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Phenotypic flexibility of gape
anatomy fine-tunes the aquatic
prey-capture system of newts
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. that seasonally change between an aquatic and a terrestrial habitat. Newts grow flaps of skin between
their upper and lower jaws, the labial lobes, to partly close the corners of the mouth when they adopt
an aquatic lifestyle during their breeding season. Using hydrodynamic simulations based on pCT-scans
and cranial kinematics during prey-capture in the smooth newt (Lissotriton vulgaris), we showed that
this phenotypic flexibility is an adaptive solution to improve aquatic feeding performance: both suction
distance and suction force increase by approximately 15% due to the labial lobes. As the subsequent
freeing of the corners of the mouth by resorption of the labial lobes is assumed beneficial for the
terrestrial capture of prey by the tongue, this flexibility of the mouth fine-tunes the process of capturing
prey throughout the seasonal switching between water and land.

Many animals benefit from reversible phenotypic plasticity in response to seasonal variation in the environment.
Well-documented cases of such phenotypic flexibility (sensu Piersma & Drent!) are, for example, subcutaneous
fat deposits anticipating to forthcoming high energy demands of migration in birds** or bats®, hair growth to
decrease thermal conductance of a mammal’s fur in winter®’, and anatomical changes in specific brain regions
controlling the production of a songbird’s singing behavior in the breeding season®°. Phenotype flexibility is also
documented in the morphology of the food-uptake system of animals in response to seasonal changes in diet: for
example, gut length adapts to the digestive requirements of the available food in many vertebrates'®'2, and rela-
tive growth of the jaws and shell of sea urchins changes during a year in response to changes in available food".
Yet, these reversible forms of phenotypic plasticity are much less common than non-reversible, developmental
phenotypic plasticity’.

Probably one of the most drastic seasonal changes in life-style within vertebrates is found in newts, a subgroup
within the Salamandridae. Adult newts become aquatic in spring when their breeding season starts, and leave the
water near the end of the summer to live on land until next spring'®. A substantial phenotypic flexibility related
to these life stages allows us to distinguish a terrestrial and aquatic morphotype within each species: when newts
become aquatic they develop tail fins, whereas the skin becomes more keratinised when they become terres-
trial’>6. Also the morphology of the cranial system changes reversibly: flaps of skin grow from the upper jaw
down to the lower jaw and partly closes the mouth corners like a curtain at the onset of the newt’s aquatic phase'®
(Fig. 1). These labial fringes of skin sealing part of the left and right corners of the mouth are generally referred
to as the labial lobes!”.

In contrast to the terrestrial capture of prey by tongue prehension, newts generate suction to capture prey
during their aquatic phase'®!?. By restricting the gape to a narrower rostral opening, the labial lobes are hypothe-
sised to increase the velocity of water flow just in front of the mouth when newts are suction feeding by limiting
the amount of (less useful) flow curling into the mouth cavity from the lateral sides?!. The fact that labial lobes
occluding the lateral gape are never present in amphibians that do not use suction feeding®” suggests an important
role of lateral gape occlusion for suction feeding. It was shown experimentally that a flatter shape of an opening
surface (as with a circular mouth aperture) allows a faster outflow of water from a large container under steady
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Figure 1. Feeding modes and anatomical flexibility of the gape in Lissotriton vulgaris. Protrusion and
prey-adhesion by the tongue (black arrow) is used during the terrestrial phase when the lateral side of the gape
(yellow outline) is open (a). During the newt’s aquatic phase (b), suction produced mainly by depression of the
hyoid (white arrow) is used to draw prey into the oropharyngeal cavity. Labial lobes (anterior outline in red)
close the mouth corners during this aquatic phase.

flow conditions compared to wedged, open mouth-corner like outflow openings?’. Computational model sim-
ulations under more realistic, unsteady flow conditions confirmed that the closing of the corners of the mouth
helps to concentrate the flow at the centre of the mouth where suction feeders generally position their prey*. In
many suction-feeding fishes, a temporal occlusion of the mouth corners is realised by the forward swinging of
the left and right maxillary bones, a movement mechanically coupled with the separation of the upper and lower
jaw?>%6. Consequently, the generality of some type of occlusion of the lateral gape in suction feeders, together with
the abovementioned hydrodynamic modelling studies, suggest an important improvement of suction-feeding
performance by this morphological trait.

