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Abstract

Due to their small size, juveniles are more likely to show lower absolute levels of performance leading to a potential com-
petitive disadvantage compared to adults. Therefore, juveniles are expected to compensate by showing a higher relative
performance, and/or partitioning resources to overcome this performance disadvantage. Here, we investigate the link between
ontogeny and feeding performance in the common cuttlefish Sepia officinalis. We explore the changes in beak shape, wear
pattern, mechanical properties, muscular anatomy, and bite force during growth from 3-month post hatching to adults. We
show that both upper and lower beaks present important ontogenetic shape variation in the rostrum area that might be due
to wear induced by feeding. The mechanical properties of the beaks in juveniles indicate greater resistance compared to
adults. Tanning observed on the beaks provides reinforcement to areas under high load during biting. In addition, muscle
development and relative bite force were found to differ between cuttlefish of different ages, resulting in juveniles having a
similar bite force for their size but with a muscular advantage for opening. Finally, an isometric relation is found in the bite
force of S. officinalis, with no sign of feeding performance compensation in juveniles. Feeding performance thus does not

reflect the ontogenetic shift from a crustacean-based diet in juveniles to a fish-based diet in adults.
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Introduction

The size of animals affects all aspects of their biology,
including locomotor and feeding performance (Herrel
and O’Reilly 2006). Due to their smaller dimensions and
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potential developmental constraints, juveniles likely show
lower absolute levels of performance and therefore, may be
at a performance disadvantage compared to adults, which
increases the strength of intra-specific competition (Schmidt-
Nielsen 1984; Werner and Gilliam 1984; Carrier 1996).
Therefore, juveniles can be expected to develop strategies
to overcome this performance disadvantage. In vertebrates,
evidence of compensation has been found for traits related
to locomotion and defensive behaviour, leading to higher
relative performance in juveniles compared to adults (Herrel
and Gibb 2006). Enhanced juvenile performance in relation
to that of adult has been reported for example in take-off
velocity and acceleration in the jackrabbit Lepus californicus
(Carrier 1996), or in escape running speed in the wild guinea
pig Cavia aperea (Trillmich et al. 2003). However, a similar
compensation pattern was not observed for traits related to
feeding and foraging. Rather, positive allometry of bite force
relative to body and head dimensions is typically recorded,
partly explained by the hypertrophy of the jaw muscles dur-
ing ontogeny (Herrel and Gibb 2006). In this context, the
partitioning of niches and trophic resources appears to be
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a critical strategy to reduce competition between juveniles
and adults (Werner and Gilliam 1984). As feeding behav-
iour is a key part ecosystem processes, studying the scaling
of feeding performance is essential to an understanding of
trophic niches, resource repartition, and community struc-
ture (Kolmann and Huber 2009). However, whereas studies
investigating the link between ontogeny and feeding perfor-
mance are rare in vertebrates, there are none exploring this
question in invertebrates.

Cephalopods provide an ideal model to investigate ques-
tions related to the scaling of feeding performance. They are
a large and diverse group of marine invertebrates, widely
known for their intelligence, unique body plan, and com-
mercial importance. Their feeding system is unique within
the animal kingdom, composed of a radula and two beaks
moved by a set of masticatory muscles (Boyle et al. 1979;
Kear 1994), all embedded within a buccal mass lying in a
cavity at the centre of their arms (Fig. 1). The beaks are
chitinous structures connected by a “muscle articulation”,
a unique type of joint, in which there is no direct contact
between the upper and lower part of the beak (Uyeno and
Kier 2005). Beaks grow continuously throughout the life
of the animal by the addition of chitin layers deposited by
specialized cells called beccublasts. These cells are arranged
in a thin cell layer located between the aboral side of the

A. Upper Beak anatomy C. UB measures .-~
rostrum

lateral wall - jaw angle

beak and the surrounding muscles (Dilly and Nixon 1976).
The increments are generally deposited daily (Perales-Raya
et al. 2010; Arkhipkin et al. 2018; Guerra-Marrero et al.
2023), and the deposition rate has been validated by experi-
mental data using stress markers visible on the increments
(Perales-Raya et al. 2014a, b, 2018). As daily growth was
observed in most species investigated, this growth pattern
may be widespread among cephalopods, with potential rate
variation depending on environmental conditions (Perales-
Raya et al. 2018; Schwarz et al. 2019). However, although
late stage embryo beaks of Octopus vulgaris and paralar-
val beaks of some squids and octopus have been described
(Franco-Santos and Vidal 2014, 2020; Franco-Santos et al.
2014; Perales-Raya et al. 2018; Xavier et al. 2023), and
food intake and growth rate were described in first weeks
after hatchling (Koueta and Boucaud-Camou 1999), little is
known about the development and growth of the beaks after
that stage. Moreover, nothing is known about the growth and
development of the buccal mass.

