











view is basically similar to Huxley’s hypothesis
(1932) of differential length growth and width
growth of molluscan shells. Owen correctly
points out an error in Lison’s interpretations that
the lines of equal potential activities involved in
the secreting of shell material at the edges of the
valves are parallel to each other. This is obvi-
ously not the case since all lines of growth of the
lamellibranch shell radiate from a common node
of minimum growth near the umbo. For this
reason the comparison of bivalves can be more
conveniently made by using radial coordinates as
has been shown by Yonge (1952a, 1952b).

The mathematical properties of shell surfaces
are of interest to the biologist because they may
provide clues to understanding the quantitative
aspects of the processes of shell formation. It can
be a priori accepted that any organism grows in
an orderly fashion following a definite pattern.
The origin of this pattern and the nature of the
forces responsible for laying out structural ma-
terials in accordance with the predetermined
plan are not known. The pattern of shell
structure is determined by the activities at the
edge of the shell-forming organ, the mantle. At
the present state of our knowledge it is impossible
to associate various geometrical terms which
describe the shape of the shell with concrete
physiological processes and to visualize the
morphogenetic and biochemical mechanisms in-
volved in the formation of definite sculptural and
color patterns. The solution of this problem will
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FiourEe 29.—Normal axis and the two growth components
in the shell of scallop. LS—plane perpendicular to the
plane of the generating curve; N—turning point of the
concave side of the shell shown at right; M and O—aux-
iliary radii; P—transverse component; R—radial com-
ponent; UY—normal axis. From Owen (1953).
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be found by experimental and biochemical studies
which may supply biological meanings to abstract
mathematical concepts and equations. Experi-
mental study of the morphogenesis of shells
offers splendid opportunities for this type of
research.

GROWTH RINGS AND GROWTH RADII

Nearly 250 years ago Réaumur (1709) discovered
that shells grow by the accretion of material
secreted at their edges. Since that time this
important observation has been confirmed by
numerous subsequent investigations. The rings
on the outer surfaces of a bivalve shell, frequently
but incorrectly described as ‘‘concentric”, rep-
resent the contours of the shell at different ages.
Rings are common to all bivalves but are partic-
ularly pronounced on the flattened shells of
scallops, clams, and fresh-water mussels. De-
pending on the shape of the shell, the rings are
either circular or oval with a common point of
origin at the extreme dorsal side near the umbo
(figs. 30 and 31). The diagrams clearly show
that the rate of growth along the edge of the
shell is not uniform. It is greater along the
radius, AD, which corresponds to the directive
axis of Lison, and gradually decreases on both
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Figure 30.—Diagram of a circular bivalve shell of the
kind represented in Pecten, Anomia, and young C.
virginica. Radii extending from the umbo to the
periphery of the generating curve are proportional to
the rate of growth at the edge of a circular shell
Radius AD corresponds to the directive axis of Lison.
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Figure 31.—Diagram of a shell of adult C. wvirginica.
Radii extend from the umbo to the periphery of the
generating curve. The principal axis AGF shows the
change in the direction of growth at G. The length of
radii is proportional to the rate of shell growth at the
edge.

sides of it along growth radii AC, AB, and AC,,
AB,.

Circular shells in C. virginica may be found only
in very young oysters (fig. 32a). Within a few
weeks after setting the shell becomes elliptical,
and as elongation (increase in height) continues
the principal vector of growth shifts to one side
(fig. 32b).

A series of curves noticeable on round shells
(fig. 32) clearly illustrate the differential rate of
growth along the periphery of the valve, which
increases in size without altering in configuration.
Thompson (1942) found an interesting analogy
between this type of growth, radiating from a
single focal point (the umbo), and the theorem
of Galileo. Imagine that we have a series of
planes or gutters originating from a single point
A (fig. 30) and sloping down in a vertical plane
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at various angles along the radii AB, AC, AC,,
and AB, which end at the periphery of a circle.
Balls placed one in each gutter and simultaneously
released will roll down along the vectors B, B,, C,
Ci, and D. If there is no friction or other form
of resistance, all the balls will reach the periphery
at the same time as the ball dropping vertically
along AD. The acceleration along any of the
vectors, for instance, AB, is found from the
formula t?=2/g AD where t is time and g is
acceleration of gravity.

A similar law, involving a more complex
formula, applies to cases in which the generating
curve is nearly elliptical, for instance, in the
shells of adult oysters. The rate of growth at
different sectors of the periphery of the shell
obviously has nothing to do with the acceleration
of gravity, but the similarity between the length
of the radii which represent the rate of growth
along a given direction of the shell and the accelera-
tion along the vectors in the theorem of Galileo
is striking. It appears reasonable to expect that
the Galileo formula may be applicable to the
physiological process taking place near the edge
of the valve. One may assume, for instance, that
the rate of physiological activities is affected by
the concentration of growth promoting sub-
stances or by enzymes involved in the calcification
of the shell and that these factors vary at different
points of the mantle edge in conformity with
Galileo’s formula. Experimental exploration of
the possibilities suggested by mathematical paral-
lelism may be, therefore, profitable in finding the
solution to the mystery of the formation of shell
patterns.

