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On the Rate of Growth of Cardium edule. Part L
Experimental Observations.

By
J. H. Orton, D.Sc,,
Senior Naturalist at the Plymouth Laboratory.
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240 J. H. ORTON.

INTRODUCTION

IN continuation of the writer's work* on the rate of growth in Inverte-
brates generally a definite experiment was begun during 1919 to obtain
detailed information on the rate of growth of the common cockle, Cardium
edule. The plan of the experiment was to mark a representative collec-
tion of cockles and keep the same individuals under close monthly observa-
tion. As the cockle beds near Plymouth are regularly fished, it was
regarded as essential that the marked cockles should be kept in a box,
which could be closed by a lid in order that there should be no doubt
about recovering the same cockles during the period of the experiment.
Accordingly a box, 6 feet by 3 feet 8 inches by 1 foot, with an entire
boarded bottom, but with the sides and top made of strong perforated
zine, with holes not more than 6 mm. in diameter, was designed and
made, and fixed to stakes driven into the bed of the river (see Fig. 1,
A and B). A full description of the experimental box is given on page 277.
The box was entirely successful, and enabled the growth of the marked
cockles to be observed. The experiment was begun under the difficult:
post-war conditions in August, 1919, and monthly observations were
made until October, 1920, when continuous work on the problem had to
be abandoned owing to the necessity of taking up more urgent work, but
occasional observations were afterwards made to 1923 as opportunity
arose. The essential plan of the work was to observe the rate of growth
of a constant population of Cardium in the sea ; to find out the significance
of the concentric grooves or rings on the shells of some molluse—of which
Cardium is a convenient type—since these grooves are commonly re-
garded as marking a cessation of growth in the winter period; to
observe the rate of growth of small and medium sized individuals from
the time of marking the shells with a filemark, through summer and
winter periods, while at the same time collecting as much information
as possible about the general environmental conditions; and to obtain
data on the growth of the shell in Cardium edule to compare with
results from all other regions where this species is found.

THE SI1TE OF THE EXPERIMENTAL BoOX,

The site of the box was chosen on the lower part of the cockle beds in
the middle of the main stream of the River Yealm, about half a mile north-
east of Steer Point. The exact tide-level of the site has not been accurately

* Contribution to an Evaluation of the Sea, Journ. Mar. Blol. Assor., Vol. X, No. 2,
p. 312, 1914.
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Views oF THE EXPERIMENTAL Box IN THE BED oF THE RIVER Y EALM.

A. View of the open box showing details of the construction and the stream £nd
mud flat in the background.

B. Showing the closed box and details of construction; the lid of the box is pro-
tected with wire-netting.
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determined ; it is estimated as being about 3 feet above low-water level,
ordinary springs. The bed of the river where the box was fixed is of
sandy gravel, and is only about 30 yards wide at this point before rising
on each side into mud-banks. The box did not dry in neap tides but
remained exposed at good spring tides for three to four hours, when
rain had not recently fallen heavily. After recent heavy rains the box did
not dry at tides rather less than ordinary spring tides, as the conformation
of the estuary renders it difficult for a spate to make its way quickly out
to sea. Fresh water was found running close by the box at low water
even in summer in the absence of recent rains, hence cockles on the beds
and in the box would experience great changes of salinity from 0 to well
above 30 per mille. The cockles in the stream, which never dried, would
undoubtedly experience more fresh water than those in the part of the
bed which dried (see Fig. 1, p. 241) and more than those in the box.
There would, however, be practically no difference in the time of
exposure of cockles in the bed and in the box, as the tide at the turn
rises to and submerges the beds and the box in from ten to fifteen
minutes ; while working on the beds it was imperative to cease work
and pack up in haste as soon as the tide reached the bottom of the
box.

The perforations in the zinc were large enough to permit a good circu-
lation of water through the box, and to keep them clear of mud, which,
however, accumulated in the bottom of the box to the level of the holes
(4 inches) in about three months, and remained until cleared out. Besides
the mud which settled in the box the young or larve of various animals
found entrance and grew to adult or a large size ; for example, Nereis,
Nephthys, Arenicola, Syndosmya, Serobicularia, Mytilus, and especially
the common shore-crab, Carcinus manas, and a fair amount of the spat
of Cardium edule itself, as it was hoped would be the case. The common
shore-crab is a great enemy of small cockles particularly, as was un-
fortunately not realised in the early stages of the experiment, and about
a dozen crabs at a time found sufficient food in the confined space of the
box 6 feet by nearly 4 feet to grow in a short time to medium size. Balanus
balanoides—and a few B. perforata—grew in profusion on the top of the
inside of the box, as also did Campanularia, Bowerbankia and Alcyoni-
dium, while a fair number of Balanus, a little Fucus and Ulva, and
Porphyra at times in abundance, grew on the outside of the box.
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THE MAIN EXPERIMENT.

MATERIAL AND METHODS.

The box was fixed in the river, and the experiment begun on August 16,
1919. The beds had previously been explored and a sample of tiny
cockles with clear shells, that is, without rings of any kind, were accumu-
lated, along with a sample of medium sized cockles with one well-marked
—and presumed—winter ring. Fach cockle was marked with a file-
mark in one, two, or three places, viz. anteriorly, posteriorly, and in
the median ventral line in each case, so as to cut the growing edge of the
shell. By this means it would be possible to measure the subsequent
growth in either length or height, or both; lengths were, however,
measured mostly during the experiment, owing to the limited amount
of time available at low water to obtain all the information about the
bed necessary at each visit. The beds were visited monthly from August,
1919, to October, 1920—except for January—and the marked cockles
taken out and measured at each visit, while the growth of similar in-
dividuals on the beds was also noted and collections made and preserved
—as controls on the marked individuals—for detailed measurements
later. After the first few months, when mud had accumulated in the box,
the cockles had to be found by searching in the mud with one’s fingers ;
in this way a few each time were liable to escape detection, and little
ones were very difficult to find. It was soon found that the mere fact of
taking the cockles out of the box, handling them, and keeping them on
the improvised field-bench for an hour, a little more or less, was enough
to cause the cockles to form a distinet ring on the shells (see Figs. 3 and 6,
pp- 251 and 259). From these rings, which I have called “ disturbance
rings,” it was usually possible, in the smaller individuals, to measure the
amount the cockle had grown even since the last monthly visit to the box.

THE MEASUREMENT OF THE SHELL.

The chief dimension of the shell adopted for an expression of the
growth is that of the length, and is the maximum distance between
tangents to the anterior and posterior borders of the shell, that is to say,
the maximum dimension in an antero-posterior line. The height and width
of shells have also been measured for the determination of arithmetical
ratios between all dimensions, but for the preliminary discussion on
the rate of growth it will be sufficient to take length as a criterion.
It is essential, however, to bear in mind that a small increment in length
in the larger cockles (ca. 30 mm. long) indicates a relatively large increase
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in total growth. The weights of shells at different sizes will also be
discussed later.

The measurement of length, height, and width was taken with steel
Starrett right-angled calipers scaled to half a millimetre, and was read to
the nearest 1'sth of a millimetre by eye-estimation. These readings are
probably correct to 3th of a millimetre, but in the preliminary discussion
the cockles are all considered in millimetre groups; for example, all
cockles measuring 10-0 to 10-9 mm. are plotted in the 10 mm. group,
and so on. The original size of the marked shells, and the size of disturb-
ance and winter rings, was taken by fine Stanley dividers and read oft
on an ivory Stanley scale, engine—divided in }th of a millimetre. Those
readings are probably reliable to only 0-4 millimetre, and have all heen
taken by the writer himself.

Tae RATE oF GrowTH oF THE MARKED CARDIUM.

The rate of growth of the marked Cardium is well shown in the series
of graphs 1 to 13 in Fig. 2, p. 246, and Table I, p. 248, which give the
history of the cockles surviving at each monthly visit to the box from
August, 1919, to October, 1920 (except for January), and the visit on
September 6, 1921. The original lengths of the cockles are shown
(in mm. groups) in the bottom graph, No. 1, and the successive monthly
size-composition of the whole population in the thick-lined graphs 2 to
12 ; while in graph 13, on the right, is shown the final size-composition
of this group of cockles when they were preserved on September 6,
1921. In graph No. 1 the individuals are shown in two groups,
A and B. Group A, of lengths upwards to 17 mm., were practically
all clear-shelled, and may now be regarded as the spat of 1919 ; group B,
of lengths 18 to 32 mm., shown by the shaded area, may now be stated
to be mainly in their second summer, that is, spatted in 1918.

Only one of the next larger group of Cardium, about 38 mm., was
marked ; but as this died soon after marking, that individual need not
be further considered. In graph 1 it may be observed that the groups
A and B form two well-defined peaks, between which is a wide distinct
bay. If the peaks A and B be followed in graphs 1 to 12 their gradual
approach and the decrease of the intervening bay is readily seen. In
graph 12, and still more clearly in graph 13, the peaks are seen to become
practically merged, but the shaded area still shows that the older cockles
have a higher modal value than the younger ones. The approach of the
peaks of the A and B groups proves that the younger cockles are catching
up in growth dimensions to the older ones, and, finally, as shown in
graph 13, some of the younger individuals actually outstrip all the older
ones in length, and it may be added, also in all dimensions. The size-
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Exrrnavarion orF Fie, 2.

Fi6. 2.—CGraphs showing the successive lengths (in mm. groups) of Cardium edule from
mainly monthly measurements of the same individuals which were marked and
kept in an experimental box at the River Yealm (Aug., 1919, to Sept., 1921).

The graphs 1 to 13 are to be read from below upwards. Graph 1 shows two groups,
A and B (shaded). The A group are the spat of 1919, and are not yet one summer
old; the B group are mainly spat of 1918, and are nearly two summers old. The
thick-lined graphs 2 to 13 show the history of the two groups after August 16, 1919 ;
the B group being shaded in graphs, 1 and 5 to 13.

In graphs 10, 12 and 13 the original sizes at the date of marking (of the surviving
individuals at the dates given, namely, Aug. and Oect.,, 1920, and Sept., 1921) are
ghown in the broken-line graph on the left-hand side, and lettered Aug. 16, 1919, A B.
In graph 13 the peaks of the graphs of the first and second winter rings of the A group
(only) are shown at A’ and A”. The final sizes of both groups on Sept. 6, 1921, are
shown in graph 13 at A" and B".

The figures in the brackets on the right-hand side following the dates in the graphs
give the number of individuals measured on these dates.

composition of the A and B groups is shown throughout (except in graphs
2 to 4) by the shading of the latter group; where individuals of the A
and B group are of the same mm. group, the sum of the individuals
in that mm. group is plotted for the outline of the graph, so that the
shading in the graph is only an analysis to show the history of the two
original groups.

Individuals of the younger group begin to climb—metaphorically—
on to the older group about April, and—as is easily seen in graphs 8 to 13
—more and more cockles attain the same size as the older cockles until
most millimetre groups have, on September 6, 1921, representatives of
both the origiual A and B groups.

It will be remembered that it was possible in all the marked individuals
to find the original size by the persistent filemark, with the assistance
also of a strong disturbance ring formed at the time of marking (see
Fig. 3, p. 251). In graphs 10, 12, and 13 the original sizes at marking—
of the cockles surviving on the date of examination—are shown
separately in the thin broken-line graph on the left-hand side of the
same horizontal scales as are used for the increased sizes at the dates
mentioned. It is possible, therefore, in these cases, to see at a glance
the actual sizes of both the A and B groups in August, 1919, and on
the dates given alongside the graphs.

In graphs 6 and 13 are also plotted the peaks of the winter ring sizes
—at younger ages—of the population surviving on April 21, 1920, and
September 6, 1921. The first winter ring is shown by a broken-line
graph with single short lines at right angles to the graph, and the
second winter ring by pairs of short lines at right angles to the graph.
This convention is adopted throughout this paper to denote sizes at
the first and second winter rings.

It is instructive to follow the monthly shift to the right of the peaks
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SHOWING THE NUMBERS 0OF CARDIUM AT EACH MM. GROUP PRESENT IN THE Box AT macn ExaminaTion. Torg MarRkeD
INDIVIDUALS AND THE SPAT SETTLING IN THE Box IN EAcH YEAR, 1919, 1920, AND 1921, ARE EACH SHOWN WITH
A DIFFERENT TYPE* oF FIGURE,

No. of | 1919. 1920. 1921,
(}Tc::i). Aug. | Sept. Oct. Nov. | Dec. | Feb. Mar. | April | May | June July Aug. Sept. Oct. Hcl)t;-ii .

5 0| = 140 1

6 0 < 0 I 1|1 1

7 I = i = o - 1 1 -

8 7 0 =] = - 1 - -

9 7 1 0|- - - - - 1 1

10 8 1 3|1+40 | 1 - - - 2

11 12 3 |0+1 | 041 |1 1 - 1

12 13 3 | 3+1 (341 |0 0 - 1 1 - 1 1 0

13 21 9 | 0+0 | 240 |3 1 : 1 1 - - 0 2

14 8 6 | 54+1 140 |2 2 1 0 0 - - 1 0

15 9 T 043|141 | 140 | 140 | 240 | I 1 - - 2 1

16 2 10 | 242 | 441 | 341 | 341 | 241 | 1 1 - B 0 1

17 1 14 3243|342 | 241 | 441 | 140 | 0+0 - - 0 0

18 1 4 T 4 | 142 | 143 | I+4 | 3+1 | 340 - - 1 1

19 1 2 3 9 8 4 4 1343|241 |1 - — - 2
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A and B, and increase in length as seen at a glance from Fig. 2, and
shown in the following table :—

TasLe II.
Pear A, [ Peax B.
Date.  Position. Monthly  Total Date. Position. Monthly  Total
shift. shift. shift. shift.
1919. mm. mm. mm. 1919. mm. mm. mm.
Aug. 16 13-0 — — Aug. 16 28-0 — —
Sept. 12 170 40 40 Sept. 12 29-0 1-0 1-0
Oct. 10 20-5 3:5 75 Oct. 10 29-5 0-5 1-5
Nov. 10 21-0 0-5 80 Nov. 10 30-0 0-5 240
Dee. 10 21-0 0-0 80 Dec. 10 30-0 0-0 2-0
1920. 1920.
Feb. 6 21-0 0-0 80 Feb. 6 30-0 0-0 2-0
Mar. 5 2240 1-0 90 Mar. 5 30-0 0-0 2-0
April 21 24-0 2-0 11-0 April 21 30-0 0-0 20
May 20 240 0-0 11-0 May 20 30-5 0-5 2-5
June 19 270 3-0 140 June 19 320 1-5 40
July 20 290 2-0 16-0 July 20 33-0 1-0 50
Aug. 17 30-0 1-0 170 Aug. 17 33-5 0-5 55
Sept. 15 32-0 240 19-0 Sept. 15 34-0 0-5 6-0
Oct. 15 32:5 0-5 19-5 Oct. 15 34-5 0-5 6-5
1921, 1921.
Sept. 6 36-5 — 23-5 Sept. 6 385 — 10-5

From Table IT it is seen that the modal size in mm. groups of the
marked Cardium are as follows :—

Group. Endoflst Endof2nd End of 3rd Summer. End of 4th Summer.
Summer,  Summer.
A. 21-0(1919) 32-5(1920) 36-5 (to Sept. 6, 1921 only) —
B. 20-5(1918)* 30-0 (1919) 34-5(1920) 38-5 to Sept. 6, 1921, only

The A group were spatted in 1919 and the B group in 1918, and the
subsequent difference in modal size at the same age is apparently due
to a difference in environmental conditions at different ages after birth.
During 1921, it may be observed, the B group and the A group both
increased their modal value 4 mm., the former growing from 34-5 to 385
and latter from 32-5 to 36-5 mm. In their second year of growth, however,
the B group only increased to 30 from 20-5 mm. (in 1919), while the
A group in their second summer, in 1920, grew from 21-0 to 32-5 mm.
It is clear, therefore, that there are good and bad years for the growth
of Cardium, as there are in other bivalves and in fishes. The cause of this
annual variation will be discussed later.

* See Fig. 10, p. 271.
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Marking Ring, Aug. 1919

Ist Winter Ring, 1919-20
g I'ilemark
2nd Winter Ring, 1920-21

—_— 1st Winter Ring

S—\|nrking Ring
Disturbance Ring
1st Winter Ring

|

1st Winter Ring, 1918-19

Filemark, Ang. 1919 - Disturbance Rings

Disturbance Ring g
2nd Winter Ring, 1919-20 2nd Winter Ring

drd Winter Ring, 1920-21 g

Photo 4. J. Smith.

I'16. 3.—Photos of representative examples of Cardium edule marked with filemarks on Aug. 16, 1919, and grown in the experimental box
until preserved on Sept. 6, 1921, the shell on the left is that of a B individual, the other two being typical A examples ( X Ca. .).

In the upper individual the filemark is well shown on the right near the umbo, and the disturbance ring due to the file-
marking is shown very distinctly on the opposite portion of the shell. On this shell in this photo the next two well-marked
rings are winter rings, and the disturbance rings are only indistinctly seen.

In the cockle on the right-hand side the filemark is not shown, but the first ring near the umbo is the disturbance ring due to
file-marking, and is followed by another disturbance ring before the winter ring of 1919-20 is formed. Before the next winter ring
is formed three distinet disturbance rings and two indistinet ones were produced on the shell.

In the individual on the left the filemark is on the left of the shell near the second ring from the umbo. The first ring from the
umbo is the winter ring of 1918-19, and growth to the second ring was made on the beds. The second ring from the umbo
is a disturbance ring, caused by the marking, and is followed closely by the winter ring of 1919-20; the line pointing to this
winter ring has been abraded, and falls 3 mm, short of the ring. The ring near the border of the shell is the winter ring of
1920-21. This ie one of the cockles which did not grow well in the box, and is actually smaller than the individual a year younger
shown on the right.
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A. Ox THE GrROWTH OF CARDIUM SPATTED IN THE Box ix 1919.

Before passing on to a consideration of the growth of Cardium in situ
on the beds, it will be convenient to follow the growth of the cockles
which settled and grew naturally in the box. It has been mentioned
that the maximum diameter of the holes in the zine plates built into the
box was 6 mm., therefore it was possible for tiny Cardium about this size
to be washed into the box, assuming that a disturbance of the bottom
in the neighbourhood threw up cockle spat into a tidal current strong
enough to wash them on to the box. It is conceivable that fish such as
flounders, mullet, or bass foraging in the locality, or high winds, might
so disturb the beds, but the probability is, no doubt, small.

Tiny cockles did, however, settle in the box, and although most of
these probably settled as post-larvae it is possible that individuals of a
length not greater than 6 mm. might also have been washed in.

The number of spat which settled in the box in 1919 is small, and their
history is shown in the series of graphs, 1 to 6 in Fig. 4, p. 254. On
October 10, 1919, ten young Cardium were found in the box, ranging from
7 to 16 mm. in length, with a modal value of 14-3 mm. On November 10,
a month later, the modal value had moved to 16-6 mm., where it remained
until March 5, 1920, when the number of spat found was 16 plus 2 dead
ones. Growth began soon afterwards, and by October 15, 1920, the modal
value of these cockles had risen to 30-5 mm. Owing to the formation
of a disturbance ring in October, 1919, it is possible to show the size
at that time of those individuals which survived. (See the left-hand side
of graphs 5 and 6.) These cockles, grown in the box since August, 1919,
grew to a mean length of 28 mm. by August, 1920, and to 30-5 mm. by
October 15, 1920. In the group of graphs shown on line 6 in Fig. 4 are
shown the sizes of this surviving group respectively on October, 1919,
at the winter rings of 1919-20, 1920-21—which were found to be well
marked—and also when the individuals were finally preserved on Septem-
ber 6, 1921 : the mean corresponding lengths at these times are 16, 17-3
31, and 36-3 mm. respectively. Since these spat settled in August, 1919,
they must be regarded as late, for Cardium begins to breed on the Yealm
in March to April, as will be shown later. In Fig. 2, p. 246, are shown
the sizes of the early 1919 spat—marked and grown in the box—at the
winter ring of 1919-20. The modal length of this year-group is 22-2 mm.,
that is, 4-9 mm. more than that of the late spat grown in the box after
August, 1919. The modal value of the early 1919 spat at the second
winter ring (1920-21) is, however, 32-2 mm., while that of the late spat
for the same year is 31-0 mm., a fact, of which many illustrations will
be noticed, demonstrating how the younger individuals gradually approach
in size to older ones. On September 6, 1921, the approach of the late
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spat is still nearer, as they had then a modal value of 36-3 mm. (see Fig 4,
graph 6), while the younger spat (see Table I and Fig. 2) had a mean
modal length of only 36-5 mm.
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F1e. 4.—Graphs showing the successive monthly growth of Cardium edule, which settled
and grew in the experimental box from Aug. 16, 1919, to Sept. 6, 1921.

The graphs, 1 to 6, are to be read from below upwards. The graphs show the
lengths at the dates given, except in parts of graphs 5 and 6.

In graph 5 the left-hand graph shows the lengths of the same individuals as are
shown on the right, but on Oct. 10, 1919, a year earlier.

The series of graphs on the graph line, No. 6, are all of the same individuals at
different ages ; on the left is given a graph of the lengths on Oct. 10, 1919, followed
by graphs of the lengths at the first and second winter rings, while on the right is
given a graph of the lengths when the individuals were preserved on Sept. 6, 1921.

B. Spar SeErTiLED AND GROWN IN THE Box 1x 1920.

In July, 1920, the first spat for the year settling in the hox was found
at a length of 7-5 mm. ; this one grew to 12-1 mm. by August 17, but
then died. On September 15 six new spat were found in the box ranging
from 7 to 18:0 mm., and by October 15 attained 113 to 22-4 mm., and
a little growth followed in October to November. The winter rings of
the survivors of these spat measured from 7-2 to 24-5 mm., with a mean
about 17-5 mm. (see Fig. 5). It is unfortunate that the numbers of these
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spat are so few, but they are nevertheless of value in showing the
approximate range of size of cockles at the end of a good year for growth.
By September 6, 1921, this batch, although only in their second summer,
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F1c. 5—Graphs showing the history of growth of spat of Cardium edule which settled,
rew, and survived in the experimental box during and from the summers of 1919,
1920, and 1921.

Graph 1 shows the lengths of the first and second winter rings, and at Sept. 6,

1921, of the individuals which settled in the box in 1919 ; similarly graph 2 shows

the length of the winter rings of those which settled in the box during 1920, and at

Sept. 6, 1921, and graph 3 the first and second winter rings, and size at June 14,
1923, of those which settled in the box in 1921.

which, however, was an exceptionally good one for shell-growth, had
attained a mean length of about 29 mm. (see Fig. 5, graph 2), and would
certainly have reached a length of 32 to 33 mm. on the average by the
end of the summer, with individuals as long as 35 to 36 mm. or more at
the end of 1921, if they had been allowed to live, as is shown by
examination of samples from the beds.

C. Spar SETTLED AND GROwWN IN THE Box, 1921-23.

On October 6, 1921, a few spat were marked and left in the box, and
a few unmarked tiny individuals were isolated in the box in a bottle.

NEW SERIES,—VOL, XIV. X0, 2, AUGUST, 1926. R’
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These spat were all collected on the same day on the beds, and were
undoubtedly late spat of the 1921 brood. The box was not visited again
until June 14, 1923, when everything was cleared out, and the cockles
remaining were recovered and measured, and showed the following
history -—

Carpiom Grown 1N THE Box, 1921-23.

Size at Size at 1st Autumn Sizeat2nd Summer Size on Spring
marking, Winterring, growth Winterring, growth. Junel4|23. growth.
Oect. 6|21,  1921-22. 1922-23

mm, mm, mm. mm, mm, mm. mm.

9.0 14.0 5.0 29.0 15.0 30.2 1.2

9-7 14-0 43 28-5 145  and died —

b 15-0 35 290 14-0  and died —

12-5 16-5 4-0 32:0 15-5 and died =

125 210 85 295 85 325 3.0

150 165 16 | 305 140 . 339 27
Not marked.
Size at dijéturh—

ance ring.

3-2 14-0 10-8 31-0 17-0 31-8 0-8

40 11-0 70 26-5 15-56 27-7 1-2

42 140 9-8 3l-0 17-0 32-2 1-2

4-5 10-5 6-0 30-0 19-5 31-6 1-6

52 11-b 6-3 27-0 15-6 30-8 3-8

8:0 ik 35 28-1 16-6 30-2 2-1

This interesting experiment again shows that late spat may attain
commonly a length of about 290 mm. at the end of their second
summer (see Fig. 5, No. 3), and that small spat of the same year as
larger ones may catch up or even surpass in size the larger ones in the
second or third summer. The mortality in the winter is interesting in
resembling previous experience. On August 18, 1923, the box was again
visited to examine a few Cardium marked and left in a bottle in the box
(to ensure recovery of the same individuals) on June 14, 1923, with the
following result :—

Length at marlk. Length  Increase in length. Average

June 14.23. Aug. 18.23. weekly growth,
mm, mm. mm, mm,
5.6 14.6 9.0 1.0
5:0 14-8 9-8 1L
8:3 159 7-6 0-8

13-6 232 9-6 i1
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In addition to the marked Cardium, two small individuals were again
found in the box, having either settled or been washed in when tiny, and
found to have the lengths 17-2 and 13-6 mm. If these spat settled as
post-larvee, as seems most probable, their age is only nine weeks, but if
they were washed into the box when less than 6 mm., a month must be
added to give their maximum age as will be shown later (see discussion
on age of spat, p. 273).

D. Spar SETTLED AND GROWN IN THE Box, 1923-25.

On August 18, 1923, a few spat were marked and left in the box and
recovered at a visit on March 2, 1926. Only three individuals were found
in the box on this date ; two were marked and one had no mark, and had
settled in the box in 1923. Their histories* are given as follows :—

At mark, Aug. 18, lstwinterring, 2nd winterring, 3rd winter ring,

1923. 1923-24. 1924-25. 1925-26.
mm. mm. mm. mm.F
4-5 19-2 31-5 386 x33-T x27-2
19-0 250 33:2 382 x 335 x27-5
Settled in box 16-8 30-6 376 x34-0 x29-7

These few individuals again afford evidence of small spat overtaking
in size larger individuals of the same spat-year, and show that in the
period 1923-24 cockles with two summers’ growth attained to 30 to 33 mm.
in length in the box.

Ox DisturBance aND WINTER Rines.

With the data so far obtained on the growth of marked individuals
and those spatted in the box, it will be possible to show the average growth
of cockles of different sizes and ages during the summer, but it is advisable
first to consider the growth of individuals taken from the beds at different
times—as controls on the experimental results. In examining samples
from the beds, however, it is necessary to know what interpretation to
place on the marks or rings on the shells, and the information obtained
on the subject may be discussed here.

It was found during the course of the experiments that practically all
cockles in their first, and a fair proportion in their second, summer
showed rings on the shell after each time they were taken out of the box
for measurement. On June 19, 1920, a special experiment was designed

* At the same time three Scrobicularia were taken from the box with lengths as follows
at the respective winter rings : (A) lst winter ring, 18-2 (¥); 2nd, 34-2; 3rd, 41-6 mm.
(B) 1st winter ring, 7-4; 2nd, 35-7 mm. (C) lst winter ring, 9-6 (?), disturbance ring (?),
31:0; 2nd winter ring, 34-7 mm.

t These measurements cre respectively of length, height cr depth, and width of the
shell.
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to obtain shells showing such monthly rings, which may appropriately
be called * disturbance rings.” Seven tiny Cardium with clean unmarked
shells were collected from the beds on June 19, and placed in a large
bottle in the box ; the same result would have been obtained if the cockles
had been placed in the mud in the box, but the individuals would have
been found with difficulty owing to their smallness. They were taken out
and measured on July 20 and August 17 at intervals of a month, and
finally preserved on September 15, 1920. A series of graphs to show their
sizes at the different date of examination is given in Fig. 11, p. 274, and
a photograph of the shells is given in Fig. 64, p. 259. On most of the shells
three distinet disturbance rings were formed, although not all are shown
clearly in the photograph; on one shell, however, no growth occurred
after August 17, and therefore only two rings were formed. By comparing
the sizes at the dates of examination with those at the disturbance rings,
it is clear that the rings are produced in one or two days after the time of
the disturbance, due merely to taking the shells out of the box and measur-
ing them. This was further proved on October 6, 1921, by placing small
cockles in a marked bottle, and finding good rings on the shells only on
October 18, twelve days later, when a few mms.” new growth had been
put on after the disturbance rings had been formed. It is worth while
describing in some detail what was done with the cockles to cause them
to make a disturbance ring on the shell. On visiting the box the lid was
unscrewed and slung over the small punt, and used as a field-bench.
The surface of the mud was then searched by hand for all the Cardium
which could be found ; the cockles were washed as found and placed on
the bench. The cockles from the bottle were found by using the lid of
the box to sieve off the mud with douches of water. In this way all the
cockles were prepared for measurement in about half an hour. If the
sun were shining, or a wind blowing, the cockles would be exposed to
unusual conditions during the period they were on the bench, for a vary-
ing period of about a quarter of an hour to an hour and a half. As the

Exrravatiox or Fic. 6.

F1c. ti.—Photos of Cardium edule, showing disturbance and/or winter rings on the shells.

A. The upper seven individuals show mostly three monthly disturbance rings due
merely to being taken out of the experimental box to be measured. (x Ca. 3.)

B. The three middle rows are samples of Cardium edule from the bed of the River
Yealm, illustrating the growth of individuals at different successive periods in their
second summer in 1920 from variable sizes at the end of the first summer of growth.
(% Ca. &)

The upper row were taken from the beds on April 21, the middle row on June 19,
and the bottom row on August 17. The winter ring is in all cases well defined and
varies in size from 8 to 23 mms. The increase in growth during 1920 is well shown,
as is also the apparently larger growth by the smaller individuals of each sample.

C. The lowar six shells were taken from shifting beds of sand in Padstow Estuary,
and show concentric rings which may be either disturbance or winter rings, but are
indistinguishable. (x Ca. &.)
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cockles were measured they were generally put straight back in the mud
or in the bottle in the box. The tiny cockles from the bottles were
generally treated more expeditiously than the larger ones. Therefore,
the actual amount of disturbance from normal conditions which produced
a ring on the shell is very small. The disturbance rings, which were most
clearly defined and indistinguishable from or better marked than winter
rings, were those produced after the shells were marked with a file (see
Fig. 3, p. 251). In these cases both small and large individuals (to 30
mm.) put on a well-defined ring.

In connection with the formation of disturbance rings it is interesting
to know—as was found by repeated experiments—that cockles did not
move about much when put back in the box. On several occasions the
marked cockles were all put back and recovered from one half of the
box, while the spat grown in the box were put back and entirely recovered
a month later from the other half; on two occasions two and three
individuals were found to have crossed the middle line of the box.

It is, therefore, established that a slight disturbance of a living cockle
will cause small individuals, up to about 20 mm., almost always to form
a disturbance ring on the shell, and may even cause a ring to be formed
on the shell of larger individuals up to about 32 mm

When a cockle is disturbed from its secure position in the beds it
probably has some difficulty in again establishing itself in a comfortable
position, and one favourable for the proper discharge of the functions of
feeding, respiring, and evacuating, and as it has been shown that small
individuals may be growing shell at the rate of 1 to 13 mm. per week,
a slight disturbance extending over one or two days is enough to upset
the normal deposition of calcareous material at the edge of the shell.
It would seem that a thinner deposition of calcareous material is pro-
duced at the edge of the shell during the disturbance, and the groove
so produced when the normal thicker deposition recommences retains
a puckered deposit of brown conchyolin to mark the groove definitely.
The depth of the groove is probably determined by the period of cessation
of a deposit of a normal thickness; in this way it seems reasonable to
conclude that the greater disturbance of the economy of the cockles due
to filing their shells required a longer period of recovery than the mere
taking of individuals out of their nidus in the beds, and that in the former
case a reduced deposition of shell material occurred for a longer period,
and so produced the deeper groove. There would seem to be little doubt
that the same explanation holds for the formation of winter rings, and
that therefore the mode of formation of rings is the same in disturbance
and winter rings. In mild winters winter rings often become extended,
or a ring or series of rings may be formed, followed by or interspersed
with further normal depositions before the final winter ring is produced.
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The writer has no doubt from experience that disturbance and winter
rings are found in other bivalves and univalves in a similar way to that
described for Cardium. There is a difference between most disturbance
rings and winter rings in large cockles in that the winter rings have
deeper grooves, but a heavy disturbance ring could not be differentiated
with certainty from a winter ring. In large cockles, however, slight
disturbances are not reflected on the shell in the same ready way as in
the smaller specimens, therefore as big disturbances sufficient to produce
rings on the older cockles are rare, disturbance rings are rarer on the
larger than on the smaller bivalves. The same is true of the smaller
cockles, except that it becomes still more difficult to distinguish between
a deep disturbance ring and a winter ring. In cockles which have passed
their first winter while small, i.e. below about 15 mm. in length, the first
winter ring even when not well defined by a groove is often raised above
the continuation of the general contour of the older shell parts, as, indeed,
is often the case with the older winter rings.

This feature of the shell resembles the similar one where the protoconch
passes into the growth of the adult shell, and is, no doubt, due to the
same cause, namely, a different orientation, or rather a fresh orientation,
of the shell secreting area of the mantle edge.

Where the first summer shell is not raised from the general contour of
the older part of the shell, it is often, but not by any means in all cases,
impossible to distinguish between a disturbance and a winter ring, and
experience in producing disturbance rings, as has been described above, is
helpful and probably necessary in all studies of bivalve shells in inter-
preting the growth-history from the shell markings.

Whilst inspecting the cockle beds at Padstow, the writer found a
number of shells in the large banks of soft shifting sand, which are common
in that estuary, These shells show a series of rings (see Fig. 6 ¢), which
cannot be interpreted conclusively as winter rings, and are considered
by the writer as disturbance and winter rings indistinguishable from
one another. In these beds there is a great probability of cockles becoming
buried temporarily in the shifting sand, and as it has been shown by
experiment that disturbance rings may be produced in a few days by very
little change from the normal, there is every probability of the production
in buried cockles of disturbance rings as pronounced as winter rings.

DisturBancE RiNgs 1N Myrinvs Epuvris.

Disturbance rings can be induced in the shell of the common mussel
by the same method as was used in the case of Cardium edule, as
is shown by the following experiments, which may be conveniently
mentioned here.
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Fr1e. T.—Photograph of mussels (Mytilus edulis) showing the formation of disturbance

rings after the shells had been marked with a file, and the animals put back in the
gea to grow (X $).

A. Four shells marked October 13, 1923, and put in the sea at once, and again
taken out and preserved on June 23, 1924, The disturbance rings are not shown
so well in this photo as on the shells.

B. Three shells of the same sample as the four noted above. These were re-marked
on June 26, 1924, put back in the sea, and recovered and preserved a month later,
on July 26, 1924, The disturbance rings of October, 1923, are well shown on two
of these shells, but those of June, 1924, although as distinct on the shells as on the
three shells shown immediately below them, are not clear in the photo.

C. Three shells marked July 9, 1923, put back in the sea, and again taken out and
marked on September 11, 1923 ; and finally recovered and preserved on October 16,
1923. The two disturbance rings shown on these shells were formed in the summer
period, and are shown in the photo probably as clearly as is possible by this means.
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On July 9, 1923, a number of mussels were marked with a file on the
edge of the shell and put into an iron-wire meshed cage in the lower part
of the oyster beds in the River Yealm, more than a mile below the site
of the Cardium box.

These mussels nearly all put on a distinet disturbance ring at the file-
mark (see Fig. 7c, p. 263). On September 11, 1923, a number of the
mussels were again marked with a second filemark, and again most of the
mussels were found to have put on a second disturbance ring (as is seen
from Fig. 7 c), when the mussels were taken out of the cage and preserved
on October 16, 1923.

On October 13, 1923, a sample of mussels from the Promenade Pier,
Plymouth, were filemarked and put in another compartment in the same
Yealm cage. On June 23, 1924, on examining the fifty-six survivors, it
was found that forty-two showed a distinet disturbance ring, while the
remainder showed either an indistinet or faint one. Winter rings were
also shown in addition to the disturbance rings on only a proportion of
the shells, and when present were no more distinct than the disturbance
rings (see Fig. 7 a, p. 263).

On June 26, 1924, the mussels were all again freshly marked with a file,
and again put in the cage. On July 26, when the mussels were re-examined,
a new disturbance ring was found on most of the mussels at the position
of the new filemark (see Fig, 7 B, p. 263).

In both these experiments the mussels were transplanted from an inter-
tidal level to a demersal one, and doubtless the severity of the change
is reflected in the heavy mortality which occurred ; but in the case of
the second marking with the file, after the mussels had become acclima-
tised to the new situation, the cause inducing the disturbance ring was not
severe. So that in the case of mussels as in that of Cardium, a relatively
small change from the normal can result in the formation of a ring on the
shell.

The production of rings on the shells of the mussel and the cockle are,
however, different problems, although in both cases it has been shown
that a disturbance may give rise to a ring. The mussel, at Plymouth,
does not always put on even a winter ring in mild winters, as has also
been found to be the case in certain situations with Patella.