Here, we studied the common cuttlefish Sepia officinalis,
Linnaeus, 1758. Sepia officinalis juveniles resemble the
adults in their morphology and lifestyle (Boletzky 1983;
Nixon 1985). As they grow, juveniles gradually explore
deeper habitats further offshore where subadults prey on
larger animals before migrating back into coastal areas as
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buccal sheath

B. Lower Beak anatomy D. LB measures

wings

wing fold

jaw angle

jaw edge

oesophagus
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Fig. 1 Anatomy of the buccal mass of Sepia officinalis. A, B Basic
nomenclature of cephalopods beaks. C, D Dimensions measured
on the beaks. E Picture of a buccal mass in vitro with nomencla-
ture of visible anatomical features. F 3D reconstruction of the mas-
ticatory muscles. UB =Upper beak. LB =Lower beak. UHL = Upper
hood length. URL=Upper rostrum length. UTL=Upper total
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LHL =Lower hood length. LTL =Lower total length. LTH=Lower
total height. SMM = Superior mandibular muscle. PLM = Postero-
lateral muscle. LMMp =Lateral mandibular muscle posterior section.
LMMa=Lateral mandibular muscle anterior section. AMM = Ante-
rior mandibular muscle



Marine Biology (2023) 170:82

Page3of12 82

adults for reproduction (Dunn 1999). Juveniles feed mainly
on crustaceans (prawns and crabs) while adults incorporate a
larger proportion of fish in to their diet (Nixon and Mangold
1998; Alves et al. 2000). Prey items are selected by size,
usually similar in dimension to that of the cuttlefish itself.
The morphology and performance of the feeding apparatus
of juvenile cuttlefish would be expected to be an important
aspect constraining access to prey, together with hunting
behaviour and the use of the arms. Yet in this species, juve-
niles appear to have a diet that is mechanically more resist-
ant with prey items showing higher hardness than adults.
This then raises the question: does feeding performance in
S. officinalis show a negative allometric growth as observed
in many vertebrates, or do they, alternatively, compensate for
their smaller absolute size to gain access to these mechani-
cally demanding resources?

The aim of this study was to investigate the growth of
the feeding structures in S. officinalis and their link with
their feeding performance. We aim to decipher whether the
change of diet during ontogeny is reflected by their feeding
system. To do so we explore changes in beak shape, wear
pattern, mechanical properties, muscular anatomy, and bite
force. This dataset permits a comprehensive description of
the buccal mass growth in S. officinalis and a discussion of
its functional consequences on feeding behaviour.

Materials and methods
Sample collection

Sepia officinalis was bred at the Synergie Mer Et Littoral
(SMEL) experimental centre in Blainville-sur-Mer (France;
permit for animal breeding and experiments including ceph-
alopods: A50058001). Eggs were collected mid-June at a
depth of 3 m from buoy ropes installed in April at the Pointe
D’Agon site (N 48°59.36-W 1°38.70), and in early Septem-
ber a fresh cluster of eggs was recovered on the beach of
Blainville-sur-Mer. Both groups were incubated for 11 to
15 days until hatching in an aquarium filled with seawater
maintained at 20 °C. At all times, fifty percent of the total
water volume was refreshed daily. After hatching, seawater
temperature was maintained at 18.3 + 1.7 °C and salinity
at 33.6+ 1.3 PSU. From hatching, the cuttlefish measuring
approximately 10 mm, living on their yolk reserves, are not
fed during the first 3 days. From the fourth day post hatching
onwards, juveniles were fed with live shrimps harvested on
the foreshore. Each juvenile received a shrimp of its own
size every day. The two groups of eggs gave two age groups
from which five specimens were sampled for this study. The
first age group from eggs sampled in September was com-
posed of the youngest specimens and consisted of three-
month-old (93 to 95 days) individuals. The second group

from eggs sampled in June was composed of specimens of
almost six months old (171 to 176 days). Specimens from
this group were occasionally fed small fish and crabs in
addition to shrimps. Two adult specimens were caught in
early June by local fishermen and maintained in an oxy-
genised sea water tank at the SMEL for a few days. In vivo
bite force was measured in June for adults, a few days after
they were caught, and in mid-December for the two groups
of juveniles. All individuals were then euthanized by pro-
longed immersion in Magnesium chloride (MgCl12) follow-
ing Andrews et al. (2013). Freshly euthanized animals were
weighed with a digital scale, and mantle length (ML) was
measured with digital callipers (Mitutoyo). Weighing was
not possible for the two adult specimens and consequently
their total weight was estimated based on the mantle length
(Basuyaux and Legrand 2013). Two specimens from each
juvenile group, and the two adults, were fixed in a solu-
tion of 10% aqueous formaldehyde for two days, rinsed and
maintained in a 70% aqueous ethanol solution. All other
specimens were freshly frozen. One adult specimen of
Sepia officinalis was obtained commercially from a local
fishmonger, and its buccal mass was fresh frozen and used
for nano-indentation.