However, to which extent the incomplete occlusion of the mouth corners during the transition from the ter-
restrial to the aquatic morphotype in newts (Fig. 1) improves suction-feeding performance remains unknown.
A recent study showed that a fully aquatic salamander (Andrias davidianus) is a remarkably fast and powerful
suction feeder despite its almost fully open mouth corners?. In addition, flow visualisation experiments showed
that immobilizing the maxilla of a fish (Amia calva) did not result in decreased flow velocities in front of the
mouth, perhaps due to behavioural compensation of the fish that responded by opening the mouth wider and
longer®®. The goal of the present study is to unravel the functional implications of the phenotypic flexibility in the
cranial system by quantifying the presumed hydrodynamic advantage of the labial lobes for suction feeding in the
smooth newt (Lissotriton vulgaris).

Results

The effect of the presence of labial lobes on the hydrodynamics of suction feeding in Lissotriton vulgaris was ana-
lysed by mathematical simulations of suction flows, using the numerical modelling technique of computational
fluid dynamics (CED). These simulations used realistic shapes of the external head and oropharyngeal cavity sur-
faces obtained from pCT scanning of L. vulgaris specimens in a resting position with a very small mouth opening
to serve as the starting configuration of the model (Fig. 2). Programming of the movements and deformations of
the head surfaces that expand the oropharyngeal cavity (and thereby generate suction) was based on kinematic
data from high-speed videos of the newts during their aquatic capture of prey' (Fig. 2a—c). Results from CFD are
then compared between three models (Fig. 2e): one with the labial lobes (mmodel 1), one without the labial lobes
expanding at the same speed as model 1 (model 2), and one without the labial lobes expanding at an increases
speed so that the peak power requirement (Fig. 2d) is equal to that of model 1 (model 3).

At the midsagittal plane, the presence of the labial lobes significantly increases the velocities of the flows of
water directed to the back of the oropharyngeal cavity. At four points distributed along a central line on this
medial plane (points p1 to p4; Fig. 3), the peak anterior-to-posterior flow velocity is consistently higher in model 1
(aquatic morph, blue curves in Fig. 3) compared to two models without the labial lobes (terrestrial morph; red
and green curves in Fig. 3). Both the absolute and relative difference increases from points more in front of the
mouth to the points more inside of the mouth (i.e., from p1 to p4). At 3mm in front of the snout tip (p1 in Fig. 3),
peak flow velocity of model 1 was 30% higher than in model 2, and 10% higher than in model 3. At 4.5mm
from the snout tip inside the mouth (p4 in Fig. 3), this difference increased to 75% with model 2, and 56% with
model 3.

However, at the lateral side of the mouth, the two models of the terrestrial morph with the fully open lateral
gape still generated anterior-to-posterior flow for the point located just anterior of the mouth corners of these two
models (p5 in Fig. 3), but no longer when the labial lobes are added. Also further posterior on the lateral side, at
the level of the eye, considerably stronger suction flows occur in the models without the labial lobes (p6 in Fig. 3).
At this point p6 (Fig. 3), which is located at the lateral extension of the mouth corners of models 2 and 3, the flow
is directed medio-anteriorly. The large difference between the models in the flow patterns at the lateral sides of the
head is also clearly illustrated in Fig. 4a—c (see also Supplementary Movie 1).
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Figure 2. Kinematic input and power requirement of the three models. The velocity of three movements
are used as input in the models: lower jaw depression (a), head elevation (b), and hyoid depression (c). In-vivo
kinematics of three aquatic feeding acts are shown (black curves) alongside the kinematic input of the models
(coloured curves). Each kinematic input variable is applied only to the relevant zones of the mesh, as shown in
the coloured images at the top: a factor of 1 of the mapped colour scale (red) means that the equation for this
kinematic variable is followed for 100%, a factor of 0 (blue) means that the mesh remains unaltered. Power
requirements of the three models are shown in (d). The properties of models 1, 2, and 3 with their respective
colour coding used in this article are shown in (e).

