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One molluscan autapomorphy is the radula, the organ used for feeding.
Here, for the first time, the performance and failure of taenioglossan radular
teeth were tested in a biomechanical experiment which in turn allowed
building hypotheses about tooth functionalities. Shear load was applied to
tooth cusps with a force transducer until structural failure occurred, the
broken area was measured, and finally breaking stress was calculated.
These experiments were carried out under dry and wet conditions. Our
results show that certain tooth types can resist higher stresses and are
rather specialised to loosen food items from a surface, whereas other teeth
can only gather food particles. The experiments additionally illustrate the
high influence of the water content on the resulting breaking stress. When
wet teeth were tested, their ductility and ability to avoid being fractured
by an obstacle increased. Their flexibility also allowed them support from
teeth of adjacent tooth rows, which made the whole system less prone to fail-
ure. Our results were compared with the previous data on the mechanical
properties and feeding simulations. This study provides a keystone for
further comparative studies aiming at connecting diversity of radulae with
their possible adaptations to the ingesta.

1. Introduction

Mollusca as the second largest animal phylum (e.g. [1]) exhibit a high biodiver-
sity (e.g. [2]) which includes feeding on a variety of food types and items that
are gathered and mechanically processed by one molluscan autapomorphy, the
radula.

The radula is a set of teeth embedded in a flexible, chitinous membrane
[3,4], supported by odontophoral cartilages, and moved by numerous muscles
during feeding [5], resulting in the interaction of teeth with the ingesta (food
and the substrate which the food is attached to). This interaction naturally
leads to tooth wear (e.g. [6-10]) and probably also structural failure, but
through a continuous growth from posterior to anterior the radular membrane
and its teeth are always replaced (e.g. [11-15]). Despite of this mechanism,
sometimes a substantial amount of iron is incorporated in the chitinous tooth
material which results in harder and stiffer teeth and presumably makes the
teeth more wear resistant (e.g. [16-20]).

As teeth can be considered an interface between the organism and its
environment, they tightly link the molluscs with their ingesta. Approaches
aiming at relating the gastropod’s feeding ecology with the function of its rad-
ular teeth (e.g. scratching, loosening food items, collecting and gathering
particles) had been undertaken [7,21-29], but in most previous studies hypo-
theses are primarily based on the consideration of the tooth shape and only
few include the mechanical properties (usually elasticity modulus = Young's
modulus, or hardness) of teeth. Additionally, the individual components of
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the radula interact during foraging [30,31]. Thus, functional-
ity of teeth and their acting on the ingesta probably depends
on the interlocking of teeth from adjacent rows, presumably
leading to a force transmission and stress distribution from
one tooth to another (see also [32-35]).

The detection of material property gradients (in hardness
and Young’ modulus) in the taenioglossan radular teeth of
the African Paludomidae Spekia zonata [29] which were,
together with the three-dimensional tooth shape, included
in numerical simulations on the stress and strain distribution
of its teeth [36] strengthen such hypotheses about the capa-
bility of teeth to interact and interlock. Additionally,
hypotheses about tooth function could be proposed: central
and lateral teeth are rather capable of loosening ingesta,
whereas marginal teeth gather the particles afterwards. How-
ever, these simulations of the proposed mechanical behaviour
are based on the analysis of individual teeth and not of teeth
in combination; additionally, the material property data,
referenced above, underlying these models was achieved by
testing dry and embedded tooth samples. The past hypo-
theses on tooth functionality inferred from simulations and
dry-tested hardness and elasticity values are not unproble-
matic, because the native water content has a high influence
on the mechanical behaviour of biological materials (see Dis-
cussion and e.g. [37]). Usually, hardness and stiffness of wet
materials is lower than of same dry materials, whereas dry
materials have lower fracture toughness than wet ones. Cer-
tainly, material properties influence the mechanics of
structures, e.g. the ability of a structure to transfer force can
be linked with Young’s modulus (e.g. [38—41]) and some
authors additionally correlate this with mechanical beha-
viours while puncturing and in direct turn with the
resistance of structures to failure (e.g. [42]). However, deter-
mining Young’s modulus and hardness of native (wet)
radular teeth would be important, but due to the smallness
of these teeth and their three-dimensional morphology is
highly problematic. To deeply understand radular tooth func-
tion, it is thus utterly necessary to develop experimental
setups that allow testing under dry as well as wet (native)
condition including the direct observation of the tooth’s
mechanical behaviour (e.g. twisting, relying on each other,
bending) when exposed to a force.

