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ARTICLE INFO ABSTRACT

Keywords: Bivalves populate various marine environments and follow diverse lifestyles: attaching to substrates, burrowing
Bival‘fes into sediments or swimming in water. Their shells play a crucial role in the survival of organisms as they shield
Nanoindentation the soft tissue from external attacks and facilitate their respective lifestyles. Valve movement is controlled by one
x;f;:;:::mre/ texture or two adductor muscles and the hinge. While the function and structure of adductor muscles can vary, the shell-
EBSD muscle attachment develops the myostracum, a unique microstructural design. Sectioned parallel and perpen-

dicular to the inner shell surface, we investigated myostracal and non-myostracal microstructures, textures and
nanomechanical properties for three bivalve species: The burrowing Glycymeris pilosa, the sessile Chama arcana
and the swimming Placopecten magellanicus.

Analyses were conducted using electron backscatter diffraction measurements, laser confocal and backscatter
electron imaging, nanoindentation testing and thermogravimetric analysis. We find that the myostracal micro-
structure is generated mainly through physical determinants, regardless of the bivalve lifestyle and adductor
muscle structure. If aragonitic, we show that adjacent shell layers are used as templates for the formation of the
myostracal microstructure and highlight how bivalves use the adjacent crystal arrangement to predetermine
myostracal microstructure up to inner shell surfaces. Furthermore, this study demonstrates how myostracal
layers exceed the hardness of the non-myostracal valves and that of geological aragonite, irrespective of grain
size and morphology. Due to the anisotropy of aragonite, we show that aragonite c-axis orientation notably
affects the hardness of crystals. The highest hardness is measured when indentation is normal to the shell surface
in aragonite c-axes direction.

1. Introduction distribution and the lack of major geographical barriers, allopatric

isolation is rare in marine environments [4-6]. Because of the high gene

Mineralised structures generated under biological control are widely
recognised in material science as prototypes for advanced materials.
These are organic-inorganic composites and show a large variety of
structural design concepts. In particular, molluscs developed a large
repertoire of shell-forming microstructural design strategies, which are
currently used by material scientists as a valuable source of inspiration
for the fabrication of innovative synthetic materials.

Within the molluscan phylum, bivalves are the second most species-
rich class after the gastropods [1-3]. Due to their widespread
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flow between populations maintained by their mostly planktonic larvae,
bivalves are prime examples of the Marine Speciation Paradox [2,7].
Throughout their highly successful evolutionary history, they have
occupied aquatic habitats worldwide, even inhabiting extreme envi-
ronments such as the polar seas or abyssal marine regions [8-11].
Through diversification mechanisms, bivalves developed a range of
motility strategies, such as byssal attachment to substrate, burrowing
into sediments or free swimming [12-17].

The most prominent and essential adaptation of bivalves is their hard
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exoskeleton, which protects their soft tissue from predators and external
chemical and physical hazards. Nonetheless, this is not the only function
of the shells. Bivalve shells are also of great importance for adherence to
substrate, stability, locomotion and vision [12,18-22]. Bivalve shells are
biological composites formed of an organic matrix and a calcium car-
bonate (CaCO3) polymorph such as aragonite, calcite or (rarely) vaterite
[23-25]. The three polymorphs never mix in a microstructure; however,
they may comprise different shell layers [24,26-28]. While burrowing
and infaunal organisms appear to form predominantly aragonitic shells,
bivalves inhabiting other ecological niches are rather bimineralic, with
the calcitic layers always being the external shell layers [10,25,29-31].

Valve movement in bivalved organisms is carried out with the
adductor and the pedal muscles that attach to the inner surface of the
valves. Nonetheless, the opening and closing of the valves are controlled
by an interplay between the adductor and pedal muscles and the liga-
ment [32]. At the attachment sites of muscles to the valves, the myo-
straca, a specific microstructure, develops within the valves. In bivalve
shells, myostracal layers are always aragonitic; even in purely calcitic
shells, the myostracum consists of aragonite crystals [28,29,33]. It is
demonstrated by now that the growth of myostracal crystals is pre-
dominantly controlled by a physical process, namely growth competi-
tion [28,33-35]. While physical determinants define the microstructure
and texture of the myostracum, the organism controls supersaturation,
crystal nucleation and the composition of the extracellular polymeric
substances. A physical growth process contrasts with the generation of
the other shell layers, which are proactively influenced by biological,
chemical and stereochemical determinants [36-38]. In layers controlled
by non-physical determinants, the biopolymer component is usually
organised as a structured matrix; the mineral component fills the
structured pattern of voids of the biopolymer matrix [39,40]. Due to
their different growth process, myostracal prisms lack an extracellular
organic envelope encasing the prisms. Nonetheless, myostraca are also
organic-mineral composites. The organic substance is distributed within
the prisms; this is an essential requirement for a strong myostracal
prism-muscle attachment [41]. The mass fraction of the organic
component in most bivalve shells scatters between 0.1-5 wt%,
depending on the microstructure of the shell [42-44]. Starting from the
periostracum, a primary organic layer that serves as a template for
crystal nucleation [45-47], most shell microstructures comprise crystals
oriented with their c-axes towards the shell growth surface [28].

The focus of the present study is to discuss the interrelation between
biomaterial structure designs and nanomechanical properties. Peter
et al. [48] investigated and juxtaposed the latter for a bivalve (Mytilus
galloprovincialis) and a gastropod (Haliotis glabra) shell. This study goes
beyond the work of Peter et al. [48], as we discuss here the connection
between material structure and its mechanical properties (i) for micro-
structures formed by distinct (physical, biological) growth de-
terminants, however, being present in the same shell and (ii) for the
shells of bivalves that follow distinct lifestyles.

The selected bivalves (Glycymeris pilosa (Linnaeus, 1767), Chama
arcana F. R. Bernard, 1976, and Placopecten magellanicus (Gmelin,
1791)) form thick but differently-sized shells, live in different habitats
and have distinct lifestyles. G. pilosa is found along the coastlines of the
Mediterranean Sea and forms large (more than 75 mm diameter in shell
length) and thick shells with distinct growth patterns [49,50]. These
characteristics, together with the outstanding longevity of some Glycy-
merididae [51,52], render Glycymeris a promising candidate for
recording environmental conditions [50,53,54]. G. pilosa lacks a func-
tional byssus and secretes solely aragonitic shells adapted for anterior-
posterior rocking locomotion during burrowing [55,56]. C. arcana is
found in warm and intertidal environments of the East Pacific, within
the upper 30 m of the water column [57]. Chamidae are sedentary bi-
valves that cement to a substrate, leading most species to form differ-
ently valved shells [58-60]. Adult organisms need large and elongated
adductor muscles to ensure the valves’ rapid and prolonged closure in
turbid environments [61]. While most Chama species form purely
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aragonitic shells, C. arcana shells comprise an ornamentation covering
consisting of calcite [33,57]. Of the three species investigated in this
study, P. magellanicus is the most mobile and has developed the ability to
swim [62,63]. Organisms go through different stages of mobility. Veli-
gers are pelagic for 30-50 days, and juveniles attach a byssus to rigid
substrates [63-66]. As adults, the swimming behaviour of
P. magellanicus changes with shell size: small scallops (<30 mm) only
swim short distances, while large scallops (>100 mm) are mostly
sedentary [63,67-70]. Among pectinids, P. magellanicus is the fastest
swimmer and has the highest hydrodynamic efficiency. Within
P. magellanicus, adult organisms with medium-sized shells are the most
mobile and reach the highest swimming speeds [71]. P. magellanicus
forms thin shells. As adductor muscle movement is essential for its active
locomotion [63,72,73], the adductor muscle and its attachment to the
shell are very prominent in P. magellanicus shells.
Accordingly, our study has the following objectives:

1. We highlight first the microstructure design concept, mineral phase
and texture (crystallographic preferred orientation) of myostracal
and non-myostracal valve portions for a bivalve species that burrows
into the sediment, a species that lives attached to a substrate and a
species that can swim fast and intensely through the water.

2. As the valves are opened and closed via muscles that attach to the
myostracal valve portions, we place particular interest in under-
standing the structural and nanomechanical characteristics of myo-
straca of the selected species following different lifestyles. We
highlight the microstructural designs and textures of the shell layers
and the adductor myostraca and discuss how these might relate to
the mobility and living behaviour of the organisms.

3. A central objective of this study is to present and discuss the selected
bivalves’ nanomechanical property results for the valves and the
myostraca. We examine whether differences in microstructural de-
signs affect nanomechanical properties, such as indentation elastic
modulus and hardness.

Due to the anisotropy of calcite and aragonite crystals [74,75], the
crystallographic orientation of crystals can impact nanomechanical
property results. Anisotropy is a directional dependence of material
properties within crystallographic arrangements [76,77]. This behav-
iour is well-investigated for ceramics, rocks and metals [78-80]; how-
ever, anisotropy and its influence on mechanical response or functional
performance of structural biomaterials are generally neglected. Inves-
tigating the directional variability of nanomechanical properties for
biological hard tissues is essential for comparing material properties
between different structural biomaterials and optimising specific man-
made materials.

4. Accordingly, we investigate for selected biomineralised hard tissues
the orientational variability of nanomechanical properties for
bivalve myostracal and non-myostracal valve sections. We compare
the nanomechanical response of a biomaterial formed mainly
through the control of a physical growth determinant (the myo-
straca) and a biomaterial formed under biological growth de-
terminants (the non-myostracal shell). We discuss how the
anisotropy of aragonite crystals correlates with the measured nano-
mechanical property results.

Microstructure, texture, and nanomechanical properties were ob-
tained with Electron Backscatter Diffraction (EBSD), field emission
scanning electron microscopy (FE-SEM), and depth-sensing nano-
indentation. The organic contents of various shell layers were deter-
mined using thermogravimetric analysis (TGA). To gain information on
the 3D structure and anisotropic behaviour of the shell-forming crystals,
measurements were performed in two directions: on perpendicular (Cut
1) and parallel (Cut 2) sections to the inner shell surface (Fig. AP1).
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2. Materials and Methods
2.1. Materials

We investigated the shells of the three bivalve species Glycymeris
pilosa (Linnaeus, 1767), Chama arcana (F. R. Bernard, 1976) and Pla-
copecten magellanicus (Gmelin, 1791). Specimens were live collected,
and care was taken to ensure that all investigated specimens were shells
of adult organisms. Specimens of G. pilosa were sampled in the Pasman
channel, Adriatic Sea. Shells of C. arcana were sampled near Newport
Beach, CA, USA and obtained from collections of the Natural History
Museum (London, UK). Specimens of P. magellanicus were collected in
deep water off the shore of Nova Scotia, Canada.

2.2. Methods

2.2.1. Sample preparation for electron backscattered diffraction (EBSD)
measurements and nanoindentation testing

All shells were sectioned in two directions (Cut 1 and Cut 2), and
EBSD and nanoindentation measurements were performed on both cuts.
Appendix Figure AP1 indicates the cuts through the shells. Cut 1 is
perpendicular to the inner shell surface; EBSD and nanoindentation
measurements were performed on a cross-section, distal to proximal,
through the shell. Accordingly, the nanoindents were placed parallel to
the inner shell surface. Cut 2 is parallel to the inner shell surface; EBSD
and nanoindentation measurements were performed perpendicular to
the inner shell surface. Accordingly, the nanoindents were placed
perpendicular to the inner shell surface.