CHANGES IN THE DIRECTION OF
PRINCIPAL AXES OF SHELL

The principal axes of shells of C. virginica are
not as permanent as they are in clams, scallops,
and other bivalves in which the shape of the
valves remains fairly constant and is less affected
by environment than in the oyster. The plasticity
of oysters of the species Crassostrea is so great
that their shape cannot be determined geometri-
cally (Lison, 1949). This inability to maintain
a definite shape is probably the result of the
sedentary living associated with complete loss
of the power of locomotion.

In some species of oysters the shells are circular
or nearly circular. In such cases the ratio of
the height of the valve to its length is equal to
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Ficure 32.—Two small C. virginica growing attached to tar paper.

Maximum dimension of shell: a—0.85 cm.;

b—1.0 em. At b the principal axis curves to the left.

1.0, as, for instance, in C. rivularis (fig. 8) and
0. (Alectryonia) megodon Hanley (fig. 3) (Olsson,
1961). Opysters of the latter species from the
Pacific Coast of Central and South America grow
singly, in vertical position, cemented to the rocks
by their left valves. The specimens I collected
on Pearl Islands, Gulf of Panama, measured 17
to 18 cm. in height and 16 to 17 c¢m. in length.
The European flat oyster, 0. edulis (fig. 9) usually
forms rounded shells in which the length exceeds
the height. Small, noncommercial species, O.
sandwichensis of the Hawailan Islands and O.
mexicana from the Gulf of Panama, are almost
circular with the tendency to extend in length
rather than in height. Crowded conditions under
which these species thrive attached to rocks in a
narrow tidal zone greatly obscure and distort the
shape of their shells.

Small C. virginica growing singly on flat surfaces
without touching each other are usually round
(fig. 32). In a random sample consisting of 100
single small oysters (spat about 6 weeks old)
varying from 5 to 15 mm. in height and growing
on tar paper, the height/length ratio varied from
0.6 to 1.2. Nearly half of them (49 percent) were
perfectly round (H/L ratio=1); in 30 percent the
ratio was less than 1; and in 21 percent the length
exceeded the height.
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In small single oysters less than 10 mm. in
height the principal (normal) axis of growth is
clearly marked. All other radii symmetrically
oriented on both sides of the principal axis are
indicated by the pigmented bands on the surface
of the shell. The newly deposited shell, dis-
cernible at the periphery of the oyster, forms a
band which is wider at the ventral edge of the
shell and slightly narrows anteriorly and pos-
teriorly (fig. 32a). With the growth of the oyster
its principal axis is shifted to the side, curves, and
is no longer confined to one plane. The curvature
of the valve becomes a turbinate-spiral. Grad-
ually the oyster becomes slightly oval-shaped
and asymmetrical.

The change in the direction of the principal
axis of growth is not associated with the environ-
ment since it takes place only in some of the
oysters growing under identical conditions. Oc-
casionally oysters are formed in which the pig-
mentation along the principal axis is so pronounced
that the dark band which marks its position may
be mistaken for an artifact (fig. 33) while the
secondary axes are not visible. The shells of
adult C. virginica usually curve slightly to the
left (if the oyster is placed on its left valve and
viewed from above). Frequently, however, in-
verted specimens are found in which the growth

FISH AND WILDLIFE SERVICE



| 1 1 1 | ]

Centimeters

Ficure 33.—Principal axis of growth of a C. virginica
from Chatham, Mass., is deeply marked by a pigmented
band.

has shifted into the opposite direction (fig. 34).
The “normal” oyster (the right side of the figure)
is curved to the left while in the inverted specimen,
shown on the left of the figure, the shell curves
to the right. Such “right-handed” oysters are
probably common in all oyster populations since
they were found in Texas, Chesapeake Bay,
Narragansett Bay, and Great Bay, N.H. In
every other respect the inverted specimens are
normal and had typically cupped left valves with
well-developed grooved beaks. There is no evi-
dence that inversion was caused by mechanical
obstruction or some unusual position on the
bottom.

Complete inversion in bivalves was described
by Lamy (1917) for Lucina, Chama, and several
species of the subgenus Goodallia (fam. Astartidae).
It consisted in the appearance of structures, typical
for the right valve, on the left valve and vice
versa. In the case of C. wirginice the structural
elements remain unaffected and the inversion is
limited to the contours of the valves.
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The once established principal axis of growth
does not always remain unchanged. QOccasionally
old oysters are found in which the direction of
growth had undergone sudden changes of about
90°. The change shown in figure 35 took place
when both oysters were about 6 to 7 years old.

The instability of the principal axis of growth
may be even more pronounced. My collection
has an oyster (C. virginica) found on the banks of
a lagoon near Galveston, Tex., in which the princi-
pal axis, clearly indicated by pigmented bands on
the surface of the valves, changed its direction at
the end of each growing period. The resulting
zigzag line is clearly visible in the specimen (fig.
36).

