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I. General Introduction.

The origingl plan for this work was to study the
general biology of members of the British Veneracea
with reference to those factors which determine their
spatial and geographicél distribution. It was
reaiised however, that this plan could not be
adequately achieved in the time available and,
therefore, certain aspects of the bioclogy, especially
of Venus striatulas, have alone been studied.

The work falls naturally into three sections;s
the first degls with the functional morphology of
the adult, the second with breeding and larval
develcpment, and the third with certain ecological
considerations. In the first section an attempt has
been made to bring together the scattered accounts of
various aspects of the anatomy of the British species
of the Veneracea and to re-examine these in the light
of recent views of the functional significance of
bivalve structure. Twelve of the seventeen British
species have been examined. In the further two
sections attention has been limited in the main to a
single species - Venus striatula. This 1s one of

the commonest of the British species, and was chosen



for study, partly for this reason, but also because
it's range is mainly in the sublittoral zone, the
bivalves of which have received less attention than

those of the shore.
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IIT. The Functional Morphology of the Adult.
1. Introduction.

The Veneracea comprises the three families:
thie Veneridae, the Petricolidse, and, as has been
recently confirmed by Owen (1959), the Glaucomyidae.
Of these the Veneridae has sixteen British species
(including Mysia undata) representing seven genera,
and the Petricolidae one, namely, Petricola

oladiformis, an introduced.North American species
which has become common in some areas of the British
coast (Burton 1957). There are no British
representatives of the Glaucomyidae. Members of the
Veneracea inhabit every type of soft substratum in
all seas and Theile (193%) lists 33 genera. The
Veneracea are therefore an important and successful
group of eulamellibranchs. This section is based on
a study of twelve of the British species including
representatives of 2ll British genera except Cagllista
and Irus. The nomenclature adopted throughout is
that of Winkworth (1932).

"The localities from which the various species

were obtained are listed below together with brief

notes on their normal habitats.
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Dosinia exolets (L.). Occasional specimens of this
species were obtained from various localities near
Millport, Isle of Cumbrae, Firth of Clyde. It is
recorded from depths from L.W.S.T. to gzbout 50 metres
(Haas, 1929-40), but in the Clyde it usuzally occurs
between 10 and 40 metres, on gravelly or stony
substrata with some md.

Dosinia Jupinus lincta (Montagu) was cbtained from
Kames Bmy, Millport where it occurs in sand and
imddy sand at a depth of 5 = 20 mebtres. Larger

sp ecimens were collected from grounds offshore of

the Lion-rock, Isle of Cumbrae, from fine shell
gravel with mud at a depth of 10 - 20 metres. Haas
(1929-1940) says that this species is found at depths
of from 25 to 150 metres. It is generally associated
with a finer grade of substratum than Doginia exoleta.
Gafrarium minimm (Montagu) was obtained from various
grounds off the Isles of Cumbrae, together with Venus
casing (L.), Yenus ovata (Pennant) and Yenus fasciata
(da Costa). All these four species are found in the
Clyde on stony or coarse gravelly grounds with some
admixture of md.

Callista chione (L.). Not examined.

Verms verrucosa (L.). Not examined.
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Venus striatula (da Costa) was obtained in sbundance
from three localities; small specimens were collected
from fine sand at a depth of from 4 to 10 metres in
Kames Bay, Millport. Larger specimens were obtained
from Hunterston Sands, Ayrshire, and from Loch Creran,
Argyll, from littoral populations occurring from
below L.W.S.T. to just above L.W.N.T. This species
is normally found on clean, sandy bottoms although it
may be found elsewhere in small numbers.
Paphia zurea (Gmelin) was collected from various
places on the shores of West Loch Tarbert, Argyll,
and Loch Sween, Argyll, where it occurs together with
Paphia decussata fusca (Gmelin). Both species were
found in a narrow belt from about L.W.N.T. to just
below L.W.S.T, P, decussata is normally found
burrowing in coarse gravel, while in the situations
described here P, aures was only rarely found buried.
This may be abnormal, however.
Paphia pullastra (Montagu) was collected from the
Crogs Houses Beach, Millport. Thé occurrence ’of

= Veneru u trg on this beach and its
habitat have been described by Quayle (1952).
Paphig rhomboides (Pennant) was collected in small

numbers offshore of the Lion-rock, Isle of Cumbrae,
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at g depth of 10 - 20 metres. This is the only
species of Pagphia occurring in this country which
is normally found at depths greater than 10 metres
(Haas, 1929-40). |

Paphia saxatilis (Fleurien). Not examined.

Irus irug (L.). Not examined.

Mysia undata (Pennant) was found burrowing in mmddy
shell gravel at 10 - 20 metres depth off the Isle
of Cumbrae.

Petricola pholadiformis (Lamarck). Specimens of
this species were kindly supplied from Burnham-on-
Crouch, Esséx, by Mr. G. D, Waugh, to whom the
author wishes to express his thanks.

Where possible drawings have been prepared from
relaxed and preserved specimens. Magnesium sulphate,
or propylene phenoxytol (Owen, 1955), was used as the
relaxing agent. Accurate drawings were prepared
first and details of the ciliary currents added later.

Ciliary currents were studied by the use of
carborundum powder Grade 3F, carmine suspensions, and,
in some instances, suspensions of algae (Phaeodactylum).

Where necessary, sections have been prepared from

tissues fixed in Bouin's fluid in sea water and imbedded
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in Bster wax (Steedman, 19%7). These were stained
with Ehrlich's Haemotoxylin and eosin, Azan, or

Mallory's Triple Stain.

2. Veneridaa.
The Shell.

The shell and hinge teeth of the Veneridae have
been described by several anthors including Forbes
and Hanley (1853) and Jeffreys (1863). In the
British species there are normally three well-developed
cardinal teeth in each valve, one or more of which
is bifid. A low ridge on the anterior side is usually
regarded as a reduced lateral tooth, but well-developed
lateral teeth are present only in the genus Gafrgrjum.
The descriptions of the hinge teeth of the Veneridae
given by Jeffreys (1863) are confusing; those of the
left valve being described as the right and vice versa.
Owen (1953a) has-discussed the form of the shell
in Bivalves and he suggests that growth may be
considered as the reéultant of three components: (a)
a raedial component radiating from the umbones and acting
in the plane of the generating curve, (b} a transverse

component acting at right angles to the plane of the
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generating curve, and (c) a tangential component
acting tangentially to and im the plane of the
generating curve. The resultant shape of the shell
is determined by the relative magnitude of these
three components. The form of the shell valves
should therefore be considered with reference to

the outline of the generating curve, the spiral angle
of the normal axis (Owen 1953), and the form of the
normal axis. Where the thrée components are all
present they combine to produce a shell in which

the normegl axis is in the form of a turbinate spiral.
This is well illustrated by Glossus humanug (Owen,
1953b), but occurs in many groups of Bivalves,
including the Veneridae, where the direction of the
tangential component is such that the umbones are
inclined anteriorly. The effect of this on the
ligament will be dealt with later.

The shape of the generating curve depends
largely on the magnitude of the radial component
éround the mantle margin. Asymmgtry of the generating
curve about the normal axis is increased if the

region of greatest marginal increase lies anterior to,
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or posterior to, the normal axis. In the Veneridae
this effeet is greatest in some species of Pagphia
where the region of greatest marginal increase is
situated posteriorly.

The external surface of the shell is covered
with a thin, clear periostracum. The details of
the structure of the various shell layers have been

described by Béggild (1930).

The ligament and mantle isthms.

The structure of the ligament in the Veneridae
is characteristic and shows little variation from
species to species. This account is of the ligament
of Venus striatuls, but applies equally well to the
other species examined. The nomenclature used is
that of Owen, Trueman and Yonge (1953) and of Yonge
(1957) «

The relationship of the ligament, mantle and
shell valves is shown in figure 1l (B - H). These
drawings form a series taken from the extrene
posterior end of the animal to a region anterior to
the umbones, as shown in figure lA. FPigure 1A is
a dorsal view of the ligament of a decalcified
specimen. Figure 2 is a view of the ligament split

in the mid-line.






Figure 1. Venus striatulas Diagrams to show the
Telationships of the ligament, mantle
and shell valves.

aA. Dorsal view of the ligement end mantle
margin in a decalcified specimen.

B-H. Trensverse secticns through the 1igament,
shell valves and mantle. The positions
of the sections are shown in A.

AOL . Anterior outer layer.

L. Musion layer.

FIIF. Fused middle f01d5.

ror. Fused outer folds.

IL. Inner layer.

M2. Outermost of middle folds.

MI. Mantle isthms.

OF. Outer fold.

OL. Outer layer.

P. Periostracum.

PG, Periostracal groove.

Se Siphon.




H anterior

OF

posterior

8




AOL

Figure 2, Venus striatulat Diagrammatic vertical
longitudinal section of the ligament.

ACL. Anterior outer layer.

L. Fusion layer.

IL. Inner layer.

OL. OQuter layer.

SIL. Split portion of inner layer.

The arrows indicate the directicn of growth of
each of the layers.
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Figure 1B represents a section taken at the
extreme posterior end of the animal in the region
of the siphons (S). Here the inner folds of the
mantle edge and part of the middle folds (see later)
are fused to form the siphons while the outer folds
(OF) and the remainder of the middle folds (M), on
either side of the periostracal grooves, remain
separate. Anteriorly the middle folds fuse to form
a single median ridge (FMF, figure 1C) lying between
the periostacal grooves (PG). This represents the
extent of fusion of the mantle edges occurring along
the whole of the dorsal edge posterior to the
functional ligament; there is no region of
periostracal fusion.

Posterior to the ligament (fig. 1D) the outer
surfaces of the outer mantle folds fuse (FOF) and a
thin layer of conchiolin-like material is secreted
from the fused surfaces. This is the fusion layer
(FL) which forms a secondary extenBion of the primary
ligament posteriorly (Yonge 1957). As growth
proceeds, the fusion layer becomes split in the
mid-l1ine over the anterior region of the ligament.

The mantle edge immediately posterior to mantle
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isthms secretes additional material on the inner
surface of the fusion layer, forming the outer layer
of the primary ligament (OL fig. 1E). Finally the
inner layer (IL) is secreted by the epithelium of
the mantle isthms (MI, fig. 1F).

Owen (1953b) has discussed the effect of the
tangential component of shell growth on the form of
the ligament of Glossus humanus, and the same
considerations apply here. In bivalves in which
there is no tangential component affecting the form
of the valves, as in Glvcymeris, growth of the
mantle/shell anterior to the umbo takes place
anteriorly. In the Veneridae, as in Glossus humanus,
however, growth of the valves is affected by the
tangential component, which, in the region anterior
to the umbo, acts in the opposite direction to the
radial component. Since the tangential component
1s stronger than the radial component in this region
growth of the mantle/shell takes place posteriorly,
with the result that the anterior end of the ligament
between the umbones is progressively split as growth
proceeds (fig. 14). Anterior to thé umbones there

is no fusion of the outer mantle folds and hence no fusion



The mantle edge at theVanterlor end o

Aligammt; seeretu an”?anterior outer layer between y)y'
the spilt portions of(the innerilaye:nof
ligament (fig. 1G; *iOD.i :rf
th'nelpart from these effeetB te iligament
atrlatulftiand of other members of the Vener-t
>tha£ of a.typical bivalve poss'essing an eztemal, { .
‘g;;isthodetic ligament and is similar to that of V
Gioaaua hnmamis (Owen 1993b).TTIn the Veneridae," as

thia genua, the fhaion layer la split la ti
mlid-line over the anterior region of th
the ligament is splitsanteriorly and there is no, '

region of periostracal fhsion?A?
nV"'-

In the Blvalvla the mantle rmargins are,thrown

P oV#f V 7 AN orftar M
Into three fdda (Yonge 1957)27*iYhe outer- fold>
ae™ .mt A

ecretes the two outer layers of the sheII.

rj apst 470
middle fold la sensory and may,carry tentacles and
te* gJf A i" a
-5li ' eyes, while the inner fold Is typically macular A
fi am - "T

S and controls wafermovemmts Intoand cut of the A

P mantle cavity. |
Whi or- o *«j I
AThe form o#themantleaeujgﬁalnN't" A A

*f=-1jV
i



-13-

from such a typical bivalve. The free mantle margin
1s split into four folds: a typical outer fold (OF),
concerned in secreting the shell and periostracum
from its outer and inner surfaces reépectively; and
three others, the imnermost of which is a small, .
flap-like fold directed dorsally (fig. 44).

The homologies of these folds with those in
other Bivalves may be interpreted in two wayss

Yonge (1957) has suggested that the middle
fold of the mantle edge in the Vaneridae is
duplicated. 1In this case the inner fold would be
here represented by the small flap (fig. 44, FF).
The two middle folds described here would represent
the separated inner and ocuter surfaces of the
typical bivalve mentle edge middle fold, the innermost
having taken over the function of the inner fold in
seal ing the mantle_cavity. Alternativdly, the three
outermost folds may be regarded as homologous with
the three folds of the typical biﬁalve mantle edge
and the small, flap~like innermost fold as a fold of
the inner surface of the mantle similar to ﬁhose
which occur in certain members of the Tellinacea
(Yonge, 1949). In the Veneracea, however, they do
not inclose a waste canal and have no function in the

disposal of psexdo-faeces.






Figure 3.

I'IF L]

Diagramratic stereogrem to show
the details of fusion of the

mantle folds in the Veneracea.

Anterior adductor riscle.
Exhelent siphonal merbrane.
Exhalent sirhon.

Fused middle folds.

Fused middle + inner folds.
Fused outer folds.

Inner fold;

Inhalent siphone
Inhel ent siphonal membrane.
Innermost middle fold.
Cutermost middle fold.
jddle fold.

Mantle isthms.

Cuter fold.

Position of posterior adductor

miscel e.
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Figure +. Trensverse sections of the ventral

C.
FF,
IF,

1or,

0T,
OF.
P.
PL,

rantle marging of &4 Yemugs striatolas

B Cprdinm ncorvegicun.

Cilia of the ﬁain rejestion tracf.
Flap=-like inner fold.:
Innermost middle fold,
Outermost middle folde.

Scerstory area of cuter fold.

Outer folds

Periostracun,

Palliel 1line.
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The details of the fusion of the mentle folds
anterior to the pedal gap (fig. 3) suggests that the
first of these alternatives is the correct |
interpretation. The small flap-like folds may be
traced around the pedal gap until the folds from
either mantle lobe fuse dorsal” to the anterior
adductor miscle. They clearly differ therefore
from the folds of the inner mantle surface in some
other bivalves, which do not extend so far
anteriorly and never fuse in the mid-line. The
fusion of the middle two folds supports the view
that they together represent the middle fold of the
mantle edge of a typical bivalve, since these two
folds on each side fuse together to form a single
fold on each side, which then fuses in the mid-line.
Tt appears that the folds must therefore be
interpreted ast (1) a typical outer fold (0F), (2)
and (3) duplicated middle folds (M1 & M2) representing
separated inner and outer surfaces of the typical
bivalve middle fold, and (%) a reduced immner fold,
the normal functions df which have been taken over by
the innermost part of the middlie fold.




-]15-

The fusion of the mantle folds posteriorly to
form the siphons is of type B (Yonge, 1957). As
in the Solenacea and the Cardiacea, the entire
region between the ridge bordering the inner side
of the periostracal groove, and the siphonal
tentacles is to be regarded as formed’from the
middle fold of the mantle edge, in this case from the
innermost of the duplicated middlé folds.

A constant feature of the siphons of the species
of Veneridae examined is the presence at the
proximal ends of the siphons of valve-like structures -
the siphonal membranes. In some species, e.g. Yenus
gstristula (fig. 54), these membranes are simply low
ridges, in others, e.g. Venus ovata (fig. 5B) and
Gafrarium minimmim, .they show mich greater development
and gppear to be capable of closing the inner
apertures of both sipﬁons. In Venus casins there is
a double ridge at the base of the inhalent siphon.
Similar siphonal membranes occur in Pholadidae
loscombiasng (Purchon, 1955a), Petric holadiformis

(Purchon, 1955b), and Petricola carditoides (Yonge, 1958).
Kellog (1915) recorded similar structures in many






Figure 5.

A Vernus stristulas

Internal view of base of the
inhalent siphon.

EX. Exhalent siphon.

rrF, Inner fold.

IF. Innernost middle fold.

I, Inhalent siphone.

MOF, Outernost middle fold.
Sif. Siphonal membrane.
SR, Siphonel retractor rmuscle.

Drawings to illustrate the form of the siphonal membranes.

B YVegnus ovatas

<Hm£ into base of the siphons from
the mantle cavity.

P,
c.
HSH,
IF.
TSI
ML,
M2,
Mc.
OF.
P.

dnal papilla.

Ctenidia.

Exheglent siphonal merbrane.
Inner fold.

Inhalent mm@mosmw riembrane.
Innermost middle fold.
Cutermost middle fold.
Mantle cavity.

Cuter fold.

Periostracum.

Post adductor miscle.
suprabranchial chamber.

Siphonal septun.






Venus striastula: Diagranm

representing a trensverse section
through part of the wall of the
sinhon. ‘ '

Outer epithelium with thin cuticle.

Circuler miscle, connective tissue,
and collagen fibres.

Longitudinal ruscle blocks, end radial
rmsele strands.

Inner epitheliun.

Radial muscle strands.
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American species, and Haas (19é9-&0) states that they
oceur at the bases of the siphons in many groups of
bivalves. In some species of the Tellinacea (Yonge,
1948) the inhalent siphonal membrane is associated
with a covered waste cansl and directs the inhalent
current ventraglly in the mantle cavity. In the
Veneridae, however, the opening between the
membranes is normally slit-like, but in some species
(e.g. Yenus ovata) the membrane may apparently
direct the current dorsally. It is probable that
the membranes function in controlling the water
current passing into and out of the mantle‘cavity.
The siphons of the species examined are all
similar in structure and pigmentation. Figure 6
represents a transverse section through part of the
wall of the siphons of Venus striatula. Distinct
blocks of longitudinal muscle occur, separated by
radial and circular miscles, and other material
thought to be collagen fibres. The 1nnér and outer
surfaces of the wall are covered by a layer of
cubical epithelium, with, on the outer surface a
thin cuticle. No trace of micus secreting cells was

seen on the outer surface.






Figure 7. The apnearance of the siphons of
some members of the Venreridae.
(The species here lzbelled Circe
minima is referred to in the text
as Gafrariun minimmn).




CIRCE MINIMA

PAPHIA PULLASTRA

VENUS STRIATULA

PAPHIA AUREA

PAPHIA DECUSSATA

DOSINIA LUPINUS
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Near the ends of the siphons irregular patches
and stresks of reddish-brown pigment occour in the
outer surface. Flsewhere the surface of the
siphons is a smooth, creamy white, this appearance
being caused by the presence of opaque, white
patches on the inner surfaces.

The appearance of the'siphons in various
species is shown in figure 7. The species vary
in the length of the siphons, the extent of fusion,
and the development of tentacles around the free
apertures, as follows:

Gafrarium. The siphons are short, fused, and

extend only slightly outside the shell. The
tentacles are well-developed, simple, and sensory 'in
function.

Venus. The siphons vary in length from species to
species, being longest in Vemus stristula.

Tentacles are normally present around both apertures,
and are simple and sensory in function. The siphons
are fused except for a short region near the tip,
which allows the exhalent aperture to be directed at
right angles to the inhalent. |

Dgsjgja. The siphons are long and capable of
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extension to two or more times the length of the
shell. They are fused throughout their 1length.
The apertures are fringed by small papillae only.
Paphia. The siphons of the members of this genus

are interesting because of the range of variation

of form which they show. In Paphia pullastrag and

Paphia rhomboides the siphons are fused, apart from

a small region near the tip. In Pgphia aureg the
siphons are fused for only half their length,

whilst in Paphia decussata the siphons are completely
separate. In all species tentacles are well-
developed being simple round the exhalent aperture,
and pinnate around the inhalent aperture, where they
function as strainers as in other suspension-feeding
Bivalves.

In all species of the Veneridae the distal em
of the exhalent aperture is provided with a valve,
or primary exhalent siphon, by means of which the
exhalent flow can be confined and directed away from
the inhal ent aperture.

The differences in form of the siphons reflect
important differences in the habitats of the

different species. In Venys gstriagtulg, Dosinig
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Jupinus and D. ta, the tentacles surrounding the
apertures are poorly developed. These three species
are found typically in clean, sandy or gravelly
bottoms offshore where the amount of detrital
material in suspension may be expected to be low.

