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Abstract

Limpetzation is thegastropocevolutbnaryevent that results ihmpets. It has 3 degrees:
degree 1 earshells; degree 2almost limpets; and degre€ 3ue limpets which are regarded
aspossibleevolutionary steps'hemain morpheanatomicaimodifications are explored, mainly in
headfoot musculatureanddisplacement of the pallial structures dhevisceral mass. Thmrse-
shoe shapeshell muscle evolved from an ordinary columellar muscle, having separated bundles
of muscles aanintermediarystate It is emphasized that thigrpetization process only occurred
in secondary limpetsvhich could be reversion to the primary limpet condititound inthe
Recent patellogastropods and cocculinifoidetails of the conformation of structures, main
branches that suffered limpetizatj the special case of the siphonariids, the pseudolimpets, and
other issues are also addressed.

Keywords limpet, gastropod evolution, morphological modifications.

Introduction

Limpetizationis the common namef an evolutbnaryevent thatresuls in limpets, i.e.,
shails @astropodnollusks)with aflattened proadly conicalcapshapedshell It is also known as
.patellization © & dedvédafromthe Latin word.pd a 6, indading small plate or disthe
name.Patella @ A & 0O Adastrépddiedus hdt ased to include virtually evgagtropod
species with impet-like shellin the 18 century(andis alsocuriouslythe anatomicaterm for
our kneecap. The limpet shell is a simple cone that shelters the entire animal, includsg pa
usually harbored inside the whorls of spiraled shells, i.e., the visceral mass, the pall@hdavity,
even the heatbot when the animal is retracteth unpretentiougdefinition of theresult of the
limpetizationeventis thecompletdranderence ofstructures of snailfrom the earliest whorls of
theshellinto itsaperture.
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Gastropod lineageis whichlimpetizationtook placénhaveancestors (now extinct) with
coiled shells similar to our everyday snails (Fig@92 from whichthelimpets (extant or extinct)
descendFigs. 3638). Some extant groups seem to be somewhere in between dytgpited and
a limpetlike statgFigs. 3635), which look intermediary steps to a filldgedimpet.

Limpetizationoccurredindependentlyn several, unrelated branches of Gastrogbia
26). Howeverprior to any explanationt is important to emphasize that there are two kinds of
limpets: 1primary limpes, and 2)secondary limpstPrimary limpets includetaxaor lineages
that did not evolve from coiled snaésid, as suchin which limpetizationdid not take place.
Secondary limpetsbelong tdineageghat evolved from coileancestors

1-7. Limpet shells showing the differences between primary (above) and secondary (below) litvpeRsopilidiun
curumim(L 1.5 mm) (from Leal & Simone 1998; courtesy José Leal), Patellogastrbpdaoesal view?, left view
3, detail of protoconch, doed view;4, same, left view5-7, Cranopsis apostrem@ 4.4 mm) (from Simone & Cur
2014), Vetigastropodas, dorsal view§, right view;7, detail of protoconch, right view. Red arrows showing pr
O2yOKQ& &LIANB a aayvyyvySibeow! t o6F0620S0 FyR aegvYyYs
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Primary limpets

Primary limpetsbelong tdineages in which thencestosdid nothavecoiled shedl. Hence,
knowing whether or nat given taxon is a primary limgstictly depends ophylogny. Sincehe
Patellogastropoda and Cocculiniformia are platt base of Gastropmdand if atheoretical
gastropod ancestaith a similar shels consideredheancestratondition of he limpetlike shell
would be thereformferred However, mrphologicallyit is very hard to distinguigbrimary lim-
pets fromsecondarpnessincether shell and the anatomical features (see below) are sin&r
onlymorphologicatiuein the shellcapable ohdicaing a primary or secondagondition is the
protoconctsymmetry. Primary limpets hagsymmetrical planispiraprotoconch{Figs 1-4) (Sa-
saki, 1998, fig.21dheir protoconchs coiled in a singleerticalplane, with diameter increiag
away from the axis of coiling, producangymmetrical profiléig. 3, arrows). On the other hand,
secondary limpets have an asymmetrical protoconch, in contrast to their symmetrical teleoconch
(Figs. 57). Their protoconcks not coiled in &erticalplane and this slight inclination produces a
taller spire on one sidand a resulting dextrallgoiledshell(Fig. 7)that mayhavebeeninherited
from acoiledancestor.

Beyond this difference in protocomebrphologyprimary and secondary lpats are quite
similar in most features, indicating tHahpetizationmay bea reversiorin the Gastropoa@. As
told above, the Patellogastropoda and the Cocculinifamaiawvo first branches in Gastropoda,
are considered priany limpets(Fig 26) Assuch, aoiled shellvould beone of the synapomorphies
of thefollowing branch{Simone, 2011)

Secondary limpets

Sincea coiled, spired shell is one of the synapomorphitee branch after the two basal
ones (Patellogastropoda and Cocculiniformi&@astropodaeverylimpetbelonging taaxaphy-
logeneticallpllocatedhereafterare secondary limpets evolved from a coiled ancklence the
morphologicatharacteristicef limpetizationexplored belowareonly applicable tthosesecond-
ary limpets.Asdiscusse@bove, practically the single morphological clue for considering a limpet
as secondary is the asymmetrical protoconch @igSasaki, 1998, fig8).

