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Abstract

The cuticle is the tardigrade exoskeleton that, limiting animal growth, needs to be periodically shed. New cuticles must be
formed (within the old ones) before getting rid of the obsolete exoskeletons at the end of moulting process. After ecdysis
(the release of the old cuticle), the exuvia has different destinies according to tardigrade evolutionary lines. In the marine
tardigrades (Heterotardigrada), the exuvia is lost and useless, while in the other taxa, it acquires interesting uses to be con-
sidered exaptations, since the cuticle previously shaped by natural selection for a function (i.e. as exoskeleton) is coopted
for new adaptive scopes. These are related to egg deposition, parental care, mating, and diapause. Egg deposition within
the exuvia is one of the three different egg deposition strategies developed by tardigrades: smooth eggs can be laid freely or
within the exuvia, while ornamented eggs are laid freely. A new scenario for the evolution of such egg deposition strategies
is characterised by five schematic steps: smooth eggs laid freely (ancestral state), synchronization of egg maturation with
moulting (developed in tardigrade ancestor in sea), use of the exuvia for oviposition (for enhanced mechanical and physiologi-
cal egg protection), acquisition of egg ornamentation, and ornamented eggs laid freely (related to a risk-spreading strategy).
An interesting thanatochresis case related to the release of free eggs in crustaceans exuviae, convergently developed in two

distant taxa of eu- and heterotardigrades, is presented and discussed.
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Introduction

Ecdysozoa is a clade composed of phyla whose repre-
sentatives are surrounded by an exoskeleton formed by a
cuticle (Aguinaldo et al., 1997). The exoskeleton of these
animals defines, supports, and protects the bodys; it is the
site for muscle attachments and acts as a filter for the exter-
nal environment. The cuticle also limits the growth of ani-
mals; therefore, it needs to be periodically shed to allow
the enlargement of their body. These animals must build
a new cuticle (within the old one) before getting rid of the
obsolete exoskeleton. The process of releasing the old cuti-
cle is called ecdysis (from ancient Greek ‘to take off, strip
oft”), and the old, shed cuticle is named ‘exuvia’ (from Latin
‘things stripped from a body’).
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From an evolutionary point of view, the ecdysis repre-
sents ‘a waste’: animals must produce several times during
their life cycle a structure (the cuticle) that will be released
and lost, consuming material, energy, and time. Moreover,
during the building of the new cuticle and/or during and
after the ecdysis process, animals are more fragile and, in
several phyla, they are not able to feed (e.g. Rackauskas
et al., 2006; Guidetti et al., 2012; Fahrbach, 2019; Bellés,
2020). However, the cuticular exoskeleton is effective, and
the trade-off between pros and cons is evidently skewed in
favour of the pros, since ecdysozoans include the most suc-
cessful organisms on Earth in terms of biodiversity and colo-
nised habitats (i.e. nematodes and arthropods).

Not all ecdysozoans waste their exuvia: many arthro-
pods eat their cast cuticle after moulting, as it constitutes
a meal with which the animal recycles its nitrogen content
(Bufi€ et al., 2016; Mira, 2000). Even many species of tar-
digrades do not throw away their old cuticle. Tardigrades
belong to ecdysozoans; they are microscopic aquatic ani-
mals (from 0.2 to 1 mm in length) that need a film of water
surrounding their body to conduct active life and are able
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to colonise terrestrial environments thanks to their ability
to perform different forms of cryptobiosis (for reviews, see
Guidetti et al., 2011; Schill & Hengherr, 2018; Hengherr &
Schill, 2018; Kaczmarek et al., 2019; Rebecchi et al., 2020;
Jonsson, 2020; Hvidepil & Mgbjerg, 2023). Tardigrades
have a metameric body of five segments, a head, and four
body segments each one with latero-ventral legs (for detailed
morphology, see Nelson et al., 2015; Mgbjerg et al., 2018)
(Fig. 1A). Tardigrade integument is formed by a mon-
olayered epidermis and a cuticle. The cuticle is not just an
exoskeleton, but a surface for the exchange of gases and
water with the external environment; the involvement of the
cuticle in evaporation and intake of water is little studied
(Marcus, 1929; Wright, 1988, 1989), and very probably, it
has an impact in the anhydrobiotic process (Crowe, 1972;
Crowe et al., 1971). Tardigrade cuticle covers the body and
extends into the hind- and foregut; it is multi-layered and
made of polysaccharides (e.g. acid mucopolysaccharides