V. striatuls occurs in the 1ittoral zone only on
beaches whiéh are well sheltered and subject to
little wave-action. The remaining species of Yenusg,
and Gafrarium minimim, occur normally on gravelly or
stony bottoms with some admixture of mud and organic
debrise. In these species tentacles are well-
developed. Finally the greatest development of
tentacles and their use as a straining mechanism
occurs in Paphis. The species of this genus, with
the exception of Pgphia rhomboides, are normally
littoral or slightly sublittoral and occur on beaches
where considerable amounts of organic debris may at

times be brought into suspension by wave-action.

The Orgons of the Mantle Cavitv.-
Iopography. ,

The disposition of the organs in the mantle
cavity of Venus casina is shown in figure 8.

Detailed description of this and other species is




Venus casings Disnosition of the
organs in the mantle cavity.
Anterior adductor muiscle.

Oxhal ent siphon.

Foot.

Inner fold of the mantle edge.

Inner demibranche.

Innermost middle fold of the mantle edge.

Inhal ent siphon.
Outer demibranch.
Posterior adductor muscle.

Supra-axial extension of the outer
demibranch.

Upper labial palp.



unnecessary but some points of comparison should be
noted.

The outer demibranch of the ctenidia in all
species is about half the depth of the inner. A
large supraxial extension of the ascending lamella
of the outer demibranch is present in all species.

The palps are small in area compared with the
ctenidia. This point will be discussed later.

The ventral margins of the mantle are free,
forming a long pedal gape. The foot is large and
miscular in all genera,. but notebly so in Dosinig.

The Ctenidia.

The form of the ctenidia and the general course
of the currents upon them has already been figured
(fig. 8). Ridewood (1903) and Atkins (1937a, 1937b)
have described the form of the ctenidia and their
ciliation, and present observations confirm their work.

In the Veneridae the inner demibranch is always
well~developed and, as already stated, is about twice
the depth of the outer. Ciliary currents oﬁ both the
ascending and descending lamellae of the inner
demibranch carry particles to the free edge where they

are conveyed forward to the palps by the cilia of the



marginal groove. At the extreme dorsal edge of
the descending lamella, particles may be carried
dorsally to an oralwards current between the bases
of the demibranchs. |
On the outer demibranch some variation occurs

between species, and even between different
specimens of the same species. These vériations
are in the strength of the current at the free edge
carrying particles towards the palps, and in the
direction in which particleé are moved on the
descending lamella (Atkins, 1937b). In genersal
the currents fall into one of the two t ypes shown
in figure 9 (A & B) whicﬁ is based on two of Atkins
figures. Paphig pullastra and Pgphis decussata have
ctenidial currents of type C (2). 411 the other
species examined have currents of type C 1(b) (Atkins,
1937b) »

| Groups of guard cilia are developed at the free
edge of the inner demibranch in all the species

examined except Venus striptuls, Dosini inus,
D, exoleta and Paphia decussata (Atkins, 1937a).
These cilia separate the groove into two channels.

Fine particles travel safely in the depths of the



Figure 9. Diagrams showing the form in
transverse section of, and the major
ciliary currents on, the ctenidia of:

A Venus, Dosinia, Paphia aurea, P. Trhomboi ’
- Mysia undats. '

B Paphi 1ssata, P. pullastra.

C - Petr hol adifor .

Arrows indicate the direction of major currents,
solid circles oralward currents, hollow circles
incipient oralward currents.



groove, while larger particles and material bound in
strings.of micus travel superficially and may fall
off to be rejected by the mantle currents. In the
Veneridae there is no clear relationship between
the possession of guard cilia and the substratum in
which the animal lives, but it is noteworthy that the
three spedies which inhabit the cleanest substrata
are three of the species which lack guard ciliae.
Towards the posterior end of both demibranchs
long cirri are present, beating intermittantly
outwards from the marginal groove. Similar cirri
are present in many Bivalves. They possibly remove
large particles or other obstructions from the groove.
In suspension feeding bivalves Such as the
Veneridae where normally little material enters the
mentle cavity with the water current, the primary
function of the ctenidia is to maintain a considerable
water current and to transfer material to the palps.
Sorting by the ctenidia is of secondary importance.
The large size of the ctenidia compared with the palps,
and the presence of a considerable supraxial extension
of the ocuter demibranch may therefore be regarded as

an- adaptation for maintaining and filtering a large



Figure 10, Paphia pullastrat Diagrams to show
the main ciliary currents of, and the
effect of muscular activity on, the
folds of the 1labial palpse.

Folds relaxed and overlapping, oralwards
current s predominant.

Folds erect, sorting and re-sorting currents
predominant.
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flow of water. The lack of special sorting mechanism
on the ctenidia means that the bulk of material
collected is transferred to the palps, the main
pathway being by way of the marginal groove of the
inner demibranch, since material passing to the edge
of the outer readily falls off on to the inner |

demibranch, or the mantle.

The Lgbial Palps.
The general structure of the inner ridged
surfaces of the labial palps is shown in figure 8.
In order to study the currents which occur, the palps
were removed from freshly dissected specimens and
stretched over small pieces of plasticine after being
pinned out in a dissecting dish. Ciliary currents
were then studied by application of suspensions of
carborundum, carmine, and various algae. The
detailed structure of the palps and the eiliary
currents, are shown in diagrammatic form in figure 10.
The ciliary currents on the palps can be
considered under three headings (Purchon, 1955a)%
(1) Rejection currents. In &all species the main
rejection current is on the floor and sides of the

lower half of the groove. Here the cilia beat
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ventralwards, carrying particles out of the grooves
on to the unridged ventral edge where there is a
strong current towards the tip of the palps.

(2) Acceptance currents. Oralwards currents occur
on the upper half of the folds, carrying particles
rapidly forward from fold to fold.

(3) Resorting currents. These occur on the upper
halves of the ridges. Dorsalward currents occur
on the upper surface of the distal shelf and
ventralward currents on the crest of each ridge.
These ciliary currents were similar in all the
species examined.

In considering the action of the labial pdlps
in sorting food particles, muscular as well as
ciliary activity mst be tsken into account. The
palps of the Veneridae are relatively active, two
main types of reaction occurring:

(1) The ridges on the inner surface may be erected,
or laid flat, (fig. 10). In the erect position the
strong rejection currents beneath the distal and
proximal shelves in the depths of the grooves are
revealed, and the palps exert their full sorting

action. When the ridges are relaxed and overlap the
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rejection currents and resorting currents are
covered and little sorting takes place.

(2) The palps may be contracted into a spiral form
bringing the ventral edge with its strong rejection
currents into contact with the ridged surface.

When this occurs, all the material brought to the
palps is caught in the rejection current, carried
to the tip of the palp, and rejectéd on to the
mantle.

When small amounts of materisl are presented
to the palps 1little sorting takes place. The
ridges are relaxed and overlap and the majority of
particles are carried rapidly ofalwards by the
exposed ciliary tracts on the upper distal faces of
the ridges. Larger amounts of material elic¢it
various degrees of miscular activity resulting in
greater efficiency of sorting. With moderate
amounts of material the ridges undulate gently
exposing the various re-sorting and rejection
currents. Large particles fall into the depths of
the grooves and are rejected, while smaller particles
are carried oralwards bound in mcus. These

particles are subjected to the sorting currents and
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only a small proportion of them reach the proximal
end of the palps. Excessive amounts of material
brought to the surface cause the palps to react
strongly, as described earlier, by contraction into
a spiral form. Under these conditions most, or all,
of the material is rejected. The selection of
material by the palps appears to be dependent only
on the size of the particles and not on their
chemical nature.

Material which reaches the proximal end of -
the palps is carried towards the mouth by the cilia
of the proximal oral groove. On the unridged
outer surface of the palps the ciliary currents are
directed to the dorsal edge, so that material coming
into contact with this éurface is carried upwards,
and around the dorsal edge on to the ridged inner
surface.

In considering how far the palps are adapted
in each species to its particiular way of life three
things are importants (1) The complexity of the
ciliary currents and the amount of mmuscular activity,
(2) the number and size of the ridges on the inner

surface, (3) the relative sizes of the palps and
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ctenidia. The ciliary currents and muscular
activity of the palps have already been described.
All the species examined appear to be similar in
respect to these. The palps of Pgphia species,
however, differ from those of the other genera in
belng relatively larger and possessing numerous,
small, transverse ridges. This difference may be
related to the different habitats of these species;
the simpler palps of the majority of species being
adapted to a sublittoral 1ife with little
suspended material entering the mantle cavity.
This view has some support from the studies of

Purchon on the Teredinidae (1941) and the Pholadidae

(1955a), 2nd of Yonge (1949) on the Tellinacea. 1In

the Pholadidae and Teredinidae the palps of "oceanic"
species are smaller and possess fewer ridgesAthan

those of comparable intertidal species, while of the
Tellinacea, Yonge says, "There is a general tendency ...
for the palps to be largér in md-1iving species

where much fine material is taken into the mantle

davity."

The Visceragl Mass and Foot.
The foot in the Veneridae is characteristically
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large and wedge-shaped, being adapted for burrowing
in soft substrata. There is a correspondingly
extensive pedal gap. In the adult, the cilia which
clothe the foot of the larval stages are completely
absent, and there are no ciliary movements on the
surface of the foot. Quayle (1949) has described
the sequence of digging movements which occur in

i =Venerupis) pu tra. This sequence
appears to be similar in many groups of bivalves.
In the Veneridae observed, the sequence of digging
movements 1s identical with that described for
Paphia pullastra, although differences occur in the
timing of the sequence. Greater efficiency in
digging appears to be the result of quicker
repetition of the characteristic sequence and
increase in the number of consecutive movement
sequences, rather than of any change in the basic
mechani sm.

The byssal gland is reduced in most species and
is non-functional. In the genus Pgphia, however,
it is functional at settlement (Quayle, 1953) and
sometimes in the adult, the foot of which is
provided with a byssal groove.
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The ciliary currents on the surface of the
visceral mass differ from those of many other
bivalves in being directed ventrally and anterioriy,
thus moving materigl falling on to the visceral
mass towards the palps. The area which is covered
by the inner palp appears to be without ciliary
activity. The unusual direction of the éiliary
currents of the visceral mass may result in more
mat erial reaching the labial palps since any
material which is lost from the marginal groove of
the inner demibranch may still be carried forward by

the cilia of the visceral mass.

Cildiary Currents on the Sufface of the Mantle.

In studying the ciliation of the inner surface
of the mantle, the visceral mass and ctenidia were
removed and the preparation left for some time to
allow the pallial muscles to relax. The siphons
were never seen to extend in preparations from which
one shell valve had been removed, and it was
impossible to obtain drawings of the mantle with the
siphons extended.

The surface of the mantle is covered with short

cilia, the general t rend of particles carried by then
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being anterior and ventral towards the strong
rejection tract 1lying near the ventral margin and
running posteriorly from a point near the
anterior adductor miscle to the base of the
inhal ent siphon. The cilia forming this tract
are longer than those of the general mantle
surface (fig. 4). Micus is supplied to the
mantle surface by cells situated below the inner
epithelium, and opening on to the surface through
ducts which run between the cells of the epithelium.
The contents of these secreting cells, together
with their secretion, which remains as a layer on
the surface after fixation, colour blue with
Mcian Blue 8GS (Steedman, 1950) - a micin stain.
Masses of pseudofaeces collect at the base of the
inhalent siphon and are rejected through it in the
normal way by sudden partial closure of the shell
valvese. |

Unciliated areas of the mantle have not been
noticed in the species examined except that the
surface of the siphonal retractor miscle is without

cilia. Cilia are usually absent on areas overlain
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by the labial palps. In the Veneridae these areas
are small and may have been missed.

Apart from the mucustecreting cells already
described, and secretory cells associated with the
formation of the shell and periostracum, the mantle
also possesses numerous spaces filled with granular
material. These extend in a band near the ventral
margin from near the anterior adductor mscle to the
siphons. The contents are acidophil, fail to stain
with Alcian Blue, and appear to be similar to
material occurring in the same position in Glossus
humanus (Owen, 1953b). In Venus striatula the
contents are discharged through ducts opening between

the two middle folds of the mantle edge.

Musculature.

The adductor miscles are inserted into the shell
in the normal position ventral to the hinge line.
They are sub-equal, the posterior being slightly
larger than the anterior, which is inserted slightly
deeper.

The anterior pedal retractor miscle is inserted
posterior to the anterior adductor miscle. Some

fibres radiate over the foot superfieially, but the
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bulk of the fibres radiate posteriorly in the foot,

4internal to the posterior retractor muscle.

Distally, within the foot, the fibres from either
side cross over and mingle.

The posterior pedal retractor miscle is
inserted into the shell anterior and dorsal to the
postaerior adductor miscle. The bundles from either
side join below the pericardium and fibres from the
right and left cross over. Where it enters the
foot the bundles separate again and the fibres radiate
anteriorly and ventrally into the foot.

These pedal muscles constitute the extrinsic
miscul ature of the foot (Graham, 193%), and are of
constant occurrence throughout the Veneridae.
Protractor and elevator pedis miscles are never
developed. In addition to the extrinsic muiscul ature,
a varying amount of intrinsic musculature is also
present in the visceral mass and foot: 1mmediately
below the epithelium of the visceral mass and
proximal part of the foot, there are a number of
circular muscle strends running antero-postériorly
and completely surrounding the visceral mass. In

the distal part of the foot a number of fibres run
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transversely and in the visceral mass numerous
transverse fibres occur, arising in the epitheliunm
and running either to the walls of the alimentary
canal or to the opposite epithelium. These fibres
are mainly concentrated in bands which pass between
the viscera. In particular bands of transverse
misele occur posterior to, and anterior to, the
ascending coil of the hind-gut, and anterior to the

combined style-sac and intestine.

Th imentary C .
General S.;ructur Se

The alimentary canal varies 6nly in minor
details in the species examined. A short
oesophagus opens into the anterior ventral wall of
the stomach, the structure of which is described in
the next section. The combineéd style-sac and
intestine passes backwards and downwards towards the
heel of the foot. The mid=-gut passes from the
distal end of this wider tube, coils on the ventral
side of the stomach, and then passes backwards to
ascend posterior to the style-sac as the hind-gut.
The hind-gut passes through the pericardium

penetrating the ventricle and posterior asortic
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bulb, and passes dorsally round the posterior
adductor miscle to end in an anal papilla in the

normal waye

Structure of the Stomach.

The structure of the stomach has been studied
in living animals using various suspensions of
living and non-living matter to trace the course
of the ciliary currents. In some cases it was
found possible to remove most of the digestive
diverticula and other material covering the walls
of the stomach, without damage, and thus observe
the functioning of the intact organ. These
observations have been augmented where necessary
by studies of the stomach of 1living animals opened
in various ways. - In describing the structure and
functioning of the stomach in the Veneridae the
nomenclature suggested by Grsham (19%9) and
modified by Owen (1953b) and Purchon (1955a) will
be used throughout.

The anatomy of the stomach is in the main
similar throughout the Veneridae, so that a
description of one species is sufficient, points

of difference being noted where they occur. Venus
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¢asing was chosen for study in the greatest detail,

mainly on account of its greater size. Graham (1949)

has described the stomach of Venus fasciats and that
of Venerupis (= Paphia) pullastra.

The stomach consists of the usual two parts
(Graham, 1949)s a large, globular anterior region,
lying dorsally in the visceral mass and a posterior
elongated style-sac, with which is combined the
intestine. The style-sac opens from the postero-
ventral wall of the globular region and lies
towards the posterior end of the visceral mass
running dorso-ventrally. The style-sac and
anterior globular region of the stomach are,
therefore, lying at right angles to each other and
the crystalline style, which in the intact animal
projects into the anterior region, is curved. The
appearance of the stomach exposed and opened
dorsally is shown in‘figure 11.

The greater part of the left wall and the roof
of the globular part of the stomach is covered by
the cuticular gastric shield (fig. 114 GS). Two
wings of the gastric shield project into the
openings of the dorsal hood (DH) and the left pouch






Figure il. Venus casings Drawings to show the
structure and main ciliary currents
of the stomach and right and left

Au
B.
C-

AT,
AT,
CT.
GI.
GS.
ID.

O.
ODH.
OLC.
OLP.
ORC.
PF.
SAP,
SS.
T1.
T2.

caecae.

The stomach opened dorsally.
Left caecun. |
Right caecum.

Anterior fold.

Acceptance tract.

Circular tracte.

Intestinal groove.

Gastric shield.

Isolated ducts from the right
digestive diverticula.
Oesorhagus.

Opening of the dorsal hood.
Opening of the left caecun.
Opening of the left pouch.
Opening of the right caecum.
Posterior fold.

Posterior sorting area.
Combined style-sac and intestine.
Major typhloscle.

Minor typhlosole.

Arrows indicate the direction of the main
currentse.

ciliary
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(LP) respectively. Along its axis, the gastric
shield is strengthened by a low ridge which bears
a small tooth at the anterior end.

The oesophagus enters on the anterior ventral
side above the openings of the right and left caeca,
which lie on either side of the floor of the
stomach at its anterior end. Around the opening
of the oesophagus there is a low folded ridge, the
anterior collecting area. The dorsal hood opens
from the right anterior wall of the stomach and
curves round over the.roof, its tip 1lying on the
left side. The digestive diverticula form a dense
mass of greenish-brown tubules around the anterior
part of the stomach, into which they open by a
series of ducts via the left and right caeca and
the left pouch. A number of jisolated ducts may
al so open directly into thé anterior region of the
stomach. The details of the arrangement of these
ducts vary from species to species.

The style-sac and intestine are only partiadlly
separated by the major and minor typhlosoles. The
major typhlosole lies a2long the right wall,

continues across the floor of the stomach, loops into
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the right and left caeca and ends just inside the
stomach after emerging from the left caecum. The
intestinalAgrobve lies along the right hand side
of the major typhlosole throughout its length.

The minor typhlosole lies along the left wall of
the style-sac and ends at the junction of the
combined style-sac and intestine with the globular
region of the stomach.

The right wall of the globular region of the
stomach, and the walls of the dorsal hood bear a
complex system of ciliated ridges and folds, forming
the posterior sorting area. This will be described

in the section which follows.

Sorting Mechanisms of the Stomach.

The functioning of the Bivalve stomach and
digestive diverticula has been jnvestigated and
described in detail by Owen (1953b, 1955, 1956).
Observations made in the course of the present study
confirm these observations made on other Bivalves.

Material entering the stomach from the
oesophagus is carried dorsally by the cilia of the
circular tract and collects just below the.opening

of the left pouch (fig. 11 OLP). From here it is
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probably transferred to the posterior sorting area
by the rotating crystalline style. The action of
the crystalline style has not been observed in
adults of the Veneridae. In the larva and young
bottom stages of Venus strigtula, however, the
rotation of the style is clockwise when viewed from
the anterior end of the animal, and the direction
taken by particles of carmine in the style-sac of
the adult animal confirms that the rotation is the
safie here. The direction of rotation is therefore
the same as in all other species of bivalve
observed. As noted by Graham (1949), the posterior
sorting area is well-developed in the Veneridae and
lies on the right wall of the stomach extending
dorsally onto the floor and sides of the dorsal
hood. The movement of the cilia on the ridges and
grooves of fhis sorting area exert a quantitative
influence on material in the stomach, fine particles
being carried by cilia on the crests of the ridges
into the dorsal hood (DH) while coarse particles
fall into the grooves and are carried tqy;the main
rejection tract of the stomach, the intestinal
groove. Within the dorsal hood fine particles pass
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into the acceptance tract and are carried across
the right wall of the stomach, over the intestinal
rejection tract, and on to the floor of the
stomach. In this region the intestinal groove
is covered by the flaplike major typhlosole (Owen,
1955). Ciliary currents on the floor of the
stomach carry material to the openings of the right
and left caeca (ORC, OLC). Particles which fail
to enter the caeca are carried anteriorly by the
cilia of the anterior collecting area and returned
to the general circulation of the stomach by way of
the circular tract (CT) around the oesophagus.
Within the right and left caeca the major
typhlosole has the form of a tube within a tube
(Owen, 1955) with extensions into the openings of
the ducts of the digestive diverticula. Ciliary
currents on the surface of the typhlosole within
the caeca serve to retain material but are not
directed into the openings of the ducts from the
diverticula, (fig. 11 B & C). Similar lack of
ciliary currents into the ducts of the diverticula
was found in Glossu magmis, Cardium edule and
Zirphea crispata by Owen (1955) who suggests that
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this is a characteristic feature of the stomach of
all Bivalves. This view is further supported by
the observations of Purchon (1955a) on the

Phol adidae, where the currents on the surface of
the typhlosole within the caeca are similarly not
directed into the openings of the ducts.