Therefore, to provide a keystone for further studies on the
vast diversity of radulae, we here propose the first exper-
iments that provide insight into the mechanical limitations
and the performance of the wet feeding organ. For exper-
iments we chose the species Spekia zonata [43] belonging to
the African Paludomidae: Caenogastropoda and foraging
on algae covering rocks in Lake Tanganyika (e.g. [44,45]).
This species was targeted because its tooth’s dry mechanical
properties are known [29], and mechanical behaviour simu-
lations had been performed [36]. The amount of breaking
stress (the force over cross sectional area) that is needed to
break structures was determined by exerting force onto the
tooth cusps, the actual ingesta-interface, and measuring it
until structural failure occurred. Experiments were carried
out under dry and wet condition allowing hypotheses
about the effects of water on the mechanical behaviour
of teeth.

The following hypotheses were tested: Do the tooth types
(central, lateral, marginal teeth) show distinct mechanical
behaviours? Are some teeth capable of resisting to higher
forces? Is the mechanical behaviour of native (wet) teeth

different from the mechanical behaviour of dry ones? Do [ 2 |

our results accord with previous hypotheses about tooth
functionality in Spekin—do stress and strain simulations
correspond to the native mechanical behaviour?

The forces that teeth can resist to are not only of high
interest for biomechanics, but also for species ecology,
because mechanical limitations of teeth can result in a limit-
ation of resources (e.g. food). Determining the performance
of radular teeth and their constraints can further help under-
standing ecological adaptations (trophic specializations) and
also precise function of different tooth types.

Overall, six adult specimens were analysed in breaking stress
experiments. They are inventoried at the Zoologisches Museum
Hamburg (ZMH 154652/999), preserved in 70% EtOH, and
were collected by Heinz Biischer in Lake Tanganyika at
Zambia, Kalambo, in 2018. Specimens were dissected, buccal
masses extracted, and radulae manually freed from surrounding
tissue. For experiments in dry condition three radulae (ZMH
154652/999-16, -17, -18) were mounted on a microscope glass
slide (Carl Roth, Karlsruhe, Germany) with double-sided
adhesive tape after being manually unwound and teeth being
carefully stroked into proposed feeding position. The exact pos-
ition and interaction of teeth is unknown since the foraging of
living Spekia has not been documented yet. However, as
observed from dissection, the outermost, mature part of Spekia’s
radula is maintained in spanned position by the alary processus,
a chitinous plate attached to either side of the radular membrane
and also to the buccal mass. The radula is thus not folded as it
had been documented for other gastropod species and the central
and lateral teeth are almost exposed and positioned as in the
SEM images, only the long marginal teeth cover them. For exper-
iments, marginal teeth were stroked from the cusps of the central
and lateral teeth and positioned adjacently (figure 1a). For exper-
iments under wet condition three radulae (ZMH 154652 /999-19,
-20, -21) were fixed to the glass slide using epoxy (RECKLI
Epoxy WST, RECKLI GmbH, Herne, Germany). First radulae
were unwound, teeth stroked into feeding position, the sample
positioned on the glass slide, and epoxy was dribbled to both
sides of the radula without applying it onto the teeth. We have
chosen this specific epoxy because from previous studies
[29,46] we know that it does not infiltrate the teeth and does
hence not influence mechanical behaviour of the material
under consideration. After hardening of the epoxy, radulae
were rehydrated with filtered water by dribbling it onto the
teeth with a pipette. Larger water drops, attached to the teeth,
were absorbed with paper and thus removed. When radulae
became too dry during experiments the procedure was repeated.

