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Implicaciones paleobioldgicas de la morfologia, microestructura y formacién de la cuticula de Daira

actual y fésil (Dairoidea, Brachyura, Decapoda)
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Abstract: The origin and function of peculiar mushroom-shaped cuticular structures in
some decapod crustaceans remains unknown. This ornamentation has appeared several
times in widely disparate clades (in podotreme and heterotreme crabs, and pagurids).
These structures are analysed in the modern genus Daira and compared with fossil material
from the Eocene of Huesca and the Miocene of Alicante and Mallorca. A morphological and
petrographic study is carried out using conventional microscopy and Scanning Electron
Microscopy to understand the microstructure in modern and fossil representatives. This
provides a clear view of the mushroom-like structures that cover the carapace of Daira
and the distribution of the different layers of the exoskeleton. The results reveal a complex
morphology, which involves all layers of the cuticle, with changes in the thickness of the
exocuticle in different areas, and the presence of conical structures that especially affect the
outer layers. These convolutions form a network of channels connected to the outside by
pores. Finally, possible anti-predatory functions of these complex structures are proposed.

Resumen: El origen y funcién de las peculiares estructuras cuticulares en forma de
seta en algunos crustaceos decapodos sigue siendo desconocida. Estas estructuras
han aparecido varias veces en clados que no estan relacionados filogenéticamente (en
cangrejos podotremas y heterotremas, y paguridos). En este estudio, estas estructuras
se analizan en el género actual Daira, y se comparan con material fésil del Eoceno de
Huesca y del Mioceno de Alicante y Mallorca. Para ello se realiza un estudio morfolégico
y petrografico mediante microscopia convencional y SEM en representantes modernos y
fésiles. Esto proporciona una vision clara de las estructuras en forma de seta que cubren
el caparazon de Dairay la distribucion de las diferentes capas que forman el exoesqueleto.
Los resultados revelan una morfologia compleja, que implica todas las capas de la
cuticula, engrosando y adelgazando la exocuticula en diferentes zonas y la presencia de
estructuras conicas que afectan especialmente a las capas externas. Estas convoluciones
forman una red de canales conectados al exterior mediante poros. Finalmente, se revisan
las posibles interpretaciones morfofuncionales de dichas estructuras y se propone una
nueva hipétesis relacionada con la proteccion frente a posibles depredadores.
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The shape and size of marine invertebrates are both
genetically controlled and secondarily influenced by
the environment; while internal parts or those that
are weakly affected by the environment change less;
those external parts that are in direct contact with the
environment are more prone of morphological variation
(i.e., Outomuro & Johansson, 2017, and references
herein). Brachyuran decapod crustaceans fit well within
such paradigm in which those conservative internal or
ventral structures are useful in understanding clade
relationships (i.e., Guinot & Tavares, 2003; Davie
et al., 2015a, 2015 b), while external sculpture of

carapace helps less in understanding the relationships
between clades. In contrast, the latter offers important
information about adaptations to different environments
and protection against predators (i.e., Guinot, 1979;
Davie et al., 2015b).

The presence of mushroom-like tubercles in modern
and fossil decapods has been documented in several
clades that independently developed such peculiar
structures (Bittner, 1893; Seréne & Soh, 1976;
Guinot, 1976, 1979; Haj & Feldmann, 2002; Davie et
al., 2015b; De Angeli & Caporiondo, 2017; Ossé et
al., 2021; Cluzaud & Oss6, 2022). However, most of
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these studies do not show sections (with microscopic
details) that complement superficial descriptions (see
exception in Haj & Feldmann, 2002). Guinot (1979)
noted that this ornamentation is shared by groups that
are phylogenetically distant suggesting convergent
evolution. These structures evolved from simple
tubercles that gradually increased complexity and
finally overlapped each other (i.e., Guinot, 1979). The
first appearance in the fossil record of mushroom-like
tubercles was in some podotreme brachyurans during
the Cretaceous (Osso et al., 2021). However, it is not
until the Eocene when they become widely distributed
in several heterotreme brachyurans (i.e., Osso et al.,
2021 and references herein) and some anomurans (De
Angeli & Caporiondo, 2017).

