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Frogs are well-known to capture elusive prey with their protrusible and adhesive tongues. However, the
adhesive performance of frog tongues and the mechanism of the contact formation with the prey item
remain unknown. Here we measured for the first time adhesive forces and tongue contact areas in living
individuals of a horned frog (Ceratophrys sp.) against glass. We found that Ceratophrys sp. generates
adhesive forces well beyond its own body weight. Surprisingly, we found that the tongues adhered stronger
in feeding trials in which the coverage of the tongue contact area with mucus was relatively low. Thus,
besides the presence of mucus, other features of the frog tongue (surface profile, material properties) are
important to generate sufficient adhesive forces. Overall, the experimental data shows that frog tongues can
be best compared to pressure sensitive adhesives (PSAs) that are of common technical use as adhesive tapes
or labels.

he evolution of a tongue for prey capture and transport on land is considered an important innovation of

terrestrial vertebrates (i.e. Tetrapoda)'. Within tetrapods, several lineages evolved sticky tongues that use

adhesion to catch pull prey into the mouth. In chameleons (Sauropsida: Squamata: Chamaeleonidae), many
frogs (Lissamphibia: Anura), and some plethodontid salamanders (Lissamphibia: Caudata: Plethodontidae),
these adhesive tongues can be fired ballistically onto distant targets*'>. While the morphology, kinematics,
and neuromuscular control of these highly protrusible tongues have been studied in detail over several dec-
ades”" ", the actual adhesive mechanism that allows tongues to stick to prey surfaces received much less
attention (but see Herrel® for an account on chameleon tongue adhesion).

Several species of frogs with protrusible tongues are known to consume very large prey compared to their own
body dimensions (see Branch®, Chavez et al.*?, Duellman and Trueb®, Figueiredo-de-Andrade et al.**, or
McLeod™ for examples). Among these are frogs of the Ceratophryidae, a group comprising twelve species in
the three genera Ceratophrys, Chacophrys, and Lepidobatrachus (AmphibiaWeb, 2013). Characteristic features of
the Ceratophryidae are their large heads compared to their body size and their hyper-ossified skulls****. Frogs of
the genus Ceratophrys are known to be sit-and-wait predators that feed on a vast variety of different prey species,
including lizards, snakes, rodents, frogs, annelids, crabs, spiders, and insects®. Chavez et al.** reported on an
individual of Ceratophrys cornuta preying on another frog that was almost two thirds of its own body size
(measured by snout-vent-length).

The ability to catch large and very distinctive prey in frogs of the Ceratophryidae puts special demands on the
adhesive performance of their protrusible tongues. The attachment to the prey must at least be strong enough to
prevent the prey from escaping before it is grasped by the jaws - depending on the size of the prey, it will even be
lifted off the ground and actively pulled into the mouth of the frog*. The timeframes at which the frog tongue is in
contact with the prey are extremely short and usually fall into the range of 10 to 60 ms”**'~**. Frog tongue surfaces
are covered by mucus**** and thus can be considered a wet adhesive system. However, the relationship between
the force applied to the surface, contact area, and adhesion remains unclear. Also the role of mucus in the adhesive
mechanism is unresolved.

Here, we measured the in vivo adhesive performance of the tongue in frogs of the genus Ceratophrys
(Ceratophryidae) by motivating the animals to fire their tongues towards microscope glass slides that were
connected to a force transducer and behind whose we presented a visual stimulus. With this experimental setup,
we were also able to study the tongue prints that were left on the glass slides in detail and to directly measure the
contact area of the tongue. The aims of this study were: (1) to measure the adhesive forces that frog tongues can
generate against a smooth surface (glass), (2) to determine the adhesive strength of frog tongues on glass (i.e.
adhesive force over contact area), (3) to examine how adhesive strength depends on (a) the contact pressure
during the tongue impact, (b) the duration of the feeding event, and (c) the utilization of mucus.
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Figure 1 | Experimental setup. A force transducer with an attached glass
slide was mounted approximately 2 cm in front of Ceratophrys cranwelli X
cornuta kept into the terrarium. Because the animals are pronounced sit-
and-wait predators, they did not react during the building up of the
experiment until we presented them food items (crickets) behind the force
transducer. Photograph © T. Kleinteich.