Iso-velocity surfaces show that suction flows reach further in front of the mouth in the model with the labial
lobes (Fig. 4d,e). Anterior-to-posterior flow of 2.5 mm s~! is found at 5.6 mm in front of the snout tip in model 1,
which is 15.5% further than model 2 and 9.4% further than model 3. A similar relative difference is found for the
10 mm s™! iso-velocity surface that reached 17.7% and 9.0% further in model 1 compared to, respectively, model
2 and 3. A broader spreading of the generated flow field at the lateral side of the head for the models without the
labial lobes (models 2 and 3; red and green curves) is also evident from the iso-velocity lines (Fig. 4e).

Two more direct measures of suction performance were also compared between the models. Firstly, the dis-
tance from which a small, neutrally buoyant prey particle (assumed to follow the water flow) can be sucked to
reach a given location inside the mouth at the level of the eye by the end of the simulation was calculated. The
model with the labial lobes outperformed the other two models by moving the prey over a 15.2% longer distance
(Fig. 5a). Secondly, the force exerted on a fixed prey was evaluated by adding a sphere of 0.5 mm diameter just in
front of the mouth in all models and numerically calculating the total hydrodynamic force (pressure and shear
force) on the mesh of the sphere at each time step of these new simulations. Also here the model with the labial
lobes (model 1) showed the best performance with a peak force of 14.6 uN, which is 46.8% higher than model 2
and 16.8% higher than model 3 (Fig. 5b).

Discussion

The well-documented metamorphosis of larval salamanders accompanying their transition to a terrestrial lifestyle
is manifested in nearly all of their organ systems®’, including the cranial components of the feeding system?*.
After metamorphosis, in many cases the feeding system drastically changes from a design to capture prey under-
water by generating suction, to a system relying on tongue projection from the mouth. In the tiger salamander
(Ambystoma tigrinum), for example, not only the tongue and its supporting musculoskeletal system develops
during metamorphosis, but also the well-developed labial lobes on the upper and lower jaws reduce to form a
more open, notched lateral gape with a posteriorly shifted point of articulation®. Since the labial lobes are not
only reduced during the aquatic-to-terrestrial transition during metamorphosis but are also lost and regained
yearly on the upper jaw in newts that seasonally transition between water and land*® (Fig. 1), it is important to
understand the functional consequences of this feature.

Our analysis showed that the phenotypic flexibility of the re-growth of the labial lobes significantly increases
the suction-feeding performance of the smooth newt (L. vulgaris). Peak flow velocities at the centerline of the oro-
pharyngeal cavity increased between 10% and 50% depending on the location (Fig. 3), enabling prey to be sucked
from 15% farther (Fig. 5a). As these newts mainly feed on benthic insects and oligochaetes that often adhere to
the substrate, also the capacity to dislodge such fixed prey by suction improves due to a 17% increase in peak
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Figure 3. Suction-flow velocities along the anterior-to-posterior axis at six fixed locations. The six
locations, points 1 to 6, are shown in the top images. The three colours represent the models (blue =model 1,
green =model 2, red = model 3; Fig. 2e).

suction force (Fig. 5b). These results confirm the hypothesis that lateral gape occlusions are beneficial for suction
feeding?!-***!. However, previous reports stating that the labial lobes are critical for effective suction feeding!”
are probably exaggerated given the less than 20% difference in suction performance between models with and
without the labial lobes. Nevertheless, our results strongly suggest that the seasonal growth and resorption of the
labial lobes is an adaptation to seasonally changing prey capture conditions.

A logical question is then what the disadvantages are for retaining the labial lobes during terrestrial life. It is
assumed that the loss of the labial lobes allow the gape to be opened wide enough for the unobstructed tongue
projection and subsequent capture and manipulation of large active terrestrial prey with the jaws*. In addition
to this, we hypothesise that a narrowing of the mouth aperture is less problematic during aquatic feeding because
suction flows tend to align prey parallel with the streamlines that predominantly enter straight into the mouth.
As an automatic (flow-driven) reorientation of the prey will not take place when, for example, a terrestrial worm
adhered to the tongue is pulled back into the mouth, the worm may be lost during contact with the anterior edges
of the labial lobes.