Bite force measurement

In vivo bite forces were measured on all live specimens
(N=12) using an isometric Kistler force transducer (type
9203, Kistler Inc., Switzerland) mounted on a purpose-built
holder and connected to a Kistler charge amplifier (type
5058 A, Kistler Inc.) following the protocol of Herrel et al.
(1999). Each individual was held around the anterior part
of the mantle behind the head with one hand and presented
with the bite plates (Sup. Figure 1). Animals readily bit
the transducer and bite force was recorded at the tip of the
rostrum three times for each individual. The single highest
value was retained as an estimate of maximal bite force.
The bite plates were moved further apart for larger animals,
resulting in all animals biting at equivalent gapes. Bite posi-
tion was measured by inspecting the indentation of the surgi-
cal tape wrapped around the bite plates. The distance from
the bite point to the pivot point (fulcrum) was measured and
bite forces were corrected for bite position.

Digitization and measurements

Pictures of upper and lower beaks were taken using a KEY-
ENCE VHX 7000 Digital Microscope (KEYENCE, UK) for
specimens whose beaks were extracted (N =3 per group).
The lateral view illustrated in Fig. 2 was used to measure
the jaw angle using ImageJ (Schneider et al. 2012) Pictures
of the sagittal sections of beaks embedded in resin were
taken before and after indentation under both normal and
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Fig.2 Upper and lower beak
of Sepia officinalis at each
growth stage showing size and
shape variations. A Outline

of the upper beak of adult
(top), 6 month old (center) and
3 month old (bottom) individual
at the same scale. Picture of
upper (top) and lower (bottom)
beak of a (B) 3 months old,
(C) 6 months old and (D) adult
individual. Scale bars=5 mm.
Black arrows indicate the jaw
angle

co-axial light conditions. Beak measurements were taken
using a digital calliper.

Muscle quantification

For each age group, the buccal mass of one formalin-fixed
specimen was extracted by incising the brachial crown ven-
trally and sectioning the connective tissues and oesopha-
gus. Each mandibular muscle was dissected, weighted, and
placed in 30% nitric acid (HNO3) to dissolve connective
tissues and isolate the muscles fibres. Once the muscle
digestion was complete, the nitric acid was replaced by a
50% aqueous glycerol (C3H80O3) solution. Pictures of the
fibres and a scale were taken with the KEYENCE VHX
7000 Digital Microscope, and fibre lengths were measured
using ImageJ. The mean fibre length was estimated and
used together with muscle mass to estimate the physiologi-
cal cross-sectional area (PCSA) using the following equa-
tion, based on a muscular density estimation of 1.06 g.cm™
(Denton and Gilpin-Brown 1973):

mass(g)

PCSA =
muscular densily(g.cm‘3) x fibre length(cm)

Material characterization

For each age group, one pair of fresh frozen beaks was
embedded in cold cure epoxy resin (Buehler, Germany). The
upper and lower beaks were embedded separately to better
control the beak orientation. The samples were then polished
to create a sagittal section, using silicon carbide paper and
aluminium oxide slurries following a protocol previously
described (Moazen et al. 2015; Marghoub et al. 2022; final
particle size: 0.05 um). Nanoindentation was then performed
at room temperature using an Anton Paar system (UNHT®,
Anton Paar GmbH, Switzerland) with a Berkovich diamond
tip (see e.g., Ebenstein and Pruitt 2006). Regions of interest
were chosen visually to include as much colour and layer
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diversity as possible. All regions were indented four times
under force-controlled linear loading to a force of 50 mN at
100 mN/min, followed by a 10-s hold. A minimum spacing
of 30 um was set between each indent. The elastic modu-
lus was calculated using the standard Oliver-Pharr method
(Oliver and Pharr 1992). Here, the Poisson’s ratio of the
indented tissue and indenter tip were assumed to be 0.3 and
0.07, respectively, with the elastic modulus of the indenter
tip being 1140 GPa (based on the manufacturer’s data).