Results

Force measurements. Our experimental setup (Fig. 1) allowed to
record force over time relationships while the tongues of the frogs
were in contact with microscope glass slides, attached to a force
transducer (Fig. 2). The force over time relationships for our force
measurement experiment show a short and very distinct peak for the
tongue impact (Fig. 2G) which was on average 2.92 * 1.58 the body
weight of the frogs. The highest impact force per body weight ratio we
measured was 6.49 in a juvenile frog that weighed 12.7 g and had a
tongue impact force of 806 mN (see Supplementary table 1 for force
measurement data for each feeding trial). Impact force relative to the
tongue contact area, i.e. contact pressure, was on average 6.07 kPa.
The highest contact pressure, which we recorded for the impact of a
frog tongue on a glass slide was 28.6 kPa. The tongue impact
duration was very short; on average 39.1 * 19.6 ms.

Immediately after the impact force peak, the force over time
graphs showed a clear adhesive force peak in opposite direction.
Depending on the movements of the frog and its tongue after this
first peak, we observed a notable drop in the pulling force before a
prolonged phase in which we constantly measured pulling forces that
were, however, notably smaller than at the initial peak for the adhes-
ive force (Fig. 2G). In some cases, during the transition between the
initial peak of the adhesive curve and the prolonged pulling phase, we
measured no pulling forces, indicating, that the frogs were either
pushing their tongues or their heads towards the force transducer
(Fig. 2D, G) before they started to pull their tongues off. The pulling
forces at the first and highest peak were on average 1.45 = 0.66 times
the body weight of the frogs. The highest adhesive force to body mass
ratio, which we measured was 3.4 in a juvenile frog which at a body
mass of 13.7 g pulled with 456 mN during one experimental trial.
We found adhesive strength (i.e. the ratio of the adhesive force over
the tongue contact area) for frog tongues on glass to be on average
3.01 = 2.53 kPa with a maximum recorded adhesive strength of
17.7 kPa. The duration of the adhesive phase was much longer com-
pared to the impact phase and lasted on average 1,132.5 * 747.2 ms.

The impulse for the pulling phase in our experiment, i.e. the force
which was applied to the microscope glass slide over the total dura-
tion of the pulling phase, was on average 0.19 = 0.13 Ns. For an
experimental trial in which the 63 mm SVL adult frog pulled with a
peak adhesive force of 613 mN and in which the adhesive phase
lasted 1,845 ms, we measured the maximal impulse herein with
0.77 Ns.
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Figure 2 | Representative experimental trial. (A-F): still frames from a
high speed video sequence showing how the frog adheres to and detaches
its tongue from the glass slide; (G): force over time curve, highlighting the
specific force values in time that refer to the still frames in (A-F). Positive
force values relate to pushing forces (i.e. tongue impact); negative force
values relate to pulling forces (i.e. adhesion). The video was captured at 500
frames per second and the entire video sequence is available as
Supplementary video file 1. (A): before the impact onto the glass slide, the
frog lunges towards the cricket. (B): contact initiation. The mouth of the
frogis widely open and the dorsal surface of the tongue gets in contact with
the glass slide. (C): the moment at which the measured adhesive force is
maximal. By lunging towards the target, the frog is in close proximity to the
glass slide with the tongue attached to it. (D): depending on the
movements of the frog and its tongue, we observed some variation in the
force after the initial peak of adhesive force. Here, the pulling force drops to
almost zero, indicating that the frog is not pulling its tongue at this special
moment. However, the video sequence shows that the tongue still is in full
contact with the glass slide. (E): pulling phase. The frog is moving
backwards and we measured pulling forces again. However, during this
phase, pulling is notably weaker than at the initial peak of the adhesion
curve. (F): tongue contact release. The tongue is not in contact with the
glass slide anymore. Photographs © T. Kleinteich.

The analysis of the tongue prints after each experimental trial
revealed strong variation in the amount of mucus that remained
on the glass slides after the tongue was detached (Fig. 3). Relative
mucus coverage of the tongue prints ranged from 1% of the tongue
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Figure 3 | Tongue prints on microscope glass slides; the scale paper in the background is 1 mm X 1 mm. The values in the upper left corner depict
the relative mucus coverage of the overall contact area. We observed a high degree of variation in the shape of frog tongue prints and relative mucus

coverage (ranging from 1% to 100%).

contact area (i.e. only very thin margins of mucus were detectable) to
100%.

Statistical analysis. Table 1 shows the ANOVA table for the results
of four multivariate linear regression analyses that we performed
with (1) the adhesive force, (2) the adhesive strength, (3) the
relative mucus coverage, and (4) the impulse for the pulling phase
as dependent variables; Table 2 shows the estimated slopes for each
independent variable in our regression models and p-values as
indication if the slopes were significantly different from 0 (i.e. no
relationship).