For all investigated species, sample surfaces were prepared perpen-
dicular and parallel to the growth direction (Appendix Figure AP1la, b).
Analysing samples along two cuts gives a representative and three-
dimensional overview of the adductor myostraca and adjacent shell
layers since EBSD and nanoindentation testing mostly give information
about the properties of the exposed sample surface. The valves were cut
through the adductor myostraca (Appendix Figure APlc-f). The ob-
tained shell pieces were embedded into epoxy resin and were subjected
to several mechanical grinding and polishing steps. The final polishing
step consisted of etch-polishing with colloidal alumina (particle size ~
0.06 um) in a vibratory polisher. For Cut 1, the shell pieces were pol-
ished perpendicular to the inner myostracal surface, exposing a trans-
versal cross-section from the inner to the outer shell surface. For Cut 2,
the shell pieces were polished parallel to the myostracal layers, exposing
only the inner shell surface.

For EBSD measurements, samples were coated with 4-6 nm carbon
for FE-SEM imaging with 5 nm Pt/Pd. For laser confocal microscopy
imaging and nanoindentation testing, sample surfaces were not coated.

2.2.2. Secondary electron (SE), backscatter electron (BSE) imaging and
electron backscattered diffraction (EBSD) measurements

SE, BSE imaging and EBSD measurements were carried out with a
Hitachi SU5000 field emission SEM equipped with an Oxford In-
struments Nordlys Nano EBSD detector. EBSD scans were taken at 20 kV
and were performed with a step size of 200 to 450 nm. For indexing the
aragonite EBSD patterns, the unit cell setting: ag = 4.9614(3) A, by =
7.9671(4) 1°\, co = 5.7404(4) A was used. EBSD data were evaluated with
the Oxford Instruments AZTEC Crystal and CHANNEL 5 HKL software.

2.2.3. Nanoindentation testing

Nanoindentation measurements were conducted using a Hysitron
Triboindenter TI-950 nanomechanical tester (Bruker, USA) equipped
with a 2D standard transducer and a diamond Berkovich tip. A load
function of 5 s-2 s-5 s (loading-holding-unloading) with a peak force of 1
mN and a holding time of 2 s at maximum load was applied at each
measurement. Tip areas were calibrated using standard fused quartz and
aluminium samples for the required contact depths. The indentation
elastic modulus and the hardness values were determined via the
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unloading curve according to the Oliver-Pharr method in the Hysitron
software [81,82]. Indents with curves displaying anomalous behaviour
or artefacts (e.g., due to the sample or tip moving during indentation)
were discarded from indentation elastic modulus and hardness calcu-
lations. The indented aragonite and calcite references are from non-
biogenic single crystals. Both non-biological references were indented
with c-axes misoriented 35-40° to the indentation direction. This c-axis
orientation is close to {104}, an orientation that was recently tested to
yield average values for hardness and elastic modulus in geological
calcite [83]. For every measured microstructure, we performed maps
and/or profiles consisting of at least 60 nanoindents. The instrument
was calibrated before each use to guarantee correlation between tip
position and optical image.

2.2.4. Thermogravimetric analysis (TGA)

Samples of crossed-lamellar, complex crossed-lamellar and myo-
stracal aragonite, as well as foliated calcite, were drilled utilising a high-
precision dental drill from the respective shell portions. Up to 40 mg of
powder were obtained for analysis. TGA measurements were performed
with a Netzsch STA 449 F1. The samples were heated from room tem-
perature to 600 °C at a constant rate of 10 °C per minute in a static-air
atmosphere. Approximately 20 mg of each sample was used for TGA
analysis in an open aluminium oxide crucible. Each sample was
measured twice, except for one. The error margin for individual mea-
surements is + 0.05 wt%; however, crossed-lamellar and myostracal
layers of G. pilosa showed small heterogeneities.

No prior drying of the samples was performed. The weight loss be-
tween 25 °C and 100 °C is attributed to adsorbed water. Separate
measurements on pure inorganic carbonate samples (calcite and
aragonite) under the same conditions showed decarbonisation begin-
ning around 500 °C, with a weight loss of 0.03 wt% at 540 °C for both
samples. Therefore, the study reports mass loss between 100 °C and
540 °C, as detailed in Figure AP4.

2.2.5. Terminology

Subsequently, we define the structural and nanomechanical property
terms used in this study. For further information concerning nano-
indentation testing, see [74,75]; for EBSD, see [84]; for crystal twin
formation, see [85-87].

Microstructure refers to the sizes, morphologies, co— and mis-
orientations, and modes of interlinkage of crystal grains in a material. It
is shown with colour-coded EBSD maps, where similar colours reflect
similar crystal orientations, and different colours highlight differences
in crystal orientation. The acquisition coordinate system is indicated in
the a-axes pole figures in Fig. 1a, b and is consistent for all EBSD scans
presented in this contribution.

Pole figures are stereographic projections of crystallographic plane-
normal or axes orientations measured for all pixels of an EBSD map or
selected areas (subsets). The viewing direction of the pole figures is the
same as the viewing direction of the corresponding EBSD maps. All pole
figures shown here display the lower hemisphere. Showing data points
on the lower hemisphere of the stereographic projection ensures that the
pole figures are displayed in the same spatial orientation as the corre-
sponding EBSD map. With pole figures, we either show individual
orientation data points or the density distributions of the orientation
data.

Texture or crystallographic preferred orientation relates to the distri-
bution of all crystal orientations within a material. It is illustrated with
pole figures which show either the colour-coded orientation data or the
contoured version of the density distribution of the a-, b-, and c-axes
poles. In our study, we observe two texture modes: (i) a three-
dimensionally ordered, 3D “single-crystal-like” texture and (ii) an
axial/cylindrical texture.

A 3D “single-crystal-like” texture is present when clear-cut maxima
are observed in the pole figures of all crystallographic axes. Accordingly,
for calcite, we need to observe in the pole figure one cluster for the c-
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Fig. 1. Microstructure and texture of myostracal regions sectioned and polished perpendicular to the inner shell surface (Cut 1). Colour-coded EBSD maps show the
crystal orientation patterns and are complemented by pole figures indicating the orientational probability density distributions of the pure myostraca (a-d). The
projection direction and x-y coordinate orientation of the pole figures are equal to the viewing direction and x-y directions (edges) of the corresponding EBSD scan
images. The pole figure In Glycymeris pilosa, the 3D “single-crystal-like” texture of the crossed-lamellar (CL) layer propagates into the adductor myostracal (MYO)
layer (a). The myostracal crystals start as small, isometric grains at the changeover region and become more prismatic and co-oriented as they grow towards the inner
shell surface (a). The shell-myostracum interface in Placopecten magellanicus is sharp, and an organic-rich layer, visualised by many zero-solution data points, defines
the first few pm of the aragonitic layer (white star in b). Towards the inner shell surface, the myostracum comprises long (up to 100 pm), needle-shaped crystals with
an axial texture (b). Small, granular crystals initiate the axial adductor myostracum in Chama arcana (c) from the changeover with the crossed-lamellar layer. The
needle-shaped crystals increase in size and thickness with distance from the changeover. The myostracal pillars in C. arcana originate in the pallial myostracum (PM)
and have a microstructure similar to the adductor myostracum (d). They have a cone-shaped morphology and grow alongside the complex crossed-lamellar layer
(CCL). For all measurements, the approximate growth direction (GD) is indicated by a white arrow.
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axes and three clusters for the a-axes; for aragonite one maximum in the
pole figure for the a, — b- and c-axes, respectively.

An axial/cylindrical texture is developed in the relevant material
when the c-axes cluster in one particular direction and the a- and b-axes
scatter in orientation on a great circle perpendicular to the c-axis
orientation.

A turbostratic texture is given when a larger-scale structure is formed
of units arranged in a turbulent way with crystallites in the unit strongly
structured parallel or subparallel. In foliated calcite layers, we find
graded calcite c- and a*-axes with strongly structured, ring-shaped
orientation distributions in the pole figures.

Crystal co-orientation statistics are derived from Kikuchi patterns
measured at each pixel of an EBSD map. The degree of aragonite/calcite
co-orientation within individual crystals is obtained from measurements
of the orientational density distribution, the multiple of uniform
(random) distribution (MUD) value.

The MUD value is calculated by the CHANNEL 5 EBSD software and is
an indication of the strength of crystal co-orientation. A high MUD in-
dicates high crystal co-orientation and low MUD values indicate low to
random crystallite and/or mineral unit co-orientation. For the parame-
ters fixed for our study (half width of 5 and a cluster size of 3), an MUD
value of 700 indicates single-crystallinity, and an MUD value of 1 in-
dicates poly-crystallinity. The given MUD values indicate the crystal co-
orientation strength for the described EBSD scan (or a subset of it) and
do not apply to the entire volume of a microstructure.

The EBSD band contrast map depicts the signal strength of the Kikuchi
pattern at each measurement point in the EBSD scan. It is displayed as a
grey-scale component in the map; white to light grey colours indicate a
high intensity of the Kikuchi signal, corresponding to strong minerali-
sation, dark grey and black colours point to a weak or absent Kikuchi
signal, e.g. when organic matter is scanned.

Grain size statistics are determined via the Oxford Instruments
AZtecCrystal software. The bar charts display the area-weighted frac-
tions. For mean value calculations, pseudosymmetries and wild spikes
were filtered, and border grains were included.

Twinned crystals are entities in which adjacent crystals of the same
phase are intergrown in a regularly recurring orientation relationship.
These crystal orientation states are addressed as the twin domains of a
twinned crystal. A regular planar interface of two twin domains is called
the composition plane and such a twin is called a contact twin. If the
interface is not confined to a plane (or planes), the twin is called a
penetration twin. Twinning can occur during the initial growth of the
crystal, or it might take place after its formation, resulting from stress or
phase transformation. The orientation relationship for the characteristic
twin in question is called the twin law. If a twinned entity contains three
intergrown domains that are related by a twin law consisting of mirror
operations on (110) and (1" 10) for aragonite, then we call it a cyclic twin.

In this contribution, the presence of twinned aragonite is proven via
the specific misorientation of the domains at the twin boundary. For
aragonite, the misorientation at the twin boundary is a 64° rotation
around the c-axis [001]. For this misorientation angle, characteristic
peaks shown in the misorientation angle distribution diagram indicate
the presence and frequency of twinning. The presence of twinned
aragonite is also indicated by specific crystal misorientations in the
relevant pole figures.

3. Results

This study details the correlation between the structural and nano-
mechanical property characteristics of Glycymeris pilosa, Chama arcana
and Placopecten magellanicus shells. The shell of G. pilosa consists solely
of aragonite, while C. arcana and P. magellanicus shells are formed of
both aragonite and calcite.

The mode of crystal arrangement varies significantly for the different
layers of the investigated species. To better interpret the results gained
in this study, the shells were sectioned in two directions. Cut 1 is
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perpendicular to the inner shell surface, exposing a cross-section
through the shell used for EBSD and nanoindentation measurements.
When the shell was sectioned according to Cut 1, nanoindents were
placed parallel to the inner shell surface. When sectioning according to
Cut 2, the section was parallel to the inner shell surface; EBSD and
nanoindentation measurements were performed perpendicular to the
inner shell surface.