Tee Rate oF GrowTH oF CARDIUM ON THE BEDS ADJACENT
TO THE EXPERIMENTAL Box.

With the information obtained on the rate of growth of Cardium in
‘the experimental box, and with the acquired information of the signifi-
cance of the concentric grooves or rings on the shells, it is possible to
examine individuals from the beds themselves with a fair certainty of
reading their growth-history in their shells.
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During the course of the experiments described above samples of
Cardium of different sizes were frequently examined and the recent
growth compared with that of the individuals in the box. It was seen
that the shell-growth was very similar in the two situations, but
nevertheless monthly samples were collected during 1920, and others
later, and preserved for more detailed examination, accurate measure-
ment and comparison with the marked individuals in the box. It
was found from examining the experimental Cardium that a distinct
winter ring was formed, and as the history of these shells was known,
it was possible in these cases to distinguish the winter ring from others
in nearly all cases. In cockles only one winter old, the ring became
recognisable in March to April; but in individuals two winters old, the
last winter ring did not become well defined, i.e. the spring growth did not
become evident, before April to July. Armed with this information,
with a knowledge and experience of disturbance and winter rings, and
a knowledge of the range of growth in different years, it became possible
to read the correct history of growth, as shown in the shell of nearly
1009, of the cockles from the beds, but an insignificant number of shells
which could not be read were not recorded.

SAMPLES FROM THE BEDS 1N 1920.

The sizes of monthly samples from the beds in 1920, and showing only
one winter ring (that of 1919-20), are given in the series of graphs 1 to 9
in Fig. 8, p. 267. In considering samples from the beds it is essential
to know the modal value of the sizes of the winter ring, in order to inter-
pret correctly the sizes at the time of sampling, since it has been shown
that smaller individuals on the average increase in length at a greater
rate than larger ones. Accordingly in each case in the graphs 1 to 9 in
Fig. 8, the winter rings are shown on the left-hand side on the same line
of ordinates as the graph of sizes at the time of sampling. All the graphs
showing sizes (as lengths) in mm. groups at the first winter ring are given
as broken lines with single short lines at right angles to the graph line,
thus: —1—|—; in a similar way graphs of sizes at the second winter
ring are shown by a broken line with padrs of parallel short lines at right
angles to the main graph line, and so on. The sizes at the time of sampling
are in all graphs shown by a thick or thin continuous line.

From the samples collected from the beds during 1920, the individuals
with two (winter) rings as well as one ring and no ring were separated and
measured, as shown in Figs. 8, 9, and 10. Special search had to be made
for the O-group, which are not easy to find. A simple comparison
of the graphs in Fig. 8, with those in Fig. 2 (of the sizes of Cardium
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8 —Graphs of samples of Cardium edule taken from the bed of the River Yealm
adjacent to the experimental box, for comparison with individuals of similar age
grown in the experimental hox. The samples taken during 1920 are composed of
individuals with one winter ring for comparison with the A group of Cardium shown
in Fig. 2. The sizes at the winter ring of the individuals in each sample are shown
by the conventional broken-line graph, with short lines at right angles to the main
graph-line.

The two graphs at the top of the figure (in space 9) show the size-composition in
mm. groups of all individuals at the first winter ring in 1919-20, and of these with two
winter rings after the winter of 1920~21 respectively. Owing to the smallness of the
samples taken with two winter rings after the winter of 1920-21, it was deemed
advisable to add here the individuals of the appropriate age from the box, in order
to present a representative graph of individuals living in the period 1919-21.
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grown in the box) both of which show the spat of 1919, can be given in
the following tabular form :—

Date. Partially grown in the box. Grown on the beds.
Modalsize,. ~ Maximum  Modalsize. ~Maximum
size. size.
Winter ring, 1919-20 22 24 21 24
1920, Mar. 5 22 24 22 23
April 21 24 26 23 25
June 19 27 31 28-29 29
Aug. 17 30 34 29-30 33
Sept. 15 32 35 31 34
Oct. 15 32-33 37 31 35

In August, September, and October the modal value of the sizes at
the date of sampling is in each case, it may be noted, 10 millimetres
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Fra. 9.—Graphs of samples of Cardium edule, with two winter rings, from the bed of the
River Yealm adjacent to the experimental box taken at successive periods during
1920 for comparison with the B group of individuals grown in the box.

In each sample the sizes of the first and second winter rings are shown conven-
tionally by the broken-line graphs with one short line and a pair of short lines
respectively at right angles to the graph line. The sizes at the dates of sampling are
shown by the continuous line graphs on the right in each case.

At the top of the figure in space 5 are brought together all the individuals taken
from the beds with a first winter ring laid down in 1918-19, and all those with
two winter rings for the winters of 1918-19 and 1919-20, for comparison with the
smaller samples shown in spaces 1 to 4 of the figure,
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greater than that of the winter ring sizes. The modal size of the winter
ring in the August sample was, however, 19 mm. against 21 mm. in the
September and October samples ; but an examination of the individual
records of the August sample shows that those cockles with a winter
ring of 20 to 21 mm. had attained in August a size mostly of 29 to 31 mm.,
and were very similar in size to those grown in the box. On the whole,
the results shown in the preceding table and in graphs 3 and 8 indicate
that there was little difference in growth at these sizes in the box and
on the beds. A similar comparison of samples with two winter rings
at various dates in 1920 can be drawn up from Figs. 2 and 9. A pre-
liminary glance at Fig. 9, p. 268 (showing cockles from the beds with
two winter rings in 1920) will show that the difference in length between
the modal sizes of the first (1918-19) and second (1919-20) winter rings,
1s, with the exception of the September sample, about 10 mm., and that
on the whole cockles which grew to 19-21 mm. in 1918 increased to 29-31
mm. in 1919. The modal value at the winter rings must, however, be
. considered in following the growth during 1920, as shown in the following
table :—

PARTIALLY GROWN IN THE BOX, GROWN ON THE BEDS.
Modal size of Sizes at date given. | Modal size of Sizes at date given.
2nd winter ring Modal Max. | 2nd winter ring Modal Max,
(1919-20). Date.  length.  length. | (1919-20). Date.  length. length.
30 Junel9 32 36 31  Junel9 32 35
30 Aug. 17 32-35 37 | 28-31 Aug.17 32-35 39
30 Sept.15 3436 38 | 2930 Sept.15 33-35 38
30 Oct.15  34-36 38 29 Oct. 15 33 37

The comparison of cockles with two winter rings from the experimental
box and from the beds, as given in the table above, brings out the fact
that there was very little difference in growth in the two situations ;
there is, however, an indication of slightly greater growth in the box in
this case, as in others, to be noticed. A comparison of the complete growth-
history of the Cardium in the box with a sample grown on the beds can
be shown in the graphs in Fig. 10, p. 271. The original A group put
in the box is shown on the top line of graphs, and compared in the
second line of graphs with a sample of two-ring cockles taken from the
beds on September 6, 1921, on the same day as those from the box were
preserved.

The two lower graphs in the same figure compare the history of the
B group originally put in the box with a sample of three (winter) ringed
cockles taken from the beds on the same day as the B group were pre-
served. The modal and maximum sizes in mm. groups at the several
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corresponding winter rings and the final sizes, can be best summarised
in the following tabular form :—

Spat-year, lst winterring.  2nd winter ring. 3rd winterring.  Sept. 6, 1921.

1919. Mode. Max. Mode. Max. Mode. Max. DMode. Max,
Box (A group) 22 24 32-33 37 — —  36-37 43
Beds 21 24 28-31 34 - — 33-35 40
1918,
Box (Bgroup) — — 30 33 3436 38 3739 41
Beds 19-21 26 2831 34 33-36 37 35-38 40

It is again seen from this comparison that the growth on the beds and
in the box was very similar, but that there is once more an indication
of rather better growth in the box. The results from the two situations
may therefore be regarded as comparable, if it be remembered that

growth in the box may be slightly greater on the average than on the
adjacent beds.

TeE BrEEDING PERIOD OF Cardium edule.

Cardium edule is known to begin to breed early in the year (John-
stone),* in March to April, and during the summer. The writer has
already shownt that the species matures at an early age, and during the
course of the experiments observation on breeding were made by tow-
netting over or mear the beds, and by investigating the condition of
the gonad from time to time. Artificial fertilisation was also attempted,
but the ovarian egg of Cardium, like that of many bivalves, is not suitable
for this kind of experiment without a special technique, which has not
yet been devised.

The egg of Cardium edule is pelagic, or rather floats freely in the water
at the mercy of tidal currents; it has an ovum 80 p in diameter, sur-
rounded by a large, thin, clear, hydrostatic and micropylar envelope about
180 p in diameter, in which the egg develops to a trockosphere and
finally a shelled veliger. The period of the pelagic stage has not been
determined, but on the analogy of the oyster,i this period may be
estimated at two to four weeks.

On October 13, 1919, an artificial fertilisation yielded a few revolving
larvee in the egg-envelope, and it may be presumed along with the evidence
of the fall of spat that Cardium was still breeding at this time.

On April 21, 1920, a tow-netting taken below the cockle beds yielded
a few pelagic eggs of Cardium edule in segmentation stages, and the

* L.M.B.C. Memoir, II, Cardium, 1899,

1 Joura. Mar, Biol, Assoc., Vol. XI1, p. 352, 1920.
1 Journ. Mar, Biol, Assoc., Vol. XIV, No. 1, 1926.
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Fra. 10.—Graphs of individuals grown in the box and on the beds of the River Yealm
comparing—

(1) The growth of the A group put in the box with a sample of similar individuals
grown on the beds, and

(2) The growth of the B group put in the box with a sample of similar individuals
grown on the beds.

A shows the size-composition of the first and second winter rings, and on Sept. 6, 1921
of the A group of individuals put in the box on Aug. 16, 1919.

B shows the size-composition of the first. second, and third winter rings, and on Sept 6,
1921, of the B group of individuals put in the box on Aug. 16, 1919.

In the graph of the A group are also shown the sizes of the individuals—at the
corresponding times—which settled and grew in the box. These are indicated in the
graph of the lengths at the first winter ring by the part of the broken-line graph
which has dots, namely, from 13 to 17 mm. ; in the graph of the lengths at the second
winter ring these individuals re plotted between the thin and the thick-lined graphs
with pairs of short lines at right angles to the graph line ; while in graphs of lengths
on Sept. 6, 1921 (econtinuous line graphs), the individuals grown in the box are again
shown between the thick and the thin line graphs.

The history of the spat grown in the box and shown above illustrates markedly
how small individuals of the same year group may grow so rapidly as to exceed in
size larger individuals of the same year group.

NEW SERIES,—VOL. XIV, No. 2. AuUGUsT, 1926, B
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following day a sample of small and large adults were examined micro-
‘scopically and an unsuccessful artificial fertilisation tried. The sizes
(lengths) of the smaller ones and the conditions of the gonad were as
follows :—

Length in mms. Condition of gonad. Sex,
15-3 = ripe sperm with sperm morule &
189 » ripe eggs with some unripe Q
195 some ripe eggs ; many unripe ¢
19-6 some ripe sperm 3
202 % ripe eggs ; many unripe Q
205 ripe sperm with sperm morulee  ~ 3
20-6 3
210 »ripe eggs ; fewer unripe g
229 iipe sperm with sperm morulae 8
22-5 & 5 5 i 3
237 5 5 5 i 3
250 » ripe eggs ; many unripe ?
292 . . e

On May 20, 1920, two of the spat which settled in the box in 1919, and
therefore less than one year old, were examined ; one, 23-0 mm.. had ripe
eggs with the egg-envelope developed, but with the nucleus still visible,
the other, 18-2 mm., yielded a few ripe sperm.

On July 27, 1920, tiny cockles, 17, 21, 20, and 18 mm. were found to
have ripe and active sperm ; one, 15 mm., had ripening eggs up to 28 u ;
one, 18 mm., with eggs up to 30 p, and probably larger in the gonadial
tubes, while another, 21-5 mm., had almost ripe eggs, 70 to 80 p in
diameter with egg-membranes. An artificial fertilisation of the last pair
did not succeed in producing embryos.

On September 16, 1920, a sample of tiny spat, 14:6 to 20-5 mm., were
examined and found to be mostly immature ; but one, 19-2, had mature
ova, and one, 18-2, mature sperm, and this pair gave one swimming larva
on artificial fertilisation. A successful fertilisation on October 7, 1920,
yielded a few larve, which developed into trochospheres, and later a
bivalve shell, while still within the egg-membrane (see a similar develop-
ment in the estuarine forms, Syndosmya alba and Cardium fasciatum,
Orton, Nature, Vol. 114, p. 244, 1924). There would seem to be no
reason why Cardium was not spawning on the beds at this time as in
October, 1919.

Cardium edule has therefore an extended breeding period, beginning
in April or March and extending to October or later. It is probable from
the condition of the gonad that Cardium spawns continuously, shedding
batches of ova at intervals throughout the summer. The significance of



RATE OF GROWTH OF CARDIUM EDULE, 273

such an extended breeding period in connection with the problem of growth
lies in the probability of a continual fall of spat throughout the summer
and neighbouring periods, and the consequent possible large range in size
of the individuals of one particular year group, which may vary from
e few millimetres to as much as 27 or 28 mm.

TeE Ak oF Young SpAT WITH EXPERIMENTAL OBSERVATIONS.

Various experiments were made to obtain the just settled spat of a
known age from tow-nettings put inside the box in a large bottle covered
with coarse bolting silk and lashed to the side of the box (see Fig. 1, p.
241). It was found that little or no circulation occurred in covered
bottles immersed in water, so tow-nettings were left in the bottles
uncovered in the hope that advanced larve might settle on the bottom
of the bottle and grow in situ. In this way two spat, respectively 6-8
and 2-4 mm. long, were obtained on October 15, 1920, from bottles left
with tow-nettings a month earlier, on September 15. It is impossible
to state dogmatically that these spat were a maximum age of one
month, as it will be remembered that the perforations in the zinc plates
ranged from 5-8 to 6-0 mm, in diameter, so that it would be possible
for a tiny cockle, about 6 mm. long, to be washed into the box.
There is, however, as will be shown, nothing improbable in a spat
attaining a size of 6 mm. in a month, and it is as certain as is possible
in an experiment of this kind that the spat did grow in a month. A
design to use a smaller box, with smaller perforations in the zine, inside
the big one—to confirm the result—could not be carried out later. There
is, however, less doubt that the 2-4 mm. spat grew in the bottle than the
6-8 mm. one from the tow-netting taken on September 15.

A tiny spat, 6:5 mm., was also taken inside the box on September 12,
1919, one month after the box was laid down in the river, while on October
10, 1919, two months after the box was put out, ten spat which had settled
in the box were found varying in size from 12 to 16 mm. An experiment
was carried out at the same time to find out how quickly the smallest
cockles were growing. On September 12, a number of spat 6 to 10 mm.,
and eight spat below 6 mm., were put in a bottle in the box, and found
on October 10, a month later, to have grown an average amount of 3 mm.,
while some individuals had increased nearly 6 mm. in length (see Fig. 11,
p. 274) at this late period of the year. These spat continued to grow
a little even into December.

In 1920 a slight new growth was observable both in the cockles in the
box and on the beds on March 5, but no new spat were found in the box
until July 20, when a tiny individual, 7-5 mm. long, was taken. It is
probable that others similar were present, but remained undiscovered
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in the mud. This spat grew to 12-1 mm. by August 17, but then died.
On September 15 six new spat, having grown to a larger size, were found
in the box, ranging from 7 to 18 mm. The history of the growth of seven
tiny spat from June to September has already been described (see also
Fig. 11 below); in this case, individuals 4-8 to 9-2 mm., grew to 14-7 to
20+6 mm. in three months in spite of monthly disturbances. Itis probable
that if these spat had been left undisturbed they would have added to
their length in the same time a few millimetres more.
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Fre. 11.—Graphs showing successive monthly increase in lengths of small cockles which
formed monthly disturbance rings on the shell.
The upper series are graphs of the successive sizes of the seven Cardinm photo-
graphed for Fig. 6 4 and grown in 1920.
The lower series gives monthly increases in length of small individuals towards the
end of the growing season, showing that growth continued to November in 19149,

There is good evidence, therefore, for the statement that a post-larval
cockle may grow to a length of 6 mm. in its first month of growth, and
that afterwards it may add to its length at the rate of 4 to 6 mm. per
month until October, and that growth afterwards will vary with the
peculiar environmental conditions of that year. Thus if Cardium spawns
in April and a month be allowed at this time of the year for the attain-
ment of the post-larval stage, the April spawn might, by June, have
developed to tiny cockles, 6 mm. in length. If the subsequent monthly
inerements in length in July to November be respectively 6, b, 4, 4, 2, 1,
ending in December, then the spat of that year would range upwards to
28 mm. in length, therefore spat might occur on the heds as follows :
June, 6 mm. ; July, 12 mm.; August, 17 mm.; September, 21 mm. ;
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October, 25 mm. ; November, 27 mm. ; December, 28 mm. Such spat
oceurred at the end of the warm year of 1921, and there can be no doubt
that a continuously warm summer is favourable for shell-growth in most
estuarine shell-bearing animals.

TaE O-GrouP OF CARDIUM AND LENGTH AT THE First WINnTER RiNG.

By using the information on the rate of growth of the tiny Cardium
recorded above, 1t is possible to understand and assess the collections
of spat made from time to time on the beds. On July 17, 1919, a collection
of spat, none of which showed rings on the shell, ranged in size from 6 to
14 mm., and a month later a similar collection ranged to 17 mm. ; but it is
probable that larger spat were present on the beds, as only a limited time
was available that day for searching for spat. These August ccckles grew
in the box, as we have seen, to 22 to 24 mm. by the end of the year, and
similar sizes were found on the beds. In 1920, spat were found with clean
shells up to 15 mm. in August and 20 mm. in October, and the 1920 spat
in the box also grew to 20 mm. by October, and 245 mm. by the end of
the growing year. On the b2dsspat 24-2 mm. were found at the end of the
same growing year. On September 6, 1921 a collection of clean shelled spat
for that year showed already individuals ranging to 256 mm. with a good
proportion of shells at 19 to 20 mm., so that by the end of 1921, shells
would be common at 23 to 24 mm., and might easily range to 27 or 28 mm.,
as was subsequently found to be the case. In 1918, spat grew com-
monly to a size of 21 mm., as is shown by the occurrence of shells clean
to the winter ring, and occasional individuals attained 26 mm. Thus from
the examination of shells during the period of the experiment, it is found
that in the first year of growth on the River Yealm, Cardium edule will
attain a length commonly of 19 to 22 mm., with a small proportion of
individuals of 25 mm., and in years of very good growth, as in 1921, of a
length of even 27 or 28 mm.

Tor Levern or CArpiuM or THE Seconp WINTER RINg.

The record of the growth of the marked cockles in the box during
1920, with the examination of samples in the same period from the beds,
enables us to obtain unimpeachable information of growth in the second
summer. The year 1920 as well as the year 1921 was good for growth
of shell-material in most bivalves, so that the observations for these
years will probably give records of growth close to the maximum possible
for this locality. In that case they must not be regarded as average
results. Cockles in the box grew from a common size of 22 mm. to 32 to
33 mm. in 1920, and from a maximum of 24 mm. to a maximum of
37mm. On the beds individuals grew from a common size of 21 to 31 mm.
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in the same time, and from a maximum of 24 to 35 mm. In 1919 the
second summer cockles marked and put in the box grew by the end of
their second summer to a common size of 30 and a maximum of 33 mm.,
while on the beds individuals of similar age grew to the same size, but
were grouped about 28 to 31 mm. The year 1919 was probably near an
average year. Thus in their second summer of growth (1919 and 1920),
with a maximum growth-period of two summers, Cardium may attain
commonly a length of 28 to 31 mm., and a possible maximum of 35 mm.

Tae LexeTE oF CARDIUM AT THE THIRD WINTER RING.

The B group of cockles in the box shown in Figs. 2 and 10 continued
to grow until September 6, 1921, and at the size they had then attained
would not increase much more in length in their fourth summer of growth.
The modal lengths at each winter ring have already been shown on page 270
and in Fig. 10 B. At the third winter ring these individuals had a modal
length of 34 to 36 mm. with a maximum of 38, and those on the beds a
mode at 33 to 36 with a maximum at 37. Thus in the three summers,
1918, 1919, and 1920 Cardium grew commonly to a length of only 33 to 36
with a maximum near 38 mm., and this result may be regarded as near
the average condition. In contrast with these years of growth, it has
been noted that already in September, 1921, the A group of cockles
spatted in 1919 had reached a modal length of 36 to 37 with a maximum
of 43 mm., and that on the beds similar Cardium had a modal value of
33 to 35 with a maximum of 40 mm., although these cockles had not then
finished their third summer of growth ! These interesting facts prove that
good years for growth affect younger individuals more than older ones,
and in such a way that the younger ones may commonly attain the size
of individuals one year older than themselves. This aspect of the work
will be dealt with in more detail later.

After a series of years of good growth, therefore, Cardium may attain
in its third summer of growth a size commonly of 36 to 37 mm. with a
maximum of 43 mm. or more.

Tae Lexete oF CarpiuMm AT THE FourtE WINTER Rivc.

It is now obvious that the length of Cardium at ages greater than three
summers must be subject to a wide range of fluctuation dependent on the
environmental influences of the early years of growth. Towards the end
of their fourth summer of growth, on September 6, 1921, the B group
of Cardium in the box attained commonly a length of 37 to 39 mm.
with a maximum of 41 mm., while individuals on the beds growing in
the same period, but unfortunately estimated from a small sample.
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showed the commonest lengths at 35 to 383 mm. and a maximum of 40 mm.
and as little increase in length would be expected in this size of cockle
after September, the common sizes for these four years of growth may
be placed at 35 to 39 mm. with a maximum about, but probably greater
than, 41 mm. In contrast to these individuals the A individuals one
vear younger had a modal size of 36 and a maximum of 43 mm. at the
same time (see Fig. 11 for graphical comparison), a result which again
illustrates the greater influence of environmental conditions on the
younger individuals.

Thus while in average years common lengths of Cardium at the end
of the fourth year range from 35 to 39 and a maximum of about 41 mm.,
yet after a series of good growth-years the lengths may range several mm.
higher with a maximum round about 45 to 46 mm. The results so far
obtained may be summarised to show the common and extreme length
at the first, second, third, and fourth winter rings :—

No. of Clommon Maximum  Common in- Approx. ratio of yearly incre-
winter lengths. lengths. crease in  ment to preceding yearly
ring. length. increment.
mn. mm. mm.

1 19-22 24-28 — —

2 28-32 35-37 9-10 509,

3 33-36 3843 4-5 509

4 35-39 4145 23 509,

In establishing the figures given above for the common lengths at each
age, it may be repeated that the actual growth on the beds has been
followed and substantiated throughout with exact observations on the
growth of a constant population of Cardium. The only occasions when
personal judgment has been exercised are when deciding whether slight
rings on the shells are to be interpreted as disturbance or winter rings,
and in these cases the experience gained during the course of the work
has probably permitted but few errors.

DESCRIPTION OF THE EXPERIMENTAL BOX.

The experimental box was made 6 feet by 3 feet 8 inches by 113
inches deep in overall measurements. The bottom of the box was
completely boarded with boardings 6 to 8 inches by about 1 inch thick,
placed between the long sides of the box for strength (see Fig. 1, p. 241,
for many details of the construction). The two end bottom boards were
allowed to protrude about 6 inches on each side, in order to form a pro-
jection, which could be used for attaching the box to stakes driven into
the bed of the river at the corners of the box. Strong 2}-inch square
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battens were also fixed on the under side of the bottom along the length
of the box and about 4 inches from the edge, and also allowed to project
- from the short ends of the box near the corners in order to form a fork
with the projecting bottom boards, into which the head of the bed-stakes
could be fitted and fastened. The sides and removable lid of the box
were made of perforated zinc plates® (ca. 1:8 mm. thick) with sufficient
woodwork to form a frame to which the plates could be attached. At
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Fic. 12.—Diagrammatic sections of the box across the longer axis. The thick line repre-
sents sections of the zinc plates. On the left the section is shown passing through
the clamp seen in Fig. 1 B. At the top on the left is shown a section of the lid passing
throngh the clamp. On the right at the bottom the section is drawn through the
box near the end, but not through the vertical batten at the corner of the box; at
the top of the section cn the right the lid construction is shown where one of the
screws is nearly screwed home to keep the lid tight. In the upper part of the
middle of the diagram the strengthening battens in the lid (which are well shown
in Fig. 1 4) are drawn in section.

the corners of the sides of the box, 23-inch square blocks of wood were
used as a basis of the framework, to which 4-inch battens along the
bottom and top of the sides were secured (see section of box in Fig. 12,
above). The zinc plates in the sides were secured to the framework so
formed by battens placed inside the sides of the box at the top and in
the angle at the bottom (see Fig. 12). The upper batten on the inside
of the sides of the box was fixed, so as to leave the opposing batten
on the outside 1 inch higher, and so leave a ledge on the edge of the
box, on to which the lid could fit snugly. The zinc plate on the lid was
mounted with a pair of opposing 4-inch battens at each of the four
edges, these battens being strongly nailed together with the border of
the zine plate between. The outer batten at the edge of the lid pro-
jected 1 inch beyond its opposite fellow, in order to rest on the outer
batten at the top side of the box when the lid was in place. To
prevent sagging of the lid two strong pairs of opposing 4-inch battens
were carried across at one-third of the length from each end, and fastened
to the bordering battens of the lid (see section, Fig. 12, above). Strong
* Supplied by J. Staniar and Co., Manchester Wire Works, Manchester.
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angle irons were fastened in the upper and lower corners of the sides of the
box (see Fig. 1, A and B) and on the outside corners of the lid.

The lid fitted so snugly on to the top of the box that nothing above
microscopic size could enter the box where it fitted. In addition to its
fitting into a ledge, the lid was secured to the sides of the box (a) by six
brass screws, two on each long side and one on each short side, screwed
through the lid into the outer top-side battens, and (b) by four iron lugs
fixed between the bordering battens of the lid and screwed into the sides
of the top-side battens (see Figs. 1, A and B, and Fig. 12). Stakes were
driven 2 to 3 feet into the bed of the river at the corners of the box in the
fork made by the projecting ends of the battens as described, and long
nails were driven through the battens into the stakes. In addition tarred
rope was wound over the stakes and battens and stapled and tied to ensure
gecurity. When the box was fixed it rested on the bed of the estuary,
but during the ensuing winter the bed was washed from under the hox
at the upstream end, and the pit so formed gradually increased in size
so that eventually there became a clear space under the box. Ttisinterest-
ing to note that a bank formed on the down stream side of the box
showing that the resultant stream by the box was strongest down stream
(see Fig. 1). The perforated zine remained sound until 1923, but at
that time the woodwork was heavily infected with and weakened by
Teredo. Early in 1926 the woodwork in the bottom was found broken
and collapsed ; and in places where mud had rested against the zine,
erosion had produced holes a few inches in diameter, but the zinc in
the lid at that time remained sound and serviceable.
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INTRODUCTION.

IN connection with the cause of the unusual mortality of oysters reported
on the oyster beds in the Thames Estuary in 1920 (see Min. Agric. and
Fisheries Report, Fishery Investigations II, 6, Nos. 3 and 4, 1923-24,
London), it is of interest to compare the simultaneous effects of known
solutions of T.N.T. (Trinitrotoluene) in sea-water on both Portuguese
and native oysters. In order to obtain some information on this problem
the experiments described in the following pages have been carried
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out at the request of the Fisheries Department of the Ministry of
Agriculture and Fisheries and with the help of the Government
Chemist and his assistants.

THeE CoMPARATIVE PHYSIOLOGICAL CONDITION OF PORTUGUESE AND
NATIVE OYSTERS.

Owing to the difference in habits and constitution presented by the
two species to be compared certain difficulties arise—in addition to those
incidental to experiments on oysters (see Report Lc., p. 178)—in beginning
the experiment with comparable material. The chief physiological
differences in the two kinds of oysters are: (1) Portuguese oysters are
mainly imported into England and mostly laid between tide marks,
and are therefore accustomed to wide variations in temperature, whereas
the native oyster lives mainly below low-water mark, and is accustomed
to a relatively lower range of temperature. (2) The Portuguese oyster
shoots its sexual products, eggs and sperm, directly into the sea, whereas
the female functioning native oyster retains its eggs inside the shell,
and incubates them there to the fully developed larval stage. In English
waters the Portuguese oyster spawns with difficulty in a normal summer,
whereas the native spawns naturally. (3) In addition, in the native
oyster, a rapid change of sex occurs immediately after an individual
spawns as a female ; whereas the conditions of sex-change, if any, are
not known in the Portuguese oyster.

THE MATERIAL USED FOR THE EXPERIMENTS.

In order to reduce the difficulties detailed above to a minimum a
mixture of English-grown and a few imported Portuguese oysters were
dredged along with native oysters from the beds in the River Blackwater,
and kept on the shore in Mersea Creek at dead low-water springs for
two months (June 8 to Aug. 6, 1925). From the survivors of these a
sample of sixty-seven Portuguese and sixty-two native were sent to
Plymouth and kept in the tanks under circulation for six weeks before
beginning the experiments (Sept. 21-22) now to be described.

Of the oysters sent to Plymouth one native died on August 18 and one
Portuguese on September 18, the rest remaining apparently sound to
the beginning of the experiments.

Tue T.N.T. vsED FOR THE EXPERIMENTS.

The T.N.T. used for the experiments was obtained from the lump
used in the cage experiment in the sea at Whitstable (see O.)M.I. Report
Le., p. 81). This block of T.N.T. had been kept in sea-water since 1921,
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but was found by the Government Chemist this year to be practically
unchanged T.N.T. It was, however, porous and very sodden with water.
Before using it, it was well scrubbed to remove any deposit of altered
T.N.T. from the surface, and kept in running tap-water for a period
altogether of about twelve hours. It was then split in two halves, which
were used for the experiment in Tank 5 ; some fragments were used for

experiments in bell-jars and others were analysed at the Government
Laboratory.

Ezperiment 1.

Two native (N1 and N2) and four Portuguese oysters (P1 to P4) put
in 5000 ccs. of Channel sea-water in a bell-jar with a good air-jet with
fragments of T.N.T. on September 21st, 5.30 p.m.

Sept. 22, 1 p.m. Oysters closed ; water yellow but clear.
22,5 p.m. All well except one Portuguese, P1, with slow closing
reaction.
i 28,11 aum Water deeper yellow, almost orange coloured ; P1

as yesterday.

3 p.m. P2 and P3 with slow closing reaction, but both can
still close.

» 24, 11am. PI to P3 gaping, but all can almost close after
repeated compulsory closing.

3 p.m. N1 and N2 now gaping slightly and unable to
remain closed ; the smallest Portuguese, P4, the
only one left tightly closed.

6 p.m. All gaping.

. 25,10 am.  Ditto.

noon. Ditto, removed, well washed, put in running water.
.. 26,11a.m.  Ditto, P1 to P3 dead, removed.
»» 27, noon. N1 and N2 and P4 gaping with no reaction.

. 28,10.30 a.m. Ditto, but P4 can now remain closed on pressure.
4.30 pm. N1 and N2 gaping widely, dead, removed. P4 now
with distinet reaction and recovering.
29, 11.45 a.m. P4 recovered ; put back in T.N.T. solution (see
Experiment IT).
Oct. 1. P4 dead or dying, removed. Experiment finished.

Control to Experiments I and I1.

Similar oysters placed in a bell-jar under the same conditions as in
Experiments I and IT remained well throughout the period of both
experiments. The only point of interest arising out of the control being
that on or before September 29th one or more of the Portuguese oysters
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shed a few eggs which did not segment. On October 3 the control oysters
were put in Tank 8.

Experiment 11.

The T.N.T. water from Experiment I was partially decanted and
partially filtered into a clean bell-jar, and in it were placed N1 and N2
and P1 and P2 oysters from the control tank (8) on September 25 at
3.45 p.m. with again a good air-jet.

Sept. 26, 11 a.m. NI gaping with poor reaction ; others closed.

. 27, noon. Ditto.

. 28,10.30 am. N1 gaping with slight reaction; N2 closed. PI
gaping and cannot remain closed. P2 closed.

» o 29,1145 am. N2 and P2 closed. NI dead, removed. Pl gaping
widely, but with a trace of reaction. P4 from
Experiment 1 put in this water.

. 30,1045 a.m. P1 dead, removed. P2 gaping with slight reaction.
N2 and P4 closed.

Oct. 1. P4 gaping, removed as dead or dying.
, 2. No examination.
3. P2 and N2 dead, removed. T.N.T. concentration
1 in 140,000.

Experiment finished.

SuMMARY AND REMaRrks oN ExperiMeENTS I anp II.

The T.N.T. in solution gradually increased in strength in Experiment I
to a maximum at the end of the experiment, but the concentration was
not determined. The same water was used for Experiment II, and had
at the end of that experiment a concentration of 1 in 140,000 (approxi-
mately 7-1 parts per million) (see p. 293, Government Chemist’s report).

In Experiment I all the oysters gaped badly in three days, two of the
four Portuguese gaping in advance of the natives. The smallest Portu-
guese survived all the others, recovering after being in the T.N.T. nearly
four days, but succumbed afterwards in about one day when put back
into the T.N.T. solution.

In Experiment IT N1 gaped in one day, P1 on the 3rd, P2 on the 5th,
and N2 on the 6th or 7th day. All were dead or dying on the 7th or 8th
day.

In these experiments no marked difference is observable in the sus-
ceptibility to T.N.T. at the concentration used, since first one kind and
then the other showed the gaping effect first and last. The widely gaping
small Portuguese is interesting in showing that recovery is possible at
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this stage, but a slightly longer period in the T.N. T would probably
have prevented recovery.

The temperature of the water during the experiments was mainly close
on 57°F., the salinity and alkalinity normal or sub-normal ; the pH
at the end of Experiment I was courteously determined by \Ir N. T
Berrill as 7-95 to 8-00.

Ezperiment 111 in Tank 5.

Thirty-one* Portuguese (P1 to P31) and thirty-one* native oysters
(N1 to N31) were established in Tank 5; the circulation was cut off
on September 22nd, two good air jets added and two lumps of T.N.T.
placed alongside the air jets. End of experiment, October 6th.

The results of the experiment are shown in the following table, and
in Figs. 1 and 2, p. 286 and p. 287.

TABLE I

Date, Sept.~Oct. . : : .25 26 27 28 29 3 1 3 4 5 6
Days in T.N.T. . : ; . .3 4 5 6 7 8 9 111 12 13 14
Portuguese gaping 1 2 6 9 911 12 8§ 5 0
Native gaping ; : 1 5 5 6 9 13 5§ 5 1 0
Portuguese dead or dymg . .0 0 0 0 1 4 8 17 22 26 31
Natives dead or dying . . .0 1 1 1 1 1 4 21 24 30 31
Totals affected (‘i.dl’]lblve}-—

Portuguese . . .0 1 2 6 10 13 19 29 30 51 31

Natives - . 2 . .1 2 6 6 7 10 17 26 29 31 31
Parts per million T.N.T. in solution . 2-3 (approx.) 3-3 4 5
Salinity in parts per 1000 . i . 36-36% 36-66 36-80 36-92

Control to Experiment 111 (Tank 8).

In the control experiment in Tank 8 with thirty natives and twenty-
nine Portuguese oysters, begun under exactly similar conditions as held
for Tank 5 (except for absence of T.N.T.) there was one death, a native
the remaining oysters were all well at the end of the experiment and—
except for one Portuguese which died about November 9th—as late as
December 12th, as were also two Crepidula, a few anemones, worms, and
simple ascidians. The temperature and salinity in Tank 8 varied in
almost exactly the same way as in Tank 5.

* One brood Portuguese and one brood native included.

T On October 3rd when the maximum number of oysters was found gaping or dead,
the pH was found to be 800 (courteously determined by Mr. C. . A. Pantin).

i The salinity of the tank water is ordinarily high, and rose in the experimental tanks
(5 and 8) to 36:92%,, which is a very high figure and abnormal in our seas.
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Fi1c. 1.—Graphs showing the additive numbers of native and Portuguese oysters (G)
gaping and (D)) dead or moribund, along with the increase in concentration of T.N.T.
in Tank 5 and the variation in temperature and salinity.

The thick continuous line with the letters T.N.T. adjacent shows the increase in
concentration of the poison.

The dizcontinuous lines which cross at G give the additive numbers of oysters
gaping on the dates denoted ; the thicker line represents Portuguese and the thinner
one the native gapers.

The continuous lines which cross at D give the additive number of oysters taken
from the tanks dead or dying ; the thicker one again represents the Portuguese and
the thinner the native oysters.

The dotted curve gives the temperature variation, and the dotted (almost) straight
line the salinity variation.
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Summary oF ExperiMenT IIT,

A glance at Fig. 1, p. 286, shows that although the earliest oysters to
be affected were natives, these did not succumb so soon as the earliest
affected Portuguese. Later after about eight days in the T.N.T. the
natives began to die rapidly after gaping, but did not on the whole gape
so soon as the Portuguese. The lag-period between the first obvious
effect of the poison, gaping, and death, was at first longer in the natives
than the Portuguese, and afterwards, shorter ; the same lag-period being
fairly constant in the Portuguese throughout the experiment.