Adhesive force. The force of the impact, the duration of the tongue
impact, the duration of the pulling phase, the size of the contact area,
and the individual specimen IDs all explained significant portions of
the observed variation in the adhesive force (Table 1). The duration
of the impact of the tongue was significantly negatively related to the
measured adhesive forces, i.e. shorter impact times resulted in stron-
ger adhesion (Table 2). Our multivariate linear regression model was
overall highly significant (p = 1.10E-13; F = 15.71 on 9 and 70
degrees of freedom; adjusted r* = 0.63) and the residuals of the
regression for the adhesive force were found to be normally distrib-
uted (p = 0.88; W = 0.99). The four specimens tested herein differed
significantly in the adhesive force they were able to maintain with
their tongues (ANOVA, p = 1.2E-15; F = 40.1 on 3 and 76 degrees of
freedom; Fig. 4).

Adhesive strength. The strength of the adhesion, i.e. adhesive force
per area was significantly related to the contact pressure, the time-
span during which the tongue was pulled towards the mouth of the
frog (i.e. pulling duration), the degree of mucus coverage in the
contact area, and the individual for which adhesive strength was
measured (Table 1). Higher impact stress resulted in a stronger
adhesive strength. Further, adhesive strength significantly increased
with decreased durations of the pulling phase and with a decrease of
the relative mucus coverage (Table 2). The regression model with
adhesive strength as dependent variable herein was significant (p =
4.92E-09; F = 9.77 on 8 and 71 degrees of freedom; adjusted r* =
0.47). A Shapiro-Wilks test revealed that the residual values for
adhesive strength were normally distributed (p = 0.76; W = 0.99).
A one-way ANOVA of adhesive strength over specimen ID found no
significant difference in the average adhesive strength of the animals
(p = 0.91; F = 0.18 on 3 and 76 degrees of freedom; Fig. 4) - the
influence of the specimen ID on the adhesive strength as predicted by
the multivariate regression analysis appears to be rather an effect of
differences in adhesion duration between individuals (two-way
ANOVA with adhesive strength as dependant on ID and adhesion
duration; p = 0.01, F = 3.94 on 3 and 76 degrees of freedom).

Relative mucus coverage. The variation in the degree of mucus cov-
erage of the contact area observed herein was significantly related to
adhesive strength, the duration of the tongue impact onto the glass
slide, the duration of the pulling phase, the specimen ID, and the
consecutive trial number during one series of force measurements on
a given day (Table 1). We found that the strength of the adhesion was

negatively correlated with the area covered by mucus (Table 2), i.e.in
feeding trials after which we found larger patches of mucus on the
glass slides, the adhesive strength was significantly lower. Further, a
longer duration of the pulling phase relates to a significantly higher
relative mucus coverage while in consecutive experimental trials, the
mucus coverage decreased (Table 2). The multivariate linear regres-
sion model used herein shows overall a highly significant depen-

Table 1| ANOVA table for four different multivariate linear
regression models

Response variable: adhesive force Foqp,

Independent variable DF F value p value
impact force 1 714 2.68E-12
impact duration 1 8.9 3.98E-03
pulling duration 1 4.8 0.03
contact area 1 23.1 8.64E-06
relative mucus coverage 1 2.6 0.11
specimen ID 3 10.0 1.39E-05
consecutive trial number 1 0.5 0.49
residuals 70

Response variable: adhesive strength log(cadn)

Independent variable DF F value p value
contact pressure log(Gcon) 1 23.4 7.34E-06
impact duration 1 3.7 0.06
pulling duration 1 29.2 8.26E-07
relative mucus coverage 1 10.1 2.21E-03
specimen ID 3 3.8 0.01
consecutive trial number 1 0.2 0.65
residuals 71

Response variable: relative mucus coverage A |

Independent variable DF F value p value
contact pressure log(Gcon) 1 3.1 0.08
adhesive strength log(cadh) 1 18.6 5.16E-05
impact duration 1 4.0 0.05
pulling duration 1 76.9 7.03E-13
contact area 1 0.1 0.78
specimen ID 3 57 1.47E-03
consecutive trial number 1 10.1 2.20E-03
residuals 70

Response variable: impulse Jogn

Independent variable DF F value p value
impact force 1 0.1 0.75
impact duration 1 0.8 0.37
contact area 1 74.4 1.15E-12
relative mucus coverage 1 4.2 0.04
specimen ID 3 2.1 0.11
consecutive trial number 1 2.1 0.15
residuals 71
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Table 2 | Estimated slopes resulting from the multivariate linear regression models