In order to understand the formation and function of
such structure we have analysed the cuticle (micro-
and macrostructure) in fossils of Daira corallina from
the Arguis Formation, Eocene of Huesca (Spain)
and D. speciosa from the Miocene of Alicante and
Mallorca, Spain, together with the modern species D.
perlata from Philippines. By using standard microscopy
methods (binocular microscope and Scanning Electron
Microscopy-SEM images) we describe its formation
in detail. We also provide evidence that such singular
morphology is the result of adaptation to very specific
environments and perhaps has an antipredatory
function.

MATERIAL AND METHODS

The dry samples were photographed after been
coated with sublimated ammonium chloride. A detailed
photograph of the surfaces was taken with a Nikon
d7100 camera (Nikon, Tokyo, Japan) with a 60 mm
macro-lens. A selection of 10 petrographic thin sections
of fossils Daira corallina, D. speciosa and the extant
D. perlata were prepared for standard transmitted light
microscopy and carbonate staining with Alizarin Red S
and potassium ferricyanide (following Dickson, 1965).
A number of samples were selected and examined
under SEM using a Jeol JSMT6400 at the Universidad
del Pais Vasco/Euskal Herriko Unibertsitatea (UPV/
EHU). The studied specimens (fossil specimens of
Daira corallina and D. speciosa, and modern specimen
of D. perlata) are deposited in the Museo de Ciencias
Naturales de la Universidad de Zaragoza (Spain) under
the acronym MPZ.

To test the action of octopod suckers on the cuticle
of Daira and other crabs, a fresh specimen of white
octopus (Eledone cirrhosa (Lamarck, 1798)) has been
used (Fig. 1A—1B), and various traction tests have been
applied in different species with different characteristics
(Fig. 1C-1E); Carpilius corallinus (Herbst, 1790) with a
smooth surface; Euxanthus exsculptus (Herbst, 1790),
and Daira perlata (Herbst, 1790) with mushroom-like
ornamentation. The size of the octopus (approx. 25 cm
in normal extension) was chosen according to the size
of a potential Daira perlata (3—4 cm wide) predator.

To carry out the experiment, a tentacle of the octopus
was sectioned to place the strongest suckers on the
surface of the different crabs (Fig. 1F—1H). Because
the experiment was developed with died octopus, we
applied tentacles on the surface of different carapaces
and pulled from the tentacle on a flat surface. We
developed the experiments in subaerial conditions and
not under water because crab samples are dry. The
experiment was repeated 13 times in each specimen,
alternating each specimen in each try. Between trials 6
and 7 the tentacle was rehydrated to avoid dry. Based
on observations of the traction experiment, the distance
moved by the pull of the tentacle was calculated. The
distances (in cm) are indicated in the Table 1.

MORPHOLOGY AND COMPARISSON OF
THE CUTICLE IN DAIRA

Microstructure of the cuticle in modern Daira

The dorsal surface of the carapace (Fig. 2A),
pereiopods (Fig. 2B, 2C) and pleon (Fig. 2F) of Daira
are completely covered by complex mushroom-like
tubercles of variable size and shape, whose flaps are
in contact with each other (see Fig. 2). The studied thin
sections show a thick endocuticle formed by thinner
lamellar layers, which folds back to form the base of the
tubercles, but also show a thickening of the exocuticle
at the top of the tubercles, giving rise to most of the
lateral expansions (Figs. 2E, 3). The epi- and exocuticle
are present inside the folds (base of the channels), but
very thin and without remarkable structures (Fig. 3).
The different longitudinal and transverse thin sections in
different species of Daira show an average thickness of
0.95 mm, where the three different characteristic layers
(epi-, exo- and endocuticle) present in all decapod
crustaceans are recognized (i.e., Dalingwater & Mutvei,
1990; Dillaman et al., 2013), as well as the typical
mushroom-like morphology of Daira (Guinot, 1979).
Both, the exocuticle and the endocuticle, are affected
by mushroom-like tubercles, giving the sections a
convoluted appearance and showing variable thickness
(Fig. 2C). The epicuticle, with a homogeneous thickness
(= 5 pym), covers the entire complex, including the
outer margin and the interior of the basal channels,
but it is poorly observed in some sections (Fig. 3). The
exocuticle in particular shows the greatest variation in
thickness, being very thin inside the channels and very
thick on top of the tubercles (Fig. 3B, 3D).

