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Abstract

Cephalopods, a diverse class of carnivorous marine predators, exhibit a wide range of feeding behaviours and foraging
strategies related to their lifestyle, habitat and morphological adaptations. Their beaks play a crucial role in capturing
and processing prey. This study investigates the link between the shape of the rostrum of cephalopod beaks and their
function through a mix of experimental and computational approaches. Fourteen upper beak rostrum models from a range
of cephalopod species, representing their morphological and ecological diversity, were 3D-printed, and subjected to uniaxial
puncture tests. Force and displacement were recorded to estimate puncture ability. Finite Element Analysis (FEA) was used
to explore the form—function relationship under loading conditions mimicking biting and pulling, analysing stress patterns
across different rostrum morphologies. The results show that rostrum size significantly influenced puncture performance,
with smaller rostra requiring less force and displacement for puncturing. However, larger rostra exhibited higher structural
stiffness, suggesting increased vulnerability to stress during biting. Morphology-driven tests demonstrated species-specific
differences in puncture abilities, with rostrum sharpness playing a crucial role. FEA results further indicated that longer and
sharper rostra were more susceptible to stress, potentially impacting their overall structural integrity. The findings highlight
the trade-off between rostrum size and sharpness in cephalopod beaks, with implications for prey selection and feeding
efficiency. The study contributes to understanding the morpho-functional aspects of cephalopod beaks and their role in prey
capture and consumption, shedding light on the evolutionary pressures shaping these remarkable marine predators.
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Introduction species feed on a wide variety of prey (e.g., crustaceans,

molluscs, bivalves, teleost fish or even other cephalopods).

Cephalopods are a cosmopolitan and diverse class of car-
nivorous marine predators. This group is divided in two
sub classes, the outer-shelled nautiloids and the inner-
shelled coleoids. The later represent the large majority of
the group, including squids, cuttlefishes, and octopuses. In
total, approximately 800 species have been described living
in all seas and oceans around the world, from the surface to
the abyss (Jereb et al. 2014; Jereb and Roper 2005, 2010).
This diversity in taxonomy, morphology and habitat use
is reflected in their diet (Rodhouse and Nigmatullin 1996;
Cherrel and Hobson 2005; Villanueva et al. 2017). A vari-
ety of feeding behaviours is observed in cephalopods, and
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Differences in diet between species have been described
depending on their habitat, with benthic species incorporat-
ing a larger proportion of crustaceans, while pelagic spe-
cies incorporate more fish into their diet (Nixon 1987; Sup.
Table 1). Although coastal species have attracted more atten-
tion due to their accessibility and economic importance in
fisheries, the majority of cephalopod species are difficult to
access and details of their diet remain unknown (Villanueva
et al. 2017; Ibanez et al. 2021).

The cephalopod feeding apparatus is composed of two
beaks and a radula embedded in a mass of masticatory mus-
cles (Bidder et al. 1966; Kear 1994; Messenger and Young
1999; Uyeno and Kier 2005; Roscian et al. 2023). Together,
they form the buccal mass located in the centre of the arm
crown (Fig. 1). While the arms are used to capture, manipu-
late, and maintain the prey, the beak is the principal structure
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Fig. 1 Cephalopod beak anatomy and diversity. Sepia officinalis A.
upper beak (UB, red) and B. lower beak (LB, blue) in lateral view,
C. buccal mass 3D model and D. CT scan sagittal section. E. Cepha-

responsible for biting and the break-down of prey into bite-
sized pieces (Bider et al. 1966; Altman and Nixon 1970;
Uyeno and Kier 2007). Unlike in vertebrates, the cephalopod
upper beak is nested within the lower one, the anterior-most
aboral face of the upper beak being in contact with the oral
face of the lower one when the beak is fully closed (Fig. 1).
Beaks display an important variability in shape, the lower
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lopod phylogeny with upper beaks of species included in this study.
A-D. are adapted from Roscian et al. 2023. E. is adapted from Ros-
cian et al. 2022

beak being extensively used for taxonomy (Clarke 1962,
1986; Xavier and Cherrel 2021). A recent study, however,
showed that the beak morphology, and especially that of
the upper beak, does not only reflect the phylogeny of the
group but also their habitat and trophic level, suggesting that
beak morphology may reflect adaptation to diet (Roscian
et al. 2022). Therefore, cephalopods beaks may be used in
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a morpho-functional framework to explore feeding abilities
and potential adaptations to diet.