Response variable: adhesive force Foqp

Independent variable estimated slope std. error t value p value
impact force 0.05 0.04 1.27 0.21
impact duration -1.95 0.87 -2.25 0.03
pulling duration -0.02 0.03 -0.85 0.40
contact area 0.13 0.29 0.45 0.66
relative mucus coverage -105.31 74.68 —1.41 0.16
consecutive trial number —-10.91 15.82 —0.69 0.49
intercept 715.63 123.02 5.82 1.64E-07
Response variable: adhesive strength log(cagn)

Independent variable estimated slope std. error t value p value
contact pressure log(ceon) 0.24 0.08 3.19 2.13E-03
impact duration —5.10E-03 2.74E-03 -1.86 0.07
pulling duration —2.16E-04 9.02E-05 -2.39 0.02
relative mucus coverage -0.78 0.23 —3.42 1.03E-03
consecutive trial number 0.02 0.05 0.46 0.65
intercept 6.44 0.71 9.02 2.18E-13
Response variable: relative mucus coverage A

Independent variable estimated slope std. error t value p value
contact pressure log(Geon) —8.17E03 0.04 -0.20 0.84
adhesive strength log(cadh) -0.15 0.06 -2.36 0.02
impact duration 1.69E-03 1.39E-03 1.22 0.23
pulling duration 1.27E-04 4.31E-05 2.95 4.30E-03
contact area 6.24E-04 5.49E-04 1.14 0.26
consecutive trial number -0.07 0.02 -3.18 2.20E-03
intercept 1.48 0.68 2.18 0.03
Response variable: impulse Joqp

Independent variable estimated slope std. error t value p value
impact force —3.80E-05 2.73E-05 -1.4 0.17
impact duration —7.12E04 5.72E04 -1.25 0.22
contact area 6.73E04 1.89E-04 3.56 6.58E-04
relative mucus coverage 7.61E03 0.05 0.16 0.87
consecutive trial number 0.02 0.01 1.45 0.15
intercept 0.18 0.08 2.11 0.04

dance of relative mucus coverage on contact pressure, adhesive
strength, impact and pulling duration, contact area, specimen ID,
and consecutive trial number (p = 7.03E-013; F = 14.44 on 9 and 70
degrees of freedom; adjusted r* = 0.60). The residuals of the regres-
sion for relative mucus coverage were normally distributed (p = 0.94;
W = 0.99). The relative mucus coverage differed significantly
between the specimens (ANOVA, p = 9.43E-04; F = 6.05 on 3
and 76 degrees of freedom; Fig. 4).

Impulse. We evaluated the dependance of the impulse for the pulling
phase (i.e. the sum of pulling forces during the entire duration of the
pulling phase) on the force during the tongue impact, the duration of
the tongue impact, the size of the contact area, the relative mucus
coverage, the ID of the specimen, and the number of the consecutive
trial during one session of force measurements. We found that sig-
nificant amounts of the observed variation in the impulse are
explained by differences in the contact area and the relative mucus
coverage between experimental trials (Table 1). The size of the con-
tact area is clearly positively correlated with the impulse of the adhes-
ive event - a larger contact area results in higher forces that are
maintained for longer time spans (Table 2). The multivariate linear
regression model for the impulse explains overall significant
amounts of the variation in our dataset (p = 6.10E-10; F = 10.98
on 8 and 71 degrees of freedom; adjusted r* = 0.50) and the residuals
were normally distributed (p = 0.43; W = 0.98). The adhesive

impulse measured, differed significantly between specimens (ANOVA,
p = 5.04E-08; F = 15.66 on 3 and 76 degrees of freedom; Fig. 4).

Discussion

Our results demonstrate that frog tongue adhesive forces can be
beyond the body weight of the animals and clearly outweigh any
potential prey item. By using a flat glass surface for our experimental
setup, we were able for the first time to investigate the relationship
between the contact area and adhesive force of frog tongues and to
calculate adhesive strength of this biological wet adhesive system. As
expected, we found a positive correlation between contact pressure
and adhesive strength, which suggests that the frog tongue can be
considered as biological pressure sensitive adhesive system. Further,
we found that less mucus coverage of the contact area is related to
stronger adhesion, which might suggest that beyond the presence of
mucus, other mechanisms add to the adhesiveness of frog tongues.
Additionally, mucus-covered area correlates with the duration of
the contact. The thickness of the mucus layer will have an influence
on capillary and viscous forces and might also influence the fric-
tional properties of the system. We have not measured the actual
thickness of the mucus layer herein but we estimate the amount of
mucus used based on the coverage of the contact area by residual
mucus after the feeding strike. The total force with that the tongue
of Ceratophrys sp. adheres to a prey object increases with shorter
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Figure 4 | Box-and-Whisker plots for functional variables discussed
herein compared between specimens; different letters show statistical
significance (p < 0.05).

impact durations. This relationship between adhesion and impact
duration can be explained by the dominant effect of viscous forces at
thinner layers of mucus. Besides being able to catch elusive prey
items, fast tongue projection mechanisms may also have evolved to
generate a high contact pressure during the capture of heavy prey
objects in amphibians.