For measuring the force that is needed to break teeth, the
glass slide with radula was positioned by stand and clamps so
that interaction and failure of teeth could be observed by binocu-
lar microscope (figure 1b). A rounded steel needle (diameter
of 04mm) was firmly mounted onto a force transducer
FORT-1000 (World Precision Instruments, Sarasota, FL, USA)
connected to an amplifier (Biopac System Inc., CA, USA) and
computer-based data acquisition and processing system (Acq
Knowledge, Biopac Systems, v.: 3.7.0.0, World Precision Instru-
ments, Sarasota, FL, USA). This equipment was already used
for other type of experiments (e.g. [46,47]). The force transducer
with the needle was mounted onto a remote-controlled micro-
manipulator (DC 3001R, World Precision Instruments) so that
fine movements in all directions were possible. The needle tip
was positioned on the concave part of the tooth cusps at 30° to
the horizontal plane and moved onto the cusps. By employing
the micromanipulator, the needle was further dragged onto the
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Figure 1. (a) Unbroken radula of Spekia zonata ZMH 150008/999-2 in proposed feeding position. (b) Experimental set-up depicting the taped radula, the force
transducer with adjusted needle under the binocular microscope. (c) Exemplary lateral teeth with painted broken area. (d) Representative force measurement
curves, above = central tooth row with membrane failure under wet condition, below: individual marginal tooth failure under dry condition. (e) Force, mN,
needed to break structures (blue letters are connecting letters from Tukey—Kramer test and represent homogeneous groups for force) and calculated breaking
stress, MPa, (red letters are connecting letters from Tukey—Kramer test and represent homogeneous groups for stress) for each tooth type, single or row failure,
and condition (dry and wet), n = quantity of experiments. (f) Exemplary broken radular teeth (A,B: broken central tooth row = radular membrane failure;
C: broken marginal teeth at tooth styli) under wet condition (ZMH 150008/999-20), black arrows resembles the direction of force applied through the
needle causing the failure. (g) Results of finite element analysis (adapted from [36]). Red areas depict the region where high stress (above) and high defor-
mation (below) is expected under modelled feeding simulations. Green colour, intermediate stress and strain values; blue colour, low stress and strain values.
Scale bars: @ =100 pm, f= 400 pm. (Online version in colour.)
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tooth until structural failure occurred. The force corresponding to
the tooth/membrane failure was documented with the software
Acq Knowledge (Biopac Systems, v.: 3.7.0.0) (figure 1d).

Afterwards radulae were analysed (figure 1f) with scanning
electron microscope (SEM) TM4000 Plus (Hitachi, Tokyo, Japan).
From SEM images the part of structural failure for each tooth
type (central, lateral, marginal tooth) was identified (e.g. at the
denticles of the cusps, the stylus, the basis, the radular mem-
brane). When structural failure occurred on a single tooth (not
on a row of teeth, because row failure = membrane failure) the
area, where the failure occurred, could be measured and aver-
aged. First, the broken teeth were individually visualized via
SEM; subsequently, for determining the area, SEM images were
transferred into Adobe Illustrator CS 6 (Adobe, San José, USA)
and the broken part was painted (figure 1c). By using the scale
bar from SEM as reference a square area (in pm?) was also com-
puted. Images were imported into Adobe Photoshop CS 6
(Adobe), here the quantity of pixels was read out for the
square and for painted part of tooth failure. By accounting
pixel quantity of the square with the pixel quantities for each
broken tooth area, the area (in pmz) of failure and subsequently
an average breaking area for each tooth type and tooth part could
be determined (table 1). Then breaking stress was calculated
from the breaking force and the mean broken area for the corre-
sponding tooth type and tooth part. When failure involved the
radular membrane (i.e. teeth broke as rows), the area of failure
was rather difficult to measure which led to artefacts; thus no
breaking stress was calculated but the force values needed for
structural failure were analysed. Statistical analyses on breaking
stress and forces were performed with JMP Pro, v. 13 (SAS Insti-
tute, Cary, NC, 1989-2007). Mean values and standard deviations
were calculated. Shapiro-Wilk-W-test was used for testing of
normality and one-way ANOVA followed by a Tukey—Kramer
test for detecting homogeneous groups (for connecting letters,
see figure le). Force and breaking stress values of the teeth
were compared for dry and wet condition (figure 1e).

Data on Young’s modulus and hardness measurements
(ZMB 220.077, ZMB 220.143 and ZMH150008/999, n=7 speci-
mens) were taken from Krings et al. [29]). Overall, cusps are
the hardest and stiffest parts, followed by the styli, and finally
the bases as the softest and most flexible parts. Central teeth pos-
sess the stiffest and hardest cusps, followed by the lateral tooth
cusps, and finally marginal tooth cusps. Hardness and Young's
modulus in the teeth studied seem strongly related.