As the large majority of cephalopod species are not
accessible for in vivo observations and measurements,
exploring feeding performances and potential adaptations
across cephalopods requires the use of experimentation on
proxies and computational models. Engineering techniques
enable us to isolate and test different factors potentially
affecting puncture efficiency, such as rostral size and shape.
The rostrum is the part of the beak interacting with the
prey during a bite. The rostrum is responsible for the initial
puncture, while the edges probably act later in a shearing
motion (Souquet et al. 2023). The rostrum puncture ability
is considered herein, becausethe functional abilities of the
rostrum to initially puncture a prey item will determine the
range of potential diet.

The overall aim of this study was to investigate the link
between the shape of the rostrum of cephalopod beaks
and their puncture efficiency. Specifically, we aimed to (1)
experimentally mimic biting in a sample representing the
morphological and ecological diversity of cephalopods
to investigate how rostrum morphology affects puncture

Fig. 2 Illustration of the cepha- A
lopod upper beak rostrum prep-

aration method and puncture

test setup. A Lateral view of the

projected Sepia officinalis upper

beak 3D model with the planes

used for rostrum isolation and

the measurement of lateral wall

length. B Rendered view of the

Sepia officinalis upper beak 3D /
model showing the isolation
plane (yellow) and the isolated
rostrum (blue). C Lateral and
anterior views of the Sepia offic-
inalis isolated rostrum and the
supporting material (in blue) for
the morphology-driven puncture
test. The rostrum was rotated

to an orientation perpendicular
to the horizontal plane (/,,,,:
Length of the experimentally
tested rostra; A,,,,: Base area

of the experimentally tested
rostra). D Illustration of the ros-
trum tip lateral included angle
0,, anterior included angle 6,
and sharpness index measure-
ments. E Full puncture test
setup on the Instron machine.
The tip of the rostrum, the
centre of the mounting platform
and the centre of the target sheet
fixture are on the same centred
vertical line

Anterior tip of
the rostrum

Anterior

efficiency; and (2) computationally study how different
rostrum morphologies tolerate mechanical stress during
biting to provide insights into the potential trade-off between
puncture efficiency and structural integrity.

Materials and methods

Fourteen upper beaks were selected from a pre-existing 3D
dataset (Roscian et al. 2022), chosen to span the range of
morphological beak variation, with a special focus on ros-
trum shape, as well as representing all major families, and a
range of different habitats (benthic, demersal, and pelagic;
Fig. 1). First, a series of uniaxial puncture tests was per-
formed on a target material using 3D-printed upper beak
rostra (Fig. 2). Force and displacement data were recorded
and used as indicators of puncture efficiency. Secondly,
Finite Element Analysis (FEA) was performed to explore
the form—function relationships under loading conditions
mimicking biting and pulling to quantify the stress pattern
across the rostrum morphologies considered.

Posterior tip
of the hood

Posterior tip
of the crest
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Beak sampling

The upper beak models for this test were selected based
on a variety of morphologies (Fig. 1) covering the major
cephalopod families including: eight-armed decapods:
pelagic squids (Oegopsida, 6), coastal squids (Myopsida,
1), cuttlefishes (Sepiida, 1) and Bobtail squid (Sepiolida,
1); ten-armed octopods: octopuses (Octopodiformes, 4)
and vampire squid (Vampyromorpha, 1). The 3D model of
a Sepia officinalis adult beak (Fig. 1A-D) used in the size-
driven puncture tests was based on Souquet et al. (2023).
The cephalopod beak models of all other 13 species (Fig. 1)
used for the morphology-driven puncture test were obtained
from Roscian et al. (2022). For all species, the upper beak
rostra were isolated in Fusion 360 (Autodesk, CA, USA—
Fig. 2A, B). To do this, a straight line (/;) was first drawn
connecting the anterior tip of the rostrum and the posterior
tip of the hood (Fig. 2A). A second line /, perpendicular to
[, was created to go through the highest point of curvature
of the jaw angle (Fig. 2A). A construction plane was created
along [, and perpendicular to [, to digitally isolate the
rostrum in a reproducible way (Fig. 2B).