A glance at Fig. 2, below, shows that the magnitude of the daily rate
of gaping alternated in the two species ; and that the maximum was first
reached by the natives. The daily rate of mortality was at first higher in
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Fie. 2.—Graphs showing the daily number of gaping oysters (discontinuous lines) and
daily number of moribund oysters (continuous lines) in Tanl 5. The thick lines
denote Portuguese oysters and the thin ones natives.

The isolated peaks give the sum of the mortality for the two days,* October 1st to
3rd, which is distributed between the 2nd and 3rd October in the main graph to
maintain uniformity.

the Portuguese, but a sudden death of a number of natives took the
mortality rate of these afterwards to a maximum, after which the rate
fluctuated, while that of the Portuguese remained fairly steady to the
end of the experiment.

* The tanks could not be examined on Oct. 2nd.

NEW SERIES.—VOL. XIV. Xo. 2. aveusT, 1926. T
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Table II shows—by the numbers of the oysters—the order of gaping,
while the sequence from above downwards shows the order of death (or
moribundity). It is observed that there is a distinct grouping of males
amongst the early dying Portuguese and a tendency for the smaller
native oysters to group amongst the later dying natives.

Table III gives the history of the oysters from gaping to the condition
of being moribund. The recovery of N7 and longevity of N2, 3, 5, 6 and
F1 and F4 are remarkable.

TABLE TI.

Showing by the sequence from above downwards the order of death or moribundity in
Portuguese oysters (of size and sex shown) and native oysters (size only shown).
The serial numbers of both Portuguese and native oysters give the order of gaping.
Usually many oysters gaped on one day, as also many died on one day. The length
—antero-posterior measurement—,the height—dorso-ventral measurement—and the
1925 approximate growth or shoot measured dorso-ventrally in the median line, are

given in millimetres.
Narives.
No. Length. Height.

Date.

Sept.26 1 58

Oct. 1 4 64
s 1 8 61
- 1 9 G1
s 3 2 49
s 3 3 68
iy 3 b 68
s 3 6 71
s 3 10 76
& 9 L 73
T 3 12 G4
54 3 13 a7
s 3 14 67
. 3 15 56
s 3 18 62
s o A7 57
s 3 18 G4
i 3 19 75
s 3 20 69
e 3 21 58
4 3 22 62
s 4 23 56
S 4 25 56
i 4 26 52
. 5 24 61
s B 27 54
s 5 28 44
~ 5 29 56
» B 30 66
s 5 20a 18
5 b & 54

69
7l
66
67
57
57
72
66
77
83
G4
58
5
66
60
59
63
87
75
56
65
62
55
54
72
54
50
61
69
23
56

No. Length. Height.

1925 Date.
growth.
13 Sept.29 2
12 s 30 3
8 . 30 8
6 ,» 30 10
29 Qct. 1 7
8 m L 6
8 w 1 Ga
9 - 1 51
10 3 3 14
5-22 & 8 11
12 » 3 12
13 o5 3 1
10 | 3o
7 » 3 13
3 . 3 15
7 w 3 16
7 - 3 19
9 58 4 21
8 . 4 22
10 s 4 25
18 » 4027
14 5 4 28
13 e 5 20
9 & 5 23
7 . 0 24
347 ,, 5 26
8 6 4
5+1 6 17
3 s 6 18
- s 6 29
7 s 6 30
* Dumpy.

66
56
69
52
50
47
43
57
47
57
42
60
52
54
59
39
a7
51
59
48
54
54
51
62
64
44,
85
67
51
36
48

PORTUGUESE.

85
76
91
79
90
57
56
T4
103
7l
82
70
115
62
67
71
58
80
69
65
34
105
87
103
90
86
108
76
72
97
112

1925 Sex.
growth.
30 Male,
? ”n
5Y 2
7 L} )
4-31°7 .

177 One male and
10 [ one female.
5  Spawningfemale
13  Male.
17 Spentfemale.
13 i i
9-19  Female.

27

9 I

547 Male.

5 Female.
14 ”
10 55
20 s

8 "

T+,

REMARKS oN ExperiMENTS I To III.

Each oyster was numbered on the day of first gaping. Oysters were
removed from the experimental vessels when they gaped widely, and
showed no reaction when repeatedly forcibly closed ; hence although
there was no certainty that the oysters removed were actually dead,
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TABLE III.

History oF THE EXPERIMENTAL OYSTERS IN TANK 5 WITH REGARD
TO (GAPING AND REMOVAL.

Date, Sept. 25 26 27 28 29 30 Oet.1 3 4 5 6
Serial numbers of 0 1 1 1 1 1 1 + + 4 30
Portuguese Oysters 2 2 3 + 4 17 17 17
gaping in the tank 3 ES 5 9 18 18 18
daily at the dates 4 5 6 11-18 20-28 20 29
given above 5 6 7 23 30
6 7-10 9 24
11-13 26
Portuguese Oysters 2 3 5 1 21 20 4
removed daily, 8 7 9 22 23 17
dead or moribund 10 6 11-16 25 24 18
at the dates given Ga* 27 26 29
28
19 30
Natives gaping in 1 2 2 2 2 2 2 23  2lat
Tank 5 daily at 3 3 3 3 3 24 24 7 7
the dates given + 4 4 4 5 25 27
5 5 5 5 6 26 . 28
G 6 6 6 10-18 27 29
7 8 8-10
Natives removed 1 4 2 23 2lat
moribund at 8 3 25 24
the dates given 9 5 26 27
G 28
10-22 29
30 7

these would certainly be moribund and very near death, if not actually
dead. It was necessary to remove oysters at a stage near death, in order
to preven’ unnecessary fouling of the water. To reduce the fouling
of the water in the experimental tank, debris was frequently siphoned
off and the air jets maintained in good condition ; but so long as sickly
oysters were present in the tank, it was impossible to ensure water as
clean as that in the control. The fact that the water on October 3rd had
a pH of 8:00] after the heaviest effect of the T.N.T. on the oysters
indicates that the water was maintained in fairly good condition.

The instant at which an oyster gaped in the T.N.T. would depend,
among other factors, on how much the bivalve had “ tasted 7 the water.
Mitchell has shown (1914)§ that American oysters can remain closed,
without taking oxygen, for a week without harm, and Orton | (1923)

* Brood on No. 6. T Spat on No. 21.

i I am indebted to Mr. C. F. A. Pantin for this determination.

§ The Oxygen requirements of Shellfish. Bull. U.S. Bureau of Fisheries, XXXII, 1912,
(1914).

|| O.M.I. Report loc. cit., p. 64, with full details in MSS. of Report.
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showed that native oysters can live for one to three weeks on a very small
quantity of oxygen. Therefore, oysters need not open for upwards of
a week for the purpose of taking in oxygen. Nevertheless oysters gaped
in Experiment I in from two to four days, and must therefore have taken
in T.N.T. water before that time in the act of tasting the water. There
may be a difference between native and Portuguese oysters in this respect
which might affect the result of the experiments, but it is doubtful if
the difference would be great. Experiments on style-formation prove
that although the native oyster may not appear to be open, it does mostly
taste the water within a period of a few hours from being immersed in
it ; and Portuguese oysters probably behave similarly. All the oysters
in the experiments therefore probably obtained an early dose of T.N.T.,
and the more cautious ones would take in at first a smaller dose than the
others, and probably be able in this way to delay the acquisition of such
a dose as would cause gaping.

Portuguese oysters have, it was found, a slower natural closing reaction
than natives, showing that there is a distinct difference in the control of
the closing muscles in the two forms. It is possible that the difference in
control of the closing muscles is closely correlated with the tendency of
Portuguese oysters to lose control of their adductor muscles earlier than
natives in T.N.T., and with the experimental observation that when a
native gapes in T.N.T. it is nearer death than the Portuguese.

On examining the oysters as they were removed from the experimental
tank it was found that all the oysters, except one native and the spawning
Portuguese females, were well fished. Generally the tissues of the natives
were far more flabby and dead-looking than those of the Portuguese,
while the mantle in the natives was mostly well shrunken, though still
adhering to the shell, but only about half retracted from the border in
the Portuguese. In a few cases, notably N7 and P30, gaping oysters
showed a contraction of the heart, if the ventricle were pricked with a
needle after removal; but there can be no doubt that such oysters, if
not dead, were in the last stages of vitality, and would soon have died
if left a little longer in the T.N.T. In the sea, it may be remarked, a
widely gaping oyster would have little chance of avoiding death by
enemies.

On the morning of September 23rd, the day after the experiment was
begun in Tank 5, it was found that one or more male and several female
Portuguese oysters had spawned in the water. In this water, which had
a concentration of two parts T.N.T. in a million, active sperm was found
buzzing around the eggs, which, however, did not segment. The whole
of the water in the tank was removed, the oysters and tank well washed
and fresh tank water run in to restart the experiment. On the following
morning, September 24th, six Portuguese oysters were found to bhe
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extruding eggs in greater or less quantity (P11 and P12 continued to
spawn intermittently for several days), and later four other females shot
a portion of their eggs. On this day when the concentration of T.N.T.
may be assumed to have been about the same as that on the previous day
(about two parts T.N.T. per million), upwards of 5 to 109, of eggs were
found segmenting, and afterwards developed in smaller numbers to a
swimming stage, but then died.

The following histories of spawning females are worthy of note as
showing that although the slightly spawning females withstood the T.N.T.
on the whole, as well as the non-spawners, the two more fully spending
females were amongst the first females to die.

No, of Date of first Date of Date Remarks,
Oyster. Spawning. gaping. Moribund.
P5 24.9 28.9 1.10 Very little spent.
PI1 25.9 29.9 3.10 Spent.
P12 24.9 30.9 3.10 Half spent.
P20 24.9 2-3.10 5.10 Very little spent.
P21 24.9 2-3.10 4.10 Ditto.
P22 24.9 2-3.10 6.10 Ditto.
P29 24.9 4.10 6.10 Ditto.

The fully and half-spent females, it is to be noted, did not die earlier
than most of the males (see Table II). After nine days in the T.N.T.
eight Portuguese oysters died, and of these six were males, one a spawning
female, and one a ripening female. The physiological condition in relation
to sex is therefore an important factor in the experiments. One male
lived, however, until the last day but one of the experiment, and was
found then to have sperm, which showed mobility in small numbers in
Channel water, but none in T.N.T. water.

It would seem that male Portuguese oysters are more susceptible to
T.N.T. poison than females, and also that the larger natives gape sooner
than the medium-sized ones, but further experiments would be necessary
to verify the observation. The last Portuguese to die in Experiment 1T,
it should be noted, was a male,

No Portuguese oysters spawned in the control tank until after the
experiment, but a few eggs were discharged by one or more females in
the control bell-jar experiment, and none were discharged from four
ripe females in Experiment I, and none from two ripe females in Experi-
ment II.

T.N.T. only caused spawning in one experiment, and it is possible
that in this case one oyster in Tank 5 was on the point of spawning
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when the T.N.T. was put in the tank, and that either the T.N.T. or the
effects of the preparation of the tank, had the effect of making it spawn
at once, in the same way as the uncomfortable conditions consequent
upon being taken out of water will cause ripe sea-urchins and other
marine animals to spawn. The spawning of one individual, especially
a male, may very well have started a number of others, male and female,
to spawn, as such an occurrence is a not uncommon phenomenon
amongst marine animals.*

On the 6th day after putting the T.N.T. in Tank 5 two slipper-limpets
(Crepidula fornieata), which were attached to Portuguese oysters, were
found detached, and were removed with a third on the following day as
dead or dying. Two Crepidula lived in the control tank to date (Dec. 12)
in a similar situation.

A few Ascidiella and Ciona (blubber) died in Tank 5 by the 11th day.
when similar forms were doing well in Tank 8. Some small anemones also
died in Tank 5, while other similar ones were still alive in Tank 8 on
Dec. 12.

CONCLUSIONS.

In concentrations of T.N.T. rising rapidly to five to seven parts per
million in unchanged sea-water, there is little difference in the suscepti-
bility of the Portuguese and the native oyster to the poison. Subject to
confirmation by further experiments—since the early gaping Portuguese
were mostly either males or spawning females—it is indicated that
Portuguese oysters gape on the average earlier than natives, but do not
die so soon after gaping as the natives, especially as the poison becomes
more concentrated.

In the same way it is indicated that male and spawning female Portu-
guese oysters die sooner in T.N.T. than ripening females, and that on the
average large native oysters die sooner in T.N.T. than medium-sized
natives.

Tf further information is desired on the comparative effects of T.N.T.
on Portuguese and native oysters, it is suggested that more valuable
results could be obtained by subjecting the experimental oysters to
T.N.T. at a concentration of one to two parts per million in constantly
renewed fresh sea-water. In this way a closer approach to the ideal
experiment (see O.M.I. Report, p. 179) would be obtained, and the con-
ditions and results would approximate more closely to those which
might occur in the sea.

* H, M. Fox, Proc. Camb, Phil. Soc. Biology, I, 2, p. 71, 1924,
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The Government Chemist’s Report on the Results of the Examination of
Samples of Sea-water for T.N.T. and Szlinity.

(Copy.)

(GOVERNMENT LABORATORY,
CLEMENTS INN PASSAGE,
StranD, Lonpox, W.C. 2
14t October, 1925.

The T.N.T. was determined by Dr. Brady’s method, with certain
modifications (see Fishery Investigations IT, VI, No. 4, 1924, “ An
account of Investigations into the cause or causes of the unusual Mortality
among Oysters in English Oyster Beds during 1920 and 1921,” Part II).

The salinity was determined according to the International Method
by Titration against Copenhagen Normal Water.

Lah. Particulars of Sample. T.N.T.  Salinity
No. (parts per
1000).
83 No.1,Tank 5 23.9.25 1 in 500,000 3638
85 No.2 ,, ,, 28.9.25 11 a.m. 1 in 300,000 36-66
86 No.3 ., ., 3.10.25 12.30 pom.  1in 250,000  36-80
88 No.¢ ,, ,, 6.10.25 3.30 p.m. 1 in 200,000 36-92
87  Experiment IT 3.10.25 12,45 p.m. 1 in 149,000 35-50
2854 Tanl ecirculation 22.9.25 4 p-m., temp. 14-4° C 36-36
2855 Control (to) Experiment II, bell-jar  3.10.25 1.5 p.m., temp. 15-5 35-37
2856 Control Tank, 8 3.10.25 1.5 p.m., temp. 14-9° (‘ 36-92
2857 Tank 8 6.10.25 3.30 p.m. 36-98

(Sgd.) R. ROBERTSON,

Government Chemist.
Dr. J. H. Orror,
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1. INTRODUCTION.

Tu1s research is the outcome of a recommendation made by Dr. J. H.
Orton in his report (1923) on the cause of the mortality of oysters during
1920 and 1921, in which he pointed out the necessity of our obtaining
more precise information regarding the physiology of the oyster, both
for its own sake and for its possible economic applications. I have
endeavoured, therefore, to give as complete an account as possible of
the structure and function of the food collecting and digestive organs
in the oyster—larval, ““ spat,” and adult—in the hope of so determining
the optimum conditions for feeding and digestion, and, consequently,
for growth and ‘ fattening.” In view of the fact that no complete
account of the anatomy and histology of these organs exists, it has been
necessary to devote considerable time to this aspect of the work, since
a sound knowledge of the structure of any organ is essential if the function
is to be determined. The research covers a great deal of ground, so that
it has been impossible in the time available to investigate in detail every
problem that has been encountered or to perform all the experiments
that have suggested themselves, but no problem of the first importance
has been neglected, while it is hoped in the near future to carry out
further investigations into those aspects of the work which have been
found the most important,



FEEDING AND DIGESTION IN OSTRE4 EDULIS, 297

The work on the adult oysters was carried out at the Plymouth Labora-
tory, the oysters being obtained from the River Yealm, and the work
on the larval and ““ spat 7 oysters at the Fisheries Experimental Station
at Conway during July and August, 1925. I wish to express my gratitude
for their kindness and help to the Director and members of the Stafi,
especially Dr. J. H. Orton, of the Plymouth Laboratory, and to Dr.
Dodgson, Mr. H. P. Sherwood, and the other members of the Staff at
Conway.

2. ANATOMY AND HISTOLOGY OF THE ALIMENTARY
SYSTEM,

A. ADULT OYSTERS.
1. ANaToMY.

The arrangement of the food collecting and digestive organs in the
oyster can best be described by reference to Fig. 1 in which an oyster
is shown lying on the lower (left) shell valve with the right fold of the
mantle cut away. The surface of the mantle (L.M.F.) is transversely
ridged, and is bounded by a thickened margin bearing two rows of small
tentacles. The mantle cavity is divided into inhalent (I.C.) and exhalent
chambers (E.C.), the former being some four times the larger, and con-
taining the gills (G.), which consist of four demibranchs, the inner ones
being broader than the outer ones, the inner one on the left (under) side
being the broadest of all. The outer demibranchs are attached directly
to the mantle, the inner ones being attached to the mantle on the outer
side and to one another on the inside. In the oyster the two pairs of
demibranchs are not separated by a protruding foot or visceral mass.
The gills extend in a semicircle from the junction between the right and
left mantle folds, which forms the division between the inhalent and
exhalent chambers (D.B.C.), to the labial palps (L.P.). The latter consist
of triangular flaps attached by a broad base and arranged in two pairs,
one on each side of the mouth (M.). The inner, opposing surfaces are
ridged (see Fig. 2), the outer surfaces being smooth. The palps enclose
the gills for a short distance, the outer and inner demibranchs of each side
lying between the corresponding pairs of palps, the inner demibranchs
arising slightly nearer the mouth than the outer, and immediately behind
the most distal fold on the palp surface. Unlike the majority of Lamelli-
branchs, the inner and outer palps of the two sides are united to one
another in the region of the mouth (M.), which lies in the middle line in
the groove formed by the continuation of the grooves between the two
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sets of palps. The outer palps are united for about a quarter of their
length, so that the mouth is entirely enclosed.

The mouth is a narrow horizontal slit and leads into a short esophagus
(0.) which has the the same shape in cross section and passes backwards
and downwards into the stomach (8.). This is an irregular sac-shaped
organ which is surrounded on all sides by the brown mass of the digestive

Fra. 1.—Ostren edulis, right shell valve and mantle fold removed. 3 1. A., auricle;
An., anus ; D.B.C., division between inhalent and exhalent chambers ;: D.D., diges-
tive diverticula: E.C., exhalent chamber; G., gills; H., hinge: I.C., inhalent
chamber ; L.M.F., left mantle fold ; L.P., labial palps; L.S.V., left shell valve :
M., mouth: M.G., mid-gut; O., cesophagus: R., rectum ; R.M.F., right mantle
fold ; 8., stomach; S8.M., adductor muscle, portion with striated fibres; S.S.,
style-sac ; U.M., adductor muscle, portion with smooth fibres ; V., ventricle. Large
arrows external to shell denote direction of ingoing and outgoing currents, within
shell plain arrows denote direction of ingoing currents and feathered arrows direction
of outgoing currents, broken arrows (except in gut) denote currents on under surfaces.
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diverticula (D.D.), while internally the walls are thrown into a series of
ridges and folds so that the exact shape of the stomach in the living
animal is difficult to determine when it is opened for inspection. In order
to obtain a clear idea of the anatomy, casts of the stomach were made by
injecting, by way of the cesophagus, a warm, concentrated solution of
gelatin. This was allowed to cool and solidify, the tissues were then dis-
sected away, and the cast hardened in formalin and stained lightly with
hsematoxylin. Gutheil (1912) used plaster for making casts of the stomach

OPF. UM

¥i. 2—Junction of palps and gills, right palps opened out so as to expose inner, ridged
surfaces. x 8. B., base of gill demibranch; G., gill; LP.F., inner palp face;
L.G., lateral oral groove ; M., mouth ; O.P.F., outer palp face ; P.G., proximal oral
groove ; UDM., upper margin of palps: X., point where material is rejected from
palps.

of Anodonta, but I have found the gelatin method much more satisfactory,
and by its use have been able to demonstrate in detail the anatomy of
the stomach—a much more complex and important organ in the Lamelli-
branchs than it has usually been considered—and its associated organs.
Tigs. 3 and 4 are drawings of a cast, the former from the ventral aspect
and the latter from the dorsal aspect. The most conspicuous structure
in the stomach is the long, grooved food sorting cacum (F.C.), which
extends backwards beneath the floor of the stomach, and is connected
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F16. 3.—Gelatin cast of stomach with style-sac and first part of mid-gut and portion of
wsophagus, from ventral aspect. x 4. D', larger, left duct of digestive diverticula;
D”,, smaller, right duct of same ; F.C., food sorting ceecum ; G., ventral groove ;
M.G., mid-gut ; O., cesophagus; O.M.G., opening of mid-gut; 8.8., style-sac; 'S,

slit connecting mid-gut and style-sac.
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with the opening of the mid-gut (O.M.G.) by means of a deep groove
(G.), which runs across the floor of the stomach. On opposite sides open
the two ducts which lead into the digestive diverticula, that on the left
side (D".) being the larger and dividing into a greater number of smaller

F1e. 4 —S8tomach cast from dorsal aspect. x 4. G.8., gastric shield 8., style. Other
lettering as in Fig. 3.

ducts than the one on the right (D”.). On the dorsal wall of the stomach
is borne the gastric shield (G.8.), a cuticular structure of somewhat
irregular shape (see Fig. 5) consisting of two broad lobes united by a
narrow neck, the larger of the lobes being thin and smooth, while the
smaller is thicker and bears a
number of teeth, which are also
shown in Fig. 4. It is against
this shield that the crystalline
style bears, and the dotted line
in Fig. 4 shows the position of
the style as it projects into the
stomach from the style-sac (8.S.),
and bears against the gastric
shield on the opposite wall
The cavities of the style-sac
and mid-gut are united by a
narrow glit (SL), and pass down-
wards and slightly forwards from
the stomach, as shown in Fig. 1. Fra. 5.—Gastric shield. x 20.
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The style-sac is practically straight but the mid-gut, which opens into
the stomach on the right side of the style-sac (Figs. 3 and 4), twists
round to the left side immediately behind. At the distal end of the
style-sac, the gut turns anteriorly and then completely back on its
course, subsequently passing dorsal to the heart (Fig.1, A. and V.) and
encircling the stomach on the left side. Finally, it passes into the
rectum (R.), which runs round the posterior margin of the adductor
muscle (U.M.), and ends at the anus (A.), which lies at the tip of a
small papilla on the posterior ventral surface of the muscle, and opens
into the exhalent chamber.

11. HistoLoGy.

Material for histological examination was fixed in Bouin’s fluid or in
Flemming’s strong fluid, sections were cut 6p thick, unless otherwise
stated, and were stained with Delafield’s heematoxylin and erythrosin ;
or with iron hematoxylin either with acid fuchsin as counterstain or
with mucicarmine for the demonstration of mucus glands ; or with alum
carmine and picro-nigrosin.

(a) Gills.

An excellent account of the gills of Ostrea edulis has been given by
Ridewood (1903), the substance of whose statements is as follows :
“ There are 9-12 filaments to the plica. The front of the principal fila-
ment has the form of a broad ridge. The filaments adjacent to the
principal filament are slightly larger than usual, and have been called
transitional filaments by Kellogg (1892). . . . The interlamellar junctions
have the form of septa. At a short distance up, the interlamellar septa
occur only in relation with alternate principal filaments, but the order
is not absolutely regular. Higher up still each fourth septum only persists.
The bars which run across the floor of the suprabranchial cavity from
descending to ascending lamella are the thickened upper edges of alter-
nate high septa. They recur at intervals of about eight plicee. Most of
the interfilamentar junctions are bands of tissue running horizontally
round the inner surface of the plica, but each third or fourth in a vertical
series extends across the plica as a horizontal septum. . . . The frontal
and lateral cilia are normal. There are short cilia on the interlamellar
edges of the principal filaments. No intrafilamentar septum is present.
There is a fair amount of muscle in the interfilamentar junctions and
in the inner edge of the horizontal septa. . . .”

Many of the characteristics of the gill of Ostrea given by Ridewood,
and also other points which he does not emphasize but which are of
importance functionally, are shown in Fig. 6, which represents a trans-
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verse section through a single lamella (i.e. one side only of a complete
demibranch). A principal filament (P.F.) is figured with four filaments
on either side, all being united by an interfilamentar junction (I.).
(For the structure of the interlamellar junctions and the horizontal
interfilamentar septa, reference must be made to Ridewood’s figure.)
The large size of the prineipal filament and the thickness of the chitinous
supporting rods (C.R.) within it and the two transitional filaments (T.F.)
one on either side of it are well marked. There are many strands of
horizontal muscle (H.M.) in the interfilamentar junction and also a slight
development (not mentioned by Ridewood) of vertical muscle (V.M.)

LF.C. MG PF. F&. L,C.
: //JJ TFF_[ .rlf /;

CR AFcC. VM, I

Fic. G.—Transverse section single gill lamella throngh groove between plicse. Delafield’s
h@matoxylin and erythrosin. < 220. A.F.C., abfrontal ecilia; C.R., chitinous
supporting rod ; F.C.. frontal cilia ; H.M., horizontal musele ; L, interfilamentar
junction ; L.C., lateral cilia; L.F.C., laterofrontal cilia: M.G., mucus glands :
P., phagoeytes; P.F., principal filament; T.F., transitional filament: V.M.,
vertical muscle.

in the principal filament. The abfrontal cilia (A.F.C.) noted by Ridewood
are shown in the figure, and also the lateral (L.C.), frontal (F.C.), and
laterofrontal (L.F.C.) cilia. The latter are not well developed in Ostrea
and are difficult to distinguish in sections, but are easily seen in fresh
material (see Fig. 21, p. 323). Mucus glands (M.G.) occur in the epithelium
of the filaments, particularly in the frontal region. Wandering blood cells
(P.) are present in large numbers within the filaments and the inter-
filamentar junctions, and are also frequently to be found actually between
the cells of the epithelium. These cells, as will be shown later, are phago-
cytic, and will be referred to as phagocytes in the remainder of this
account.

NEW SERIES. —VOL, XIV. No. 2. AUGUsT, 1926, U
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Along the free, lower margins of the demibranchs and along their
axes there are ciliated grooves.

(b) Palps.

The folds on the inner palp surfaces arise near the attached base of
the palps, and run across the face to the upper free margin, gradually
increasing in height and breadth. In cross section (Fig. 7) they are seen
to bend forward slightly on the proximal side (i.e. in the direction of the
mouth), a tendency which is most pronounced near the free margin.

Fi6. 7.—Transverse section through fold on inner palp face. Delafield’s heematoxylin
and erythrosin. x 330. B.L., blood lacuna; C.T., connective tissue: F., furrow
hetween ridges ; L.M., longitudinal musele ; M.G., mucus gland ; P., phagocytes ;
R. summit of ridge. Arrow indicates direction of mouth.
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The proximal wall of the folds is comparatively straight, but on the
distal wall there is a well-developed longitudinal groove about one-third
of the distance between the summit of the fold (R.) and the furrow (F.),
which lies between adjacent folds. The epithelium of the folds is com-
posed of long, regular cells with oval nuclei and bearing a thick covering
of long cilia. These cilia, as can be seen by the directions in which they
lie in the sections, do not all beat in the same direction. It is, however,
impossible to distinguish all the different tracts except in the living tissue,
an account of which is given in a later section. Unicellular mucus glands
(M.G.) of the goblet type are present, almost exclusively near the summits
of the folds. Siebert (1913) has also found sense cells in the epithelium
of the palps in Anodonta. Between the epithelial cells are many phago-
cytes (P.), which are also present in the connective tissue and blood
lacunz (B.L.), some of them containing yellow or brown granules. The
connective tissue is very open in character, consisting of a network of
fine strands. There are longitudinal muscle fibres (L.M.) under the epi-
thelium of the furrows, and running through the connective tissue at the
base of the ridges. There are also occasional fibres running across to the
smooth surface of the palp, and a feeble development of circular muscle
immediately beneath the epithelium of the furrows. It is important to
note that there are no muscles within the folds such as could cause it to
contract downwards.

The epithelium of the smooth surface of the palps (Fig. 8) is very
different. The cells are lower and more irregular, cilia are present
but often difficult to dis-
tinguish in sections, so that
some workers have denied
their presence. I have
often seen them in my
sections of Ostrea, while
experiments on the living
palp demonstrate immedi-
ately their presence. Mucus
glands of the usual type
are extremely numerous.

The contents of these cells

mavy  bhe granula-r, and Fic. 8.—Transverse section epithelium of smooth, outer

: i G palp face. Delafield’s heematoxylin and erythrosin.
stain da‘rkly with 1iron x 330. Lettering as in Fig. 7.

hematoxylin or contain a

mass of swollen granules or spheres which stain lightly with mucicar-
mine. Since intermediate stages between these two types are frequently
found (this applies wherever mucus cells are found, from the mantle
to the rectum), it seems probable that the granules represent an early
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stage in the elaboration of the secretion. The glands invariably stain
deeply with erythrosin, and have a great affinity for many stains.
Beneath the basement membrane there is a well-developed layer of
longitudinal muscle (I.M.). There is the usual network of connective
tissue (C.T.) with darkly staining nuclei among which are many
phagocytes (P.), which may also penetrate into the epithelium.

(¢) Mouth and (Esophagus.

The epithelium of the mouth is a continuation of that of the grooves
between the palps and consists of extremely long, thin cells, about four
times the height of those on the folded surface of the palps. Long cilia
are borne by the cells, mucus glands occur but not in large numbers,
while phagocytes are present in great abundance.

The cesophagus (Fig. 9) is exceptionally large in the oyster and much
compressed dorso-ventrally. The epithelium consists of narrow cells of

F16. 9.—Transverse section wsophagus. Iron hamatoxylin and acid fuchsin. x 18.
B.M., basement membrane ; B.V., blood vessels; M.F., muscle fibres; P., phago-
cytes and food matter in lumen.

much the same height as those of the mouth region, but with cilia of only
about a third the length. Phagocytes are very numerous between the
cells of the epithelium and also free in the lumen (P.), sometimes with
ingested matter. Mucus glands are here very rare, but Gutheil (1912)
has described and figured what he considers to be secretory cells in the
cesophagus of Anodonta cellensis and similar cells can be distinguished
in Ostrea. They stain more lightly and have rather more vacuo-
lated protoplasm than the neighbouring cells, and have, in addition,
no cilia. On the other hand, their nuclei are identical with those of the
ciliated cells, and there is really very little evidence that they are secretory
cells ; it seems more probable that they are damaged or degenerating
epithelial cells. Particles are continually passing over the epithelium,
which must suffer in the process, and it is quite common, moreover, to
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find dividing nuclei near the free surface of the epithelium. An excep-
tionally thick basement membrane (B.M.), through which phagocytes
pass, surrounds the epithelium, and outside this there are thin strands
of circular and longitudinal muscle fibres (M.F.). Muscle strands also
occur in the vesicular connective tissue in which the cesophagus is em-
bedded and which contains large blood-vessels (B.V.), in and out of which
the phagocytes pass.
' (d) Stomach.

The epithelium of the stomach is of two kinds, that composed of
typical ciliated cells, which covers the greater part of the surface, and
that which lies beneath the gastric shield. Fig. 10 represents a section
through the junction between the two. The ciliated epithelium consists
of narrow cells, a little higher than those of the cesophagus and possessing
longer cilia. The border cuticle (B.C.) is particularly well developed here,

F1G. 10.—Transverse section stomach epithelinm at junction between gastric shield area
and ciliated epithelium. x 425. B.C., border cuticle: B.G., basal granules; B.M,,
basement membrane ; C., cilia-like strands between edge of cells and gastric shield ;
(.M., circular musele ; D.N., dividing nuclei of epithelial cells ; G.S., gastric shield :
M.G., mucus gland ; P. phagocytes.

consisting (as in all the ciliated cells) of a clear cuticular layer distal to
the line of basal granules, from which the cilia arise. The distinct nature
of this layer is not shown by the usual staining methods, but after staining
with Prenant’s three-colour process (iron hematoxylin, erythrosin, and
light green) the border cuticle is stained by the light green and the cyto-
plasm by the erythrosin. Mucus glands (M.G.) are occasionally found ;
phagocytes (P.) are very abundant in the connective tissue, basement
membrane, between the cells of the epithelium and free in the lumen.
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Dividing nuclei (D.N.) of epithelial cells are frequently seen, the nuclei
passing to the surface of the cells in the manner characteristic of the
dividing nuclei of ciliated cells (see Ehrhard (1910), and particularly
Gutheil (1911), who has described and figured in detail the process of
mitosis). There is a fairly thick basement membrane (B.M.), and, beneath
that, strands of muscle (C.M.) the whole being surrounded by vesicular
connective tissue in which lie embedded the tubules of the digestive
diverticula.

The epithelium which lies beneath the gastric shield resembles closely
that of the rest of the stomach. Mucus glands are never present, and
phagocytes, though invariably present, occasionally even in the substance
of the gastric shield, are not so numerous. Dividing nuclei are frequent.
The gastric shield (G.S.) in cross section appears as a homogeneous sub-
stance composed of indistinet horizontal strata. Tt stains vividly with
light green, moderately deeply with erythrosin (except in Prenant’s
stain) and very lightly with mucicarmine. Gutheil considers that it is
formed by droplets of secretion from the cells beneath, and this has been
the general view with regard to its formation. In my sections, however,
I have failed to find any evidence of secretion from the cells, while the
substance of the shield is united to the epithelium by fine strands having

the appearance of cilia (C.) and arising from basal granules (B.G.) at the
~ edge of the cells, as shown in Fig. 10. It is possible in certain places to
observe the continuation of the strands transversely through the whole
substance of the shield, while, as we have seen, the shield takes up light
green in the same way as the border cuticle. In view of these facts and
also that the cells of the gastric shield area are in no way different from
those of the rest of the epithelium with regard to either nucleus or eyto-
plasm, it seems very probable that the gastric shield is not a secretion,
but is formed by the fusion of cilia, originally in response to the irritation
caused by the head of the style. Nelson (1918) thinks the shield is prob-
ably in the nature of chondrin, which would appear to support this view.

(e) Digestive Diverticula.

These consist of a brownish mass of blind tubules which surround the
stomach. They have been called “liver ” and * hepatopancreas,” but,
as I have emphasized in a recent paper (1926) to which reference should
be made for a detailed account of the structure and function of these
organs, they are organs of assimilation and of intracellular digestion
with none of the functions of a true liver or pancreas, and I suggested.
therefore, that they are more suitably termed digestive diverticula.

They communicate with the stomach by way of two large ducts (Figs.
3 and 4, D’. D".). These ducts are quite distinet in structure from the
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tubules with which they communicate. They are usually circular in
cross section, though the lumen is irregular owing to the variation in
height of the epithelium, which is similar to that of the stomach of which
it is a direct continuation. Cilia are always present, the protoplasm is
not vacuolated and stains darkly with erythrosin. Mucus glands are
present and also phagocytes in large numbers, both in the epithelium
and in the lumen. There is a layer of circular muscle beneath the base-
ment membrane.

The tubules (Fig. 11) are quite different. Cilia are never present in
sections nor can a border cuticle be distinguished as in the case of some

F1c. 11.—Transverse section through tubule of digestive diverticula. Iron hematoxylin
and acid fuchsin. < 350. C., crypts of darkly staining young cells; C.T., connective
tissue ; F.V., food vacuoles; P., phagocytes.

Lamellibranchs, and the outline of the cells is frequently very irregular.
The tubules are surrounded by a few strands of connective tissue (C.T.),
but muscle is never present. The nuclei are very characteristic, being
circular and possessing a large nucleolus. 1In cross section the lumen is
usually tripartite or in the form of a cross, and in the erypts (C.) at the
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end of the arms are low areas of darkly staining protoplasm with many
nuclei, the outline of the cells being very indistinet. The remaining cells
are larger, very vacuolated, and consequently more lightly staining. As
T have pointed out (1926) there is every reason, “ From the histological
character, the distribution, and the behaviour of these small dark cells
. . . for considering them young cells which, by dividing, are able to
make good the loss resulting from the casting off of the old cells.”
Large vacuoles (F.V.), sometimes with ingested food material which
stains with erythrosin, are frequently found in the older cells, while
phagocytes oceur everywhere. There is never any indication of secretion.

As already noted, cilia are never to be seen in sections (similar observa-
tions have been made on Ostrea by Carazzi (1896, 1897), MacMunn (1900),
and Vonk (1924)), nor have I observed them in fresh material ; but
in many Lamellibranchs (though never possible to see more than a horder
cuticle in sections), it is possible to see long cilia beating in the tubules
when fresh material is examined, as Potts (1923) and I (1926) have
shown. As will be shown later, there is a constant stream of food particles
passing into the diverticula and of rejected particles passing out, and
as there is no system of cireular and longitudinal muscles such as ensures
a similar circulation in the Crustacea (in which the diverticula are organs
of both assimilation and secretion), there is strong presumptive evidence
that cilia are present in the tubules of all Lamellibranchs. In many
cases, including Ostrea, these cilia appear to be retracted very readily, and
so cannot be seen when the tissue is pressed out under a coverslip for
examination.