The endocuticle is the thickest part (= 200—-300 pm) and
is characterized by its greater lateral continuity with a
clear red-yellowish alternating lamination of fine sheets
(lamellae). Without staining, they appear as light-dark
sheets under polarized light (Fig. 3). The light coloured
sheets contain higher carbonate content, while the
dark ones are mostly protein.

The overgrowth of the upper part of the tubercles
and their coalescence give rise to the formation of
the aforementioned basal channels (apparent empty
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Figure 1. Specimens used for traction experiment. A, Specimen of white octopus Eledone cirrhosa (Lamarck, 1798); B, Detail
of one of the suckers; C, Carpilius corallinus (Herbst, 1790); D, Euxanthus exsculptus (Herbst, 1790); E, Daira perlata (Herbst,
1790); F—H, Application of tentacle on crab surface; all scale bars = 1 cm, except B = 2 mm.

chambers in thin sections), limiting their upper margin.
In the folds of the upper part of the mushroom-
shaped tubercles (above the basal canals), the lateral
expansions appear as rounded sections with fibrous-
radial morphology, highlighted by dark organic-rich
concentrations (Fig. 3).

Internally, these structures form a network of channels
that crosses the entire carapace (Fig. 4A—4C). In
dorsal view, tubercles are in contact (Figs. 2A, 4D), but
the sutures between the tubercles and the pores that
connect the channels with the outside are visible (Fig.
4D). The folds on the edge of each tubercle form the
pores (pore channels) that connect the basal channels

with the exterior (Fig. 4D, 4E, 4F). These structures are
also present in pereiopods (Fig. 2D) and pleon (Fig.
2C, 2F).

Microstructure of the cuticle in fossil Daira

Most specimens of fossil Daira show poorly preserved
cuticle (see Di Salvo, 1933; Portell & Collins, 2004;
Beschin et al., 2007, 2012, 2015, 2016, 2018; De
Angeli et al., 2010; Gatt & De Angeli, 2010; Tessier et
al., 2011; Klompmaker et al., 2015) but presumably with
a very similar (if not identical) structure than modern
representatives. In fact, the morphological structure
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Figure 2. Modern specimen of Daira perlata (female) collected in Gato Island (Visayan sea), Cebu, Philippines (about 10 meters
deep). A, Dorsal view; B, Ventral view. Specimen whitened with ammonium chloride sublimated; C, Longitudinal section of the
same specimen, with the right part stained with Alizarin red S; D, Complete section of a tinted pereiopod of the same specimen
with the characteristic structure; E, Detail of the mushroom-shape tubercles of the dorsal carapace marked in C with a red box; F,
Detail of the mushroom-shape tubercles of the pleon marked in C with a red box; scale barsA,B=1cm,C=5mmand D =1 mm.

and microstructure in the studied fossil species of Daira
(D. corallina and D. speciosa) is basically identical
to that of the modern species D. perlata, both in the
surface and thin sections (see Fig. 5).

In the examined material, fossil specimens preserve
the exo- and endocuticle (Fig. 5). They show the
same channel network (see Fig. 4) but filled with finer
sediments than those present in the surrounding matrix
(Fig. 5). In all species, the mushroom-shape tubercles
have the same characteristics, with the presence
of vertical pores (pore channels) and interprismatic
septa or honeycomb (Figs. 3, 5). The development of
the exocuticle is marked by fine discontinuous sheets
of iron oxides (Fig. 5A-5C, 5E), probably as a result
of pyrite alteration (FeS,) formed by the decay of the
organic matter, in a reducing environment during the
fossildiagenetic phase.