and alpha-chitin), proteins (e.g. glycoproteins and lipo-
proteins), and lipids; and it can be organized in dorsal or
ventral plates (for reviews see Greven, 1984; Czernekova &
Vinopal, 2021). Tardigrades moult several times during their
entire life cycle. Environmental conditions or food short-
age can induce moulting as well, and animals can become
even smaller than they were prior to shedding their cuticle
(Baumann, 1961; Marcus, 1929; Walz, 1982).

The first step of tardigrade moulting process is the dis-
charging of the entire cuticular lining of the foregut (stomo-
deum) through the mouth opening (see video: https://youtu.
be/eASEPJECY Xo). Interestingly, this phase underlines that
the foregut is released independently from both the body
cuticle and the hindgut lining (proctodeum), which are dis-
charged only during ecdysis. Therefore, during evolution,
the release of the old foregut (i.e. buccal tube, pharyngeal
thickenings, and oesophagus lining) with all the annexed
structures of the feeding apparatus (i.e. stylets, stylet coats,

Fig.1 A Tardigrade (Acutuncus antarcticus; asterisk=egg in the
gonad). B Ornamented egg (Paramacrobiotus sp., Macrobiotoidea;
arrow = feeding apparatus of the embryo). C Ornamented egg (Mac-
robiotus sp., Macrobiotoidea). D Tardigrades’ egg (Murrayon pullari)
deposited in an ostracod’s exuvia. E Tardigrade cyst (Bertolanius
sp., Eohypsibioidea; white arrow=old cuticle; black arrow =sar-
cophagus cuticle; arrowhead =animal cuticle). F Tardigrade exuvia
(Isohypsibius sp.) with five eggs inside. G Tardigrade eggs (Mur-
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rayon pullari) deposited in an ostracod’s exuvia and a M. pullari
animal. H Tardigrade cyst (Dactylobiotus sp., Macrobiotoidea;
white arrow =old cuticle; black arrow =sarcophagus cuticle; arrow-
head=mummy cuticle). I Tardigrade cyst (Dactylobiotus sp.) from
which the external cuticular involucra were removed (white arrow-
head = mouth; black arrowhead = cloaca; arrow = mummy cuticle). A,
D-G =50 um; B, C=25 pm
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and stylet supports) became asynchronous with respect to
that of the body cuticle and hindgut. The reasons of this
asynchronicity are unclear, but further underline the pecu-
liar nature of the feeding apparatus (i.e. with a stylet system
presenting two piercing stylets able to protrude out of the
mouth) that represents the main apomorphy of the phylum
(for more details on feeding apparatus see Guidetti et al.,
2012, 2013; Massa et al., 2023). After the discharging of
the cuticular parts of the feeding apparatus and the CaCOj;
stylets, the animal is in the so-called ‘simplex stage’, which
is characterised by cuticular folds closing the mouth opening
(Guidetti et al., 2011). Therefore, until the complete resyn-
thesis of a new feeding apparatus, which can take more than
3 days (Guidetti et al., 2012), the animal cannot feed. Dur-
ing the reconstruction of the feeding apparatus, by anterior
glands (i.e. stylet glands, a.k.a. salivary glands) and the
pharynx, the epidermis synthesises the new cuticle with its
annexes (e.g. appendages as protuberances, spines, and fila-
ments), while the glands positioned in the legs synthesise

Fig.2 A An animal and its exu- A
via released after moulting. B A
female and its exuvia used for
egg deposition. C Exuvia used
for egg deposition that remains
attached to the animal to carry
the eggs. D A female and its
exuvia used for egg deposition;
the male is releasing the sperms
in the exuvia for a protected
fecundation. E Several exuviae
each one within each other to
protect the animal in diapause
state, forming a cyst
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the claws (or digits). The new cuticle within the old one is
folded extensively and it expands after ecdysis, while the old
cuticle is released without evidence of re-absorption (Greven,
1984). The animal leaves the old cuticle producing a hole in
its anterior portion, starting from the former mouth opening
(see video: https://youtu.be/4ArHUD4r6qeY).