The tubules are embedded in vesicular connective tissue, in which lie
many phagocytes often containing included granules, which frequently,
as MacMunn (1900) has described and figured, take the form of brown or
vellow spheres, which often are blackened by osmic acid after fixation
with Flemming. The nature of the pigment will be discussed in the
section on Assimilation (p. 340).

(f) Style-Sac.

Except for a short diverticulum where it arises (see Fig. 3), the style-sac
is united for its entire length with the mid-gut. The two cavities (Fig. 12)
are separated by two typhlosoles which, however, are not so well marked
as in such genera as Anodonta (Nelson, 1918) or Crepidula (Mackintosh,
1925). The epithelium of the gut is quite distinet from that of the style-
sac, and will be described later. The epithelium of the style-sac (Fig. 13)
is very characteristic, consisting of cells of medium height, very regularly
arranged, with large oval nuclei and long, stout cilia all of the same
length. The structure of the style-sac in Crepidula fornicata (which,
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although a Gastropod, has a style and style-bearing organs of exactly
the same nature as those of the Lamellibranchs) has been investigated
in detail by Mackintosh (1925). He has shown that the cilia are con-
tinued into the cell where they form an “internal fibrillar apparatus,”
the fibres of which are greatly thickened below the nucleus, so as to form
“ a bundle of thick rod-like bodies.” T have observed the same arrange-
ment in Ostrea (Fig. 13, I.F.), the fibres showing very clearly after
staining with iron heematoxylin (though whether or no they really repre-
sent fibres in the living tissue cannot be stated). Mackintosh has also
demonstrated the presence of a series of * intra-epithelial ” canals,
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Fra, 12.—Transverse section style-sac and mid-gut. Iron heematoxylin and mucicarmine.
» 56, L, lumen of gut; T, larger typhlosole; T”., smaller typhlosole; 8., position
of style in sac.

which appear in transverse sections near the base of the cells, and are
filled with a very lightly staining, stringy substance. A similar state of
affairs exists in Ostrea, the canals (I.E.C.) appearing to pass through and
not between the cells, though it is difficult to be certain. Mackintosh has
further shown that the larger canals extend longitudinally down the
style-sac, and are connected with one another by smaller canals, and this
appears also to be the case in Ostrea. Judging by their staining reactions,
he is of the opinion that the contents are of the nature of connective
tissue fibres, and considers that the function of the whole apparatus
is to lend extra strength to the epithelium, which bears a considerable
strain in revolving and pushing forward the style. The epithelium of the
larger typhlosole (T'. Fig. 12), which corresponds to the minor typhlosole
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of Anodonta and Crepidula, or the right typhlosole of Mya as described
by Edmondson (1920), consists of long, very narrow cells with cilia a
little shorter than those of the
groove. Mucus glands are very
numerous in this region and also
occur in the other typhlosole
(T".)—which is covered with
long cells which gradually merge
into the epithelium of the mid-
gut—but never in the epithe-
lium of the style-sac. The
intra-epithelial canals also occur
in the typhlosoles, but in de-
creasing numbers as these merge
into the epithelium of the gut.
Phagoeytes occur everywhere,
though they are not so numerous
in the epithelium of the style-
sac as they are in that of the
typhlosoles, in which they are
exceptionally numerous. The
whole is surrounded by a few
strands of muscle, the typhlo-
soles being filled in with vesi-

Fic. 13.—Transverse section epithelium of style-
sac. Iron h®matoxylin and acid fuchsin,

secretion granules demonstrated by iron
technique. x 900. C., long cilia of epi-
thelium ; LE.C., intra-epithelial canals :
LF., internal fibrillar apparatus; N., nuclei
of epithelial cells: P., phagocytes: S.,
droplets of secretion containing iron in
solution.

cular connective tissue of the
usual type.

It is very difficult to deter-
mine where and how the sub-
stance of the style is secreted.
List (1902), Nelson (1918),

Edmondson, and Mackintosh all think that 1t is secreted by the
narrow cells of the minor typhlosole, but they have been unable to
produce definite evidence. Gutheil deseribes and figures clear vesi-
cular granules above the nuclei in the cells of the style-sac. In
Ostrea, sections prepared for histological examination showed no sign
of any secretion. It has been shown (1926) that the presence of
minute droplets of secretion containing iron in solution can be demon-
strated in the style-sac epithelium of Mytilus edulis four hours after a
0:59, solution of iron saccharate in sea-water has been injected by way
of the foot. This method of demonstrating the presence of secretory
cells has been employed with success for Crustacea, Insecta, and
Gastropoda (for full details and literature see my papers (1924, 1926)).
I have employed the same methods with Ostrea, injecting the same
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solution by way of the adductor muscle, afterwards washing the animals
s0 as to prevent any of the fluid entering the mouth. The style-sac was
fixed (by the methods described in the section on assimilation) two, four,
and six hours later, and sections prepared which were treated so as
to demonstrate the presence of iron by the Prussian blue method, the
sections being stained with alum carmine. In the style-sac of the animal
which had been fixed four hours after injection, it was easily possible
to distinguish fine blue granules in the cytoplasm above the nuclei and
in the process of being passed into the lumen. The position of the granules
is indicated in Fig. 13 (the internal fibrille do not appear after staining
with alum carmine, but were drawn from sections stained with iron
hematoxylin). There was no trace of similar granules in the epithelium
of the gut, nor could T determine their presence with certainty in the
narrow cells of the larger typhlosole though they are present in the cells
of the other typhlosole so long as they retain the character of the style-sac
epithelium. In view of the presence of these granules, it seems probable
that Gutheil is correct, and that the substance of the style is secreted
by the cells of the groove and not of the larger typhlosole, and that it
is then revolved by the cilia of the style-sac, so that, as Edmondson
has shown in his experiments on the regeneration of the style in
Mya, it comes to lie against the larger typhlosole the cilia of which
have a different function, as will be deseribed in the section on ciliary
currents.

The style during life lies in the groove of the style-sac, as indicated
by the broken circle in Fig. 12. It is a gelatinous rod, whose structure
has been described too often for further detailed description to be neces-
sary. In the oyster the central core is very fluid and flows freely to and
fro, the outer portion being firmer and consisting of co-axial layers.
The style is seldom white, usually yellowish or brown, but the colour
depends on the nature of the food, as in all cases where the style-sac is in
communication with the mid-gut. Spirochates of the genus Cristispira
are very numerous, particularly in the outer layers, and are able to move
about freely in the substance of the style.

(9) Mid-Gut.

This region (Fig. 14) is characterised in cross section by the possession
of a large typhlosole with a groove down the centre. The cells of the
epithelium are invariably ciliated, mucus glands are present, but not in
large numbers, while there is a complete absence of muscle around
the epithelium, which is bounded by a broad basement membrane.
Phagocytes are very plentiful both in and around the epithelium,
and in the lumen, where they are to be seen lying among the food
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particles and mucus therein contained, particularly in the groove of the
typhlosole.

Fic. 14 —Transverse section mid-gut. Iron hematoxylin and acid
fuchsin. Round dots in epithelium indicate phagocytes, dark
messes indicite muevs gl nds. ¢ 56,

(h) Rectumn.

The rectum (Fig. 15) is practically circular in cross section, the lumen
being larger than that of the mid-gut. The typhlosole is here thrown
into more prominent folds, and the central groove is practically
obliterated, owing to the coming together of the two halves of the typhlo-

Fra. 15.—Transverse section rectum. Delafield’s hematoxylin
and erythrosin. Great numbers of mucus glands in epith-
elium. x 56.
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sole. Mucus cells are extremely numerous, more so than in any other
region of the alimentary canal (the same is true for Mya arenaria (Yonge
(1923)). All the other cells of the epithelium are ciliated, phagocytes
are very plentiful everywhere; there is no surrounding muscle, while
the basement membrane is thinner than that of the mid-gut. The sur-
rounding connective tissue is more compact than in any other region of
the gut. In the lumen are found food particles, or excreta, mucus, and
phagocytes.

(¢2) The Phagocytes.

As will have been noted from the foregoing account, one of the most
striking features about the gills, palps, and entire alimentary tract is
the universal presence of wandering phagocytic cells. They are always
easy to distinguish because their nuclei, unlike those of the epithelial
cells which are oval and lightly staining, are small, spherical and contain
a great number of fine granules of chromatin, which stain darkly with
hematoxylin. The cytoplasm of the phagocytes stains lightly with
ervthrosin. No less than seven different types of blood cells in the
Lamellibranchs have been distinguished by de Bruyne (1896), but it is
doubtful how many of these represent different stages in the same type.
In this paper no attempt is made to divide the phagocytes into different
types, although further work on the subject is contemplated.

The presence of these phagocytes is characteristic of the Lamellibranchs
(with the possible exception of the Septibranchs), and attention has been
drawn to their presence by many workers, although their great importance
in the physiology of digestion in these animals has not always been
recognised. Lankester (1886, 1893) seems to have been the first to note
the presence of the phagoeytes in the gills of green oysters ; de Bruyne
(1893, 1896) gave a long account of the wandering of phagocytic cells
into the epithelium of the gills and mantle in a number of Lamellibranchs ;
Herdman and Boyce (1899) gave a full account of their activities, especially
in connection with green leucocytosis in the American oyster; List
(1902) noted their presence in and around the gut in the Mytilide ;
Gutheil (1912) gives a full account of their occurrence throughout the
alimentary tract of Anodonta and in the connective tissue and blood-
vessels, and he also observed them dividing amitotically in the region of
the gut; Matthias (1914) observed the presence of great numbers of
phagoeytes in the ventral portion of the stomach of Area barbata ; Orton
(1923) has noted their great numbers and widespread distribution through-
out the tissues, and particularly round the gut, of Ostrea edulis ; 1 have
myself (1923, 1926) observed and figured them in the gut of Mya, and
in connection with the digestive diverticula in the same animal and in
Nucula, Cardium, and Teredo.
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In the oyster they are abundant everywhere, and appear to pass
freely through the tissues. Fig. 16 represents a blood-vessel from the
region of the cesophagus (it is an enlarged drawing of the smaller blood-
vessel shown in Fig. 9). In the lumen can be seen a mass of blood cells,

Fic. 16.—Transverse section through blood vessel near wsophagus.
Many amaehoid blood cells in lumen and passing through walls,
Iron hematoxylin and acid fuchsin.  x 1200,

which have probably come together as a result of fixation. Similar cells
can be seen passing through the wall of the vessel, though it is impossible
in this region to distinguish more than the characteristic nuclei : the
nuclei of the connective tissue which forms the wall of the blood-vessel
are usually smaller, spindle-shaped, and stain intensely black. There can
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be no doubt that the cells are ameeboid, and have the power of wandering
at will through the tissues and in and out of the lumens of the gut and
of the blood-vessels. An account of the very important part they play
in the assimilation of food will be given in the appropriate section.

B. LARVAL OYSTERS.

The development and structure of the larvee of Ostrea edulis have been
described in detail by Horst (1886), while Stafford (1913) has given an

R. M.G. 's.s.

F16. 17.—Ostrea edulis, veliger larva showing alimentary organs, drawn from life. x 330.
A, anus; A.M., adductor musele ; C.T., ciliated tract at base of velum: D.D.,
digestive diverticula ; F., foot; M., mouth; M.C., mantle cavity ; M.G., mid-gut ;
0., eesophagus ; R., rectum : ., stomach; 8.8., style-sac with contained style ;
V., velum. Large arrow above figure shows direction of movement, smaller arrows
in figure show direction of food eurrents caused by cilia.

account of the developmental stages in the American oyster, Ostrea
virginica, with a summary of the previous work on both species. Here
it is necessary only to describe the alimentary organs of the veliger larvee
of Ostrea edulis. Tig. 17 represents such a larva, the dimensions of whose
shell were 0-2 x0-165 mm., drawn from life so as to show the alimentary
organs, The velum (V.), which is protruded—when retracted the organs
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are tightly packed together and difficult to distinguish—is crowned with
extremely long cilia, while there are smaller cilia round the base. The
mouth (M.) lies behind the velum, between it and the rudiments of the
foot (F.). It is a wide, funnel-shaped orifice which leads into an so-
phagus (0.), whose thick walls are pigmented. This passes forwards and
downwards in the middle line and opens into the head of the stomach
(S.), an oval-shaped organ divided by an annular thickening of the wall
from the style-sac (S.8.). On the posterior wall of the stomach open the
two simple lobes of the digestive diverticula (D.D.), which are arranged
symmetrically one on either side, their more ventral portions overlapping
the cesophagus. They are darkly pigmented and even at this stage have
the structure of the adult diverticula (see Fig. 42, p. 353). The style-sac
contains the style which, though difficult to distinguish normally, can easily
be seen if the larve are placed for several hours in a very dilute solution
of brom thymol blue in sea-water when the substance of the style stains
a light yellow, and can be seen revolving rapidly in the stomach. It may
be a single oval mass (as represented in Fig. 17), or be composed of from
two to four rounded masses. The mid-gut (M.G.) begins on the posterior
side of the stomach at the line of its junction with the style-sac, and
passes dorsally and then ventrally, describing a loop on the right.side
of the stomach before turning backwards as the rectum (R.), which ends
in the anus (A.) on the dorsal side of the mantle cavity (M.C.). The
whole of the gut is lined with large and very active cilia (cilia cannot
be seen in sections of the digestive diverticula, but there is evidence that
they are present in the living tissue), though in the figure the only cilia
shown are the group of extremely large ones on the antero-ventral wall
of the stomach. The external dimensions of the various parts of the gut
are : cesophagus, 0:02 mm. ; stomach, 0-046 mm. ; mid-gut, 0-012 mm.
Sections of the larvae do not demonstrate any points in the structure of
the alimentary system, which cannot be seen in an examination of the
living larvze.
C. “SPAT” OYSTERS.

The structure of the food collecting and digestive organs in recently
settled or ““ spat 7" oysters, though they quickly come to resemble those
of the adult, show many interesting features. Unfortunately, 1925
proved a bad year for spat at Conway, and I was unable to obtain speci-
mens in the act of settling, and so get stages in the metamorphosis from
the larval to the adult structure, a process which takes place with great
rapidity. The larvee come to lie on the left valve cementing themselves
firmly to the surface by means of a secretion from the byssus gland in
the temporarily developed foot. A full account of the metamorphosis
of the American oyster has been given by Stafford. Fig. 18 is a
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1. 18.—0Ostrea edulis, *“ spat ™ shortly after settling, drawn from life after removal of shell (1-2 mm. deep), digestive diver-
ticula not shown. < 155. A, anus; A.M., adductor muscle ; G., groove down style-sac : (.8., gastrie shield ; T.G., left
gill ; L.P. ; labial palps ; M., mouth ; M.Gh, mid-gut ; O., @sophagus ; R., rectum ; R.G., right gill ; 8., style; S.S., style-
sac ; St., stomach ; T.C.F., transparent connections between free ends of filaments. Arrows indicate direction of ciliary
currents and movement of style.
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drawing of the smallest settled oyster which I obtained, the shell (not
figured) measured 1-2 mm. from the umbo to the margin and the body,
after removal from the shell and consequent contraction of the mantle
folds (i.e. as shown in the figure), 0-59 }0-66 mm.

At this stage there is one simple gill on each side which represents the
inner demibranch of the adult. There is a marked difference in the
degree of development, the lower or left gill (L.Gt.) being much larger
than the upper, right one (R.G.). Moreover, there are twenty filaments
present on the left and only thirteen on the right. No firm lamella is
formed, the filaments being united solely by thin strands of transparent
tissue (T.C.F.) at their free extremities. The ascending and descending
portions of the filaments are also unconnected. Lateral, frontal, and
laterofrontal cilia are all to be distinguished on the filaments and also
large cilia on the free extremities. The labial palps (L.P.) are much
larger in proportion to the rest of the body than in the adult. The outer
palps are completely united to form a hood which encloses the inner
palps, which are united for about half their length. The mouth (M.)
leads into a short cesophagus (0.), which opens into the large stomach
(St.). Seen from the side this is a somewhat squarish organ with a well-
developed gastric shield (G.S.) on the dorsal wall, against which bears the
style (8.), which can readily be distinguished as a stout rod in which lie
embedded diatoms and other particles. The wall of the stomach is
covered with large cilia and so is that of the style-sac (S.S.), which forms
a wide tubular diverticulum posterior to the stomach. Along one side
of the sac is a narrow groove (G.). The stomach is surrounded by tubules
of the digestive diverticula, though these have not been shown in Fig. 18
as they would have obscured the other organs ; they are best studied in
sections. On the postero-ventral side of the stomach is the opening
of the mid-gut (M.G.), still quite distinct from the style-sac. As in
the adult, the gut describes a circle round the left side of the stomach
before passing dorsally and backwards as the rectum (R.); the anus (A.)
opens into the exhalent chamber on the dorsal side of the adductor
muscle (A.DM.).

Transverse sections through a slightly larger specimen—the shell was
2 mm. across—are shown in Figs. 19 and 20. ~The former represents a
section through the middle of the stomach. Owing to the direction of
the cut, the section has passed transversely through a number of the
gill filaments and the disparity in numbers between the filaments of the
two sides is again demonstrated. The stomach lumen is practically
filled with the style, the dorsal walls—with the exception of the extreme
dorsal end—being covered with the gastric shield, the remainder of the
wall being thickly ciliated. On the ventral side is the opening of the
mid-gut (O.M.G.) ; the gut has been cut twice (M.G.) in its course round
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the left side of the stomach. On the left wall of the stomach opens one
of the ducts (0.D.) of the digestive diverticula, tubules of which (D.D.)
are present on all sides of the stomach. Unlike the adult condition, how-
ever, the ducts have the same structure as the tubules—i.e. there are no

Fic. 19.—Transverse section through 2 mm. spatin  Fre. 20.—Section from same series as

region of stomach. Alum carmine. x 80. Fig. 19, more posterior. < 80, G.,
D.D., digestive diverticula; G.S., gastric shield ; groove in style-sac; R., rectum ;
L.G., left gill ; M., mantle ; M.G., mid-gut; 8.8, style-sac. Other lettering as in
0.D., opening of digestive diverticula into Fig. 19.

stomach ; O.M.G., opening of mid-gut into
stomach ; R.G., right gill ; S., style.

ducts strictly speaking. The tubules are identical in structure with those
of the adult, nests of darkly staining young cells lying between the more
lightly staining, vacuolated and older cells. The dark masses in the
stomach, the opening of the digestive diverticula, and in the lumen of
the mid-gut are iron saccharate on which the animal had been fed one
day before fixation.

Fig. 20 represents a section from the same series as Fig. 19, but more
posteriorly, the section passing transversely through the style-sac (8.8.),
the structure of which is shown clearly. The epithelium consists of large
cells, very clearly demarcated, containing large oval nuclei and covered
with thick, long cilia. On the ventral side lies the groove (G.), which is
formed of extremely low ciliated cells bounded on each side by a group
of tall, narrow cells. It is along the line of this groove that the union of
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style-sac and mid-gut must later take place, and the areas of tall cells
are, no doubt, identical with the cells of the future typhlosoles. The
lumen of the sac is incompletely filled by the substance of the style (S.).
In view of the fact that in Ostrea the style-sac and mid-gut are separate
in the larvae and early stages of the adult, it would be interesting to know
whether in species such as Mya arenaria in which these structures are
also separated in the adult, the separation represents a persistent
embryonic condition or is secondary. The structure of the style-sac
in the adult Mya would suggest that there has been union between the
two and secondary separation. The other points of interest in Fig. 20
are the backward prolongations of the digestive diverticula (D.D.) on
either side of the style-sac, and the rectum (R.) which here contains a
mass of iron in the lumen.

3. FEEDING. THE COURSE OF THE CILIARY CURRENTS.

The course of the ciliary currents was followed in the intact tissues
under the binocular microscope, and in small pieces of excised tissue
under the high powers of the monocular microscope.

Carmine and carborundum powder of varying grades were employed
to demonstrate the direction of the currents. The literature on this
branch of the subject is extensive, and reference has been made to only
the most important papers.

A. ADULT.
1. IN THE MANTLE CAvVITY.
(@) The Gills.

Although in the oyster the mantle folds are not united except at the
point of division between the inhalent and exhalent chambers, the food
current is not drawn in along the whole of the inhalent chamber since,
as described and figured by Orton (1912), the mantle folds are normally
opposed except for the short distance on the ventral surface between the
thick lines in Fig. 1. The ingoing current is caused by the action of the
lateral cilia on the gills, a fact fully established by the work of Wallengren
(1905) and Orton (1912). These cilia cause a strong current of water to
pass between the gill filaments from the infrabranchial chamber into the
suprabranchial chamber, which is in free communication with the ex-
halent chamber, as shown by the dotted arrows ventral to the adductor
musele in Fig. 1.

As a result of this current, any particles in suspension in the water
will be carried into the inhalent chamber. As soon as the ingoing current
has passed through the comparatively narrow inhalent aperture, its
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speed will be reduced and the largest particles in suspension®will drop
on to the mantle folds. This may be called the first selection ofjparticles.
Smaller particles remaining in suspension will be deposited on the surface
of the gill which serves as a very efficient filter, the water passing between
the filaments while the particles are stopped by the action of the latero-
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F1o. 21.—Semi-diagrammatic representation of five gill filaments and
free margin of demibranch, several of the filaments being drawn
apart to show cilia between. ¢ 375. C.R., chitinous supporting
rod in filament ; Ci., cirri; G., ciliated groove at free margin ;
F.C., frontal cilia; L.C., lateral cilia; L.F.C., laterofrontal cilia;
M.G., mucus glands; P.F., principal filament. Arrow above
figure indicates direction of mouth, smaller arrows in figure show

direction of beat of cilia.

frontal cilia (Fig. 21, L.F.C.), which lie at the edges of the filaments, so
that those of adjacent filaments interlock, while at the same time they
beat across the surface of the filament, and so throw particles on to the
frontal surface. Fig. 21, which represents several filaments pulled apart,
shows these cilia very clearly and also the lateral cilia (L.C.) beneath.
On account of their consecutive beat, these cilia appear to beat up the
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side of one filament and down the side of the one opposite ; but in reality
the effective beat is inward into the interlamellar space which communi-
cates with the suprabranchial chamber. The abfrontal cilia (see Fig. 6)
no doubt assist in the formation of the current into the suprabranchial
chamber. The frontal cilia (F.C.)
are smaller than the laterofrontals,
Gk but here and there are especially
i [ Lﬁ large cilia, or cirri (Ci.) as they have

been called by Wallengren who re-
gards them as characteristic of the
I ittt ciliated tracts along which food is
(1 | carried. The frontal cilia are con-
cerned solely with the transport of

itk L the particles which drop upon them
or are thrown upon them by the
laterofrontals, the contact of solid
MM --"PL.  particles immediately causing the
i it mucus glands (M.G.), with which the
surface of the filaments is covered,
i to secrete and so entangle the par-
I ticles with mucus. The beat of the
i | frontal cilia on the prinecipal fila-
| ments in the bottom of the grooves

‘ between the plice is the reverse of

I ‘ I NI ""P-F that on the other filaments. The

former beat towards the base of the
demibranch, the latter towards the
i il i free margin, as shown diagrammati-
ﬁ M| | cally in Fig. 22. Conditions are the
J / :
Bocefs e same on all four demibranchs.
Kellogg(1915) has deseribed a similar
Fic. 22.—Diagrammatic figure of two plicse g irs i . : i
i i el e si?ate of aﬁaus in Pecten, but _t‘h‘ls
lamella. x10. B., base of gill, arrows difference in the beat of the cilia
show direction of current along gill on two kinds of filaments is not
axis; ., groove at free margin; i i .
P.F., principal filament; Pl, plica. Usual in Lamellibranchs. Particles
Arrow above figure shows direction of carried to the free margin are passed
mouth, smaller arrows direction of . e :
currents on face of gill into the ciliated groove (G., Figs. 21
and 22), which runs along it and in
which they are carried towards the palps and mouth, while particles
taken to the base of the gills by the cilia of the principal filaments are
also carried forward by the ciliated tracts present at the gill axes (see
Figs. 1, 2, and 22).
It is the opinion of Kellogg that the arrangement of the ciliary currents
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on the gills is an adaptation which ensures that feeding shall take place
only when very limited numbers of particles are present in the ingoing
currents. These will tend to fall into the grooves and be carried by the
cilia on the principal filaments to the base of the gill, and so direct to the
palps. But when the water is heavily laden with silt, particles will fall
on all parts of the gill, become embedded in a common mass of mucus,
and all be dragged to the free margin of the gill under the action of the
frontal cilia on the summits of the plicee. Individual particles or thin
strings of mucus in the ciliated groove are carried to the palps, as we have
seen, but large particles or heavily laden mucus strings tend to fall out of
the groove on to the mantle surface, from which they are expelled.
Kellogg’s observations have been confirmed ; small particles alone are
passed to the base of the gills, and from thence direct to the palps (except
when they occur in such numbers that they accumulate in masses, are
caught by the cilia on the plicze and carried across to the free margin of
the gill), while material in the grooves may or may not reach the palp
according to its size. His deductions from these observations will be dis-
cussed in the section on the palps. There are thus two selective mechanisms
on the gills, one on the surface of the filaments and one on the free margin,
both of which act by selecting the smaller particles or masses for passage
to the palps and mouth and reject the larger.

There is also a certain degree of muscular activity in the gills which
has often been overlooked. Kellogg, however, with his accustomed keen-
ness of observation, has noted (p. 674) that in Pecten “ much material
causes the gill grooves . . . to open wide, and then to close with so
sudden a contraction that material is thrown out of them. Often this
violent bending of filaments, which results in spreading open and then
constricting the grooves, occurs in about a second of time. The whole
demibranch, also, may present a wavy surface, and sway, fanwise,
towards the mantle and inwards.” Similar movements have been observed
in the gills of Ostrea, the opening and sudden contraction of the grooves
being of frequent occurrence. It has already been shown that horizontal
muscles are present in the interfilamentar connections and also vertical
muscles in the principal filaments, and it is the contraction of these
muscles, presumably, which causes the movements of the gills. These
types of movement, sudden contractions and bending of the filaments,
result in excess of material being transferred from the grooves to the
crests of the plicee or from the surface of the gills to that of the mantle,
and form yet another sorting mechanism, though of a less exact nature
than the ciliary ones.
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(b) The Palps.

The junction between the gills and palps is shown in Fig. 2 (p. 299),
and on examination of this figure it will be seen that particles from the
free margin of the gills are transferred to the middle of the inner palp
face, whereas those from the gill axes (i.e. the smaller particles) pass into
the groove between the palps, although, on account of the slight develop-
ment of cilia in the grooves particles are passed on to the lower folds,
as shown in the figure. In accordance with the terminology suggested
by Kellogg, this groove will be called the lateral oral groove (L.G.), while
the groove which leads from it to the mouth between the non-folded
region of the palps will be known as the proximal oral groove (P.G.).
There is a third, distal oral groove in Lamellibranchs in which the outer
demibranchs do not extend so far forward as the inner, but this is practi-
cally absent in the oyster. Material passed on to the folded surface of
the palps comes under the action of the long and very active cilia with
which it is covered which, as will be described in detail shortly, conduet
it either to the upper margin (U.M.) or across the palp folds in the direc-
tion of the mouth. There is a powerful backwardly directed current
along the upper margin of the palps in which particles are carried back
to a point marked X in Fig. 2 within a short distance of the tip, where
it meets a forwardly directed current from the tip. A vortex is created
in which particles are rolled into masses which, on attaining a certain
size, fall off on to the mantle, directly from the left palps and by way
of them in the case of the right palps.

The direction of the ciliary currents on the outer smooth surfaces
of the palps is shown in Fig. 23. The cilia being shorter the currents
are much weaker than those of the inner surfaces, and particles are
carried diagonally backwards, those near the upper edge being trans-
ported into the upper marginal current on the inner face—and so finally
rejected at X—while those in the central or lower areas are passed to the
distal edge round which they are carried on to the folded surface, there
to be either taken to the mouth or rejected as the case may be.

Passing now to a detailed examination of the inner, folded surface ;
Fig. 24 represents such a surface, the arrows showing the direction of the
currents. The number of folds varies according to the age of the animal
but this in no way affects their action. Each fold (as shown in the cross
section in Fig. 7, p. 304) bends towards the mouth, overlapping to some
extent the fold immediately proximal to it. In the middle of the exposed
distal surface of each fold runs the longitudinal groove. There are no less
than five distinet ciliated tracts on the exposed surface of the folds, details
of which are shown in Fig. 25. Beginning with the most distal ; there
is a tract of cilia («) which beats downward into the furrow between
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Fic. 23.—Smooth, outer surface of palp showing direction of
ciliary eurrents.  x 10, B., base of palp: F.S., folded,
inner surface frequently exposed along dotted line ; U.M.,
upper margin of palp: X., point where material rejected
from palp. Large arrow shows direction of mouth.

B,

Fic. 24.—TFolded, inner surface of palp showing direction of ciliary
currents. ¥ 10. B., base of palp; F., fclds; M., position of
mouth; U.M., upper margin; X., point where material rejected.
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adjoining folds, but this region is largely covered by the adjacent over-
lapping fold ; next there is a narrow tract (b) within the longitudinal
groove whose cilia beat in the direction of the base of the palp: then
a narrow tract (¢) which directs particles diagonally across the palp
towards the mouth ; then a tract (d) in which particles are carried to
the upper margin of the palp ; and, finally, a tract of cilia (¢) whose beat
is directed at right angles to the line of the folds and towards the mouth.
Moreover, in the furrows between the folds are tracts of cilia which

. lead, invariably, towards
the upper margin (Siebert
(1913) states that the cilia
in the furrows in Anodonta
beat in the opposite direc-
tion, but his findings have
not been confirmed by other
workers). The cilia on the
proximal surface of the folds
which are not exposed are
difficult to observe, but
appear in the main to beat
into the furrows, and so are
concerned with the rejection
of particles. The path taken
by particles carried on to
the folded surface is the
resultant of the action upon
them of these different
tracts of cilia, the inter-

action of which is very
F16. 25.—Enlarged semidiagrammatic figure of pal ; i -
folds, shms-ingdi.rectiondgf ciiiarycurr%eta. /P bUP difficult to investigate.
a, b, e, d, e, tracts of cilia on exposed surface of There ean be no doubt,
folds ; U.M., upper margin. Large arrow shows | owever. that the whole
direction of mouth. 2 . N
forms an extraordinarily
efficient sorting mechanism. As the folds lie normally the effect of the
five exposed ciliated tracts will be that light particles, such as carmine
grains, are carried diagonally across the palp face, the individual
particles being thrown lightly from fold to fold, largely by the action
of the large cilia of tract (e), and following the somewhat serpentine
course indicated by the long undulating arrow in Fig. 24. Large particles,
such as carborundum, or smaller particles imbedded together in
long mucus strings (which amounts to rather the same thing since
the larger the particles the more mucus is secreted) tend to
be drawn down within the furrows under the action of the cilia

abcde o c:b.gldl:s
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in tract (@), and so, finally, expelled. So strong are the cilia in the furrows
that if any portion of a mucus string comes under their influence, the
whole string is carried to the upper margin. It is difficult to be certain
as to the true state of affairs when the opposing palps, as always happens
in life, are working in conjunction ; experimentally it is only possible
to examine the working of one exposed surface. Though gravity may
have some influence on the selection of particles or strings of mucus lying
on the under surface, that, of course, cannot influence particles attached
to the upper surface, though the larger particles will tend to fall on to
the under surface. Undoubtedly the mucus is of great importance ;
the larger the strings or masses, the more they will come into direct
contact with the cilia, and the more chance that some portion will be
drawn into the furrows and removed. Kellogg thinks there is a muscular
retraction of the proximal edge of the folds concerned which causes
particles to fall into the furrows; but I have never seen any such action
in the oyster.

There is, however, an immediate muscular reaction when large particles
are placed on the palp surface, the entire palp curling back in the manner
shown in the left palps in Fig. 2. This is caused, no doubt, by the thick
layer of longitudinal muscle which lies beneath the epithelium of the
smooth surface (see Fig. 8, p. 305). As a result, the inner surface becomes
convex and the folds are drawn apart, thus exposing the furrows into
which the majority of the material on the palp will fall and be removed.
The palps may occasionally curl inwards—by a contraction of the muscles
under the epithelium of the folded surface—so that the folds are puckered
and spaces left through which particles can drop into the furrows. These
muscular responses are of the first importance in the functioning of the
palps as was first noted by Wallengren, who originally described the
different tracts of cilia on the palp folds, but who considered that, as a
result of their endividual contraction, different tracts were brought into
play, and in this way the direction taken by the particles was controlled.
Kellogg has deseribed a curling over of the ventral (upper) margin of the
palp in Schizotherus, whereby material is drawn off directly from the palp
surface on to the outgoing marginal tract. Such a movement has not
been observed in the palps of Ostrea, which are not free from one another,
as in Schizotherus, but are attached for a quarter of their length. Allen
(1914, 1921) follows Wallengren’s account, and ascribes selectibn to the
action of the different tracts of cilia brought into play during different
states of contraction and relaxation in the folds; he claims further
(apparently owing to a faulty reading of Wallengren’s paper) that by
this means cilia are brought into action which led particles in the opposite
direction to that of the mouth. Grave (1916) considers that there is a
reversal of the beat of certain cilia (pointing to the similar conditions
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deseribed by Parker for the sea anemone Metridium). I have never
observed any sign of a reversal of cilia in the palps of any Lamellibranch,
nor have Grave’s opinions been supported by any more recent worker.
Cobb (1918) has shown that the palps of Anodonta respond by muscular
contractions to a variety of stimuli; mechanical, electrical. chemical,
photie, and thermal. He also found that the detached palp reacts as
effectively as one attached to the body (a fact also noted during these
experiments on the palps of Ostrea), showing that ““ the palp contains
within itself the neuromuscular organization necessary for all the responses
described . . . and . . . possesses an autonomy even more complete
than that of the vertebrate heart and comparable with what is shown
by the tentacle of an actinian.” Churchill (1924) has observed the
muscular curling of the palps under normal feeding conditions in young,
transparent fresh-water mussels. Nelson (1924) watched the feeding of
spat oysters under similar conditions, and states that the rejection of
particles is due to ** reflex erection of the ridges of the palps which brings
into play groups of cilia which beat away from the mouth.” He does
not state whether this erection is due to a general curling back of the palp
surface, but describes the palps at this stage as consisting of “* isolated
filaments which are capable of independent movement.” (This is cer-
tainly not the case in the spat of Ostrea edulis, where, as we have seen,
the palps are more united than in the adult.) Nelson placed spat in
1/20 sat. magnesium sulphate, and states that the filaments of the palps
lost the power to erect, with the result that masses of material passed
over to the mouth and eventually blocked it. He concludes that feeding
in the oyster is accomplished * through the delicate co-ordination of
nervous, muscular, ciliary, and mucus secreting elements in which
mechanical sorting of the materials plays the most important part ”;
an admirable summary of the state of affairs.

Herdman and Boyce (1899) have described in the oyster the presence
of thin bands of muscle arising one on each side at the surface of the
mantle near the anterior edge of the visceral mass and being inserted
at the junction of the gills and palps, and have identified them with the
protractor pedis muscle of other Lamellibranchs. They suggest that in
the oyster they may function by pulling apart the inner and outer palps
and gill demibranchs of each side, and so allowing food particles to reach
the mouth more easily. It is difficult experimentally to prove this or
to see its necessity since other Lamellibranchs funetion perfectly well
without it, but, as they state, the opening of the shell will, by separating
the points of attachment of the two muscles, cause *“ the opening up of
the food avenues.”

A considerable controversy has arisen around the question whether
in the Lamellibranchs the selection of particles for swallowing is qualita-
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tive or quantitative. The view that there is a definite selection of particles,
having food value has been upheld chiefly by Lotsy (1893), Allen (Le.)
and Grave (1916), but the majority of workers, including List (1902),
Kellogg (l.e.), Yonge (1923), Nelson (1924), and Churchill (1924) have
failed to find anything other than a purely mechanical selection having
as its object the reduction of the quantity of matter passed to the mouth,
large particles or many small particles embedded in mucus being rejected
and smaller particles or mucus masses passed on to the mouth quite irre-
spective of their food value. This appears to be confirmed by examinations
of stomach contents by Savage (1925), and the majority of previous investi-
gators whose work he summarises. Churchill found that when fresh-
water mussels were kept in suspensions of mixed organic and inorganic
matter they took in a sample of everything small enough to enter the
mouth. In some cases where the inorganic particles are the larger there
may be—incidentally—a selection of particles having food value (as
Nelson thinks is the case in spat oysters). Nothing but a purely mechani-
cal or quantitative selection has been found in the oyster, and this has,
I think, been made clear in the preceding account, but attention may
again be drawn to the series of selective mechanisms which exist.®

1. The heaviest particles in the ingoing current drop on to the mantle
and never reach the gills.

2. The smaller particles on the gills are carried by the cilia on the
principal filaments to the base, the larger ones passing to the free margin.

3. The largest particles or mucus masses fall out of the groove on the
free margin on to the mantle.

4. Muscular contractions in the gills cause material to be transferred
trom the grooves on to the crests of the plice, and from the surface of
the gills to that of the mantle.