Potential interference with the maximal size of prey to fit into the mouth may also explain why the labial lobes
do not grow even further towards the tip of the jaws in L. vulgaris (Fig. 1). Anterior of the eyes, the edges of the
jaws start curving medially. Therefore, additional growth of the labial lobes from this point forward would result
in a reduced width of the mouth opening. Such a trade-off between lengthening of the oropharyngeal cavity by
growth of the labial lobes (improving suction performance) and mouth width (limiting maximal prey size) is not
present closer to the jaw joint where curving of the jaws towards the medial plane is negligible. As diet choice
experiments indicated that L. vulgaris has a selective preference for large-sized prey®, gape size may limit foraging
efficiency in this species.

Our hydrodynamic simulations indicate a drawback to the closing of the lateral gape: the duration of the
expansion of the head will inevitably increase if we assume no change in the power input from the feeding mus-
cles. This result was evident from our power-normalisation procedure that predicted that the labial lobes will
cause the mouth and hyoid expansion to last 15% longer due to power demands (Fig. 2d). Despite that stronger
flows will be created, this inevitably means a longer gape cycle, and therefore more time for agile prey to start an
attempt to escape. As the labial lobes elongate the buccal cavity, this effect will probably be prominent in animals
with very long mouth cavities. Extremely long mouth cavities are found in syngnathid fishes (e.g. pipefishes, sea-
horses). Notably, syngnathids have evolved a mechanism based on elastic recoil of tendons to amplify the power
for suction feeding, which ensures a sufficiently fast buccal expansion®*. The temporarily closing of the mouth
corners by the forward swinging of the maxillary bones, as observed in many ray-finned fishes, may be optimal
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Figure 4. Comparison of suction-flow velocities. Three-dimensional flow velocities (colour scale on the left)
and directions (small black arrowheads) are given for the midsagittal and midfrontal section planes of model

1 (a), model 2 (b), and model 3 (c) (Fig. 2e). Iso-contours of anterior-to-posterior flow velocity (2.5, 10, and

100 mm s™!) for the three models (see top or Fig. 2e for colour codes) are shown in (d,e). The displayed images
are at an instant of about 3 ms before maximal flow velocity at the front of the mouth, and represents equal states
of expansion for models 1 and 2 (simulation time = 27 ms) versus model 3 (simulation time =23 ms).
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Figure 5. Comparison of prey transport and force-generating performance. In (a) the theoretical paths
travelled by a small, neutrally buoyant prey following the water motion along the anterior-to-posterior axis

to end up inside the mouth at the level of the anterior orbits at the end of the simulation. In (b) the total force
(pressure force and shear force added) exerted on a stationary sphere with a diameter of 0.5 mm located just in
front of the mouth. The three colours represent the models (blue =model 1, red = model 2, green = model 3;
Fig. 2e).

to realize a fast gape cycle combined with far-reaching suction flows. However, how the time-varying shape of the
mouth interacts with the dynamics of oropharyngeal expansion is not well understood?*?>.

In conclusion, our study showed that the phenotypic flexibility in the growth/resorption of the labial lobes is
an adaptive response to improve prey-capture performance. Even after accounting for the possibility that a faster
oropharyngeal expansion can be performed with open mouth corners, suction-feeding performance increases
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notably due to the labial lobes. We argued that suction-flow mediated centering and straightening of the prey
during aquatic feeding limits the spatial constraints of the reshaping of the mouth (i.e. adding of the labial lobes)
on feeding on larger prey. As these spatial constrains are probably more prominent during the tongue-based,
terrestrial capture of prey®, this may explain the loss of the labial lobes during the terrestrial phase.