3D printing

In order to create a 3D printed physical model that could
be attached to the puncture testing machine, a mounting
platform was designed, and all the isolated rostra were
aligned and positioned so that the anterior tip of the rostrum
was centred and tangent to the target material (Fig. 2E). The
dorsal extremity of the rostrum was placed on the support
platform, and the rostrum cutting plane was extruded
perpendicularly to the platform for attachment (Fig. 2E). The
platform and rostrum were merged to be printed as a single
object. A target mounting base was designed using Fusion
360 to hold a thin rectangular piece of target material to
puncture (Sup. Figure 1). To isolate the effect of size alone,
a 3D model of a Sepia officinalis rostrum was scaled up
uniformly in all directions by a factor from 1 to 4 with an
interval of 0.5 between each replicate using Fusion 360. To
test the effect of rostrum shape as observed across different
species, 3D models of the entire beak of all 13 species
were scaled up to the same lateral wall length, measured
in lateral view as the distance from the posterior end of
the crest to the highest point of curvature of the jaw angle
(Fig. 2A). This minimises the effect of beak size, without
masking the effect of rostrum length which is an important
part of rostral shape variability. As the machine used in this
study requires a minimum rostrum size of Smm to ensure
the feasibility of the test, all rostra, after the initial scaling,
were scaled up uniformly with the same factor so that the
smallest rostrum was Smm long. In addition, an attachment
piece was designed in Fusion 360 to fix the rostrum platform
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to the machine, as well as a target holder (Fig. 2E, Sup.
Figure 1). All 3D models including the rostra attached to
their platforms, the platform attachment piece and the target
holder were 3D printed, using the Selective Laser Sintering
(SLS) technique on the EOS Formiga P100 machine, PA
2200 filament (nylon powder, Young’s modulus=1.7 GPa,
EOS GmbH, 2008) and smooth surface finishing.

Target material

The target material was selected to be homogeneous and
resistant, yet brittle enough to produce a puncture force
during the experiment. This target simulates a prey item
with linear elastic behaviour. We chose 0.13mm thick dry
agar sheets composed of 90% gelling agent agar (E406)
and 10% stabiliser glycerol (E422) produced by Inka foods
company (CA, USA). Young’s modulus of the target sheet
was 1.33 +£0.14 GPa, measured using a standardized uniaxial
tensile test (for details, see Sup. Material).

Puncture test

Two series of uniaxial puncture tests were conducted to
investigate the effect of rostrum size and morphology on
puncture ability (Fig. 3A). Both series of tests were con-
ducted on an Instron 5944 single-column tensile tester with
a 50kN load cell INSTRON, MA, USA—Fig. 2E) under
displacement-controlled compression. The dry agar sheets
were cut into squares and placed into the target holder, and
the rostrum platform was fixed to the attachment piece
(Fig. 2E). Once these elements are connected to the test-
ing machine, the rostrum was moved as close as possible to
the target without creating any reaction force, i.e., without
touching the sheet, setting the reference position to meas-
ure displacement. For size-driven tests, each rostrum was
used to puncture five different sheets (n=>5 replicates per
size). For morphology-driven tests, each rostrum was used
to puncture two different sheets (n=2 replicates per species).
The force (N) and the displacement (mm) were recorded,
the averaged penetration forces, the averaged penetration
displacements, and the averaged slope of the linear regime
of the force—displacement graph (i.e., effective stiffness esti-
mates; van de Berg et al. 2017) were calculated.

FEA models

Finite Element Analysis (FEA) were conducted using ANSYS
workbench (ANSYS Inc., PA, USA). The set of isolated
rostrum 3D models used for 3D printing was oriented so
that the rostrum tip angle bisector in lateral and frontal view
was perpendicular to a horizontal target plane (Fig. 2). Each
was meshed with ca. 85,000 10-node tetrahedral elements
(following a mesh convergence study to find the minimum
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Fig.3 Linear regression of the variable obtained from puncture tests
and FEA against scaling factor for Sepia officinalis rostra. A Maxi-
mum puncture force and maximum puncture displacement against
size (uniform scaling factor) of the Sepia officinalis upper beak ros-

number of elements to be used without loss of accuracy).
Rostra were modelled as an isotropic elastic material with a
Young’s modulus of 1.7GPa (same as the PA 2200 material)
and an estimated Poisson’s ratio of 0.33. Compression tests
on the Sepia officinalis rostra with different sizes and the
14 selected species were simulated. The rostrum base was
constrained in all directions, and a 20N load was applied
against the rostrum along the axial direction on the tip area
(roughly 1/12 of the rostrum length; Figs. SA; 6A). The
rostrum structural stiffness, which is characterised by the
material and shape of the rostrum, and illustrates the rostrum
resistance to deformation and the load-carrying ability, was
also calculated from this test as:

20N
"~ maximum deflection along the load direction

Next, a dragging simulation was conducted on the same
rostrum samples (size and shape datasets) to mimic the upper
beak retraction during the bite cycle (Kear 1994; Uyeno and
Kier 2005, 2007). The rostrum base was constrained in all
directions, and the 20N force was applied on half of the ros-
trum inner face (Figs. 4B, 6B). The von Mises stress pattern
is shown for each test in the anterior, lateral, and dorsal view.

Morphological and Statistical analysis

The rostra were all characterised by: (i) the anterior and
lateral rostrum tip included angles (Fig. 2D), (ii) the
sharpness index (radius of curvature of the rostrum tip;
Fig. 2D), (iii) length (l,; Fig. 2C), (iv) base area, (v)
total volume.

tra. B Structural stiffness (obtained from the FEA compression test)
against size (uniform scaling factor) of the Sepia officinalis upper
beak rostra

The beak rostrum anterior tip included angle (6, in °)
and the lateral tip included angle (6, in °) were measured
from Imm above the tips (Fig. 2C, D). The sharpness
index was quantified following the method described by
Freeman and Weins (1997) as:

Sharpness index = !

where R, (in mm) is the anterior radius of curvature and R;
(in mm) is the rostrum lateral radius of curvature. R, and
R, were obtained from the fitted circles at the rostrum tips
(Fig. 2D). Contrary to the included angles, sharpness index
is affected by age and wear. These two metrics are therefore
useful to use together to quantify rostrum tip morphology
(Anderson 2018).

The length of the rostrum was measured as the vertical
distances from the anterior tips of the rostra to the
mounting platforms (Fig. 2C) or the top surface for FEA
(Fig. 6C). The base areas for the experimental samples
were obtained as the contacting areas between the rostra
and the mounting platforms, and the ones for the FEA tests
were the flat upper surface area. The volume was taken
as the total volume of the rostrum with the supporting
materials where available (but without the mounting tool).

Linear regressions were performed using the Excel
Analysis ToolPak. One-way ANOVA with a significance
level of p-value <0.05 was used. The linear regression
coefficient, standard error, R square, F-value and p-value
were calculated.
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Fig.4 FEA compression and dragging test results on the Sepia offici-
nalis rostra with different scaling factors. A Von Mises stress pattern
plots for the compression test. B Von Mises stress pattern plots for the
dragging test. For both, the constraints and loads are illustrated on the

Results
Size-driven tests

During the puncture experiment, no puncture was obtained
for the 1.5 scaling factor, probably due to an operator error
during the test. Therefore, no results were recorded for
this rostrum size, and it was removed from the statistical
analysis. The mean penetration force (N) and mean
penetration displacement (mm) were both positively and
linearly correlated with the scaling factor (R*=0.95 and
p=0.001 for both; Table 1, Fig. 3A), meaning that a larger
rostrum required more force and more displacement than
smaller ones to puncture a given tissue. No significant
correlation was found between the slope of the linear region
of the force—displacement graph (i.e., effective stiffness
estimates; van de Berg et al. 2017) and the rostrum size
(R2=0.47, p=0.131; Table 1), meaning that the force
required to produce one unit of displacement remains
constant regardless of the size of the beak. Regarding the
FEA analysis, a strong correlation was observed between the
upper beak rostrum size and the rostrum’s structural stiffness
(p<0.001; Fig. 3B). The von Mises stress patterns showed
that smaller rostra experienced higher stresses in response

@ Springer

rostra on the right (pink, red arrow represent the load direction). C
Illustration of the rostrum orientation and cutting methods. Stress pat-
tern colour legend is in Pa

to a given force than the larger ones (Fig. 4). This indicates
that although smaller beaks have higher puncture ability
(Fig. 3A), they are at a higher risk of failure.