5. Material passed on to the inner face of the palps from the free
margin of the gills is there most rigorously sorted, larger particles or
masses being rejected and only the smallest crossing towards the mouth.

6. The smaller particles from the gill axes which pass into the lateral
oral groove are not so rigorously sorted, since the folds at the base of the
palps are lower and closer together and the effect of the curling back of
the palp surface is much slighter.

Experiments with four grades of carborundum powder demonstrated
the efficiency of these sorting mechanisms very clearly. The particles

* Lamellibranchs, such as Syndosmya, Tellina or Gari, which have long, free siphons
and are classified by Hunt (1923) as deposit f2eders, miy exercis2 a certzin qualitative
selection by means of the inhalent siphon which is fringed with sensory tentacles,
Puossibly the Protobranchs may do the same, though to a less extent, by means of the
extrusible appendages of the outer pair of labial palp:. In hoth cases, however,
qualifative selzction, if it occurs, takes place oufside the mantle cavity.
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were in all cases dropped lightly on the middle and posterior regions
of the gills, and with the following results (the coarser grades heing taken
first) :—

Grade 120. Particles passed to the free margin of gill: fall on to
mantle before they can reach the palps.

Grade 220. All carried to free margin; majority drop off. a few of
the thinner mucus strings reach palps, there all rejected.

Grade F. All carried to free margin; comparatively little falls off,
all rejected by palps. _

Grade FF. All carried to free margin; very little falls off, great
majority rejected by palps, a very little carried to mouth.

As already stated, Kellogg is of the opinion that Lamellibranchs can
only feed in waters that are comparatively clear. This has been denied
by Grave (1916), Nelson (1921)—who supplies the definite evidence that
oysters can feed in waters bearing as high as 0-4 grams dry weight of
suspended matter per litre—and Churchill (1924), and, I think, with
reason. Certainly the more particles carried into the mantle cavity,
the more wholesale is the rejection, but, as Churchill has shown for fresh-
water mussels, although the main surface of the palp is concerned with
the rejection of the large masses passed on from the marginal grooves on
the demibranchs, the finer matter which enters by way of the lateral
oral groove will find its way to the mouth. I place a similar interpreta-
tion on my experiments, although in the oyster the selective mechanisms,
both on palps and gills, are more efficient than in the majority of Lamelli-
branchs—a correlation, no doubt, with the sessile mode of life and conse-
quent danger of silting up—in which the frontal cilia of all gill filaments
usually beat in the same direction, and food can pass to the mouth by
way of the distal and lateral oral grooves without ever coming into
contact with the folds on the palps; Mya arenaria is a good example
of this type of Lamellibranch. Even in the oyster, however, I have
observed the passage of a certain amount of material from the gills to the
palps under all conditions approaching the normal (if the gills are abso-
lutely covered with a mass of particles these are all removed, whatever
their individual size, but this would never occur in nature): carmine
grains are carried to the mouth along the lateral oral groove while the
rest of the palp surface is ridding itself of carborundum. It is not im-
possible, however, that Lamellibranchs, and especially such highly
specialised species as the oyster, feed with the mazimum of efficiency in
waters that are comparatively clear ; they can, moreover, by frequent
closing of the shell valves clear the water to some extent and prevent any
too great accumulation of sediment within the inhalent chamber.



FEEDING AND DIGESTION IN 0STREA EDULIS, 333

Tt remains to describe the passage of particles from proximal folds to
the mouth, the course of which is shown in Fig. 2 (p. 299). The cilia in
this region are short, and matter accumulates along a line parallel to
the last fold and then passes slowly in the direction of the mouth.
There is never an accumulation of material about the mouth, particles
which do not pass deep in the proximal oral groove being caught by
ciliated tracts which lead them upwards and then either distally on to
the upper margin of the inner palp face, or over on to the outer face
of the inner palps. In either case they are rejected finally. Material
which reaches the mouth passes slowly into the cesophagus.

(¢) Removal of Material from the Mantle Surface.

Material dropped on to the surface of the mantle is carried away by
the ciliary tracts shown in Fig. 1 (p. 298). There are ciliary tracts in the
anterior region of the mantle cavity which carry particles back to a point
about the middle of the inhalent aperture where they accumulate, since
the thickened ridge which bounds the mantle is not ciliated. The masses
thus formed are expelled from time to time by sudden contractions of
the valves. Nelson (1921) by very ingenious experiments has shown
that ejections of this nature are most numerous when the water in which
oysters are living is at its maximum turbidity. Along the posterior
region of the inhalent chamber, and also in the exhalent chamber, matter
passes directly to the edge of the mantle, there to accumulate and be
expelled in the manner described.

1. In TaE GUT.

Mucus laden with particles passes slowly along the cesophagus, par-
ticularly in the grooves at the extremities of the lumen, as described
by Vonk (1924), into the stomach. Fig. 26 represents the stomach and
cesophagus opened out for examination of the ciliary currents. As a
result of the position of the cut, the ventral wall of the stomach lies on
the left side of the figure. The relative positions of the various parts 1s
seen in Figs. 3 and 4, and by reference to these and to Fig. 26 some idea
of the physiology of the stomach will be gained.

Particles entering the stomach will tend to pass into the food sorting
ceecum (F.C.) either directly or by way of the ciliated tract (C.T.), which
leads into it from the floor of the stomach. The cecum, as shown in
Figs. 3 and 4, is a long grooved diverticulum, which extends backwards
under the floor of the stomach. Fig. 27 represents it opened out, the
broken lines indicating the line of the cut. The ingoing ciliated tract
(C.T.) is situated on a ridge, which passes down the right side of the
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cecum to the extremity and then along the left side, terminating abruptly
at a point level with the opening of the cacum. Particles are carried
very rapidly along this tract until they reach the point X, when they
may be carried in either of two ways. If they are heavy (e.g. carborun-
dum) they are rolled round and fall over into the groove on the right of
the ridge, as shown by the arrows and dark mass in Fig. 27. The cilia in
this groove conduct particles slowly round in the reverse direction to the
cilia on the ridge and out of the cecum into the deep ventral groove
(G-, Figs. 3, 4, 26, and 27), which runs across the floor of the stomach

Fre. 26.—Stomach opened out to show direction of ciliary currents, cut made along right
ventral surface. x 4. C.T., ciliated tract leading into food sorting cecum ; D,
larger, left duct of digestive diverticula ; D”., smaller, right duct ; F.C., food sorting
ceecum ; G., ventral groove leading from food sorting czcum to mid-gut: G.S.,
gastric shield ; M.G., mid-gut ; O., cesophagus; S.8., style-sac.

and is continued into the mid-gut, as shown in Fig. 26. On the other
hand, light particles, such as carmine grains, not embedded in great
masses of mucus, pass along the ciliated tract past the point X, and are
wafted out of the left side of the caecum in the direction indicated by the
dotted arrows in Fig. 27, being ultimately carried to the region of the
gastric shield, as shown in Fig. 26. The caecum constitutes yet another
sorting mechanism wherein larger particles are separated from smaller
ones without any apparent regard to their food value, the larger ones
being removed from the stomach by way of the mid-gut, and the smaller
being retained in the stomach and passed towards the head of the style.
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Nelson (1918) has described a similar ceecum in Modiolus, and T have
given an account of a food sorting area in the stomach of Mya (1923). In
both of these cases the mechanism is more complicated than in Ostrea,
presumably because in the latter the selective powers of the gills and
palps are better developed, a fact testified to by the smaller size of the
particles in the stomach of the oyster. The remaining cilia on the wall
of the stomach either conduct particles towards the gastric shield, where
they come under the action of the style, or else towards the ducts of the
digestive diverticula (D’. and D", Figs. 3, 4, and 26). These ducts are
bounded on the one side by an overhanging wall over which the cilia
beat into the opening, but on the other the opening lies flush with the
epithelium of the stomach, and the cilia on this side lead particles away
from the opening. There is thus a mechanism whereby particles enter

Fr1a. 27—TFood sorting emcum opened up along dorsal surface, line of eut shown by broken
lines, ¢ 8. C.T., ciliated tract leading into czcum ; G., ventral groove leading
out ; X., point where large and small particles separated, larger passing into groove
and smaller following line of dotted arrows to gastric shield region.

the ducts on the one side and leave them on the other, which is essential
if a circulation is to be maintained within the diverticula.

The main agent concerned with the movement of material within the
stomach, however, is the style. It was originally suggested by List that
the style was probably revolved by the action of the cilia in the style-sac,
but it was left to Nelson (1918), as the result of careful opening of the
stomach, to observe the actual revolution of the style in the stomach
of Anodonta and Modiolus. He found that the maximum number of
revolutions per minute in Anodonta at 11-5° €. was 11, and in Modiolus at
25°C. was 13. In both cases the direction of the movement was clock-
wise when viewed from the anterior end of the animal. It has never
been possible to observe the movement in the adult oyster, in which

NEW SERIES.—VOL, XIV, No0. 2, AvcusT, 1928, ¥
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the stomach is less exposed than in the majority of Lamellibranchs,
but I have seen it in the larvee and spat (as will be described later), while
Churchill (1924) has observed it in young, transparent fresh-water
mussels, and there can be no doubt, if only from the nature of the cilia-
tion of the style-sac, that the style revolves in all Lamellibranchs. The
head of the style is continually being dissolved away, and in the sticky
mass become embedded particles and strings of mucus, and it may well be,
as Orton (1923)has suggested, that material is in some cases drawn into the
stomach as a result of the mucus strings being wound round the ““ shredded
revolving head of the style like a capstan.” As we have seen, muscle
is practically absent from the gut of the oyster (in common with all
Lamellibranchs except the Septibranchs), the place of peristalsis being
taken by ciliary activity. One of the principal functions of the style, as
Nelson (1918, 1925) has pointed out, is that of stirring and mixing particles
in the stomach, an operation performed in many other animals by peris-
taltic contractions. Although, of necessity, the different activities of
the stomach have been described separately, in life, of course, they are
all proceeding simultaneously, food entering from the cesophagus, being
sorted in the cmeum, being revolved in the head of the style. passing
in and out of the ducts of the digestive diverticula, and being removed
by way of the mid-gut all at the same time.

The disposition of the ciliary currents in the style-sac and first part
of the mid-gut is shown in Fig. 28. Particles enter the mid-gut from
the stomach by way of the ventral groove (G.) and pass quickly down it
along the channels at the base of the typhlosoles (T". and T".). The cilia
on the typhlosoles beat diagonally away from the stomach and into the
gut. The groove of the style-sac is ridged transversely, and the beat

F1c. 28.—Style-sac opened along middle of surface so as to expose ciliary currents in
style-sac and mid-gut. < 4. G., ventral groove in st_inach: M.G., mid-gut: 8.8.,
style-sac ; T, larger typhloscle ; T”., smaller typhlosole.
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of its large cilia is very difficult to determine ; particles placed upon them
appear to get caught between the cilia, as they can be seen trembling
with the movement of the cilia but are moved extremely slowly.
Such movement as there is, however, is from right to left (looking at the
style-sac from the stomach), i.e. in the direction which would revolve
the style in a clockwise direction when seen from the same standpoint.
There is a tract of cilia beating in the direction of the stomach on the side
of the larger typhlosole (T".), which is somewhat easier to demonstrate
and is accompanied by the production of great quantities of mucus.
The same disposition of cilia is found in the style-sac of Mya (Yonge
(1923), and there is the same difficulty in demonstrating the direction
of their beat. The style, presumably, is revolved by the first set of cilia
and pushed forward by the other, and the difficulty of demonstrating the
direction of beat may be due to the ecilia not being adapted for the move-
ment of small particles which rest lightly on them, but for the movement
of a firm body which is pressed firmly against them. TIn spite of the
presence of the ciliary currents leading from the style-sac into the gut
over the face of the typhlosoles, a certain amount of material which has
been carried down the gut gets caught up in the substance of the style,
wrapped round it spirally as it revolves, and carried back to the stomach.
This “ retrieving function ” of the style has been commented on by
Nelson (1918, 1925), Allen (1921), and Orton (1923)—the latter having
figured the spiral bands of mucus laden food strings wrapped round the
style of the oyster—and is probably of some importance in Lamellibranchs,
such as Ostrea, in which the style-sac and mid-gut are in communication.,

Throughout the remainder of the gut material is passed slowly back-
wards under the influence of the cilia, and is finally ejected by way of
the anus into the exhalent chamber (see Fig. 1); where it comes under
the influence of the exhalent currents and of the cilia on the mantle
surface and is removed from between the shell valves.

B. THE LARVA.

The arrows in Fig. 17 (p. 317) indicate the direction of the ciliary
currents in the larvee. If larvae are placed in suspensions of carmine,
indian ink or other fine particles these are thrown by the large cilia of the
velum on to the ciliated tract (C.T.), which runs round the base of the
velum, where they are embedded in mucus and carried back to the mouth.
The velum, therefore, acts both as a swimming and as a food collecting
organ. Not all the material passes into the mouth, any surplus being
carried off by the cilia on the lobe which represents the rudiments of the
foot (F.), so that a larva swimming through a thick suspension leaves
behind it a trail of particles embedded in a long string of mucus. If
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the suspension is excessively thick the larvae become embarrassed in their
movements and turn repeatedly over and over in their efforts to free the
cilia from the mass of particles which they automatically collect.
Material is passed into the stomach by way of the cesophagus and
is there rotated, as indicated by the arrows in the figure, by the cluster
of large cilia at the anterior end and also by the action of the smaller cilia
which line the wall of the stomach. At the same time, the style, in
which particles become embedded, is rotating in the style-sac. The
direction of rotation appears to be constant for the individual, but to
vary in the different larvee, in some clockwise, in others anti-clockwise.
Nelson, on the other hand, states that in the larve of Ostrea wirginica
the movement is always clockwise. The speed varies greatly, as few as
36 and as many as 90 revolutions per minute having been counted.
Partly as a result of this movement, particles are thrown into the cavity
of the digestive diverticula in which they can be seen in active movement,
as shown by the curved arrows in Fig. 17. We may therefore assume
that cilia are present in the cavity of the diverticula. Particles leave the
stomach by the mid-gut, and are carried rapidly through the remainder
of the alimentary tract and ejected at the anus. When larve were kept
in heavy suspensions of carmine the gut became packed with a continuous
red stream, and under these conditions the action of the cilia was practi-
cally inhibited, owing to the pressure of the enclosed mass ; movement
became exceedingly slow and a certain amount of peristaltic activity
was observed. The gut in the larve is, it may be noted, unlike that of
the adult, free from the surrounding tissue. The faeces are rolled into a
ball by the action of the cilia in the mantle cavity, and are then expelled.

C. THE SPAT.

All mechanisms concerned with the rejection of surplus matter are
well developed in the spat. Thus the cilia of the mantle are larger and
more active than those in the adult, while the palps are relatively of
immense size and reject the great majority of particles passed on to them
from the gills, which collect them in the usual manner as indicated by the
arrows in Fig. 18 (p. 319). Fig. 29 shows the palps seen from the free
end after they had been dissected out of a 1 mm. spat, the two inner
palps (I.P.) being enclosed by the hood formed by the outer palps (O.P.).
It is extremely difficult at this early stage in their development to distin-
guish the direction of all the ciliary currents on these small organs. No
folds are present, although there is a groove on each of the palps along
which the cilia beat in the direction of the free extremities of the palps,
as in the furrows of the fully developed palp, and there are ciliated tracts
leading in the same direction along the outer edges of the outer palps
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Other tracts lead across the palps, but, after careful examination, only
one tract—on the right inner palp—was distinguished in which the cilia
beat towards the base. When particles are placed upon the palps only
a minute proportion succeed in passing between the inner and outer
palps of each side and so reaching the mouth, the majority are passed

Fi1c. 29.—Palps from 1 mm. spat dissected out and drawn
from free end, i.e. looking in direction of mouth. . 275.
G., grooves on inner faces of palps; LP., inner palps:
M., mass of rejected material accumulated in depression
at junection of outer palps ; O.P., outer palp.

rapidly to the depression at the junction of the outer palps (see Figs. 18
and 29), where they are rolled into a large ball (M.), which finally falls
on to the mantle surface. In experiments on whole spat the palps were
found to be very active and to respond readily to stimulation by drawing
back and upwards, probably by so doing exposing to their maximum
the outgoing tracts.

Particles which succeed in reaching the mouth are passed rapidly
through the cesophagus into the stomach (see Fig. 18). There they are
whirled round by the cilia and in the head of the style, which in spat
of this size can be seen in rapid movement through the wall of the stomach.
It consists of a somewhat irregular rod which bears against the gastric
shield and revolves in a clockwise direction when viewed from the anterior,
the speed observed varying between 60 and 70 revolutions per minute.
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Embedded in its substance, especially near the head, are particles of all
sizes, the largest observed being specimens of the spherical diatom
Coscinodiscus having a diameter of about 23u. These are shown in Fig. 18,
It is difficult to observe the disposition and interior of the digestive
diverticula in the spat, but movements were seen within them, while
peristaltic movements were well marked in the mid-gut, especially in
the region nearest the stomach, particles being moved by this means
and by ciliary activity through the mid-gut and rectum and expelled
at the anus, which opens in the exhalent chamber.

The great development of the organs concerned with the removal of
surplus matter in the spat can readily be understood, since a small sessile
organism of this nature is in constant danger of being smothered by
falling silt unless this can speedily be removed from within the mantle
cavity. The presence of peristaltic activity in the gut of both larve
and spat seems to indicate that the absence of peristalsis in the adult
is not primitive. Peristalsis is usually well developed in the Gastropods,
which may represent, in this respect at any rate, the more primitive
condition.

4. ASSIMILATION.

1. LITERATURE AND METHODS.

Although in animals such as the Vertebrates, digestion precedes
assimilation, this is the case only to a very limited extent in the Lamelli-
branchs, since food is ingested directly both by the phagocytes and the
tubules of the digestive diverticula and digestion then takes place intra-
cellularly. The only extracellular enzymes in the gut of Lamellibranchs
are those set free by the dissolution of the head of the style. In this
paper, therefore, an account of the process of assimilation is given
before passing to a consideration of the digestive enzymes.

T have recently had occasion (1926) to review the literature dealing
with assimilation in the digestive diverticula, so that it is unnecessary
to discuss the matter in detail. As a result of a study of previous work
and as the outcome of my own experiments, the conclusion was reached
that the digestive diverticula are organs of absorption and of intracellular
digestion, since they absorb soluble matter such as iron sulphate (Carazzi
(1897) on Ostrea) or iron saccharate (Yonge (1926) on Nucula, Mya, and
Teredo), and ingest solid matter such as Indian ink (List (1902) on
Mytilus, Potts (1923) on Teredo, Vonk (1924) on Ostrea), carmine (List
on Mytilus) or blood corpuscles from dogfish (Yonge (1926) on Teredo).
Sigerfoos (1908) and Potts have further shown that the Teredinid:e
ingest wood fragments in digestive diverticula specialised for that purpose.
Matter which may be of use to the animal such as iron (Carazzi (1897),
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Yonge (1926)) or blood corpuscles (Yonge) is carried away in amcebocytes,
but useless material such as Indian ink is rejected into the lumen of the
diverticula shortly after ingestion and carried out of the body (List,
Vonk).

Carazzi (1896, 1897) claims that iron is absorbed by the epithelial cells
of the gills, palps, and wsophagus, and then carried to the digestive
diverticula by way of the amcebocytes. Since, however, he kept his
oysters for four months in a solution of iron sulphate in sea water so
that they had time to become thoroughly permeated with iron, an entirely
contrary interpretation may be placed on his results, namely, that the
phagocytes become loaded with iron either from the digestive diverticula
or by direct ingestion and then carry it to all the tissues. In the same
way the Marennin from Navicula is taken in by the phagocytes and
carried to all free surfaces of the oyster, so that the gills, palps, and gut
are coloured green (for full detfails on the subject of green oysters see
Lankester (1886), Herdman and Boyce (1899), Mitchell and Barney (1916).
and other papers quoted by them). Gutheil (1912) found fat globules in
the ciliated epithelium of the gut in Anodonta, except in the style-sac
and the region of the gastric shield. He therefore concluded that the
epithelium could absorb, although he carried out no controlled experi-
ments by first starving and then feeding animals, but argued from the
presence of fat in the epithelium of fresh animals. Churchill (1915, 1916)
states that after keeping fresh-water mussels in very dilute solutions
of soap, egg albumen, or starch stained with lodine, these substances
are taken by the outer epithelial cells of the body, mantle, foot, gills, and
palps, some being carried away by blood cells, which he observed on
occasion between the epithelial cells. His experiments were in most
cases kept up for a considerable number of days, and, though the same

" objection canrot be irade to them as to those of Carazzi, since he plugged
the mouth of many of his animals thus preventing the passage of food
to the digestive diverticula, yet the presence of these substances in the
epithelial cells did not necessarily mean that they had been absorbed
directly by them. C(anegallo (1924) kept Unio in soap solution and found
that this was absorbed to a far greater extent by the epithelium of the
intestine than of the gills, the fat being carried away by leucocytes.
Ranson (1926) considers that molluses can absorb organic matter in
solution through any free surface as well as by the intestine. In my
own work on Nucula, Cardium, Mya, and Teredo (1926) the absorption
of iron saccharate was never observed except in the tubules of the digestive
diverticula. :

Large particles are taken in directly by phagocytes, to the universal
presence of which attention has already been drawn. De Bruyne (1893,
1896) considered that they ingested damaged or degenerating epithelial
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cells particularly in the gills. Gutheil (1912) has described and figured
in Anodonta the passage of phagocytes laden with material from between
the epithelial cells through the basement membrane and into the con-
nective tissue and blood vessels. Cuénot (1914) has observed phago-
cytosis in the blood cells of Lamellibranchs, as a result of the injection
of Chinese ink. Canegallo (1924), by injecting olive oil stained with
Sudan ITI into Unio, found that this was quickly taken in by leucocytes.
I have described (1923) the presence of great numbers of these phagocytes
in the gut of Mya, and shown that they may contain large, hard particles
such as sand grains or the tests of diatoms, often in such numbers that the
gut is coloured grey. After feeding Cardium and Mya with blood cor-
puscles of dogfish it was found (1926) that the corpuscles were ingested
by phagocytes lying between the epithelial cells in the stomach and
ducts of the digestive diverticula. They were carried into the connective
tissue and there digested. Reference has already been made in this paper
to the presence of phagocytes in all parts, and to the fact that they often
contain green or brown granules, the colour being due to a pigment
investigated by MacMunn (1900) and named by him Enterochlorophyll,
on account of its close relationship to chlorophyll.

Oysters after appropriate periods of starvation in water which had
been passed through filter cloth were fed with suspensions in sea-water
of iron saccharate, of blood corpuscles from dogfish, of a pure culture
of the diatom Nitzschia, and with an emulsion of olive o1l stained with
Nile blue sulphate. No experiments were carried out with Indian ink,
the recent and conclusive work of Vonk (1924) on Ostrea having rendered
them unnecessary. Animals were removed, and the various regions of
the alimentary system fixed, at varying intervals after the commencement
of feeding. After feeding with iron saccharate tissues were fixed in
equal parts of 59 of ammonium sulphide in 959, alcohol and Bouin’s
fluid, sections being later treated for ten minutes with a 109 solution in
water of potassium ferrocyanide, and then for a few minutes in a very
dilute solution of HCI in order to demonstrate the presence of iron by
the Prussian blue reaction, the sections being stained with alum carmine.
After feeding with the other substances tissues were fixed either in
Flemming’s strong fluid or in Bouin. If by the former method, sections
were stained with a saturated solution of safranin in 709, alecohol and
later differentiated in clove oil saturated with orange G, the osmicated
fat by this method standing out very clearly against the red nuclei and
yellow cytoplasm. After fixation in Bouin sections were stained with
Delafield’s heematoxylin and erythrosin.

Larvee and spat were fed on carmine and iron saccharate, and fixed
respectively in Bouin and in the ammonium sulphide-alcohol Bouin
mixture.
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11. FEEDING EXPERIMENTS ON ADULTS.

(@) With Iron Saccharate.

This substance was taken in readily, a thick brown suspension in
sea-water being rapidly cleared. Oysters opened within a few hours of
feeding were found to have the stomach full of a brown mass of iron
saccharate, a great deal of which was embedded in the head of the style.
After sectioning, iron was found in the lumen of all parts of the gut up
to two days after feeding (it was present in very great quantity in the
rectum six hours after feeding), sometimes it was seen ingested in phago-
cytes lying free in the lumen and-—very rarely—heing carried by them
in between the cells of the epithelium. But wn the epithelium of neither
the gills nor the palps nor any part of the gut except the tubules of the digestive
diverticula was 1t absorbed. In the cells of the latter it is ingested freely,
slight traces being present six hours after feeding, a maximum being
reached from one to two days after feeding, very slight traces being found
after three days and none after any longer period.

The typical conditions of
absorption are shown in Fig.
30, which represents two
cells from a digestive tubule
two days after feeding with
iron saccharate. The free
surface of the cells is very
irregular, and iron is taken
into large vacuoles and ac-
cumulates in the form of
irregularly round or oval
masses. It is never absorbed
in the form of fine granules
or in a diffuse condition.
Exactly the same conditions
were found in Nucula, Mya,
and Teredo, while List and
Vonk found that Indian ink
was taken into vacuoles in
the diverticula of Mytilus
and Ostrea in a similar

manner. It is impossible,

i Fia. 30.—Two cells of digestive diverticula two days
a’% \ .Onk l}&s also nOted’, n after feeding with iron saccharate. Iron tech-
distinguish a bounding nique. x 1350. B.M., basement membrane ;
membrane around the F., magses of ingested iron; F.P., iron partly

5 7 filling vacuoles; L., lumen; N., nucleus of cell;
masses which appear to lie P., phagocytes.
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free in cavities in the protoplasm, but the manner in which the iron first
forms a ring (Fig. 30, F.P.) the interior of which is later filled up, seems
to point to the presence of such a membrane. This manner of absorption
is unlike that found in animals, such as Arthropods and Anmelids, in
which digestion is extracellular and only the soluble products of digestion
are absorbed, and would appear to be an
indication of the presence of intracellular
digestion, as would also the irregular
outline of the free surface of the cells.
Phagocytes are almost invariably pre-
sent in the cells in which iron is being
ingested, they may or may not be present
in the others. Usually only their nuclei
(as in Fig. 30) can be distinguished,
although occasionally the outline of the
cells can be seen, particularly when they
are full of iron which they have collected
from the cells. Four days after feeding,
though no trace of iron was found in the
tubules, many phagoeytes full of minute
granules of iron were to be seen immedi-
ately round the tubules, in the connective

Fie. 31.—Phagoeyte from conneec- ° : ;
tive tissue hetween digestive di- tissue (e.g. the phagocyte in Fig. 31). and

verticula and gonad, four days 3 23 ran c i
Al footip #it ince, SAbCLATC occasionally in the blood vessels and in

Nucleus at one end, fine pseudopo- the gonads (Carazzi considered that the

dium at the other, body of phago- 1 . . s :

eyt fill-of frc: Tros (oM Al ie: finai destination of the iron _was F-he

X 2400. gonad). There was never any indication
of rejection of iron into the lumen, in the

manner described by List and Vonk after feeding with Indian ink.

(b) With Blood Corpuscles.

A quantity of fresh blood from a dogfish was added to the filtered
sea-water in a large bell-jar in which a number of oysters had been
starved. The corpuscles were taken in rapidly by the oysters. The
stomach contents of an oyster opened three hours after the blood had
been added consisted exclusively of mucus, blood corpuscles of dogfish,
phagocytes of the oyster and a few ciliates and spirochates. The style
was intact. The great majority of the corpuscles were in perfect con-
dition, the outline being smooth and the nucleus quite clear, some were
lying free in the stomach, some entangled in mucus or in the substance
of the head of the style, while others were in process of being ingested by
phagocytes.  This process is shown in Figs. 32 and 33 ; in the former a



FEEDING AND DIGESTION IN OSTREA EDULIS, 345

phagocyte is beginning to engulf a corpuscle, while in the latter one has
already been ingested, and is lying in a vacuole within the phagocyte
which is beginning to engulf a second corpuscle. The stomach contents
of an animal opened six hours after feeding were a diffuse red, probably
owing to the presence of free heema-
globin, very few corpuscles could
be distingished, and there were
many fewer phagocytes free in the
lumen, those present being often
large, and containing the remnants
of many corpuscles in an advanced
state of digestion. Many other
phagocytes contained no ingested

Fre. 32.—Phagoeyte in stomach ingesting  F1c. 33.—As above, phagocyte with one

blood corpuscle three hours after feed- corpuscle ingested and beginning to
ing with blood from dogfish. Drawn ingest a second. Drawn from life.
from life. x 2400, #2400,

matter. Phagocytes with ingested corpuscles could be distinguished
passing into the epithelium of the stomach. Eighteen hours after
feeding there was only a slight redness in the stomach, which contained
very few corpuscles, the outline of which was often serrated.

As a result of sectioning it was found that corpuscles are taken in
between the cells of the epithelium in all regions by the phagoeytes. This
was most rare in the rectum, few corpuscles passing so far in the lumen,
and in the digestive diverticula where, although corpuscles were oceca-
sionally found ingested in the cells, they only appeared to be digested
with consequent formation of fat globules in the presence of phagocytes.
Ingestion by phagocytes took place to a small extent in the gills, palps
and cesophagus, to a greater extent in the mid-gut, but the principal
centre of phagocytic activity was found to be the stomach and duets of
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the digestive diverticula, immense numbers of phagocytes making their
appearance in the lumen and epithelium in these regions. The course
of phagoeytic ingestion of corpuscles was followed in detail in the stomach
epithelium.

It is very difficult to remove all traces of fat from oysters, even after
prolonged starvation. Feeding experiments were carried out on animals
which had been starved four and eleven weeks, and in both cases, though
the quantity of fat was substantially less than in fresh animals, there

IBG~w, _

F1e. 34¢.—Stomach epithelium, showing in- Fic. 35.—Stomach epithelium, ingestion

gestion of a blood corpuscle in a phago- and digestion of blood corpuscles in
cyte three hours after feeding. Oyster phagocytes six hours after feeding.
starved for eleven weeks previously. Oyster starved for eleven weeks
Fixed strong Flemming, stained safranin previously. Fixed Flemming, stained
and orange G. < 900. B.P., boundary safranin and orange G. < 900. F.E.,
of phagocyte ; L.B.C., ingested blood fat in epithelium ; F.P., fat in
corpuscle; M., muscle; N.B., nucleus phagocytes; N.P., nucleus of phago-
of blood corpuscle ; N.E., nucleus of cyte.

epithelial cell ; N.P., nucleus of phago-
cyte.
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was still a certain amount present, especially in the connective tissue,
in the phagocytes and very occasionally at the base of the epithelial
cells. Nevertheless, the difference in the fat content after feeding with
blood corpuscles was quite unmistakable. Fig. 34 shows the ingestion

Frc. 36.—As above, twelve hours after feeding. Oyster starved
for four weeks previously. Technique as before. < 900.
B.C., corpuscle in early stages of digestion; F.P., fat
in phagoeytes: M., musecle; N.E., nuclens of epithelial
cell ; N.P., nucleus of phagocyte.

of a corpuscle three hours after the commencement of feeding. The
corpuscle lies in a phagocyte in the middle of the epithelium, the outline
is uneven and the nucleus is degenerating. At this period there are few
phagocytes in the epithelium, and there is practically no sign of fat in
either the ingested corpuscles or in the epithelial cells. The condition
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six hours after feeding is shown in Fig. 35. There are now many times
more phagocytes in the epithelium than at the preceding period ; the
ingested corpuscles are difficult to distinguish, consisting now, as a
result of the digestive action of the phagocytes, of a mass of fat globules.
Two phagocytes laden with fat are shown in the epithelium in the figure
and a third is seen passing through the circular muscle into the connective
tissue. Fat is being passed from the phagocytes to the cells, in which
it is accumulating near the base. Fig. 36 represents a portion of the
epithelium twelve hours after feeding. Owing to the mass of fat globules
it is difficult to distinguish the outline of the epithelial cells, of the phago-
cytes, and of the nuclei. Phagocytes are present in the epithelium in vast
numbers ; in the figure one phagocyte contains a corpuscle (B.C.) in
the early stages of digestion, the other phagocytes containing great
numbers of fat globules, which in some cases probably represent the
products of digestion of two or more corpuscles. Fat has passed from
the phagocytes to the cells, the whole epithelium appearing black with
osmicated fat. Fat is also being transported into the connective tissue,
though the nuclei and outline of the phagocyte or phagocytes which
carry it are obscured by fat. There is a sharp distinetion between the
ciliated epithelium of the stomach and the epithelium of the gastric
shield area, the latter containing no fat and few phagocytes, which never
contain ingested corpuscles.

One day after feeding conditions were much the same as twelve hours
after, but there was a still greater accumulation of fat in the phagocytes,
in the epithelium, and in the vesicular connective tissue cells in which
it is deposited by the phagocytes. It is never carried by them into the
blood vessels. Conditions remain substantially the same two and three
days after feeding. At the end of the latter period great quantities of
fat were observed at the base of the cells of the gastric shield area, phago-
cytes were rare, and only at the base of the cells, and it is they, presum-
ably, which carry the fat here from the ciliated epithelium, since there
is no indication that phagocytes can pass through the substance of the
gastric shield. Five days after feeding, though the connective tissue
contains great quantities of fat, there are only slight traces in the epi-
thelium, while the few phagocytes which contain fat are in most cases
either at the base of the epithelium or in the basement membrane. Very
similar conditions prevail six days after feeding, while after eight days
there is a complete absence of fat in hoth epithelium and phagocytes in
the ciliated areas of the stomach, but in the region of the gastric shield
there is still abundance of fat near the base of the cells, though phagocytes
are very rarely seen. There is a reduction in the amount of fat in the
vesicular connective tissue. In an oyster fixed eleven days after feeding,
however, there was no trace of fat in the epithelium of the gastric shield
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area, but a little, especially in the phagocytes, in the ciliated epithelium ;
there was a considerable reduction in the quantity of fat in the vesicular
connective tissue. Fourteen days after feeding there was a considerable
quantity of fat in the ciliated epithelium, phagocytes, and connective
tissue. These individual variations are due probably to variations in the
number of corpuscles taken in, not all the oysters having opened their
shell valves for the same period, and to the degree to which they had
been deprived of fat by starvation, which depends on the amount present
previous to starvation. The same degree of phagocytic activity was
observed in the ducts of the digestive diverticula ; similar activity in the
ducts has been described and figured (1926) for Mya arenaria.

(¢) With Olive Onl.

An emulsion of olive oil stained red with Nile blue sulphate was injected
by means of a pipette either into the mouth or mantle cavity of oysters,
parts of whose shells had been drilled away so as to permit of the operation.
The shell valves were then clamped, and the oysters placed in water
with the drilled valve undermost, so as to prevent the light oil from
floating out. The animals were examined after one day.

When opened the epithelium of the mantle, free surface of the visceral
mass, gills, palps, and stomach was in many cases found to be coloured
blue in patches, while under the microscope the gill mucus was seen to be
full of phagocytes, most of them ingesting oil. = Fig. 37 represents such a
phagocyte. The large vacuoles (shown
empty in the figure) are filled with
unchanged oil, but the smaller vacuoles
(black in-the figure) are vividly blue,
owing to the transformation of the
neutral fat into fatty acids by the
lipase of the phagocyte, with a con-
sequent change in the colour of the
stain. The use of Nile blue sulphate
provides a very graphic demonstration
of the digestion of fats. The blue
colour of the epithelia was found to
be due, when the tissues were cleared
in glycerine, to the presence of great
numbers of phagocytes, all laden with _ ,
fot and fatty acids, both on the sur- 7%, JT-Phasoeyte trom il mucu
face, in the epithelium, and in the Nile blue sulphate. Large vacuoles
deeper la}-'ers. The condition in the full of red oil, small vacuoles (shown

il = . 4 : 5 black) containing blue stained fatty
gill is shown in Fig. 38, in which  acid. Drawn from life. x 2700.
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phagocytes are seen lying free on the surface of the gill, while others
are passing into the tissue, and there are a line of them down the centre

Fi1c. 38.—Portion of gill one day after feeding with olive oil stained Nile blue sulphate,
cleared with glycerine. < 480. M.G.. mucus glands ; P., phagocytes with fat in centre
of gill filament, others passing in; P.F., phagocytes free on surface of gill, full of
fat and fatty acids.

of the filament in the blood channel, most of them containing fat.
Similar conditions prevail in the mantle, as represented in Fig. 39, the
centre of the mantle tentacle being deep blue with darker spots denoting

Fic. 39.—Tentacle from edge of mantle one day after feeding
with olive oil stained Nile blue sulphate, cleared in
glycerine. x 240. 0.D., droplets of oil on surface of
epithelium ; P., phagocytes coloured blue owing to fatty
acids, lying deep in tissues; P.F., phagocytes containing
fat and fatty acids free on surface and passing through
epithelium.
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the presence of phagocytes near the surface. Other phagocytes are
passing through the epithelium on the surface of which are more phago-
cytes and droplets of oil.