Statistical analysis

We tested the allometry of variables for which we had more
than 5 specimens (i.e. bite force, mantle length, total weight,
and beak measurements) with an ordinary least square
(OLS) linear regression. All variables were logarithmi-
cally transformed (log,,) before analyses. We compared the
obtained slopes to those expected under isometric growth.
This slope depends on the dimensionality of these variables,
being one for linear dimensions versus linear dimensions,
two for the scaling of bite force versus linear dimensions,
and three for the scaling of mass versus linear dimensions.
When the predicted slope fell outside the calculated 95%
confidence limits, the relationship was deemed allometric.

Results
Beak shape

The overall morphology of the upper and lower beak is simi-
lar in all age groups (Fig. 2). It has previously been sug-
gested that juveniles already possess an adult beak shape
immediately post-hatching (Boletzky 1983; Nixon 1985).
This, in addition to our observations, suggests the general
beak shape is conserved throughout the life of the animal
from hatching to adult, despite continuous growth. How-
ever, some differences can still be observed, especially in
the rostrum region (Fig. 2). In lateral view, the principal
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region of variation of the upper beak is situated at the level
of the jaw angle (Figs. 1, 2). In the three-month-old spec-
imens the jaw angle (89°) of the upper beak is rounded,
and the oral edge of the rostrum presents a slight curve.
In adults, the jaw angle is sharper and more acute (64°),
the oral margin of the rostrum is flattened, and the rostrum
appears longer. In oral view (Fig. 3), the three-month-old
specimens display an upper rostrum/hood complex that is
narrow and sharp compared to that of the adults. For the
lower beak, a similar and even more striking difference is
observed. In the three-month-old specimens the rostrum of
the lower beak is short, and the jaw angle is wide (127°),
obtuse, and poorly delineated (Fig. 3). The jaw edge is frag-
mented into two segments (Fig. 2). The six-month-old speci-
mens present a transitional morphology. The adults display
a longer rostrum, and a jaw angle that is rounded and acute
(83°). The jaw angle gradually deepens, and that the ros-
trum becomes thicker and blunter over time. In oral view,
the growth pattern observed is opposite to that of the upper
beak. In the three-month-old specimens, the rostrum region
is large, sharp, and has a V-shape in oral view, creating an
isosceles triangle (Fig. 3). During growth, the rostrum elon-
gates toward its adult form, which is blunt and U-shaped.
These observations are supported by the measurements in
Table 1. The fastest growth rate is observed in the rostrum
of both the upper and lower beaks, evidenced by the rostrum
lengths (URL and LRL), with adult rostra being six times
longer. In comparison, the dimension exhibiting the slowest
growth is the height of the upper and lower beaks (UTH and
LTH), with adult rostra being only four times taller. Rostrum
length displays negative allometry against mantle length,
and positive allometry of both upper and lower beak height
against mantle length was also observed (Table 4). Thus,

3-months-old

6-months-old

Upper beaks

Lower beaks

Fig.3 Wear pattern on the rostrum of upper and lower beak of Sepia
officinalis in oral view at each growth stage. White arrows indicate
the position of the jaw angle. Damaged materials are the lighter area

adults have relatively taller lower and upper beaks with a
relatively shorter rostrum.

Beak mechanical properties

The mechanical properties of the different areas of the beak
cross-sections are illustrated in Fig. 4. Low values indicate
a more compliant material, while higher values indicate a
stiffer material. We observed an anteroposterior stiffness
gradient. In Sepia officinalis, hatchling beaks are mostly
transparent while adult beaks are entirely tanned with an
anteroposterior gradient from a dark rostrum to lighter
posterior edges. Given this difference in the degree of tan-
ning, we expected the beaks of S. officinalis juveniles to be
mechanically weaker. However, the average elastic modulus
of the three-month-old juvenile beaks was already high (1.1
to 6.5 GPa, Fig. 4) compared to that of the adults (3.2 to
8.3 GPa, Fig. 4). The upper beaks were found to be stiffer
than the lower ones in the six-month-old specimens and
the adults, while both beaks displayed similar values in the
three-month-old specimens. The greatest stiffness for all
ages was seen in the upper beak rostrum. In both beaks, the
hood was always stiffer than the walls.

Muscle architecture

The muscular anatomy is illustrated in Fig. 1F, and quanti-
tative data for each muscle are given in Table 2 and Fig. 5.
The general anatomy and insertion points of the masticatory
muscles are conserved during growth. Five main masticatory
muscles are recognized (Kear 1994; Uyeno and Kier 2005):
(1) Superior Mandibular Muscle (SMM): a large dorsal mus-
cle divided into three parts, the central one originating from

visible on the black chitin, evidenced on the adult close-up on the
right part of the figure
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Table 1 Measurements and length ratios of the upper and lower beak for each growth stage (in mm)

UTH/UTL URL/UHL LTH/LTL LRL/LHL Jaw angle LB Jaw angle UB

UHL URL UTL UTH LHL LRL LTL LTH

Age

89°+5
76is+5

127°+9
110°+7

0.36
0.44
0.50

1.12
1.03
1.06

0.19
22
0.26

0.69

11.7+0.2 0.69

54+0.1

4.8+0.1
11.3+£0.2

2.1+0.06

1.9+0.2 0.7+0.1

+0.1

53

7.6+0.2
16.6+0.3

56+04 1.1+0.06
126+03 2.8+0.06

3 months

64°+2

83°+3

0.

