the newts were only fed
decapitated crickets, we only measured the penetration forces of the
thorax and abdomen, but the head capsule is usually one of the
strongest sections of insects (Hillerton et al., 1982). If newts had to
effectively incapacitate a cricket under natural conditions, it would
behove them to pierce the head capsule. Consequently, the greater
number of processing cycles for crickets in our study might be
partially explained by the mechanical properties of the cricket’s head
capsule — although it had been removed in the experiments. The
question of how the mechanical properties of removed cricket heads
can affect the processing behavior of newts could be explained by the
fact that the newts used in this study were caught in the wild where
they probably already had contact with a wide range of prey
organisms — including armored and potentially dangerous prey, such
as crickets. Furthermore, the newts were fed with living house
crickets during husbandry, so that the newts may have learned that
crickets possess hard head capsules and require more intensive
processing. In fact, prey-related learning effects are well known for
salamanders (Crane et al., 2018). Aside from the hard head capsule of
crickets, the newts might also have learned that crickets, unlike
earthworms, possess forceful mandibles (Hack, 1997) that can be

used to inflict damage to the predator. Indeed, just like maggots,
crickets are potentially dangerous prey, and processing such prey
reduces the probability of injuries for the predator. In contrast to
maggots and crickets, earthworms are hardly processed at all. In fact,
earthworms seem to be harmless prey as they have no mandibles and,
apart from mucus and very short bristles, no mechanical system that
could somehow be used against a predator (Edwards and Bohlen,
1996). Accordingly, earthworms seem not to require post-capture
processing and are safely swallowed unreduced. Future studies are
encouraged to analyze in more detail the kinematic differences
between prey types. Although we have shown that different prey are
processed with different numbers of processing cycles, the question
of how the kinematics changes between prey types remains open.
Because important kinematics of intraoral food processing in
salamandrid newts are visible from the outside [mouth opening and
closure (i.e. gape), vertical cranial rotation, vertical hyobranchial
movement], simple kinematic studies from high-speed videography
could potentially answer this question in the future.

Sensory control of the food processing behavior

Our data suggest that salamanders may be generally able to adjust their
food processing behavior to different prey. However, the question
remains as to how they can distinguish between different types of prey.
Studies on amniote chewing have shown that sensory feedback is
important for fine-tuning food processing behavior to the respective
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Table 2. Descriptive statistics of kinematic variables, along with differences across individuals (individuals 1-5) and environment (aquatic versus

terrestrial)

Individual Environment

Variable Aquatic processing Terrestrial processing Kruskal-Wallis H, P Wilcoxon Z P

Mouth opening angle (deg) 15.1+£3.9 25.1+3.9 48.40 <0.001* 15 0.043*
Mouth closing angle (deg) 15.1+4.2 25.1+4.0 49.83 <0.001* 15 0.043*
Duration mouth opening (ms) 23965 313489 12.94 0.012 15 0.043*
Duration mouth closing (ms) 143165 207490 28.18 <0.001* 15 0.042*
Head depression angle (deg) 27.949.6 29.7£10.7 6.21 0.184 6 0.686
Head elevation angle (deg) 27.548.1 29.6+9.6 7.99 0.092 5 0.500
Duration head depression (ms) 211470 340+109 19.27 0.001* 15 0.043*
Duration head elevation (ms) 17873 168+63 41.66 <0.001* 9 0.686
Tongue protraction distance (% CL) 17.6+8.9 28.7+7.8 16.46 0.002* 15 0.043*
Tongue retraction distance (% CL) 17.7+8.9 29.14+8.1 19.15 0.001* 14 0.080
Duration tongue protraction (ms) 213+86 346+118 35.90 <0.001* 15 0.043*
Duration tongue retraction (ms) 17161 161140 18.49 0.001* 5 0.500
Tongue elevation distance (% CL) 19.049.9 27.6£9.4 23.12 <0.001* 11 0.345
Tongue depression distance (% CL) 20.9£10.0 29.4+9.2 28.14 <0.001* 12 0.225
Duration tongue elevation (ms) 196167 300492 19.66 0.001* 15 0.042*
Duration tongue depression (ms) 189162 20976 22.26 <0.001* 12 0.225
Prey protraction distance (% CL) 18.2+12.1 17.8+10.8 34.09 <0.001* 7 0.893
Prey retraction distance (% CL) 20.5+11.7 20.7+90 41.71 <0.001* 9 0.686
Duration prey protraction (ms) 204485 307+121 10.35 0.035 15 0.042*
Duration prey retraction (ms) 181£75 200£97 18.35 0.001* 9 0.686

