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SYMMETRIES AND THE ROLE OF THE MANTLE MARGINS
IN THE BIVALVE MOLLUSCA

C.M. Yonge

ABSTRACT

Evolution throughout the Mollusca is explicable as the consequence of diverse
interactions between the bilaterally symmetrical viscero-pedal mass and the radially
symmetrical mantle/shelf, which gives protection and overlaps the respiratory ctenidia.
Following lateral compression, the Bivalvia become enclosed within calcified valves
and a mid-dorsal, ancalcified tigament. Further evolution is controlled by the mantle/
shell by way of the middle and inner marginal folds. The middie marginal folds usu-
ally catry receptors, and in some bivalves the middle folds emesge to assist — even re-
place — the valves in peneifration of calcareous rock. In other bivalves, the middle
folds completely enclose the valves. The inner folds control water flow, their radial
muscles atttached along the pallial line, cross fusing at both ends forming adductors,
pailiat like the ligament they work against. Fusion of mantle margins in the Mesozoic
produced increasingly complex siphons, giving wider range of habit. Fusion of perios-
tracal grooves {or of their secretions) extended the primary ligament, leading to forma-
tion of a secondary, more dorsalt ligament. Control of form and habit also is shown by
the effects of a tangential growth component in the Chamacea and in Cleidothaerus
(Pandoracea) and by those of cementation in the Etheriidae (Unionacea).

Descending possibly from turbellarianike ancestors, the first moliuscs basically consisted
of ventral foot and dorsal mantle with intervening viscera (Stasek, 1972). Paired ctenidia
with central axis and lateral filaments bearing cilia for current production and for cleansing
appeared laterally beneath an overhanging mantle that secreted an initially non-calcareous
shell. Varicusly modified (multiplied, reduced or hypertrophied), these structures continue
to meet the respiratory needs of all marine molluscs apart from the Scaphopoda and the
opisthobranchiate Gastropoda but including the Cephalopoda (Yonge, 1947). In the Bi-
valvia, the single pair of ctenidia enlarge to form elaborate, highly efficient ciliary feeding
mechanisms.

Thus, bilaterally symmetrical animals with laterally projecting gills and associated organs
came under the protection of a radially symmetrical mantle/shell, the two united by paired
pedal, or shell, muscles. Evolution in the Moliusca is explicable only as the outcome of the
diverse interactions between these symmetries. Its understanding, therefore, demands ac-
quaintance with the separately originating, and still frequently independently studied, sub-
ject matters of malacology and conchotogy,

Retention of the primitive crawling habit, the elongate mantie secreting an articulating
shelf with multiplied ctenidia occupying narrow pallial grooves (Yonge, 1939a), produced
the Amphineura adapted for life on irregular hard surfaces. Dorsal extension with resultant
coiling Ied, if followed by torsion, to the epifaunal and secondarily infaunal or pelagic Gas-
tropoda; if followed by separation of apical, gas-filled chambers, they led to the pelagic
Cephalopoda. In the former, with anterior mantle cavity, apotheosis is atiained in neogas-
tropods, where prey is detected in the respiratory current entering through an exploratory
pallial siphon and tested by a probably originally sediment-detecting osphradium (Yonge,
1947). In the predatory decapod Cephalopoda with internal shell, the mantle cavity (still
the respiratory chamber, although with reversed, muscle-created current passing between
complexly folded ctenidial filaments; Yonge, 1947) becomes the means of jet propulsion.

In the Amphineura, form and habit are dominated by the mantle; in the Gastropoda,
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conditions range from complete mantle domination, asin the cemented, worm-like vermetids,
to loss of the mantle/shell and reversion to almost complete bilateral symmetry in the nudi-
branchs. In the Cephalopoda, syminetries blend; mantle cavity and head both face anteri-
orly, while the ventral foot becomes a mobile funnel directing the jet stream.