Thin sections of D. speciosa from Mallorca are
embedded in a microsparite matrix rich in bioclasts
(Fig. 5D-5E), occasionally affected by diagenetic
recrystallization (Fig. 5F). In some specimens from
Alicante, the endocuticle shows strong diagenetic
alteration with loss of lamination and development of

carbonate crystals (Fig. 5G-5H), and some show that
the endocuticle has been cracked with displacement
and even filled with spatic calcite.

The epicuticle, which was organic in origin, has been
decayed and the recognizable surface in the fossils
corresponds to the exocuticle. This allows observation
of a honeycomb network in the outer margin of the
cuticle (Fig. 6). In section, these structures correspond
to cones that especially affect the exocuticle and
penetrate the endocuticle at the top of the tubercles
(see Figs. 3 and 5). Regarding the staining of the
exocuticle by Alizarin red S, a coloration of lighter tones
can be seen compared to the more reddish coloration
of the endocuticle (Figs. 3C-3E, 5C). These variations
can be justified by a higher organic content compared
to the dominance of Ca as carbonate.

Distribution of mushroom-like tubercles in decapod
crustaceans

This type of mushroom-like tubercles is not exclusive
of the genus Daira and other fossil and extant taxa
show this or a similar ornamentation, covering partial



Ferratges, F. A. et al. - Cuticle microstructure in Daira - Spanish Journal of Palaeontology 37 (2), 177-190, 2022 1 81

Honeycomb
structures

channel

Basal
channel

Epicuticle

: - Exocuticle
- Endocuticle

v Honeycomb

:structures

Figure 3. Details of specimen in the Figure 2E (A and C), showing the epi-, exo- and endocuticle (B and D), the robust
interspersed mushroom-shape tubercles, the base of the channels, the interprismatic septa with honeycomb-type disposition and
a thin alternating light-dark lamination mainly visible in the endocuticle. The great plasticity of the exocuticle is remarkable (B-D),
with a strong thickening in the area compared to the base of the channel; E, Longitudinal section of base of the channel limited by
three mushroom-shaped tubercles. The central tubercle is sectioned tangentially; F, Photomicrograph and interpretive diagram
of the stained cuticle with the three recognized zones, channels, and the different sectioned tubercles (1, 2, 3, 4). Abbreviations:
BC, base of the channel; ips, interprismatic sects; pc, pore channel; scale bars A, B,E=5mm, C=1cmand D =2 mm.

or completely the dorsal carapace and pereiopods.
Some fossil podotreme brachyurans from the Upper
Cretaceous, like Cuchiadromites Osso et al., 2021;
Marylireidus Rathbun, 1935; Eucorystes Bell, 1863;
Ferroranina van Bakel et al., 2012 and Cretacoranina
Mertin, 1941, show similar fungiform ornamentation
(see Haj & Feldmann, 2002; Waugh et al., 2009; van

Bakel et al., 2012; Osso et al., 2021), or fungiform
nodes according to Waugh et al. (2009), also present
in some species of the modern genus Symethis (see
Waugh et al., 2009). In the Eocene, some heterotreme
brachyurans show this ornamentation (including the
parthenopoids Phrynolambrus Bittner, 1893; and
Aragolambrus Ferratges et al., 2019) in the dorsal
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surface of the carapace (e.g., Bittner, 1893, fig. 3, 3a,
3b); some Neogene leucosid crabs, like Aquitainotlos
(see Cluzaud & Osso6, 2022, fig. 4) and Pterocarcinus
(see Blow, 2003, figs. 2—4) show a similar cuticular
structure composed of mushroom-shaped tubercles,
coalescing in some areas of the carapace. The fossil
anomuran species Lessinipagurus ornatus De Angeli
& Caporiondo, 2017 (Xylopaguridae Gasparic, Fraaije,
Robin & De Angeli, 2016), exhibits the same cuticular
ornamentation in the outer side of the propodus (see
De Angeli & Caporiondo, 2017, fig. 16, tab. 6, 4a). In
extant parthenopoids such as Garthambrus Ng, 1996
and Dairoides Stebbing, 1920; xanthids such as Actaea
De Haan, 1833, and the aethrid Drachiella Guinot in
Seréne & Soh, 1976, similar fungiform tubercles are
also present (McLay & Tan, 2009, figs. 9A-9B, 13B;
Ng & Tan, 1999, fig. 5; Guinot, 1976, tab. 12, fig. 5, 5a;
Guinot, 1967, fig. 3; Viswanathan et al., 2019, fig. 1).