Values are meanszs.d. from 113 (aquatic) and 106 (terrestrial) processing cycles from maggot feeding trials. The P-values for Kruskal-Wallis tests were corrected
after Bonferroni (P<0.003), while P-values for Wilcoxon tests were not corrected (see Materials and Methods). Significant P-values are indicated by asterisks.

demands (Gans and De Vree, 1986; Herrel et al., 2008; Hiiemae and
Crompton, 1985; Thexton et al., 1980). However, data are lacking on
the impact of sensory feedback upon the food processing behavior in
lissamphibians. Previous studies on prey capture in lissamphibians
found that vision, mechanoreception, electroreception and olfaction
are the main sensory systems used for food detection and
discrimination (Anderson and Nishikawa, 1993; Deban, 1997; Roth,
1987; Valdez and Nishikawa, 1997). In salamanders and frogs, vision
and (to a lesser degree) mechanoreception were suggested to be the
most important senses involved in the guidance of feeding (Anderson
and Nishikawa, 1993; Roth, 1987). However, vision and
mechanoreception alone are unlikely to trigger the different food
processing behavior observed in 7. carnifex. Specifically, in our
experiment, where newts were fed maggots rinsed in earthworm
blood (ea-maggots), the newts processed the ea-maggots just like
regular earthworm pieces, although visual and tactile cues were
still most similar to those of regular maggots. The response of
newts to ea-maggots suggests that in this case, chemical cues are
more important for triggering prey-specific processing behavior
than visual or mechanosensory information. In fact, salamanders
possess a high number of taste buds in their oropharyngeal cavity
(Northcutt et al., 2000; Zuwala and Jakubowski, 2007), but their
importance in feeding behavior has not yet been specifically

addressed. It was hypothesized that salamanders might reject
distasteful or toxic prey items (Avery, 1968), but with the present
study we showed that chemical cues are also likely to trigger more
subtle prey-specific intraoral prey handling.

Alternatively, one could argue that the sense of taste is only used
to determine whether prey have been processed sufficiently. In fact,
earthworm pieces and crickets were at least partially coated with
blood or hemolymph before intraoral processing began. In this way,
they may have spread aromas that indicated that adequate intraoral
processing was carried out earlier than with maggots. Accordingly,
it could be argued that the sense of taste does not serve to distinguish
between prey types, but only between damaged and undamaged
prey. However, some preliminary tests using whole crickets gave the
same results as prepared crickets (i.e. decapitated and jumping legs
removed), although this test procedure turned out to be unsuitable,
because the newts temporarily refused further intake after feeding
on whole crickets. We therefore encourage further investigation of
this scenario — using prey or foods of uniform size that can be fed
undamaged or with no aromatic signs of damage (i.e. without loss of
blood or hemolymph), and that can also be supplied with the flavors
of other prey or foods. See for example these interesting findings
and approaches: Chases (2008); David and Jaeger (1981); Lindquist
and Bachmann (1982).