In the Bivalvia, the animal becomes enclosed within its respiratory cavity, the viscero-
pedal mass profoundly and irrevocably affected. The head is lost, while the compressed,
terminably distended foot with paired retractors pulls the animal through the soft substrates
it now inhabits (Trueman, 1968). The bivalve form is here considered to have evolved prior
to calcification (Yonge, 1953a), the mantle consisting of lateral lobes with a uniting mid-
dorsal isthmus (Owen et al., 1953). The lobes secrete the vaives, the isthmus the inner layer
of the primary ligament. The outer layers of both, as noted below, are formed by the outer
marginal folds,

Beneath the mantle isthmus, the mantle lobes unite to form the pailial crest which, creat-
ing teeth on one side and sockets on the other, produces the hinge plate with its character-
istic dentition (Fig. 5C). The hinge, therefore, consists of a ligament producing the opening
moment (Trueman 1964} and the teeth which ensure valve alignment after adduction. In
the boring Adesmacea, this no longer applies, the separated vaives rock on the dorso-ventral
axis. Form in the Bivalvia is dominated by the mantle/shell, the valves adapted as a means
of rock or wood boring in some or ali members of six superfamilies and also of swimming in
some Pectinidae and Limidae.

The eazly Cambrian Rostronchia are claimed as ancestral to the Bivalvia (Runnegar, 1978),
but the compressed, presumably infaunal, shell lacks ligament and adductors and so could
neither open nor close. The Rostroconchidae appear to have calcified prematurely to be
ousted by the possibly related but better adapted Bivalvia where calcification followed com-
plete lateral compression.

Pallial enclosure involved withdrawal of the mouth and loss of cephalie sense organs, Food
presurnably initially consisted of organic detritus collected by protruding lip appendages, as
in the modern protobranch Nuculacea, with later evolution in the Nuculanacea of pumping
ctenidia (Yonge, 1939b) and extensive exploitation of the abyssal environment (Allen, 1979},
The lamellibranch ctenidium ensured increased water flow with highly efficient filtration of
suspended material, especially phytoplankton., Accompanying sediment — always a problem
in gill chambers — together with particles rejected by the now solely sorting labial palps, was
collected in the cilfary rejection tracts (first fully described by Kellogg, 1915). These aptly
designated pseudofaeces (Dodgson, 1928) were rejected from the inhalant chamber, some-
times, as in the Tellinacea, finally through overhung channeis, by sudden coniractions of the
striated “quick™ muscle, which came to occupy distal areas in both adductors.

Sensory contact with the environment had to be re-established and control imposed on
the greatly increased water flow. Development of additional folds around the mantle mar-
gins solved both problems and also was to be the means of acquiring new habits and exploit-
ing fresh environments. Their potential was responsible for the striking success, despite en-
closure within the mantle/shell, of the Bivalvia.

Throughout this class, with the recently established exception of some Arcoida (see be-
low), the mantle is fringed by three folds (Fig. 1). The outermost is a basic molluscan struc-
ture {Stasck & McWilliams, 1973) forming the outer shell layers, It is bounded internally
by a groove from which emerges the non-calcarcous periostracum, which initially covers the
entire surface of the shell, Within the pallial space below this, the outer surface of this fold
secretes the outer (prismatic or crossed-lamellar) layer of the valves {Taylor et al., 1969) and,
at each end of the mantle isthmus, the anterior and posterior outer (lamellar) lgament layers
(Yonge, 1978a).

Although additional folds appear in other molluscs, the middle and inner folds in the Bi-
valvia meet the particular needs imposed by compression and enclosure. With distal surfaces
covered by periostracum, the middle folds, first in contact with the environment, assume
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FIG. 1. Formal transverse section through margin of mantic lobe and valve of typical bivalve, outer
fold (o) secreting outer calcareous layer of valve with superficial periostracum (p) issuing from groove at
base, middle (sensory) fold (m} with nerve (n), inner fold (i) with radial muscles {rm) attached to valve
along pallial line (pl). FIG. 2. Tridacna croceq, semi-diagrammatic transverse section of animal /n siru
byssaily attached within coral rock, exhalant siphon above, gape with emerging byssus below, aiso paired
byssal {pedal} retractors, Hypertrophied inner mantle folds (black) above exposing contained zooxan-
theflae fo light; equally hypertrophied middle mantle folds (broken lines) below, extended to provide
chemical assistance in boring (based on Yonge, 1981a). FIG. 3. Semi-diagrammatic section through
valve of leptonacean Phiycfaenachlamys showing its enclosure within the extruded middle mantle feld,
inner fold also enlarged (after Popham, 1939).

the sensory functions of a head by way of chemoreceptive or tactile tentacles angd also eyes
in the Pectinacea and Limacea, with greatest complexity in the anomalodesmatan Laternula
(Adat & Morton, 1973). The exception, discussed later, is in the Cardiacea, where eyes occur
on the inner folds.