The different uses of the exuvia developed by tardigrades,
the evolution of the egg deposition strategies evolved in this
phylum, which can also involve the exuvia, and the peculiar
cases of thanatochresis, which involve egg deposition, will
be presented and discussed in an evolutionary context.

Exaptations related to the different uses
of the exuvia

After the ecdysis, the exuvia has different destinies according
to the tardigrade evolutionary lines (Figs. 2 and 3). As far as
we know, only in the marine tardigrades (Heterotardigrada),
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Fig. 3 Phylogenetic tree of the main tardigrade taxa, associated with
the type of egg deposition (within exuvia or freely, smooth eggs or egg
with ornamentations). In parentheses, type of egg deposition in taxa
which show a different egg deposition strategy with respect to their
phylogenetic relatives. °Oreella mollis Murray, 1910. *Species of
the family Ramazzottidae and Acutuncus antarcticus (Acutuncidae).

the exuvia is lost and useless, while in the other taxa, it
acquires some interesting uses.

As egg keeper

A first and the most widespread use of the exuvia in tardi-
grades is related to egg deposition, in which the exuvia is
used as a fertilized egg ‘keeper’ (Figs. 1F and 2B).

In females and hermaphrodites limno-terrestrial tardi-
grades (both Eutardigrada and Heterotardigrada; no evi-
dence for marine tardigrades), there is a synchronization
between moulting and oocyte maturation (Bertolani et al.,
1996). Most terrestrial and freshwater species lay their eggs
within the exuvia during the ecdysis process thanks to this
synchronization (Fig. 2B). This synchronization is present
even in species that lay eggs freely (Altiero et al., 2015;
Giovannini et al., 2023). When eggs are laid in the exuvia, all
mature gametes present in the gonad are released in it during
ecdysis. Within the exuvia, the embryos complete their
development, and after hatching, the newborns exit from
the exuvia from the anterior opening produced by the mother
when leaving the old cuticle during ecdysis (Suzuki, 2003;
see video: https://youtu.be/SW{Ss1rB6EM).

As egg carrier

A second peculiar way in which some species of eutardigrades
use their old cuticle is as ‘carrier’ to protect and transport
the embryonated eggs (Fig. 2C). This use must be consid-
ered a form of parental care, which is rare in tardigrades and
found mainly in limnic eutardigrade species of the genera
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Numbers refer to evolutionary steps of the egg deposition strategies:
1. Smooth eggs freely released (ancestral state). 2. Synchronization of
egg maturation with moulting. 3. Deposition of the eggs in the exuvia
followed by the release of the exuvia. 4. Acquisition of egg ornamen-
tation. 5. Ornamented eggs laid freely. Taxa within sky-blue rectangles
are marine, those in the green rectangles are limno-terrestrial

Pseudobiotus, Isohypsibius (Isohypsibioidea), and Boreali-
bius (Eohypsibioidea), which carry along their old exuvia
containing laid embryonic eggs (Bertolani & Rebecchi, 1999;
Pilato et al., 2006). The exuvia containing the embryos is held
by the female body, stuck with its anterior opening between
the third and fourth pair of legs of the female, in a way that
the hind legs of the mother are positioned within the exuvia
(Fig. 2C). This allows the female to crawl with her first three
pairs of legs without losing the exuvia with its precious load.
This carriage allows to keep the eggs in more favourable envi-
ronmental conditions, at least those affecting the mother. It
is not yet clear when the exuvia is released to allow the new-
borns to exit from the exuvia in which they hatched.

Another example of parental care in tardigrades is rep-
resented by the transportation of some eggs on the dorso-
caudal part of the body in specimens of the marine genus
Echiniscoides (Heterotardigrada, Echiniscoidea, Echinis-
coididae) (Bertolani & Rebecchi, 1999).