Amphibian tongue forces have previously only been directly mea-
sured for the salamander Bolitoglossa occidentalis (Caudata:
Plethodontidae) during impact of the tongue®: salamanders with a
body weight of 1.1-1.6 g generated maximum impact forces only
equivalent to 0.04 g. This results in a force to body weight ratio of
less than 0.04 for B. occidentalis. Both, the impact and adhesive forces
we measured herein for frogs in the genus Ceratophrys were consis-
tently in the range of the body weight of the frogs and well beyond
(impact up to 6.5 times the body weight; adhesion up to 3.4 times the
body weight). In salamanders, tongue projection relies strongly on
the tongue skeleton, which is fired out of the mouth®*”, while in frogs
that use tongue projection, the muscular tongue is fired out of
the mouth by a rapid depression of the lower jaw”*; tongue projec-
tion in frogs and salamanders is considered to have evolved
independently®®*’.

Although we found mucus coverage to be variable, frog tongues
are certainly not dry and thus provide an example of a biological wet
adhesion system. Wet adhesion can occur due to effects of capillarity
and viscosity (Stefan adhesion)*. Also van der Waals interactions,
suction, and glue effects may additionally contribute to adhesion of
some biological wet adhesive system. We show that the impulse on
the glass slide towards the direction of the frog, i.e. the force over the
entire duration of the pulling event, is clearly positively correlated to
the contact area. This suggests that a larger contact area allows for

higher energy dissipation during contact breakage, which means that
the adhesive bond can be maintained for prolonged periods of time.
This is also the case in pressure sensitive adhesives (PSAs)*'. During
prey capture in frogs, this effect could be even more important than
the strength of the adhesive bond because it will help to secure mobile
prey while it is pulled into the mouth.

Interestingly, adhesive force per area (i.e. adhesive strength
herein) was significantly higher in trials with low mucus coverage.
This result demonstrates that mucus itself may not add simply as
some sort of liquid adhesive or glue. Very likely, the microstruc-
ture and surface energy of the tongue surface as well as the surface
properties of the prey item will have an important contribution to
frog tongue adhesion. The positive correlation between the relative
mucus coverage and the pulling duration in our experiment sug-
gests that mucus might be spread into the contact area after the
contact is made. This in turn suggests for natural occurring feed-
ing events in Ceratophrys sp., that the mucus coverage of the
contact area will be rather low because in our experimental setup,
the frog tongues adhered much longer to the target (i.e. the glass
slides in our experiment) than in regular feeding attempts because
the glass slides were tightly attached to the force transducer and
could not be swallowed by the frog. During regular feeding, the
prey is pulled back almost immediately after the contact was
made. Highspeed video recordings (Supplementary video file 2)
suggest that in Ceratophrys sp., the tongue retraction movement
starts only approximately 20 ms after the initial contact was made.
These extremely short time intervals to establish a tight connec-
tion are also confirmed by previous studies on different anuran
species”®'~**. The EMG study by Gans and Gorniak" found that
tongue retraction actually is initiated up to 10 ms before the initial
contact is made.

The adhesive strength also depends on the contact pressure (i.e.
impact force per contact area) that the frog tongue applies to the
opposing surface. Thus the tongue of Ceratophrys sp. provides a
different adhesive mechanism than previously described in biological
adhesion systems that rely on hair-like integumental outgrowths, like
the attachment structures in geckoes**™*, insects*’ ", or spiders®*.
In all of these systems, adhesion is initiated by shearing forces parallel
to the opposing surface that aid in the proper alignment of the
spatula-shaped setal tips on the surface (see also Filippov et al.>®).
In Ceratophrys, however, the tongue is pushed perpendicular to the
surface of the prey item and not moved parallel to the opposing
surface. A similar adhesion mechanism is known from the smooth
adhesive pads on the legs of grass-hopers™, tree frogs*’, and the stick-
capture-apparatus in beetles of the genus Stenus®. Shearing forces on
the level of the entire tongue are expected to be low but because the
tongue will deform during impact and detachment along the glass
surface, local shearing effects might be present but could not be
detected with the one-dimensional setup of our force-measurement
experiment.