In the lumen of the stomach there were immense numbers of phagocytes,
most of them with ingested oil. In certain cases they collected in great
numbers round large droplets of oil, which had turned blue under the
mfluence of their enzymes. All oil droplets lying free in the stomach and
not surrounded by phagocytes retained the red colour—evidence of the
absence of lipase in the stomach. Nelson (1918) also noted the absence
of extracellular lipase in the stomach of other Lamellibranchs. Portions
of the epithelium cleared in glycerine showed that phagocytes laden with
oil were passing through it in large numbers.

(d) With Nitzschia.

Oysters which had been starved for three months were fed with a
pure culture of Nitzschia, a quantity of which was added daily to the
filtered sea-water. The oysters were ohserved
to open their valves more widely than usual.
One oyster was opened after seven days. In
the stomach were many phagocytes ingesting
Nitzschia, such as the one shown in Fig. 40,
which has ingested three diatoms, and there
were also very many free diatoms, while at the
head of the style was a brown mass consisting
exclusively of entangled diatoms. There were
fewer phagocytes in the stomach than after
feeding with blood corpuscles or oil. Many of
the phagocytes contained green or yellow
globules, the result probably of the ingestion
of the brown chromatophores of the diatoms.
Digestive diverticula pressed out and examined
under a coverslip were largely colourless, except
for the presence in some tubules of light green
or bro.wn vacuoles, whjch.were not seen in‘ the o 40.—Phagocyte from
diverticula of starved animals. Substantially  stomach ingesting three
the same conditions were found after two weeks ﬁgzac}:ja‘g 40](?”’“'“ From
of feeding with Nitzschia. ‘ '

Sections of the stomach and mid-gut, fixed in Flemming, showed many
tat globules in the epithelium and great numbers of phagocytes. It was
difficult to see ingested diatoms in the phagocytes, but in Fig. 41 is shown
a portion of the edge of the stomach epithelium, in which lie two phago-
cytes, each containing an ingested diatom. As a result of the digestion
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of the diatoms, there is a quantity of fat in the phagocytes, and some
has been passed into the cells of the epithelium. Conditions are thus
essentially the same as after feeding with blood corpuscles. It was never
possible to detect ingested diatoms in the digestive diverticula. Vonk

- —-—- NE.

F1c. 41.—Edge of stomach epithelium, two phago-
cytes ingesting Nitzschia. x 2700. F.E., fat in
epithelial cells ; F.P., fat in phagocytes; N.,
Nitzschia; N.E., nucleus of epithelial cell; N.P.,
nucleus of phagocyte.

after feeding starved oysters with plankton, never observed the presence
of whole diatoms in the cells of the * liver,” only numerous green inclu-
sions of very irregular form, though occasionally green algz appeared
to be taken in entire.

1i11. FEepinG EXPERIMENTS ON LARVAE AND SPAT.

Larve placed in a suspension of iron saccharate in sea-water took it in
in large amounts. A study of sections shows that it was assimilated
exelusively in the cells of the digestive diverticula. Fig. 42 represents a
transverse section through one of the two simple diverticula twenty-one
hours after feeding with iron saccharate. This has been absorbed in large
quantities and lies in discrete round masses in vacuoles in most of the
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cells. Ttis never in the form of fine granules or diffuse. It is being passed
from the cells to phagocytes, two of which are seen in the connective
tissue around the diverticula, both of them so packed with iron that only
the nucleus, and that with difficulty, can be distinguished.

In the spat, iron was taken in exclusively by the cells of the digestive
diverticula in the same manner as in the larvae and adult, although iron
was found in the lumen of all parts of the gut (see Figs. 19 and 20).

Fia. 42.—Transverse gection through digestive diverticulum of one side in larval oyster.
Fed on ir m saccharate twenty-one hours hefore fixing. Iron technique. 3 1800,
C., erypt of young cells ; C.T., connective tissue ; F., iron lying in round vacuoles in
cells ; N., nucleus of cell of diverticulum ; P., phagocytes laden with iron.

(armine was also taken in by the spat in such quantity that in sections
stained with Delafield’s hematoxylin the lumen of the gut appeared as
a uniform red. Carmine is ingested by the cells of the digestive diverticula
in precisely the same manner as the iron saccharate, and in no other

region of the gut.
1v. DiscussioNn or RESULTS.

Soluble matter, such as iron saccharate, is absorbed exclusively in the
cells of the digestive diverticula in larva, spat, and adult, being invariably
taken into large vacuoles and carried away by leucocytes. Presumably,
therefore, the products of extracellular digestion in the stomach due to
the action of the digestive enzymes from the style are here absorbed.
Fine particles, such as carmine grains or Indian ink (List and Vonk), are
ingested by the cells of the digestive diverticula, being also taken into
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large vacuoles and being expelled later if of no food value. It may be
assumed that the contents of the green or brown vacuoles, seen in the
digestive diverticula of freshly fed animals (see Fig. 11), consist of
finely divided vegetable matter which has been ingested by the cells
and is in process of being digested intracellularly within the vacuoles.
The presence of bright yellow or brown concretions, which alone remain
in the diverticula after prolonged starvation, and which are also found
in the lumen of the ducts and of the hinder portions of the gut represents
in all probability the indigestible remnants of this intracellular digestion
which is expelled in the same manner as the Indian ink. These coneretions
are best seen in Pecten (Yonge (1926)). It has already been shown that
there is a mechanism for ensuring a circulation of particles in the tubules
of the digestive diverticula. The presence of the enterochlorophyll
described by MacMunn in the cells of the tubules and in the leucocytes
in the connective tissue round about them, and in other parts will be
the result of the decomposition of the ingested chlorophyll.

All larger particles, such as droplets of oil, blood corpuscles, or even
such small diatoms as Nitzschia closterium forma minutissima, are in-
gested by the phagocytes, which abound everywhere in the mantle
cavity and gut, but particularly in the stomach, ducts of the digestive
diverticula and mid-gut. They very rarely pass into the tubules of
the digestive diverticula, those that enter the ducts being there seized
by phagocytes. Ingested matter is rapidly digested by the phagocytes, part
of the products of digestion being passed into the cells of the epithelium,
including that of the gastric shield area, and the remainder carried to the
vesicular connective tissue cells, or Langer’s vesicles, and there stored.
No evidence of any absorption in the epithelium of the gut or of any free
surface in the mantle cavity, other than by the agency of phagocytes. was found,
and previous accounts of direct absorption by the ciliated epithelium on
further investigation will probably be found to be the result of the action
of phagocytes and the transference of material from them to the cells.

5. THE DIGESTIVE ENZYMES.

Digestive enzymes are present in the style and in the tissue of the
digestive diverticula, the former are released into the stomach when
the style dissolves and the latter remain in the tissues, where they act
intracellularly. Tt is clear from the results of the experiments described
in the last section that the phagocytes must also possess powerful digestive
enzymes of various kinds. The enzymes were obtained by grinding
up the styles or the excised tissue of the digestive diverticula with sand,
and then extracting for two or three days with distilled water (the extracts
being as efficacious as those prepared in sea-water and being easier to
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deal with), toluol being used as antiseptic. Except when otherwise
stated, extracts of the style were always of a strength of 19, and extracts
of the digestive diverticula 109, and incubation took place at about
30° C. Rigorous controls consisting of boiled extracts were invariably set
up. All experiments were confined to adult oysters.

1. THE STYLE.

The presence of digestive enzymes in the style was first discovered
by Coupin (1900), who found an amylase and a weak invertase in the
style of Cardium ; this has been confirmed, amongst others, by Mitra
(1901), who found amylase and glycogenase in Anodonta, Van Rynberk
(1908), who found amylase and invertase in Mytilus, Nelson (1918),
who found similar enzymes in Anodonta, and Yonge (1923), who
found amylase and glycogenase in the style of Mya, and showed that the
amylase had all the properties of a typical enzyme. More recently
Berkeley (1923) has found an oxidase in the styles of several Lamelli-
branchs. Barrois (1889) gives a detailed chemical analysis of the styles
of Cardium made for him by Lambling, who found that they consisted
of 87:119; water, 12-:039, solid organic matter, and 0-869 solid inorganic
matter. The mass of the organic matter consisted of a globulin, though
traces of a mucin or chondrin like substance were found. List also found
the latter in the styles of Mytilus. Mitra (1901), in ignorance of the work
of Barrois, made a thorough examination of the styles of Anodonta,
with almost identical results. Mackintosh (1925) finds that the style
of Crepidula consists largely of globulin with some mucus. Mitra thought
that the style represented a mass of enzyme, but Nelson (1918) advances
the more probable view that the enzymes are adsorbed on the surface of
globules of albuminoid substance.

In view of the complete agreement of previous workers, I have not
carried out a chemical examination of the style of Ostrea, there being
no reason to doubt that it differs in any important degree from those
which have been analysed.

(a) Specifieity.

In common with previous workers, I have failed to find any trace of
proteoclastic or lipoclastic enzymes in the style, experiments with calcified
milk, methyl acetate, and phenol red milk, all giving negative results.
No action was found on the glucosides, amygdalin and salicin, on pectin
or on lactose, maltose, raffinose, cellulose, or sucrose (in spite of the con-
trary assertions of Coupin and Mitra with regard to the latter). Starch
and glycogen, as in Mya, were the only substances acted on by the enzymes
of the style, both being rapidly converted into reducing sugars, as shown
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by their action on Fehling’s and Benedict’s reagents. The properties
of the amylase have been studied in detail.

(b) Influence of Temperature on Amylase.

The experiments shown in Table I were carried out to determine the
optimum temperature for the working of the style amylase. The enzyme
was destroyed after incubation, the contents of each tube filtered and
made up to the original volume.

TasLE 1.
OpriMuM TEMPERATURE OF STYLE AMYLASE.

10 c.c. of extract with 10 c.c. of 19, starch solution in each experiment.

1. Extract of 1-14 gms. of style made 2. Extract of 0-93 gms. of style made
in 70 e.c. toluol water. Experiments in 50 c.c. toluol water. Incubated for
. incubated for 4 hours. 3 hours.
Titrated with Titrated with
Temperature. 10 c.c. Benedict. Temperature. 10 c.c. Benedict.
16°C. 995 c.c. needed. 40° C. 15-05 c.c. needed.
25° C. 91 3 43° C. 14-35 i
30°C. 92 ) 46° C. 147 i
35°C. 9:05 55 49° C. 15-45 =
40° C. 89 5 52° C. 16-25
48° C. 89 5
55° C. 10-0 =

These two experiments demonstrate that the optimum temperature
lies at, or a little below, 43° C. The pH was 59 in both experiments.

Experiments were carried out to determine the temperature of destruc-
tion. The heating of 5 c.c. of enzyme extract for fifteen minutes at eight
temperatures between 100° C. and 56° C. resulted in complete destruction
of the enzyme, as shown by subsequent incubation for twenty hours at
30° C. with 19 starch solution. Heating at 55° C. and all lower tempera-
tures resulted in some of the enzyme remaining active.

It appears that the enzyme is destroyed at 56° C. There was practically
no action on starch at 0° C., the enzyme being inactivated, not destroyed.
Tt is interesting to compare the above optimum temperature and tem-
perature of destruction with those found for the style enzyme of Mya
(1923), which were 32° C. and 51° C. respectively. The difference between
the optima is very striking, and may reflect differences in the habitat of
the two animals ; it is known that the oyster will breed and flourish in
the Norwegian pools, where the temperature may rise as high as 90° F.
(32° C.), but in neither animal does the optimum temperature represent
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anything approaching the temperature at which digestion must normally
proceed.

(¢) Influence of pH.

Table II shows the results of an experiment to determine the optimum
pH for the working of the amylase.

Tarsre II.

Oprivmum PH oF STYLE AMYLASE,

Extract of 1-36 gms. of style made in 90 c.c. toluol water. 10 c.c. of extract and 10 c.c.
of 195 starch solution in each experiment with acid or alkali, volume made up to
25 c.c. with water. All incubated for 6 hours at 32°C.; pH determined by Clark
and Lubs’ indicators.

Titrated with
01N HCL ‘01N NaOH. Initial pH. 10 c.c. Benediet,
A, 30c.e. — 34 No reduction.
B. 05ec.e. — 4-9 554 ¢.c. needed.
C. 03c.c. s 52 135 7
D. — L 59 91 X
E  — 01 c.e. 6-2 9-7 i
F. — 02 c.c. 6-6 10-15 5
G — 0-5c.c. 73 11-6 o
H — 0-7 c.c. 7-6 13-05 i
. — 1-0 c.c. 9-3 210 =

The optimum is very sharply defined, and lies at about 5-9, i.e. at
the pH produced by the dissolution of the style in water, on either side
of this point, and particularly on the acid side, the efficiency of the enzyme
being rapidly reduced.

(d) Influence of Salts.

In view of the fact that if the pancreatic amylase is dialysed it loses
its power to act upon starch, as shown by Bierry, Giaja, and Henri (1906),
and that the amylase from the liver is inactivated in the same manner
(Starkenstein (1910, 1910a)), action being restored in the former case by
the addition of the electro-negative chloride or bromide ions, and in the
latter by the addition of sodium chloride, experiments were carried out
to determine whether the amylase of the style is similarly dependent for
its efficacy on the presence of electrolytes.

An extract of 0-75 gms. of style was made in 40 c.c. of toluol water.
After three days the enzyme was precipitated by the addition of 200 c.c.
of absolute aleohol, the precipitate being filtered off, thoroughly washed
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with absolute alcohol, dried, and then dissolved in 40 c.c. of glass-distilled
water. The experiments in Table III were then carried out, the sea-
water used in experiments B and C being made acid until the pH approxi-
mated to the optimum.

TasLe IIT.

AcT1oN oF PURIFIED ENZYME WITH AND WITHOUT SALTS FROM SEA-WATER,

10 c.c. extract with 10 e.e 19}, starch solution in each experiment. Incubated for 5 hours
at 32° C., enzyme destroyed and titrated.

Added. pH. Titrated with 10 c.c. Benedict.*
A. 20 c.c. distilled water 58 175  c.c. needed
B. 20 c.c. 1009 sea-water 57 28:05
C. 20 c.c. 2009, sea-water b-b 25-6 5
D. 20 c.c. dis. water and
1 drop sea-water H-8 72-75 5

In the absence of the salts present in sea-water the enzyme is almost
inactivated (A), action is restored to some extent by the addition of a
trace of sea-water (D), and fully restored in a medium of 509, (B) or 1009,
(C) sea-water, action being slightly less in the former.

A series of dialysis experiments were then carried out, details of which
are given in Tables IV, V, and VI.

TasLe IV.

Actioxn or Diavysep EXTRACT.

0:75 gms. style extracted in 80 c.c. toluol water for 3 days, divided into two parts, A
and B, each of 40 c.c. These dialysed in separate parchments for 3 days, surrounding
fluid being changed daily, contents of each finally made up to 40 c.c. 10 c.c. extract
with 10 c.c. 194 starch solution in each experiment. Incubated for 5 hours at 32° C.,
enzyme destroyed and titrated.

Added. pH. Titrated with 10 c.c. Benedict.*

A. 1. 10 c.c. distilled water 5-8 275  c.c. needed.

2. 10 c.c. acidified sea-water 5-8 2405

3. 10 c.c. surrounding fluid  5-8 230 5

4. 10 c.e. 19NaCl 58 28:75
B. 1. 10 c.c. distilled water 5-8 290 5

2. 10 c.c. 19(Na,S0, 5-8 290 =

3. 10 c.c. 19,NaBr 5-8 50 ,,

4. 10 c.c. 19,KCl 58 40-1

* Or suitable aliquot part.
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TasLE V.
ActioNn oF Dianysep EXTRACT.

0-45 gms. style extracted in 40 c.c. toluol water, dialysed 3 days, water changed 4 times.
Experiments conducted as in Table IV.

Added. pH.  Titrated with 10 c.c. Benedict.*
(. 1. 10 c.c. distilled water 6-4 241-5 c.c. needed.
2. 10 c.c. 19Na,CO, 9-8 186:5 -
3. 10 c.e. 195KT 6-6 96-H 5
4. 10 c.c. 194CaCl, 5T 23.0
TasLe VI

Action oF D1aLyseED EXTRACT.

0-64 gms. style extracted in 60 c.c. toluol water, dialysed 4 days, water changed 4 times.
Experiments conducted as in Table TV.

Added. pH. Titrated with 10 c.c. Benedict.*
D. 1. 10 c.c. distilled water 6-6 270  c.c. needed.
2. 10 e.e. 19;MgCl 58 165 .
3. 10 c.c. 19,NaF 6-0 270 4
4. 10 c.c. 19u,NaNO, 6-2 1235 P
5. 10 c.c. 195K,80, 6-1 300 5
6. 10 c.c. 19,BaCl 58 40 .

An examination of the results of these four sets of experiments shows
that the dialysed extract is almost without action on starch, but that
action is restored to a slight degree on the addition of 10 c.c. of the water
into which the salts had passed from out of the parchment (A3), while
action was completely restored as before on the addition of sea-water
(A2). Action was also restored in the presence of the chlorides of sodium
(A4), potassium (B4), calcium (C4), magnesium (D2), and barium (D6),
and in that of sodium bromide (B3). To a less extent it was restored in
the presence of the iodide of potassium (C3), the nitrate of sodium (D4)
and the carbonate of sodium (C2), in spite of the high pH in the last case.
There was no increase in activity in the presence of the sulphates of
sodium (B2) or potassium (D5), or in that of sodium fluoride (D3). The
amylase of the style appears, therefore, to need for its action the presence
of electro-negative ions—preferably those of chlorine or bromine—the
identity of the electro-positive ion being immaterial. Conditions are the
same as in the case of the amylase of the pancreas or of the liver in Verte-
brates. Since the extracts of the style made up in distilled water have
the same efficacy as those prepared in sea-water it appears that these
ions are present in sufficient quantity in the substance of the style.

* Or suitable aliquot part.
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1. TeE DigeEsTIVE DIVERTICULA.

The presence of digestive enzymes in extracts of the digestive diverticula
has been shown by Fredericq (1878), who found protease in Mya and
Mytilus ; Mitra (1901), who found amylase and invertase in Anodonta ;
Van Rynberk (1908), who found amylase in Mytilus ; Dakin (1909), who
found amylase, protease and lipase in Pecten; Heymann (1914), who
found protease, lipase and a variety of sucroclastic enzymes in Ostrea ;
and Yonge (1923), who found in Mya sucroclastic enzymes which acted
on starch, glycogen, sucrose, maltose, and lactose, also a protease acting
in acid media and a lipase. Most of these workers eonsidered that the

Tasre VII.

Action oF 109, ExtracT oF DigesTive DIVERTICULA ON CARBO-
0
HYDRATES, ETC.

10 c.c. extract with 10 c.c. of substrate, controls of boiled extract, incubated at 30° C.

No. Substrate. Time. Experiment. Control.
Titrated with 10 c.c. Benedict.
1. 19;starch 2 hrs. 43 c.c. 9:0 c.c.
2. 05 9, glycogen 1 day 5-9-¢.c. 90 c.c.
3. 59, sucrose 5 48 c.c. 9:0 c.c.
4, 19, raffinose 3 days 6-8 c.c. 9-0 c.c.
5. 19, inulin < 82 c.c. 82 c.c.
6, 19 salicin i 4-2 c.c. 83 c.c.
7. 19, amygdalin g 42 c.c.* 81 c.c.
1 c.c. boiled with 5 c.c. Barfoed’s sol. 10 min.
8. 29, maltose 1 day Reduction No reduction.
9. 29, lactose i Reduction No reduction.
* Smell of CN.

digestive diverticula were secretory, and that these enzymes were dis-
charged into the stomach. As shown in detail in a previous paper (1926)
there is no evidence, histological or physiological, of any secretion in the
diverticula which are organs of absorption and of intracellular digestion,
the digestive enzymes acting on material ingested.

(@) Sucroclastic Enzymes.

Specificity—Owing to the presence of reducing sugars in the extract
of the digestive diverticula, it is necessary to estimate the sugar in both
experiments and controls. In Table VII are shown the results of experi-
ments on the simpler carbohydrates and glucosides. Starch, glycogen,
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sucrose, raffinose (to a slight degree), maltose, and lactose were all digested
by the enzymes in the extract and also the two glucosides, salicin and
amygdalin. Inulin was not digested. A series of longer experiments was
set up to determine whether cellulose or pentosans are digested. Both of
these are of great importance since cellulose must bulk large in the food

TasrLe VIIL

Actrox oF 109, Extract oF DiverTicuLA oN CELLULOSE, PENTOSANS,
AxND INULIN.

No. Experiment. Temp. Time. Titrated with
10 c.c. Benedict.

1. A. 20 c.c. with 0-5 gm. sawdust. 32°C. 38 wks. A 32cec.

B. Ditto boiled. i 5 B. 52 c.c.

C. 20 c.c. extract alone. 0 - C. 32e¢c.c.
2. A. 20 c.c. with 0-5 gm. sawdust. o 2 wks. A. 255 c.c.

B. Ditto boiled. 5 i B. 32 c.c.
C. 20 c.c. extract alone. 5 3 C. 2-55 c.c.

3. A. 10 c.c. with 10 c.c. 19} pectin. o 15days. A. 50c.c.

B. Ditto boiled. o . B. 70 c.c.

C. 10 ec.c. with 10 c.c. water. Al s C. b-0ec.c.
4. A. 20 c.c. with 10 c.c. 19 pectin. 5 16 days. A. 445 c.c.
B. Ditto boiled. 0 e B. 730 c.c.

C. 20 c.c. with 10 c.c. water. 3 2 C. 45 c.c.

5. A. 20 c.c. with 10 c.c. 59, gum arabic.  ,, 2 wks. A 24 cee.
B. Ditto boiled. il . B. 2-92 c.c.

C. 20 c.c. with 10 c.c. water. 5 . C. 24 c.c.

6. A. 20 c.c. with 10 c.c. 59, gum arabic. ,, 3 wks. A 22ce.

B. Ditto boiled. % 2 B. 45 c.c.

C. 20 c.e. with 10 c.c. water. i i3 C. 2-6¢c.c.
7. A. 10 c.c. with 10 c.c. 29 inulin i 2 wks. A. 585 c.c.

B. Ditto boiled. i B. 9-8c.c.

C. 10 c.c. with 10 c.c. water. i N C. 6:0 c.c.

8. A. 20 c.c. with Ulva 3" x1” ' 3 wks. A. Ulva
unchanged
B. Ditto boiled. 2 . B. Ulva

unchanged.

of the oyster, while Petersen (1911), in his work on the food of oysters
in the Limfjord, maintained that detritus was the principal source of
food, and Boysen Jensen (1914) has shown that the main constituent of
this detritus consists of pentosans. No experiments were made by him on
the digestion of pentosans, although Heymann (1914), by somewhat
questionable methods, found that pectin was digested by extracts of the
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“liver ” of the oyster. The same author also maintaining that mulin
is digested, a longer experiment was set up in order to confirm the results
of the experiment in Table VII. In view of the autolysis which proceeds
if tissue extracts are left for any long period, resulting in the formation
of additional quantities of reducing sugars, two controls were necessary
for these experiments, one with boiled extract and substrate and the
other with unboiled extract without substrate. Sawdust was used for the
experiments on cellulose, owing to the presence in it of hemicelluloses,
which do not occur in filter paper. Table VIII gives the result of these
experiments.

None of these substances were digested, the only increase in reducing
sugar being due to autolysis. Cellulose in the form of sawdust or as the
green alga, Ulva, was not digested even after three weeks incubation.
It would have been surprising if it had since the power of digesting cellu-
lose by means of an enzyme is rare, being confined, in the Mollusca, to
certain of the herbivorous Pulmonates and Tectibranchs, which secrete
an extracellular cellulase and, in the Lamellibranchs, to the specialised
Teredinidse, which digest wood intracellularly (for résumé of work on this
subject see Yonge (1925a)). After incubations of two and three weeks
there was no indication of the digestion of the pentosans, pectin and
gum arabic. It is impossible to confirm the findings of Heymann, nor
is confidence in his work strengthened by the negative results of the
experiments here performed on inulin. The implications of these results
on the theories of Petersen and Boysen Jensen will be discussed later.

Influence of Temperature on Awmylase—Similar experiments to those
carried out on the style amylase were done on the amylase from the
digestive diverticula. The experiments in Table IX were performed to
determine the optimum temperature.

TasLE IX.
OpriMUM TEMPERATURE OF AMYLASE.

10 c.c. 109, extract with 10 c.c. 19, starch solution, digests in left column incubated
2 hours, in right column 3 hours.

Titrated with
Temperatura. 10 c.c. Benedict. = Temperature. 10 c.c. Benedict.
18:5°C.  T'75c.c. needed. 40° C. 52 c.c. needed.
28° C. 6-8 s 43°C. 50 i
35° C. 6-4 3 46° C. 50
40° C. 6-3 5 49° C. 52
45° C. 6-25 = 52° C. 54
50° C. 6-8 i
55° C. 80 »

60° C. ol U I
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These experiments show that, at pH 5-5, the optimum temperature is
44-5° C., ie. slightly higher than that of the style amylase, where the
pH, however, was 5:9.

Experiments to determine the temperature of destruction showed
that the heating of 5 c.c. of enzyme extract for fifteen minutes at four
temperatures between 100° C. and 67° C. resulted in complete destruc-
tion of the enzyme as shown by subsequent incubation for
twenty hours at 30°C. with 19, starch. The enzyme remained
active after heating at 64° C. and all lower temperatures. The tempera-
ture of destruction therefore, at pH 5-5, lies between 64° C. and 67° C.
This is considerably higher than that of the style amylase (56°C.);
there, however, the pH was 59, and as Compton (1921 and previous
papers therein quoted) has shown that temperature optima of enzyme
actions are dependent, amongst other things, on pH, there is not rigorous
proof that the two enzymes are distinct in their properties. The action
of the amylase from the diverticula is practically inhibited at 0° C.

Influence of pH.—The experiment in Table X was carried out to
determine the optimum pH for the action of the amylase.

TaprLe X.
Oprivum PH oF AMYLASE FROM DIVERTICULA.

10 c.e. 109, extract and 10 c.c. 19, starch solution with acid or alkali, volume made
up to 25 c.c. with water. Incubated for 2 hours at 30° C.

HCL NaOH. Initial pH. Titrated with 10 c.c.
Benedict.

A. bee.IN — 2-4 10-8 c.c. needed.
B. 3ce.-IN - 32 9-6 5
C. lece ‘1IN — 3-6 84 5
D. 3c.c. 0IN . 40 7-45
E. 2c.c. -0IN —_ 4-6 6-65 %
F. 1lec.ec. 01N — 50 6:1 =
G — - 55 58 .
H. — 1c.c. ‘0IN 58 6-0 »
1. - 2 c.c. ‘01N 62 6-03 .
J, 3 c.c. 01N 6-6 6-1 i
K. — 5 c.c. ‘01N 70 6-45 i
L. — 0-8 c.e. ‘1N 78 73 =
M. — lece. 1IN 86 80 5
N. e 2 c.c. "IN 9-6 9-4 .

The optimum lies at about pH 55, i.e. somewhat lower than that of
the style (5-9). The optimum is not so sharply defined as in the case of
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the style enzyme, the efficacy of the enzyme not decreasing so rapidly
on either side of that point.

Influence of Salts—A number of experiments were conducted to
determine the action of salts on the activity of the amylase, the results
being given in Tables XI and XII.

TABLE XI

AcrioNn oF Puririep ENzZYME WITH AND WITHOUT SALTS
FROM SEA-WATER.

15 gms. diverticula extracted in 60 c.c. toluol water, enzyme precipitated with aleohol
and purified as in expts. on style. Ppt. dissolved in 40 c.c. glass distilled water.
10 c.c. extract with 10 c.c. 19} starch in each experiment, incubated for 5 hours

at 32°C.
Added. pH. Titrated with 10 c.c.
Benedict.
A. 20 c.c. distilled water. 6-4 29-0 c.c. needed.
B. 20 c.c. 1009, sea-water.* 5-8 17-4 =
C. 20 c.c. 2009, sea-water.* 56 17-3 o
D. 20 c.c. dis. water and 6-4 244

1 drop sea-water.

TasLe XII.
AcTioN oF DianLysEp EXTRACT.

50 c.c. 109, extract dialysed for 3 days, water changed 4 times. Experiments conducted
as in Table XT.

Added. pH. Titrated with 10 c.c.
Benediet.
A. 10 c.c. distilled water, 6-6 . 38:8 c.c. needed.
B. 10ec.c. 19 NaCL 5-8 2325
C. 10c.c. 19, NaBr. 9-6 28-2
D. 10 c.c. 194 CaCl,. 58 22-65
E. 10c.c. 194 KI. 6-0 31-75

Here again the enzyme requires for its working the presence of the salts
in sea-water, only a trace of which has a considerable effect (Table XI, D).
The action of the enzyme is definitely inhibited after dialysis. It is more
difficult to purify the enzyme from the tissue extract than from the
style and hence the greater activity of the dialysed enzyme in this case.
Action was restored in the presence of the chlorides of sodium and calcium
(Table XII, B and D) and of the bromide of sodium (C)—the reduced
action in the last case being due to the high pH, owing to the presence

* Acidified.
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of impurities in the salt—and to a slighter extent in the presence of
potassium iodide (E).
(b) Lipoclastic Enzymes.

The results of a series of experiments on the lipase in the digestive
diverticula are shown in Table XTII.

TasLe XIII.

Action oF 109, ExTracT oF DIGESTIVE DIVERTICULA ON FATS AND
/0
EsTERS.

Controls of boiled extract, incubation at 32° C.
Acidity in terms

of -1N NaOH.
No.  Extracet. Substrate. Time. Experiment. Control.
1. 15 c.c. 30 drops olive oil emulsion 7 days 32 c.e. 25 c.c.
2. 25 c.c. 30 drops . . 14 2:5 ce. 21 c.c.
3. 20c.c. 30 drops . " 21, 1-05 ¢.c. 0-85c.c.
4. 10 cc. 10 c.c. 5%, methyl acetate 7 , 9:0 c.e. 25 c.c.
5. 10 c.c. 10 ce. 10 9% ., iy 14 ,, 17-35c.c. b15¢c.c.
6. 5 c.c. 5 c.c. boiled milk with 17 hrs.  Yellow. Remains
3 c.c. 2 %, Na, CO4 and Red.

phenol red.
T 5ec.c. ~ dittowith 1 c.c. Na, CO, 19 Yellow. Remains
Red.

The action on olive oil is very slight even after three weeks incubation ;
but there is considerable action on methyl acetate, and experiments
with phenol red milk were all positive. Since fat is taken in freely by
the phagocytes and there digested, very little appearing in the digestive
diverticula, there is probably no necessity for the presence of a powerful
lipase in the latter. Indeed, the slight lipolytic action of the extract may
be due, in part at any rate, to the phagocytes in the tissue extracted and
not to enzymes from the actual absorptive tubules.

(¢) Proteoclastic Enzymes.

It is very difficult to test for the presence of proteoclastic enzymes in
extracts of the diverticula on account of the weakness of their action.
No digestive activity on coagulated egg albumen or congo red fibrin could
be demonstrated. Satisfactory results were obtained by the method of
Dernby (quoted by Bodansky and Rose). A 109 solution of gelatin
was prepared and a series of experiments performed with extracts of the
diverticula at different hydrogen ion concentrations. At stated intervals
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5 c.c. of the digests were removed and the process of digestion determined
by placing them in ice for fifteen minutes, and then observing the degree
of liquefaction. The gelatin is liquefied as digestion proceeds, and fails
to solidify to a greater or less extent dependent upon the degree to which
digestion has proceeded. Dernby used the following scale of numbers
to denote the approximate degree of digestion :—

0 =Completely solid.

1 =Solid, but small pieces may be torn off by strong shaking.

2 =f olld, but the surface moves somewhat when tubes are shaken.
3 =Soft.

4 =Half liquid.

5 = Almost liquid.

6 =Entirely liquid.

Table XIV shows the result of an experiment of this nature which
confirmed the results of a previous experiment. There appear to be
two optima, one at a pH of about 3-7 and the other at and above pH 9-0.
There is no action at the normal pH of the tissue extract, while optimum
conditions prevail at a degree of alkalinity which cannot be present

TasLe XIV.
DigrEsTioN 0F GELATIN BY EXTRACT OF THE DIVERTICULA.

10 e.c. 159, extract with HCL or NaOH with 15 c.c. 109, gelatin with water=30 c.c.

Initial Degree of liquefaction after incubation

No.  HCL NaOH. pH. at 32°C. for :—
2 days. 3days. 4days. 5days.
1 25¢ce. N - 2-2 1-2 1-2 2 3
2 10¢cc. N 37 H 6 6 6
3 50 c.c. "IN -— 42 2 3 4 6
4 2:5c.c. "IN - 4-8 1-2 2 2 2
5 50 c.c. ‘01N — 54 1 1 1 1
6 — 58 0 0 0 0
7 — 07 c.e. -1N 6-0 0 0 0 0
8 — 1:0 c.e. 1IN 64 0 0 0 0
9 — 20 c.e. - 1IN 73 0-1 1 1-2 3
10 —- 30 c.e. 1IN 86 2 2 3 6
11 - 40 c.c. ‘1N 92 2-3 3 6 6
12 — 50 c.e. -IN 9-8 3 3 6 6
13 — 1-0ce N 10-2 3 3-4 6 6
14 —_ 2:0 c.e. N 10-8 6 6 6 6
15 - 30ce N 11-3 6 6 6 6
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normally in the tissues. It may be that we are dealing here with two
enzymes, as Bodansky and Rose (1922) believe to be the explanation of
similar double optima obtained in experiments of the same nature on
certain Coelenterates. In the case of the oyster, one enzyme may come
from the digestive diverticula and the other from the phagocytes; Hey-
mann, indeed, states that there are three proteases in the oyster: a
trypsin, a ““ liver ” pepsin, and a blood pepsin. He knew nothing, how-
ever, of the digestive powers of the phagoeytes. It is useless to call one
pepsin and the other trypsin, as it is possible at the optimum of either
for the extract to act on peptone with the formation of amino acids, as
proved by positive results of tests for tryptophane eighteen hours after
the commencement of experiments. On the other hand, after three weeks
digestion with gelatin there is no indication of the presence of amino acids
in any medium. The extract coagulates calcified milk in four or five
hours.

The important point in connection with this work is not whether
there are two enzymes or one, but the weakness of the proteoclastic
enzyme. Although albumenoses are split up with formation of amino
acids, gelatin is not, while albumen and fibrin are not attacked. It
takes two days for the digestion of gelatin to proceed to the stage it
attained in one or two hours in the experiments of Bodansky and Rose
on the Coelenterates, Physalia and Stomolophus. These animals are by
nature carnivorous, whereas the oyster is not, and it is an interesting
fact that in the Ascidian, Ciona intestinalis, which also feeds by ciliary
currents and has a similar diet to the oyster, it was found (1925) that
there is a similar weakness of proteoclastic enzymes, though in this case
digestion is exclusively extracellular. Apparently there is a correlation
between the nature of the food and the variety and strength of the
digestive enzymes in animals. In Ciona, as in the Lamellibranchs, the
sucroclastic enzymes are very powerful. In the ommivorous Crustacea
both sucroclastic and proteoclastic enzymes are highly developed (Yonge
(1924)).

1. SToMACH CONTENTS.

Digests with the stomach fluid show the presence of enzymes, pre-
sumably derived from the style, capable of quickly digesting starch and
glycogen. Slight traces of reducing sugars were found after three days
incubation with sucrose, maltose and amygdalin, but none after five
days incubation with lactose. This action is far slighter than that of
the extract of the digestive diverticula and can safely be attributed to
the phagocytes, great numbers of which are always present in the stomach.
To the same origin, no doubt, can be attributed the traces of lipase and
protease. Phenol red milk made alkaline with 2 c.c. of 29, Na,COj, is

NEW SERIES, —VOL. XIV. No0. 2, AUGUST, 1926, 24A
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turned yellow in two hours by the action of stomach fluids and calcified
milk is coagulated in the same time. These experiments were repeated
with filtered and unfiltered fluid, since in the former the phagocytes
would be absent. The experiments were otherwise identical in all respects
and controls were set up. In the test for lipases the phenol red milk was
turned yellow in two hours by the unfiltered fluid and in twelve hours
by the filtered fluid; in the test for protease the calcified milk was
coagulated in twelve hours by the unfiltered and in forty hours by the
filtered fluid, the control also coagulating after forty hours in the latter
case. As we have seen there is no action on olive 0il by enzymes free in
the stomach, only by phagocytes. There is thus no evidence that the
digestive diverticula secrete enzymes into the stomach, since the only
enzymes of any power proceed from the style, the traces of other enzymes
having their origin in the phagocytes. The lack of powerful digestive
enzymes in the digestive tract is confirmed by the presence—mnoted by
many workers—of living and apparently unprotected organisms, both
plant and animal, in the mid-gut, rectum and faeces of the oyster and
other Lamellibranchs. No naked organism, unless protected chemically
like intestinal parasites, could survive the action of powerful enzymes.

. GioL Mucus.