Between the opening of the left pouch and
that of the left caecum is a small ridged area.
This extends onto the floor of the left pouch, and
ciliary currents on the ridges and in the grooves
direcf particles dorsally to a point just outside
the opening the opening of the left pouch and just
ventral to the gastric shield. No ciliary currents
appear to be directed into the ducts of the
digestive diverticula which open into the left pouch.

Waste material from the diverticula, together
with the material rejected by the posterior
sorting area passes into the jntestinal groove and
hence to the intestine.

The stomach of the Veneridae therefore has the
structure of, and functions as, that of a typical
suspension-feeding Bivalve. It is similar in all

jmportant respects to that described by Owen (1953b)
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for tumanus, and to that of Cardium edule
(Owen, 1955b). Within the stomach food material
is kept in motion by the combined action of the
rotating crystélline style and the ciliated walls,
and is subjected to the sorting action of the
posterior sorting area. In considering the action
of the Bivalve stomach, some workers, and
especially Purchon (1955a), have designated as
sorting areas any region where the wall bears
ridges and grooves, thus implying that such areas
exert a quantitative influence on material passing
over them. Many of these areas however direct
particles indescriminately in one direction only,
and can, therefore, have no sorting function, but
are collecting areas. In the Veneridae sorting
occurs only on the posterior sorting area,»where
different grades of particles are carried in

different directions on the Tidges and 1in the grooves.

The Pericardium.

The heart was studied on 1iving specimens
and in specimens fixed in formalin and preserved in
propylene phenoxetol, (Owen and Steedman, 1956).
This method shows up the structure of the heart



Figure 12. Venus striatula: Dorsal view of the
contents of the pericardium.

Abo. Interior aorta.

AB., Posterior aortic bulb.

EO. Excretory organ - kidney.
LA. Left auricle.

PAo. Posterior aorta.

P AM, Posterior adductor rmscle.
VA, Airiculo-ventricular valve.

Vv, Valve at origin of anterior aorts.
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particularly well.

The pericardium is situated dorsally between
the supraxial extensions of the outer demibranchs
of the ctenidia. The ventricle (fig. 12) is
large and spherical, communicating on either side
with the cone-shaped, thin-walled auricles, by way
of slit-like auriculo-venticular valves. Anterior
and posterior aortae open from the ventricle and
there is a large posterior sortic bulb. Blood is
prevented from returning to the ventricle from the
anterior aorta by a simple, annular valve at the
junction of the two. The hind=-gut runs through
the ventricle and the posterior aortic bulb.

White (1942) has described the position of the
pericardial glands in the Bivalvia, including
several members of the Veneridae. The pericardial
glands may lie either in the pericardial investment
of the auricles (auricular pericardial glands), or
in the dorsal and ventral anterior regions of the
pericardium and neighbouring areas of the mantle
(pericardially situated pericardial glands). In
the Veneridae the glands occur in both these positions

in some species (Gafrarijum) while in others they
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appear to be restricted to the pericardjal situation.
In all species, howevar, the greatest development of
the glands is in the anterior region of the
pericardium and in the mantle.

‘The kidneys of the Veneridae 1ie dorsal to the
posterior adductor muscle and are partielly overlain
by the posterior gortic bulb. The two kidneys
comrmnicate by way of a large median aperture. The
reno-pericardial pores open into the posterior

ventral corners of the pericardium.

The Nervougs System.

The nervous system has been briefly studied by
dissection in Venus striatulg only.

The cerebral-pleural ganglia are of simple,
fusiform shape and 1lie just behind the anterior
adductor mscle. The cerebro-pedal connective
passes obliquely backwards through the anterjor pedal
retractor muscle and enters the anterior face of the
pedal gangiion. The cerebro-visceral connective
penetrates the base of the anterior pedal retractor
miscle and then passes back through the tissues of
the visceral mass. A large nerve on either side

runs round the ventral side of the anterior sdductor
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E

CN,
ID.
N,
0D.
PlHM,
PRM,
RA.
V.
VGe.

Nn ’ N“ 1 .

Venus striatulat Lateral view of the

content-s of the pericardium and of the
posterior part of the nervous system.
Posterior aortic bulb.

Ctenidial nerve.

Inner demibranch.

lNerves to mantle and siphons.

Outer demibranch.

Posterior adductor mscle.
Posterior pedal retractor mscle.
Right =zuricle.

Ventricle.

Visceral ganglion.
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miscle and branches to supply the anterfor and
ventral regions of the mantle edge. Other nerves
run to the anterior adductor muscle and the dorsal
region of the visceral mass.
The pedal ganglia are fused to give rise to
a large, rounded ganglion which lies in the mid-~line
just ventral to the coils of the intestine. Two
large nerves pass ventrally on each side into the
foot. |
The visceral ganglia lie at the anterior
surface of the posterior adductor mscle. Three
main nerves leave these ganglia on either sides
a ctenidial nerve, a nerve to the posterior. adductor
miscle, and a nerve to the siphonsal process and
posterior part of thé mantle. This last named
nerve divides ventral to the posterior adductor
mscle to give separate branches to various regions

of the mantle (fig. 13).

The Reproductive System.

The genital aperture lies on the postero-
dorsal surface of the visceral mass, and opens into
the epibranchial space above the inner demibranch.

In the ripe condition, the gonad occupies most of
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the space between parts of the alimentary canal in the
visceral mass, but does not extend into the mantle.

All the British species are normally unisexuale. The
development of the gonad, and the breeding of certain

species is described later.

(3) Mysia undata

The systematic position of Mysia undata has been
the subject of some disagreement in the past, being
placed by some zuthors in the Veneridaeg, and by others
in the Petricolidae. It will therefore be considered
separately here and its systematic position discussed.
| The shell of Mysia undatg is equivalve and
inequilateral. The shape is sub-orbicular, the form
of the normal axis being a turbinate spiral. The
shell is thin and fragile and the periostracum
transparent. Internally the adductor miscle scars
are well-marked, the posterior being slightly larger
than the anterior. The pallial line is distant from
the edge of the shell and sinuous (fig. 14). There
is a deep pallial sinus, extending about two-thirds of
the way to the umbones. The valve margins are not
crenul at ed.

The hinge is well-developed, with three cardinal
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Figure 14. 1lysia undatas 4. Disposition of
the organs in the mantle cavity.

B. Internal view of the left shell
valve showing hinge teeth.

AL, Anterior adductor muscle.

EX. Exhalent siphon.

¥, Foot.

ID. Inner demibranch.

IN. Inhal ent siphon.

OD. Cuter demibranch.

PAlL, Posterior adductor mscle.

SB. Supra-axial extension of outer
denibranch. '

ULP. Upper labial palp.
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teeth in the left valve, the centre one of which is
bifid. In the right valve there are two cardinal
teeth, the posterior one being bifid. The ligament
is identical in structure with that already
described for the Veneridae.
The mantle margins are free ventrally forming

a large pedal gap through which the well-developed
miscular foot may be protruded. Posteriorly the
mantle margins fuse to form the siphons, the fusion
being of type B (Yonge, 1957). The siphons are
long and separate, the exhalent being slightly
shorter than the inhalent. The opening of the
inhalent siphon is ringed by a double row of simple
tentacles, while the exhalent is ringed by a single
row of short tubercles. In 1ife the siphons are
protuded a little above the substratum and undergo
little movement except when disturbed. Mysig undata
is a true suspension feeder - a view which is
confirmed by the structure of the stomach, which
does not differ in essentials from that of the
Veneridae.

~ The organs of the mantle cavity (fig. 14) are
similar to those of Venus. The outer demibranchs
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of the ctenidia are about half the depth of the
inn?r. There is a large supraxial extension. |
Ciliary currents on the ctenidia are of type C
1(b) (Atkins, 1937b), with well marked oralwards
currents at the free edge of the inner demibranch
and at the axis of the two demibranchs, and a’
weak oralwards current at the free edge of the
outer demibranch. Guard cilia are present.
Ciliary currents on the inner surface of the mantle,
the visceral mass, and the palps are similar to
those of Venus.

Internally there are no important differences
in structure between Mysia and undoubted members of
the Veneridae.

In table 1, the characteristic features of the
genera Venus and Paphia representing the Veneridae,
and of the Petricolidae, are summarised and compared
to those of Hysia undata. The characters of the
Petricolidae have been taken from the papers of
Purchon (1955) and Yonge (1958) on Petricola
pholadiformis and Petricolg carditojdes respectively.
As 1s seen from this table, Mysig resembles the

Petricolidae especially in the form of the siphons
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and the pallial sinus, but the form of the hinge
teeth suggest that this species should be
classified with the Veneridae rather than thé
Petricolidae. The number of hinge teeth is not

regarded as important in this connection since,

although all other British species have three

teeth in each valve, a number of foreign genera
occur in which the number of teeth is different.

For example Gemma has three teeth in the left valve
and two in the right, as does Cyclina (Adams & Adams,
1958) .

(%) Discussion.

From the foregoing account of the functional
morphology of the Veneracea it is clear that within
this group the Veneridae form a central family of -
closely related forms, mostly living close to the
surface in relatively soft substrata, and a1l with a
suspension-feeding habit, but without many special
adaptations. This lack of special adaptations may
itself be connected with the habit and habitat of
the animals since under suspension-feeding conditions
mich of the material entering the mantle cavity is

normally utilisable as food, making adaptations of
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the ctenidia and mantle, such as are found in
deposit feeders, unnecessary. Further Owen (1959)
has suggested that many of the adaptations of more
speciélised suspension-feeders (e.g. Solenidae,
Myidae) are connected with a deep-burrowing habit
and loss of horizontal mobility, whereas the

Veneridae retain their mobility and are, in general,

shallow burrowing forms. Among the suspeansion-

feeding Bivalvia the Veneridae may be regarded as
a group which have evolved along unspecialised
lines although their world-wide distribution on all
types of substrata shows that they are none the
less highly successful.

In considering the relatiomships of the
Veneracea with other groups of bivalves the most
important anatomical features are those connected
with the burrowing and the suspension-feeding
habits, notably the form of the siphons and foot,
and the structure of the stomach. Certain members
of the Veneridae such as Gafrgrium and some species
of Venus have short fused siphons. Such siphons
may be regarded as primitive in the Veneracea so

that within the Eulamellibranchia related forms
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mst be soug@t among these groups with similar siphons.
Such groups include the Astartacea, Isocardiacea and
Cyprinacea. Of these the Isocardiacea and Cyprinacea
show many points of similarity with the Veneracea,
especially with the genus Gafrarium.

Within the Veneracea the least. specialised. _
condition is found in the genera Gafragrium and Callistsg,
which have short fused siphons associated with a
surface-living habit. Only slightly more specialised
is Yenus, the members of which range from near-surface-
living forms, like Venus fasciata, to deeper burrowing
forms with longer siphons, such as Venus striatula.
Among the other members evolution appears to have taken

a number of lines, one possible course being indicated

belows
Primitive Veneracea
(Short fused siphons
surface 1living).
Gafrarium
Callista
———— Mysia (long separate siphons).
f \ | ’
Dosini Venus — — Venerupis
long fused (shallow
siphons; burrowing) Glauconome  Petricola
relatively deep (GLancomyidae) (Petricolidae)
burrowing; no (deep burrowing; (boring)

byssal fixation) loss of mobility)
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The genus Dgosinia has taken a éomewhat different
course, being adapted for what is a relatively deep
burrowing habit when compared with a typical Venerid
such as Venus casing. This end point has, however,
been reached by a different route from that taken by
the other deep burrowers.. ' In-these burrowing is
associated with elongation of the shell by a shift in
the location of the zone of greatest marginal increase
away from the region where the demarcation line meets
the shell edge. The animals lie vertically in the
substratum with the posterior end uppermost. In
those genera such as BFagis which move in their
burrows the foot is protuded anteriorly. In others
such as Mya, the foot is reduced and the animai
occupies a permanent position deep below the
surface. In contrast to these the shell of Dosinig
is almost circular, and lies normally with the
ligament more or less parallel to the surface. The
foot is protruded ventrslly in digging and the
anterior and posterior sets of pedal miscles perform
equal work in the digging process. Burrowing is
possibly assisted by the flattened lunule acting as

a pressure nlate preventing the animal from moving
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upwards as the foot is extended. The normal
position of Dosinia in 1ife is shown in figure 15,
together with that of Myg and Ensjs for comparison.
The two families, the Glaucomyidae and the
Petricolidae show the result of divergence from
the central venerid type in two different - -
directions, which have recently been discussed by
Owen (1959) and Yonge (1958) respectively.
Glaucconome is adapted by the possession of long,
united siphons, extensive fusion of the mantle
margins ventrally, and reduction of the foot, to
a deep-burrowing 1life in soft substrats. It
presents a further contrast with Dosiniae. The
Petricolidae, as Tepresented by Petricola
phol adiformis (Purchon, 1955) and Petricola
carditoides (Yonge, 1958) are adapted in vafying
degrees to a rock-boring habit, and have long,
separate siphons, and ventral mantle fusion. Both
the Glaucomyidae and the Petricolidae show special
adaptations of the ctenidia allowing them to deal
with particles of sand and mud entering the mantle
cavity, and both possess shells which are

elongated by displacement of the zone of greatest
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marginal increase posteriorly. As Owen (1959)
has suggested, members of the genus Pgphig show
features in common with both these groups.

The evolution of the rock-boring habit in the

Bivalvia has taken place along a number of lines.

Yonge (1951) has suggested that it would appear:

to have been preceded by specialisation, in some
cases for byssal attachment in crevices, or
"nestling", in others for deep~burrowing into

soft substrata. The first of these is exemplified
by Botula and Lithophaga (Yonge, 1955), the other
by Platvodon (Yonge, 1951). If the Petricolidae
are regarded as evolved from a Pgphig-like ancestry,
the possibility exists that the boring habit may
have been acquired by either of these two routes,
since within the genus Pgphig both relatively deep
burrowing, (P. decussata) and nestling (P, _pullastra)
forms exist. By nestling is here meant the
attachment of the young animal within crevices in
rocks by means of a byssus, a process which occurs
in Pgnhia pullastra and may result in abnormal
growth due to the restriction of the shell by the

surrounding rocke.
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The Petricolidae are less specialised for the
boring habit than are many other groups. Their
main adaptations consist of the elongation of the
shell posteriorly, the development of sharp
ridges on the shell especially at the posterior

- end, and elaboration of the ciliary currents of

the ctenidia. These adaptations are developed
to their fullest extent in Petricola pholadiformis
( Purchon, 1955), but in other members the 1link
with the genus Paphia of the Veneridae may be seen

more clearly. In Petricola lapicida (Otter, 1937)
the shell is similar to that of the venerids,

(e.g. Paphia pullastra), but with serrations
developed especially at the posterior end where
they form a rough, jagged border to the shell.
Boring is mechanical as in 211 the Petricolidae,
but the burrow is shallow. Otter considers that
the opening and closing of the shell valves would
be sufficient to enlarge the burrow as growth
proceeds. The internal anatomy of Petricola
lapicida has not been described in detail and it
would be interesting to see how it compares with

other members of the Petricolidae, especially in
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regard to the ciliary currents of the ctenidia. - In
the Petricolidae, as in Hiatella (Hunter, 1949) the
byssus is not used in burrowing by the adult, as it
is in Botula and Lithophaga (Yonge, 1955). The
burrowing movements are developed from the normal
locomotory activities of the animal and more .
especially from the cleansing movements of the

shell valves. The well-developed hinge-teeth and
the long ligament make rocking movements of the
shell valves, such as occur in the Pholadidae
(Purchon, 1955a), impossible. Thus the evidence
suggests that the boring habit of the Petricolidae
has been made possible by the previous adaptation of
Paphig-like ancestors to a nestling rather than to

a deep burrowing habit.
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IV. Breed nd Larval Development.

1. ZIntroduction.

Thé work'described in this seetion is concerned

with the breeding and 1larval development, mainly of

Venus striatula.

Thé Study.of‘the.bféedihg'éyélé.wés.originaily |
undertalken as a preliminary to attempts to identify
the larva in plankton collections. However, the
small size at which larvae of the Veneridae set and
met amorphose makes specific identification from
mixed plankton collections difficult, especially in
areas where several different species are present
together and where the exact spawning periods of the
adults are not known. Farly attempts to separate
types of larvae from such collections were therefore
abandoned, and most of the work described here was
carried out in larvae cultured in the laboratory fromn
natural spawnings. The study of the breeding cycle
was continued, however, for comparison with simil ar

studies by other workers in other parts of the warld.
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2. The Reproductive Cycle of Venus striatula.

In the early stages of the investigation, the
condition of the gonad in individuals was studied
by means of sections. For this purpose the
visceral mass and foot were removed and imbedded
in ester wax (Steedman, 1947).  With large
specinens a piece of gonad tissue, approximately
0.5 mm square, taken from the side of the visceral
mass, was used. Bouiln's fiuid in sea-water was
used as a fixative. Sections were cut at ten or
twelve microns and stained with Ehrlich's
haenatoxylin and eosin. Fach block was numbered
separately so that further sections could be
prepared later if required. This material has
been used for the qualitative description of the
state of development of the gonads and for the
quantitative work in 1957. The lgbour and time
involved in cutting sections limited the numbér of
animals which could be examined in each sample.
For this reason the method was dispensed with in
later stages of the investigation and the animals
were ascribed to the groups described later, on the

macroscopic appearance of the gonad and by the
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examination of smear preparations. In conjunction
with observations of the Spawning of animals
brought into the laboratory this method gives an
accurate estimate of the time and duration of
spawning during the year.

Samples for- study were taken from the
population of Venus striatula in Kames Bay, Millport,
described later, which consisted largely of young
indivicduals. Daily temperature recards were
available for the period covered by the
investigation, from Keppel Pier, Millport. These
are given in figure 15.

The female gonads were assigned to one of the
following three groups:

Stage A. The gonads included in this group were
those which were generally unripe, but nevertheless
contained some ripe cells. This group therefore
included all stages of development from that
immediately following spawning to that at which ripe
ova predominated. Stage A ovaries were relatively |
small in volume being restricted to the ventral

part of the visceral mass, and the ova were

difficult to separate in smear preparations.
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Plate 1. Venus strigtulat Photomicrographs
of sections through the gonad.

A. Female. Spawned out. August 1957.
Young ovocytes and residual ova are present.

B. Female. Developing. Stagel. October 1956.
lumerous young ovocytes are present.

C. Mele. Developing. April 1957.
The lumina of the follicles contain
spermnatozoa. ’
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Stage B. The animals in this group were ripe
morphologically, but as far as could be told had
not begun to spawn. This group may possibly
have included some early spewning stages since
the discharge of ova in the early stages of
spawvning may not noticeably affect the ovary.
Stage C. This group consisted of partially
spawned animals.

The male gonads were assigned to one of the

two groups: ripe or developing, or spawning.

I ann c _t n .

The period just before spawning commenced
forms a convenient point to begin a description
of the anmuial cycle. During 1957 this condition
was reached in late April to early May, when the
temperature recorded at Keppel Pier was about 9.0 C.
Ripe femal es were characterised at this stage by
extended follicles containing almost exclusively
large, Tipe ova. The follicles were closely
packed, with 1little conmnective tissue between then.
The ovaries formed a creamy-white area in the
visceral mass and extended dorsally and anteriorly

over the digestive diverticula. In the fully-ripe
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ovary the ovocytes were detached from the follicle
wall and occupied the centre of the lumen.

The mumbers of females in each stage during
the period October 1956, to September 1958, is
shown in table 2 and figure 16. Spawning in
1957 began in May and continued into August.

The first animals showing signe of spawning
appeared in the collection of May 20th. Before
this, however, numerous animals had spawnéd on
being brought into the 1aboratory indicating that
the bulk of the population was both morphologically
and physiologically ripe. In 1958 spawning took
place a little later than in 1957.

In the female, spawning takes place at
intervals during the season and is never complete,
some residual ovocytes remaining in the ovary at
the end of the spawning season. Similar residual
ovocytes have been recorded in Ven lgstrg,
(Quayle, 1953), in Venus mercenaria (Loosanoff, 1937),
Cyprina islandica (Loosanoff, 1953) and in several
other bivalves. In Veus striatula, as in Venerupis

ullastra, these residual ovocytes persist throughout

the winter and spring without being resorbed. Their
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Figure 16.

-

1957 1958

Venus striatula: Disgram to show the
percentage of females in each stage

of the gonad cycle during the period
October 1956 - September 1958. Daily
temperatures tsken at Keppel Pier are
also shown.