The tongue of Ceratophrys sp. might be compared to pressure-
sensitive adhesives (PSAs), that are of common technical use e.g.
in the form of adhesive tapes or labels*'. The force over time
relationship during detachment of the tongue in C. sp. (Fig. 2G)
is very similar to those of PSAs**>%. In both, a high first adhesive
peak is followed by a plateau where the adhesive force remains
more or less constant over a longer period of time before the
contact breaks. For PSAs, it has been shown that cavities arise
during the peak force phase®. At some point these cavities will
coalescence and thus cause the contact to break. However,
depending on the properties of the PSA and the opposing surface,
before coalescence, cavity formation may result in fibrillation®.
PSA contacts with a high degree of fibrillation are characterized
by a longer adhesion duration but also by the remains of PSA
material (fibrils) on the contact material*’. We observed fibril-
lation events in contact between the tongue of the frog and the

| 4:5225 | DOI: 10.1038/srep05225

5



glass slides during high-speed video recordings (Supplementary
video file 1).

The comparison of frog tongues with PSAs actually might further
explain the observed correlation between relative mucus coverage
and adhesion duration in our experiment. Similar to PSAs, we found
more mucus remains on the glass surfaces after trials in which the
frogs tongues were attached for a longer period of time. Both, adhe-
sion duration and mucus coverage, might be related to a higher
degree of fibrillation during detachment, i.e. the contact was main-
tained for a longer time because of mucus fibrils between the tongue
and the glass surface. However, in PSAs, higher fibrillation is related
to better adhesive performance because the coalescence of cavities is
prevented*'. Our discovery of higher adhesive strength in trials with
low mucus coverage and shorter adhesion duration would not have
been predicted from this. Maybe we observed an opposite effect here:
in feeding trials in which the frogs applied a higher pulling force
during tongue retraction, contact duration was significantly shorter,
also the mucus coverage decreased. Thus, higher adhesive strength
may not be a consequence of low mucus coverage but vice versa, low
mucus coverage results from higher stresses during the retraction
phase and thus shorter adhesion durations. Individual differences
between the specimens showed a similar pattern; e.g. the frog with
ID II had a significantly prolonged pulling phase combined with a
higher relative mucus coverage, and lower adhesive force compared
to the similar sized frog with ID I (Fig. 4). It will be necessary to study
the dynamics of tongue attachment and detachment in frogs with a
focus on the contact area in future studies to clarify the adhesive
mechanism for tongue feeding in more detail.

The adhesive strength we measured for the tongue of Ceratophrys
sp. herein (max. 17 kPa with 4 kPa on average) is notably lower than
e.g. in geckos that were reported to adhere with approximately
60 kPa®'. In another wet adhesive system that was described recently,
the suctorial disk of the northern clingfish Gobiesox maeandricus,
adhesive strengths of approximately 40 kPa have been reported®.
The toe pads of some tree frogs, however, show lower adhesive
strength than the tongue of C. sp.; Barnes et al.”” measured approxi-
mately 1 kPa. Each of these systems is tuned to very different
demands of performance. Tree frog and gecko toes are used for
arboreal locomotion; the clingfish suctorial disc allows for strong
quasi-static adhesion on rough surfaces submerged in seawater. In
frog tongues, we have a very dynamic system in which high velocities
and accelerations play a key role. Further, quantitative comparisons
between the different biological adhesive systems are obscured by
differences in the experimental design, like e.g. non-standardized
surfaces for attachment and different approaches resulting in differ-
ent failure modes at detachment of the tested systems.

Frogs within the Ceratophryidae are known to be generalist pre-
dators that can consume very large prey items relative to their own
body dimensions®>*’. Although the adhesive strengths we measured
herein are weaker than in other biological adhesive systems, from a
biological point of view, it will be very unlikely that Ceratophrys sp.
will have a need to lift prey that is more than its own body weight with
the tongue. It remains to be tested, however, if frog tongues achieve
similar adhesive strengths on surfaces with variable structures and
surface chemistries that more closely resemble the properties of nat-
ural prey surface materials (e.g. fur, feathers, cuticle) than in our
experiment herein. The combination of highly dynamic tongue pro-
jection, high adhesive strength, and potentially the versatility to
attach to structurally and chemically variable surfaces (e.g. fur, feath-
ers, cuticle), makes frog tongues a unique example for biological wet
adhesion.