Gorka (1916), in a paper which I have been unable to see, but which
is quoted by Vonk, states that he found enzymes in the gill muecus of
Anodonta and Unio capable of digesting polysaccharides, glucosides and
fat, and in the mucus of the palps he also found a protease. A series of
experiments on the gill mucus of Ostrea were carried out, the mucus
being obtained by covering the gills with fine carborundum and collecting
the mucus laden strings and extracting them in toluol water, later filtering
off the carborundum. After four days incubation no trace of action on
any carbohydrate or glucoside was found, nor did digests with phenol red
milk or olive oil give positive results, although there was a slight increase
in acidity after two weeks incubation with methyl acetate. Traces
of tryptophane were found after two weeks incubation with peptone,
while calcified milk was coagulated after three days. In both cases
controls gave negative results. There appear therefore to be traces of
lipase and protease in the mucus, but if that is examined under the
microscope many phagocytes are seen which wander freely on the surface
of the gill, as already described in the section on feeding with olive oil.
There seems no doubt that the slight development of enzymatic action
in these experiments, and probably in those of Gorka, is due to enzymes
from these phagocytes.
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v. OXIDASES.

It is most convenient here to refer to the presence of oxidases in the
tissues. Berkeley (1923) has shown that extracts of the styles of Saai-
domus giganteus, Paphia staminea, and Mya arenaria have a marked
oxidising action on guaiacum, paraphenylendiamine, and pyrogallol in
the absence of H,0,, and in its presence after boiling, and further that
the oxidation of gualacum takes place as rapidly in the absence of air.
He suggests, in connection with his theory that the style is concerned
with ansrobic respiration (to which reference will be made later), that
the substance is a complex of an oxidising agent and an enzyme which
can convey oxygen to the tissues. He also found a slight action on
guaiacum by extracts of the palps and traces by those of the mantle
and “ digestive gland,” but none by those of the gills, gonad, or siphons.

In the oyster, extracts were made of the mantle, gills, palps, digestive
diverticula, style, gonad, and muscle. Catalase was tested for by adding
2 c.c. of Hy,0, to 5 c.c. of the extracts. There was a great evolution of
oxygen, showing the presence of catalase, with the gonad and digestive
diverticula, a medium evolution with the palps, gills, and muscle, but
none with the style and mantle. Peroxidases were tested for with tincture
of guaiacum, hydroquinone, and pyrogallol, in every case 5 c.c. of extract
being used, and to it added 2 c.c. of H,0, and twelve drops of freshly
prepared guaiacum, 29 hydroquinone or 19, pyrogallol. With guaiacum
oxidation was very slow, and after a day slight traces of activity were
found only with the style, palps, and gills. After five hours hydroquinone
was turned a decided green-brown colour with the style extract, a light
vellowish brown with the gills, palps, mantle, and digestive diverticula,
and pale yellow with the muscle and gonad. Pyrogallol after five minutes
was turned dark red-brown with the style extract, a medium brown with
the digestive diverticula and muscle and a light yellow with the other
tissues. The action of minced tissue was also tested with the indophenol
reagent in the absence of H,0,, the results, which are striking, being
given below —

i

Style—deep purple almost immediately.
Gill—deep purple in a few minutes.
Mantle—purple in four to five minutes.
Palps—light purple in ten minutes.

. Dig. diverticula—light purple in fifteen minutes.
(Gfonad—light purple in fifteen minutes.
Muscle—light purple in twenty minutes.

_-JI_GJ('.TIE-F\-MM

The different reagents all give different results with the various tissue
extracts, except in the case of the style which in all cases gives the most
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decided reaction, and clearly contains, since it can act in the absence
of H,0,, a complete oxidase system. It is strange that action on gnaiacum
should be so much less with the styles of Ostrea than with those of Saxi-
domus in Berkeley’s experiments. Time has not permitted further work
on this subject, but the presence of this enzyme in the style may be of
great importance in the metabolism of the Lamellibranchs.

6. HYDROGEN ION CONCENTRATION IN THE GUT AND
PERMANENCE OF THE STYLE.
1. HyproGeEN loN CONCENTRATION.
Table XV shows the pH of the fluid in the mantle cavity and in all
regions of the gut, and of the substance of the digestive diverticula and

TasLe XV

rH 1x FrEsE OYSTERS.

Mantle (Eso-

No. cavity.  phagus. Stomach. Style. Dig. div.,  Mid-gut. Rectum.
I 70 6-0 55 52 5-8 5-6 6-0
2. 71 59 54 52 5-8 5D 6-0
3. 6-8 58 56 52 51 56 5-9
4, 72 59 55 52 59 5-8 5-9
5. 6-8 58 56 52 58 5-8 5-8
6. 6-8 5-6 56 52 58 58 58
i 6-8 59 55 52 51 58 6-0
8. 70 6-0 54 52 5-8 58 6-3
9. 6-8 5-8 5-4 5-2 5-6 59 58
10. 71 5-6 5-4 52 57 6-0 5-8
11: 70 5-8 5-6 52 5-8 57 59
12. 6-9 5-8 54 52 5-8 58 6-0

Range  6:8-7-2 56-60 54-56 52  56-59 5560 5-8-6-3

Mid-point
of range 70 58 55 5-2 5-7H 5-7H 6-05
Average 694 5-83 5H 52 BT 576 5-93

style. Clarke and Lubs’ indicators were used for the estimations, drops
of fluid, or fragments of tissue being mixed with the indicators on a white
plate and the colours compared with those of the same indicators added
to drops of standard buffer solutions ; the usual corrections for salt error
were made. The pH in twelve healthy animals all with firm, well-
developed styles was determined, the range, mid-point of range and
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average of each set of values being given. The results agree with those
recorded (Yonge (1925b)) for Pecten, Mya, and Ensis, the style, which
had in all cases a pH of 52, being the most acid substance in the gut,
while of the fluids that of the stomach with an average pH of 55 is the
most acid, followed by that of the mid-gut, cesophagus, rectum, and
mantle cavity in the order named. The tissue of the digestive diverti-
cula had an average pH of 5:77. Similar results were obtained with
oysters starved for twelve weeks, as shown in Table XVI, the figures

TasLe XVI.

PH 1§y STARVED OYSTERS.

Mantle (Eso-
No. cavity.  phagus. Stomach. Style. Dig. div. Mid-gut. Rectum.

1. 7-0 57 55 54 58 58 6-0
2, 7-0 58 56 54 57 59 6-1
3. 6-8 5-8 5-65 54 58 58 59
4. 7-0 57 57 54 51 58 58
5. 70 58 56 54 59 58 6-0
6. 70 6-0 59 — 59 59 6-0
Average 6-97 5-8 5-66 54 58 5-83 595

being slightly higher, i.e. conditions less acid, in all cases. The style
was present in five out of the six oysters. The digestive diverticula
were in all cases very pale, but the pH remained practically the same
as in the fresh oysters.

It was shown in the paper cited above that the origin of the acidity
of the gut lay in the style and not, as previously thought, in a secretion
from the “liver.” This provides, incidently, yet further evidence that
the digestive diverticula do not secrete. By removing the style from
Mya or inducing it to disappear from Mytilus by keeping animals out of
water for four days or by placing them in boiled or deoxygenated water
for six days, it was found that the pH of the stomach rose even though
that of the mantle cavity fell on account of the accumulation of CO,.
Similar results were obtained with Crepidula kept out of water for two
days, and with Tapes whose shell valves had been clamped together for
seven days.

The last method has been found the most satisfactory, and in Table
XVII are shown the results of a series of experiments with oysters which
had been clamped for one, two, three, four, five, and six days. Twelve
animals were used for each experiment, each, after clamping, being
replaced in the tanks and so kept at normal temperature. In all case
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the style was absent, and, as a result of the accumulation of CO,, the average
pH in the mantle cavity fell from the normal average value of 6-94 to
6-7, 6:56, 6:53, 6:51, 6-44, and, finally, 6-41 respectively after from one
to six days clamping, while during the same periods the pH of the stomach
rose from a normal of 55 to 5-67, 5-7, 5-84, 59, 6-02, and 6-14. Thus
while the pH in the mantle cavity dropped by 0-53, the pH in the stomach

Tase XVII.

pH 1§ Crampep OYSTERS.

No. 1 2 3 4 5 6 7 8 9 10 11 12 Average
Clamped 1 day.
pH in mantle cavity . .67 66 66 68 68 6:8 67 6:6 66 67T 67 68 6-7
pH in stomach .57 57 56 57 56 57 56 57 58 56 57 57 567
Clamped 2 days.
pH in mantle cavity . .66 67 66 66 65 66 6:6 64 64 66 66 65 656
pH in stomach ; .56 57 58 57 56 57 58 56 58 57 57 56 57
Clamped 3 days.
pH in mantle cavity . .66 64 65 66 65 64 66 65 66 67 65 65 653
pH in stomach ; .60 58 59 58 58 58 60 58 56 5 5
Clamped 4 days.
pH in mantle cavity . .66 64 66 65 64 66 65 66 66 65 64 64 651
pH in stomach . .6-1 58 59 58 57 60 58 60 59 60 59 59 59
Clamped 5 days.
pH in mantle cavity . .66 63 66 65 63 66 63 64 64 65 64 65 G-44
pH in stomach i .6:1 58 60 59 60 61 60 60 60 60 61 62 602
Clamped 6 days.
pH in mantle cavity . .6:5 64 66 65 67 63 63 64 64 61 65 62 641
pH in stomach " .63 62 64 61 62 62 61 6-1 60 60 61 60 614

rose, on account of the absence of the style, due to decrease in the rate
of secretion, by 0-64, so that it came near to that of the mantle cavity.
This experiment, together with those cited above, leaves no doubt that
the acidity of the gut is due to the dissolution in it of the style. It is
important to note that the pH thus produced in the stomach approxi-
mates to the optimum pH for the working of the amylase of the style (5-9).

1II. PERMANENCE OF THE STYLE.

The view was advanced (1925b) and has recently been reasserted
(1926a) that the style is dissolved by the fluid in the stomach, and is only
maintained as a result of a balance between the rate of secretion and the
rate of dissolution. The view that its presence is correlated with the
presence of food has been disproved by the work of Orton (1923), Martin
(1923), Berkeley (1923), and Yonge (1925b), all of whom showed that
Lamellibranchs retain the style after long periods of starvation, provided



-

FEEDING AND DIGESTION IN 0OSTREA EDULIS, 373

they are kept perfectly healthy, whereas in the presence of abundant
food the style may be absent in unhealthy animals. As shown in Table
XVI, five of the six oysters starved for twelve weeks retained the style.

The style is dissolved and reformed at very different rates in different
animals. After artificial extraction of the style of Mya, Edmondson
(1920) found that it took seventy-four days completely to regenerate
(though this may have been due in part to the injury caused by the
operation), while in Ostrea virginica Nelson (1925) states that it is alter-
nately formed and dissolved in a rhythmical fashion. The style is large
and firm at flood tide when the animals are feeding actively, but at late
ebb tide when “ most of the sand has been sorted out and removed from
the stomach and digestion is well under way the style may be reduced
to a soft amorphous mass of jelly.” A similar rhythm is shown in the
production of other forms of digestive secretion, such as that of the
salivary glands of Gastropods (Hirsch (1914), Krijgsman (1925)).

In Ostrea edulis the style is usually present as shown in Table XVIII.
Out of fifteen healthy animals examined, all of which had been in the

TasLe XVIII,

CoxprtioN oF STYLE AND DIGESTIVE DiveErTICULA 1IN FRESH OYSTERS.

No. Condition of Style. Condition of Dig. Div.

1 Large, firm. Pale.

2. . . Dark.

3. Absent,

4, Large, firm.

b. Medium, soft.

6. Large, firm.

i 2 i &

8. 5 o Pale.

9. . . Dark,
10. . .
11. Absent,. .
12. Large, firm. 35
13. . 5 Pale.
14. i P Dark.
15.

tanks for a week so as to provide time for recovery from the effects of
the journey from the beds, in only two cases was the style absent, and
this was not correlated with the colour of the digestive diverticula, paleness
of which Orton (1923) thought might be connected with absence of the
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style. All the animals appeared in good condition ; in those obviously in
bad condition, with flabby watery tissues, the style is frequently absent
or much reduced.

The style invariably disappears when oysters are kept out of water for
any length of time. Table XIX shows the results of a series of experi-
ments to test the speed at which the style was dissolved, thirty-six healthy
oysters being kept out of water and opened six at a time at one-hour

TasLE XIX.

(CONDITIONS OF STYLE AFTER REMOVAL OF OYSTERS FROM WATER.

Oysters out of water for :—

1 hour. 2 hours. 3 hours.
No.  Condition of style. Condition of style. Condition of style.
1. Soft,  size. Firm, # size. Absent.
2. Absent. Soft, 1 size. .
3. Practically intact.  Absent. Soft, } size.
4. Intact. Soft, } size. Absent.
5. o Practically intact. i
6.  Firm, § size. = 3 Practically intact.
4 hours, 5 hours. 6 hours.
No. Condition of Style, Condition of Style. Condition of Style.
1.  Absent. Absent. Absent.
9
3.
4. 5 e s
b. ; "
6.

L "

intervals. After one hour in only one case was the style absent, and the
same conditions were found after two hours, although the stvles were
much reduced. After three hours only two animals possessed styles,
while after four, five, and six hours in no case was a style present.

It was found in the previous work on the subject (1925b) that styles were
dissolved rapidly in alkaline or slightly aeid media, but increasingly
slowly as the pH was reduced until at a certain critical pH-—probably
corresponding to the isoelectric point of the globulin of the style—it
ceased to be dissolved. This critical pH varied for the styles of different
animals, being 44 for Ensis, 4.2 for Mya, and 3-6 for Pecten, Mytilus, and
Crepidula, It was suggested that the differences might be due to the
fact that in the former cases the style is lodged in a separate ceecum, and
is a much firmer and more resistant body than in the other three in
which it lies in free communication with the gut.
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In Table XX are shown a similar series of experiments carried out on
the styles of Ostrea, large, firm styles being placed in tubes containing
10 c.c. of standard buffer solutions, a little toluol being added to prevent
decomposition. The styles were dissolved rapidly in pH between 10

TaprLe XX,
DISSOLUTION OF STYLE IN DIFFERENT PH.

Time to
pH  Length of style. Time to dissolve. pH.  Length of style.  dissolve.
10-0 2-5 em. 56 min. 2-6 2-6 cm. 90 min.

9-0 2-5 em. 70 min. 2-3 3-0 em. 22 hrs.

8:0 25 em. 70 min. 1-9 25 em. 15 days.
70 2-6 cm. 61 min. 1-65 2+4 em. 13 days.
6:0 2-4 em. 75 min. 142 2-8 cm. 13 days.
50 2-5 cm. 87 min. 125 2+4 cm, 9 days.
40 2:3 em. 90 min. 114 3-1 cm. 7 days.
3:0 2-8 cm. 88 min. 1-04 2+6 cm. 7 days.

and 2-6, more slowly at pH 2-3 and extremely slowly—it took fifteen days
for a style 2:5 em. long to be dissolved—in pH 1-9. Below this point
dissolution was also very slow, though gradually increasing in speed down
to pH 1:04, in which a style of 2:6 cm. took seven days to dissolve.

Unlike the other styles that of Ostrea is dissolved in all media, although
the difference between the fifteen days needed for the process at pH 19
and the fifty-six minutes needed at pH 10 is very striking. Repeated
experiments have confirmed these figures. The isoelectric point, 1-9,
is much lower than the lowest, 3-6, recorded for the other molluses
examined, and as the style in Ostrea is exceptionally unstable, this gives
additional evidence of the connection between the isoelectric point and the
site of formation, and consequent firmness, of the style.

It is clear from the above experiments that the style must speedily be
dissolved by the fluid in the stomach. It has been shown definitely that
the presence of food is not necessary for the formation of the style, while
Berkeley’s theory that the style is a reserve of oxygen which is used in
anmrobic respiration cannot be substantiated in view of the fact that
there is no correlation between the size of the style in different species
and the nature of the habitat ; a criticism which has also been made
by Nelson (1925). Moreover, in such animals as Siliqua, Schizothaerus,
Macoma (Edmondson (1920)), and Mya (Edmondson, Yonge (1923)), i
which the style lies in a separate cweum and so is protected from the
action of the fluid in the gut, the style never dissolves even after death
from starvation or from lack of oxygen. The style is continually being
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dissolved, and is only maintained by the continual secretion of new sub-
stance in the style-sac ; any lowering of the vital or metabolic activities
of the animals is at once reflected in a reduction or stoppage in the rate
of secretion, but the rate of dissolution remains constant and the style
disappears. This is a purely physical reaction which cannot take place
if the style is protected in a cacum. The gradual reduction in secretion
1s indicated by the gradual rise in pH in the clamped animals. Absence
of a style is, therefore, an indication of lowered metabolism, and it is
noteworthy that Allen (1921) has found that the style is formed less
readily in autumn and winter than in summer, and has proved by experi-
ment that this is the direct result of the difference of temperature.
Edmondson also states that the style of Mya is reformed more rapidly
after excision in summer than in winter. Allen further notes that there
18 no rhythmical loss and renewal of the style in fresh-water Lamelli-
branchs as there is in marine, tidal species ; the result, clearly, of the
equable conditions under which the former species live. Spirck (1925)
considers “ that absence of the crystalline style must be interpreted as
an indication of something not quite normal, as regards the state of
metabolism or nutrition.” Adverse conditions of any kind will cause
a lowering of metabolism, and this, in Lamellibranchs such as the oyster,
will result in the partial or total dissolution of the style, the state of
which presents a valuable index of the condition of the animal.

7. RESERVE FOOD MATERIALS.

It is fitting that some reference should be made to the nature and
distribution of the reserve food materials. So much work has already
been carried out on this subject (the most recent investigation is that
by Russell (1923), which contains a summary and bibliography of previous
work) that further research was considered unnecessary. As already
noted, fat is stored in the oyster particularly in the vesicular connective
tissue cells, or Langer’s vesicles, and is also present in the epithelium
of the gut and of the digestive diverticula. Traces were found in the
connective tissue after three months starvation. Material fixed in Carnoy’s
fluid and treated with iodine shows the presence of masses of glycogen
In the vesicular connective tissue, but never in the epithelium of the
digestive diverticula or of the gut. These results are in complete accord-
ance with those of previous workers both on the oyster and on other
Lamellibranchs. -

Quantitative estimations of the fat and glycogen in oysters made by
the Government Chemist (Russell) and by previous workers show that
the latter is much the more abundant (ranging between 21-34 and 40-049,
according to the analyses of the Government Chemist), while ** fattening ”
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of oysters is to be attributed, as pointed out by Mitchell (1916a), *“ to the
accumulation of glycogen, which must be regarded as the chief storage
substance for oysters.” The same author (1916) has further found that
oysters kept in a weak solution of glucose show an increase in the amount
of glycogen in the tissues. There is a seasonal variation in the quantity
of glycogen, which in the oyster, according to the estimations of the
Government Chemist, is constantly high from July to January, the total
carbohydrate and glycogen approximating closely, showing that practi-
cally all the carbohydrate is in the form of glycogen. It isto be assumed,
as Russell points out, that *“ during this period the oyster accumulates
reserve food substance in the form of glycogen.” From February to
April there is a fall in the glycogen content, although the total amount
of carbohydrate remains constant, the former being presumably ““ broken
down into an assimilative form which is then, in May and June (when
the total carbohydrates fall), utilised in the formation of the sexual
products ” (Russell). There can be no doubt as to the primary import-
ance of glycogen in the physiology of the oyster and all Lamellibranchs in
which it seems to play the same part as does fat in the vertebrates. This
throwing of the balance of metabolism on to the carbohydrate side is
in close accordance with the results recorded on the nature of the
digestive processes.

8. GENERAL DISCUSSION.

In the oyster the organs of feeding and digestion are specialised for
dealing with small particles exclusively. The elaborate ciliary mechanisms
in the mantle cavity with the accompanying secretion of muecus ensure
the capture of fine particles in suspension, of which the selective mechan-
isms reject the larger particles or mucus laden masses and allow only the
smaller ones to pass to the mouth. There is a reduction in the individual
size and general bulk of the particles swallowed, but no indication of any
selection of particles having definite food value. In the gut, cilia and
mucus glands are also universally distributed, ciliary activity, either
directly or by the agency of the style, having taken the place of the
muscular peristalysis necessary for the passage of large particles through
the gut. The style is clearly correlated, here as elsewhere, with the
presence of cilia, mucus glands, and a finely divided, and principally
vegetable food.

The purely mechanical process of feeding is confirmed by the results
of investigations into the stomach contents of oysters and other Lamelli-
branchs. Thus Savage (1925) states that ““ the oyster appears to ingest
anything suitable that it can capture, and no evidence was found to
show that selection takes place.” The work of Savage and previous
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investigators (quoted in detail by him) shows that in the stomach are
found samples of all matter in suspension in the water in which the
oysters live, and it is not surprising, therefore, to find that in the Limfjord,
where there is a great development of Zostera and of detritus formed by
its decomposition, the stomach contents of oysters should consist largely
of detritus. This has led the Danish workers, notably Petersen (1911),
Boysen Jensen (1914), Blegvad (1914), and Spéarck (1925), to maintain
that oysters are by nature detritus eaters. Recent American workers
such as Nelson (1921), Churchill (1920), and Martin (1923) all consider
that animate matter, and particularly diatoms, is of primary importance
in the food of the oyster. Savage found that at Orford inanimate material
provided the bulk of the stomach contents, animate matter never exceed-
ing 109,. Hunt (1925), in his account of the stomach contents of Lamelli-
branchs, states that they consist of a mixture of micro-organisms and
detritus. He is at variance with Blegvad in the latter’s classification
of Lamellibranchs as detritus feeders, adding, very aptly, that “ When
sand-grains are numerous in a stomach the proportion of detritus is
correspondingly great, and the organisms present are largely bottom-
living forms, but there is no reason to suppose that this preponderance
of detritus signifies its value as food any more than the abundance of
sand suggests the nutritive value of silica.” Reviewing these results
it is seen that the majority of workers have accepted the presence of
material in the stomach of oysters or other Lamellibranchs as proof that
it has been deliberately swallowed and can be digested. The Danish
workers, in particular, do not appear to have studied either the
mechanism of feeding or of digestion in Lamellibranchs.

Digestion is largely intracellular either in the tubules of the digestive
diverticula or in the phagocytes. This is clearly correlated with the
finely divided nature of the food, which is again sorted in the food cacum
in the stomach only the most minute particles entering the ducts and
tubules of the digestive diverticula, the ramifications of the latter pro-
viding the large ingesting surface typical of the gut of animals which
digest intracellularly. The larger particles in the gut are taken in directly
by phagocytes. The only extracellular enzymes are those of the style
which act exclusively on carbohydrates. This feeble development of
extracellular digestion and particularly the complete absence of extra-
cellular protease and lipase accounts for the passage of living organisms
undamaged through the gut, their presence in the rectum and famces
having been noted by many authors, including Blegvad (1914), Coker,
ete. (1921), Allen (1921), and Churchill and Lewis (1924). The two first
of these, however, have drawn from the presence in the fmces of living
diatoms, green algm and other plankton organisms the quite erroneous
conclusion that these are either useless or of secondary importance as
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food. Attention to this error has also been drawn by Nelson (1925).
Sherwood (statement in Savage’s paper) and Nelson (1921) have
both noted the presence of living oyster larve in the fmces of the
adults.

An examination of the enzymes shows that oysters are unable to digest
everything which enters the stomach, whereas the contrary has been
too often assumed. Thus there is no indication of digestive action on cellu-
lose or pentosans by the enzymes of either the style or the digestive
diverticula. Boysen Jensen (1914) found that pentosans were the only
non-nitrogenous substances present in estimable quantities in the detritus
of the Limfjord, but the only evidence he could produce as to digestion
was that pentosans are digested by herbivorous mammals and that
cellulose is digested by Helix, finally stating that, “ We may then perhaps
conclude that also bivalves are able to digest pentosan, and that the con-
siderable amount of pentosan present in the sea bottom—besides other
possible substances (hemicelluloses generally) plays an important part
as non-nitrogenous nourishment for a great portion of the bottom fauna.”
The known facts of the comparative physiology of digestion indicate that
conditions in Mammals and Gastropods have no bearing whatever on
conditions in Lamellibranchs, in which the digestive processes are particu-
larly characteristic, and of which the only members capable of digesting
cellulose (and there is no evidence as yet that they can digest pentosans)
are the highly specialised wood-boring Teredinidze.

Like all Lamellibranchs, oysters are particularly adapted for the
digestion of carbohydrates. The only extracellular enzymes are those
which digest starch and glycogen, while extracts of the digestive diverti-
cula reveal the presence of powerful sucroclastic enzymes capable of
digesting a variety of carbohydrates. On the other hand, lipoclastic and
proteoclastic enzymes are very weak, and fats and proteins are probably
digested largely in the phagocytes. In close connection with this concen-
tration on the digestion of carbohydrates is the storage of great quantities
of glycogen which represent the principal reserve food material. There
is a close parallel to these eonditions in Ciona (Yonge (1925)), in which
digestion is also concentrated on carbohydrates, and there are large
reserves of glycogen particularly in large cells in the epithelium of the
mid-gut. It is clearly this dependence on carbohydrates which has
enabled the Teredinidz to live on a diet consisting almost exclusively of
the carbohydrates in wood.

It follows that the food of the oyster must consist of small organisms
rich in carbohydrates, i.e. of microscopic plant life. The following table
taken from the paper of Brandt (1900) shows the relative amounts of
protein, chitin, fat, and carbohydrates in the ash-free dried substance of
diatoms, peridinians, and copepods.
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Diatoms Peridinians Copepods

% % %,
Protein 28-7 137 65-1
Chitin — - 51
Fat 80 1-37 77
(Carbohydrate 63-2 84-9 22-1

There 1s a much greater proportion of carbohydrates in the two former.
Russell considers that growth is due to an increase in protein and
‘ fattening ” to an accumulation of carbohydrates ; and the connection
between “ fattening ”’ and the presence of large numbers of diatoms in
the food has been noted by many workers, including Nelson (1921) and
Savage. No doubt, in the spring, the abundance of algal spores provides
ideal food, with their high carbohydrate content and delicate structure
which renders them easy to assimilate. Martin (1923) has drawn atten-
tion to the importance of nannoplankton, especially small flagellates and
peridinians, in the food of the oyster, and the structure and physiology
of the digestive system supports this, since it is only organisms of this
size which are ingested entire in the digestive diverticula. Ounly frag-
ments of diatoms seem to be so ingested—whole diatoms are digested by
the phagocytes—and it is only “ detritus ”* of this nature, i.e. fragments
of vegetable matter containing assimilative carbohydrates, which can be
of use to the oyster.

It is clear from the results of this research that ideal conditions for
“ fattening,” and incidently reproduction, in the oyster are found in the
presence of abundant supplies of diatoms, peridinians, algal spores, and
other microscopic vegetable matter. It is the quantity of carbolydrate
which is important, the protein matter necessary for growth is probably
always present in excess of the demands and powers of digestion of the
oysters. Such conditions are provided artificially in the  claires ” at
Marennes and other places along the French coast. Immense numbers
of diatoms and other microscopic organisms accumulate in them, and
the speed with which the oysters “ fatten ™ is proof positive of the fitness
of the environment.

9. SUMMARY.

1. The anatomy and histology of the food collecting and alimentary
organs of the adult oyster are described.

2. The anatomy of the stomach is investigated with the aid of geldtin
casts and attention drawn to the food cecum, the ventral groove, and
the two ducts of the digestive diverticula,
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3. Cilia and mucus glands are universal throughout the food collecting
and alimentary organs.

4. There is evidence that the gastric shield is composed of fused cilia.

5. There is no evidence of secretion in the digestive diverticula.

6. The histology of the style-sac resembles that described by Mackin-
tosh for Crepidula. There is evidence that secretion of the style takes
place in the groove.

7. Phagocytes are everywhere numerous in the blood vessels, con-
nective tissue and epithelia, and free in the gut and mantle cavity.

8. The alimentary organs of the larva are described.

9. The anatomy and histology of these organs in the ‘“spat ™ is
described, the palps are relatively large and the gills asymmetrical. The
style-sac is distinet from the mid-gut.

10.  The course of the ciliary currents on the gills and palps is described
and the importance of the various selective mechanisms emphasized.
Selection appears to be purely quantitative, large particles or mucus
masses being rejected and smaller ones accepted.

11. Muscular activity is of great importance in the functioning of
both gills and palps. Reversal of cilia has never been seen.

12, Rejected matter is removed from the mantle cavity.

13. Material is sorted in the food cmcum in the stomach, larger
particles passing into the mid-gut and smaller ones towards the gastric
shield and ducts of the digestive diverticula, within the tubules of which
there is a constant circulation.

14. The rotation of the style assists in the stirring of matter in the
stomach.

15.  In the style-sac are cilia, which rotate the style and others which
push it into the stomach.

16. In the larva the velum acts as a food collecting organ ; the style
lies in an extension of the stomach and rotates rapidly. Material passes
freely into the digestive diverticula.

17. In the spat rejective mechanisms are highly developed. The style
revolves at a speed of between sixty and seventy revolutions per minute.

18.  The tubules of the digestive diverticula are the only place where
soluble matter is absorbed, in adult, larve, or spat.

19. Fine particles are ingested and digested intracellularly in the
tubules of the digestive diverticula, the products of digestion carried
away by amcebocytes, and useless matter rejected into the lumen.

20.  Larger particles are ingested and digested by phagocytes in all
parts, the products of digestion heing carried to the vesicular connective
tissue cells and there stored.

21. Enzymes in the style digest starch and glycogen. The amylase,
at pH 5-9, has an optimum temperature of 43°C., and is destroyed at

11
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56°C. The optimum medium is pH 59. It is inactivated by purifica-
tion with absolute alcohol or by dialysis, but action is restored on the
addition of chlorides or bromides and to a less extent iodides, nitrates,
and carbonates, but not with sulphates or fluorides.

22. Sucroclastic enzymes in the digestive diverticula act on starch,
glycogen, sucrose, raffinose, maltose, lactose, salicin, and amygdalin, but
not on inulin, cellulose, or pentosans.

23. The amylase, at pH 5-5, has an optimum temperature of 44-5° C.,
and is destroyed at between 64 and 67° C. It has an optimum pH of
55, and is inactivated after purification or dialysis, action being restored
in the presence of chlorides or bromides.

24. There is a weak lipase and protease, the latter has two optima at
pH 3-7 and at or above 9-0 ; its action is very slow.

25. The only enzymes free in the stomach are those from the
style.

26. There is no evidence of any enzymes free in the gill mucus.

27. There is a powerful complete oxidase system in the style, and a
catalase in the digestive diverticula and gonad, and traces in the palps,
gills, and muscle.

28. The style is the most acid substance in the gut and the cause of
the acidity of the gut.

29. The style is dissolved rapidly in fluid of pH 2-3 and above, but
very slowly below that point. It is readily dissolved and reformed in
the oyster, its presence depending on the maintenance of the balance
between the rate of secretion and the rate of dissolution. Its coadition
is a valuable indication of the state of metabolism.

30. Glycogen and fat are stored, particularly in the vesicular con-
nective tissue cells, the former furnishing the principal reserve food
material.

31. The presence of abundant supplies of microscopic plant life rich in
carbohydrates provides ideal food for the oyster, and represents optimum
conditions for “* fattening = and reproduction.
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The Vertical Distribution of Marine Macroplankton.
III. Diurnal Observations on the Pelagic Young
of Teleostean Fishes in the Plymouth Area.

By

F. 8. Russell, D.8.C., B.A,,
Assistant Naturalist at the Plymouth Laboratory.

With 8 Figures in the Text.
THis paper records the results of two serial collections undertaken to
obtain information on the behaviour of the post-larval stages of teleostean
fish during the hours of darkness.

The net used was a stramin ring-trawl (2 metres diameter at mouth
and 6 metres long). The first collections were taken on July 15th to
16th, 1924, at a period of full moon, at L4 ; on this oceasion the hauls
were so arranged that five series of collections were obtained between
3 p.m. on July 15th and 11 a.m. on July 16th ; in each series samples were
taken from five different depths. The second batch of samples was
obtained on June 17th, 18th, and 19th, between L4 and the Eddystone.
Samples were taken from six different depths in each series, and the
experiment was carried through fwo successive nights. There was no
moon.

The material was treated as described in a previous paper (6), all the
young fish being picked out and then the remaining plankton organisms
counted directly or by sampling. The results shown by the plankton
organisms on July 15th to 16th, 1924, have already been published (6).
It is unfortunate that on both occasions the numbers of post-larve of
the more important food fish captured were very low. This was perhaps
to be expected in 1924, as mid-July is somewhat late in the season to
find the very young stages still in the plankton. On this account the col-
lections in 1925 were made in the middle of June, at which time of the
year in 1924 the young fish were very abundant. In 1925, however, for
some unknown reason the post-larvee of many species apparently dis-
appeared from the plankton a month earlier than in 1924 (7), and the
results of the day and night collecting were most disappointing, the num-
ber of fish taken being considerably less even than in the series of collec-
tions taken on July 15th to 16th, 1924.

Table 1 gives the complete log taken on June 17th-19th, 1925 ; all times
are Greenwich mean. (The log for July 15th to 16th, 1924, is given in
a previous paper, 6.)



Date @ June 17th-18th—19th, 1925. Position : between L4 and Eddystone.

1st Series

Brilliant sunshine ; sea V. 257
calm v 320
T 3.39% ,,
1I —_—
Surface —
2nd Series VI 7.254 p.m.
Sunset 8.30 p.m. ; v 749 .,
cloudless sky ; wind IV 812
freshening from IIT 832
north ; seaslightly 11 -
loppy Surface —
3rd Series VI 1037 p.m.
No moon ; seacalm; V. 11.10
wind freshening v 11.33 .
from North as series  TIT  11.54%
progressed II -
Surface —
4th Series VI 2.356 a.m.
Sun rose 4.27 a.m. ; A\ 287 .

cloudless ; fresh
wind and slight Top

Depth. Time net
entered water.

VI 2.33 pm. 2.343-2.45§ p.m.

IV 3.8} .,
il =
e

Surface —

TasLE 1.

Gear : 2-metre ring-trawl

Fishing time.

2.58-38
$91-838F
340-350
4-4.10 .
4.18}-4.98} |,

7.97-7.37 p.m.
750-80
8.13-823

8.321-8.42} .,
8.53-941
9.13-923

10.39-10.49 p.m.

11.11-11.21 ,,
11.34-11.44

11.55 p.m.~12.5 a.m.

12.15-12.25
12.36-12.46

2.36-2.46 a.m.
2.58-3.8
3.19-3.29
3.40-3.50
3.50-4.10
4.19-4.29

1]

1]

Time net
left; water.

2.49 p.m.
3.10%
3.33.
3.51

7.41 p.m.
83% ”
8256 ,,
844

10.53 p.m.
11.23%,,
11.46 ,,
12.6 a.m.

2.48} a.m.

310

330,

Length of
warp out.
60 fathoms
45
3B 5,
20
10,

60 fathoms

45,
35
20
0,

G0 fathoms

45,
3B,
20
0,

60 fathoms

15,
3,
20
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Tur Fisaing Dzprms,

On both occasions the depth-recorder, kindly lent by Admiralty
Authorities, was in use and tracings were obtained of the actual path
of the net through the water for each haul; the tracings for the 1924
collections have been reproduced in the previous paper (6).

In 1924 the results were very satisfactory in that they showed that
for most hauls the net fished steadily at the required depths, and did
not follow an irregular course up and down through the water ; also the
net fished at approximately the same five depths in each series; it is,
however, regrettable that no samples were obtained from the water
layers between 34 metres and the bottom, at 51 m. In 1925 the depth
records showed very unfavourable fishing results compared with the above.
The first two series were satisfactory, but at midnight on the first night
a misfortune oceurred ; in our efforts to get the net into the deeper
layers it struck the bottom. Thereafter the results obtained by the
recorder reflected the uneasiness felt by the collector, and show that the
speed of the ship when towing had been inereased slightly in order to avoid
the possibility of a re-occurrence of the accident. As a result, as in 1924,
there are no samples in the remaining six series from the water layers
between 32 metres and the bottom. This is unfortunate, as we shall see
when we come to consider the vertical distribution of the various species
of young fish captured.

A fresh attempt to repeat the experiment will be made, this time,
if possible, in May, to ensure a good supply of fish ; efforts also will
be made to obtain more samples from the deeper layers. This is
necessarily somewhat risky ; the use of the depth-recorder has shown
that it is a common oceurrence for the net to traverse a vertical
distance of 10 or more metres in its path through the water, and that
hence in the deeper water layers the possibilities of the net striking
bottom at some particular instant during the haul are great ; the large
amount of sand brought up by the net on such an occasion cannot but
be detrimental to the material of which the net is made.

The tracings obtained in June, 1925, are reproduced in Figs. 1 and 2.
It can be seen that in the 3rd and 4th series the clock of the recording
drum ran down after a very short time, so that in hauls III and IV of
the 3rd series and IT and IIT of the 4th series the maximum depth only
was recorded. This was rectified when it became light enough to examine
the clock, and it was found that the error was due to the slipping of the
winding key which had become worn ; for the remainder of the collections
the clock was wound by means of a pair of pliers.