Morphology-driven puncture test

The 3D-printed rostra of different species of cephalo-
pods required different forces to puncture the target sheets
(Fig. 5A). Octopus vulgaris, Grimpoteuthis sp. and Jape-
tella diaphana rostra did not puncture the target at the max
displacement used in this experiment (6mm, corresponding
to a force comprised between 30 and 35N depending on
the species). These three species have short and blunt ros-
tra with a larger anterior and lateral rostrum tip angle, and
a high sharpness index. Apart from these three, the Sepia
officinalis rostrum required the largest force to puncture the
target material while the Octopoteuthis sp. rostrum required
the lowest force (Fig. 5A). Contrary to the size-driven punc-
ture results, here the effective stiffness estimate (slope of
the linear region of the force displacement graph) showed
differences between species, with the Taonius natalia ros-
trum having the lowest values indicating that a smaller force
was necessary to obtain a given displacement compared to
other species. In contrast, the Japetella diaphana rostrum
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Table 1 The statistical analysis of the size and morphology driven puncture tests (N: number of tests for each rostrum sample; Bold numbers:

p-value <0.05)

Test parameter Beak characteristic N Linear regression Standard error R square F P-value
coefficient (significant
F)
Penetration force Rostrum scaling factor 5 1.08 0.13 0.95 71.87 0.001
Rostrum length 2 -0.32 0.33 0.10 0.96 0.353
Rostrum base area 2 0.05 0.13 0.02 0.15 0.705
Rostrum volume 2 —0.005 0.01 0.03 0.24 0.633
Anterior included angle 2 0.16 0.13 0.15 1.56 0.244
Lateral included angle 2 0.20 0.12 0.23 2.71 0.134
Sharpness index 2 50.76 10.90 0.71 21.69 0.001
Penetration displacement Rostrum scaling factor 5 0.73 0.09 0.95 73.19 0.001
Rostrum length 2 —0.05 0.05 0.11 1.06 0.330
Rostrum base area 2 0.007 0.02 0.01 0.13 0.725
Rostrum volume 2 —0.0009 0.0014 0.04 0.41 0.539
Anterior included angle 2 0.02 0.02 0.10 1.02 0.339
Lateral included angle 2 0.03 0.02 0.23 2.76 0.131
Sharpness index 2 6.48 1.72 0.61 14.21 0.004
Slope of the linear region Rostrum scaling factor 5 0.18 0.09 0.47 3.60 0.131
Rostrum length 2 -0.18 0.06 0.40 7.99 0.015
Rostrum base area 2 0.03 0.03 0.06 0.74 0.407
Rostrum volume 2 —0.004 0.003 0.14 1.87 0.196
Anterior included angle 2 0.04 0.01 0.83 58.77 <0.001
Lateral included angle 2 0.05 0.01 0.68 26.00 <0.001
Sharpness index 2 10.80 2.05 0.70 27.61 <0.001

required the largest force to reach the displacements and
failed to pierce through the target material. The penetra-
tion force (Fig. 5B, p=0.01) and displacement (Fig. 5C,
p=0.04) were positively correlated with the rostrum sharp-
ness index, meaning that sharp beaks (with low index val-
ues) require smaller forces and displacements to puncture a
given target (Table 1). The effective stiffness estimated was
positively correlated with the rostrum length, rostrum ante-
rior and lateral tip angles, and the sharpness index (respec-
tively, p=0.015, others <0.001; Fig. 5D, Table 1), indicating
that sharp rostra with a small tip angle require lower force to
obtain a given displacement.

FEA compression and dragging tests

The rostrum structural stiffness increased with the rostrum
lateral tip angle (Fig. SE, p=0.008) and the beak sharpness
index (Fig. SE, p=0.004) and decreased with the rostrum
length (Fig. SF, p=0.02) meaning that long and sharp beaks
are more prone to failure (Fig. 6; Table 2). The penetration
force, displacement, and the linear region slope were also
positively corelated with the rostrum structural stiffness
(p=0.003, 0.01 and 0.045, respectively; Table 2). Under
compression, most specimens showed higher stress on the
aboral face of the rostrum, with the exception of Octopus

vulgaris which showed a higher stress on the oral face of
the rostrum (Fig. 6A). Under dragging force, rostra with a
smaller sharpness index tend to have higher stress on a large
area of both oral and aboral rostrum faces (Fig. 6B).

For both compression and dragging models, stress was
higher for longer and sharper rostra. This is in line with
the stiffness results indicating that longer and sharper rostra
might be more vulnerable to failure under a give force.
No high stress pattern was seen in the Grimpoteuthis sp.
rostrum, showing excellent compression and dragging load
bearing abilities. Rostra of Sepia officinalis, Opisthoteuthis
grimaldii and Rossia macrosoma that are effective in bearing
compression loads seem to be less effective in withstanding
dragging force.