ENVIRONMENTAL DISTRIBUTION OF DAIRA

The genus Daira is represented by a small number
of species (both modern and fossil) adapted to reef
environments and rocky bottoms in shallow waters
(approx. 0-60 m depth). Modern representatives
include only two species; D. perlata (Fig. 2) which is
typical in shallow coral environments from the Indo-

Pacific (Peyrot-Clausade, 1989; Morgan & Berry, 1993;
Davie & Short, 2001; Poupin, 2016); and D. americana
Stimpson, 1860, typical of the rocky and coral bottoms
from the Pacific coasts of Central America (Rathbun,
1930; Abele, 1979; Garth, 1991).

In the fossil record, the genus Daira is represented
by twelve species generally associated with coral
reef environments (see Ferratges et al., 2020 and
references herein). The study of Ferratges et al. (2020)
in the late Eocene of the Pyrenees, suggests that the
genus Daira apparently showed preference for areas
rich in branching corals, which were probably used as
hiding places against predators. Environmental studies
for most fossil species are lacking, so it is difficult to
determine what type of environment inhabited other
species of the genus.

It is noteworthy that in some Miocene reef environments
Daira speciosa appears in high abundance representing
mass-occurrences of carapaces (i.e., Gorka, 2018). This
species is widely distributed in the Miocene deposits
of the Mediterranean and Paratethyan realms (see
Lérenthey in Lérenthey & Beurlen, 1929; Yanakevich,
1977; Forster, 1979; Saint Martin & Muller, 1988; Garcia-
Socias, 1989; Miller, 1993, 1996; Gorka & Jasionowski,
2006; Radwanski et al., 2006; Gorka, 2002, 2018; Gatt &
De Angeli, 2010; Oss6 & Stalennuy, 2011; Hyzny, 2016;
Hyzny & Gross, 2016; Hyzny & Dulai, 2021).

Figure 4. A-C, Internal carapace view of Daira speciosa Reuss, 1871, showing the internal channel network and tubercles
(A—-B specimens from Alicante, Spain (MPZ 2022/928 and MPZ 2022/929)), and C (C418.4) from Medobory Hills (Ukraine);
image C courtesy of Alex Ossé); D, Detail of the cuticle surface of the holotype of Daira corallina (MPZ 2019/1691); scale bars
A, B=1cm, C=5mmandD =1 mm.
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Figure 5. A-C, Longitudinal sections of Daira corallina (MPZ 2019/1698); B, Detail of picture A where the exo-, and endocuticle
with interprismatic sects (honeycomb structure in plan view) are recognized. The basal channels are filled with carbonate fine
sediment compared to the coarser host rock; D—H, Microphotographs of the cuticle of Daira speciosa (D—F, from the Miocene
of Mallorca; G—H, from the Miocene of Alicante), where the microstructure with mushroom-shape tubercles with well-developed
channels is preserved. The diagenetic alteration maintains the fine laminations in some areas, but in others they appear
recrystallized (left G and H); H, Details of the microstructure, partially recrystallized by the diagenesis, where the exo- and
endocuticle are recognized. Abbreviations: BC, basal channel; Ex, exocuticle; En, endocuticle; hr, host-rock; ips, interprismatic
sects; pc, pore channel; scale bars A, D=1mm, B, C, E, G, H=0.5mm and F = 0.25 mm.