Cross=hatched Devel opment Stage 1.
Unshaded Development Stage 2.
Horizontally shaded Spawning?.

Shaded

Partially spawned.
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ultimate fate is unknowm, but it is probable thsat
they are spawned with the ovocytes of the
following year.

The development of young ovocytes in the
ovary begins before spawning ends, so that the
ovary passes directly from the spawing condition
to an early stage of development. Immediately
following spawning the follicles may in some cases
become filled with vacuolated cells but the
follicle walls do not collapse. Development at
this stage is rapid and by September some of the

animals may have passed into the second stage of

development (Stage B) with the follicles filled

- with relatively large ovocytes. At this time,

however, the ovary is still fairly small and
restricted to the ventral regions of the visceral
mass.

Ovogenesis continues throughout the winter,
although at a reduced rate. In late February and
early March, development is accelerated and the
gonad extends dorsally and anteriorly. The
ovocytes continue to increase in size and assume a

pear-shaped form with a thin stalk-like attachment
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to the follicle wall. DBy the ead of April the
ovaries are both morphologically and physiologically
ripe.

In 1958 the sea-water temperature as recorded
at Keppel Pier reached its lowest point towards the
end of March, sbout a month later then in 1957. In
spite of this the development of the gonads followed
the same pattern in both years. The proliferation
of the gonad which takes place in the months of |
February andrMarch coincides with the period when
thg phytonlankton in the water is increasing. At
this time the digestive diverticula of the animals -
take on a deep green colouration, quite distinct
from the rather pallid appearance they have during
November and December. From the information
available from the two years studied it appears
that the proliferation of the gonad takes place in
response to increased food supply rather than to
increasing temperature. Apparently, proliferation
of the gonad does not invélve the use of glycogen
or other material stored throughout the winter, but
takes place whenever the amount of food obtained by

the animal is sufficient to exceed the amount
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required by other metabolic processes. Under
these circumstances, an increase in phytoplankton,
or an increase in temperature leading to an
increased rate of water filtration by the bivalve,
would accelerate the rate of proliferation of the
gonad.

The cycle in the female consists therefore
of a brief period of recuperation following
spawnigg, followed by rapid development of the
ovogonia into ovocytes. This development in many .
cases overlaps tﬁe spawning phase. Development
of the gonad is continuous until maturity in early
May. This cycle is similar to that found in
Venerupis pullastra (Quayle, 1948) and to that of
many North American species including Venus mercenaria
(Loosanoff, 1937) and Paphis staminia (Quayle, 1943).
It differs considerably from the cycle in many oysters
where a period of fattening follows spawning, and
where development of the gonads does notvstart until

the following spring.

The annual Cycle in the Male.

In the male gonad immediately before spawning

the follicles are closely packed and are filled
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almost exclusively with ripe spermatozoa. These
spermatozoa are typically arranged with the heads
together farming dense bands within the follicles,
an appearance which is particularly noticeable in

sections, but also, in some cases in smear

preparations. In spawning animals the spermatozoa

lie free in the follicles. Spawning apparently

" takes place at intervals, since animals opened

immediately after spawning for some time in the

laboratory still contained 1arge numbers of

spermatozoa. In some cases the gonads of such
individuals were difficult to distinquish from those
of fully ripe animals which had not spawned. When
spawning is completed a number of spermatozoa are
left in the gonad and in fact, ripe spermatozoa may
be found at any time of the year. | Immediately after
spawning there is a development of vacuolated cells
in the follicles although the presence of these méy
be masked by the spermatozoa which remain.
Spermatogenesis begins rapidly and by early
September the gonads have reached a considerable
degree of development with spermatogonia and

spermatocytes 1ining the walls of the follicles and
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spermatozoa filling the lumen. Spermatogenesis
continues throughout the winter, and the early
months of the year are marked by an increase in
the volume of the gonad. The animals are ready
to spawn in late April.

The cycle in th?.male.is therefore similar
to that in the female, with gametogenesis
continuous from August to April, zlthough r educed
in rate during the winter. As in the female the
spring is marked by proliferation of gonadial
material which spreads dorsally and anteriorly in

the visceral mass.

Sex Ratio.

Of the 765 animals examined in the cour se of
the study of the breeding cycle of Venu trigtula,
388 were females and 377 males, showing that the
sexes are present in equal proportions. An
examination of a large sample of adults of different
ages from Hunterston Sands indicated that the sex
ratio remains the same at all ages. No hermaphrodite

individuals were found.

3. Spawning.

Observations of the spawning of various members



66~

of the Veneridae have been made on numerous
occasions. It was found that when the animals
were ripe,_bringing them into the laboratory was
often sufficient stimlus to cause a large
pgrcentage to spawn, the stimlus probably being
rise of temperature, but possibly also mechanical
disturbance. Natural spawnings induced in this
way were used as a source of gametes for
fertilisations in the larval-rearing experiments
described later, and for obtaining information‘on
the breeding season of those species where the
anmial cycle of the gonad was not followed in
detail. These observations, made in the
laboratory, also give some informstion on factofs
influencing spawning in nature. |

In the spawning experiments the animals were
brought into the laboratory and placed in filtered
sea-water in flat pyrex dishes of zbout one litre
capacity. With Venus striatulg, 40 or 50 animals
were used in each dish, but with most of the other
species animals were used as they became available,
usually in fairly small numbers. As far as

possible specimens of each species were examined.
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monthly. The rise of temperature to which the
animals were subjected varied according to the
season but was, in general, about 5°C in summer
and up to 10°C in winter. The animals were
examined at short intervals and any seen to be
spawning were removed to separate dishes. - The:
time after the stért of the experiment at which

cach animal started spawning was recorded.

Spawning Period,

The months in which natural spawning was
observed in each of the species examined are shown
in table 3.

The observations for Venerupis pullgstra
agree with those of Wuayle (1953), who observed
this species spawning at Millport during May,

June and July, and found larvae in the water during
July, August and September. Lebour (1938) records
that this species breeds at Plymouth in June and
July, and also in September and October. In the
North Séa} larvae which were probably of this
species (Rees 1950, 1951, 195%, ? Paphia) occurred
in the plankton in September, October, November and

December. In each case therefore this species
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breeds during the period when the sea temperature
is at, or approaching, the annual maximmnm.

The larvae of Venus stristulag occur in the
North Sea in September, October and November (Rees
1951, 1954, Venerid B) when the sea temperature is
at its maximum. Lebour (1938) states that this
specles breeds at Plymouth in February, March and
May. Jdrgensen (1936) has recorded larvae of this
specles from the Yresund from September 19%1 to
February 1942 and in August and September 194+2.

The larvae were most numerous in October znd
November at sbout the time when the water temperature
was at its maximm.

These two species of the Veneridze for which
most information on the breeding season is
available, therefore conform with the generalisation
of Orton (1920) thet species near the lower limit
of their geogrgphical range of temperature should
breed during the warmer months of the year.

From these observations, it appears that the
spawning season of Venus fasciata occurs earlier
in the year than that of the other species for which

information was obtained, znd there is a suggestion
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that it may be split into two pezks. However,
the number of observations of spawning in this
specics is insufficient to draw any definite
comparison, and the changes in the gonad were

not followed.

The Spawning Act. -

The sexual products ere first extruded into
the suprabranchial chamber and are then
discharged through the exhalent siphon, being
carried by the exhalent stream for some distance.
In male Venus striatulg the sperm may reach a
distance of six to eight cms. from the siphon.
The distance depends on the size of the animal and
on the strength of the exhalent current. Numerous
observations have indicated that this may vary
considerably from individual to individual, and in
one individual at different times. Shell
movements play no part in the act of spawning in
any of the Veneridae examined, an observation whiéh
agrees with that of Quayle (1953) on Venerupis
pullastra and of Loosanoff (1937) on Venus mercenaria.
Shell movements are important in spawning only in

those bivalves, such as female oysters, in which
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the gametes pass through the gills, and where
special shell mov ements associated with spawning
arc developed from the normal cleansing movements
of the shell valves.

Spawning in both the male and the female is
repeated 'at intervals throughout the spawning:
season, but no precise information on the length
of the refractory period has been obtained.

Quéyle (1948) found that the refractory period
in Venerupis pullastra was two to three days in

.both the male and the female.

Intensity of Spawning at Different Times during the

Season.

A large number of observations of spawning
were made on Venus strigtula, especielly during
1958. The results indicate that the intensity of
spavning builds up to a peak in the middle of thg
spawning period and then drops. In figuref}é‘tﬁe
intensity of spawning in animals brought into the
laboratory on different dates is indicated by
plotting the number starting to spawn'im each half

hour period from the start of the experiment.



Figure 17. Venus striatula: Diagram to show the
intensity of spawning throughout the
season. The histograms show the
number of anfmels starting to spawn in
each half-hour period from the start

of the observationse.
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Unshaded. Femal es.
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. Early in the season the percentage number of
animgl s which were induced to spawn in each group
was low, and the time intervals between
individunal animals beginning to spawn, fairly long.
As more animals in the population becanme
physiologically ripe later in the 'season the
percent age spawning rose, and the time intervals
became shorter until "epidemic spawning" (Thorson,
1946) took place in most of the samples examined.
The factors producing epidemic spawning will be
discussed later.

The time which elapsed between bringing the
animal s into the laboratory (i.e., the stimlating
rise of temperature) and the first spawning, varied
considerably, but was in most cases between 1.5
and 2 hours (fig. 16). During this period some
physiological change must occur in the animals which
eventually results in spawning. The nature of
this change is unkndwn. In the female an important
change in the eggs takes place between stimlation
and the onset of spawning¢ in the ovary the eggs
possess an intact germingl vesicle. Before

spawning this breaks down and a maturation division
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takes place. The eggs are spawned when this has
occurred. If the eggs are removed artificially
from the ovary they do nof mature, and artificial
fertilisation is therefore impossible. The
stimlus initiating the maturation division is
thought to be a rise in temperature,
Considerable variation occurred in the time
pattern of these experiments from day to day, and
in different batches of animals collected at the
same time but examined at different times on the
same day. These variations could not be explained
im relation to changes in the conditions of the
eXperiment. In some cases the variation was
extreme: some samples giving 50 - 60% spawning
while other samples from the same collection gave
none. Since these variations occurred in the
middle of the spawning period as well as early and
late, they cannot be explained by the suggestion
that the batches which failed to spawn were unripe
physiologically. It seems that there is some other
factor affecting spawning in these animals. A
series of observations made on June 18th, 1958,

suggested spawning might take place with a tidal
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rhythm, but later experiments did not confirm this.
More experiments are necessary before the factors
controlling spawning in these bivalves can be fully

understood.

Bpidemic Spayning.

The animals ih the experimental dishes were
exposed to stimilation by sexual products after the
first animal had spawned, although each animal was
removed as it was seen spawning. Under these
conditions "epidemic spawning" occurred, that is,

a large number of the animals present were
stimlated to spawn in a short time. Iﬁ many
experiments over 50% of the animals present spawned
within an hour of the first. Table % is a record
of such an experiment. The effect of the sexual
products in stimlating spawning in bivalves is
well established, but the work of Galtsoff (1938,
1940) should be mentioned, Epidemic spawning is
the result of continued mitual stimulation between
malgs and females and may, in Venus striatula, be
initiated by either males or females. In
experiments where the first animsl spawning was

definitely seen, 13 were started by males and 11



Table )+o

Venus striastulas

spawning group, June 13th, 1958.

Record of typnical

- Time |

Sex Time_ oex = Time | Sex = Time | Sex

& 3.45 5 4,02 5 4.09 ¢ 4.33
el 3.46 0 4,03 ¢ 4.09 Q 4o 34
G 3453 g 4.0k% 0 k.12 Q %.39
o 3.55 ) %.05 Q k.12 ) %.39
& 3.58 | o 406 | ¢ 419 | ¢ 5.0
& 3459 0 4.07 ¢ %420 Q 5.11
Q 4.01 Q 4.07 Q 4.25 Q 5.12

40 pnimals. -
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by females.

Critical Spawning Temperature.

In the course of these experiments no animals
were fourid to spawn at temperatures lower than
11°C. Observations on the reproductive cycle of
Venus strj g-itli;] a' re‘cdrdéd'eérii.ef Su‘gg‘eét. thét | ih |
nature spawning may take place before the temperature
reaches this point, since signs that éome animals
had spawned were seen when the sea temperature

recorded at Keppel Pier, was still at about 9°C

onlye

4, Identification of the Veliger.

Adult animals collected during the spawning
period and placed in flat dishes of sea water in the
laboratory usually spawned the same day if ripe, as
described earlier. When the animal was seen to be
spavning, it was removed from the dish and placed
in a segparate vessel containing filtered sea-water.
This procedure rarely disturbed the animal greatly
and spawning usually restarted within a few minutes.
Naturally-spawned eggs and sperm were thus obtained

relatively free from detritus and other contamination.
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Fertilisations were made by adding a little sperm
suspension to the egg suspension in a 500 ml. or
1 litre beaker, stirring continuously to avoid |
polysperny and to insure fertilisation of all the
eggs. The water was changed several times after
fertilisation to remove any unfertilised eggs or
excess spern.

The fertilised eggs were kept mainly in two-
litre vessels containing water collected from
Keppeal Pier and filtered through Whatman No. 3
filter paper. For some fertilisations sea-water
filtered through a Berkfield bacterial filter was
used in an attempt to restrict bacterial growth.
The water in the vessels was changed at jintervals
of a few days.

After the larvae had reached the shelled stage
with the gut developed they were fed daily by the
addition of a few mls. of 2 culture of Monochrysis
lutheri Droop. When larvae were observed crawling,
a small dish of sand was placed in the vessel.
Larvae settled in the sand, but some settlement also

took place on the glass bottom of the culture vessel.
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In cultures to which no sand was added the larvae
sé%tled normally on the bottom of the vessel.
Larvae and young bottom stages were observed
living and vitally stained with neutral red.
For sectioning, the larvae were fixed in Bouin's
fluid and imbedded in paraffin or ester wax.
Sections were cut at 3w, 4d, or 6u. For the
preparation of photographs of the shell, the
valves were Separated by immersing the larvae in
a solution of sodium hypochlorite (Rees, 1950),
or in a weak solution of neutralised hydrogen
peroxide. As far as possible the valves were
cleaned before being photographed, by the use of
fine glass needles. The valves were photographed
lying flat on a slide as recommended by Quayle
(1952). This view gives the true shape of the
shell and is more useful for compariscn than views
of the intact larva where the curve of the shell
may cause it to lie at an angle and so give an

erroneocus impression of the shape.

Dggcrjption of the Velizer.
Larvae attributed to Venus striatula have been
described by Jdrgensen (1946) from the @resund, and
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by Reces (1950, 1951) from the North Sea. The

identitication of the larva by Rees was tentative,

but is confirmed by observations made here. |
The characteristics of bivalve larvae which

are useful for identification purposes are confined

almost entirely to those of the shell, in particular,

the shape, sculpture and hinge teeth. Colour is
generally not a good character, since, as noted by
Loosanoff, Miller and Smith (1951) the colour is
dependant on fhe food taken by the larva and may
change in a few hours., Al so the colour is lost in
preserVed Specimens.

Considerable difficulty was experienced in
seeing the structure of the hinge plate in the larva
of Venus striatuls. It was confirmed however that
the hinge was of type C (Rees, 1950) although exact
details could not be secen.

The most generally useful characters for the
identification of the larva of Venus strigtuls are
the shape of the larval shell and its sculpture. A
series of photomicrographs were taken to illustréte
these characteristics in larvae of different sizes

(Plate 2). Prodissoconch 1 is immediately






Plate 2. Venus stristulat Photonicrographs. to
show the shape and sculpture of the
larvel shell.

A. larvas  85i.
B. larvas DOw.
c. | larvas 175u.
D. larvas 185k,
B. larvas 195u.
F. spat: 3004,

G. spats  6L4Ou.
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distinguishable from the later formed prodissoconch
11. The former bears small, punctate markings_and
is 90 - 110p long. Prodissoconch 11 bears
concentric lines of varying degrees of clatity,

but most are well-marked. Hspecially towards the

~ventral edge, the shell may be of a light, brownish-

orange colour.

Setting occurs when the larvae have reached a
length of 200 - 2204, although some larvae may set
when only 190 long. . A few remain in the plankton
until 280k long. Jérgensen (1946) found young
bottom stages with prodissoconch 11, 210 - 225u

long and a single one with prodissoconeh 11, 280u

long.

Complete success in rearing the larvae through

from the fertilised egg to metamorphosis was

obtained only in the case of Venus striastula.
Natural spawnings were obtained also from ¥V, fasciata,

V, ovata, and Gafrarium minimm, and the larvae
reared to the straight hinge state. In the case of
V., fasciats and G, minimin the larvae were taken to
a size of about 160 k. However, up to this stage,

characteristic differences in the larvae were not
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obvious enough for useful descriptions to be given.
Measurement s of prodissoconch 1 showed no significant
difference in the relative proportions of height and

length.

The egg is surrounded by a gelatinous membrane
within which cleavage takes place (Plate 3). |
Cleavage is of the typical bivalve type and the
trochophore larva is formed within 2% hours of
fertilisation. At this stage the gelatinous
membrane is shed and the larva becomes free-swimming.
The secretion of the larval shell by the shell
gland during the second day following fertilisatiom
brings the larva into the straight-hinge veliger
stage. Up to this point the source of nutriment
for the developing larva has been the yolk stored
in the egg, but on the third to fourth day following
fertilisation the gut becomes fully formed and the
larva begins to feed on nanno=-plankton organisms.

Growth is then continuous until settlement.

5. IEffect of Temperature on Growth of the Larva.

Numerous anthors have made general statements

concerning the effect of temperature on the rate






Plate 3.

A.

Venus striagtulas

Photomi crograph of smear preparation of
ripe female goned. lNote the germinal
vesiclee.

Photomicrograph of egzgs obtained from
natural spawning. No gerninal
vesicle is present.

Photomicrograph of developing eggs
mounted in a suspension of carbon
black to show the large surrounding
gel atinous sheath.
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of development and growth 6f bivalve larvae, but
few of these have been based on experiments in
which the conditions were controlled. Korringa
(1941) states that larvae of QOgtreg virginica
require thirteen days at 23.0 - 25.0°C, fifteen
days at 21.0 = 22.0°C} and seventeen days at
 20.0°0 for dévélbﬁménf‘to ﬁhe setting stage. The
same author also states that the pelagic stage in
Ostrea edulis lasts six days at 22.0 - 23.0°C,
seven days at 21.0°C, twelve days at 19.0°C and
fourteen days at 16.0°C. Medcoff (1939)
concluded that larvae of Ostreas vjfginjca require
24, 26 and 30 days to reach maturity at temperatures
of 21.0, 20.0 and 19.0°C respectively. Recently
Loosanoff, Miller and Smith (1951) have thoroughly
investigated the effect of temperature on gréwth
and setting of the larvae of the clam, Venus mercengriag
in labbratory cultures, and have shown that at
30.0°C setting began as early as seven days after
fertilisation, at 27.0°C - nine days, at 24%.0°C =
eleven days, at 21.0°C - fourteen days, and at
18.0°C - sixteen days.

The bulk of these observations were made on
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species which develop at relstively high
temperatures compared with those at which many
British bivalves develop. Litfie information is
gvailable on the rate of growth of larvae which

normaglly occur at temperatures in the range of

10.0°C - 16.0°C or lower, and it is thought

therefore that the results obtained here on the
rate of growth of the larvae of Yenus striatula,
although incomplete in some respects, may be
usefully recorded.

Eggs and sperm of Venus striatula were
obtaingd in the laboratory as described earlier.
Fertilisations were made and the larvae allowed
to develop at room temperature (about 15.0°C) for
two days, that is until the veliger stage was
Teached and the larval shell had grown to length
of 100 -~ 120u. The larvae were then divided at
randon between the eight 600 ml. beskers which
were used dquring the experiment, to give a density
of about 10/ml. in each vessel. Throughout the
experiment, the sea-water present in the vessels
was removed every second day through a stainless

steel mesh filter, and fresh sea-water added.
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The seca-water used was collected from Keppel Pier,
Millport, and filtered through Whatman No., 3
filter paper to remove the larger planktonic
organisms and debris.