11.6+0.2 4.7+0.1

262+03 69+0.1

6 months
Adult

20.8+0.6 222+0.5 0.67

328409 22.1+0.6 9.7+02 49+0.1

Table entries are means =+ standard deviations. UHL Upper Hood Length, URL Upper Rostral Length, UTL Upper Total Length, UTH Upper Total Height, LHL Lower Hood Length, LRL

Lower Rostral Length, LTL Lower Total Length, LTH Lower Total Height, LB Lower Beak, UB: Upper Beak

the crest of the upper beak and the ventral face of the hood,
and right and left parts originating on the interior face of
the lower beak wings and connected to the central part. (2)
Lateral Mandibular Muscle (LMM): symmetrical left and
right muscles originating on the lateral walls of the upper
beak and inserting on surrounding connective tissues. Each
can be separated into an anterior and a posterior part that
are connected but presenting a different fibre orientation.
(3) Anterior Mandibular Muscle (AMM): a ventral mus-
cle originating on the anterior part of the lateral walls and
the crest of the lower beak, firmly attached to the overly-
ing buccal sheath, and connected in its dorsal part to the
SMM. (4) Posterior Mandibular Muscle (PMM, not shown
in Fig. 1): a superficial muscle that originates on the crest
of the lower beak and inserts on the lateral wall of the upper
beak, inferior to the crest, and surrounding the oesophagus.
(5) Postero-Lateral Muscle (PLM): a pair of symmetrical
muscles originating from the posterior margin of the lateral
walls of the upper beak, with insertions on the lower beak
lateral walls and connected to the SMM, AMM, LMM, and
radular apparatus. The muscle presenting the highest pro-
portion of the total muscle mass at each growth stage is
the LMM (43% three-month-old; 30% six-month-old; 32%
adults, Table. 2, Fig. 5). This muscle also presents the largest
PCSA in adults, and therefore the highest theoretical muscle
force (Table. 2, Fig. 5). This is due to the LMM having the
slowest growth in fibre length (adult fibres 2.5 times longer
than the 3-month-old specimens) combined with a moderate
weight gain. Therefore, the LMM grows faster in width than
in length, leading to a larger PCSA and associated theoreti-
cal maximal muscle force. However, in juveniles, the mus-
cle presenting the highest PCSA is the PMM (11 N three-
month-old specimen; 37 N in the six-month-old specimen;
Table. 2, Fig. 5). The decrease in its relative importance dur-
ing growth is due to the fast growth of its muscle fibres, in
combination with a low volume increase. The PMM grows
in length but not much in thickness, leading to a lower PCSA
gain compared to other muscles. The fastest weight gain is
observed in the PLM and AMM. Adults have a PLM mass
that is 90 times greater and an AMM mass that is 89 times
greater than the same muscles in the three-month-old indi-
viduals. However, the PLM remains the muscle with the
lowest proportion of the total muscle mass, despite this fast
growth. The AMM displays the highest gain in PCSA. The
SMM exhibits an average growth for all parameters com-
pared to other muscles.

Wear pattern

The wear patterns on the upper and lower beaks are illus-
trated in Fig. 3. Clear traces of wear are visible on both
beaks in all age groups. The wear is the result of mechani-
cal damage to the chitinous beak tissues during feeding.
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Fig.4 Sagittal sections of the
upper (UB) and lower beak
(LB) in the three consid-

ered growth stages of Sepia
officinalis highlighting the
mechanical properties of dif-
ferent regions of the section.
Left images were taken in
coaxial light to illustrate surface
details. White squares represent
indentation points. Mean elastic
modulus of each region is
given in GPa (right side). Scale
bar=1 mm

6-months-old 3-months-old

Adult

The damage on the beaks is too significant to allow charac-
terization of microwear pattern. However, the macrowear
pattern can be described and is informative with respect
to the occlusal pattern and food intake behaviour. On all
specimens, the most extreme wear is observed at the jaw
angle and on the sides of the oral margin of the rostrum.
Surprisingly, the anterior extremity of the rostrum presents
minimal damage compared to other areas. However, we
noted that the rostral tip of one three-month-old speci-
men (illustrated in Fig. 3) was broken. The breakage had
been smoothed over time, indicating that the fracture was
not recent. Overall, beaks of the three-month-old speci-
mens presented visible but moderate wear, while older
specimens exhibited more severe damage. Scratches are
present on the aboral face of the rostrum hood of the
upper beak, and, to a lesser extent, on the lower beak in

Dorsal

s 5
g 3
B =
& <

Ventral

the six-month-old specimens. In adults, antero-posterior
scratches were visible on the oral part of the lower beak.
The oral face of the upper beak is little worn compared to
the other areas.