Discussion

The size and rostrum shape variation present among
cephalopod upper beaks impacts puncture ability and stress
patterns during biting and dragging. Here, we quantified
how key aspects of rostrum morphology—Ilength, sharpness
index, tip angle—affect the ability to puncture a target tissue
and withstand stresses produced under loading conditions of
simulating biting and dragging.
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Fig.5 Morphology-driven puncture test and FEA results. A Force—
displacement graph of the first set of the morphology-driven punc-
ture tests. B-F Linear regression between B the penetration force and
the cephalopod upper beak rostrum sharpness index; C the penetra-
tion displacement and the cephalopod upper beak rostrum sharpness
index; D the linear region slope of the force—displacement graphs and

The sharper the better?

Here, we observed that the rostrum sharpness, quantified by
the sharpness index, is the primary morphological trait cor-
related with puncture performance. The sharper the rostrum
tip, the less force required to puncture a given target, the
opposite being true for blunt rostra. In our experiments, the
rostra of octopodiforms (Octopus vulgaris, Grimpoteuthis
sp., and Japetella diaphana) failed to puncture the target
with the maximum force used in this study. Therefore, once
the global effect of size is removed, these species perhaps
require a higher bite force than others to puncture a given
tissue or alternatively do not puncture but rather fracture
prey. We note that Opistoteuthis grimaldi did succeed in
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the cephalopod upper beak rostrum included angles and the sharpness
index; E the cephalopod rostrum structural stiffness (obtained from
the FEA compression test), the upper beak rostrum lateral included
angle and the sharpness index; F the cephalopod rostrum structural
stiffness (obtained from the FEA compression test) and the length of
the rostrum models used in the FEA simulation

puncturing the target with a rostrum shape and tip angle
similar to Grimpoteuthis sp. However, O. grimaldi has a
sharper rostral tip, explaining its greater puncture ability.
The fact that the sharpness index (the radius of curvature
of the tip extremity) seems more impactful than tip angles
(included angle of the rostrum extremity) shows that the
size of the contact point between the rostrum and prey is the
determining factor in puncture efficiency (Anderson 2018).
Therefore, wear on the rostrum tip related to age and use
would perhaps result in a decrease in puncture performance.
The beak of cephalopods is composed of a mix of chitin
and cross-linked proteins (Tan et al. 2015), and exhibits a
gradient of biomechanical properties from a stiff rostrum
to more flexible posterior parts (Miserez et al. 2008, 2010).
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Fig.6 Von Misses stress pattern from FEA compression and drag-
ging test on the upper beak rostra of 14 species. A Von Mises stress
contour plots of the compression test with an indication of the con-

straints and loads. B Von Mises stress pattern plots for the dragging
test. For both, the constraints and loads are illustrated on the rostra on

Table 2 The statistical analysis results of the FEA compression tests (Bold numbers: p-value <0.05)

the right (pink, red arrow represent the load direction). Stress pattern
colour legend is in Pa. Colour bars represent the cephalopod families
using the colour code present on the phylogeny in Fig. 1

Test parameter Beak characteristic Linear regression  Standard error R square F P-value
coefficient (significant
F)
Structural stiffness Rostrum scaling factor 2.30 0.03 0.999 4748.06 <0.001
Rostrum length -1.12 0.42 0.37 7.19 0.020
Rostrum base area -0.21 0.14 0.15 2.11 0.172
Rostrum volume -0.05 0.03 0.16 2.27 0.158
Anterior included angle 0.11 0.06 0.25 3.90 0.072
Lateral included angle 0.20 0.06 0.45 9.98 0.008
Sharpness index 43.91 12.25 0.52 12.85 0.004
Penetration force Structural stiffness 1.22 0.30 0.64 16.26 0.003
Penetration displacement Structural stiffness 0.15 0.05 0.54 10.69 0.010
Slope of the linear region Structural stiffness 2.57 1.14 0.30 5.02 0.045

@ Springer



131 Page 10 of 13

Marine Biology (2024) 171:131

In the common cuttlefish Sepia officinalis, rostrum stiffness
also increases during ontogeny (Souquet et al. 2023). There-
fore, cephalopod beaks may be locally reinforced to limit
the effects of wear over time, preserving the sharpness of
their rostra and thus maintaining an effective puncturing bite
through life.