In various bivalves, the middle folds extend outside the shell, causing major changes in
habit. They may hypertrophy to assist the valves in rock boring. All species of Lithophaga
{(Mytilacea) penetrate calcareous rock, culminating in those species that bore into living corals
(Morton & Scott, 1980). Although the boring is shaped by the byssally attached sheli, the
rock is initially softened by anteriorly protruding middle folds (rot inner as eaylier stated
{Yonge, 1955)) which secrete a presumably calcium-chelating mucus (Jaccarini et al,, 1968),
Species boring into living coral also possess posterior glandular areas, their secretion con-
sidered to prevent overgrowth of the boring by the coral (Morton & Scott, 1980).

The Tridacnidae (Cardizcea) dernand special attention. During evolution (not during
development, when of necessity the final form is quickly attained) the mantle/shell turned
through an angle of some 180° in the sagittal plane in relation to the byssally attached viscero-
pedal mass (Yonge, 1953b). The umbones are thus situated midventraily, immediately an-
terior to the enlarged byssal gape (Fig, 2). The anterior adductor is lost. The siphons, solely
composed of inner folds bearing modified eyes (Stasek, 1966), occupy the entire upper sur-
face and are enormously enlarged to house and expose to the light a vast population of endo-
symbiotic dinoflageliate zooxanthellac. On the under surface, the middle folds are enfarged
and protrude to assist by chemical means the mechanical action of the massive valves in ex-
cavating a shallow depression in the invariable substrate of dead coral rock., Together with
adventitious additions to the rim of the byssal gape by the outer folds, this excavation en-
sures intimate contact between shell and substrate so preventing any entrance of even the
smallest predators which could destroy the delicate pallial organs (Yonge, 1981a).
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Such is the condition in Trducna maxima and T. squamosa, while in the smaller T. crocea
the ventral middle folds and the posterior pedal (byssal) museles {rocking the downward
grinding valves) are further enlarged to achieve full penetration. Massively attached below,
the richly pigmented inner folds spread widely over the rock surface sbove. In the “‘giant™
species (7. gigas, T derasa and the related Hippopus hippopus), byssal apparatus and gape
are lost during growth, with posture finally maintained by virtue of the weight of the enos-
mously thickened umbonal region of the valves {Yonge, 1981a).

Fungiacava eflatensis (Mytilacea) penetrates, pedal side uppermost, into the skeleton of
the hermatypic coral, Fungia scutaria (Goreau et al,, 1969). The enlarged inhalant siphon
opens into the coelenteron, the two animals with the zooxanthellae in the coral living in
three-way symbiosis {Goreau et al., 1970). The middle folds protrude and unite, entirely
enclosing the very delicate shell. Penetration of the calcareous skeleton can only be by the
agency of this pallial covering {Goreau et al., 1972).

Similar partial or total enclosure of the valves by the united middle folds {Fig. 3) occurs
in the largely commensal Leptonacea (Erycinacea), particulasly in the Galeommatidae, with
progressive reduction of the shell (but not of the mantie) in the series Galeomma/Ephippo-
dontaf Phlyctaenachlamys/ Chiamydoconcha (Morton, 1981b). Forming the outer covering
of these delicate animals, the middle folds have acquired a protective role, some carrying
autotomizing and probably poison-containing tentacles, while in Galeomma polita (Morton,
1973a) large tentacles project in an apparent dymantic display. In G, fakii (Morton, 1973b),
the young are protected among defensive papillae dorsally.

In Lima higns {Limacea), the long, bright yellow and non-retractile middle fold tentacles
assist by “rowing” the swimming movements, which Gilmour (1967) associates with nest-
formation in these unusual bivalves, The flexibility needed in these movements explains their
uniquely complex structure, Each tentacle is subdivided by septa at the level of any one of
which it may autotomize. Again protection is chemical, a distasteful mucus produced by
epidermal glands.