TRACTION TEST

Obtained results using different crabs of similar size and perlata). Values in Carpilius corallinus are higher than in
weight (see Fig. 1) show different values when dragging the other two crabs, and lowest values are shown in D.
the specimens on a flat and horizontal surface before perlata. Suckers of the octopus Eledone cirrhosa were
detaching from the octopus tentacle. This adherence more effective in smooth surfaces, and in the case of
seems to depend on the different surfaces of each crab Daira they were not capable of moving specimen more
(Carpilius corallinus, Euxanthus exsculptus and Daira than 10 cm (Tab. 1).

Table 1. Displaced distances (in cm) after traction experiments on the different taxa by octopus tentacle.

Taxa Test Test Test Test Test Test Test Test Test Test Test Test Test

1 2 3 4 5 6 7 8 9 10 11 12 13

Carpilius corallinus >50 424 407 452 376 416 >50 >50 384 352 294 335 349
Euxanthus exsculptus 273 243 324 347 311 325 346 287 264 192 203 186 194
Daira perlata 4.7 5.5 7.8 3.7 2.7 3.9 2.1 2 2.3 3.7 2.7 1.8 2.5
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DISCUSSION

The detailed study of the cuticle in modern decapod
crustaceans facilitates the recognition of the
microstructures shown in fossil taxa, even in specimens
poorly preserved due todiagenesis (Waugh & Feldmann,
2003; Waugh et al., 2006; Klompmaker et al., 2015). In
contrast to the studies that exhaustively describe the
morphological differences in the carapace of different
species, works on the microstructure-ultrastructure of
the cuticle are rare (with some exceptions, see Taylor,
1973; Haj & Feldmann, 2002; Vega et al., 2005; Waugh
et al., 2009; Waugh, 2013).

Mushroome-like tubercles were first examined by Guinot
(1979) as a gradual growth of the tubercles up to the
formation of mushroom-like structures, which finally
appear in the outer part of the cuticle (Guinot, 1979,
fig. 10A). However, details of their development are
incompletely understood, and possible explanations
are lacking. The microstructures observed in thin
sections (both fossil and modern species) show a more
complex arrangement than previously explained.

Morphofunctional
structures

significance of honeycomb

Honeycomb like structures are widespread in the
animal kingdom (i.e., bees, corals, lenses in insects)
and are considered an important bioinspired design in
human innovations (Zhang et al., 2015). The analysis
under binocular microscope and SEM of Daira corallina
reveals honeycomb microstructures on the top of
mushroom-like tubercles (Fig. 6). This structure, which
is observed in plan view, has the shape of a polygon
(honeycomb-type), and was previously observed
in Daira perlata (see Guinot, 1979, fig. 13B). Similar
structures (in surface and section) have been observed
in other crabs (i.e., Feldmann et al., 2010, fig. 14).
However, these structures (prismatic in section) appear
much more densely packed in other taxa, and do not
penetrate the lower layers of the cuticle, forming a
prismatic layer on the outermost part of the cuticle.
Several works have studied the cuticle of various
taxa demonstrating its bearing in the resistance of the
carapace (i.e., Hegdahl et al., 1977a, 1977b, 1977c;
Sachs et al., 2008; Fabritius et al., 2009, 2012; Erko et
al., 2013). Other crustaceans show modifications of the
cuticle in order to resist stress and impacts (i.e., Weaver
et al., 2012). In some other marine invertebrates
(i.e., oysters like Crassotrea gigas), honeycomb
microstructures in plan view and prismatic in section with
intercalations of calcite and protein material have been
interpreted as buffers against waves (Higuera-Ruiz &
Elorza, 2009, 2011). It is possible that these structures
in crabs perform a defensive function against certain
predators to minimize impacts produced by attacks
(i.e., Crane et al., 2018), although an ecomorphological
explanation cannot be ruled out.
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Correlation of cuticle shape and microstructure
with environment

Mushroom-like ornamentation has appeared inde-
pendently in several groups of decapod crustaceans
as explained above, and seems to be related with dif-
ferent functions and adaptations to different habits and
environments, including camouflage (i.e., Bittner, 1893;
Lorenthey & Beurlen, 1929), burrowing or defence
against predators (i.e., Schmalfuss, 1978; Savazzi,
1982; Haj & Feldmann, 2002).