Table 3. Comparison of the number of processing cycles used for different prey in aquatic and terrestrial feeding events in five individuals

Individual effect Environmental effect

Prey type Aquatic feeding events Terrestrial feeding events Kruskal-Wallis H, P Wilcoxon Z P
Maggot 18.7£7.2 8.4+3.2 5.426 0.249 -5.992 <0.001*
Cricket 2.8+3.6 2.6+4.0 54.117 <0.001* —-0.543 0.587
Earthworm 0.8+1.2 0.4+0.9 3.451 0.485 -2.229 0.026
Ea-maggot N/A 0.7+1.2 5.391 0.249 N/A N/A

Values are meansts.d. P-values were corrected after Bonferroni (P<0.013). Significant P-values are indicated by asterisks. Kruskal-Wallis and Wilcoxon signed-

rank tests indicate differences between individuals and environments.
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Fig. 4. Boxplots showing the different number of processing cycles used by T. carnifex for different prey and across aquatic and terrestrial feeding
events. Green plots (left) indicate terrestrial feeding; blue plots (right) indicate aquatic feeding. Note that untreated maggots inflict most processing cycles but
almost twice as many cycles are used under aquatic conditions. By contrast, such an environmental-based difference is not present in crickets and earthworms.
Whereas untreated maggots generated the highest number of processing cycles, ea-maggots (maggots rinsed in earthworm blood) were hardly processed at all.
For detailed statistics, see Table 3. Circles indicate values that differ significantly from the remaining values; asterisks indicate significant outliers.

Impacts of the environment on food processing

Aside from the flexible processing response to different prey, some
modulation was also detected across environments. However, the
general food processing mechanism only showed minor differences
between aquatic and terrestrial events — with differences between
individuals being greater than between environments. Newts used
tongue-palate rasping to process prey regardless of the medium in
which feeding occurred. The low level of behavioral modulation
across environments was unexpected, given that a shift in motion-
coordination between hyobranchial structures and mandible across
aquatic and terrestrial chewing had been hypothesized (Konow et al.,
2011) and prey capture differs fundamentally between aquatic and
terrestrial habitats in salamanders (Heiss et al., 2018; Miller and
Larsen, 1989, 1990; Reilly, 1996; Stinson and Deban, 2017a). To
capture prey under water, salamanders employ suction feeding, where
a fast oropharyngeal volume expansion induces a drop in intraoral
pressure that drives prey and surrounding water to flow into the mouth
(Deban and Wake, 2000; Heiss et al., 2013b; Lauder and Shaffer,
1985). On land, the low viscosity and density of air compared with
water makes suction feeding inefficient (Bramble and Wake, 1985;

Table 4. Differences in the number of processing cycles used across
different prey

Wilcoxon Z P
Maggot versus cricket -8.316 <0.001*
Maggot versus earthworm —8.686 <0.001*
Cricket versus earthworm —4.647 <0.001*
Maggot versus ea-maggot -6.103 <0.001*
Cricket versus ea-maggot -3.150 0.002*
Earthworm versus ea-maggot 1.419 0.156

P-values were corrected after Bonferroni (P<0.008). Significant P-values are
indicated by asterisks. All comparisons involve data from both aquatic and
terrestrial feeding events, except for comparisons with ea-maggots, where only
terrestrial feeding events were included. The term ‘ea-maggot’ refers to
maggots soaked in earthworm blood.

Heiss et al., 2018), and most salamanders use their sticky tongue that
is accelerated out of the mouth to capture prey (Deban, 2003; Findeis
and Bemis, 1990; Stinson and Deban, 2017b). Why is prey capture
heavily affected by the medium while intraoral food processing is
not? In prey capture, there is more influence from the surrounding
medium (water versus air) as prey has to be removed from the
surrounding environment and moved into the mouth. Once the prey is
in the mouth, the conditions are likely more homogeneous, and
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Fig. 5. Boxplots showing different penetration forces (meants.d.)
measured for three different prey types: maggots, crickets and
earthworms. Circles symbolize values that differ significantly from the
remaining values. Pairwise Mann—-Whitney U-tests comparing the penetration
forces across the three different prey types revealed significant differences
between maggots and crickets (Mann—Whitney U,=15.0, P<0.001) and
between maggots and earthworms (Mann-Whitney U;=15.0, P<0.001),

but not between crickets and earthworms (Mann-Whitney U4=0.0, P>1.000).
P-values were corrected after Bonferroni (P<0.017).
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therefore the environment has less influence on intraoral food
processing, which leads to similar kinematics under both conditions.