To obtain a range of temperature, a large
galvanised iron bath, divided into ten separate
éompartments by ifoh Sheets, and containing fresh
water, was used. The temperature at one end of
this bath was controlled at 30.0°C by means of a
heating coil, stirring unit, and thermostat, and
at the other end a temperature of 5.0°C was
majntained by means of a thermostatically
controlled refrigerating coil. Each compartment
was stirred individually by a stream of air
bubbles. DBefore use the bath was run for several
days to allow a temperature gradient to be set up,
and it was found that the temperature in each
compartment remained fairly steady, within 1.0°C on
either side of the mean temperature of the
compartment. The difference in temperature between
one conmpartment and the next remained very steady.
The beakers used were suSpended‘in the various

compartments of this bath to give experimental
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temperatures of 5.0, 10.0, 12.0, 14.0, 16.0, 20.0,
22.5, end 26.0°C.

Aliquots of a culture of Monochrysis lutheri
Droop, were added to the cultures each day to
maintain a concentration of approximately 500 cells

per ml. of water.

Results.

The results of the two experiments carried
out are shown in figure 18, the curves of which are
based on the mean lengths of the larvae as
determined by measurements of representative samples
of the populations taken on the third, fifth,
seventh, tenth, twelfth and sixteenth days following
fertilisation (tsble 5). In the first experiment
a sample of larvae was also taken on the fourteenth
day. On the sixteenth day, the fastest growing
larvae in the cultures were beginning to set and
the experiment was carried 6ut with larvae ffom a
fortilisation made on June 14th, 1958, the second
with larvae from a fertilisation made on June 30th,
1958. Prior to these several experiments had beén
carried out in which newly fertilised eggs had

been transferred to different temperatures.
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Figure 18.

Venus stristula
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in length of larvae at different

temperatures in laboratory cultures.

Graph to show increase
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The larvae in cultures kept at temperatures

between 10.0°C and 22.5°C inclusive behaved normally.

They swam vigorously and remeined in suspension in
the sea-water without mechanical agitation of the

cultures. Cells of Monochrysis could be seen

being aqtively mpved by'the qilialagd’crystalline
style in the stomach, while the digestive
diverticula were coloured green by the ingested
food particles.

Larvac kept at 5.0°C in experiment 1 fatled
to grow. These lervae swam sluggishly and were
very trensparent, with 1ittle or no food in the
gut. Some of the larvae at this temperature were
alive at the end of the experiment, 16 days after
fertilisation, but mortality occurred in the
cultures kept st 26.0°C although +n these food was
observed in the stomachs of the larvae. In spite
of this, 1little growth occurred, and it is probable
that this temperature is near the upper 1limit of
temperature tolerance for these larvae.

Mortality in cultures kept at temperatures
between 10.0°C and 22.5°C was low. In those kept
at 12.0, 14.0 and 16.0°C mortality was estimated

at the conclusion of the experiments as not more
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than 10%. At 10.0°C and at 22.5°C mortality was
higher, an observation which agrees with that of
Loosanoff et al (1951) who found that mortality
was greatest in those cultures of Venus mercenaria
in which the growth of the larvae was slowest.

It is to be expected that mortality in cultures
will be greatest at temperatures closest to the
tolerance limits of the species. |

Only the fastest growing larvae in the cultures
ragached metamorphosis before the experiments were
concluded, so that no information is available on
the size at metamorphosis at the different
temperatures. Loosanoff et al (1951) found no
indication that larvae of Venus mercenaris grown at
lower temperatures were reaching a larger size
before setting than those'grown at higher
temperatures.

The two experiments showed agreement in general
although there are some discrepancies. In
particular, larvae in the culture kept at 16.0°C in
the first experiment grew considerably faster than
those in the similar culture in the second 2=xperiment,

and in fact grew faster than the larvae kept'at 20.0°C.
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Without further experiments it is impossible to
account for these differences. It is possible
that the conditions in the cultures may have
varied in eome factor which was not controlled,
possibly in some property of the sea-water at
different.times or in the bacterial flora which
developed. A number of workers have suspected
that such differences may occur between sea-waters
and affect the growth of larvae grown in cultures.
Of particular interest in this connection is the
work of Wilson (1951) and Wilson and Armstrong
(1952, 1954, 1958) on the development of the
larvae of Echinus esculentus in waters of different
origin, and that of Walne (1958) on the effect of
the bacterial flora on growth in laboratory
cultures of the larvae of Ostrea edulis. In
addition Loosanoff et al (1951) found differences
between cultures of Venus mercenaria grown under
ccntrolled conditions, and suggest that differences
in micro-plankton, or in "certain dissolved
substances which «...... affected the rate of
development of bivalve larvae" in the sea-water

used, nmay have been responsible. Dr R.H, Millar
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Venus striatulas Greaph showing the
general trend of increase of length-
of larvae growvn at eight different

temperatures in laboratory cultures.

Based on two experiments.
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(personal communication) finds similar differences

between cultures of the larvae of Ostreg edulis.
To summarise the results of the two

experiments the arithmetic mean of all the results

for each temperature on each day when measurements

were taken have been calculated. The results are

summarised graphically in figure 19. The curves
show that growth of the larvae increased with
increase in temperature in the range 5.0°C - 16.0°C.
Growth at 20.0°C is similar to that at 16.0°C and

it seems likely therefore that the maximum mean
growth of larvae might occur at about 18.0°C. At
temperatures above 20.0°C growth of the larva is
retarded. Significant amounts of growth were
obtained in the range 12.0°C - 22.5°C,

In all cultures it was found that there was
considerably variation in size of the larvae. In
table 6 are given the maximm and minimm lengths
of larvae at each temperature on each day on which
measurements were taken, the table being based on
the combined resultslof‘the two experiments. In
figure 20 these values are compared graphically
for the 10.0, 16.0 and 20.0°C cultures. It will

be seen that the extent of variation is not the
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Figure 20.
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same at each temperature. If the 16.0°C and 20.0°C
cultures, where the mean rate of growth is similar,
are compared, this effect is best seen. The range
of length of the larvae at 20.0°C is greater than
that of the larvae at 16.0°C, with the result that,
although individual lervae at 20.0°C grow faster
than those at 16.0°C, a considerable number also
show a slower growth rate, the mean rate being the
same. The cause of these wide differences in
individual rates between larvae of the same spawning,
kept under identical conditions, is at present
unknown.

If the maximum size obtained by individual
larvae on different days at each temperature is
plotted (fig. 21), the effect of temperzture on the
individugl rate of growth is clearly seen. From
these figures it is elear that the highest individual
rate of growth occurred in the 20.0°C culture.

xamples of the length/frequency distribution
of the larvae in the cultures are given in figure 22,
which is based on measurements of the larvae grown
at 10.0, 12.0 and 20.0°C in experimént 2. The

tendency for some of the distributions to be bi-modal
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suggests that the sample size used may have been
too small, but even so, these distributions give a
clear picture of the effect of temperature on the
rate of growth of the larvae. As will be seen
from figure 22 there is a tendency, wnich has been
noted earlier, for ‘the range of size to increase

as the larvae grow older.

The two experiments described were carried
out on the shelled larvae of Venus strigtuls.
Earlier experiments were attempted in which
newly-fertilised eggs were transferred to different
temperatures and their subsequent development
followed. Although rather incomplete, these
observations are included here, since they indicate
that the temperature tolersnce of the earlier
stages of the development may be different to that
of the veliger 1larva.

Eggs fertilised at room temperature (about
15.0°C) and then transferred with gradual rise of
temperature to 26.0°C failed to develop normallye.
Segmentation was interfered with, small pieces of
the eggs became completely detached, and in some

a bubbling appearance of the cytoplasm developed.
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The eggs soon died. At 22.5°C the same processes
occurred. |

At the other end of the temperature scale,
at 5.0°C, the eggs were apparently not injured
and cell division occurred, though at a very mch
reduced Tate. _Most‘of_the’trqchophorellarvae
produced were, however, asbnormal, and mortality
was almost 100% before the shelled-larva stage
was reached. Between the range 10,0 - 18.0°C
dovelopment was normal, but the time.between the
first and second, and the second and subsequent
divisions, was greater at lower temperatures.
At 20.0°C there was some interference with the
nornal course of early development, and a large
proportion of the larvae produced were abnormal.

These observations on the carly development
of Venus strigtula at extreme tempefatures are in
agreement with results found for other bivalves.
Seno, Hert and Kusakabe (1926) found that at 16.0°C
few of the eggs of Qstrea gigas would deVelOpvtO
the shelled larva, and that the larvae which were
produced were abnormal and soon died. At 14%.0°C

segnentation was so abnormal that no shelled larvae
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were produced. In Venus mercensria, Loosanoff
et al (1951) found that eggs placed in water at
15.0°C within three hours of fertilisation would
not develop normally. Some would develop into
trochophore larvae, usually of abnormal appearance,
At 333.0°C an abnormal devglépmgnt gnd_heayy
mortality occurred if fertilised eggs were
imnediately transferred to such a high temperature.
- In the course of these experiments
measurcnents were made of g large number of larvae
of Aifferent sizes. The measurements of the larvae
grovn at 16.,0°C in the two experiments, together
with some of those of larvae grown at 20.0°C have
been used to construct table 7 and a curve (fig. 22)
showing the relationship between length and height
of the larva from the straight-hinge stage of
metamorphosis. The numerals on the curve represent
the frequency of occurrence of larvae of various
heights and lengths. The curve closely approaches
a straight line indicating that the relationship'is
simple and direct with no radical change in shape
with age. Di spersion is slight, and is partly

due to differences in the positions in which the



Table 7. Length/ﬁeight'relationship. Larvae.
V. stristule.

Mid point No. of Mean Hei ght/
lenzth specinens height length
108 4 088 0.815
113 L 09k 0.832
118 17 094 0.797

12 30 098 0.797 .
12 . R . . . . ]+l . . . . . 103 . . . . O 805. A e
133 14 111 0.835
138 46 113 0.819
143 25 119 0.832
148 40 123 0.831
153 Lk 128 0.837
156 43 132 0.835
163 | 22 137 0.84%0
168 49 145 0.863
173 38 149 0.861
178 46 155 0.871
183 35 159 0.869
138 27 166 0.883
193 15 169 0.876
198 26 176 0.889
203 11 180 0.887
208 21 185 0.889
213 7 188 0.883
218 | 10 195 0.894%
223 2 198 0.888
228 2 206 0.903
233 1 208 0.893




Figure 23.
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larvae 1lie on the slidej; especially in larger
larvae the curved shell causes them to lie obliquely.
The size of the smallest larva shown in the

curve was 108 x 83p, the largest 235 x 210u.

6. Anatomy of the Veliger: Venus striatula.
The shetl. oo

The first appearance of the larval shell occurs
on the second day following fertilisation. It is
composed of a thin layer of conchiolin-like
mataerial secreted by the shell gland and is at
first uncalcified. Later it becomes calcified.
The first formed region of the‘shell, secreted by
the shell gland (Prodissoconch 1) is distinguishable
in larvae of all éges. The rest of the larval

shell is secreted in the normal. way by the ocuter

- £6l1ld of the mantle edge. This outer region

(Prodissoconch 11) is thicker than prodissoconch 1
and bears the concentric markings already described.
The observations of Jérgensen (1946) and of

Rees (1950) on the hinge of Venerid larvae wele
confirmed. Venus stristula has a hinge of type C
(Rees, 1950). When fully developed the provinculum
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of the left valve carries two low ridges which, on
closure, lie on either side of a single ridge in
the centre of the provinculum of the right valve.
Anteriorly on the left valve there is a long
projection which on closure is applied to a solid
tooth on the right valve.

The ligament is a small structure about 15k
long in the fully developed larva. It &s difficult
to distinguish in sections, but appears to consist
of a single layer, presumably secreted by the
nantle isthms and continmuous with the product of
the shell gland (Prod. I), and hence homologous

with the inner layer of the adult ligament.

The Mantle.
The mantle edge of the fully developed larva

consists of only two folds. The outer surface of
the outermost of these secretes the shell, while
the periostracum is secreted from its'inner
surface. The innermost fold represeﬁts the inner
and middle folds of the adult, but these do not
separate until considerably 1atef in development
when the animai has become bottom-living.

The mantle is one cell thick except at the
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Figure 24%. Venus striatula: Disposition of the
organs in the veliger. Drawing from
life.

AA, Anterior adductor miscle.
AR. Anterior pedal retractor ruscle.
CG. Cerebral ganglion.

F. Foot.

LT, Left digestive tubule.
MGL, Mnterior loop of mid-gut.
O. Cesophagus.

PA. Posterior adductor muscle.
PG, Pedal ganglion.
PR. Posterior pedal retractor muscle.

Se Stomach.

SC., Statocyst with statolith.
oF. dnterior sensory flagellum.
53, Style-sac.

V. Velum.

VG. Viscergl ganglion.
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Figure 25. Venus strigtulas Disposition of the
organs in the pedo-veliger. Drawing
from life.

AP, Apical plate.
CF. Ctenidial filament.
R. Rectum.

Other lettering as in figure 2k.
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edges where it becomes three cells thick, the inner
and outer cell layers continuing into the two folds
of the edge.

On its inner surfacé the mantle bears a row
of cilia which follow the same course as the cilia
of the main rejection tract of the mantle of the
adult. These cilia are not lost at metamorphosis
and probably represent the first appearance of the
mantle rejection tract.

The mantle edges of the larva are separate
except for a small region posteriorly, where in
the fully developed larva they fuse to form the

siphonal septum.

The Ctenidige.
The filaments of the inner lamella begin to

form when the larva is 190 = 200 in length, that
is about 1% days after fertilisation, at 16°C,
being budded off from a block of tissue in the
region of the siphonal septum. The most recently
formed filaments are therefore posterior. In the
fully developed larva, three or four filaments may
be present. Active cilia are present between the

filaments at this stage, but the ctenidia do not
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teke over the function of food collection until
after settlement, that is, until after the velum

is lost.

The Foot.
Throughout most of the larval 1ife, the foot

is a small organ occupying the posterior end of
the mantle cavity. Shortly before settlement the
foot increases rapidly in size and is used in
cravling on the surface of the substratum. At
this time there is a period - the pedo-veliger
stage (Carriker, 1956) - which may 1as£ several
days, when both the foot and the velum are
functional. The surface of the foot is covered
with long cilia, and when én the surflace of the
substratum with the foot extended, the animal is
dragged forward by their action. At the base of
the foot, the very large pedal ganglion and the
statocysts are obvicus in the fully developed larva
(fig. 24). |

The pedal musculature is poorly developed in
the larva, but both the posterior and the anterior
retractor miscles can be distinguished, each

consisting of a few muscle strands onlye. The
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posterior pedal retractor muscle runs from the heel
of the foot, anterior to the visceral ganglion and
is inserted into the shell zbove the posterior
adductor muscle, on either side of the rectum.

The eanterior retractor mscle runs from the -
anterior part of the.foot to be inserted just above-
the anterior adductor muscle.

Ilo sigh of a byssus gland has been seen in
sections and no evidence of byssal secretion found
in 1iving msterial. Venus striatulg apparently
never attaches itself to the substratum at any

stage of its life.

The Velun.

The velum is the characteristic swimming and
food-collecting organ of bivalve larvae. When
expanded, the velum of Venus striatula is circular,
and bears a ring of long cilia at the circumference.
At the centre of the disk lies the apical plate which
is intimately associated with the cerebral ganglia.
From the centre of the apicle plate protrudes a
long single sensory flagellum, about 50 - 60i in
length. This anterior seisory flagellum is present

throughout the larval life from the trochophore
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~stage until settlement. In the swimming larva,

contact of this flagellum with en obstacle
causes retraction of the velum. Re-expansion
of the velum is preceded by the appearance of

the flagellum from between the partly open shell-

valves. . A similar anterior flagellum is present .

in the larvae of Gafrarjum minimm, Venus ovata,
and Venus fasciats (personal observation) and in
Venerupis pullastra (Quayle, 1953), and appears to
be characteristic of the larvae of the Veneridae,
although it also occurs in some other gréups.

The velum 1s retracted by means of two pairs
of velar retractor mscles. When retracted into
the shell it is thrown into folds (fig. 24) and

occupies the anterior half of the mantle cavity.

The Digestive System.

Food collected by the cilia of the velum is
passad into the mouth, which 11es immediately
posterior to the velum. The oesophagus passes
dorsally into the visceral mass and opens into
the anterior ventral region of the stomach. The
walls of the oesophagus are lined with cells

besring cilia, those closest to the opening. into



Figure 26.
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Venus striatulas Larvas transverse
section of the oesophagus and
stomach, showing the openings from
the digestive tubules on either side.

Gastric shield.

Left digestive tubule.
Mouth.

Mnterior mid-gut loop.
Cesophagus.

Right digestive tubule.
Stomach lumen.
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the stomach beinz especially long.

The stomach is a globular organ, situated
between the umboles in the dorsal region of the
visceral mass. Posteriorly it is elongated to
form the style-sac, the posterior end of which lies
The walls of the stomach are ciliated except for
the roof and left side which bear the smooth
gastric shield (fig. 26 GS). The style-sac is
lined with dense cilia which have the same
characteristic gopearance in section as those of
the adult. The digestive diverticula lie on
either side of the stomach and open "separately
through its anterior latero-ventral wsll, on eii:her
side of the opening of the ocesophagus (fig. 26).
In the larva the lumina of the diverticula open
directly into thes stomach and there are no ducts
present to compare with the system of primary and
secondary ducts of the adult (Owen, 1955). The
ducts develop later whén the diverticula become

branched and complex.

Functioning of the Digestive System.

lovement of food in the gut of larvae ready to
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met amorphose has been observed under the microscope
in larvae fed on a thick culture of lMongchrysis.
The mechanism of food movement within the gut is
similar to that observed in the larvae of Ostres
edulis by Millar (1955). Food material passing
fron the oesophagus into the stomach becomes
entrapped in a mass of materisl wrapped in mucus
around the head of the crystalline style. This
nmaterial is rotated in a saggital plane by the
action of the cilia of the floor and anterior walls
of the stomach, and is also subjected to rotation
by the crystalline style, which rotates in a
clockwise directicn when viewed anteriorly. The
digestive diverticula on either side of the stomach
contact alternately, drawing material to rejoin
the mass in the stomach, as they contract. The
process may be seen in swimming larvae moving on
the surface of the substratum by means of the foot,
but apparently stops when the velum is retracted.
The same process has also been observed in young
post-larval st ages.

The structure of the diverticula of the larva

is similar to that of a single tubule of the adult
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diverticula. Most of the wall is lined with large,
vacuolated absorptive cells, but at the ends, small
numbers of deeply-staining cells occur similar to
the flagellated cells which occur in this position
in adult tubules (Owen, 1955). No flagella were

distinguished in sections.

The Hervous Systeme.

In the larva of Venus stristuls the nervous
systen is represented by large masses of deeply-
staining cells forming the gonglia. The cerebral
ganglia lie anterior to the oesophagus, and posterior
to the apical plate of the velum, The cerebral
commisure is present connecting the two ganglia.
Ventral to the cerebral ganglia and connected to
them by connectives, lie the pleural ganglia.

The fused pedal ganglia are very obvious in the
proximal region of the foot, with, on either side
in the fully developed larva, the stato-cysts, each
with 2 single large statolith. The visceral |

ganglia lie anterior to the posterior adductor miscle.

MU. S tUI' .
The adductor miscles occupy the same relative

positions as in the adult. The pedal musculature



Fioure 27. Venus striatulas Transverse section
of the proximal end of the foot of a
young post-larva to show the pedal
ganglion and statocysts.

CP. Cerebro=-pedal connectjve.
PG. Pedal ganglion.
sC. Statocyst.

SL., Statolith.
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has already been described in relation to the foot,
so that 211 ‘that remains to be described here are
the anterior and posterior pairs of velar retractor
m1scles. The anterior pair are inserted into thé
shell anterior to the anterjor adductor muscle and
the posteriqr_pair anterior to the hinge ligament.
The miscles branch to give multiple insertions into
the shell, while the distal ends branch and radiate

over the surface of the expanded velum.

Setting and Metamorphosis.

The changes occurring at metamorphosis have
not been studied in detsil, but some points of
particular interest should be noted. In Venus
stristuls as in Venerupis pullastra (Quayle 1953)
metamorphosis is a fairly gradual process extending
over a number of weeks, znd not a rapid change
such as occurs in Ostres eduljs (Cole, 1938a, 1938b).
The processes of metamorphosis may be regarded as
starting in the pedo~veliger stage, with the
increase in size of the foot, after which there is a
continuous development of organs until the full
adult form is reached. Setting occurs early in this

process and is marked by the loss of the velum, and
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a subsequent re-arrangement of the internal organs.
In Venerupis pullastra (Quayle, 1953) and Yermus
mercenaris (Carriker, 1952) setting also involves
attachment to the substratum by means of a byssal
secretion, but this has not been observed in Venus
stristula. It is possible that permanent

settlement 1s not reached until some time later

since the animal may be transported by water currents

even after the velum has been lost, as is the case
in Cardium edule (Baggérman, 1953).