Bite force

Bite force for each specimen is given in Table 3. Bite
force increase with age, with mean maximal bite force
of 2.2+0.59 N (n=5) in the three-month-old speci-
mens, 18.9+5.02 N (n=5) in the six-month-old, and
46.74+0.17 N (n=2) in adults. Bite force is strongly cor-
related with mantle length (R*>=0.95, P <0.001, Fig. 6)
but remains isometric (Table 4).

@ Springer
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Table 2 Muscle weight (in g), muscle weight proportion (% total muscular mass), fibre length (in cm), Physical Cross Sectional Area (PCSA, in cm?) and estimated maximal force (in N) for one

individual of each growth stage. For paired muscles, left and right side were averaged

Adult

6 months

3 months

length PCSA Force

Force Weight  Weight%

PCSA

length PCSA Force Weight  Weight% length

Weight  Weight%

Muscle

21.11

0.39
0.78
0.86
1.34
0.26

0.96
0.55

9.28
10.77

23.38

0.400
0.464

37.56

0.69
0.17
0.51
0.26
0.07

0.27
0.32
0.41
0.80
0.43

26.74

0.199
0.060
0.223

11.00

0.20
0.03
0.10

0.11

0.10
0.14
0.20
0.38
0.10

19.64
4.72
21.14

0.021
43.15

PMM

42.50

9.59
27.82

8.09
30.07

30.21

1.82
5.73
6.36

0.005

AMM
SMM
LMM
PLM

46.45

1.10
0.97
0.65

1.008
1.389
0.185

0.023

72.44
14.41

3221

14.23

0.225

0.047

4.30

4.30

4.87

0.036

1.04

0.01

1.86

0.002

PMM Posterior Mandibular Muscle, AMM Anterior mandibular muscle, SMM Superior mandibular muscle, LMM Lateral mandibular muscle, PLM Postero-lateral muscle.

3-MONTH-OLD

6-MONTH-OLD ADULTS

B. 1,60
1,40
1,20
1,00

0,80

0,60

0,40

= il il

560 I -1 O O —m
PMM AMM SMM MM PLM

H3-month-old ®6-month-old mAdults

PCSA (cm?)

N

Fig. 5 Masticatory muscles quantification. A Muscle weight propor-
tion (% total muscular mass) at each age. B Physical cross section
area (PCSA, in cm?) of each muscle at each age. PMM: Posterior
Mandibular Muscle. AMM: Anterior mandibular muscle. SMM:
Superior mandibular muscle. LMM: Lateral mandibular muscle.
PLM = Postero-lateral muscle

Table 3 Animal total weight, mantle length, and maximal bite force.
The weight of the adults (in italic) was estimated based on mantle
length

Age Total weight (g) Mantle length Bite force
(mm) max. (N)

3 months 13 43.2 2.5

3 months 11 40.66 2

3 months 13 39.6 3.1

3 months 11 36.8 1.9

3 months 6 28.04 1.6

6 months 181 114.28 26.1

6 months 179 105.13 13.9

6 months 98 81.5 16.4

6 months 150 90.6 16

6 months 138 94.8 22

Adult 740 187.5 46.62

Adult 760 202.35 46.87

The weight of the adults (in italic) was estimated based on mantle
length

Discussion

Is the feeding system of juveniles the same
as in adults?

Previous research has shown that the buccal mass of newly
hatched cuttlefish is relatively large, with all the main
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041 " = 3-months-old

6-months-old

021 ¥ A Adult

0.0

1.50 1.65 1.80 1.95 2.10 2.25

Logyo mantle length (mm)

Fig.6 Linear regression of logl0 maximal bite force against log10
mantle length (red)

features of adults already present (Nixon 1985; Nixon and
Mangold 1998). Upper and lower beaks are described as
partially tanned (Guerra-Marrero et al. 2023), with a well-
developed rostrum and large mandibular muscles. None-
theless, the growth-related variation in the buccal mass
observed in this study was greater than expected from pub-
lished literature. Although the overall shape of the juvenile

beak is similar to that of the adult with an isometric growth
of most of the beak features relative to mantle length, we
observed significant shape differences in the hood/rostrum
region, mainly related to rostrum size and shape, and the
jaw angle. The rostrum length is the only feature showing
negative allometry against mantle length, meaning that the
rostrum grows slower than the rest of the beak. Moreover,
muscle development and relative bite force were found to
differ between ages, with some variation in mechanical prop-
erties as well. However, these anatomical differences do not
impact the biting abilities of young cuttlefish, with an iso-
metric relationship between bite force and the mantle length.
Therefore, although anatomical differences were observed
in the buccal mass between juveniles and adults, bite force
shows no performance compensation during early life.