For mating

A third use of the exuvia, in many eutardigrades, is related to
the release of the sperms of a mating male within the exuvia
of a female, in which she has or has not yet released the eggs
(Fig. 2D). This phenomenon is not extensively documented
due to the difficulties in observing the mating behaviour in tar-
digrades (for a review, see Sugiura & Matsumoto, 2021), but
it is likely present in most eutardigrade species releasing eggs
in the exuvia. Sperms are introduced from the cloaca open-
ing of the exuvia or from the anterior opening produced by
the animal during ecdysis; in both cases, the females are still
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partially or totally inside the old cuticle during male ejacula-
tion (Sugiura & Matsumoto, 2021). In this way, fertilization
occurs in a protected environment and very probably, sperms
increase their chance to get in contact with eggs. Then, the
exuvia is released by the female and the fertilized eggs remain
in it until complete development. A variant of this behaviour
was observed in an eutardigrade species of the freshwater
genus Pseudobiotus, in which males introduce the sperms in
the empty exuvia still attached to the female; then, the sperms
rapidly reach the female cloaca (Bertolani & Rebecchi, 1999),
representing a case of external insemination, protected by
means of the exuvia, but with an internal fertilization.

In diapause

A fourth use of the exuvia relies in its protective function
and consists in protecting animals during periods of poten-
tial physiological stress (Figs. 1E, H, I and 2E). Tardigrades
are also peculiar animals due to the variety of forms of dor-
mancy they exhibit. Other than cryptobiosis, diapause in
the form of encystment and cyclomorphosis can be found in
several phylogenetic lines of eu- and heterotardigrades (for
areview, see Guidetti & Mgbjerg, 2018).

In tardigrades, diapause is controlled by exogenous (e.g.
temperature and oxygen tension) and endogenous stimuli;
this process involves the suspension of growth and devel-
opment accompanied by a reduction in metabolic activity,
in response (and probably in advance) to adverse environ-
mental conditions. Diapause leads to successive phases of
deep morphological and physiological transformations of the
animals. Specifically, encystment is characterised by tardi-
grades in diapause, with lower levels of metabolism, within
one or more (up to three) retained cuticular coats (one or two
exuviae sclerotize, becoming dark; Fig. 2H). Morphological
modifications occurring to animals happen during consecu-
tive moults, during which the animals do not leave old cuti-
cles. These morphological changes, and consequently those
of the exuvia, can be very deep. According to the species and
the type of cysts, they range from claw reduction to feeding
apparatus simplification, loss of claws, arriving to loss of
both legs, and typical body shape (the animal is not anymore
recognisable as a tardigrade; Fig. 1I) (Guidetti & Mgbjerg,
2018; Guidetti et al., 2006). Encystment is likely widespread
in limno-terrestrial species and in the marine Echiniscoides
sigismundi (Schultze, 1865) (Clausen et al., 2014), but is
reported for a limited number of species belonging to both
classes (Guidetti & Mgbjerg, 2018). Moreover, the same
species can produce more than one type of cysts, and crypto-
biosis is still possible when the animal is encysted (Guidetti
et al., 2008). The animals of Bertolanius volubilis (Durante
Pasa & Maucci 1975) take ca. 2 weeks to produce a cyst,
which can last from 35 days to 9 months (in lab conditions)
(Guidetti et al., 2008).
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Cyclomorphosis is present in the marine eutardigrade
Halobiotus crispae Kristensen, 1982, and it is characterised
by seasonal morphological changes involving four stages,
two of them characterised by an extra protecting exuvia
(becoming dark by sclerotization) and a modified feeding
apparatus (Kristensen, 1983). Unlike encysted animals,
those within the exuvia (i.e. the stage called pseudosimplex
1) can crawl (muscles are still connected to the attachment
sites of the exuvia). Animals in pseudosimplex 1 are gregari-
ous forming clusters often containing several hundreds of
tardigrades (Guidetti & Mgbjerg, 2018). Cyclomorphosis
and the different lengths of its phases are linked to environ-
mental factors and should be viewed as adaptations to with-
stand low temperatures (e.g. during winter in Greenland),
or heat stress and oxygen depletion (e.g. during the Danish
summer) (Mgbjerg et al., 2007). Although the active stage of
H. crispae tolerates quite low temperatures, the pseudosim-
plex 1 stage is freeze tolerant (Halberg et al., 2009).

Tardigrades in diapause minimize exchange with the
environment by producing extra cuticles (exuviae). Encyst-
ment may occur as part of cyclomorphic phases, with indi-
vidual animals undergoing cyclic and reversible morpho-
logical modifications. Therefore, both diapause phenomena
(encystment and cyclomorphosis) are associated with uncon-
ventional moults, not immediately followed by ecdysis, and
not directly associated with the growth of animals.