Still, depending on the prey type, there can be a functional effect
of the environment as the number of processing cycles can differ
across aquatic and terrestrial feeding events. Specifically, the
number of processing cycles differed for maggots but not for
crickets or earthworm pieces: under aquatic conditions, maggots
were processed with almost twice as many cycles compared with
under terrestrial conditions. Why do newts use almost twice as many
processing cycles in water than on land when feeding on maggots?
One might first think that more drag and less friction under water
would first decrease the grip between tongue pad and prey, and
second decrease the grinding effect as the tongue rasps prey against
the palatal dentition. Our results only partly support this hypothesis:
tongue protraction distance varied significantly between
environments, being lower under aquatic conditions, while anterior
translation of prey did not differ. In other words, although the tongue
is moved anteriorly over a shorter distance, the prey is still translated
over a similar distance across the palatal dentition in aquatic feeding
events. So, under aquatic conditions, the protraction of the prey seems
likely to be accomplished by the tongue, but this effect might
additionally be enforced by the anteriorly directed water current
induced by the protracting and elevating the lingual apparatus.
Additionally, decreased friction between the prey and the palatal
dentition in water would enhance prey protraction but at the same time
reduce the processing efficiency. Decreased processing efficiency in
turn would explain why almost twice as many processing cycles were
used in aquatic compared with terrestrial feeding events. Thus, it
might be argued that twice as many processing cycles are necessary
for the same processing effect. When feeding on crickets and
earthworms, the newts showed no significantly different processing
cycle numbers across environments. However, crickets and
earthworms were generally processed less extensively, implying
that intraoral food processing is less relevant when feeding on such
prey compared with maggots.

Food processing flexibility from an evolutionary perspective
Considering the results of this study from an evolutionary perspective
might allow us to extrapolate traits of food processing to the Devonian
fish—tetrapod (water—land) transition of early tetrapods. Food
processing in salamanders shows traits akin to both fish and
amniote food processing (Heiss et al., 2019). Therefore,
salamanders might provide a suitable model for revealing changes
in feeding behavior during this seminal transition (Lauder and Reilly,
1994). It has been suggested that early tetrapods may have developed
new feeding mechanisms in their aquatic environment and that these
innovations could have later paved the way for terrestrial feeding
mechanisms (Ahlberg et al., 2005; Clack, 2012; Markey and
Marshall, 2007; Porro et al., 2015; Schwarz et al., 2020b). From
this point of view, the differences and similarities in food processing
behavior between the two fluid media could reflect an analogous
adaptation or preservation of the processing mechanism of earlier
tetrapods during the water—land transition. In particular, the present
study suggests that, despite the extremely different physical
conditions between water and air (Denny, 1993), only minor
kinematic changes are needed to allow tongue-palate rasping on
land (i.e. in air). Consequently, because of the projected relatively
consistent conditions in the oral cavity, the new aquatically developed
processing mechanism may have been retained during the transition
from fish-like to more terrestrial tetrapods — as ultimately only minor
behavioral changes are required to maintain intraoral food processing
abilities during water—land transitions.

Conclusions

We show that Triturus carnifex adapts its processing behavior to the
type and/or processing status of the prey, whereas the medium (i.e.
the fluid environment) in which feeding occurs (water versus land)
has less of an effect. Triturus carnifex actively discriminates between
prey types, and aside from the mechanical properties of prey,
gustation appears to play an important role in the guidance of feeding
behavior. The present study might allow parallels to be drawn to the
evolution of terrestrial feeding in early tetrapods. Analogous to
T. carnifex, owing to relatively constant conditions in the oral cavity,
early tetrapods may have shown only a slight change in their food
processing behavior between aquatic and terrestrial environments.
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