Are mechanical properties of the beak related
to the bite force?

In three-month-old specimens, the Young’s moduli of the
beak were relatively high (max value: 6.5 GPa) compared to
those of adults (max value: 8.3 GPa), but also compared to
those of other cephalopod species. In the octopods Adeliele-
done polymorpha and Pareledone turqueti, mean Young’s
modulus values for the upper beak were, respectively, 4.69
GPa and 4.99 GPa (Matias et al. 2019). Octopods have a diet
composed of stiff prey including crustaceans and bivalves

Table 4 Regression of Log10-

; Regression  Isometric slope Intercept Slope 95% confidence limits ~ Allometry R? P

transformed bite force, mantle

length, weight, and beak BF/ML 2 —-2.65 193 1.57-2.13 Isometric  0.95 5.17E-08

measurements BF/Weight  0.67 0.39 074  0.65-0.80 Isometric  0.96  6.39E-09
ML/Weight 0.33 1.17 038  0.36-0.40 Positive ~ 0.99 1.36E-11
BF/UHL 2 -0.092 1.82  1.07-2.37 Isometric  0.89  0.0003
BF/URL 2 0.37 153 0.84-2.05 Isometric ~ 0.89  0.0004
BF/UTL 2 —-1.27 193 1.12-2.57 Isometric 0.9  0.0002
BF/UTH 2 -1.08 198  1.31-2.64 Isometric  0.91  0.0002
BF/LHL 2 0.04 171 1.14-2.22 Isometric 0.9  0.0003
BF/LRL 2 0.65 141 0.93-1.81 Negative  0.89  0.0004
BF/LTL 2 0.91 193 1.36-2.38 Isometric  0.92  0.0001
BF/LTH 2 1.04 202 1.26-2.56 Isometric  0.91 0.0002
ML/UHL 1 0.81 1.04  0.95-1.11 Isometric  0.99 6.07E-08
ML/URL 1 1.56 0.88  0.78-0.93 Negative  0.99 9.96E-08
ML/UTL 1 0.62 1.1 1.03-1.15 Isometric  0.99 1.21E-08
ML/UTH 1 0.77 1.13  1.08-1.15 Positive ~ 0.99 2.17E-09
ML/LHL 1 1.31 097  0.89-1.02 Isometric  0.99 9.08E-08
ML/LRL 1 1.72 0.81  0.68-0.88 Negative ~ 0.98 1.57E-06
ML/LTL 1 0.84 1.09  1.06-1.14 Positive ~ 0.99  5.55E-09
ML/ATH 1 0.75 114 1.07-1.17 Positive ~ 0.99  6.02E-09

BF Bite force, ML Mantle length, UHL Upper Hood Length, URL Upper Rostral Length, UTL Upper
Total Length, UTH Upper Total Height, LHL Lower Hood Length, LRL Lower Rostral Length, LTL
Lower Total Length, LTH Lower Total Height.

@ Springer



82 Page100f 12

Marine Biology (2023) 170:82

and have a theoretical bite force that is significantly higher
than that of cuttlefish (Roscian 2021). Therefore, our results
suggest that the mechanical properties of the beak are not
directly related to bite force. Matias et al. (2019) reported a
correlation between mechanical properties and isotopic com-
position in the two octopus species they studied. However,
as the difference between the species was minor compared
to the within species ontogenetic differences observed in this
study, the disparity observed in octopods might be explained
by age variability in the individuals studied, or intraspecific
variation. An anteroposterior gradient of stiffness (from a
stiff rostrum to a compliant posterior edge) was evidenced
by Miserez et al. (2008) in the jumbo squid Dosidicus gigas,
and by Matias et al. (2019) in the Antarctic knobbed octopus
Adelieledone polymorpha and Turquet’s octopus Pareledone
turqueti. Together with our results, this suggests that the tan-
ning pattern is the main determinant of the beak mechanical
properties. However, the heavily tanned hood and rostrum
are the stiffest parts of the beak and are also those most
exposed to external mechanical loading during food intake.
Therefore, tanning is likely to provide reinforcement of beak
regions exposed to feeding loads. The fact that the lower
beak is always more elastic than the upper beak, and that
its mechanical properties differ little during growth, sug-
gests that the lower beak undergoes less mechanical loading
during feeding. This supports the suggestion (Altman and
Nixon 1970; Uyeno and Kier 2005) that the upper beak is the
main “tool” used during the bite, experiencing more loading,
while the lower beak is used to hold the prey. Alternatively,
the longer rostrum of the upper beak in adults could induce
a higher levels of stress and strain during loading, hence
requiring more resistance.