For SEM images of one unbroken radula (figure 1a), the
buccal mass was extracted, treated with proteinase K according
to the protocol of Holznagel [48], cleaned for a few seconds in
an ultrasonic bath, mounted on an aluminium stub, coated
with carbon and visualized with the SEM Zeiss LEO 1525 (One
Zeiss Drive, Thornwood, NY).

3. Results

(a) Tooth failure and fractured area

Under dry condition the thin and slender marginal teeth
broke at their styli close to their bases, whereas the broader
and thicker central and lateral teeth broke at their denticles
(area of failure is given in table 1). Under wet condition the
marginals broke at their styli as well, but when applying
force on wet lateral and central ones the teeth themselves
were only occasionally damaged at level of the denticles,
because they were elastic enough to undergo strong bending
amplitude and to get support from the adjacent tooth rows.
Here each tooth type failed together with teeth of the same
type from adjacent rows due to the ripping of the chitinous
radular membrane, embedding and holding the teeth,

= quantity of analysed experiments (each experiment = one structural failure with corresponding force measurement).

Table 1. Force needed for failure of central, lateral and marginal teeth—single or row—in dry and wet condition; n

The average breaking area of individually (single) failing teeth is listed. When a single central or a single lateral tooth failed, it always broke at its denticle; a single marginal tooth always broke at its stylus. Breaking stress of the

individually failing teeth, calculated for each condition, is presented. % < 0.5. s.d. = standard deviation.

breaking stress, Mpa, mean + s.d.

force, mN, mean = s.d.

single tooth

single tooth
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wet

tooth, pm?, mean + s.d.

tooth type

276.67 + 1.75

750.44 + 417.76

403+ 24

111.50 = 0.71

302.43 + 168.36

teeth only failed individually

979.50 + 381.14

central tooth

:7)

(n
78.25 + 47.46

2)
teeth only failed as row

(n=

0)
teeth only failed individually

(n=

266.16 + 161.45

teeth only failed as row thus BS was not calculated

294+ 19

799.83 +313.47

lateral tooth

(n
49.53 +18.11

:0)

(n
171.57 £ 24.78

0)
teeth only failed individually

(n=

108.61 £ 39.71

376.25 + 54.35

456 + 16

teeth only failed individually

marginal teeth

(n=20)

(n=7)

(n=0)

:0)

(n
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Table 2. Results from ANOVA for breaking force and breaking stress.

source df sum of squares

analysis of variance for breaking force

species 6 10689746.0

error 64 3647471.0

total 70 14337217.0
analysis of variance for breaking stress

species 4 2196678.2

error 35 1173016.5

total 39 3369694.8

under shear force applied in the tested anterior—posterior
direction (figure 1f).

(b) Breaking force

For single teeth the highest forces (table 1 and figure 1e) were
needed to break the central teeth, followed by the laterals and
finally marginals. Significantly higher force was needed to
break individual teeth in wet than in dry condition (p<
0.001; table 2).

In all experiments, marginals broke as single teeth, but
central and lateral teeth displayed a different mechanical be-
haviour; the quantity of experiments in which the row or the
individual tooth was broken is presented in table 1. When
comparing conditions (dry or wet) most of the experiments
resulting in broken rows of central and lateral teeth were car-
ried out under wet condition, because when force was
applied to the dry central or lateral teeth, they failed indivi-
dually at the level of their denticles and in most cases
independently from the adjacent teeth. A breakage of lateral
and central teeth under wet condition means that membrane
failure occurred, because teeth were able to gain mechanical
support by the adjacent tooth rows until the shear forces
resulted in a ruptured membrane. Significant higher force
was required for the breaking of tooth rows than for the
individual tooth (p <0.001; table 2).

(c) Breaking stress

The highest breaking stresses (table 1 and figure 1e) were
needed for breaking the central teeth, followed by the laterals
and finally marginals. Teeth in wet condition were able to
resist significantly higher stresses than those in dry condition
(p <0.001; table 2).