In the case of tardigrades, the diapause processes must
be considered an expensive process at both individual (dia-
pausing animals need extra cuticular structures and feeding
apparatuses) and population levels (diapausing animals do
not reproduce), but represent nonetheless widespread adap-
tation strategies to survive environmental stress.

Exaptations

The function of tardigrade cuticle as exoskeleton has to be
considered an ‘adaptation’, because natural selection shaped
this character for a current use (Gould & Vrba, 1982). The
old cuticle (exuvia) released by tardigrades during moulting
has to be considered an ‘exaptation’ when performing one of
the functions that are listed above (e.g. keeping egg, carrying
eggs, mating ‘assistant’, and cyst walls), because this charac-
ter (i.e. the cuticle), previously shaped by natural selection
for a particular function (i.e. as exoskeleton), is coopted for
new uses (Gould & Vrba, 1982). The use of the old cuti-
cle for purposes other than those of an exoskeleton has an
‘effect’ (see Gould & Vrba, 1982) which produces conse-
quently an increase in fitness that is not directly derived from
the developing of that character by natural selection. What is
interesting and deserves more attention is that such exapta-
tions raised independently one or more times in the evolution
of tardigrades. According to the phylogenetic tree in Fig. 3,
the use of the exuvia as egg keeper evolved independently in
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terrestrial heterotardigrades and in eutardigrades; the use of
the exuvia as egg carrier for parental care evolved indepen-
dently in three genera of two superfamilies in Eutardigrada;
the use of the exuvia as protection layers during encyst-
ment and cyclomorphosis evolved independently at least in
both terrestrial heterotardigrades and in the order Parachela
(although how spread this phenomenon is in the parachelan
clades is not clear).

Evolution of the egg deposition strategies

Tardigrades colonised marine, freshwater, and terrestrial
environments. Marine environments are inhabited by Het-
erotardigrada species of the polyphyletic order Arthrotardi-
grada (Grollmann et al., 2023), the family Echiniscoididae
(Echiniscoidea, Heterotardigrada), and the Eutardigrada
genus Halobiotus (Isohypsibioidea, Parachela). This last
colonisation is considered secondary, starting from a limno-
terrestrial ancestor (Kristensen, 1982). Limno-terrestrial
environments are colonised by the other species of Echinis-
coidea and by the class Eutardigrada (Fig. 2).

Marine heterotardigrades release smooth eggs surrounded
by a sticky shell and laid freely, terrestrial heterotardigrades
produce smooth shelled eggs laid in the exuvia, while fresh-
water and terrestrial eutardigrades produce either smooth
shelled eggs laid in the exuvia, or ornamented eggs laid
freely (Bertolani & Rebecchi, 1999; Fig. 2).

When present, the ornamentations surround the egg and can
have different shapes (e.g. spines, cones, pillars, laminae, and
reticulations), size, and densities. Although these ornamenta-
tions gained high taxonomic value because they are species
specific and useful for species identification, little attention
has been paid to the relationships between form and function
of these structures and to the reason why there are so many
forms even considering very close evolutionary lineages (e.g.
sister taxa) (e.g. see Kaczmarek & Michalczyk, 2017, for the
hufelandi-type of eggs). It has been suggested that these orna-
mentations would keep the eggs from being swept away from
the substrate by external agents (Ramazzotti & Maucci, 1983)
and protect the egg in more unstable conditions when conti-
nental environments were colonised (Bertolani et al., 1996).