The sand grains which encrust the shell surface in various of the Anomalodesmata are
attached by secretions from arenophilic glands. In Periploma, these originate in the middle
folds (Morton, 1981a) but, in Entodesma, Prezant {1981) stated that they open under the
periostracum, i.e,, on the outer lobe, through which the secretion passes. But it seems prob-
able that allf such glands originate in the middle folds. In the Veneracea the middle folds are
duplicated {Anseli, 1961),

The inner folds are muscular and they control the increased water flow. Their radial
muscles {Fig. 1)} are attached to the valves along the pallial line so that lateral compression
inevitably produced cross-fusion at each end with creation of the adductor muscles, Like
the ligament which opens the valves, these are of pallial origin; they are nor modified shell
muscles,

Apart from the uniquely specialized Tridacnidae, inner folds are most enlarged in the Pec-
tinacea, forming the velum or pallial curtains.” Their local apposition separates inhalant and
exhalant regions. Areas of separation direct the jets produced by contractions of the enlarged
region of quick muscle in the solitary adductor. This enlargement was initially due to the
need for cleansing the under (right) half of the mantle cavity in these pleurothetic bivalves
(Yonge, 1936). With loss of byssal attachment, these sudden ejections came to produce the
“escape” and “swimming” movemenis exhibited by the stream-ined scallops, species of
Chlamys (Moore & Trueman, 1971}, Pecten (Thayer, 1972} and Amusium (Morton, 1980).
Pallial curtains are largest in the abyssal, possibly carnivorous, Propeamussidae (Knudsen,
1970). All have a filtering fringe of “guard” tentacles distinct from the longer and extensile
“exploratory™ tentacles which, with eyes (except in the Propeamussidae), surmount the
middle folds (Waller, 1972},

Conditions differ in the Arcoida. As shown in a variety of species by Morton (1978, 1982)
and Waller {1980), there are two outer folds, the more distal one secretory, the other one
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carrying simple photoreceptors beneath the periostracum. Waller considered that 2 middle
fold is lacking with the inner fold sometimes duplicated, but Morton {1982) thought that
both are present with the middle fold (devoid of sensory functions) often reduced. Waller
found evidence here against the existence of a basic three-fold pattern in the Bivalvia but, as
noted elsewhere (Yonge, 1982b), duplication of the outer folds further emphasizes the dis-
tinctive characters of the Arcoida.

Farly evolution involved conquest, by the Bivalvia, of the superficial infaunal habitat,
Neotenic retention of the larval byssal apparatus next permitted epifaunal exploitation
{Yonge, 1962b). One result of byssal attachment was anterior reduction (of positive advan-
tage by raising the posterior inhalant opening higher above the substrate), with change from
the original isomyarian to a heteromyarian condition (as in the Mytilacea (Yonge & Camp-
bell, 1968)) leading on to pleurothetic monomyarians (Yonge, 1953a). These had a second-
ary amphidetic ligament and the viscera were reorganized in the sagittal (now horizontal)
plane around the central pallial pillar of the adductor.

In the Pectinacea, with right valve undermost, byssal (i.e., pedal) attachment either is re-
tained — even enlarged in species associated with corals (Yonge, 1981b) — or, in scallops,
gives place to freedom, or else to cementation (pallial attachment) in Hinnites and Spondyius
(Yonge, 1979). Although viscera and foot are very similar in these genera, hinge and ligament
are totally dissimilar (Yonge, 1973), providing further convincing evidence of the separate
identities of the viscero-pedal mass and mantle/shell. Throughout, the foot persists as a
means of cleansing. In the byssally cemented Anomiacea, it regains its primary function in
the crawling Enigmonia (Fig. 4) although not in the also unattached, slthough immobile,
Placuna (Yonge, 1977). In the Ostreaces, cemented by the left valve, the foot is lost as it is
in the very different Plicatulidae and Dimyidae, both attached by the right valve (Yonge,
1978¢).

These major changes were unaccompanied by any attachiment between opposing mantle
margins, which remained free as in modermn Nuculacea, Arcoida and Piericida. Union was de-
layed until the Mesozoic when, as emphasized by Stanley {1968, 1970), there was a second
evolutionary radiation, notably of deep burrowing bivalves, Fusion involved successively
that of inner, middle and then the inner surface of outer folds, with accompanying formation
of different types of siphons {Yonge, 1957).