The microstructures and textures.

Fig. 1 and Appendix Figure AP2 show the microstructure and texture
of the aragonitic myostraca and the adjacent shell for the investigated
bivalve species. Measurements were performed on shell cross-sections
(Cut 1). The shell of G. pilosa consists of crossed-lamellar aragonite
(CL), with the first-order lamellae parallel to each other and the growth
direction (GD, indicated in Fig. 1 with a white arrow between the pole
figures). The two sets of the first-order lamellae are inclined to each
other and consist of small, lath-shaped third-order lamellae. At the
changeover to the adductor myostracum, the orientation pattern of the
crossed-lamellar shell functions as a nucleation template for the first-
formed myostracal crystals (Fig. 1a). As the myostracal crystal growth
mechanism is mostly controlled by the physical determinant of growth
competition, (e.g., [28,33-35]), the grain size of prismatic crystals in-
creases drastically towards the inner shell surface (Fig. 1a). The texture
of the G. pilosa myostracum is 3D “single-crystal like”. P. magellanicus
shells comprise foliated calcite (FC). This type of microstructure and
carbonate polymorph is adjacent to P. magellanicus adductor myostraca
(Fig. 1b). The interface between shell calcite and myostracal aragonite is
sharp. The first ~ 10 pm of the myostracum show a high fraction of
organic material, indicated by the large number of zero solution pixels
observed in this shell region (Fig. 1b). The P. magellanicus myostracum is
formed of long (up to 100 pm) and thin (<5 pm) prisms, which are
assembled with a strictly axial texture. The shell of C. arcana features
arrays of calcitic ornamentations at the outermost shell sections. How-
ever, the shell between these ornamentations and the adductor myo-
stracum is purely aragonitic. Like the G. pilosa myostracum, the
C. arcana myostracum is also adjacent to crossed-lamellar aragonite
towards the outer shell surface. Towards the inner shell surface,
C. arcana shells consist of complex crossed-lamellar (CCL) aragonite
(Fig. 1c, d). Notable features in C. arcana shells are the myostracal pillars
that extend towards the inner shell surface and intersect the innermost
complex crossed-lamellar shell layer (Fig. 1d). Myostracal pillars are
conical structures that originate from the pallial myostracum (Fig. 1d)
and maintain a myostracal microstructure up to the inner surface of the
shell. The prisms of myostracal pillars reach diameters of around 50 pm.
The crystals of both adductor myostraca (Fig. 1c) and myostracal pillars
(Fig. 1d) are elongated and large (up to 200 pm in length). Their axial
texture and specific microstructure are typical for a physically
controlled crystal growth process.

Fig. 2 and Appendix Figure AP3 depict the microstructure and
texture of adductor myostraca and the non-myostracal shell sectioned
parallel to the inner shell surface (Cut 2) for the three investigated
bivalve species. Measurements were taken at the innermost shell surface
of the shells of adult organisms. Within the adductor myostraca, we
found very irregular prism boundaries and, for the investigated species,
a distinct difference in grain/prism size. For G. pilosa, grain cross-
sections have a diameter of up to 50 pm (Fig. 2a, AP3a). Grain cross-
sections of C. arcana are smaller than those of G. pilosa and have di-
ameters up to 10 pm (Fig. 2b, AP3b). With a size of up to 5 to 6 pm in
diameter, we found the smallest grain cross-sections in P. magellanicus
(Fig. 2¢, AP3c). The large prisms in G. pilosa and, to a smaller extent, in
C. arcana and P. magellanicus are substructured into multiple, slightly
misoriented units (cumulative misorientations up to 5°; e.g., white stars
in Fig. 2a).

Regarding the texture of myostracal aragonite (see the pole figures in
Fig. 2, AP3), we found that (i) G. pilosa has a different texture relative to
C. arcana and P. magellanicus and (ii) crystallographic texture is more
disordered in C. arcana myostraca, relative to the crystals that form



S. Hoerl et al.

pl
£

e
NS

Materials & Design 253 (2025) 113845

Fig. 2. Microstructure and crystal orientation patterns of adductor myostraca sectioned and polished parallel to the inner shell surface (Cut 2) for the three
investigated species. The colour-coded EBSD maps are complemented by pole figures indicating the orientational probability density distributions (a-c). The cross-
section of the G. pilosa myostracum comprises large (up to 100 pm diameter) irregular prisms that are internally substructured (white stars in a). The 3D “single-
crystal-like” texture and the recurring colour-coded crystal orientations indicate that the crossed-lamellar texture of the changeover region (Fig. 1a) is still present at
the inner shell surface. In C. arcana, the prisms are smaller and neither show a characteristic crystal orientation pattern nor orientation distribution maxima in the
axial pole figures (b). P. magellanicus shows a texture and microstructure similar to C. arcana; however, the grains appear even thinner.

P. magellanicus myostraca (compare the pole figures for C. arcana and
P. magellanicus in Fig. 2, AP3). Therefore, although the P. magellanicus
myostracum comprises many small prisms (see Fig. 2, AP3), it shows a
high degree of crystallographic continuity. The texture of G. pilosa
adductor myostraca, inherited from the adjacent crossed-lamellar layer,

is 3D “single-crystal-like” (well visible from the multiple clustered ori-
entations in the pole figure of Fig. AP3a). In contrast, the texture of
C. arcana and P. magellanicus myostraca is axial (see pole figures in
Fig. 2, AP3).

When sectioned parallel to the inner shell surface, the microstructure
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and crystallographic texture of the shell layers adjacent to the adductor
myostracum are well visible (Fig. 3). The contoured pole figures indicate
that the crossed-lamellar layer in G. pilosa comprises co-oriented first-
order lamellae that run mostly parallel to one another (Fig. 3a). On the
other hand, C. arcana first-order lamellae are strongly interlaced and
show a comparatively low co-orientation strength with a weak single-
crystal-like to axial texture. The foliated calcite layer of P. magellanicus
has a turbostratic texture and comprises large (up to 200 pm) sub-
structured units (Fig. 3c).

The nanomechanical properties.

Figs. 4, 5 and Table 1 present, for the investigated species, hardness
and indentation elastic modulus results for myostracal and non-
myostracal valve sections, in addition to nanomechanical property re-
sults obtained on non-biological calcite and aragonite references.

For G. pilosa, the myostracum is the hardest observed layer,
exceeding the hardness of the crossed-lamellar valve and the aragonitic
reference (Fig. 4a, b). Depending on the orientation of the myostracal
layer towards the loading/unloading direction, the observed nano-
mechanical properties vary for G. pilosa. When indented perpendicular
(Cut 2), rather than parallel (Cut 1), to the inner shell surface, the
measured hardness of the adductor myostracum is significantly
enhanced (Fig. 4a, b). The indentation elastic modulus values of the
myostracal layer are comparable for both cuts through the shell; none-
theless, the values obtained perpendicular to the inner shell surface are
slightly lower. For G. pilosa, The lowest average value for the indenta-
tion elastic modulus and hardness was observed for the crossed-lamellar
layer.

For P. magellanicus, the obtained nanoindentation values show
similar results: the calcitic reference has the lowest hardness and
indentation elastic modulus of the observed materials (Fig. 4c, d). We
found that foliated calcite is significantly harder than geological calcite
and also has a slightly increased indentation elastic modulus. For both
the parallel and the perpendicular cuts, the myostracum shows the
highest hardness (Fig. 4c, d). The average hardness observed perpen-
dicular to the inner shell surface (Cut 2) significantly exceeds the
hardness of the myostracum indented parallel to the inner shell layer
(Cut 1, Fig. 4c, d). Similar to G. pilosa, the obtained mean indentation
elastic modulus of the myostracum layer in P. magellanicus is slightly
decreased when indented perpendicular to the inner shell surface, rather
than parallel. For both species, we found that non-biogenic aragonite
has a higher indentation elastic modulus than the biological shell layers
(Fig. 4a-d).

Along the inner shell surface of C. arcana, we found a variety of
microstructures: the adductor myostracum, myostracal pillars and the
complex crossed-lamellar shell layer. We indented these microstructures
perpendicular (Fig. 5a, b) and parallel (Fig. 5c, d) to the inner shell
surface. Indentation measurements performed perpendicular to the
inner shell surface (Cut 1) show similar results for C. arcana to what we
measured for the other two bivalve species: the adductor myostracum
has the highest observed hardness for all shell layers of C. arcana and a
high nanoindentation elastic modulus, exceeded only by the modulus of
the non-biological reference (Fig. 5a). The hardness of the complex
crossed-lamellar aragonite of C. arcana exceeds the hardness of the
reference and is comparable to the hardness of the myostracal pillars.
The observed hardness and elastic modulus for the complex crossed-
lamellar layer in C. arcana are very similar to the nanoindentation re-
sults obtained for the complex crossed-lamellar layer of Glycymeris
shells, as reported by Hoerl et al. [28]. We found that despite the sim-
ilarity in microstructure between myostracal pillars and the adductor
myostracum, the hardness and indentation elastic modulus of myostra-
cal pillars is lower than that of the adductor myostracum (Fig. 5a, b).

For indentation measurements performed parallel to the inner shell
surface (Cut 2) of C. arcana, we found similar nanomechanical property
relations between the adductor myostracum and the myostracal pillars,
both showing enhanced hardness and indentation elastic moduli
compared to the aragonite reference. Compared to the myostracal
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pillars, the adductor myostracum has a significantly higher hardness and
indentation elastic modulus (Fig. 5¢, d). While the indentation results for
the myostracal layers of C. arcana followed the trend already observed
for G. pilosa and P. magellanicus, the C. arcana complex crossed-lamellar
layer differed. When indenting the C. arcana complex crossed-lamellar
layer perpendicular to the inner shell surface, loading and unloading
displacement curves show irregular behaviour (Fig. AP6). The profiles
feature many pop-ins, and the anomalously low values for indentation
elastic modulus and hardness are related to these. Thus, the measured
hardness values are of limited significance for comparisons (Fig. 5d,
AP6).

In essence, when comparing the nanoindentation results between
Cut 1 and Cut 2, we found for Cut 2 an increase in hardness of about 37
% for G. pilosa myostraca, about 20 % for C. arcana myostraca and about
15 % for P. magellanicus myostraca (Figs. 4, 5, Table 1). The difference in
nanoindentation elastic moduli for the different cuts through the shell is
less pronounced. For the adductor myostraca of all three investigated
species, it is about 3 % (Figs. 4, 5, Table 1). In summary, we found the
following trends in nanomechanical properties:

1. For all three investigated species, myostracal aragonite is harder and
has a higher indentation elastic modulus relative to the hardness and
elastic modulus of the adjacent shell (calcite or aragonite).

2. The complex crossed-lamellar microstructure (CCL) has a higher
hardness and a slightly increased indentation elastic modulus rela-
tive to the crossed-lamellar (CL) microstructure (for both C. arcana
and G. pilosa).

3. We found a difference in hardness and indentation elastic modulus
for measurements performed on the two differently oriented cuts
through the shell. The difference is considerable for the hardness; it is
present but significantly less notable for indentation elastic modulus
results.