In vertebrates, it has been shown that sharper teeth induce
less cracking but rather create an indentation during biting.
On the other hand, blunter teeth are more likely to produce
fractures in the food item rather than perforating it (Lucas
2004). Thus, the blunt rostra observed in octopodiforms are
not optimized for puncturing but rather for creating cracks
in prey to break it into pieces. This could be achieved either
through the application of a strong bite force over a larger
area covered by the rostrum or through a three-point bending
action, with one point on the upper beak rostrum tip, and
the two others on the lower beak rostrum edges (Fig. 1).
This biting pattern aligns with the known feeding habits of
benthic octopodiforms displaying short and blunt rostra that
consume stiff and brittle prey such as crustaceans or shells.
In captivity, octopuses consume only the soft parts of their
prey, the hard parts being discarded at the bottom of the
tank (Altman and Nixon 1970). Therefore, octopodiforms
seems to have develop strategies to consume hard prey by
fracturing the hard parts with their beaks, exposing the soft
flesh that can then be accessed by the radula.

On the advantage of being small

Smaller rostra showed better abilities to puncture the target
with lower forces and lower displacements compared to
larger ones. The size variation in the rostrum results in a
scaling of the tip. Smaller rostrum tips are able to transmit a
given force on a smaller area of the prey, producing a higher
pressure (force per unit area) resulting in a more effective
puncture (Johnson 1985; Schofield et al. 2016). As a result,
for a given shape, larger beaks are blunter than smaller ones.
Beak size being correlated to body mass (Xavier et al. 2023),
larger animals with larger beaks will thus require sharper
rostra to puncture a given prey, or a considerably higher
bite force. This parameter, amongst others, may limit the
maximum beak size in large species. Buccal mass shows
a negative allometry against body mass in studied species
(Morton and Nixon 1987; Nixon 1985; Kear 1994), and the
largest species are known to have a relatively small beak
compared to their body size. For example, the lower beak of
a 500 kg Architeuthis only has a 30mm long rostrum (Clarke
1962). Hence, limiting maximal rostrum size might be an
effective way to maintain an effective puncture without the
high energetic cost of producing a large bite force.

The puncture advantage of smaller rostra may also
impact feeding performance during ontogeny. A number of
juveniles, including those of Sepia officinalis, are able to
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bite relatively hard prey (Cherrel and Hubson 2005), while
having no bite force performance compensation compared to
adults that feed mainly on fish (Souquet et al. 2023). In this
case, the small size of juveniles is already an advantage for
puncturing prey compared to adults, and it is likely that this
gain in performance is enough to obviate any compensation
in terms of bite force to allow successful feeding.

Why the long rostra?

Within the decapods, especially among Oegopsida, rostra
of upper beaks tend not only to be sharp but also elongated,
resulting in a slender claw-like shape. The length of the ros-
trum alone does not impact the puncture performance but
is, however, negatively correlated with the structural stiff-
ness calculated from FEA, indicating that long rostra are
perhaps more prone to failure. Cephalopods use their arms
to immobilize prey while biting with the beak, decreasing
prey motion, and reducing lateral stress on the long ros-
tra, reducing the risks of beak fracture due to struggling
prey. Yet, the risks of rostrum fracture during biting remains
high. In this context, what would be the selective advantage
of having an elongated rostrum? Rostra are not cylindrical
but frequently have a sub-triangular cross-section, with the
aboral face being more or less rounded and sometimes pos-
sessing a groove on the oral face. The first hypothesis is that
this morphology creates sharp lateral edges that would be
able to achieve a shearing motion against the edges of the
lower beak. Hence, a longer rostrum could allow for a larger
shearing surface, enabling the cutting of relatively soft and
elastic prey that a puncture type of bite would otherwise
only indent. This is consistent with observations of wear
patterns on cuttlefish beaks at various growth stages, show-
ing a highly worn jaw angle on both upper and lower beaks,
suggesting stress related to feeding in this area (Souquet
et al. 2023). A second hypothesis is that longer rostra have
a longer out-lever arm, which reduces the force transferred
to the bite point but increases the beak closing speed. As
most biological tissues are viscoelastic, their response to a
given stress is dependent on its rate of application (Burstein
and Frankel 1968; Kunzek et al. 1999; Vogel 2013; Ander-
son 2018). With an increase in strain rate, materials become
stiffer, more resistant to deformation, allowing an easier cre-
ation of punctures in more elastic prey. Finally, elongation
can also produce a more hydrodynamic shape, which could
decrease energy loss to drag during underwater biting, thus
allowing a faster bite with less force (Anderson 2018). All
of these hypotheses would give an advantage to long rostrum
bearers in biting and consuming soft and more elastic prey,
such as fish. This is consistent with the fact that long rostra
are mostly found in pelagic decapods, which predominantly
feed on fish. Long rostra seem to be more versatile allowing
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not only an initial puncture using the rostrum tip, but a cut-
ting or shearing motion as well (Souquet et al. 2023).