Methods

Specimens and housing. The experiment herein was approved by the animal welfare
representative of the Christian-Albrechts-Universitit Kiel and the Ministry of

agriculture, the environment, and rural areas of the federal state Schleswig-Holstein,
Germany (file number V 312-72241.121-29); all experimental trials reported herein

were carried out in accordance with the approved guidelines. The force measurement
experiments herein were performed with four specimens of Ceratophrys sp. This frog
species is a fossorial sit-and-wait predator native to Argentina, Bolivia, Brazil, and
Paraquay (AmphibiaWeb.org, 2013). The specimens used herein were captive breed
and purchased from the local pet trade. The four individuals comprised two adults
(ID I: 63 mm snout-vent-length (SVL) and 63.1 g body weight; ID II: 70 mm SVL
and 72.7 g body weight) and two juveniles (ID III: 28 mm SVL and 12.7 g body
weight; IDIV:31 mm SVLand 12.7 g body weight). The two juveniles were identified
as Ceratophrys cranwelli, the two adult frogs represent the so-called ‘fantasy’ color-
morph, which does not occur in the wild and is bred by crossing C. cranwelli with C.
cornuta. The animals were individually housed at temperatures of 29°C during the
day and 26°C at night. The terrariums in which the frogs were housed were filled with
loose substrate to a depth of approximately 5 cm in which the frogs could bury
themselves. Usually the frogs were found to be half buried and only occasionally they
moved to a different location. We moistened the terrariums daily to sustain a relative
humidity of approximately 70 to 80%. Before the onset of the feeding experiment, the
animals were fed twice a week an alternating diet of crickets (Gryllus bimaculatus),
grasshoppers (Schistocerca gregaria), wax-worms (Zophobas morio), and earthworms
(Lumbricus terrestris).

Experimental setup. We performed force measurements during the normal feeding
routine of the frogs twice a week. During each experimental session, a maximum of
five trials per individual was recorded. Overall, we measured the forces during twenty
feeding trials for each frog, i.e. a total of 80 feeding events.

For force measurements, we used a MP 100 data acquisition system (BIOPAC
Systems Inc., Goleta, CA, USA) that was equipped with two types of force transducers
(World Precision Instruments, Sarasota, FL, USA): (1) a 100 g force transducer for
measurements with the juvenile frogs; (2) a 1,000 g force transducer for measure-
ments with the two adult specimens. The MP 100 data acquisition system was con-
nected to a notebook PC and controlled by the software AcqKnowledge 3.7. The data
acquisition rate was set to 1,000 Hz. We directly attached a microscope glass slide to
the force transducer by using a stripe of two sided adhesive tape (tesa® Double-Sided
Tape Universal, tesa SE, Hamburg, Germany) (Fig. 1). For calibration of the force
transducers with the attached glass slides, we used a 20 g measuring weight for the
100 g force transducer, respectively a 100 g measuring weight for the 1,000 g force
transducer. We moved the force transducers into a horizontal position and placed the
measuring weights centrally onto the attached glass slides. The area of the measuring
weights was 69.1 mm?® (20 g) and 103.7 mm? (100 g), which was in the same range as
the frog tongue areas during the experimental trials (tongue contact area for each
feeding trial is presented in Supplementary Table 1). For the experiment, the force
transducer was then placed in a vertical position. Because we calibrated the force
measurement setup horizontally, we measured an offset force in vertical direction. To
account for this, we recorded these offset forces for 10 s prior to the actual force
measurement and used the mean offset force to tare our system. After each force
measurement, we exchanged the glass slides and repeated the calibration procedure.

We placed the vertically oriented force transducers with the attached glass slides
into the terrariums of the frogs by using a laboratory stand, clamps, and rods.
Vertically, we placed the glass slide immediately above the ground; horizontally, we
centered the glass slide approximately 2 cm in front of the rostral tip of the nose of the
frogs (Figs. 1, 2A). Generally, the frogs did not move and remained half buried during
this procedure. We then placed a cricket immediately behind the glass slide and held it
in place with a forceps. As the frogs tried to capture the cricket, the impact and pulling
forces of the tongue acting on the glass slide were recorded over time until the frog
tongue became detached (Fig. 2A-F). It was possible for the frogs to lunge towards the
force transducer and thus to shorten the distance of tongue projection. To avoid a
negative learning effect for the frogs, we moved the experimental setup out of the
terrariums after each trial and the frogs were allowed to feed the cricket before the
next force measurement trial.

We were able to control the region where the tongue impacted the glass slide by
placing the cricket centrally behind the force transducer. However, we estimated the
accuracy of the recorded forces in case the frog tongue hits the glass slide and thus the
force transducer with an offset from the center. For this, we moved the force trans-
ducers with the attached glass slide in a horizontal position and placed a measuring
weight (20 g for the 100 g force transducer and 100 g for the 1,000 g force trans-
ducer) centrally and with an offset of 1.0, 2.0, respectively 3.0 cm off the center onto
the glass slide and recorded the force acting on the force transducer. We found a
maximum deviation between the actual weight force of the measuring weights of
10.2% for the 100 g force transducer and 4.9% for the 1,000 g force transducer
(Supplementary table 2).