4. Of all investigated samples, the hardness and indentation elastic
modulus of non-biological calcite is the lowest. The crossed-lamellar
(CL) layer shows the lowest hardness and indentation elastic
modulus of the investigated aragonitic microstructures. All other
aragonitic microstructures surpass the hardness of non-biological
aragonite.

4. Discussion

Previous studies describe that the operation of the bivalve adductor
muscle depends on the organism’s lifestyle and the interaction between
the adductor and pedal muscles and the ligament of the hinge [32].
Muscle fibres consist of actin, myosin, and paramyosin [88] and vary in
their organisation, type and degree of structural order [88,89].
Depending on the lifestyle and environment of bivalved organisms,
adductor muscle fibres may vary in thickness, shape and length [88,90].

Up to three muscle parts relate to bivalve valve opening, closure, and
locomotion [91,92]. The smooth muscle fibres perform the ‘catch’
mechanism of the muscle. This slow and continuous contraction helps to
achieve tight and energy-efficient valve closure over long periods
[91,93,94]. The obliquely-striated muscle fibres consist of two over-
lapping types of muscle filaments that can quickly contract, enabling
rapid and strong valve closure. The cross-striated muscle fibres in bi-
valves produce quick contractions. These rapidly squeeze out the water
from between the valves and generate a propelling jet of water that can
be used for swimming or burrowing [15,95]. Fast and strong valve
movements or prolonged valve closure demand that the adductor mus-
cle fibres and myostracal crystals are strongly interlinked. Bivalves
achieve tight connections between muscle fibres and shell crystals via a
tendon cell layer secreted by the outer mantle epithelium. This tendon
cell layer is positioned between the apical ends of the muscle fibres and
the basal surface of the myostracal crystals [41,96]. From focal adhe-
sions of the tendon cell layer, myofilament bundles emerge and pene-
trate the crystals of the myostraca [41]. This leads to one of the strongest
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Fig. 3. Microstructure and texture of shell regions adjacent to myostraca sectioned and polished parallel to the inner shell surface (Cut 2). Colour-coded EBSD maps
show the microstructure and crystal orientation patterns and are complemented by pole figures indicating the orientational probability density distributions (a-c). In
G. pilosa, the crossed-lamellar layer has a 3D “single-crystal-like” texture (a), showing two sets of first-order lamellae that run parallel to the growth direction. In
C. arcana, the crossed-lamellar layer is less co-oriented along the a- and b-axes, and the first-order lamellae do not run straight but are intertwined (b). The foliated
calcite layer of P. magellanicus comprises large (up to 200 pm) substructured units with an axial texture (c).
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Fig. 4. The hardness and indentation elastic modulus distribution of different layers and cuts of G. pilosa and P. magellanicus samples with a geological aragonite
reference. The confocal laser microscopy images (a, c) depict the different shell layers indented for the two species and give the mean values and standard deviations
o for the hardness and elastic indentation moduli. Measurements were performed in the centre of shell layers (for cut 1, roughly indicated by coloured crosses in a and
¢) or at the inner shell surface (for cut 2, indicated by coloured arrows in a and c). Plot (b) shows that the myostracum layer (black/white) in G. pilosa has a distinctly
higher hardness than the crossed-lamellar shell (red) and a non-biological aragonite reference (blue). When indented parallel, rather than perpendicular, to the c-axes
orientation, the hardness of the myostracum is increased. This is also visible for P. magellanicus, where the myostracum is distinctly harder than the foliated calcite
(yellow) or the reference (d). For both species, the indentation elastic modulus of the non-myostracal shell is the lowest. However, the myostracal moduli are lower

than geological aragonite. In the geological aragonite reference for both profiles and the geological calcite reference, the crystallographic c-axis is misoriented 35-
40°, relative to the indentation direction.

known connection mechanisms utilised by invertebrates or vertebrates

[41].

While the muscle structure, function, and fibre interconnection are
well-investigated for bivalves by now, only a few studies focused on the

role and the structural design of the myostracal hard tissue and the
changeover from the non-myostracal shell crystals to the prisms of
myostraca. In the subsequent sections, we discuss microstructure,
texture and nanomechanical property results of myostraca of sessile,
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Fig. 5. The hardness and indentation elastic modulus distribution of different layers and indentation directions of C. arcana shells with a geological aragonite
reference. The confocal laser microscopy images (a, c) display the different indentation directions for the two directions and give the mean values and standard
deviations ¢ for the hardness and elastic indentation moduli. Measurements were performed in the centre of shell layers (for cut 1, roughly indicated by coloured
crosses in a) or at the inner shell surface (for cut 2, indicated by coloured arrows in c). Plots (b) and (d) show for different indentation directions that the myostracum
layer (black) in G. pilosa has a higher hardness than the complex crossed-lamellar shell (red), the myostracal pillars (green) and the geological aragonite reference
(blue). When indented parallel, rather than perpendicular, to the c-axes-orientation, the hardness of the myostracum and the myostracal pillars increases (d). For both
directions, the highest observed indentation elastic modulus is in the reference, followed by the myostracum and the myostracal pillars. When indented parallel to the
c-axes orientations, the complex crossed-lamellar layer showed irregular and distorted displacement curves that might not yield reliable results. In the geological
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Table 1

Nanoindentation results for maps indented on G. pilosa, C. arcana and
P. magellanicus shells. The values are the mean of the indentation measurements
reported in this study. The non-biological calcite and aragonite references were
tested with c-axes misoriented 35-40° to the indentation direction. Hoerl et al.
[28] showed that the complex crossed-lamellar layer in Glycymeris, indented
parallel to the inner shell surface, is very similar to the complex-crossed-lamellar
layer in Chama. For the complex crossed-lamellar layer in Glycymerididae, the
mean hardness is 4.8 GPa, and the mean indentation elastic modulus is 89.3 GPa
[28]. CL: Crossed-lamellar, CCL: Complex crossed-lamellar, FC: Foliated calcite.

Species Hardness [GPa] Indentation elastic
modulus [GPa]
Indents Indents Indents Indents
| to 1to | to 1lto
inner inner inner inner
shell shell shell shell
surface surface surface surface
Myostracum  G. pilosa 4.6 6.2 97.4 94.4
C. arcana 5.1 6.1 96.0 93.3
P. magellanicus 5.2 6.0 97.2 94.0
Shell G. pilosa CL 3.4 87.3
C. arcana CL 3.7 82.2
C. arcana CCL 4.6 1.0 90.2 36.5
P. magellanicus 3.0 72.7
Geological Aragonite 4.1 105.2
reference Calcite 2.2 70.0

burrowing, and swimming bivalves (Figs. 1 to 6, AP2 to AP6). First, we
address the determinants of myostracal microstructures and show that
the latter are not only determined by the crystal growth process but also
influenced by the microstructure and texture of the adjacent, non-
myostracal shell. The shells of the chosen organisms are formed of
different microstructures (Fig. 3, AP2); accordingly, different micro-
structures are adjacent to the myostraca of the investigated bivalve
species. Subsequently, we will show that even though the growth pro-
cess affecting myostracal crystal formation appears to be the same for
the different species, the structure of myostraca of bivalves leading
different lifestyles is not conservative, as stated by other studies
[34,43,97]. The competitively generated myostracal microstructure is
modulated by the respective crystal organisation design of the adjacent,
non-myostracal shell. Shell crystal organisation is ultimately determined
by the shell fabrication requirements imposed on the organism for sur-
vival. Second, we discuss the gained nanomechanical property results of
myostracal and non-myostracal hard tissue and describe limiting factors
for hardness and nanoindentation elastic modulus. Lastly, we discuss for
a carbonate biological hard tissue how variation in crystallographic c-
axis orientation influences nanomechanical properties of the myostraca
and of the non-myostracal hard tissue (Figs. 7, 8 AP6).

4.1. Is the adductor myostracum microstructure the sole result of a
physical growth determinant?

The evolutionary success of bivalves after the end-Permian mass
extinction may not necessarily be based only on variation of shell
morphology [98]. The global diversity of bivalves we see today can also
be related to their ecological success and remarkable ability to invade
new environments and quickly adapt to them [13,99-101].

Within their respective ecological niches, Glycymeris, Chama and
Placopecten are very successful, and their shells are well-adapted to the
lifestyles they pursue. Glycymerididae have thick (~5 mm), aragonitic
shells. With their transverse visceral musculature, Glycymeris are
perfectly adapted to burrow into the sediment [102,103]. The two
symmetrical adductor muscles comprise smooth and obliquely-striated
fibres and are among the strongest within the group of bivalved or-
ganisms [103,104]. Organisms belonging to Chama are mostly epifaunal
and attach their thick (~5 mm) and ornamented shells to a substrate via
byssal attachment [60,105]. Studies have shown that chamid shell
morphology is adapted to spatial restrictions imposed by the

11
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environment [33,106]. Due to their immobility and relatively weak
hinge, chamid bivalves developed elongated adductor muscles for rapid
valve opening and closure [60,61]. In the Pectinidae, the striated and
smooth muscle fibres attach to the shell at a central region and leave a
well-visible and large myostracum on the inner surface of the valves
[107-109]. Their thin (2-3 mm) calcitic shells and the interplay be-
tween ligament and adductor muscle are decisive for their fast swim-
ming rates [15,32,109].

4.1.1. Similarities in myostracal structure designs

G. pilosa belongs to the order Arcida, C. arcana is a member of
Venerida, and P. magellanicus belongs to Pectinida. Despite differences
in genomics, lifestyle and shell structure, the myostraca of the above-
named species show, at first glance, a surprising similarity in myostra-
cal microstructure. It is demonstrated by now that bivalve myostraca are
always aragonitic and have a microstructure that varies significantly
from the structure of the non-myostracal shells (e.g. [28,34,38,39]).
While myostracal crystal growth and microstructure formation appear
to be controlled by mainly physical factors, growth of the non-
myostracal shell occurs under tighter biological control by the forma-
tion of organic membranes confining the morphology of the crystals (e.
g. [33,37,42,110]). At myostracal formation, the smooth surface of the
non-myostracal shell layer adjacent to the myostracum provides the
template for the nucleation of the first-formed myostracal crystals. For
Glycymeris and Chama, these nucleate epitaxially onto the non-
myostracal shell layer template [28]. In P. magellanicus, the myostra-
cal nucleation is mediated by an organic-rich sheet. The growth of
myostracal crystals from the nuclei occurs by a process involving growth
competition [28,33,97], i.e. many crystallites are close to each other and
compete for space and ions that are needed for them to grow. The
likelihood for a crystallite to grow larger is determined by its crystal-
lographic orientation. The growth rate decreases non-linearly with the
deviation of the crystal’s fastest growth direction (for carbonate mate-
rials, the c-axis) from the orientation normal to the nucleation template.
With continuing growth, the less favourably oriented crystals become
outperformed and overgrown by the more favourably oriented crystals.
As the latter grow in length and diameter, a progressively stronger
crystallographic preferred orientation develops along the fastest axis of
growth (the c-axis in the present case), while the number of crystals in
the microstructure decreases with distance away from the nucleation
template [28,111,112].