The changes succeeding the loss of the velum
involve a rotation of the organs of the visceral
mass, and foot, so that the mouth comes to lie |
immediately posterior to the anterior adductor
miscle. This rotation involves changes in the
orientation of the stomach and alimentary canal,
and of the ctenidia, while the cerebral and pleural
ganglia are carried forward with the oesophagus
until they lie in the adult position posterior to
the anterior adductor mscle.

Following the changes at setting the ctenidia
continue to develop by the addition of more

filaments postero-ventrally, while the palps develop



Figure 28.

LP.
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TPp.
TS,
VO.

Venus striatula: Lateral view of a

young post-larva to show the
disposition of the organs and
especially the appearance of the
siphonal structures at this stage.
Drawing fronm life.

Anal papilla.

Labial palp.

Primary exhalent siphon.

First formed siphonal tentacle.

Second formed pair of siphonal tentacles.
Ventral opening of pedal gap.
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rapidly. At this stage the beating-of the
lateral cilia of the ctenidia cause a water current
toienter the mantle cavity arocund the ventral gap.
This water current carries particles in susnension
forward in the mantle cavity around the sides of
the proximal end of the foot, parallel to the free
edge of the ctenidia, so that they impinge on the
palps,'which at this stage are relatively large.
The further development of the food collecting
mechanism of the mantle cavity has not been
followed. |

The siphonal apparatus makes its first
appearance very early in the post-larval 1life of
the animel. This takes the form of the
development of short tentacles ot the mantle edge
dorsally, posterior to the posterior adductor
miscl e. The mantle margins are already fuséd
posteriorly to form the siphonai septum, in the
pedo=-veliger, and a short, thin-walled primary
exhalent siphon soon develops dorsal to this, with
a ring of at first three and later five tentacles
sround it. The young spat is extremely
sensitive to mechanical disturbance, to which it

responds by closing the shell., The primary
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exhalent siphon is apparently extended and kept
extended by the pressure of the exhalent water
stream and is withdrawn rapidly prior to closure
of the shell, by inversion. The mechzgnism by
which this oceurs is apparently as follows: prior
to closure of the shell_the veptral_mantle»v
margins are drawn together, thus effectively
stopping the flow of wabter through the mantle
cavity. This stoppage causes the primary
oxhalent siphon to collapse and so segl off the
mentle cavity completely. Any slight opening of
the shell valves would then set up a reduced
pressure inside the system, which would in turn
cause the collapsed siphon to invert into the
mantle cavitye. The primary exhalent siphon is
retained in the adult at the distal end of the
tTue exhalent siphon, and functions in the same way,
that is, it is withdrawn by inversion into the
siphon. The early appearance of the primary
exhal ent siphon is necessary in order to direct
the exhalent stream away from the current entering
around the general ventrsl margin.

The first appearance of the inhalent siphon
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takes the form of pairs of tentacles ventral to
the siphonal septum. When several pairs of these
tentacles have been formed the mantle edges fuse
ventrally and the true exhalent and inhalent
siphons are formed by local growth of the

posterior mantle edgese.
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V. Ecology.

1. Introduction.

The work described in this section deals with
some aspects of the ecologj of Venus strigtulg,
and in particular, is a study of a single year's
spatfall in Kames Bay, Millport, Isle of Cumbrae.
This populstion was sampled regularly over the
period October, 1956 to January 1957, the samples
being taken generally by means of a Robertson Mud
Bucket, or an anchor dredge (Forster, 1953).
Neither of these two pieces of gear provide
information on the density of animals in relation
to area of bottom, and attempts to obtain such
information by the use of a Van Veen gfab proved
fruitless due to the inability of the jaws of the
grab to penetrate the tightly packed sand on the
bottom. The bottom sampler designed by Holme
(1949) was also tried but suffered from the same
disadveantage. Density of animals on the bottom is

therefore only described in relative terms.

2. Bottom commnities.

The study of the animals of the level sea-

bottom in terms of commnities originated with the
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classic work of Petersen and Jensen (1911), and
Petersen (1913, 191k, 1915, 1918) on the
distribution of animals in Danish waters. ©Since
then this work has been extended to other seas

by various workers among whom should be mentioned
Blegvad (1922), Davis (1923, 1925), Ford (1923),
Jones (1940, 1951, 1952) and Holme (1953).
Members of the Veneracea characterise what are
known as Yenus commnities (Thorson, 1957) of
which the "Veonus g€211ing commnity" and the
"Vonmus fasciatum - Spisula ellinticg - Branchiostomg

commnity" are important in British waters.

Parallel commnities to these occur in other parts
of the world (Thorson, 1957). |

Such commnities form a broad basis for the
comparison of bottom fauna in different areas.
Under local conditions, however, certain‘mémbers of -
the commnity may be dominant and it is possible,
when dealing with a number of closely related
species, to subdivide the commnities, on the basis
of these dominant animals, jinto groups
characteristic of slightly differing although

related environments. Tus, in the Firth of Clyde
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and neighbouring areas, the members of the
Veneracea, including those which occur on the
shore, may be regarded zs belonging to the scheme
of sub-commnities shown in table 8.

Venus striatulg is normally most abundant
on bottoms of fine, clean send. Samples of
soil were taken from several areas where Venus
striatulg occurred and were subjected to grade
analysis by the method used by Holme (1954).
Tha Tesults have been expressed in the form of a
cumlative curve for each deposit, and examples
of these are shown in figure 29. The curves
for those soils in which Venus striatulsg occurred
in greatest numbers are very similar to each
other, while curves of soils supporting fewer

V. striatula depart more or less from them.

Holme (1954) found that species of Ensis were
associated with particular types of substratum,
and that the density of the population was usually
greabter in sands approaching the mean grade of the
samples for that species. The importance of

substratum in influencing the distribution of

marine bottom invertebrates has recently been stressed
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Cuﬁulative curves for bottom deposits.

V. striatula asbundant.

V, stristula occasional.

V. striastula rare.



=109~ -

by Rasmssen (1958) in an interesting paper on the

changes in density of population of Venerupis
pullastra in Danish waters.

3+ General Description of the Kames Bay Populestion.
Before dealing with the results of the

ecological study in detail it is necessary to
describe the population dealt with since it shows
certain characteristics which make it especially
suitagble for a study of this sort.

The population occurred on a bottom of fine,
clean sand in Kames Bay, Millport, at depths from
3 - 4 metres to about 20 metres. Kames Bay is a
small bay, facing socuth, and therefore exposed to
the prevailing winds which are from the south-west
(Barnes, 1955). Wave action is moderate at all
times and probably for this reason Venus striagtula
does not occur on the shore here, although
elseWhere its range may extend above L.W.S.T.

The fauna of the sublittoral region of the bay

has been dascribed by Clarke and Milne (1955) from
two surveys, in 1938 - 1939 and 19%9. Since these
surveys however, certain changes in the fauna have

occurred, of which the most noticesble is the
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considerable increase in the numbers of Venus
striatula. Probably associated with this
increase, although there is no direct evidence
since no surveys were carried out in the period
from 1949 to 1956, is a change in the carnivorous
gastropod fauna, but this will be discussed later
(Appendi# ij. I -

Distribution.

The distribution of Venus striatula in Kames
Bay is summarised in figure 30. Map A has been
prepared from the figure and tables in Clarke and
Milne's paper (1955), while Map B shows the
general distribution found by the author in the
course of this study. The numbers found are
difficult to compare directly due to the difficulty
experienced in obtaining any accurate quantitative
measure of the population density, but sampling
with é Robertson Mud Bucket (as used by Clarke and
Milne) suggest that the imcrease in population
density was in the region of a mundredfold. The
region of the bay where the greatest population
density was found, was similar in both cases.

The reason for the sudden increase is
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Figure 31. Venus striatulst Age frequency
distribution for the Kanes Bay
population.
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inmediately obviocus if the size or age distribution
of the énimals in the population is examined. Age
distributions of the population are given in
figure 31. From this it will be sezsn that the |
bulk of the population is composed of animals from |
the sebtlement which ocourred in 1955.  The size
distribution (fig. 3'+A) shows a single peak formed
by animals derived from this settlement, and the
populztion may be regarded, in practice, as
colposed of a single year group. In this it clearly
diff'ers from most populations of bivalves of
similar life-span, which normally show a complex,
miltimodal size/frequency distribution from whiéh
it is difficult or impossible to separate year
classes (Quayle, 19533 Green, 1957). Examples of
mere typical size/frequency distributions for
Venus striatula are given in figure 34B & C, the
graphs in which are derived from measurements of
arimals from Hunterston Sands, Ayrshire, and Loch
Creran, Argyll.

The factors which may limit the distribution
of Venus striatula have already been briefly
touched upon. | In Kames Bay the upper limit is
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probably set by wave-action disturbing the stability
of the sand, and tms making bermanent settlement

of spat difficult. As depth increases towards the
nouth of the bay, the bottom deposits become
gradually more and more silty and eventually grade
‘nto mud. The bulk of the population is thus
linited to the shallower region of'the bay, which

has a fairly undisturbed bottom of fine, clean sand.

Dispersion.

The results of sampling at a number of stations
in the bay indicate that the density of Venus
striatula is not uniform even within the &rea where
it is greatest. Two series of replicate samples
were taken during 1957 and the results of these are
given in table 10. The first series was taken with
the Robertson Mud Bucket, the second with a smgll
dredge consisting of two ﬁbuckets" mount ed on a frame,
designed to give smaller samples than those taken
with the mud bucket. To test whether the distribution
on the sea bed is random Fisher's "coefficient of
dispersion" has been calculated for the results of
these two series of samples. A discussion on the
use of this, and other, measures of dispersion in

animal ecology is given in the paper of Clarke and
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Milne (1955). The coefficient of dispersion is

given by the formla:

code = 2 (x - B2/%(n - 1),

where 2 (x - 5{;)2 is the sum of the squares of the
deviations of the individual units (x) from the
mean (X) of all the units (n) comprising the sample.
The coefficienf leads to unity when the population
is randomly distributed, is less than one if the
population is over-dispersed (i.c. moTe or less
evenly distributed), and greater than one if it

is under dispersed (i.e. more or less aggregated).
The significance of the departure from unity is

tasted by:

1t2>1/’[2N/(n-1)2],

where, 2gain, n is the number of units in the
sample. In the two present series of samples,
n = 20 and the limits of the coefficient, for
randon distribution,'ére 1.6658 and 0.3342., A
coefficient greater than 1.6658 may therefore be
taken as significant evidence of aggregation,

while a coefficient smaller than 0.3342 would



Table 1C. Coefficient of dispersion for three

series of samples of Venus strigtula.
Locality Kames Bay - Kames Bay - “VWest Loch-

Tarbert

Date 15/%/57 24/5/57 24/7/57
Gear Mud bucket Bucket dredge | Bucket dredge
Hos of
hails 20 20 20
Mean o
per hail 301.1 10.6 5¢ 5
Coefficient
Dispersion 0.5 10.6 1.86
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indicate a significant degree of over-dispersion.
The results from both series of samples give

a coefficient far greater than 1.6658 indicating

that Venus strigtulg is aggregated in this

poruleation. This result is in agreement with

that of Clarke and Milne (1955) who also found

significant evidence of aggregation in this species,

(referred to in their paper as V. gallina). Young

V. striatula in West Loch Tarbert, Argyll, also

showed evidence of aggregation (table 10).

The results obtained in studies such as this
will depend to some extent on the size of the
sample unit used. Evidence for zggregation may
disappear if the size of the sample unit is reduced,
since this results in the reduction of the mean
number found in each sample (lvans, 1952).
Moreover, if a smell sample unit is used and samples
are taken close together, a result which indicates
random distribution or over-dispersicn may be
obtained from a populaticn which in fact consists
of large, more or less isolated aggregations.
Obvicusly when studying the relationship between

animals of the same species on the sea-bed, it is
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desirable to collect information concerning both
these levels of distributicn, that is, the wide-
scale distribution over the area, and, in

popul etions which‘are thqs shown to be aggregated,
the local distribution within a single group.

The first might be expected to reveal distributionai
pattefns based on such factors as settlement
preferences, etc., while the second might indicate
any reaction by individual adult animels to thei:
neighbours.

In natural sublittoral populations it is
inpossible to study the small=-scale distribution
directly - unless by diving - but it is possible in
popul =tions occurring on the shore, where small
areas can be mapped directly. Holme (1950) found
that the distribution of the deposit-feeding bivalve
Telling tenuis was over-dispersed in a population in
the Zxe estuary, and concluded that this .
distribution wes the result of the individual's
reaction to it's neighbours caused by the activity
of the sweeping inhal ent siphon. The distribution

beceme random at higher population densities.
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In artificial populations of Venus striatula
in boxes containing sand, kept in a large outdoor
tank (see later), the author found that the
individuals were dispersed at resndom at population
densities of less than 5,000/sq. metre while in
populations of 5,000/sq. metre and 10,000/sq. metre
the animélélwere over=-dispersed. In these two
artificjally high densities however, over-dispersion
is more or less inevitable since the cross
sectional area of the snimal (calculated roughly
as rean length x mean breadth) accounted for 22.5%

and 45% respectively of the area available.

%, Growth.

There is a continually expanding amount of
litérature on the rate of growth of various
bivalves, since with their hard shells, which in
many cases bear annually produced rings, these
animals offer ideal subjects for such studies.
Mach of the literature in this field, however,
concerns the commercially important oysters and
clams, and until recently, few of the common small
bivalves of the British coasts had been studied in

this way. In many cases such small bivalves form
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a considerable part of the food of bottom living
fish (Ford, 19253 Hunt, 1925) and contribute
substantially to the productivity of the areas of
the sea-bed where they occur (Jensen, 19193
Blegvad, 1925). Obvicusly therefore study of
the rates of growth and of the mortality of such
bivalves is of importance in both these fields,
as wéll as being of interest in itself, or in
comparison with similar studies in other areas.

In general there are three ways of studying
the rate of growth in bivalve mollusca in their
natural habitat. These are (1) by means of
marking experiments, (2) by the study of‘annual
markings on the shell, and (3) by the study of
random samples taken from the population at various
times.

The first of these methods, that of marking
the sheli, returning.the animal to its normal
hgbitat, and subsequent recovery, is generally of
more use in the study of bivalves living in the
littoral zone, than in the sublittoral, since the
former are more easily recoverable. This method

has been used by some workers to confirm that shell
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markings are in fact formed annually (Orton, 19263

Quayle, 1953). The method has certain

disadventages, one being that the animals are

disturbed each time measurements are made. Such
disturbances may temporarily stop growth with the
formation of disturbance rings (Orton, 19263
Weymouth, 1923). In sublittoral populations this
method has the additional drawback that successive
measurement s are not normally possible.

The second method, the study of annual
markings on the shell, may provide the most
information but its use is limited to those
bivalves where shell markings can be shown to be
of an annual nature. It must therefore be used
in.cogjunction with either or both of the other
nmethods discussed. Once the rings in any species
have been shown to be annual a considerable amount
of information may be obtained both of individual
and mean rates of growth. The comprehensive
paper of Weymouth (1923) on the life-history end
growth of the Pismo clam, Iivela stultorum,
established the usefulness of this method for the

study of the rate of growth of marine bivalves.
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In this paper Weymouth reviewed previous literature
and went on to show beyond doubt that markings on
the shell of Tjvela are formed anmially. Since
then a number of workers have used the method,
among them McMillan (1923), Orton (1923), Ford
(1925), Fraser & Smith (1928) and Newcombe. (1936)
and more recently Quayle (1952) and Green (1957).

The third method, the study of random samples
of the populetion, is useful only in certain types
pf bivalve populétion. It is essential that the
sample can be split into age groups, either from
peaks in the size/frequency diétribution,'or from
ring measurements. This method together with the
measurenent of annual rings on the shell has been
used in the present work, since the population of
Vamis stristula studied was particularly suitable
for this treatment.

Throughout the study, length has been used
as the measure of growth since this is the most
easily determined, and zppears to be as good as, of
better than any other measurement. Height (dorso-
ventral measurement) and thickness, or breadth

(greatest latersl measurement) have been used only
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to establish their relationships with length.
Where ring number is referred to rather than age,
age may be determined by adding one half to the
ring number, since the true first ring, formed a

few months after settlement, is rarely noticeable

and has not been included in the ring counts.

In the course of this study, numerous
animals have been sexed prior to measurement, but
in no case has any significant difference in size
been found between males and females. Yenus
striatula is therefore similar to many other
bivalves in showing no difference ih rate of
growth between the sexes. Tus Fraser and Smith
(1928) found no difference between the sizes of
males and females of similar ages in Paphia staminea
and Saxodoms giganteus, nor did Weymouth, McMillan
and Rich (1931) with the razor clam, Siliqua patula.
Guayle (1952) stated that in Venerupis pullastrs

no striking differences between the Sizés of males

and females were observed.
Shells were measured with a vernier calliper
reading to 0.1 mm. Measurements have in most

cases been grouped subsequently to summarise the
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datea. The length is taken as 'the greatest
distance between the anterior and posterior ends
of the shell (fig. 324, L), the height is the
distance from the umbo, or from a line along

the hinge margin of the shell, to the most ventral

part of the shell, and was measured at right

angles to the length (H). The thickness, or
breadth, is the greatest lateral distance across
the tightly closed shell (fig. 32B, W). Ring
length is the greatest distence along the
longitudinal axis of the shell as it was when the
ring was formed (fig. 324, Rlz. Shells too
smell to be measured with the callipers were
measured under a binocular microscope with a

micrometer eyepiece.

Results from random sampling.

The results obtained from repeated random
sampling over the pefiod October, 1956, to
December, 1958 are summarised in table 11 and
figure 33, in which are given the mean size of the
dominant year group together with its standard
deviation for the various days on which samples

were taken. These results do not include



ANT. VENTRAL

Figure 32. Diagraﬁ,to show the measuremeonts
made on the shells of adults.

H. Height.
L. Length.
Rl. Ring 1.
R2. Ring 2.

W. didth, or thickness, or breadth.
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PERCENTAGE

10 20 30 40

LENGTH IN MMS

Figure 34. Vems stristula: Size/frequency
distributions for three populations.

A, Kames Bay, Millport. March 12th, 1957.
B. Hunterston Sands, Ayrshire.  April, 1957.
C. Loch Creran, Argyll. March 18th, 1957.



Table 11. Venus striagtulas Summary of data from

rendom sampling. 1955 settlement.
Kames Baye.
Length

Mean Standard

Date N Range length deviztion
23.10.56" - 71h 21-120 | 89.85y '  16.61
1. 2.57 170 29-118 97.82 9.67
15. k.57 77% 24-134% | 100.96 14,31
2- 5.57 350 77-137 | 107.54 9.72
16. 5.57 92 61-134% | 108,27 13.88
2h. 5.57 281 L6-142 | 108.28 11.95
19« 757 339 89-175 | 138.12 13.15
21.10.57 LO5 - 71-198 129.27 19.89
17. 2458 199 104-175 | 138.92 13.1%
14%. 3.5 1151 106-191 | 148.77 1%.51
21. La5E. 614 123-200 | 161.50 13.25
0. 6.58 179 | 133-193 | 156.35 12.63
30. 7458 541 124-215 | 158.88 14,86
22,10.58 138 135-220 182,54 14,81

Measnrements in one tenth of a millimetre.



Table 11 (contd.).

Venus striatulas

Summary of data

from random sampling. 1955

settlement.

Length of R1.

Kames Bay.

Mean Standard
Date ) Range length deviation
3¢ 5457 Not measured
16. 5.57- | 91 | -61-12% | 100.53 | 12.48
7. 6.57 120 32-110 89.37 13.49
19. 7.57 322 40-136 98,67 13.06
2l. 8.57 207 53=125 97 42 13.30
8. 9.57 519 50-129 96.50 10.43
7.,10.57 223 59-128 101.09 9.79
21.10.57 334 62-1.25 93.48 10,12
3061157 Lo 68-128 100.98 9.81
1%. 1.58 Not measured
17. 2.58 509 55=120 | 97.23 9.50
1%. 3.58 Not measured
21. 4.58 613 48-128 98,60 10.55
2l. 5.56 455 43-125 98.20 10.03
30. 6.58 Not measured
8e 7458 Not measured
30. 7.58 539 55-120 | 100.16 9.69
26. 8.58 Not measured
22.,10,58 Mot measured
7.11.58 212 66-125 | 98.86 3.87
3.12.58 Not measured
18. 2.59 215 68-126 | 100.02 8.77

Measuremnents in one tenth of g milliimetre.