What is the connection between beak size
and shape, muscle size, and bite force
during growth?

Three-month-old juvenile specimens feed on relatively
hard prey items like prawns whereas adults feed mostly
on fishes. However, this diet shift is not reflected by feed-
ing performance as bite force increases isometrically with
the mantle length. Whereas the AMM and SMM induce a
closing motion, the LMM, PMM and PLM are described as
responsible for opening the beak (Kear 1994; Uyeno and
Kier 2005, 2007). The fact that PMM exhibits the highest
force in juveniles could indicate an advantage for beak open-
ing, whereas the high LMM force in adults might indicate
an advantage in closing. Why would beak opening need to
be more powerful than beak closure in juveniles? One pos-
sible explanation could be that juveniles need more force to
create a gape large enough to take in prey items as big as
themselves. A large gape could be combined with a more
efficient bite, aided by a short and sharp rostrum allowing

@ Springer

to pierce crustaceans more easily than the larger, blunter
rostrum of adults. Alternatively, this muscle arrangement
could be the result of developmental plasticity of the buccal
mass during growth. In either case, the beak closing muscles
grow gradually during development, resulting in a progres-
sive increase in bite force relative to beak size, explaining
the observed changes between juveniles and adults.

What can the wear pattern tell us about the feeding
behaviour?

We observed wear on the jaw angle area in all specimens
studied. In contrast, the tip of the rostrum appeared little
worn. We propose two alternative hypotheses to explain this
pattern. First, the rostrum may be more resistant to wear due
to its increased stiffness and reinforcement from tanning. If
the rostrum is the main biting tool, the wear observed on the
jaw angle could simply be collateral damage to these more
elastic tissues. Alternatively, the wear could be concentrated
on the jaw angle because it plays an active role in the feeding
motion and the breakdown of prey items during food intake.
This would support the hypothesis proposed by Uyeno and
Kier (2007), that the beak has a shearing scissor-like motion.
The contact between the edges of the upper and lower beaks
could cut skin and flesh more easily. This beak action may
therefore be an adaptation in adults to allow the incorpo-
ration of a larger quantity of fish into their diet. The pro-
gressive elongation of the rostrum highlighted in this study
could thus make it possible to increase the shearing surface
between the two beaks. However, these two hypotheses are
not mutually exclusive. The beak may provide two different
“tools”, as in the mammalian dentition, with cutting incisors
and crushing molars. In cephalopods, the rostrum could be
reinforced for percussion and piercing to allow an initial bite
through the prey's defences, especially important in juveniles
which have a more durophagous diet, followed by a shearing
motion of the posterior parts of the rostrum to cut through
the softer tissues exposed.

Does beak wear impact beak morphology
during growth?

The highly worn jaw angle also displays the greatest mor-
phological variation between juveniles and adults, with
this angle deepening progressively during growth. Perales-
Raya et al. (2010) showed that the rostrum of Octopus
vulgaris was worn on the anterior extremity and the oral
face, leading to loss of growth increments in the chitin-
ous beak material in this region. Consequently, beak wear
has an important role in the morphological evolution of
the hood/rostrum complex during ontogeny. As the most
anterior and superficial layers of the adult beak are the
first deposited during growth, this region should retain the



Marine Biology (2023) 170:82

Page110f12 82

shape of the juvenile beak. However, the adult rostrum is
longer than the entire beak of three-month-old individu-
als, suggesting that the wear contributes to sculpting the
rostrum and the jaw angle to fit the adult morphology by
removing material through wear.

Conclusion

An isometric relationship is found in the feeding perfor-
mance of S. officinalis, with no sign of performance compen-
sation in juveniles, consistent with what has been previously
described in vertebrates (Herrel and Gibb 2006; Herrel and
O’Reilly 2006). Juveniles of S. officinalis seem to escape
intraspecific competition by selecting small prey that may
be less profitable in terms of energy content but are highly
abundant in their environment. Surprisingly, feeding perfor-
mance does not reflect the diet shift observed later in ontog-
eny with incorporation of a higher proportion of fish. The
results presented here lay the foundations for future studies
focusing on evolutionary dynamics and trophic ecology of
cephalopods in a fragile and changing environment.
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