In essence, two distinct processes govern the formation of bivalve
myostracal crystals: (i) epitactic nucleation onto a non-myostracal shell
layer surface or organic-rich template and (ii) growth of the crystals,
driven by the process of growth competition. We find these structural
characteristics for the adductor myostraca of the three studied species
(Fig. 1).

A further structural similarity we found for the myostraca of the
investigated species, irrespective of differences in myostracal crystal
size, is the degree and mode of twinning of the myostracal crystals
(Fig. 6, AP5). The common aragonitic twin law, corresponding to a
misorientation of 63.8° around [001], is a mirror reflection on the {110}
plane, which is mostly the composition plane [85]. The misorientation
angle diagrams for the myostraca of the three investigated species show
arelative misorientation maximum around 64° with relative frequencies
of about 15 % (Fig. 6, AP5). This confirms that crystal twinning is
prevalent within the adductor myostraca of the investigated bivalves.
The red lines superimposed on the band contrast EBSD maps conducted
on the myostraca (Fig. 6, AP5) are 64° grain boundaries. The preferred
twinning mode for all investigated myostraca is cyclic twinning
following the {110} twin law. Since the twinned surfaces are irregular in
the present cases and do not strictly seem to follow the regular {110}
plane, we consider them to be penetration twins.

4.1.2. Differences in myostracal structure designs
Despite the two above-mentioned structural similarities for the
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Fig. 6. Misorientation angle distribution and grain size statistics for adductor myostraca sectioned along Cut 2 in G. pilosa, C. arcana and P. magellanicus. Irrespective
of the texture and microstructure, the myostracal prisms of G. pilosa (a), C. arcana (b) and P. magellanicus (c) predominantly follow a grain misorientation angle of
about 64°. This angle corresponds to aragonitic twinning on the (110) and (1" 10) planes, constituting more than 15 % of all analysed grain boundaries (a-c). The
average grain size varies considerably between the three microstructures. When cross-sectioned, G. pilosa shows the highest average grain size (d), comprising
crystals that may exceed a size of 4000 pm? (e). C. arcana and P. magellanicus show similar grain size statistics, however, C. arcana crystals appear slightly larger in

mean size (d, e).
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hardness increases by about 1 GPa. Dotted black lines indicate the mean hardness of the three myostraca indented parallel (a) and perpendicular to the inner shell
surface (e). For different indentation directions, the indentation elastic moduli of the respective structures do not show significant differences. The adductor
myostraca were indented at similar distances from the changeover with the adjacent shell (Cut 1) or the inner shell surface (Cut 2).
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Mean hardness |GPa]
Standard deviation

Mean indentation
i|elastic modulus [GPa]

Standard deviation

Indentation elastic modulus [GPa]

Fig. 8. Microstructural and nanomechanical analysis of different sets in the crossed-lamellar layer of G. pilosa. A colour-coded EBSD map performed on the shell
shows the microstructure and texture of the two sets (a). Both sets are strongly twinned and have a 3D “single-crystal-like” texture, as indicated by the corresponding
contoured pole figures (a). Their crystallographic co-orientation is comparable; however, the orientation of the c-axes differs. As indicated by coloured arrows in (a),
the crystallographic c-axes of the lamellar set A are slightly tilted towards the indentation direction and the c-axes of set B run perpendicular to the indentation
direction. A 100 x 50 pm? area spanning three first-order lamellae of the crossed-lamellar layer at a comparable position to the EBSD scan was indented (11 x 21
indents at 5 pm intervals). Table (b) displays the mean hardness and indentation elastic modulus values for sets A and B and gives the respective standard deviations.
Set A shows a higher average hardness than set B; no difference can be observed for the elastic indentation moduli (b). The measured hardness (c) and indentation
elastic modulus (d) for each indent are superimposed onto a microscopy image, where the first-order lamellar sets A and B are indicated by lines. Points with
anomalous indentation curves were excluded from the plot. The positions of the nanoindentation data points and their assignment to set A or B are depicted in

Appendix Figure AP7.

myostraca of the investigated bivalves, we find strong structural dif-
ferences between G. pilosa, C. arcana and P. magellanicus myostraca,
namely:

(i) myostracal prism size (EBSD maps in Fig. 2, AP3 and grain size
statistics in Fig. 6d, e, AP5),
(ii) crystal co-orientation strength (MUD values in Figs. 1 and 2)
(iii) myostracal texture (pole figures in Fig. 2, AP3).

4.2. The influence of myostracal prism size and crystal co-orientation

strength

In contrast to P. magellanicus and C. arcana, we find for G. pilosa
myostraca an abrupt increase in prism diameter and length close to the
changeover from the non-myostracal valve to the myostracum (Fig. 1a).
As myostracal crystals increase in size with progressive growth due to a
growth competition process, we find crystals with very large cross-
sections at the G. pilosa myostracal inner surface (Fig. 2a, AP3a, 6d,
e). C. arcana and P. magellanicus do not show such a sudden increase in
prism diameter and size close to the changeover from the non-
myostracal valve to the myostracum (Fig. 1b, ¢). C. arcana and partic-
ularly P. magellanicus myostraca consist of thin and long prisms (up to 5
pm in diameter and 100 pm in length). Accordingly, at the inner
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myostracal surface, prism cross-sections are rather small (Fig. 2b, c,
AP3b, ¢, Fig. 6d, e).

Contrarily to what was expected from the model of competitive
growth, the decrease in prism size from G. pilosa via C. arcana to
P. magellanicus along the inner myostracal surfaces (Fig. 2, AP3) is
accompanied by an increase in crystal co-orientation strength (see MUD
values in Fig. 5a to c). For the G. pilosa myostracum, we find an MUD
value of 65, while for the P. magellanicus myostracum, we find an MUD
value of 332 (Fig. 6a, c).

At first glance, this is rather surprising as G. pilosa features a 3D
“single-crystal-like” texture, and C. arcana and P. magellanicus show an
axial texture. Nevertheless, the difference in crystallographic co-
orientation statistics of the three myostraca might be caused by the
difference in the orientational variation of the c-axes. As the colours for
myostracal crystal orientation in Fig. 1 highlight for G. pilosa and, to
some extent, for C. arcana, myostracal crystal orientations vary signifi-
cantly between the species. In G. pilosa, the misorientation between
crystallographic c-axes is inherited from the double maxima of the
crossed-lamellar layer. In contrast, for the P. magellanicus myostracum,
we find a strong crystal coalignment, displayed by the similar colours in
the EBSD map (Fig. 2¢). A further reason for the difference in crystal co-
orientation strength and, hence, MUD value between the myostraca of
the investigated species could be that the large prisms of G. pilosa are
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internally more structured. Thus, they comprise many small mis-
orientations (e.g. white stars in Fig. 2a) relative to the degree of internal
structuring of the smaller-sized prisms of C. arcana and P. magellanicus.

4.3. Myostracal and non-myostracal shell texture

The G. pilosa adductor myostracum has a 3D “single-crystal-like”
texture inherited from the 3D “single-crystal-like” crystal orientation
pattern of the adjacent crossed-lamellar shell (compare pole figures in
Fig. 1a with pole figures in Fig. 2a, 3a). A crossed-lamellar microstruc-
ture consists of a sequence of first-order lamellae, with the latter being
composed of crystals forming two orientational sets, set A and set B (e.g.
Fig. 8¢). For C. arcana adductor myostracum and myostracal pillars, the
crossed-lamellar crystal orientation pattern of the adjacent shell is, at
first, also continued within the myostraca. Within the very first few pm
of the myostracum, crystals that belong to the set of the first-order
lamellae having their c-axes perpendicular to the shell-myostracum
changeover surface, outcompete crystals of the other first-order
lamellar set. For C. arcana, this results in a gradual shift from the 3D
“single crystal-like” texture of the non-myostracal crossed-lamellar shell
(see the orientation maxima in the pole figures of Fig. 3b) to an axial
texture of the myostracum (see pole figures in Fig. 2b without distinct a-
and b-axes).

The shell of P. magellanicus is formed of foliated calcite (Fig. 3c, AP2),
while the myostracum comprises competitively grown aragonite
(Fig. 1b). Thus, the P. magellanicus myostracal crystals cannot adopt the
texture of the adjacent shell layer. Instead, the changeover from the non-
myostracal shell to the myostracum features a thin (around 5 pm thick)
organic-rich layer (white star in Fig. 1b, AP2c). This organic-rich layer
mediates the interconnection between the P. magellanicus calcitic shell
and the aragonitic myostracum. Similar sheets separating calcitic and
aragonitic shell layers have also been observed for other bivalve species,
such as Chama arcana, Crassostrea gigas or Pinctada margaritifera
[33,111-113]. The myostracum of P. magellanicus has a marked axial
texture with aragonite c-axes oriented towards the direction of growth
(Fig. 1b) and is highly co-oriented (see pole figures in Fig. 2c, AP3c). The
texture of the adjacent non-myostracal shell is axial as well; however, it
shows a very low degree of crystal co-orientation strength (see pole
figures in Fig. 3c, AP2c). As described above, we find very different
crystal co-orientation strengths (MUD values) at the innermost myo-
stracal surface of the three investigated species (Fig. 6a to c). We noted
for the investigated species that the longer the texture of the adjacent,
non-myostracal shell is continued towards the inner myostracal surface,
the lower the myostracal crystal co-orientation strength and the MUD
value of the EBSD scan. Of the investigated bivalve species, the G. pilosa
myostracum adopts, at most, the texture of the adjacent non-myostracal
shell; the myostracum has a low crystal co-orientation strength. The
P. magellanicus myostracum does not adopt the texture of the adjacent
non-myostracal shell; its myostracum has the highest crystal co-
orientation strength.

4.4. Factors that generate modulation of the competitively grown
myostracal structure

4.4.1. The crystallography of shell crystals adjacent to the myostracum and
their influence on the myostraca

This and previous studies [28,34,35] highlight that the interface
between shell layers, comprising different aragonite microstructures, is
not sharp and clear-cut. The transition from one layer to the other is
based on the interlinkage of the textures of the adjacent two shell layers.

The three investigated bivalve species have the following shell mi-
crostructures adjacent to their myostraca: G. pilosa has a crossed-
lamellar layer with first-order lamellae running almost perpendicular
to the inner shell surface (Fig. AP2a). C. arcana also has a crossed-
lamellar microstructure adjacent to the adductor myostracum; howev-
er, in contrast to the first-order lamellae of G. pilosa, the morphology of
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the first-order lamellae is irregular, and the two sets of first-order
lamellae are intertwined (Fig. 3b, AP2b and [33]). The P. magellanicus
shell adjacent to the adductor myostracum comprises foliated calcite
(Fig. AP2c). The colour-coded EBSD maps show that at the changeover
from the non-myostracal shell to the myostracum, the very first myo-
stracal crystals of G. pilosa and C. arcana adopt the texture of the adja-
cent crossed-lamellar layer (Fig. 1a, d and [28]). This is due to the
topotactic nucleation of myostracal nuclei onto the non-myostracal shell
surface, as the orientation pattern of shell crystals continues into the
adjacent myostracum. The nucleation stage of myostracum formation is
biologically determined. Crystallographic characteristics of myostracal
crystal nuclei are determined for G. pilosa and C. arcana by crystallo-
graphic characteristics of crystals of the non-myostracal shell and for
P. magellanicus by an organic substance secreted by the organism.