Prey toughness as a strong selective pressure

The highest puncture efficiency is reached by rostra having
the smallest contact point with the prey item: a small ros-
trum point is better at concentrating bite force. An increase
in puncture efficiency can therefore be achieved in two
different ways: (1) increasing the rostrum tip sharpness,
or (2) reducing the total size of the rostrum to obtain an
overall smaller tip. However, both strategies are associ-
ated with structural weaknesses. Small rostra are less able
to dissipate stress, while sharp rostra are less robust and
more prone to failure which is aggravated by the fact that
they are often elongated. Therefore, an evolutionary trade
between size and sharpness for a given prey and bite force
appears to exist. In vertebrates, the mechanical properties
of food were hypothesized to provide a strong selective
pressure for tooth morphology (Lucas 2004). Sharper teeth
will create an indent in a prey while blunt teeth will have
more difficulty to puncture the same prey but will more
easily induce cracks and fractures depending on the mate-
rial properties of that prey. In mammalian carnivores, prey
material properties were also suggested to be related to
teeth robusticity and therefore to their ability to tolerate
stress (Pollock et al. 2022). Robust canines experiencing
lower stress are found in carnivores regularly encounter-
ing hard foods while slender canines experiencing higher
stresses are associated with carnivores biting into muscle
and flesh. Unlike other animals bearing beaks, like birds
or turtles, cephalopods use their sharp beaks (especially
the upper one) to crush, pierce, and cut their prey, with an
occlusion pattern that is different from that in birds and
turtles (the aboral side of the upper beak is in occlusion
with the oral side of the lower one, Fig. 1). Unexpect-
edly, the rostrum morphology is surprisingly similar to the
canine crown outer shape (Pollock et al. 2022). Therefore,
in terms of function, cephalopod upper beak rostra are
more similar to teeth than to other animal’s beaks. The
pattern described above for vertebrate teeth is similar to
the one observed in this study. Robust blunt rostra have
an advantage for crack creation and fracture suitable for
consumption of hard prey and are encountered in benthic
octopods consuming a large proportion of crustaceans
and shellfish. Slender sharp rostra will have an advantage
for puncture and potentially shearing and cutting, suit-
able for consumption of softer and more elastic prey, and
are encountered in pelagic decapods consuming a large
proportion of fish. As a result, the hypothesis that the
mechanical properties of the prey act as a strong selective

pressure on tooth morphology can be transferred to the
upper beak rostrum of cephalopods.

Conclusion

The rostrum sharpness is a crucial factor influencing
puncture performance. Sharper rostra as commonly
observed in decapods require less force to puncture a
target, whereas blunt rostra, as observed in octopods,
require higher forces to puncture the same prey. Therefore,
with age, increase in beak size and wear of the rostrum tip
may lead to a decline in puncture performance. Smaller
rostra have a natural puncture advantage as their tips
transmit a given force over a smaller area compared to
larger ones, generating higher pressure and more effective
punctures. This may lead to limitation of the beak size
in larger species to optimise puncture efficiency. The
elongation of rostra, observed in pelagic decapods,
raises questions about the selective advantages of such
morphology. While longer rostra do not directly impact
puncture performance, they are negatively correlated with
structural stiffness, possibly increasing the risk of failure.
Yet, this elongation could permit a shearing motion of
the rostrum edges to cut soft, more elastic prey such as
fish. Overall, the study highlights the intricate trade-offs
between rostrum size, sharpness, and structural integrity,
emphasizing the role of prey toughness as a selective
pressure shaping cephalopod upper beak morphology.
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