DIMENSIONAL RELATIONSHIPS OF
SHELL

Shape of a bivalve shell is often expressed as
a ratio between its height and length or by some
other numerical index. Lison (1942) pointed out
that the shape of an oyster shell cannot be ex-
pressed in precise geometrical terms, presumably
because of its great variability. The ‘“index of
shape’” determined as a ratio of the sum of height
and width of a shell to its length was used by
Crozier (1914) in studying the shells of a clam,
Dosinia discus. For the mollusks ranging from 2
to 7 cm. in length collected near Beaufort, N. C.
this index varied from 1.24 to 1.28 indicating that
the increase of the species in height and width was
directly proportional to the increase in length.
Such regularity is not found in the shells of adult
C. mrginica taken at random from commercially
exploited bottoms. For the entire range of
distribution of this species in the Atlantic and
Gulf states the index of shape varied from 0.5 to
1.3. The histogram (columns in figure 37) shows
nearly normal frequency distribution with the
peak of frequencies at 0.9. No significant dif-
ferences were found in the index of shape in the
northern and southern populations of oysters
examined separately. The boundary between the
two groups was arbitrarily drawn at the Virginia-
North Carolina line. The two curves connecting
the frequency points on figure 37 indicate that in
the southern population the index of shape ex-
tends from 0.5 to 1.3, while in the northern oysters
it varies from 0.6 to 1.2. The difference is probably
not very significant, but it may be due to a greater
percentage of wild oysters on commercially ex-
ploited natural bottoms of the southern states.
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F1gure 34.—Left valves of the two large C. virginica from Narragansett Bay, R.I.
On the left side is an inverted oyster; its shell curves to the right.

its shell curves to the left.

Most of the oysters from the North Atlantic and
Chesapeake states were taken from bottoms on
which oysters are regularly planted for cultivation.
There are no significant differences in the mean,
mode, and median of the two groups (table 1).
Contrary to the conditions found by Crozier in
Dosinia discus, the “index of shape” of C. virginice
is highly variable.

SHELL AREA

Information regarding the approximate area
of an oyster shell of known height may be useful
to oyster growers who want to determine in ad-
vance what percentage of the bottom area set

TaBLE 1.—Index of shape (height-+widih) of oysters taken by

length
commercial fishery

Locality Mean |Standard| Mode | Median
deviation
Northern grounds.__...._________ 0.87 0.05 0.94 0.09
Southern grounds_..______________ 0.87 0.02 0.94 0.9
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On the right is a “normal’’ oyster;

aside for planting will be covered by oysters of
known size. Since the oystermen usually know
the number of oysters of various sizes needed to
make up a bushel, the information given below
may be used in determining in advance whether
the area of the bottom is sufficient to provide space
for their additional growth.

It is self-evident that the area of the valve in-
creases proportionally to the increase in its linear
dimensions. For determining the area a piece of
thin paper was pressed against the inner surface
of the right (flat) valve and the outlines were
drawn with penci e i

drawn with pencil. The area was-measured with
‘a_planimeter. The_outlines of small shells were

placed over graph paper and the number of milli-
_meter squares counted.

" The relationship between the height and shell
area (fig. 38) is represented by an exponential
curve of a general type y=ax" which fits many
empirical data. The y in the formula is the shell
area, and the x is the height. The parabolic
nature of the curve is demonstrated by the fact
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Ficure 35.—Two upper (right) shells of old C. »irginica from Chesapeake Bay (left) and Matagorda Bay, Tex. (right).
The direction of growth changed suddenly about 50° to the left in the Chesapeake oyster and about 75° to the right in

the Texas oyster.

that the log/log plot (fig. 39) fits a straight line.
The numerical values of factors a and b were
found to be equal to 1.25 and 1.56 respectively.
The formula reads, therefore, y==1.25x'%. As
8 convenience to the reader who may be interested
in finding directly from the curve the average area
occupied by a shell of a given height, the data
computed from the equation can be read from the
curve in figure 38. The measurements are given
both in centimeters and inches. The data refer
to the random collection of live oysters from the
coastal areas between Prince Edward Island,
Canada, and the eastern end of Long Island
Sound (table 2).

The relationship between the height and area
of the upper valve of C. virginice is in agreement
with the findings of other investigators (New-
combe, 1950; Nomura, 1926a, 1926b, 1928) who
concluded that in several marine and fresh-water
bivalves and gastropods the dimensional relation-
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ships can be adequately expressed by the formula
of heterogenic growth, y=Dbx®. According to No-
mura’s (1926a) interpretation of the growth of the
clam Meretrix meretriz, the constant b in this
formula represents the effect of the environment
while k is a factor of differential growth. No-
mura’s conclusions may be applicable to other bi-
valves, and if confirmed by further studies this
method may become useful for quantitative de-

TaBLE 2.—Height and shell area of northern oysters com-
puted by using the equation y=1.25x156

Height Area
Cm. Inches Cm.? In.2
1.97 15.4 2,39
2,36 20.5 3.18
3.15 32.3 5,01
3.94 45.4 7.04
4.72 60.3 9.35
5.51 76.7 11.9
6.30 94.5 14.6
7.09 113.5 17.6
7.87 133.8 20.7
31