The Glycymeris pilosa case.

Due to the straight morphology of the first-order lamellae in G. pilosa,
the two sets of first-order lamellae (set A, set B, e.g. Fig. 8c) are well
distinguishable. It is also well observable that the crossed-lamellar
crystal orientation pattern of the first-order lamellar shell microstruc-
ture is continued into and within the G. pilosa myostracum (Fig. 1a), up
to the inner myostracal surface. The two sets of first-order lamellae have
crystallographic c-axes orientations tilted relative to each other (Fig. 3a
and [28,114]). As myostracal crystal growth is controlled by growth
competition, two different crystal growth speeds develop at the forma-
tion of the C. pilosa myostracum. Depending on aragonite c-axes incli-
nation relative to the nucleation template, the crystals of one set of first-
order lamellae grow faster than the crystals of the other set. The crystals
of the fast-growing lamella increase, with ongoing growth, quickly in
size (Fig. 1a) and form the very large crystal units that we find at the
inner myostracal surface (e.g. Fig. 2a, AP3a), blocking the growth of
crystals of the other set of the first-order lamella. Nonetheless, the
crystals of the slowly growing set of the first-order lamella are not
eliminated entirely, as the two sets of first-order lamellae are, in
G. pilosa, spatially well distinguished from each other (Fig. 3a). They are
not intertwined, as is the case for the shell of C. arcana (Fig. 3b).

The Chama arcana case.

In C. arcana shells as well, the non-myostracal shell layer adjacent to
the myostracum has a crossed-lamellar microstructure, and the latter
microstructure is continued, at least to some extent, into the adjoining
myostracum. However, for the C. arcana non-myostracal shell, we find
an intricate intertwining of the two sets of the first-order lamellae
(Fig. 3b). This causes a tight arrangement of these within the non-
myostracal shell as well as at the changeover from the non-myostracal
shell to the myostracum. In C. arcana shells as well, the two first-order
lamellar sets have different c-axis orientations. However, due to the
strong intertwining of the two first-order lamellar sets, the set with the
crystals having their c-axes oriented precisely perpendicular to the
nucleation template fully outcompetes the growth of crystals of the
other first-order lamellar set. The result is that crystals of only one
crossed-lamellar set remain, and due to their high co-orientation, only
one c-axis orientation is kept. This implies that the remaining/kept
crystals grow at similar rates and generate the observed C. arcana
adductor myostracal and myostracal pillar microstructure, formed of
similarly-sized, acicular prisms (Fig. 2c, d). An axial texture develops, as
only the c-axes are co-oriented, not necessarily the a- and b-axes.

The Placopecten magellanicus case.

The shell and myostracum of P. magellanicus are a special case. There
is a carbonate phase change between the calcite of the non-myostracal
shell and the aragonite of the myostracum; thus, structural character-
istics are not transmitted from the non-myostracal shell to the adjacent
myostracum. Myostracal crystals do not follow a pattern of pre-
determined orientation inherited from the adjacent valve, as is the case
for G. pilosa and C. arcana. In contrast, P. magellanicus myostracal
crystals start to grow a few micrometres away from the non-myostracal
valve-myostracum interface (Fig. 1b). They are developed as a sequence
of thin, long (several tens of micrometres) acicular crystals with high
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crystal co-orientation and an axial texture. When the microstructure of
the P. magellanicus adductor myostracum is compared to that of G. pilosa
and C. arcana, for the adductor myostracum of P. magellanicus, the
typical structure of a material consisting of competitively grown crystals
is least observable (Fig. 1a to ¢, compare the image of adductor myo-
straca of the investigated species). This is also evident from the crys-
tallographic co-orientation strength that does not increase significantly
from the nucleation surface to the inner myostracal surface (Fig. 1b).

4.4.2. Further characteristics influencing adductor myostracum
microstructure designs and texture

1 The microstructure at the inner myostracal surface can also be
influenced by the thickness of the myostracum layer. The competitive
growth mechanism enables the most adequately oriented crystals to
outcompete the less adequately oriented crystals and gain in thickness. If
the myostracum is thin, the competitive growth mechanism might be
interrupted before its final stage, consisting of crystals co-aligned along
the fastest-growing axis. Since bivalve muscles change position during
shell growth [41], the muscle attachment period defining the myostracal
crystal growth differs for each section of the myostracum. In addition,
the relative thickness of the adductor myostracum, compared to the
thickness of the entire shell, varies considerably for different bivalve
species. For most bivalves, the myostracum comprises a substantial part
of the shell, constituting up to a third of the shell thickness at muscle
attachment sites [111,113,115]. However, some bivalve species show
thin (less than 10 pm), stacked myostraca comprising tiny crystals (such
as Anomia ephippium or Arctica islandica [116,117]) or a fine, weakly-
developed sheet, barely distinguishable from the non-myostracal valve
(such as Mytilus edulis or Tellina planata [116,118]). Furthermore, it
should be noted that valve activity is not just the result of muscle
(adductor, pedal) activity but is rather an integrant within the interplay
between the resilience and efficiency of the hinge ligament and the
resilience and efficiency of the adductor muscles [32]. Accordingly,
definite proof of a clear-cut connection between valve thickness and
myostracum microstructure cannot be provided easily.

2 Recent studies report that adductor myostraca contain a significant
amount of organic substance [111,119]. The latter is not developed as
organic envelopes encasing the myostracal prisms [111,119] but is
present as collagen-rich fibrils within the myostracal -crystals
[41,120,121]. We conducted TGA measurements for the microstructures
encountered in G. pilosa and P. magellanicus shells (Fig. AP4b). TGA
results show that myostraca are richest in organic substance relative to
the foliated and the crossed-lamellar shell layers. Furthermore, we
observe differences in organic content between myostracal and non-
myostracal shell layers and significant differences in organic content
for the myostracum of G. pilosa and that of P. magellanicus (Fig. AP4).
The P. magellanicus myostracum consists of an assembly of thin and long
prisms (Fig. 1b), while G. pilosa forms the largest part of its myostracum
of large-sized prismatic crystals (Fig. la). Bivalve myostraca are
organic-inorganic composites. However, due to the physical growth
process of competitive growth that governs myostracal crystal growth,
there is no biopolymer extracellular matrix at myostracal shell sections.
This contrasts with some non-myostracal shell microstructures that
comprise organic matrices filled with minerals. Hence, myostracal
prisms are not encased by an organic sheath, and the organic substance
is not between but within the prisms. In myostraca, organic matter is
present as myofilaments, providing the necessary tight connection for
the attaching muscle to the prismatic crystals of the myostracum [41].
G. pilosa myostraca are formed of large myostracal prisms; hence, there
are few grain interfaces within the G. pilosa myostracum. The G. pilosa
myostracum is most enriched in organic material (Fig. AP4), far more
than the P. magellanicus myostracum, which comprises many thin prisms
and, thus, very many prism interfaces. In addition to the above discus-
sion, we take the latter as a further indication that at myostraca, the
organic substance is mainly within the prisms. Nonetheless, it could not
be determined whether a specific composition of an organic substance or
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a specific, proactive arrangement of muscle fibres possibly causes
organism-related differences in the structural characteristics of myo-
straca. For gastropods, it has been reported that differences in structure
and thickness of the cross-linked adductor muscle bundles can influence
myostracal microstructure [122].

4.5. Nanomechanical properties of myostraca and the non-myostracal
shell

The diverse challenges of marine environments for organism survival
push biomineralised hard tissues to be as tough and fracture-resistant as
possible [48,123-125]. However, in material optimisation, a multi-scale
trade-off has to be achieved between adjusting the nanomechanical
properties of the hard tissue to meet the requirements needed to
generate a lightweight and metabolically cheap structural material.
Various factors, such as crystal size, orientation, arrangement, mode of
interlinkage, organic substance content, fabric and distribution, influ-
ence structural hard tissue’s mechanical strength and fracture resistance
[28,48,126-128]. Therefore, understanding the effect of crystal orien-
tation and mode of assembly on nanomechanical property results of the
structural material is essential, not just for the correct interpretation of
the gained results but also to decipher the biomineralisation principles
that generate the respective structural biomaterial.

4.5.1. Hardness and indentation elastic modulus

Our study investigated the hardness and indentation elastic modulus
of myostracal and non-myostracal valve layers (Figs. 4, 5). We juxta-
posed the gained results: (i) for each investigated species between the
adductor myostracum and the non-myostracal shell and (ii) for the
myostraca of the three investigated species for the two performed cuts
(Cut 1, Cut 2) through the shell (Fig. 7).

Irrespective of the indentation direction, the hardness and indenta-
tion elastic modulus of the myostraca exceeds the hardness and inden-
tation elastic modulus of the respective non-myostracal shells. Relative
to non-biological aragonite, myostracal hardness is increased; however,
myostracal indentation elastic modulus is reduced (Table 1). Relative to
non-biological aragonite, crossed-lamellar (CL) shell hardness is
reduced, while complex crossed-lamellar (CCL) shell hardness is
increased (Table 1).

When indented parallel to the inner shell surface (Cut 1), the
adductor myostraca of the three investigated species show a mean
hardness of about 4.9 GPa (Fig. 7a). Myostracal hardness is lowest (H:
4.6 GPa) for G. pilosa, the myostracum that consists of large prisms with
a 3D “single-crystal-like” texture inherited from the crossed-lamellar
layer (Fig. 1a). In contrast, myostracal hardness is increased (H: 5.1,
5.2 GPa) for the species that form their myostraca of many rather thin
prisms with an axial texture (Fig. 1b, c). Table 2 highlights myostracal
mean hardness and indentation elastic modulus values for other bivalve
species indented parallel to their inner shell surface. The species are
sorted in the table by the increasing influence of the competitive growth
mechanism on the myostracal microstructure. Ostrea stentina (number 1
in Table 2) secretes a myostracum, which is strongly distinct in micro-
structure from the rest of the calcitic shell, via competitive growth
without an aragonitic shell template. In contrast, the microstructure of
Tellina planata (number 7 in Table 2) myostraca is almost indistin-
guishable from the microstructure of the rest of the shell layer. Hence,
there is little influence of a competitive growth process on myostracal
structure formation. The corresponding nanoindentation results indicate
that myostraca with a clear-cut competitive growth-derived micro-
structure character have a higher hardness and elastic indentation
modulus relative to those myostraca where the competitive growth-
initiated structure is little or almost undeveloped (Table 2). This effect
might explain the slightly lower hardness of the G. pilosa myostracum
relative to the myostracal hardness of C. arcana and P. magellanicus
(described in greater detail in chapter 2.7 of [129]).