Little investigated is also the reason why three strategies for
egg deposition have been developed in tardigrades. Bertolani
et al. (1996), based on the phylogenetic knowledge of the time,
proposed an evolutionary scenario for the different kinds of
egg deposition within the phylum, which was characterised
by the following steps: (i) smooth eggs laid freely (ancestral
state), (i) acquisition of ornamentation (when the sea was
abandoned), (iii) ornamented eggs laid freely, (iv) exploita-
tion of the exuvia for oviposition (synchronizing egg matura-
tion with moulting), (v) loss of the ornamentation of the eggs
within the exuvia, and (vi) smooth eggs laid within the exuvia.
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According to the most updated molecular phyloge-
nies within Tardigrada (Bertolani et al., 2014; Fleming
& Arakawa, 2021; Fujimoto et al., 2017; Grollmann
et al., 2023; Guil & Giribet, 2012; Guil et al., 2013, 2019;
Jorgensen et al., 2010, 2011, 2018), it is possible to draw
a phylogenetic tree representing the relationships between
the main taxa of the phylum (Fig. 2). While the relation-
ships within Eutardigrada are well supported, the rela-
tionships within Heterotardigrada remain debated. The
position of the Echiniscoidea with respect to the different
lines of the polyphyletic Arthotardigrada changes accord-
ing to the studies. Anyway, Echiniscoididae representa-
tives are found nearly always as basal of Echiniscoidea
(Guil & Giribet, 2012; Guil et al., 2013, 2019; Jgrgensen
et al., 2010, 2011, 2018). This new phylogenetic knowl-
edge suggests a different scenario. Tardigrades originated
in the sea (Guidetti & Bertolani, 2018; Kristensen, 1981;
Renaud-Mornant, 1982), and the most supported hypoth-
esis sees marine heterotardigrades as the most ancestral
groups within the phylum (Kristensen, 1976; Kristensen &
Higgins, 1984; Renaud-Mornant, 1982). For these reasons,
the first step of the scenario proposed by Bertolani et al.
(1996) can be supported, considering the smooth eggs laid
freely as the ancestral state. Nevertheless, based on the
more updated phylogeny of tardigrade taxa and applying
the parsimony criterion (Fig. 2), most of the following
steps of Bertolani et al. (1996) remain plausible, but with
a different order.

Evolutionary scenarios are useful to explain the differ-
ent steps for which evidences are present and to develop
different hypotheses for the steps not yet clear that can be
verified. The newly inferred scenario involves the follow-
ing five schematic steps (Fig. 3):

1. Smooth eggs laid freely (ancestral state).

Present in the ancestor of tardigrades.

2. Synchronization of egg maturation with moulting.

Developed in the ancestor of tardigrades in the sea
(although there is no evidence of this synchronization in
marine species, the parsimony criterion leads to support
this hypothesis); this would also explain the convergence
between Echiniscoidea and Eutardigrada in the strategy
of egg deposition within the exuvia.

3. Utilization of the exuvia for oviposition, smooth eggs
laid within the exuvia.

Developed convergently in Echiniscoidea (Heterotar-
digrada) and in the ancestor of Eutardigrada, the selec-
tive advantage that led to this step can be related to the
enhanced mechanical and physiological protection of
eggs by the exuvia (e.g. exuvia could reduce predation
and/or water evaporation rate on egg surface) and to the
reduction of the washout of the smooth eggs from the
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more unstable and extreme limno-terrestrial habitats, but
none of these speculations have been tested yet.

4. Acquisition of egg ornamentation.

5. Ornamented eggs laid freely.

Developed in the ancestor of the eutardigrade super-
families Macrobiotoidea and Eohypsibioidea and con-
vergently in the family Ramazzottidae and in a species
of the genus Acutuncus (both taxa belong to the eutardi-
grade superfamily Hypsibioidea) and in the freshwater
heterotardigrade genus Oreella (Echiniscoidea).

The convergent evolution of these two last evolutionary
steps (4 and 5) happened within a wide range of system-
atic levels, ranging from very distant (Heterotardigrada and
Eutardigrada) to very close (within a genus) phylogenetic
lines. This is indicative of the action of strong selective
forces. The evolutionary passage from smooth eggs within
the exuvia to freely ornamented eggs can find an explana-
tion in a bet-hedging strategy, a risk-spreading strategy: it
is less risky to spread the eggs singularly in the substrate
or in small clutches than to lay all of them in a single place
(i.e. within the exuvia). Moreover, the development of egg
ornamentation shifted the burden of egg protection, substrate
adhesion, and low dehydration rate from the exuvia. In fact,
the egg ornamentations could reduce the evaporation rate
of the water from the egg surface due to the adhesion forces
between water and ornamentations. For example, in Acutun-
cus (Hypsibioidea, a superfamily releasing smooth eggs in
the exuvia), some species lay eggs with small ornamenta-
tions in the exuvia, while a species (Acutuncus antarcticus
(Richters, 1904)) lays freely deposited eggs with larger orna-
mentations (Vecchi et al., 2023). Acutuncus antarcticus lives
in the unstable and extreme habitats of Antarctica, where a
bet-hedging strategy and larger ornamentations can be more
adaptative. A testimony of the transition from eggs in the
exuvia to free eggs in Acutuncus could be related to the find-
ing (although rare) of ornamented eggs of A. antarcticus
laid within the exuvia (Altiero et al., 2015; Mclnnes, 1995;
Utsugi & Ohyama, 1989).