Guinot (1967) observed this type of ornamentation in
some modern eubrachyurans (Dairoides, Daira and
Actaea). Later, Guinot (1979) reviewed the descriptions
and interpretations made by previous authors about this
type of cuticular structure and re-interpreted its function
(Guinot, 1979, p. 55-56). This author suggested the
possible function of water circulation inside the carapace
of Dairoides and Daira (see Guinot, 1979, figs. 12A,
and 15A—15B, respectively), as well as its extension to
the coxae of pereiopods. This internal structure would
allow water to penetrate through the pores on the outer
surface of the mushroom-like tubercles circulating
freely through the internal network of channels.
According to Guinot (1979), this would allow circulation
of oxygenated water and the maintenance of certain
humidity in the body, but Guinot (1979) did not discard
other functions.

The hypothesis of the maintenance of humidity in the
carapace is weakly supported because Daira spend
all time under water (i.e., Peyrot-Clausade, 1989;
Davie & Short, 2001), and is preferably found in front
reef environments (i.e., Poupin, 2016). On the other
hand, dairoidids have never been observed having
amphibian habits, so they do not need to maintain
humidity. In addition, crabs with amphibious habits lack
this structure, so it does not seem to be a significant
improvement for maintaining humidity in the body.
Other authors (i.e., Schmalfuss, 1978; Savazzi,
1982; Haj & Feldmann, 2002) related similar type of
cuticular microstructure in raninoids (but with terraces
and without dorsal porosities) with burrowing and/
or defence. Furthermore, Haj and Feldmann (2002)
suggested that the network laterally opened may
have been exposed to the water/sediment interface,
functioning as a pneumatic device to press the cuticle
against the substrate.

These structures might allow water circulation under
the sediment (“snorkel” function) to canalize oxygen-
rich water into the branchial openings, or to facilitate
vertical movements within the sediment, allowing water
to flow between the sediment grains. Extant species
of Daira, Dairoides or Actaea do not burrow into the
sediment, so interpretations of burrowing raninoids are
not applicable to this case. In addition, ornamentation
in raninoids, although superficially similar, does not
present exactly the same structure than in Daira (and
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Figure 6. A, Detailed appearance of the polygonal cells in honeycomb-type present in the dorsal part of fossil Daira corallina
(MPZ 2019/1712). Note the remarkable size of the pores that connect the inner net of channels with the exterior; B-C, Images
under SEM, enlarged view of a mushroom-shape tubercle with the honeycomb cells that make up the exocuticle; C, Detail of
the arrangement of the cells in honeycomb-type morphology; scale bars B, C = 100 um.
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Dairoides). In raninoids it appears to be a convolution
only on the external part of the exocuticle (Haj &
Feldmann, 2002, fig. 8), with the exception of most
derived taxa, in which the fungiform ornamentation
would involve all layers of the cuticle (e.g., Guinot,
1967, figs. 7-8; 1979, figs. 10A, 11C, 13C, 14, 15;
Oss6 & Stalennuy, 2011, fig. 3.13; Cluzaud & Osso,
2022, fig. 4; Ferratges et al., 2022, fig. 1D).

Possible anti-predation function

Some authors suggest that large accumulations of
Daira speciosa could be the product of moults after
accumulation or alternatively remains of predation
and consumption by predators (Goérka & Jasionowski,
2006; Radwanski et al., 2006) or due to accumulations
of similar size elements by hydrodynamic processes
(Mller, 2004).