Table 11 (contd.).

Venus

striotvl as

Summery of data

from random sameling. 1955
enent. Kames Bay.

settl

Length of R2.

Standard

. Mean
Date i) Range length deviation
2le 5458 Ly 116-194% 152430 13.16
30. 6.58 180 115-178 140,50 12.77
e 7.506 32k 12+-192 158.66 12.27
30. 758 Sh1 101-185 136.96 12.90
26, 8.58 Not measured
22,10.58 Not measured
7.11.58 212 114-190 | 147.03 8.01
3e12.58 Not measured
18+ 2,59 215 119-176 | 146,72 11.10

lleasurements in one tenth of a millimetre.
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information on growth during the first year

following settlement, but this information has

been obtained from the few samples collected of

the spat of 1956, 1957 and 1958. These results

have not been included in detail since they do

not form a complete sequence, but they indicate

that after settlement in the summer months, the
young spat grow to a length of between O.1 and
0+3 . before their first winter, when growth
gl6i/s or ceases completely. The main year
group dealt with here.is therefore that of the
settlement of 1955, which in October, 1956 was
between one year two months and one year five‘
months old.

The results show clearly that noticeable
growth is restricted to the summer months of
May, June, July and August. In table 12 and
figure 35 the mean increment/day added by the
animel s between each sampling date during 1957 is
shown. Growth is slow during May, increases
during June and reaches its maximm rate during

JUulye. Thereafter the rate is reduced and
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length of the 1955 settlement in Xames
Bay, during 1957.

The weekly mesn temperature for the
period is also shown.
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throughout the winter months it is nil. During
the carly part of the growing season the growth
increment curve follows the temperature curve
closely, but the increment curve drops in August
although the temperature is then at its highest

for the year. This condition is similar to that
for the Pismo clam - Tivela stultorum (Weymouth,
19233 Coe, 1947) where there i1s also an increase
in the rate of growth with the spring increase in
tamperature until August when growth falls off, and
to that of Venerupis pullastra (Quéyle, 1952).

Both Weymouth and @uayle consider that the falling
off of growth at a time when the water temperature
is still high, is connected with breeding, and this
view was also put forward by Orton (1928) who found
that growth of the shell of Ostreg edulis took

place in the spring and antumn, but not in the
summer, when the animals were breeding. He
suggested that there is a physioclogical antagonism

between reproduictive activities and shell growth.

With Venus striatula this is not the case. Ripening

of the gonads takes place throughout the winter

although at an increased rate in March and April.
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Spawning occurs in May, June and July (see earlier),
thet is, during those months vhen the animals are
al so actively growinge.

The same trend of growth also takes place in
the two species of Mytilus found in California and
in other invertebrates there (Coe and Fox, 1944).
They suggest that food supply is the factor which
controls the rate of growth rather than small
changes of temperature. At Millport, a diatom
increase occurs in the spring (Marshall and Orr,
1927). This coincides with the period of
proliferation of the gonad of Venus strigtuls as
noted earlier, while growth does not start until
about a month later, when it follows closely the
increase in temperature of the sea-water.

The shell of Venus striatula béars a number
of more or less well-defined rings on the surfacsm
(plate ¥). The results of the series of random
samplés taken of the settlement of 1955 show
clearly the annual nature of these rings, and
their usefulness therefore as indications of the
age of any particular individuale. The

measurerients of the rings in the samples are






Plate %. Venus striatulas

A. Shells from the Kames Bay population
to show the annual rings.

B. Shell fron the Loch Creran population,
to show closely packed rings in
older specinmens.
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summari sed in table 11 and figure 33, which show the
mean length of each ring in each sample together
with the standard devistion. In 1957, the first
sign of renewzal of acfive growth after the winter
months occurred in the collection taken on May 16th.
In this collection some animals showed a small -
edge of obvicusly new growth marked off from the
previously formed shell by a ring. By June 7th,
all animals in the collection were showing a
sinilar edge of newly formed shell, and a ring was
distinguishable in each. The mean length of this
ring in these and subsequent samples corresponds
to the mean length of the animals in the
collections taken during the winter of 1956 - 1957.
A similar ring, corresﬁonding in length to that of
the animals in the winter of 1957 - 1958 became
apparent when growth restarted in 1958. No rings
were formed on the shell between these two dates.
One ring only therefore is formed each year which
becones apparent at the recommencement of growth
after the winter, and such rings may be used for
the determination of the age and rate of growth

of individual animalse.
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Groyth from Ring Measurements.

The series of random samples has indicated
the seasonal variation in the rate of growth, and
denonstrated the annual nature of the rings formed
on the shell. The series gives information
- concerning the first three.years of the animals
life only. To determine the form of the general
growth curve of the species, measurements of the
annual rings on the shells of 61der individuals
from Kames Bay have bean used.

As the animal sges the annual growth
increment in length lessens, so that the later
formed rings are closely packed. For this reason
it is usually impossible to distinguish the later-
formed rings in old shells. However shells have
been found in which ten rings were distinguishable,
so the duration of 1ife may be ten or eleven years
and probahly in some cases more.

In 211 372 measurements of annual rings in
older shells from Kames Bay have been made. These
are grouped according to ring number in table 13 and
the mean length of each ring is gi&en in table 1k.

These figures have been used to construct the curve



Takle 13. Yenus striatulgs Ring measurements in
Kames Bay.

Mid Mid

point | Rl | R2| R3 point | R4+ | R5 | R6 | R7 | R8| R9| R10
OL3 1 16 1

oL8 1 16 1

053 6 173 2

058 L 173 7

063 11 183 8

063 9 188 61 1

. 073 10 193 . ll . l . A T N T S
078 6 198 21 3| 1

083 12 20 51 4| 0

088 9 20 6 5 0

093 4 213 3 2] 0

095 4| 3 218 1| 2| 2

103 41 1 223 21 1] 3

106 21 4 228 0] 2

113 31 4 233 2 3

118 1] 9 238 1|1 0] 1

123 1112 243 11 0 1

12¢ 1 (11 1 248 1| 2

133 o] 8| 1 253 o} 0 1

138 013 ] 1 258 1] 0

143 o 8| 1 263 1| 0

148 1] 7] 6 268 1] 1

153 3111 273 1 1
158 2| 8 278

163 4|15 283 1
168 1112

173 5

176 10

183 %

186

193 3

198 L

203 1




Table 1%. A. Verus strigtula: Ring meassurements.
Kames Bay. Means. '
Hing lo. 1 2 3 4 5 6 7 8 9 10

90 90 9 55 23 15 6 1 1 1

Megan length
(emse.)

0.78 1232 168 1.93 2.11 2.33 2.53 2.54% 2.75 2.8k

B, Veonug stristulas DMean of 211 measurements for each

ring (random samples).

Ring 1o, 1 2

1 5262 1711
Mean leongth | 0,98 1.47
(cnms.)

C. Venus striatulas Mean total length animals

during winter (random samples).

Winter llo.

1 2 3

N

2288 3792 278

Mean length
(ems.)

0.97 1.45 1.84
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Figure 36.

O RING MEASURMENTS
e RING MEASURMENTS

4 WINTER LENGTH

RING NUMBER

General growth curve (Length/Number
of rings) for Venus striatulg in

Kames Bay. | :
Based on measurcrents of the 1955 settlement.

Based on measuremnents of annual rings in
older shells.
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shown in figure 36B. Since the measurements for
each ring include those of a number of different
year classes, the curve shows the mean trend of
growth, unaffected by annual variations in rate

cansed by short term environmental fluctuations.

Also in figure 36 (A) are shown the mean values

of the length for each ring for the 1955 settlement;
These values have been derived from two sources,
firstly, the mean of all measurements for each ring,
(table 14B) and secondly the mean total length of
the animals during the corresponding winter (table
14C). These two sets of measurements for the

1955 settlement agree almost exactly, demohstrating
again the validity of the ring measurements, but

there is some difference between the rate of growth

of the 1959 settlement and that of the rest of the

population as shown by the general growth curve: the
1955 settlement has shown a higher mean rate of
growth than that of earlier spatfalls.

Examination of the measurements taken showed
that there is a considerable variation in the rate
of growth from one individual to another. This is

partly the result of anmual variations in the rate
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of growth of the population as a whole, but even
between animals of the same year group there is
still a wide range of variation. This may be
ascribed to three sourcess firstly, there is a
period of approximately three months in the
sumner during which settlemasnt may take place,-
so that animals of the same year group may in
fact differ in age by as mich as three months,
secondly, the rate of growth of individuals may
be affected by local, small-scale differences in
the environment, in Kames Bay this factor is
probably not very important since the area is
small and very uniform. Thirdly, the observed
differences in the rate of growth may be the
result of inherited physiclogical factors.

Annual ~-ring measurements have also been made
on Vegnus strjatﬁWg from two other localities in
Scotlend; Hunterston Sands, Ayrshire, and Loch
Creran, Argyll. These measurements are given in
tables 15 and 16, and in figure 37 where they are
compared with those for Kames Bay. The trend of
growth is similar in all three cases but minor

differences occur which are probably the result of



Table 15A. Venus striatulas Ring measurements:
Fairlie Shore.
Mid Mid
Point | Rl | R2 | R3 Point | R4+ | RS | R6 | R7
oL3. 2 158 1
o048 12 16 0
1053 7 168 | 0O
058 12 173 0
063 8 178 1
068 13 183 1
07 11 183 0
07 91 1 19 1|1
083 61 O 19 0] O
088 291 3 20 21 0
093 51 1 20 0
098 5 8 21% 0
103 01|13 21 3
108 0 9 223 2
113 0 9 1 228
118 1118 0 23 1
123 13| 2 23 1
128 8 1 243
133 6 1 243
138 31 & 253
143 2 5
143 0] 2
153 0| 95
158 1110
163 7
168 2
173 5
1738 5
183 2
188 2
193 2
198



Table 15B. Venus_striatulas Length of shells
with 2 - 8 ringss Fairlie.
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Venus striatulas
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Table 16B. Venus stristulas Length of animals
with 1 - 9 rings. Loch Creran.

Mid Migd
Point 1 1213 Point | W | 5 | 6| 7| 8} 9
073 2 208 2
078 0 213 3
08 1 218 111
08 1 223 211
09 1 228 1]0
109 3 233" 2tot vt v
103 0 23 111
108 2 243 0]o0 1
113 243 1 11]1l11]12
118 253 ojloj11]0
123 258 111|011
128 263 ol11] 2
133 1 263 o |11
138 2 273 110 1
143 1 278 0
148 0 283 1
153 0
158 0
163 0
168 0
173 1{1
178 3
183 1
18 2
193 2
193 3
203 1
208 1
213 1
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differences in the period of maximum settlement,
and in the length of the growing season during the

sunrnmer.

Height/length and Thickness/length Hel ationships.
In table 17 are shown the height/length and

‘thickness/length relationships for animals between
0.39 and 3.65 cms. in length. Zarlier (table 7 and
fig. 23) the similar relationships for the larva
wére given. During the early post larval stage
the ratio of height to length changes from that
typical of the larva to that of the adult. In

the adult the ratio of height to length and of
thiclkness to length remains relatively constant as
size increases, and there is little variation from
the mean ratio, except in extremely large
individuals where growth tends to become completely
transverse, resulting in increase in the thickness
without a corresponding increase in the length.

The two curves approximate closely to straight
lines showing that there is no radical change of
shape with age. A similar straight line

rel ationship was found by Weymouth (1923) for the

Pismo clam - Tivela stultorum, and also by Crozier



Table 17.

A. Balloch Bay.

Vonus gtriatulas
Thi ckness/1length relationship.

Height/length and

Mid

Point [No. of mean mean mean Height/|Thickness/

length | specimens | 1ength | height |thickness|{length |length
0«35 10 0.366 | 04337 | 0,197 | 0.921 | 0.538 |
045 13 0452 | 04394 | 0.232 0.372 | 0.513
0.55 11 0.545 | 0.485 | 0.285 0.890 | 0.523
0.65 2 0.665 | 04570 | 0.360 0.857 | 0.5u1

B. Xames Bay.

Mid

Point No. of mean mean mean Height/ |Thickness/

length | specimens | length {height |thickness|length |length
0.75 L 0.779 | 0.668 | 0.362 0.858 | 0.465
0.85 10 0.886 | O.7h44 | 0. 117 0.840 | 0.k71
0.95 10 0.967 | 0.810 | 0.469 0.338 | 0.485
1.05 10 1.053 | 0.881 | 0.,502 0.837 | 0477
1.15 10 1.131 | 0.922 | 0.548 0.81 0.485
1.25 10 1.253 | 1.045 | 0.639 0.83 0.510
1.35 10 1.369 1.158 0.685 0.846 | 0.500
1.45 10 1.465 | 1.249 | 0.749 O.BZ3 0.511
1.55 10 1.548 | 1.313 | 0.810 0.848 | 0.523
1.65 10 1.650 | 1.403 | 0.846 0.850 | 0.513
1.75 10 1.761 | 1.490 | 0.930 0.846 | 0.528
1.85 6 1,875 | 1.588 | 0.982 0.847 | 0.52k%
1.95 10 1.940 | 1.647 | 1.040 0.849 | 0.536
2.05 9 2.041 | 1.49 1.0L% 0.830 | 0,512
2.15 5 2.158 | 1.80 1.120 0.826 0.519
2.25 1 2.240 | 1.930 | 1.130 0.862 | 0.50k4




Height/1ength and

_striatulg:
thickness/length relationship.

Venus

Table 17.

Loch Crergn.
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Tavble 17. Venus striastul gl

thickness/length relationship.

Height/length and

D. Fair Shore.
iid
Point No. of mean mean mean Height/|Thiclness/
length |specimens | length |[helght [thickness{length |length
0.9§ 2 0.9%0 | 0.845 | 0.510 | 0.899 | 0.5%3
1.0
1.15 3 1.187 | 1.053 | 0.643 0.887 | 0.542
1425 5 le244 | 1.080 0.688 0.868 | 055
1.35 7 1366 | 1.203 | 0.759 0.881 | 0.55
145 10 1460 | 1.282 | 04815 0.878 0.538
155 6 1.542 1.355 | 0.845 0,879 | 0.548
1.65 2 1.685 | 1.500 | 0.935 0.890 | 0.555
1.75 9 1.757 | 1.557 | 0.972 0.886 | 0.553
1.85 9 1.850 | 1.623 | 1.024% 0.877 | 0.55%
1.95 3 1.967 | 1.723 | 1.097 0.876 | 04558
2.05 11 2.049 | 1.773 | 1.091 0.865 | 0.532
2.15 5 2.132 | 1.832 | 1.1h4% 0859 | 0.537
2425 5 2.225 | 1.92% | 1.220 0.865 | 0.548
2.35 3 2.3450 | 2.030 | 1.250 0.868 | 0.534%
2.45 3 2.490 | 2.14%0 | 1.340 0.859 | 0,538
2.2; 2 2.570 | 2.200 | 1.440 0.856 | 0.560
2e
275 . |
2.8; 2 2.855 2.525 485 0.884% | 0.520
2.9
3.0% 1 3,100 | 2.820 | 1.850 0.910 | 0.597
3.l ,
3.25 1 3.230 | 2.820 | 2.020 0.873 | 0.625
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(191%) for Dosinia diséus, and Quayle (1952) for
Venerupis pullastra. '

5. Mortality.

The difficulty of obteining accurate
quantitative samples in hard sand such as occurs
in Kames Bay has already been briefly mentioned.
Because of this difficulty, and of the aggregated
distribution of Venus stristula in the Bay, the

series of random samples gave no direct informetion
on the intensity of mortality. However a rough
estimate of the mortal ity which had occurred prior
to sampling could be obtained from counts of the
number of dead shells present in the samples,
compared with the number of 1living animals. The
presence of one dominating year group in the

popul ation meant that it was possible to assume
that the majority of the dead shells found were
derived from this year group, and this assumption
was supported by the appearance of such shells,
which were almost entirely clean and unworne. In
practice it was found that older shells were easily
picked out from those derived from the 1955

settlencnt.
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Only one cause of mortality was definitely
established - that of predation by the gastropod

drill Naticsa poliana 21deri (Forbes). During the

first year of life of the bivalve, Hatica was
responsible for the death of about fifteen per cent
of the population in the erea studied. This
figure represents sbout 40% of the total mortality
during this period. Quayiev(l953) studying a
popul ation of young Venerupis pullastra in Balloch
Bay, Cumbrae, found that approximately 5% of the
dead shells found were drilled by a gastropod,
probably Naticae.

During the second year of 1ife of the bivalves
the importance of Natica as a cause of mortality
lessened. Only sbout 5% of the animals remaining
alive at the end of the first year were bored during
the second year of 1ife. This figure represents
only about 15% of the total mortality during the
period. In the third year of 1ife of the bivalves
the intensity of predation is sgain much less (1 = 2%).
Notica is therefore an important predator only
during the first year, or possibly two years of the

life of Venus striatula.
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Apart from the mortality due to the activities
of iatic deri, there was a considerable "residual®
mortality, the causes of which are unknown. In the
period from the time when the bivalves reached a

length of about 2 = 3 mms. until October 1956

(approximately the first yeer of life) this residual

mortslity accounted for the death of shout 25% of
the population. The total mortality during this
period wes therefore about 40%. During the second
year of 1ife of the bivalves the total mortality
was about 33% of the animals remaining alive at the
end of the first year, of which only ebout 5% was
caused by Natica. During the third year of life,
the percentage mortelity was of the same order,
These figures indicate that there is a fairly
high mortality during the early years after
settlement and that few of the animals originally
present live to complete the maximum 1life span
possible. A similar mortality has been found to
occur in Tivela stultorum (Weymouth, 1923) although
there, mortality was largely the result of mman
predation, since I, stultorum is an important focd

species in the United States.
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The figures obtained for the rate of mortality
apply only to those causes which leave the empty
shell intact in the same position which it occupied
in life. Another possible cause of mortality which
does not fulfil this condition is thét of predation

by botton feeding fish, many of which are known to

take bivalves. However fish are not abundant in
Kames Bay and their affect on the popul ation of Venus
striatula is probably small.

Tt was thought that the mortality might in some
way be the result of the high density of the 1955
settlement, since it is Rnown that the mortality of
some agimals is markedly affected by their population
densities. A series of experiments was therefore
carried out during 1957 in a large outdoor tank at
Millport which had originally been used for the tank
breeding of oysters. Wooden boxes, approximately
0.1 sq. metre in area and 22 cms. in depth, were
filled with sand to a depth of about 10 cms., and
placed on the bottom of the tenk, which was then

filled with sea-water to a depth of sbout three feet.

The send was obtained from Kames Bay, and sieved

before use.



Table 18.

Venus stristulas

Growth and mortality
at different artificial population

densities.
Population Mean Mean | &% growth | & = L
ii/ensify per Length 'Le%ig_‘th mortality
10 SQe Mo
10 l.22 099 23.2 0
30 1.29 1.C5 2249 6.67
30 1.19 1.01 17.8 6.67
100 1.23 1.0k4 1643 9.0
100 l.24 1.02 21.6 8.0
200 1.26 1.05 20 .0 6.67
500 1.26 1.08 16.7
1000 1.25 1.06 179 7«0
Kames Bay l.21 0.98 23.5




=1 34=

Venus striatula from Kames Bay were placed in
the boxes to give artificial population densities
of 10, 30, 100, 200, 500, and 1000 per/one tenth
of a square metre. These populations were set up
on Harch 31st, 1957, and the experiments were
brought to a close on June 28th, 1957, when all
animals both alive and dead were preserved.

The results obtained are summarised in
table 18. Over the range of population density
fron 300/sq. M to 10,000/sq. M. the percentage
mortality during the three months of the experiment
was apparently not affected by population density
in any waye.

The animals in the experimental populations
were measured at the beginning and end of the
experiment, and the percentage growth increment
for each group is shown in table 18. The
measurements were too small to show whether there
is any significant density affect on growth, but
were similar to those which occurred in members of
the natural population over the same period.

In a similar experiment with Venerupis

semidecussata, Ohba (1956) found that percentage
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mortality increased with population density and
that_there was & linear relationship between the
two in populations of less than 5,000/sq.M.
Moreover individual growth was less in the denser

populationse. However, the mortality recorded in

his experiments was much higher than that recorded

here (68.8% in a population of 10,000/sq.M.) so

that the conditions were apparently more stringent.
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VII. Summarv.

The functional morphology of the main organ
systems of twelve of the seventeen Briti sh

species of Veneracea is described and figured.