Thanatochresis in tardigrades

Thanatochresis is the exploitation (not as food source) of
dead bodies or part of them by living organisms of other spe-
cies. Amazing cases of thanatochresis related to egg deposi-
tion have been recorded in tardigrades. Clusters of dozens
of eggs of the freshwater species Murrayon pullari (Murray,
1907) (Eutardigrada) were found in exuviae of ostracods
(Guidetti et al. 2022; Fig. 1D, G), and a cluster of about 200
eggs, all containing embryos at the same stage, of the marine
genus Echiniscoides (Heterotardigrada, Echiniscoididae)
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was found in an exuvia of a barnacle on which the species
lives as epibiont (Kristensen & Hallas, 1980).

Murrayon species release free eggs with small ornamen-
tations on their surface, while Echiniscoides species release
free smooth eggs. The deposition of so many eggs in the
same place (exuviae of crustaceans) in two distant phylo-
genetic lines which live in different environments certainly
developed convergently. It is possible to speculate on the
selective advantages of this strategy, with two possible ben-
efits that are not mutually exclusive. One could be related to
a more efficient egg protection, although this is not in agree-
ment with a bet-hedging strategy. A second could be related
to an increase of the dispersal capabilities, as crustacean
exuviae disperse easily (representing vectors), as proposed
by Kristensen and Hallas (1980).

For each deposition, Murrayon species release no more
than two eggs (personal observation) while Echiniscoides
species release from four to eight eggs (Kristensen & Hallas,
1980). Therefore, the presence of so many eggs in the exuvia
of a crustacean would have required either a single animal
to release egg several times in the same exuvia or multiple
animals to release eggs in the same exuvia. In both cases, the
nature of this phenomenon is intriguing and very interest-
ing, because in the first case (less probable, due to the same
stage of the Echiniscoides embryos in the barnacle exuvia), a
tardigrade should have been able to find the same site several
times, and in the second case, some kind of ‘signal” should
have led many animals to release eggs in the same site (and
in a very short time span).

Conclusions

The exoskeleton and the related moulting process of tardi-
grades represent characteristics that allowed these animals
to develop several strategies to cope with different environ-
ments and habitats. The exuvia has been used differently
and convergently in different evolutionary lines for differ-
ent purposes. All the uses of the exuvia reported above and
the diapausing forms (cyclomorphosis and encystment)
find their starting point in the moulting process. Moulting
process, synchronization of egg maturation with moulting,
eggs released in the exuvia, and cyclomorphosis and encyst-
ment processes are related to endocrine system with the pro-
duction of hormones. Species recognition and specimens’
aggregation (see cluster of specimens in H. crispae), mating,
and release of free eggs in a same site (see thanatochresis
examples) are related to exocrine system with the produc-
tion of pheromones. All these behaviours show how little
we know about tardigrade ethology and glandular systems.
Unfortunately, endocrine and exocrine systems receive very
little attention. In the only study devoted to this topic, Koziol
(2018) reveals the remarkable similarity in the complement
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of neuropeptides and their sequences between arthropods
and tardigrades, further underlying the role of the latter as
key group for understanding the evolution of the Ecdysozoa.

Environmental selection and phylogenetic constrains
are involved in the evolution of the egg deposition strate-
gies in tardigrades; an emblematic example can be found in
Echiniscoidea. This order represents a phylogenetic line in
which the species developed new egg deposition strategies
in relation to the colonisation of new environments. Echin-
iscoidea originated in the sea, but only Echiniscoididae (to
which Echiniscoides belongs) remains the extant family in
this environment and still releases free smooth eggs, while
the ancestor of all the other families of the order colonised
limno-terrestrial habitats changing egg deposition strategies.

Supplementary information

The video linked in the text are available at the YouTube
Channel of the Evolutionary Zoology Lab: https://www.
youtube.com/channel/UCUE7-_VizjkblZaOPmh1HbQ/
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