In modern coral reefs and rocky environments one of the
main predators of crabs are octopuses (i.e., Ambrose,
1984; Villanueva, 1993; Anderson et al., 2008; Leite
et al., 2009; Jordan, 2010; Bouth et al., 2011; Oss6
& Stalennuy, 2011). Many small crabs are caught by
octopuses while hiding under hard substrates and
cavities (i.e., Leite et al., 2008; Jordan, 2010). To do
this, octopuses use their suction cups on the surface
of the carapace to generate suction allowing them to
manipulate the crabs.

Modern Daira perlatais one of the octopus preys, despite
they represents a small percentage of preys compared
to other species (i.e., Scheel et al., 2017). Studies on
the efficiency of octopus suckers on the surface of
Daira are lacking, but based on our observations a
possible explanation for the cuticle of Daira could be
related with defence against this type of predator. This
unique system of pores and channels generate a water
flow that prevents the suction generated by the suction
cups of the octopus (Fig. 7).

When the suckers of an octopus reach the surface
of a crab (Fig. 7A) vacuum is created by contracting
muscles, and this allows octopus to pull its prey (Fig.
7B). However, the channel system of Daira prevents
sufficient adherence to create vacuum (Fig. 7C). It is
possible that the function of this complex network work
diminishing the suction produced by some predators,
preventing the octopus and other predators (i.e.,
carnivore gastropods) from producing enough traction
to extract the crab out of its hiding place.

Recently, Oss6 and Stalennuy (2011) proposed
octopuses as possible predators and generators of
the large accumulations of Miocene Daira carapaces
without any justification. Nevertheless, these authors
did not record the presence of the specific holes that
could be attributed to predation by octopuses (Arnold
& Okerlund-Arnold, 1969; Klompmaker et al., 2013;

Gorka, 2018). These data support the hypothesis that
octopuses are not the main predators of this genus.
The anti-predatory hypothesis would also explain why
these structures are found in unrelated taxa, such as
the hermit crab Lessinipagurus ornatus De Angeli &
Caporiondo, 2017, inwhich mushroom-like tubercles are
found on the outer side of the opercular claw, avoiding
suction in the only exposed part of the body. Further
work is necessary to corroborate such hypothesis and
how these mushroom-shaped structures are developed
independently in different taxa; but if our interpretation
is correct,mushroom-like structures in Daira are a very
conservative structure since the Cretaceous, with a
clear anti-predatory function.

\ ross section of an\ .
<) octopus sucker

Water Circular
muscles

pore
channels

channel

Water flow

Figure 7. Schematic diagram of the possible anti-predatory
function of the complex tubercles that cover the carapace of
Daira. The lighter part of the cuticle (light brown) represents
the exocuticle, the area with parallel lines (orange)
corresponds to the endocuticle. The scheme shows the
circulation of water through the pores and of internal channel
network when the sucker of a predator (octopus) makes a
vacuum on a part of the carapace (A-B). This mechanism
would make adherence difficult or even impossible (C).
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CONCLUSIONS

The microstructure of Daira cuticle shows that the
mushroom-shaped tubercles that cover its dorsal
surface are different from those of other taxa, such as
Ferroranina. The “wings” of these mushroom-shaped
tubercles are mainly formed by overgrowths of the
epicuticle and exocuticle. Fossil remains indicate that
these structures have appeared independently in
different decapod crustaceans (anomurans, podotreme
crabs and not closely related eubrachyuran crabs) since
the Cretaceous, and have persisted up today. These
complex folds of the cuticle form a network of basal-
channels connected by pores to the outside allowing
the free circulation of water. In addition, cone-shaped
(honeycomb-type) structures have been observed
crossing both the epi- and the exo-endocuticle. The
latter are similar to those of other organisms, whose
function has been interpreted as increasing resistance
to stress and impacts. The morphology of these complex
cuticular structures might correspond to anti-predatory
function against predators, especially octopuses.
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