The functional morphology of Mysig undata is

described and compared to that of the
Veneridae and the Petricolidae. The

systematic position of tiysia undats is

discussed.

Adaptation and evolution within the Veneridae
and the origin of the boring habit in the

Petricolidae, are discussed.

Seasonal changes in the gonads of both sexes
of V. striatula were followed by macroscopic
and microscopic examination, or study of
sections, in over 700 animalé. The sex ratio
was approximately equal, and no hermaphrodite

individuals were found.

The time and duration of the spawning period

of Y. striatula during 1957 and 1958 were found.
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Spawning in both males and females tzkes place
at intervals throughout this period. Intensity
of spawning builds up to a peak near the middle
of the season and then drops. In 1aboratory

experiments, no animals spawned at temperatures

~below 11.0°C.  Spewning may be induced by rise

of temperature or stirmlation by sexual
products. "Epidemic spawning' may be

initiated by either males or females.

Jatural spawning was observed in six species
of the Veneridae. Shell movements play no

part in the spawning act.

Artificial fertilisation is impossible since
eggs removed from the ovary still possess the
germinal vesicle intact, and this is not broken

down in sea-watar.

The veliger larva of V., striatulg has been
cultured from eggs obtained from natural
spawnings fertilised in the laboratory, and

reared until settlement took place.



10.

11.

12.

13.
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Laboratory experiments were carried out to find
the effect of temperature on larval development
and growth. Larvae were grown in two

experiments at temperatures between 5.0 and 26.0°C
and observations on the development of the.eggé

were also made.

The organs of the veliger and pedo-veliger
stages are described and figured. The main
changes occurring at metamnorphosis are briefly

described and discussed.

A population of V. strigtulg in Kames Bay,
Millport, consisting mainly of animals from

one year group, is described.

The rate of growth of young ¥V, striagtulg was
found from a series of random samples taken
over the period October 1956 to January 1959.
The growing season was found to be restricted
to the summer months of May, June, July and

August.

Certain markings on the shell of V. striatuls

are shown to be of an annual nature, and a
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general growth curve has been constructed fron
neasurements of 372 of these. This follows

the usual sigmoid form.

1%, The rate of mortality among the 1955 spatfall

in Kames Bay is described.

15. In artificial populations, mortality was found

to be independent of the population density.
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Appendix 1.

A HNote on Predation of Venus striatula by

Nagtica poliana alderi.

As described earlier an increase in the nunbers
of Venus striatula in Kames Bay has occurred since

1949, the increase being attributed particularly to

the spatfall of 1955. Of the dead shells from this

population  a number show holes bored by the gastropod
drill, Naotica poliana olderi (Forbes) (Plate ).
Clarke and Milne (1955) stated that this gastropod
was not present 1n Kames Bay, although 1t was present
in the nearby White Bay. At the time of their
survey Philine aperts was the important carnivorous
gastropod in Kames Bay. During the course of the
present study, numerocus samples of the fauna of
Kames Bay have been taken over the area studied by
Clarke and Milne, and Philine aperta has not been

found. On the other hand Natica polisna alderi is

now common, both adults and young specimens,'as well

as egg collars, having been taken on many occasions.
The epparent coincidence of this change in the
carnivorous gastropod fauna with the increase in

nunmbers of Venus strigtulg is striking. This note






Plate 5. Photograph of specimens of Watica

poliana alderi and various bivalves
from Kames Bay with holes bored by

this species.

left. Venus striatulas the lower four show
incomplete borings.

centre. from top to bottoms

Montgcuta ferruginoss
Ineula turgids
Thygsir s
Spisula subtruncata
Telling tenuis
Tellinag fabulg
Cyprina islzndicg
Thraecia sp.

right. ITatica polianag glderi.
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discusses certain aspects of the relationship of
these two species in the area.

Studies of the predation of bivalves by
boring gastropods have been carried out by a
number of workers, but such studies have for the
.most part concerned the commercially important
oysters and clams, and drills such as Urosglpinx
and Oceanebra belonging to the Muricidae. These
gastropods may cause considerable damage to
natural and cultivated oyster beds, especially
among the young spat. Thus Helson (1923) found
that in Delaware Bay, U.S.A., 33% of the spat from
one oyster bed, 41% from_another; and 50% fron a
third had been driiled. More recently Hancock
(1954%) has shown that Urosalpinx cineres on Essex
oyster beds may consume at least 58% of the young
oyster spat in three months from the time when the
spat reach a length of 4+ - 5 mn., He estimated
that 5%0,000 spat were destroyed by Urosslpinx
in an area of only 6,250 square metres of oyster

ground. Carriker (1955) has reviewed the subject

of predation by the drills Urosalpinx and Rapleura.
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Comparable information on the damage caused to

natursl populations by Nabticg is not available.
The mortality caused by Natica poliasna alderd

in Kames Bay has been described earlier. During

the first year of 1ife of the bivalves, Naticg was

responsible for the death of about fifteen per cent .

of the population in the area studied. This
figure reopresents about 405 of the total mortality
from a1l causes during this period. Quayle (1953)
studying a population of young Venerupis pullastra
in Balloch Bay, Cumbrae, found that approximately
5% of the dead shells found were drilled by a
gastropod, in this case probably also Natjica.

During the second year of 1life of the bivalves,
the importance of Ngtica as a cause of mortality
lessened. Only about 5% of the animals remaining
alive at the end of the first year were bored
during the second. This figure represents only
about 15% of the total mortality during the period.
In the third year of life of the bivelves, the
intensity of predation was again mch less (1 - 2%).
Natica is therefore an important predator only

during the first year or possibly two years of the
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life of Venus striatula.

The factors which might affect the intensity
of predation by a predator such as Natica zlderj
on a single species, may be summarised under four
headings, as follows:

(1) Food preferences of the predator..

(2) Availability of alternative food.

(3) Density of prey.

(%) Density of predator.
The evaluation of the effects of these factors
would require a lengthy study, but some indicstions
of the importance of some. of them have been gained,
and although these are incomplete, it is thought
that they may be usefully included here.

(1) Food prefercnces and availability of alternative

food.

The species of Bivalve which have been found

bored by Natica in the Millport area are given below:

Spacies found bored by Natica alderi in Kames Bay.
Iueculs turgida Leckenby & Marshall

Nucula tenuis (Montagu)
Thyasirs flexuosa (Montagu)
Montacuta ferruginosa (Montagu)
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Dosinia lupinus (Montagu)
Venus stristuls (da Costa)
Venerupis pullestra (Montagu)
Tellina tenuis da Costa
Telling fabula Gmelin
Gari fervensig (Gmelin)
Cultellus pellucidus (Pennant)
Spisula subtruncata (da Costa)
Corbulg gibba (01ivi)
Thracia spe

Additi i found bored Nat « in th

Clyde.

Gafrarium minimm (Montagu)

Venus fasciata (da Costa)
Of these, by far the commonest bored shell in Kames

Bay was_Venus striatula, but this is to be expected
since this species was the commonest bivalve in seand
in the sublittoral region. Natica will apparently
attack any bivalve in the sand provided it is of
suitable size.

A number of laboratory experiments were
attempted to see if Naticg would select one species

of bivalve in preference to others, but considerasble
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difficulty was experienced in keeping the snimals
alive and healthy under laboratory conditions.
In one experiment, one large specimen of Natica

drilled seven V. stristula and one Nuculg turgida,
but did not attack Tellina fabula, Spigulsg

subtruncata and Ihrecia sp. which were also present.

Small er specimens of Natics were found to be apparently
unable to attack the size of Venus used in the
experinents (average length about 1.0 cm.) and

drilled Iellina, Mucula, small gﬂiﬂlﬁ’ and Thrpcia
with no apparent discrimination. No definite
conclusions could be drawn from the experiments,

apart fron that the size of the prey was an

important factor in influencing predation.

(2) Density of prev and predastor.

Information on the importence of this factor
was obtained only indirectly, from a consideration
of the connection between the size of the predator
and the size of the bivalve bored. As is shown in
table 19 and figure 39, there is a direct, although
loose relationship between the size of the hole (and
hence the size of the drilling gastropod) and the

size of the shell bored. A similar rel ationship



Table 19. Relationship between the size of holes
bored by Neotics poliana 2lderi and the

length of the shell of Venus striatula
in which they were bored. '

Mean 41 emeter

1Ed

Point Mean - 1 o T I
length | 1length | N Inside |Outside | I/0.
0.15 0.19 2 0.340 0.560 0.607
0.25 0.27 17 0.398 0647 0.615
0e¢35 0435 22 0507 0.867 0.585
Oty 0.46 16 0.64%7 1.04%2 0.621
0.55 0.55 28 0.703 1.161 0,605
0.65 0.66 21 0.710 1.229 Ue578
0.75 0.77 21 0.745 1.250 0.596
0.85 0.86 23 0.840 1.400 0.600
0.95 0.95 37 0.936 1.560 0.600
1.05 1.06 20 1.018 1.672 0.609
1.15 1.16 27 1.105 1.862 0.593
1.25 1.26 28 1.140 1.913 0.596
1.35 1.35 19 1.179 1.960 0.602
1.55 1.54% 2 1.180 1.920 0.61k4
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between the size of the hole bored by
Natica poliana slderi and the length of
the shell of Venus striatnlsg in which

it was bored.
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was found by Pieron (1933) for Donax and Mactrsg
bored by Natica. The largest specimens of Natica
alderi are unable to drill shells of Venus striatulg
of length much greater than 1.5 cms. and therefore
bivalves larger than this are not subject to
predation from this cause. During their second
year of life a fair proportion of the Yenus
population grew to a length greatér than 1.5 cmse.
and the majority were above this size throughout
their third year. The drop in intensity of
predation after the first year may therefore be
expl ained by the fact that increasing numbers of
the bivalves were becoming too large to be
successfully attacked, thus effectively reducing
the population density of the prey species. At
the same time, mortality of the Natica themselves
would result in there being fewer large specimens
capable of attacking the larger Venus.

Another result of this size limitation 1is
that predation on the older age groups of Venus
becomes progressively mbre selective in that those
bivalves of two or more years old which are bored

tend to be the smallest of their age groupe. The
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size distribution of the dead shells collected
shows this clearly, since the mean size of the
dead bored shells is less than that of the
corresponding group of dead unbored shells.

Exanination of the annual rings on the shells

~confirmed that this distribution was the result of

selective mortality rather than of any particuler
seasonal distribution of mortallty from predation.

A suggested explanation for fthis size limitation
1s thal Hatica may be unable to bore through the

thicker shells of the larger specimens of Venus.

Behaviour of ITatica.

The distribution of holes over the shells of
certain bivalves drilled by members of the
Naticidae has been taken by some authors to indicate
that the animal chooses the site of its hole in sowme
way in relation to the internal organs of the
bivalve. In most cases the holes are distributed,
not at random, but grouped in some particular region
of the shell. - Scheimenz (1891) found in 61 cases
out of 79 that the hole bored by Hatica josephina
was anterior to the umbones and in most cases in

the dorsal region of the shell. Pelsencer (1924)
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recorded The distribution of holes in the shells of

Dongx vittatus and Telling tenuis bored by Natica

alderi, and in Mytilus edulis bored by Purpurag
illis. He found in the two former cases that

the holes were grouped in the umbonal region of

~ the shell. In lytilus the holes were scattered .

ovar the whole of the surface of the shell with
the exception of a narrov belt around the margins.
He showed that the area of distribution of the
holes was that area of the shell overlying the
gonads in all three cases. Loopens (1926) found
that in Donax vittatus 70%, Tellina balthicy 867,
Mactra subtruncats 864, and Mactra solida 100%, of
the holes bored were in the umbonal région of‘

the shell. Pieron (1933) examined numerous
valves of Mactra solidg and of Donax trunculus

and found in both cases that the majority of the
holes were a little more than a quarter of the
distance from the umbones to the margin of the shell.
Verlaine (1936), after describing the distribution
of borings in Tellina balthica, Mactrg subtruncata
and Donax vittatus suggested that the site of boring

is chosen by the predator and that, moreover, a
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learning process occurred in juveniles enabling
ther1 to chose the most suitable site for the hole.
Among other boring gastropods, it has been

shown that shells of Gstreg edulis were bored by

Murex erinsceus between the adductor muscle and the

hinge (Fischer, 1865), or with regard to the - -~~~ =

yisceres essentiels" (Issel, 1882). Federighi
(1931) found that holes were drilled by the American
oyster drill, Urosalpinx cinerea, in any part of the
shell of the oyster, but that 730 were OVer or near
the place of miscle attachment (presumably of the

adductor miscle). In shells of Ven

bored by the "drill oyster" 201 out of 217 perforations
were in the beak cavity, that is in the dorsal region
of the shell ventrsl to the hinge plate (Hotta and
Tamiri, 1953).

“The distribution of the holes drilled by Natica
alderi in the shells of VYegus striatnls was found by

plotting their positions on outline drawings of the
shelle A typical Tresult is shown in figure 40 which
records the positions of 150 holes. This represents
only one such group examined but is typical of all.

The holes are situated mainly around the margin of



Figure "0. The distribution of 150 holes bored

by Natica polions slderi in the shells
of Venus stris=tula.

The position of the centre of the hole
only is merked in each case.
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the shell ventral to a line running antero-posteriorly

at the ventral limit of the adductor muiscle scars.
A large proportion of the holes perforate the shell
out side the pallial line. Most of the holes,
thercfore, penetrate the shell in its thinnest

The observed distribution of the holes
gppears to be the result of a stereotyped behaviour
pattern involving recognition of the prey and
adoption of a particular attitude whilst boring.
A possible suggestion is that the prey is found by
randon wandering end that suitable bivalves are
distinguished from unsuitable objects such as dead

shells or stones by thigmotactic response to slight

moverients of the shell valves or the siphons, and/or

by olfactory stimli; that recognition of the prey
acts as a releasing mechanism resulting in the

gastropod taking up the feeding position with the

bivalve surrounded by the foot, and that the position

adopted by the preiator in relation to the prey
during feeding depends both on the predator species

and on the shape of the prey. The relative

positions would be likely to be similar in =211 cases
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whare a particular predator attacked a particular
prey species, with the result that the holes bored
would show a non=random distribution over the |
shell. The region in which the density of holes
bored was greatest might be expected to differ for
different predator and prey corbinations, as has
been showm to be the case.

This hypothesis would explain the observed
distribution of the holes bored in the shells of

Venug striatula, and suggests another explanation

for the size limitation recorded earlier. This

is that larger bivalves are not 'recognized'! as
suitable objects for boring, since the gastropod

is unable to adopt its normal feeding position with
regard to them. Also large Natica would not
'recognize'! very small bivalves, for the same

reasone.

Method of Drilling.

"o new evidence on the method of drilling
by the Heticidae has been found by the author.
Animals kept in the 1aborstory never drilled
bivalves unless both were completely buried in sand,

so that 1t was impossible to observe the process.
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The inability to drill unless buried suggests that
the position of the bivalve and its orientation

in respect to the gastropod might be a factor
inportant in the recognition of its prey by Natica,

and tends to support the suggestion outlined above

_that‘the behaviour of Natica is highly stereotyped.

Barly work on the method by which
carnivorous gastropods drill their holes led to
three theories being put forward: (a) Mechanicdl
drilling, by means of the radula, (b) Action of
acid or other secretion from the salivary glands or
fron the "boring glands", (c¢) A combination of
both these methods. This work has recently been
reviewed by Jensen (1951) and Turner (1953), both
of whom present evidence that the Naticidae are
able to bore by mechanical means alone. J ensen
has found egg capsules of the Ray, Raia, from the
Davis Strait which had been bored in the manner
typical of the Naticidae and where the edges of
the holes showed marks apparently caused by the
radula teeth. Similar holes were found by Thorson

(1935) in the egg capsules of the snail Sipho
(= Colus) curtus from East Greenland. Both these
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types of egg capsules are acid resistant and hence
such holes must have been drilled by mechanical
means alone. Jensen concludes that the radula
and possibly the jaws are the tools used for

drilling in this group. This view is supnorted

by Turner who found that the American clam drill

Polvnicens duplicata was able to perforate the shall
of Mva srenaria even after this had been covered

with layers of histological paraffin wax, or with
Plaster of Paris (partially dehydrated calecium
sulphate). The evidence indicates that under these
circumstences the Naticidae are able to drill through
the shells of their prey by mechanical action zlone,
unaided by any chemical secretion, but does not
necessarily confirm that this is normally the caée.
Carriker (1943) has shown that among other
boring hastropods, Urosglpinx probably uses a
softening agent whilst drilling, the softening agent
being secreted in this case from a gland in the foot -
the accessory proboscis. Rasping by the radula and
softening by secretion from the accessory proboséis
take place alternately during the drilling process.

It is at least possible that the boring process in
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the llaticidae is similar, with the boring gland on
the proboscis secreting a softening sgent, possibly
in the form of a ealcium chelating agent, or of
sone agent which acts on the organic matrix of the

shell.

"Discussion.

It is tempting to postulate some connection

between the appearance of llatica poliana alderi in

Kames Bay and the great increase in the density of
Venus striastula in the bay as the result of the
abnormally high spatfall in 1955, although there
is no direct evidence to show when Nagtica appeared.
Clarlze and Milne made their main survey in 1938 -
1939, but also sempled after 1949. They state
that Natica was not present (Clarke & Milne, 1955
pp. 168 &.177). Dr. R.B. Pike (personal
comminication) found Natica alderi during 1951

(1 specimen in 6 hamls with mid bucket) and 1952
(6 specimens in 6 hauls), which indicates that
Natica may always have been present although in
small numbers. During 1956, 1957, and 1958 the
minbers found were of the order of 10 - 50 per md

bucket (personal observation), an increase of up
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to fiftyfold from 1951. Before 1950, Natica was
also present in areas close to Kames Bay, for
example in White Bay (Clarke and Milne l.c.) and
in Balloch Bay (Quayle, 1953). Elmhirst (1936)

recorded a local increase in numbers of the species,

~similar to that described here, on Hunterston Sands,.

Ayrshire, in 1934, where "it was decimating the
+ 1 year group of Cardium edule (1933 brood)".
Oxtension of the local range of lNaticg might
take place by two methods: by migration of adult
animals, or by dispersal of the planktonic larval
stage. Nothing is lknowvn about the extent of
migrations by individual adult Naticg, but Carriker
(1955) concludes that the American oyster drill
Urosalpinx moves about only to a rather limited
degree. Local movements of drills might however
lead to aggregation in areas where there was an
abundant food supply even although taney were not
directly attracted by it. Since young Venus
strigtula form a readily acceptable source of food
for ligbica 2lderi, this process might have resulted

in the observed distributione.
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Thorson (19%6) states that the larva of Natica
alderi (= N, nitida) hatches when the shell is 195k

across, 2nd since larvae of 750p (Thorson, 1946) and
800 - 1,000k (Lebour, 1937) have been found in the

plankton, the planktonic stage must be fairly long,

‘and the opportunity for wide dispersal, great. At

Millport, ezg collars were found in May, June, July’.
and early August, and larvae hatched from here agreed
wéll with Thorson's description. Dispersal by this
planktonié larval stage might lead to aggregation
locally in areas where food was particularly abundant
if settlement were influenced by density of suitable
food organisms on the bottom, perhaps in response to
ectocrines released by the bivalves. Adult Urosalpinx
are knovn to find their food by a positive chemotactic
response to the external metabolites of their prey
(Carriker, 1955), but nothing is known of the
responses of young drills, or of larval Naticidae.

The larvae of certajin polychaetes respond to
characteristics of the substratum al settlement
(Wilson 1932, 1937, 19553 Day & Wilson, 1934).

Larval Ostrea edulis are influenced by characteristics

of the surface with which they come into contact,
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and especially by the presence of settled spat
(Cole & Knight-Jones, 19%9). The successful
metamorphosis of Adalaria proximg depends on its
establishing contact with a live colony of the

polyzoan Electra pilosa during a searching phase

- of the larvael 1ife, and meny marine invertebrates,

including Hatica (Lebour, 1937), have a swimming-
crawling stage preceding metamorphosis during which

a choice of substratum could be made. It is
possible therefore that larval llaticg might
discriminate betwecn areas of high and low bivalve
popul ation density in setting. Alternatively the
observed distribution could be the fortuitocus result
of local hydrographic conditions affecting both types
of larvee.

A long term study in a small local area such
as Kames Bay, of the fluctustions of numbers of
Hatica in relation to the number of bivalves should
give mch interesting information on predator prey
inter-relationships, while more laborstory and field
experiments are necessary before these inter-_
relationships, especially in regard to setting, are

fully understood.
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