Another explanation of the hardness variations includes the size of



LT

Table 2

Nanoindentation results for indentation maps performed on the adductor myostraca of seven bivalve species. The species were sorted by the influence of the competitive growth process on their respective myostracal
layers. Ostrea stentina (1.) myostraca have a microstructure characteristic for formation through competitive growth. In contrast, Tellina planata (7.) myostraca are very similar in structure to the adjacent granular shell, the
latter controlled by biological determinants. The mean values for hardness and indentation modulus for myostraca of the seven bivalves indicate a trend to higher hardness and indentation elastic modulus for those
myostraca crystallised predominantly under a physical determinant, e.g. O. stentina, Peryglypta puerpera, Dosinia scalaris and Anomia ephippium. This contrasts species where myostracum formation is little influenced by the
physical determinant of competitive growth. All specimens were sectioned along Cut 1, with the indentation direction parallel to the inner shell surface. Myostracal microstructures and an in-depth analysis of the
indentation measurements are reported in chapter 2.7 of [129].
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the myostracal prisms: when the shell is sectioned according to Cut 1,
the highest hardness is observed for the P. magellanicus myostracum,
comprising the thinnest and longest prisms of the three investigated
myostraca (Fig. 1b). For artificial materials, the Hall-Petch relation
[130-133] describes that a decrease in grain size and increase in grain
boundary area results in higher yield strength. However, although a
similar trend has been reported for biomineralised hard tissues in avian
eggshells [134], the Hall-Petch effect is still poorly understood.
Accordingly, without additional microstructure-nanomechanical prop-
erty studies, we cannot unequivocally constrain whether the varying
hardness values are a grain size effect. We see a significant difference in
myostracal prism thickness between the investigated species (e.g.
Fig. 2); however, the difference in hardness is very small (G. pilosa: 4.6
GPa; C. arcana: 5.1 GPa; P. magellanicus: 5.2 GPa) and only observable in
Cut 1, when indentation is carried out parallel to the inner shell surface.
When indented parallel to the myostracal crystal c-axis (Cut 2), the
myostracal hardness for the three investigated bivalve species is similar;
the mean hardness is 6.2 GPa (Fig. 7e).

Myostracal indentation elastic modulus is very little affected by the
direction of cut through the shell or/and the direction of crystal c-axis
orientation (Fig. 7, Table 1). Nonetheless, we observe for the indentation
elastic modulus as well a distinct difference between the myostraca and
the respective shells (Table 1). The highest indentation modulus we find
for non-biological aragonite; the modulus value for the latter is mark-
edly higher than the modulus values of the myostraca and is significantly
higher than the modulus values for the respective shells (Table 1).

Previous studies indicate that indentation elastic modulus results
gained on biomaterials depend on the organic matrix within the com-
posite hard tissue [135-137], such that an increased organic content in
the structural biomaterial induces a decrease in indentation elastic
modulus. In our study, we find that compared to geological aragonite,
myostracal and non-myostracal indentation elastic moduli are decreased
for all investigated species (Table 1). The probable reason for the
reduced indentation elastic modulus of the different shell layers, relative
to non-biological aragonite, is that organic substance is present in all
layers of the investigated shells (Fig. AP4). Nonetheless, crucial for
indentation elastic modulus results of biomaterials is not just the amount
of organic substance within a microstructure but also its distribution
mode. For example, the crossed-lamellar layer of G. pilosa has a low
organic content (Fig. AP4) but also a distinctly low average indentation
elastic modulus (Fig. 4b and Table 1). In contrast, the myostracum of
G. pilosa has a significantly higher organic substance content (Appendix
Figure AP4) and higher indentation elastic modulus values (Table 1).
This discrepancy can be explained by the different distributions of the
organic substances in the G. pilosa crossed-lamellar shell and myostra-
cum. In the crossed-lamellar microstructure, the organic substance
forms a thin, matrix-like sheath evenly distributed around every lath. In
the myostracum, however, collagen-rich fibrils are found within the
prisms and lack from the boundaries of adjacent myostracal prisms.
However, it is important to remember that the difference in indentation
elastic modulus might also be related to the different microstructures of
the adductor myostracum and the respective non-myostracal shell.

We did not measure a significant difference in elastic modulus for the
calcite between the inorganic reference and the P. magellanicus foliated
calcite shell. Of all investigated microstructures, foliated calcite has the
least fraction (~1%) of organic matter (Appendix Figure AP4). This
could explain the small difference in indentation elastic modulus
observed between geological and foliated calcite (Table 1 and Fig. 4c, d).
Furthermore, our study shows that for all investigated species and both
cuts through the shell, the adductor myostraca have comparable
indentation elastic moduli (Fig. 7). Hence, myostracal indentation
elastic modulus is neither influenced by crystallographic axes orienta-
tion of the constituting crystals, nor by their size or mode of assembly.
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4.5.2. Difference in nanomechanical properties between C. arcana adductor
myostraca and myostracal pillars

Myostracal pillars are, most probably, the result of mantle epithe-
lium attachment and are most common in the Chamacea, where they can
occupy a significant fraction of the inner shell layer [25,33,61,138].
They usually arise from the trace of the pallial line and grow towards the
inner shell surface, firmly attaching the mantle tissue of the organism to
the shell [61]. However, in rare cases, such as in Cardita variegata, they
can also occupy the marginal section of the outer shell layer [25]. The
comparison of C. arcana adductor myostracum (Fig. 1¢) and myostracal
pillar (Fig. 1d) microstructure does not show major structural differ-
ences. Both structures comprise long (up to 100 pm) and relatively thin
(<5 pm) prismatic crystals and their growth is guided by the competitive
growth mechanism. At the changeover from the crossed-lamellar, non-
myostracal valve to the myostracal crystal arrangement, the texture of
the crossed-lamellar shell is transmitted to the myostracum. The texture
of the non-myostracal valve is more or less axial (see pole figures in
Fig. 3b, AP2b); it is in-between a 3D “single-crystal-like” and a fully axial
texture). The texture of the adjacent myostraca (adductor myostraca,
myostracal prisms) is also axial (Fig. 1c, d), and the axial texture is
maintained until the inner shell surface. However, nanomechanical
property measurements give for the adductor myostracum and the
myostracal pillars distinct differences in hardness and indentation
elastic modulus (Table 1, Fig. 5). For both cuts through the shell, we find
that the myostracal pillars show a lower hardness relative to the
adductor myostracum. When indented parallel to the inner shell surface
(Cut 1), the hardness between the two layers decreases by 0.6 GPa
(Fig. 5a, b) and when indented perpendicular to the inner shell surface
(Cut 2), it decreases by 1.0 GPa (Fig. 5c, d). The mean indentation elastic
modulus is reduced for myostracal pillars, relative to myostracal elastic
modulus, by more than 10 GPa (Fig. 5). Due to the rare occurrence of
myostracal pillars in bivalve shells, the attachment mechanism between
the mantle epithelium and the shell is poorly understood. However, their
low indentation elastic modulus values and microstructure, similar to
the myostracum, indicate that the pillars might comprise differences in
the distribution of organic matter.

4.5.3. The anisotropic fracture behaviour of the complex crossed-lamellar
layer

The complex crossed-lamellar layer is a prominent yet poorly un-
derstood microstructure that comprises first-order lamellar blocks with
more than two dip directions and an axial texture [139]. The blocks
consist of strongly twinned, prismatic aragonite crystals with a relatively
small grain size of less than 5 pm [28,34]. Although recent studies have
shown a “complex crossed-lamellar type” microstructure in the orna-
mentations of Chama gryphoides shells [28,33], in general, the complex
crossed-lamellar microstructure forms inner shell layers adjacent to the
pallial myostracum. Our nanomechanical property results indicate that
the complex crossed-lamellar layer’s response to nanoindentation
testing strongly depends on the direction of the cut (Fig. 5, Table 1).
When indented parallel to the inner shell surface (Cut 1), the complex
crossed-lamellar layer is relatively hard and maintains a relatively low
indentation elastic modulus (Fig. 5a, Table 1). These nanomechanical
property results are particularly astounding when considering the
complex crossed-lamellar layer’s relatively high organic content
compared to other shell layers (Appendix Figure AP4 and [140]).

However, when the complex crossed-lamellar shell layer is indented
perpendicular to the inner shell surface (Cut 2, Fig. 5b), the recorded
load-displacement curves appear irregular and show multiple pop-in
events (Figure AP6). These (nano)failures denote rapid tip displace-
ment under contact load, potentially due to shear-induced cracking
[141,142]. The localised material failures result in tip sliding and the
formation of further penetration/displacement that deteriorates the
calculated hardness by including “failure depths”. Thus, we conclude
that the low hardness and indentation elastic modulus of the complex
crossed-lamellar layer indented parallel to the c-axis orientations
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(Fig. 4b, Table 1) are misleading. This “graceful failure” can be amplified
when the material is loaded along crystallographic axes directions,
promoting faster chipping and cleavage. It is common in quasi-brittle
materials and has previously been observed for crossed-lamellar shells,
pointing to their anisotropic mechanical behaviour [143-145]. To our
knowledge, this is the first study that reports this specific nano-
mechanical property behaviour for the complex crossed-lamellar
microstructure of biological structural materials. Organic material-
filled microtubules were observed in the complex crossed-lamellar
layer of other molluscs, such as Neritilia rubida or Corbicula fluminea
[146,147]. These microchannels might be responsible for the high
overall organic content (Appendix Figure AP4) and the anisotropic pop-
in events along indentation perpendicular to the inner shell surface
(Appendix Figure AP6).

4.5.4. The effect of c-axis orientation on hardness and indentation elastic
modulus

Several studies have shown that the orientation of crystals in bivalve
shells is often controlled by biological determinants [37,42], even
though myostracal crystal growth is guided mainly by a physical
determinant. In general, crystallographic c-axes appear perpendicular to
shelled organisms’ inner and outer shell surfaces [29]. Most likely, the
latter is not by chance but is rather a functional property. Thus, testing
shell microstructures in a cut parallel to the shell surface is of great in-
terest as it simulates the exposed hard tissue. Previous studies have
shown the anisotropic nanomechanical properties of single-crystalline
calcite and aragonite [148,149], as well as of biomineralised carbon-
ate microstructures, such as nacre or prismatic calcite [149-151]. The
single-crystalline calcite and aragonite were tested with c-axes misor-
iented 35-40° to the indentation direction to compensate for potential
anisotropic effects within the non-biological references. Compared to
other directions such as {001}, Deng et al. have recently found that
geological calcite shows balanced nanomechanical properties along the
{104}-direction [83], comparable to the reference orientations tested in
this study (Figure AP7a, b). To our knowledge, this is the first study that
investigates the anisotropic behaviour of aragonite crystals in the
exceptionally hard bivalve myostraca and the widespread crossed-
lamellar shell. Our results demonstrate that adductor myostraca,
indented perpendicular to the inner shell surface (Cut 2), have compa-
rable hardness values (Fig. 7e-h). Averaging more than 6 GPa for all
three layers, the mean hardness of Cut 2 is significantly higher than the
hardness values obtained for Cut 1 (Fig. 7a-d). Interestingly, the
indentation elastic modulus values of the three layers are hardly affected
by the change in indentation direction (Fig. 7a, e). This indicates that the
difference in myostracal hardness is most likely not caused by a differ-
ence in organic content for the investigated shells but rather due to the
orientation direction of the crystallographic c-axes.