The originally suggested categories have now been simplified (Yonge, 1982b) to cover (A)
union of inner folds only with separate siphons; (A+) the special case of the Cardiacea where
sense organs are carried on the inner folds, the middle folds usually greatly reduced; {B) ad-
dition of the middle folds, this now including the Pholadidae; (C) also including the perios-
tracal groove, Previously sugpested fusion involving the outer surface of the outer folds and
thus union of the outer calcareous layer only occurs “supradorsal” to the ligament in the up-
per (left) valve of the Anomiidae, most strikingly in the bivalve “limpet” Enigmonia (Fig. 4).

Fusion involving the periostracal grooves, or certainly of their secretions, has a major effect
on the primary ligament, which in many superfamilies is secondarily extended by fused peri-
ostracum (initially misleadingly termed “‘fusion layer’). This may occur at one end (normally
posterior as in Pinng where first described (Yonge, 1953¢)) or at both ends {Fig. 5B). This
provides greater attachment between the valves with reduction in the now less needed teeth
(e.g., in Saxicavacea (Yonge, 1971)), but the primary ligament remains solely responsible for
valve separation,

A major contribution to bivalve success was the move from anterior to posterior end of
the inhalant aperture to be sited ventral to the exhalant opening where, in the septibranch
Cuspidariidae, its siphon even becomes adapted for sizing animal prey (Reid & Reid, 1974).
This posterior enlargement led to the originally antero-posteriorly symmetrical amphidetic
ligament (Fig. 5A) becoming opisthodetic, the posterior outer layer enlarged, the anterior
one reduced or lost (Fig. 5B,C). Such ligaments are “external”, arching dorsally with the
pivotal axis running along the plane of contact between the inner layer and outer posterior
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FIG. 4, Enigmoniu genigmatica {ca. 30 mm long). A, In situ on mangrove leaf showing extended foot;
B, upper (left) valve showing position, at apex, of umbo (u) separated from margin by length of fused
“supradorsal” valve (fv), ligament lies beneath umbo; C, upper surface of under valve showing position
of ligament (I) at end of jutting cruzum {cr) posterior to the deep byssal notch (bn), also of reduced ad-
ductor (ad) (from Yonge, 1977). FIG. 5. Diagrams of Hgamental structure, inner layer with undexlying
mantle isthmus indicated by vertical lines, outer layers biack, periostracal extensions and secondary liga-
ment by thick broken lines. A, “Ideal” amphidetic ligament with taxodont dentition; B, opisthodetic
ligament with secondary extensions and heterodont dentition; C, fransverse section at arrow in B, hinge
plate with tooth (1) and socket {s); D, “interrnal” ligament (e.g., Mactracea), condensed primary ligament
and hinge plate extended ventrally, anterior outer layer lost, secondary ligament occupying pivotal axis
{px}; E, transverse section ai arrow in P, F, transverse section showing separate primary and secondary
ligaments in Plicatula (after Yonge, 1978a).

layer (Fig. 5C). When the adductors contract, the former layer is compressed with the latter
suffering tensile stress, the one a resilium, the other a tensilium.

In: various superfamilies, the hinge plate and condensed primary ligament extend ventrally
displacing the reduced cardinal teeth, while above the anterior and posterior periostracal ex-
tensions unite between the umbones. The valves are now completely united dorsally by the
periostracum, which forms a secondary ligament (Fig. 1D,E) (Yonge, 1978a). Centrally, this
may consist solely of periostracum, the seereting epithelia not united, and primary and secon-
dary ligaments joined dorsally, This is the case in the Lyonsiidae and related Pandoracea
(Yonge & Morton, 1980}, and also in the Mactracea (Fig. 1C) and Myacea (Yonge, 1982a).
Where these epithelia do overarch the primary ligament, the secondary ligament is separate
as in Placuna {(originating from byssally cemented Anomiacea), in Plicatula (Fig. 1F) and the
Dimyidae (Yonge, 1973, 1977, 1978¢). In all, the primary ligament forms a resilium, the
secondary ligament, attached along the pivotal axis, ensuring valve alignment and possibly
providing some tensile force, '