Methods

CFD modelling strategy. Special attention was paid to include a normalisation of the power that is required
to cause the movement of the different CFD models against the expansion-resisting hydrodynamic forces that
are exerted at their surfaces. It is generally accepted that the speed of expansion of the oropharyngeal cavity of
a suction feeder is determined by the amount of power available from the muscles of the suction-feeding appa-
ratus®. However, the power requirement of an oropharyngeal expansion depends on the morphology of the
oropharyngeal cavity’”*. Since removing of the labial lobes can be regarded as a shortening of the actual cavity
of the oropharynx, and shorter cavities can perform faster radial expansion for a given power input®®, newts with
an open lateral gape but with the same musculature should probably be able to expand their head faster than
ones with the lateral side of the gape occluded by the labial lobes. As in-vitro experiments have shown that the
fast-fibred cranial and post-cranial muscles of suction feeders can generate their maximal power at a relatively
broad range of muscle shortening speeds (e.g., >90 of maximal power of catfish hypaxials attached to the pectoral
girdle for cyclical shortening between 15 and 25 Hz*), we assume that the power available from the muscles will
be the same for changes in expansion speed of less than 25%. Thus, to account for the effect of the presence of the
labial lobes on head expansion speed, the kinematics of the model without the lobes (model 2) was adjusted in
a new simulation (model 3) that requires the same power as the model of the aquatic morph that does have the
labial lobes (model 1).

Model geometry and mesh. In preparation for pCT scanning, a male newt of the terrestrial morphotype
was fixed in 4% formaldehyde. The animal used for the present study was collected between April-June 2011 in
Lower Austria, Austria with collection permission RU5-BE-18/022-2011 granted by the local government of
Lower Austria. All methods were approved by the Ethical Commission for Animal Experiments of the University
of Antwerp (code: 2010-36). All procedures were conducted in accordance with their guidelines. After dehydra-
tion in a graded series of ethanol, the specimen was contrasted in a solution of 1% elemental iodine in absolute
ethanol for two weeks to increase X-ray absorption by the soft tissues*. Next, the sample was rinsed in absolute
ethanol for several hours and mounted in Falcon tubes again in absolute ethanol. A scan of the whole head was
acquired using a SkyScan 1174 (Bruker, Belgium) micro CT scanner with a source voltage of 50kV and a iso-
volumetric voxel resolution of 7.39 um. To reconstruct the outer and inner surfaces of the head, the CT image
stacks were processed with the 3D software package Amira 4 (FEI Visualization Sciences Group, Merignac Cedex,
France). The output surfaces from Amira were first converted into a single, watertight surface using Geomagic
Qualify 10 software (Geomagic Inc., Morrisville, North Carolina). Mimicking the in-vivo shape and position
of the labial lobes during feeding (Fig. 1), surface connections were added in Geomagic between the upper and
lower jaws to represent the labial lobes (Fig. 2e). Both the original and labial-lobed model surfaces were trans-
formed into NURBS surface patches using VRMesh Studio 5.0 (VirtualGrid, Seattle, WA).

Next, the NURBS model of the salamander head was centered in a spherical boundary of the flow domain
with a radius of 50 mm (ANSYS DesignModeler 14.5.7; ANSYS Inc., Canonsburg, Pennsylvania), and the space
external of the head surfaces was meshed with approximately 6 million tetrahedral cells (size of about 50 pm at
the head surfaces and 5mm at the outer domain boundary and a growth rate of 1.1 between the two) in ANSYS
Meshing 14.5.7. Computations of skewness (mean 0.22, maximum 0.85) and orthogonal quality (mean 0.86,
minimum 0.17) indicated an acceptable quality of the tetrahedrons in the mesh. We monitored the dorsal force
on the internal surface of the lower jaw at the simulation time of 25 ms during a series of mesh-convergence tests.
Using a relatively coarse mesh (0.8 million tetrahedrons) it was first shown that changing the size of the spherical
outer boundary did not influence the result (>0.3% change between radii of 30 and 100 mm). A range of meshes
with 0.5, 0.8, 2.1 and 6.4 million tetrahedrons showed only —0.33% change during the final step of refinement.
Therefore, we considered the 6 million tetrahedrons mesh to be sufficiently accurate.