Because the glass slide was placed vertically in front of the frogs, the tongues did not
reach their full extension during our experimental trials. In chameleons™**%,
Salamanders', and the tomato frog Dyscophus guineti®* it was demonstrated that
tongues decelerate before the impact with the prey along their projected trajectories.
Thus, in our experimental setup, we might overestimate the forces with which the
tongue impacts on a prey item by shortening the tongue projection distance.
However, besides the absolute values reported herein for the tongue impact forces,
this overestimation is supposed to have no effect on the correlations between tongue
feeding parameters discussed herein. Further, video evidence suggests that, during
regular feeding in Ceratophrys sp., the tongue is also not always fully projected
depending on the distance to the prey (Supplementary movie 3).
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Data analysis. The raw force measurement data were imported into the R computing
environment version 2.14.2 (R-Foundation for statistical computing, http://www.r-
project.org). Figure 2G shows a typical force over time relationship during one
experimental trial. We then extracted the following parameters: F;,,,, - the maximal
force during impact of the tongue, £, - the duration of the impact (i.e. the width of
the impact peak, Fig. 2G), F,4; - the maximal force during tongue adhesion, and ¢, -
the duration of the pulling phase until the tongue was detached. Further we calculated
the adhesive impulse /4

Jadn = qudh * dt (1)
For this purpose, we estimated the area under the force-time curve for the adhesive
phase (Fig. 2G) by calculating:

Jadn = (ZFadn) * toun )
After each force measurement trial, we studied the area covered by remains of mucus
on the microscope glass slides, i.e. the prints of the tongue (Fig. 3). We digitally
photographed the tongue prints on 1 mm X 1 mm scale paper. We then measured
the total area A of the tongue prints with the image analyzation software Image J 1.47
(avaialbe at http://rsbweb.nih.gov/ij/download.html). In several trials, the inside of
the tongue print was not entirely covered by mucus (Fig. 3). To estimate the degree of
mucus coverage, we also measured the mucus free area Ay, and calculated relative
mucus coverage A, as:

Arel:(A_Afree)/A (3)

Further, we calculated both, the contact pressure ¢,,, and adhesive strength 7,4, as:
O con :Fimp/A (4)

Cadh = Faan/A (5)

We tested the variables evaluated herein for normal distribution by performing a
Shapiro-Wilk-test; normal distribution was assumed if the null-hypothesis of normal
distribution was accepted (p > 0.05). Most of the variables herein are not normally
distributed over the entire dataset but follow a normal distribution within
measurements for a single specimen (Supplementary Table 3). For the contact
pressure 7, and adhesive strength 7,4, the data was transformed to follow a normal
distribution by calculating the log; .

For statistical analysis of our data, we performed a multivariate linear regression
analysis with R 2.14.2. We evaluated the contribution of single parameters to our
multivariate linear models by analyzing the ANOVA table for our multivariate
regression results - the level of significance was set to p < 0.05. We tested four
parameters: (1) the adhesive force F, 4, as dependent variable with the impact force
Fipnp» the duration of the impact £, the duration of the pulling phase t,,;;, the total
contact area A, the relative mucus coverage A,,;, the specimen ID, and the number of
the trial on a given day as independent variables; (2) adhesive strength o4, as
dependent variable with the contact pressure o.,,,, the duration of the impact t;,,,,, the
duration of the pulling phase t,,;, the relative mucus coverage A, the specimen ID,
and the number of the trial as independent variables; (3) relative mucus coverage A,
as dependent variable with the duration of the pulling phase t,,;, the duration of the
impact t;,,,p, the contact pressure o, the adhesive strength ¢4, the contact area A,
the specimen ID, and the trial number per day as independent variables; (4) impulse
Jaan in dependance on the contact area A, the relative area covered by mucus A, the
impact force Fj,,,,, the duration of the impact ;,,, the specimen ID, and the trial
number. Because several of the variables for the multivariate linear regression did not
follow a normal distribution, we evaluated the robustness of our regression models by
testing the residuals of the multivariate linear regression results for normal distri-
bution with a Shapiro-Wilk test. To evaluate individual differences between speci-
mens, we further calculated one-way ANOV As for adhesive force F, 4, adhesive
strength 6,4, relative mucus coverage A,;, impulse J,4, and the duration of the
pulling phase t,,; as dependant on specimen ID. Based on the ANOV As, we per-
formed a Tukey’s honest significant difference (HSD) test in which we pair-wise
compared individuals for statistical significance (p < 0.05).
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