Why does onébecome dimpet? Consequences.

The limpet shapmay be aradaptation tenvironmens with high hydrodynamismi.e.,
in ambeanceampacted by wavewijth strongwatercurrens, etc.Thelow conical shape of the shell
offersless drag to the water flow if compared to a coiled ahdlhs suchimpets are weladapted
to these environments. However, limpatsre rarelyalsooccur incalmer environments, such as
deepwaters

A remarkableexampleof the influenceof the environmenton shellmorphologyis that
limpetspecimens of a single specissallyhaveflatter shellsin higher energy areashose living
in more shelteredpacesisuallyhave taller shellevermeij, 1974, 2006imone 2008)Beyond
the low dradacta, thelargeventral area permits a wide adherence to the subgtrsually rocks)
This, associatedith the contraction of the shell muscle, transforms the specimen in a potent
sucketthatis nearlyimpossible to removAdherent mucus is also commonly prodaceifurther
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improvesthe attachmensincethe surfaces rarelyeven All this strong machine of attachment is
completely, or almost completely protectedrogrmor® the shellitself.

All theseadaptationsvork well with the specimen ianormal position. However, if by
misfortune the specimen éapsizedthe shell shape becomes a problemaplike shell is much
harderto untwistif compared to coiled, more cylindrical shdloreover, lhe wide, unprotected
shell aperture of the limpets is a problem for a displaced spesimetine operculum issually
absent, leaving the animal expogeg@redators and dehydratioim some graips, e.g., the inter-
tidal latiids, an irregular shell border completely encisesnimain aspecifigolaceof the hard
substrate. The specimen is only aafiveng low or hightides, returningto its exact placehen
the waves turn badBeckett, 1985.

Diverse anatomical modifications occur inlitgetizationprocessmainly in the pedal
columellar musculature, and in the visceral hump. These modifications are better explained below,
according to thdegree ofimpetization

Degrees ofim petization

Starting from a current sndiFigs. 2729), the secondafympetizdion process may obey
intermediary steps, as follows

Limpetization degree T ear-shell (Figs. 30-32):

Degree 1 limpets hageshell with a verwide aperture, but with a cleand yetsmall
spire.The generathellshape barely resembles a human waich is why they are commonly
known asarshells. Some exampla theVetigastropodarethe haliotids (abaloneffjig. 8) and
stomateling(Fig. 9)and fossarinetrochids In the Caemgastropodave have thesinine naticids
(Fig. 10andConcholepa&ig. 11)a muricid.

The anatomical attributes of these
earshelled species are peculiar. The vis-
ceral mass is encased in the srah#ll
spire, butthis spaces not sufficient to
shelter it completely, and part of itdis-
locatedto the posterodorsategion of the
headfoot. The dislocationof the visceral
mass in theCaenogastropaproducesa
concavity located just posterior to the end
of the headoot hemaoel(Fig. 13vc), as
the diaphragmatic septumbstructsthe
incursion of visceral structures intbe
hemocoelSimone, 2011Whilein other
groups, particularlpf the archaeogastro-
8- 1_1. _Shells of.eashelled sp(_ecies, degree 1 of limpetizati8y pod grade and iheterobranchswhich
IHallotls aurantiunfrom Brazil (_L 26 mmy, Stqmatella plant lack septum',he reallocation of the visceral
atafrom Japan (L 20 mmp, Sinumcf perspetivumfrom Bra

zil (L 34 mm)11, Concholepas concholepfiem Chile (L 11 structuresis usuallyinto the hemocoel
mm). All courtesy of Femorale. (Fig. 15)
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22-15. Anatomical structures of eahelled speciesl?-13, Sinumcf perpectivumfrom Brazil exemplifying a ce
nogastropod (L ~40 mm)2, whole specimen, dorsal vied3, detail of heaefoot with removal shell, visceral me
and pallial structuresemoved dorsal view, showing visceral concavity (vc), some portions of foot secteme
only partially shown14-15, Haliotis aurantiumfrom Brazil, exemplifying a vetigastropod (L ~20 nifngm Simone
1998) 14, whole dorsal viewshell removedl5, head and haemocoel structures as in situ, ventral view, foc
moved Lettering: an, ans;, cm, columellar muscle; dg, digestive gland; ep, epipodium; es, esophagus; et, esophageal
foot; he, head; in, intestine; Ic, left columellar muscle; Ig, left gill; Ih, left hypobranchial gland; mb, mantle bordeenishshel
pr, propodium;om, ommatophore; op, operculum; rh, right hypobranchial gland; rs, radular sac; ry, rhynchostome; sh, s
shell muscle; sn, snout; st, stomach; te, cephalic tentacle; ts, mantle tentacle; vc, visceral concavity.