Solver settings and kinematic input. The spherical outer boundary was set as a pressure outlet, and
the no-slip condition was enforced at the solid boundaries of the salamander head. The model was solved for
unsteady, laminar flow in ANSYS Fluent 14.5.7 with a time step of 0.5 ms. Using a larger time step of 1 ms did not
substantially influence the solution (e.g; only 1.1% difference in the monitored force), indicating that 0.5 ms was
sufficiently small. Forty iterations per time step were sufficient to obtain iterative convergence. Since transition to
turbulent flow is very unlikely to occur because of the short duration and high accelerations of the water during
suction feeding*!, a laminar flow model was chosen. The pressure-based solver (chosen to obtain fast-converging
solutions) was used. The first-order implicit unsteady formulation option was used in the simulation because
moving mesh simulations (see further) currently only work with first-order time advancement. The standard
pressure discretisation scheme was used for the pressure calculation and a second-order upwind scheme was used
for momentum equations. The pressure-velocity coupling was solved using the robust, default SIMPLE scheme.
The latter is a discretisation method that uses a relationship between velocity and pressure corrections to enforce
mass conservation and to obtain the pressure field. The physical properties assigned to the main fluid zone were
that of normal water at 20 °C (density 998.2 kg m~3, viscosity 1.003 mPa s).

To match the prey-capture kinematics of L. vulgaris as close as possible, the motion and deformation of the
mesh was prescribed by a user-defined function (DEFINE_GRID_MOTION; see the ANSYS Fluent UDF Manual
version 14.5 published in 2012). To do so, representative profiles of three kinematical variables quantified in a
previous study!® were accurately fitted with sixth-order polynomial functions: angular velocity of the lower jaw
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(Fig. 2a), angular velocity of the head (Fig. 2b), and linear velocity of hyoid depression (Fig. 2¢). Since the hyoid
depression as calculated from anatomical landmark displacements (i.e. eye to hyoid tip distance) in the high-speed
videos also includes a small amount of posterior displacement while the mesh-motion function simplified this
into a purely vertical motion, the fitted profile for hyoid-depression velocity was reduced by 30% (Fig. 2c). The
three polynomial equations were applied to specific nodes of the mesh by using a factor between 0 (following the
motion equation for 0%) to 1 (following the motion equation for 100%) that is stored in the user-defined node
memory of ANSYS Fluent (Fig. 2a—c). The gradual decrease of these factors at the borders of the targeted region
prevents mesh intersections from forming. The software was set to move all internal mesh nodes (spring-based
smoothing algorithm; spring constant factor = 1; Laplace node relaxation = 1) and re-mesh (make new mesh for
triangles smaller than 1 x 10~°m and larger than 5 x 107>m) after every time step in response to the motion of
the boundaries prescribed in the three polynomial equations included in the mesh-motion user-defined function.

To normalise the power input, the total power requirement of the model to overcome hydrodynamic resist-
ance by the two morphs under the input of aquatic feeding kinematics (Fig. 2a—c) was first calculated. The instan-
taneous power requirement was determined by taking the scalar product of the force (opposing the pressure and
shear force by the water) and velocity vector of each triangle, then summing these values for the entire head sur-
face of the newt. The resulting peak power requirement for model 1 (aquatic morph) was 0.17mW, and 0.11 mW
for model 2 (terrestrial morph). By adjusting the input velocity to peak 17% higher, and the peak acceleration
to become 35% higher in a 15% shorter simulation with equal expansion amplitude, model 3 was created as a
power-normalised simulation for the terrestrial morphotype feeding underwater. A graphical representation of
the three models is given in Fig. 2e. The variation in expansion time between the models implies that we assume
that the neural control system of newts is capable of adjusting the activation timings of the muscles of the feeding
system to a small degree (15% variation in activation duration with equal relative timing between lower jaw and
hyoid depression).

A comparison of the flow velocity calculated by CFD at the most posterior point in between the jaws that is
still visible from a lateral view (p3 on Fig. 3) with peak velocity of prey (i.e. relatively large maggots) measured
on high-speed videos' (N=11) was used to determine whether the model output is realistic. The mean (+s.d.)
peak velocities of the prey was 0.182 4+ 0.036 m s~ !. CFD predicted an instantaneous peak velocity of 0.235m s/,
which is within the 95% prediction range interval of the in-vivo measurements. This shows that the calculated
flow velocity magnitudes are realistic. Yet, at the final instants of the simulation (during mouth closure), some
water starts to flow anteriorly out of the mouth. These final instants may not have been accurately modelled, as
some passive expansion further down the pharynx is probably taking place. However, this will hardly influence
the presented performance comparisons, as the simulated prey paths are virtually unaffected by this local anterior
flow, and the instant of peak force on attached prey is much earlier.
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