4. Discussion

Water content has a high influence on the mechanical proper-
ties of various biological materials. In general, hardness and
stiffness of wet materials is lower than these of same dry
materials, whereas dry materials have lower fracture tough-
ness than wet ones. This seems to be a general principle for
biomaterials and was confirmed for invertebrates (e.g.
insect cuticle [49-60]), but also vertebrates (e.g. mammal
horn tissue [61,62]; bones, e.g. [63,64]). Only few studies on
enamel and dentine revealed a higher hardness in tests
under wet condition [65]. For Mollusca, the degree of water

mean square F ratio p-value
1781624 31.2611 <0.0001*
56 992
549170 16.3859 <0.0001*
33515

in the context of functional gradients had been studied in
the chitinous squid beak [66,67]. For radular teeth, it had
been reported that hydrated teeth display about 15%
reduction in Young’s modulus and hardness [16].

The influence of the water content on the here examined
failure of radular structures is rather high; our breaking
stress experiments revealed that significantly higher forces
must be exerted on the tooth cusps to break teeth under
wet condition. The reason for this is an increased flexibility
of the chitinous teeth and of the embedding membrane in
wet condition. The higher flexibility allows the marginal
teeth to decrease the possibility of being broken by obstacles
during feeding, because the teeth are able to deform and slip
away. For central and lateral teeth, the higher flexibility
allows bending at the stylus or tooth basis and using teeth
of the same type from adjacent rows in anterior—posterior
direction as a kind of support, distributing the stress from
the hard and stiff tooth cusps not only to the stylus of the
same tooth, but also to the styli of the adjacent teeth. This
interaction and the subsequent stress redistribution were
already proposed by Hickman [29,31,34-36] and is supported
by experimental results of the present study. The bending of
the teeth is additionally enabled by the elasticity of the
embedding radular membrane; this chitinous structure
anchors the teeth, but additionally reduces tooth failure by
functioning as cushion.

As mentioned in the introduction, the ability of a struc-
ture to transfer force can often be linked with its Young's
modulus and its ability to bear load with its hardness and
breaking stress. This effect was also revealed in the studied
radular teeth: the failure of the individual tooth usually
takes place in the softest and most flexible part of the tooth,
the stylus, whereas the cusps as the hardest and stiffest
parts are not as prone to failure. This result agrees with
finite-element-analysis scenarios on Spekia zonata’s teeth [36]
displaying high values of stress and strain in the styli,
whereas the harder and stiffer tooth cusps are almost not
affected from stress and strain under load (figure 1g). Overall,
lateral and central ones were able to resist to higher stress in
comparison to the marginals, which is also congruent the
results of Krings et al. [36]. The dry ones were however so
brittle, that they broke at the region of their denticles, the
part where the force was applied. Under native (wet) con-
dition central and lateral teeth failed only due to ripping of
the underlying radular membrane, because the wet ones
were capable of bending to the adjacent row and relying on
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it, as mentioned above. The radular membrane, composed of
parallel chitinous fibres, is the thinnest radular component
(15-16 pm thickness in S. zonata, see [4]) and is the most
flexible radular part under wet condition. However, the
membrane seems to be the structure limiting the force that
can be exerted by the teeth during foraging.

The mechanical behaviour of teeth seems to depend also
on their attachment area with this membrane. Central and lat-
eral teeth have a significantly larger (p <0.001) anchorage
area than the marginal teeth [4]. This in turn may lead to a
better stress redistribution from the cusps over the stylus to
the radular membrane in central and lateral teeth while inter-
acting with the solid feeding substrate during scratching
action. The smaller attachment area of the marginal teeth
allows a large range of deflection possibly preventing tooth
failure when hitting a larger and hard obstacle.

The analysed mechanical behaviour of the distinct tooth
types tested here under wet (native) condition allows us to
verify the past hypotheses on Spekia’s tooth functionality
[29,36]. Since central and lateral teeth can resist to higher
stresses than the marginal ones, they are rather capable of
loosening algae from rocks whereas marginal teeth gather
the particles afterwards.

In the future, we will address the functionality of radular n

teeth from more species by analysing breaking stresses; by
relating ingesta with radular performance we hope to gain
insight into processes like trophic specialization.

Data are available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.2jm63xsnj [68].
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