While the indentation elastic modulus is an inherent material prop-
erty, the measured hardness of biomineralised materials depends on
factors such as architectural packing, crystallinity, porosity, organic
content, grain size and grain orientation. While many of these factors
can vary in biomineralised hard tissues, they are biologically controlled
in the crossed-lamellar layers of Glycymeris shells. The first-order
lamellae of the latter comprise two sets with very similar crystal size,
morphology, organic content and porosity (Fig. 3a, 8a in this study and
Supplementary Fig. S21 in [34]). However, our (Fig. 3a, 8) and previous
studies (e.g., [28,34,114,152]) show that the crystals of the two sets (set
A, set B) of first-order lamellae differ notably in orientation. This is well
visible by the distinct density distribution maxima of contoured pole
figures (see the difference in pole figures in Fig. 8a) displaying the
varying c-axis orientations (see arrows within the c-axes pole figures in
Fig. 8a).

With the combination of EBSD measurements and indentation
testing, we can demonstrate that the obtained hardness values are
largely affected by the crystallographic orientation of aragonite c-axes
(Fig. 8b). Nanoindentation measurements were performed across a
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series of first-order-lamellae (Fig. 8c, d, AP7c) and show that the
observed hardness changes notably between the two lamellar sets (for
hardness distribution see Fig. 8c). In contrast, the indentation elastic
modulus values do not show a correlation with one or the other set of
first-order lamellae. Despite the relatively high standard deviation
caused by the heterogeneity of the crossed-lamellar composite layer, the
indentation elastic modulus values are, more or less, similar for the two
sets (Fig. 8b, d). The pole figures in Fig. 8a demonstrate that c-axes of
crystals of lamellar set A are clustered at an orientation somewhat
similar to the indentation direction. In contrast, as the pole figures of
Fig. 8a show, the c-axes of crystals that form set B are almost perpen-
dicular to the indentation direction. From the nanomechanical property
values in Fig. 8b, we observe that within first-order lamellae of G. pilosa,
the mean hardness of set A is increased by 0.7 GPa, compared to the
mean hardness of set B. Therefore, combining EBSD analysis and
nanoindentation testing shows that the hardness is increased for the
crystals of set A. In this set, we find a co-alignment of crystal c-axis
orientations with the indentation direction relative to crystals of the
other set (in this case, set B) of the first-order lamellae. Hence, this study
indicates that the characteristics of microstructures, such as presetting
crystal c-axis orientation, can influence the hardness of the aragonitic
biomaterial. Similar or more sophisticated experimental setups in future
experiments may help to precisely demonstrate and understand the
relation between crystallographic orientation and nanomechanical
properties in biomineralised hard tissues.

The present study compared the results of bivalve shell and myo-
stracal microstructures obtained on different cuts through the hierar-
chical shells. In general, we found a strong correlation between crystal c-
axis orientation and the hardness of the biomaterial. For more or less
axial microstructures, the effect of azimuthal variability on nano-
indentation measurements can be controlled by investigating the crys-
tallographic texture of the indented surface. However, for
microstructures that lack crystallographic co-orientation along a single
c-axis direction, as is the case for crossed-lamellar structures, azimuthal
variability on nanoindentation causes a significant problem regarding
the reproducibility and consistency of hardness results. Accordingly, for
nanomechanical property studies of biological hard tissues, it is vital to
determine the microstructure and crystallographic texture of the
investigated material, not only to understand the hard tissue of one
particular specimen or/and species but also to enable comparison of
nanomechanical property data between specimens and species. Bohm
et al. [153] proposed using conical nanoindentation indenters to analyse
biogenic materials and to avoid azimuthal hardness dependence. The
latter is not yet widespread for biomineralised materials, and the
comparability of results obtained by Berkovich and conical indenters is
disputed [154-157].

5. Conclusions

Bivalved organisms occupy a wide ecological space and can adapt to
many lifestyles and environments [12-14,95,100,158]. This is enabled
by developing various microstructure designs, occluding biopolymers
into the hard tissue, and generating hierarchical structures. The latter
characteristics are the keys to material optimisation, environment
adaptation and survival. The valves of bivalve organisms are secreted
not only to protect their soft tissue but also to burrow into the sediment,
attach to a substrate via cementation, and perform locomotion for
swimming. The muscles that control valve activity and the muscle
attachment sites to the valves are integral to the organism’s success in
living a particular lifestyle and surviving in a specific environment. In
the present contribution, we discuss the interlinkage of the non-
myostracal and myostracal valve microstructure, texture and nano-
mechanical properties for bivalves using valve activity to burrow, swim,
or be epifaunal and sessile. Combining EBSD measurements with
nanoindentation testing on valves sectioned perpendicular and parallel
to the inner shell surface, we decipher structural approaches utilised by
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the investigated organisms to optimise their shell material for leading
the above-mentioned lifestyles. We deduce from our results the
following conclusions:

1. G. pilosa and C. arcana influence the microstructure and texture of
their myostraca by controlling the structural properties of the non-
myostracal shell adjacent to the myostracum, the template used for
myostracal crystal nucleation. Even if for different bivalve species,
the shell layer adjacent to the myostracum is similar in microstruc-
ture (e.g., crossed-lamellar, as is the case for G. pilosa and C. arcana),
minor differences in the pattern of crystal orientation of the non-
myostracal shell affect the adjacent myostracal microstructure
strongly, since, at similar carbonate phase, the crystallographic
texture of the shell is transmitted to the myostracum.For interdigi-
tated or/and thin first-order lamellae (C. arcana), the crystals of the
transmitted set of first-order lamellae, with their c-axes being
perpendicular to the nucleation template and facing towards the
growth direction, can quickly outcompete their neighbours. As the
remaining co-oriented crystals can no longer gain lateral space, the
corresponding myostraca are formed of thin, acicular crystals with
an axial texture. For morphologically well-regulated or/and thick
first-order lamellae (G. pilosa), the progressive elimination of crystals
with divergent c-axis orientations to the nucleation template is
prolonged. This results in a myostracal microstructure consisting of
thick prisms and leading to the 3D “single-crystal-like” texture,
extending from the non-myostracal valve to the inner myostracal
surface.

2. P. magellanicus, G. pilosa and C. arcana myostraca are aragonitic. If
the valve layer adjacent to the myostracum is calcitic, as for
P. magellanicus, the orientation pattern of the non-myostracal calcite
crystals is not transmitted to the adjacent aragonitic myostracum. If
the shell layer adjoining the myostracum is aragonitic, as is the case
for G. pilosa and C. arcana, the first-formed myostracal crystals as-
sume the orientation of crystals of the adjacent aragonitic shell.

3. Myostracal microstructure, texture, prism morphology and size do
not affect the mode or frequency of twinning of myostracal arago-
nite. The twinning of myostracal aragonite is extensive, and the
extent of twin formation is similar for all investigated species. The
twins are cyclic by (110) and (1 10) twin laws and generate a
multitude of twin boundaries. These are of main structural impor-
tance, as it is shown for manufactured materials that the incorpo-
ration of twin boundaries increases the mechanical properties of the
material.

4. Nanomechanical results demonstrate that, compared to non-
myostracal layers and inorganic aragonite, myostracal aragonite
has an increased hardness and indentation elastic modulus. Myo-
stracal prism size and morphology do not influence the nano-
mechanical properties of the myostracum.

5. Even if the microstructure and prism size is similar for C. arcana
adductor myostraca and myostracal pillars, nanomechanical prop-
erties differ for the latter structures. The decrease in hardness and
indentation elastic modulus of myostracal pillars, relative to the
nanomechanical properties of the adductor myostracum, might be
due to a different distribution of organic substance within the pillars,
in comparison to the distribution of biopolymers within the adductor
myostracum.

6. The indentation elastic moduli for the species and shell layers
investigated in this study are not only influenced by the sheer
amount of organic substance in the different microstructures but, in
particular, by the mode of biopolymer distribution within the layer
and microstructure.

7. The hardness values obtained for the non-myostracal shell and the
myostraca differ significantly, depending on the angle between the
indentation direction and crystal c-axis orientation. Layers indented
parallel to the crystallographic c-axis orientation show the highest
hardness, while crystals indented perpendicular to the c-axis
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orientation have a reduced hardness. For the indentation elastic
modulus, the indentation direction is also influenced by crystal c-axis
orientation. However, it is significantly less pronounced than what is
observed for the hardness.

8. Furthermore, the anisotropic effect of indentation on hardness is
demonstrated in this study for the two sets of a first-order lamella in
the crossed-lamellar shell microstructure of G. pilosa. In the latter,
the average hardness of set A of a first-order lamella (c-axes oriented
almost parallel to the indentation direction) is significantly higher
than the hardness of set B of the same first-order lamella (c-axes
oriented perpendicular to the indentation direction).

9. Nanomechanical properties of the complex crossed-lamellar shell
layer vary drastically with indentation direction. When indented
parallel to the inner shell surface, the layer appears quite brittle and
shows an average hardness similar to myostracal pillars. When
indented perpendicular to the inner shell surface, the complex
crossed-lamellar layer is subject to many pop-in events, indicating
the formation of microcracks and/or lattice dislocations.

In essence, even though the crystal growth mechanism of G. pilosa, C.
arcana and P. magellanicus myostraca is similar, we find, for the inves-
tigated bivalve species, significant differences in myostracal structural
designs as well as in the crystallographic and structural characteristics of
myostracal crystals. Our study demonstrates that, in contrast to previous
reports [34,43,97], the structure of bivalve myostraca is not conserva-
tive. Differences in myostracal structure are rooted in the fact that
myostracal formation combines two processes: crystal nucleation and
crystal growth. Myostracal crystal nucleation is influenced by the
structural characteristics of the adjacent, non-myostracal shell. In
contrast, the formation of the myostracal microstructure is mainly
subjected to the physical process of growth competition, rather than
being controlled by the formation of organic membranes prior to crys-
tallisation. It is predetermined by structural features transmitted from
the biologically controlled non-myostracal shell to the myostraca. In
addition, the combination and interplay of different types of fibres
forming a muscle affect myostracal structure, as observed in the well-
distinguishable muscle fibre imprints of the smooth and striated mus-
cles of P. magellanicus.

We conducted an extended study on bivalve myostracal structure,
microstructure, and texture (this study and [28,33,116-118,159]) and
found that the crystallographic characteristics for bivalve myostraca,
determined with EBSD, are not family-specific. For example, the myo-
stracal structure and crystallographic characteristics we found for
P. magellanicus (Pectinidae) were also detected for the myostracum of
Ostrea stentina (Ostreidae). Likewise, the myostracal structure and
crystallographic characteristics of G. pilosa (Glycymerididae) are also
observable in the shells of Dosinia scalaris (Veneridae) and Anadara polii
(Arcidae). Myostracal structural features of C. arcana (Chamidae) are
also present in the shells of Acanthocardia tuberculata (Cardiidae), Peri-
glypta puerpera (Veneridae) and Lampsilis cardium (Unionidae). Keeping
in mind the highly specialised shell structures that bivalves developed to
maximise their chances of survival (such as different microstructural
motifs [29,160-162] or ornamentations [61,163,164]), it is remarkable
that the myostracal structure, microstructure, texture and formation
mechanism is comparable across bivalve families. While myostracal
microstructure and texture are also influenced by other requirements, e.
g. environmental characteristics, their design is largely predetermined
by biologically controlled and proactive templates, such as adjacent
aragonitic shell layers or organic-rich sheets.
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