The “inner” and “outer” ligaments of conchology are often the inner and the outer (usu-
ally posterior) ligament lgyers. The differences between “external” ligaments (as in Venera-
cea and Cardiacea) and the “internal” ligaments described above are due to ventral extension
of the hinge plate and primary lgament with periostracal union dorsalty.
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The mantle marging may split the primary ligarment with major effects on both form and
habit. In most bivalves, form is the resultant of radial and transverse growth components,
the former radiating out from the umbones and acting in the plane of the generative curve,
the latter at right angles to this, As shown by Owen (1953) in Glossus {Isocardia), the former
may be deflected anteriorly by a third, tangential, component. Dorsally, this acts in a poste-
rior direction so splitting the entirely primary ligament, with separation of the anterior-facing
{prosogyral} umbones and conversion of each valve from a logarithmic planospiral into a cor-
responding turbinate spiral. Separation of the umbones is accompanied by division of the
epithelium secreting the anterior outer ligament layer and anterior regions of the mantle
isthmus. The ligament is correspondingly extended at the posterior end.

In the similarly growing, but cemented, Chamacea (Yonge, 1967), where the attached
valve (right or left) has a large transverse component but the upper one none, the tangential
component produces an inverted “gastropod” with deep half turbinate under valves and flat
“opercular” upper ones. In striking evidence of the different symmetries involved, aithough
species {possibly individuals) cement by either side, the hinge is that of an upper or lower
valve, irrespective of whether this be right or left, the one is the mirror image of the other
(Fig. 6), this an apparent result of cementation (Yonge, 1979).

Presence of a tangential component explains the diversity of form displayed in the simi-
larly cemented and normal or inverse Mesozoic Hippuritacea (Yonge, 1967), culminating in
the Hippuritidae and Radiolithidae with massive cone-shaped under valves and flat upper
ones. All trace of coiling is lost, the completely divided, now vertical, ligament is function-
less, Such rudists formed reefs, their height probably lifting them clear of sediment but also
ensuring their later destruction.

The effect of a tangential component where a secondary ligament is present in Cleido-
thaerus (Yonge & Morton, 1980} is to obliterate anterior and posterior outer ligament layers
and so separate an external (secondary)ligament from an internal (primary} one, here reduced
to the inner layer secreted by an isolated island of mantle isthmus, The calcareous lithodesma
which in related bivalves occupies the central area of the inner layer, offsetting the effects on
this of diverging chondrophores, is, in further consequence of the tangential component,
here wrapped around this layer.

In the cemented, freshwater Etheriidae (Unionacea) (Anthony, 1907; Yonge, 1962a), the
mantle plays a no less impressive role in the control of form and habit, the animals adapted
for life in rushing waters and most strikingly in the South American {Colombian} Acostae

FIG, 6. Chamacea, Hinges (ligament and teeth) of shelis attached by right and left valves, mirror im-
ages the one of the othez, ie., under and upper, not right and left, valves resembling each other (from
Yonge, 1967). FIG. 7. Acostzea rivoli, inner surface of valves, cemented (here right) vatve on left with
attached fizst-formed regions (x) of borh valves including original ligament, Final position of three tayers
of typically unionid primary ligament (aol, il, pol) shown, also solitary adductor scar {ad) (from Yonge,
1978b).
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(Yonge, 1978b). The post-larva apparently attaches laterally in rock depressions, anterior
end downward. Later growth can be only in a posterior, initially upward, direction. Con-
formity with the substrate then demands a bending in the long axis of the valves which neces-
sitates formation of a new hinge. This is accomplished by movement of the epithelia secret-
ing the typically unionid primary ligament and loss of the most anterior regions, especially
of the mantle/shell. The animal becomes monomyarian in a unique manner. The foot is lost
in all Etheriidae.

The under, cemented valve incorporates the anterior regions of both postlarval valves
(Fig. 7). Here, as in the related isomyarian Etheria, cementation with its subsequent major
effects is entirely a matter of the individual. Settlement is indifferently right or left, solely
dependent on which side the post-larva chances to come to rest and then cement itself. What
may happen in some Chamacea invariably happens in all Etheriidae: pallial asymmetry is
dependent on ontogeny.
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