Sincethe taxa of the archaeogastropod gradepairticular, the vetigastropods and
neritimorphs still have a pair of columellar musckelimpetizationdegree tausethe separa-
tion and asymmetrgf both muscle&Simone, 1998)he right one becomes larger and nume
satcentrally positioned (Fig. 1¢im), with aroundoutlinein a crosssection. The left columellar
muscle, orthe other hand diminishes and becomes more ventral (Fig. 1%hilg)and elliptic.

A single (right)columélar muscle is one of the synapomorphreshe Apogastropoda
(Heterobranchia + Caenogastropoadierthe archaeogastropod grag@&mone, 2011The adap-
tations to thdimpetizationdegreel producea columellar muscle slightly horsesisbaped in
crosssection(Fig. 13: cm), witthickenedateral ends (Fig. 13: sm), anthinmiddle region.
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All these modifications in the hefadt musculaturarereflected in the shelliBner scars,
beingusuallyeasily deteablein their inner surface

Beyond the abovmentioned muselmodifications, the reallocation of structuregris
portantin the limpetizationprocess. Thileadfoot and pallial structures become totally located in
the bodywhorl, more specifically, in thepertural region. The visceral structures, on the other
hand,areonly partially sheltered insidiee shell spire. The anterior region of theceral mass, as
referred above, bulges throutie headfoot space, alsowardthe sell lAstwhorl. Lacking the
diaphragmatic septunfSimone, 2011)isceral structures can be displaced to the -foedd
hemocoein archaogastropodandheterobranchsThe eatshellshave visceral structuréscated
insidethe hemocoelrunningalongside the esophagus (Fig. 19his visceral displacement is pre-
cluded in caenogastropods, which hagl@phragmatic septunis mentioned abovéde migra-
tion of visceral structures is, then, done by means of a separated cdravit§v() located in
posterior region of the heddot, ventrally ando theright protected by the columellar muscle,
and anteriorly and lefiy the integument dhe haemocoel itself (Fig. 13: cm, es).

Limpetization degree Z almostlimpets (Figs. 3335):

Degre 2 limpets arpracticallya. a alitppet, except for two main features: (1) the apex
of the shell slightly dislocated to tight (in dorsal view)Figs. 16, 359nd (2) the shell muscles
are not horseshoe shaped.

Some lassic examples
of degree 2limpets are the
AncylinaglanorbidgFigs. 16
19)(Basch, 1958%imone et al,
2012) These normally tiny
freshwater limpets fulfill the
abovementioned attributes
and can be considered almost
limpets in the present rank.
Their shells have the apex
slightly dislocated to the right
(Figs. 16, 1735, showinga
vestigial coilingdespitesome

16-19. Example of a degree 2 of li
petization: Gundlachia ticagafrom
Brazil, an ancyline planorbid (frc
Simone et al, 2012).6, SBM of shel
(MZSP 63654, L 2 mm), dorsal v
17, same, righslightly ventral view
18, specimens removed from sh
whole dosal view; 19, headfoot,
dorsal view, pallial and visceral str
tures removed, mainly showing st
muscles. Scales= 0.5 mrmbbrevia
tions: am, anteriorright shell muscles; -
foot; he, haemocoel; in, intestine; n
mantle border; ns, snout; pm, posteteft
shell muscle; sm, lefinterior shell mus
cle; te, cephalic tentacle; vm, visce
mass.
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ancylinesnot bang tall enougltto displaya clear apex asymmelry

The shell musculatuef theancylinesalso shovai 8 a6 0 C . 5 .-shgpédorgap A AdG A+ p 0
ization,which is howeveincompletesinceonly someanuscleregions are present (Figs18. am,
sm, pm) These two featureright beclues of a limpetization process still in progress

Beyond th@lanorbid and theAncylinagother examples degree 2impets are the also freshwa-
ter Laiidae(MeyerRochow& Moore, 1988rom New Zealandandthe deepwatemarine veti-
gastropods LepetodrilidéeicLean, 1993; personal ob3hese taxa also usually have asymmet-
rical limpetlike shells, and the shell musculathavean incomplete horseshebape

Limpetization degree 3 true limpets (Figs. 36-38):

20-25. Examples of degree 3 of limpetization (both L ~20 m2@)22 Fissurella mesoatlantidaom Brazil, a vetiga
tropod (from Simone, 200820; specimen extracted from shell, right vie2, same, dorsal viev22, shell of holotyp
MZSP 87462, dorsal and rigglightly ventral views23-25, Hipponix costellatufrom Brazil, a calyptraeoidean c:
nogastropod (from Simone, 200233, specimen extracted from shell, dorsal vié&; headfoot, female, dorsal viev
25, shell of MZSP 28498, dorsal and right viedbreviationscp, egg capsules; dg, digestive glagyl; epipodial tentacle
es, esophagus; ey, eye; fd, foot dorsal surface; fo, foramen; fs, foot sole; gi, gill; ha, head; in, intestine; Imhéditerascle; mk
mantle bordermp, mantle papillae; ov, pallial oviduct; pb, proboscis; pc, pericardium; pg, pedal gland furrow; pm, mantle
sm, shell muscle; sn, snout; st, stomach; te, cephalic tentacle; vm, visceral mass.
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