The average depths have been estimated as previously described in
another paper (6), by taking the depth at ten equidistant points along
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the curve and calculating the mean. The sudden increase in depth of
the net at the end of haul IT of the third series was due to the several
fathoms of warp being accidentally allowed to run off the winch drum
immediately before hauling in.

Table 2 gives the average depth for each haul.

TABLE 2.

AveEracE DepTH IN METRES FOR EAcH HavL
oN JunNE 17TH-18TH-19TH, 1925.

1st 2nd 3rd 4th 5th Gth Tth 8th Oth
Series. Series. Series. Series. Series. Series. Series. Series. Series.

Surface — - - — — - - — -
II 45 54 112 6* 32 32 52 36 4
111 162 14 23*%  13* 75 93 122 8 111
IV 234 248  31* 18 99 14 166 139 127
v 29-8 31-:3 29 268 208 194 207 23T 233
VI 48-8 386 49 30 314 309 258 275 285

(GENERAL RESULTS.

In Tables 7 and 8 (pp. 397-399) are given the actual numbers of each
species taken in the collections. In most cases reference is made to these
two tables when discussing the results for each species in detail.

This work must be regarded merely as a record of the behaviour of the
various species of post-larval fish on the three nights in question, one
night of which was at the time of full moon while the other two were
moonless.

On all occasions the majority of species showed only a very slight
movement at night. There were, however, one or two exceptions, notably
the post-larvee of Sardina pilchardus, which became much more abundant
at night, curiously enough at all depths. The reasons for this increase
in numbers shown by the post-larval pilchard are, at the moment, not
quite clear ; further observations are needed. There was also evidence
that certain species, e.g. Callionymus lyra, showed a behaviour on the
moonlight night different from that on the dark nights with no moon.
On the moonlight night Callionymus showed no signs of upward move-
ment, whereas on the two dark nights their distribution stretched upwards
to the surface.

As regards the night of July 15th to 16th, 1924, a study of Table 7
conveys the impression that at night there was only a slight filling up
of the surface layers, in which the post-larves were comparatively scarce

* Maximum depth only.
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METRES. METRES.
0 ! 0
10 10

20 20

30 30

40 FIRST SERIES. 40

50 . Daylight. 235-4.29P.M. 50
0 54 I 0
10 “ - - 10

G 2a8--- =

20+ 30

407 SECOND SERIES. - o366 40

504 . Dusk 727 - 923 BM. 50
B i v 0
10 : 12 - - -YN\S- 0

20 Max.23 _ - _ . - 20

30 Mase:ll el 30

407 THIRD SERIES. e g‘g

50 Dark. 10-39 BM. - 12:46 A.M
0 L 0
20 g 20

o1 0 RS N 30 30
40 FOURTH SERIES. 40
50 Dawn. 2:36-4-29 A.M. 50

0 0
10 10
20 Z 20
30 34 -- A0
40 FIFTH SERIES. 49
50 Daylight. 7.25- 913 AM 50

F1c. 1.—The first five zeries of curves given by the depth recorder indicating the path
of the net through the water at five depths during the collections of June 17th-18th—
19th, 1925. (The surface haul is not included.) The net enters the water on the
right-hand side of each curve. The dotted lines indicate the calculated * average
depths.”
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in the daytime, with no consequent marked diminution of numbers of
fish in the deeper layers.

Table 3 gives the total numbers of young fish taken in each haul without
those of Sardina pilchardus and Gobius elongatus, the post-larvee of which
species were so numerous that they would distort the true picture of
events. Table 4 gives the numbers of different species of fish post-larvza
taken in each haul.

METRES . METRES .

40 SIXTH SERIES . 40
S0 Dusk . 730 - 818 PM 50

07,
10 1
20 1
30 1
40 EIGHTH SERIES. - 40
50 - Dawn . 2-:28-416 AM. =5
01 0
10 )
20 9 20
309 30
404 NINTH SERIES. 40
50- Daylight.  735-922 AM. 50

F1c. 2.—The last four series of curves given by the depth recorder indicating the path of the
net through the water at five depths during the collections of June 17th-18th-19th,
1925. (The surface haul is not included.) The net enters the water on the right-hand
side of each curve. The dotted lines indicate the calculated *“average depths.”

It will be seen from Table 4 that there were definitely more species
of young fish present at the surface at night than at any other time ;
this agrees well with the findings of Johansen in Danish waters (4, p. 6).
In the lower layers from about 9 metres downwards there would not
appear to be much change, an obvious increase at night in the deepest
layer (V), being somewhat compensated by a decrease in the layers above
(IV).
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TABLE 3.

ToraL NUMBERS OF POST-LARVE CAUGHT IN EACH HAUL oN JuLy 15TH-
16TH, 1924, EXCLUSIVE OF THOSE OF SARDINA PILCHARDUS AND
(GOBIUS ELONGATUS.

lat Series.  2nd Series.  3rd Series.  4th Series.  5th Series.
3.25 pom. to  7.55 p.m. to 10.50 p.m. to 2.50 a.m. to 8.45 a.m. to

4.45 p.m. 917 p.m.  12.20 a.m. 4.16 a.m. 10.11 a.m.
Surface 9 3 H2 14 14
11, 2-7 m. 44 46 61 43 30
I1I, 9-15 m. 87 48 61 121 82
IV, 16-20 m. 286 172 61 i 172
V, 30-34 m. 56 211 149 153 106
Total 482 485 384 408 404
TABLE 4.

ToraL NUMBERS OF DIFFERENT SPECIES OF FisH POST-LARVE OCCURRING
N THE COLLECTIONS MADE ON JULy 15TH-16TH, 1924,

1st Series.  2nd Series.  3rd Series. 4th Series.  5th Series.
3.25 pm. to  7.55 p.m. to 10.50 p.m. to 2.50 a.m. to 8.45 a.m. to
4.45 p.m. 9.17 p.m. 12.2{1 a.m. 4.16 a.m. 10,11 a.m.

Surface 7 6 16 3 7

I, 2-7 m. 14 15 16 11 9

111, 9-15 m. 17 14 18 16 19

IV, 16-20 m. 22 22 15 16 18

V, 30-34 m. 11 15 20 17 14
TABLE 5

ToraL NUMBERS OF POST-LARV.E CAUGHT IN EACH HAvL oN JUNE 17TH-
18tH-19TH, 1925, EXCLUSIVE OF THOSE OF SARDINA PILCHARDUS,
(GOBIUS ELONGATUS, AND CALLIONYMUS LYRA.

Dark. Dark.
Series 1 2 3 4 5 6 7 8 9
Surface 1 3 19 5 = 3 18 3 2
11 17 14 34 8 3 2 16 b 2
III 10 13 21 6 i 4 12 6 6
v 22 13 17 19 H 15 25 20 13
Vv 70 38 1D 15 5] 23 64 2 26
VI 42 18 14 6 56 3l 25 28
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TABLE 6.

Torar NUMBERS OF DIFFERENT SPECIES OF F18H POST-LARVE OCCURRING
N THE (OLLECTIONS MADE ON JUNE 17TH-18TH-19TH, 1925,

Dark. Dark.,
Series 1 3 3 4 5 6 7 8 9
Surface 3 4 11 5] 0 2 8 1 1
11 3 9 16 5] 2 4 9 6 3
11 7 9 12 6 6 b 12 7 6
IV T 8 11 12 5} 11 13 10 5
v 10 14 12 11 6 8 18 12 12
VI 11 13 13 5 12 17 12 11

In Tables 5 and 6 the results obtained on the nights, June 17th-18th—
19th, 1925, are dealt with in a similar manner, except that in Table 5,
which gives the total numbers of post-larvee taken in each haul, the
post-larval Callionymus lyra have been excluded as well as Sarding
pilchardus and Gobius elongatus.

Table 5 shows that on this occasion the results were somewhat similar
to those obtained on July 15th-16th, 1924 ; the numbers are very small,
but they show, if anything, perhaps that the upward movement was
more marked on this occasion. Table 6 shows that there was a general
increase in the number of species at all depths at night except at 29 metres
at 11.11 p.m. on the first night.

In the following pages the vertical distribution of each species will
be discussed in detail.

CLUPEID A.

SarpiNA pILcHARDUS (Walb.).

If we examine the percentage distribution of Sardina pilchardus
post-larve (Table 9) on July 15th-16th, 1924, we see that while tending
to be most abundant between 10 and 20 metres in the daytime the young
fish filled up the surface layers at dusk and midnight, and further, that
at midnight more were taken actually at the surface than at any other
depth. At dawn they left the surface, and the greatest number were
taken at a depth of about 9 metres ; in full daylight they had resumed
almost exactly the same distribution as on the previous afternoon.

In addition to this evidence of change in the vertical distribution of
the post-larve there is a very marked increase in the numbers caught
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at midnight and even more so at dawn. In fact, it would appear that
we were at the time passing through a large shoal, and that at about
3 a.m. we encountered the densest region. This increase in numbers is
illustrated in Fig. 3, which shows diagrammatically the actual number
of individuals caught at the different depths in each series of hauls.

METRES. METRES.
325-445PM.  T55-917PM. 1080P.M-1220AM 2:50-416AM. 8-45-1011 AM.

0 v 0
[o: - 10
20: _ 20
30: ;50

T

40+ NO. or FISH. SARDINA  PILCHARDUS . L 40
& _ 40 20 0 200 400 -

F1c. 3.—The vertical distribution of Sardina pilchardus post-larve, at the times shown,
on July 15th-16th, 1924, showing the large increase in numbers at all depths at mid-
night and dawn. The white spots and black circles indicate the * average depths ”
at which hauls were taken.

In Table 10 I give the number of post-larve of this species taken at
the different depths in June, 1925.*% Here again we see a tendency to
extend into the upper layer at night, and again also we note an increase
in the total numbers taken at night ; although the figures are not so great
as in 1924 this increase in numbers is very noticeable in the diagrammatic
distribution shown in Fig. 4. On this occasion it is the night series only
that show the largest catches ; at dawn, between 2 and 4 a.m., there is an

METRES. METRES
235-  727- 038 PM.-  236-  725- 730-  I033RM- 735 -

. 419PM SI3RM. 1236 AM.  419AM. sam QBPM. IDIBAM.  4BAM. gizAm. o
104 i
204 F20
30+ F30
404 NO. or FISH. SARDINA PILGHARDUS. |40

40 20 0 20 40 I 50
50 o o5 o .
|7 ™ i |8 TH. : Ig‘rn.

Fi1e. 4.—The vertical distribution of Sardina pilchardus post-larve, at the times shown,
on June 17th-18th-19th, 1925, showing the large increase in numbers at all depths
on the two nights. The white spots and black circles indicate the *“ average depths ’
at which hauls were taken.

* All the post-larve caught on this occasion were less than 20 mm. in length.
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indication of increase in numbers in the bottom haul both on the 18th
and the 19th ; it is unfortunate that there are no deeper hauls to show
whether they were even more abundant below. It is interesting to note

TaBLE 9.

ey s & Fs & .. L
POST-LARVE OF SARDINA PILCHARDUS CAUGHT IN THE RING-TRAWL ON
Jury 15TH-16TH, 1924.

Depthin 5-10 11-15 16-24 Total num- Percentage

metres. mm. mm. mm. ber of fish. distt_ribu-
1011,
1st Series Surface  — 11 - — 11 a7
3.25- II 6-6 33 — — 33 17-2
4.45 p.m. I1T 13-6 60 10 — 70 36-5
Daylight v 195 61 7 2 70 365
v 345 8 - — 8 4-1
2nd Series  Surface  — 5 10 —- 15 14-1
7.55- 11 7 23 11 — 34 317
9.17 p.m. I1I 151 11 7 1 19 17-8
Dusk v 17-1 16 12 2 30 28-1
vV 32-3 4 2 3 9 83
3rd Series  Surface — 160 156 16 332 32-5
10.50 p.m. 11 58 141 66 8 215 21-1
-12.20 a.m. 111 11-2 124 31 16 171 16-7
Dark IV 20-7 67 34 10 111 10-8
v 32-2 142 41 10 193 19
4th Series  Surface  — 16 ~ — — 16 0-7
2.50- 11 19 326 b7 1 384 17-4
4,16 a.m. III 9 982 258 36 1276 577
Dawn IV 16 187 61 12 260 11-8
v 30-1 173 91 8 272 12-3
oth Series  Surface  — 3 1 - 4 3-3
8.45- II 53 17 3 — 20 170
10.11 a.m. I11 125 37 5 3 45 382
Daylight IV 183 29 8 4 41 3448
v 311 5 2 1 8 67

that the catch actually at the surface at midnight on 18th-19th was

very small. | This was also shown by certain other plankton organisms.
Now we have said that in 1924 there was a possibility that we might

have run into a shoal of young pilchard at night ; this might also be put
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forward as an explanation for the 1925 results. It would be a curious
coincidence, however, if this has occurred on three oceasions, and especially
on two successive nights as it did in 1925. A further possibility would
be that in the light the greatest numbers descend to below 30 metres
or just above the bottom. There is no sign that such was the case in the
first two series on June 17th, 1925, when we were fortunate enough to
fish the net well down in the deeper layers. The question remains, did
they escape the net on all occasions except in the dark ? I do not think
that young pilchard, all less than 20 mm. in length, would be able to
avoid so large a net as the ring-trawl, but on this question we need more
observations. The only explanation that remains is the possibility of
swarm formation by the small fish. If this were so one would expect
that the swarm formation occurred in the daytime, when the small
numbers caught could be accounted for by the fact that no swarms were
encountered by the net.

It is obvious that it is of no avail to try and bring forward explanations
of these curious results until we have far more observations.

TasLE 10.

POST-LARVE OF SARDINA PILCHARDUS ON JUNE 17TH-18TH-19TH, 1925,

Dark. Dark.
Series 1 2 3 4 H 6 7 8 9
Surface 1 8 66 1 — — 3 — —
1T — 4 67 1 - 4 39 2 1
11T 4 T 58 9 4 3 21 H 5]
v 4 b 24 11 1 12 23 6 4
v 10 T 29 12 2 8 36 10 1
VI 3 4 12 28 3 7 39 25 4

GADID /A,
GADUS MERLANGUS L.

In the collections in 1924, only one post-larval whiting occurred : this
was taken at T metres at dusk.

In June, 1925, they were more numerous, but the results (see Table 8,
p. 398) do not point to any definite migration at night; however,
while none were taken right on the surface in the daytime, one or two
were taken there by the dusk, midnight, and dawn hauls. Nearly all the
specimens were between 7 and 20 mm. in length. The following table
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shows the numbers of larger specimens taken, ranging between 22 and
50 mm. in length.

Dark. Dark.
Series 1 2 3 4 ) 6 7 8 9
Surface - - - 1 - - - 1 ~
II - ~ 1 3 = = e 1 -
111 = - = 1 - = - = -
IV - = . i - - - 6 N
v Pk e R A m owm B =
VI 2 - - - = - - - =

It will be seen that the larger number of young whiting of this size
were taken at dawn on both days, when they occurred at most depths;
including the surface. At each of the depths IV and V in series 8 one
small Cyanea capillata was captured.

Gapus mmwutus (0. F. Mill,).

Post-larvee of Gadus minutus were very scarce on both occasions ;
however the results would point to quite a definite upward movement
on the part of some at night. On July 15th-16th, 1924, two specimens
only were captured, 14 and 12} mm. in length. The first of these was
taken at 32 metres at 7.56 p.m., and the other at the same depth at
10.52 p.m. ; none occurred in any of the daylight or dawn hauls.

On June 17th, 18th, and 19th, 1925, specimens, 61-12 mm. in length,
were taken in the hauls shown in the following table.

Series 1 2 3 4 b 6

-1
oo
0w

Surface
IT
IIT -
v
Vv -
VI _

|

[ e I |
|
|
|

BD o |
|
|

— e ]
|

1 - - 1 -

Here we see definite indications that the post-larvee were extending
their distribution upwards at dusk and midnight on the first night, and
at midnight on the second night, reaching a level at a depth of 11 and
12 metres respectively, at which depth it is very unusual to meet with
them in the daytime (7, p. 119).
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BOTHID A&,

ARNOGLOSSUS SP.

On July 15th-16th, 1924, at 3.44 p.m. one post-larva only of Arno-
glossus, probably A. laterna (Will.), was taken at 19-5 m. ; at 8.15 p.m.
one at 17-1 m. ; at midnight eleven were caught at the surface, and one
or two at every other depth sampled ; at 4-6 a.m. none were taken quite
at the surface, but four at 1-9 m., nine at 9 m., and three and two at
16 and 30 m. respectively. In daylight the next day none were caught
at the surface or at b metres, but five, three, and one were taken at 125,
18-3, and 31-1 m. respectively. Thus it would appear that this species
showed quite a definite migration towards the surface at midnight,
together with a total increase in numbers.

In 1925, on June 17th, between 2.30 and 4.20 p.m., no Arnoglossus
post-larvee were taken ; at 8.53 p.m. one only was taken at a depth of
5+4 metres, and at midnight one at the surface ; in the next two series,
dawn and daylight, on the 18th, none were caught, but at dusk between
7.30 and 9.6 p.m. one was taken at each of the following depths : surface,
9-3 m., 19-4 m., and 30-9 m. ; between 10.30 p.m. and 12 midnight one
occurred at 12-2 m., one at 16-6, and one at 20-7Tm. In the two following
series, at dawn and daylight on the 19th, again no specimens were cap-
tured. Thus on this occasion also there occurred an inerease in numbers
in the darker hours, possibly indicating an upward movement.

SCOPHTHALMUS NORVEGICUS (Giinther).

The numbers of S. norvegicus post-larve, all between 4 and 10} mm. in
length, taken on July 15th-16th, 1924, are given below.

1st Series. 2nd Series.  3rd Series.  4th Series.  5th Series.
3.25 pm. to  7.55 p.m. to 10.50 p.m. to 2.50 a.m. t1 8.45a.m. to
4.45 p.m. 9.17 p.m. 1220 a.m.  4.16am. 10.11 a.m.
Surface — 5 1 — —
II, 2-Tm. 1 8 2 2 —
II1, 9-15 m. 10 3 b 2 2
IV, 16-20 m. 37 25 4 4 14
V, 30-34 m. 1 13 9 12 8

These figures show that while in the daytime these post-larva appeared
to avoid the water layers between the surface and a depth of about
13 metres, at night they extended their distribution upwards, so that
a few occurred at the surface itself; the greater number, however, still
kept to the deeper layers.



404 F. 8. RUSSELL.

From June 17th to 19th in 1925 we again see a similar behaviour,
although in this case the numbers of individuals captured are small
(Table 8, p. 398) ; on the second night the majority occurred, as in 1924,
below a depth of 10 metres, and on the first night the largest cateh was
from 11 m., but the numbers taken on this night were very small.

PLEURONECTID A.

PLEURONECTES MICROCEPHALUS (Don.).

On July 15th-16th, 1924, post-larvee of P. microcephalus, 6-12 mm. in
length,* occurred in daylight, at dusk, at dawn, and again in daylight,
only below 15 metres, except for one at 9 metres at 3.34 am. In the
dark, however, between 10.52 p.m. and 12.9 a.m. they were distributed
from the surface downwards (see Table 7, p. 397).

In June, 1925, there was evidence that they extended upwards at
dusk and remained so at midnight, on both nights on which the collections
were taken, but they never actually reached the surface. They were all
between 5} and 121 m. long. In the daytime none were caught above
20 metres ; there is again evidence of a slight increase in numbers at
night, possibly indicating that in the daytime they were restricted to
some deep-lying zone not sampled by the net (Table 8, p. 398).

SOLEID A.

SoLeA VARIEGATA (Domn.).

Post-larvee, 4 to 8% mm. in length, of S. variegata, were only taken
throughout the period of collecting on July 15th-16th, 1924, below
10 metres, except at 8.49 p.m., when five were caught at a depth of 7
metres ; this time, however, the majority still occurred below 10 metres
(Table 7, p. 397). There was therefore little indication of change in
vertical distribution throughout the night.

Again on June 17th to 19th, 1925, they mostly occurred below 10
metres. There was a slight indication of extension upwards of their
distibution at midnight on the 18th, when three were caught at the sur-
face, at this time, though, they were again more abundant in the deeper
layers (see Table 8, p. 398).

CARANGIDA.

Caranx TRACHURUS (L.).

Post-larvee of Carana trachurus, between 4 and 8 mm. in length, were
taken on July 15th-16th, 1924 ; while the largest catch was made at

* At 11.16 p.m. at 20-7 metres one metamorphosing specimen 16§ mm. in length was
captured, and at 31 m. at 8.46 a.m. a late post-larva of 14} mm.
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13-6 metres at 4 p.m. on July 15th, at 11.52 p.m. most were caught at
5-8 m., and at 3.34 a.m. on July 16th the majority were taken at 9 m.
(Table 7, p. 397). In June, 1925, none were taken.

AMMODYTID ZE.
AMMODYTES LANCEOLATUS (Lesauv.).

Post-larvee of Ammodytes lanceolatus, mostly between 5 and 20 mm.
in length, showed on the night of July 15th, 1924, no very marked increase
in numbers in the surface layers. At this time there was a full moon.
From Fig. 5 it would appear that they moved slightly downwards at
dusk, and that at midnight they were evenly distributed between the
depths of 10 and 30 metres, avoiding the layers from the surface down
to 5 and 6 metres, although there were relatively more at this level than
in the daytime. In the daytime they were most abundant below a depth
of about 15 metres.

The following table gives the sizes and total numbers of specimens
taken in each haul of the five series :—

1

Depth in Length in millimetres. n?.\?ntxier

metres. 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 of fish.
IstSeries 8. - - - — — — — — — — — - - - — — — - - - =
6 - — - - - = I - - - - = 1 1 - = = = = 3
131 -1 - 315 2 5111 -1- - - - - - 22
195 - 41 - 4 3 5 77 -3 -11 - - = - = - 36

345 — 1 w i o8 T Bl s R w0 s om e s e 4

2nd Series S, - - - - - - - - - - - - - = - =
7P = = = =1 = = = = = = - - - - - - = 1

151 2 = = =« = = = 2 = - - - - - = - - - - - 4
17211 1 31 2 31111 === === == - -115
3223 1 1 2 3 611 6 9 5 2 5 3 - -1 - -1 1 57
drdSeries §. - - 1 - = = =1 111 = = = = = = - - = 5
8 — — 1 =1 = 2 = = = = = = = = = -1 - -5

1121 3 1 1 4 3 4 2 3 1 - -1 - - - - = - 24

200 - - =112 43 3111 -1-= - - - - =18

3221 - - 2 -2 4 3 4 3 -311 - - - - - - 24
4thSeries 8. — = - = = = = = = = = = = = = = = - = - -
F90E 1 i i B B e B m e T ey e e e

g 1 5 411 21 -1 = = = = = = - - - = 17

6 3 61 3 4 3 21 -2 - - - -1 - - - - 26

301 4 6 -1 4 5 7 93 5 31 - - -1 - - - - 49
SthSeries §. - - - = = 1 1 = = =1 = = - - - - - - - 3
31 - - = = = = = 1111 - = === - - 235

126 - 2 2 2113 -2 -1-1 === = = - 15

1531 7 2 3 6 6 6 6 5 312 -1 - - - - - — 47

31-1 - - 2 3 4 2 2 7T 3 1 - = = = = = = = - - 24

In the collections on June 17th—19th, 1925, very few post-larval stages
of this species occurred. The numbers were too small to show any indica-
tion of movement (Table 8, p. 398).
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Johansen (4, p. 11) gives records of this species for April in Danish
waters, which show a huge increase in the numbers taken at night over
those caught in the daytime. It is noteworthy, however, that these
stages were from 13 to 91 mm. in length, very much larger than the
specimens I have taken, and it is more than probable that at this length
the young sand-eels are congregated together in shoals and have already

METRES. METRES.
+ 325-445PM. 755-217 PM. 1050 PM-I220AM. 250 -4 AM. B-45- 1011 A.M,

 ¢AlAd

404 NO. oF FISH AMMODYTES LANCEOLATUS. 40

1

20 @ 0 0 20

S0 50

F16. 5.—The vertical distribution of 4Ammodytes lanceolatus post-larve, at the times shown
on July 15th-16th, 1924. The white spots and black circles indicate the * average
depths * at which hauls were taken.

adopted their typical habit of burrowing in the sand, in which case
they may well have been either in the deeper layers or buried in the
bottom in the daytime. Further, the extraordinary rapidity with which
these fish can move, a whole swarm dispersing with lightning speed,
would enable them to avoid the net in daylight. At this stage, in our
waters, they are mostly quite close inshore, when on clear days one can
see the large swarms swimming about over sandy bottoms near the rocks ;
a sudden movement on the part of the observer or the casting of a stone
into the water will disperse the shoal immediately.

CALLIONYMID A&.

CALLIONYMUS SP.

The specimens captured on these occasions were mostly the post-
larvee of Callionymus lyra (L.). A few C. maculatus (Rafin.) were, how-
ever, present. Of the large number taken on July 15th—16th, 1924, only
twenty-five specimens of C. maculatus were seen ; these were specimens
in a sufficiently advanced stage of development to be distinguishable
from C. lyra by the pigmentation of the ventral fin (Fage 3, p. 136, and
Mielck 5, p. 232). It is possible that a few earlier stages may also have
been present. In June, 1925, probably the post-larve of C. maculatus
were even more scarce, e.g. among the 248 specimens taken at 7.27 p.m.
on June 17th from 38-6 metres none were seen.
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On July 15th-16th, 1924, at the period of full moon, the post-larve of
Callionymus sp. showed no signs of making any upward movement
during the night. An examination of Table 11 and also of Fig. 6, which
gives diagrammatically the distribution at different times, shows that
there was even an indication that the young Callionymus went deeper

METRES. METRES.
325-445PM. 755-17FM. 10B0PM-1220AM 250-416 A.M. 845-10-11A.M.

eAlit

404 NO e FISH CALLIONYMUS s, A0
1 40 20 0 20 40 B
50 50

Fre. 6.—The vertical distribution of Callionymus sp. post-larve, at the times shown on
July 15th-16th, 1924. The white spots and black circles indicate the * average
depths " at which hauls were taken.

during the night and early hours of the morning than in the daytime.
In the afternoon and at dusk on July 15th and in full daylight on the
morning of July 16th there was a sudden increase in the numbers of these
post-larvee below 15 metres, and above this level very few were taken ;
at midnight and dawn, however, they were relatively scarce even down
to a depth of 20 metres,

Tasre 11.

NuMmBERS OF PosT-LARVA OF CALLIONYMUS SP. IN EACH HAUL oN
JuLy 15TH-16TH, 1924.

15t Series. 2nd Series.  3rd Series.  4th Series.  5th Series.

325 pm. to 7.55 p.m. to 10.50 p.m. to 2.50 a.m. to 8.45a.m. to
4.45 p.m., 9.17 p.m. 12.20 a.m. 4.16 a.m. 10.11 a.m.

Surface 2 - 3 - —
II, 27 m. 3 7 1 — 2
III, 9-15 m. 14 12 6 2 19
1V, 16-20 m. 62 47 12 8 59
V, 30-34 m. 42 101 71 44 50

In the two daylight series (1 and 5) and the dusk series (2) all the post-
larvee were between 3-5 and 7-5 mm. in length. At midnight, however,
at 20-7 metres, three specimens, 8 mm. long and two of 85 and 9-5
respectively, were caught ; while in the same series at 32-2 metres there
were four 8 mm. long and two hottom-stages of 12-5 and 14 mm. At
dawn at 30 metres two 9-5 mm. and one 10 mm. long were caught ; these
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were very early bottom stages, one of which was a C. maculatus. This
is an indication of an upward movement from the deeper layers of the
older stages.

On the two nights in June, 1925, when there was no moon, there was
apparently definite evidence of a vertical movement upwards at night
(see Table 12 and Fig. 7). In the daylight hardly a single specimen was

METRES . S
2.35- 727 - 10-38 PM-  236- 7.25- 730- 10-33PM- 2.28- 7355-
0 418 PM, 843 P.M, 235 AN, 4I9AM. 9ZAM. SBRM. 1213 AM. 4BAM. S AM. 0
| ’ ] “ ° Qo o
104 | & "
~ 3 i -20
-1 30
iy NO. o FISH . CALLIONYMUS  se. L a0
-J_ |ﬁmmo L
N ' - 50
17 ™ ' 8T | o™

16, 7.—The vertical distribution of Callionymus sp. post-larvee, at the times shown, on
June 17th-18th—-19th, 1925, showing the increase in numbers at all depths on the
two nights. The white spots and black circles indicate the “ average depths ” at
which hauls were taken.

taken in any of the hauls above 15 metres, but at night post-larvae were
caught at the surface itself, although they were apparently still far more
numerous in the deeper layers.

TasLe 12.

NumBERS oF Post-LARVAE oF CALLIONYMUS SP. IN EACH HAUL on
JUNE 17TH-18TH-19TH, 1925,

Dark. Dark.

Series 1 2 3 4 B 6 7 8 9
Surface 1 1 38 1 — — 12 — —
II 1 10 47 1 — 1 41 2 -
ITT i 39 b2 5 2 — 79 4
IV 40 85 59 17 2 8 96 6 1
v 45 352 145 71 26 9 147 59 21
VI 30 248 5 54 18 31 182 75

Again, as we noticed to be the case with the pilchard post-larvee, we
find a curious inerease in the total number of young Callionymus caught
at night in June, 1925. To show that this is not due to a vertical move-
ment of fish of the small bottom-living stages I append the following
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figures, giving the actual sizes of the specimens taken in two of the
hauls : at 29-8 metres in Series 1 and 31-3 metres in Series 2. It will be
seen that in neither case can any of these be said to be true bottom living
forms, but that they are all true planktonic post-larvee. Ehrenbaum
(2, p. 106) says that Callionymus lyra takes to the bottom at a length
over 10 mm., and Mielck (5, p. 235) gives about 11-12 mm. for the corre-
sponding stage of development of C. maculatus ().

Length in millimetres.
4 4 5 5k 6 68 7 T¢ 8 8% 9 9% 10

1st Series,298m. - 3 10 9 7 4 3 2 3 3 1 - -
2nd ,, 31-3m. 3 15 51 29 58 42 58 37 36 13 8 - 2

The possible explanations for this increase in numbers will be the
same as those already stated under the description of the vertical distribu-
tion of Sardina pilchardus post-larve (p. 401). Perhaps, judging from
the actual figures which show such a large increase in the deeper layers
at night, it is most probable that in mid-June, a time at which the light
is at its strongest and its penetration into the water probably deepest,
the Callionymus larvae were, in the daytime, congregated either in the
water layer a few metres above the bottom or actually resting on the
bottom itself. The figures for daytime catches shown in Tables 6 and 8,
pp- 155 and 157, of a previous paper (7) would indicate that on June 4th
and July Ist these post-larvee occurred higher in the water. Tables 3
and 4, pp. 152 and 153, of the same paper show, however, that in mid-
June, 1924, on the 17th and 25th days of the month, in the daytime
they were also well above the bottom ; on both these dates the weather
was dull. In June, 1925, the amount of sunshine recorded in the South-
west of England was exceptional, and may well have been the cause of
the fish seeking the deepest layers, if such ghould turn out to be a correct
interpretation of the figures shown by my collections. I give below the
figures showing the average daily sunlight for the weeks at this time
of year in 1924 and 1925.

Average number of hours per day.

1924 1925
22nd week of the year 52 121
2%ed L, . . 22 126
24th ,, ,, , 65 10-6
25th ,, ,  , 67 97
2%th , ., 44 79

2

Atkins, in a paper on Phosphate Content in this volume of this Journal
(1), gives on p. 457 a graph that illustrates this exceptional amount of
sunshine in June, 1925,
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LABRID A.

Post-larval wrasses were scarce on June 17th-19th, 1925: but on
July 15th-16th, 1924, young Clenolabrus rupestris, Crenilabrus melops, and
Centrolabrus exoletus were present throughout the series. It has been shown
(7, p. 131) that these forms are somewhat irregular in their vertical distri-
bution, and may be taken right at the surface in daylight ; little informa-
tion can be obtained from the figures (Table 7, p. 397), except that at
any rate they did not definitely migrate to the surface at night in which
case they would have been taken in greatest numbers at that region.

SCOMBRID A.

SCOMBER SCOMBER (L.).

The post-larvee of the mackerel have been shown to occur as much in
the upper layers as deeper down in the daytime, even being taken right
on the surface (7, p. 133).

On July 15th-16th, 1924, they were most abundant at 5 or 6 metres
in the two daylight hauls and at midnight ; at dusk and dawn, however,
they would seem to have been deeper in the water, between 9 and 17
metres. This may, of course, be due to uneven horizontal distribution,
because while at dusk on June 18th, 1925, they were mostly at 20 to 30
metres, at dusk on the 17th there was no indication of this,

GOBIID A.
GoBius ELONGATUS Canest.

Post-larvee of Gobius elongatus on July 15th, 1924, showed a distinct
extension of their distribution into the upper and surface layers at night.
An examination of Table 13 and of Fig. 8, however, will show that the
bulk of the young fish were still well below the actual surface.

TaBLE 13.

NUMBERS OF (GOBIUS ELONGATUS POST-LARVE IN EACH HAUL on
Jury 15TE-16TH, 1924.

1st Series.  2nd Series.  3rd Series, 4th Series.  5th Series.

3.25 pm. to 7.55 p.m. to 10.50 p.m. to 2,50 a.m. to 8.45 a.m. to
4.45 p.m. 9.17 p.m. 12.20 a.m. 4.16 a.m. 10.11 a.m.

Surface 1 15 23 4 2
II,2-7 m. 9 89 52 26 10
III, 9-15 m. 68 154 87 237 103
IV, 16-20 m. 106 Iefd 95 213 236

V, 30-34 m. 62 118 210 187 105
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It is curious that in the 3rd Series (Dark) the largest catch was made
by the bottom haul, as with Callionymus (p. 407), indicating a possible
descent of some individuals (see Fig. 5); no conclusion, however, can
be drawn from a single observation, unevenness in horizontal distribution
always having to be borne in mind.

METRES METRES.

325-445 PM. 755- 817 PM, 1050 PM - 1220 AM. 250-416 AM. 8-45-I101A.M.
0

0 _ .
104 - 10
20: lEU
304 350

404 NO.oF FISH GOBIUS ELONGATUS. 40
] 100 50 © S50 100
50 50

Fra. 8.—The vertical distribution of Gobius elongatus post-larve, at the times shown, on
July 15th-16th, 1924. The white spots and black circles indicate the *‘ average
depths ** at which hauls were taken.

In June, 1925, post-larval Gobies were extremely scarce in the day-
time ; at night, however, there was a marked increase in numbers at all
depths, and they appeared to have been fairly evenly distributed from
the surface downwards (Table 8, p. 398).

Leperus scorrroinges (Coll.).

Post-larvee of Lebetus scorpioides were extremely rare on both the
occasions on which serial collections were made.

On July 15th, 1924, in Series 1 two only were taken, one from a depth
of 195 m. and the other from 34-5 m. In Series 2 no specimens were
captured. In Series 3 one was taken at the surface, one at 5-8 m., and
two at 32:2 m. In Series 4 only one was caught, and that from 30-1 m. ;
and in Series 5 two were taken, both from 18-3 m. In June, 1925, none
were taken, except at 8:11 p.m. and 10-55 p.m. on the second night,
June 18th, when they were caught at 14 and 20-7 metres respectively
(Table 8, p. 398).

Johansen, in April, 1925, only took this species in the upper water
layers, in Danish waters, between the hours of 12 midnight and 2 a.m.
(4, p. 10).
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BLENNIID A.

Brenn1Us PHOLIS (L.) AND BLENNIUS ocELLARIS (L.).

Post-larvae of Blennius pholis and Blennius ocellaris were too scarce
on both occasions to show any evidence of their behaviour (Tables 7 and 8,
p- 397).

BreENN1US GATTORUGINE (L.).

Blennius gattorugine post-larvae did not avoid the upper layers in the
daytime on July 15th-16th, 1924 ; there is an indication of an accumula-
tion in the surface layers at night, but the numbers are too small to be
conclusive. In June, 1925, they were very scarce.

TRIGLID A.

TRIGLA SP.

In July, 1924, post-larve of T'rigla sp., which were living in the day-
time below a depth of about 7 metres, showed a slight extension upwards
of their vertical distribution at dusk, dark, and dawn, but on no occasion
was any specimen caught at the surface itself (Table 7, p. 397). On the
two nights in June, 1925, however, when there was no moon, although
the numbers taken were very small, there is an indication of a more
marked upward movement (Table 8, p. 398).

GOBIESOCID A.

LEPADOGASTER BIMACULATUS (Penn.).

In July, 1924, post-larvee of L. bimaculatus showed no signs of any
diurnal change in their vertical distribution, being taken mostly below
20 metres ; one was taken at 7 m. at dusk. In June, 1925, only seven
specimens were caught in the whole series of collections ; of these two
were taken in daylight, three in the dark, and two at dawn.

CYCLOPTERID A.

Liraris MoNTAGUI (Donov.)

Only two post-larvae of L. montagui occurred in the July, 1924, collec-
tions ; one was taken at 8.15 p.m. from 17 metres and one at 10-52 p.m.
from 32 m. There were none caught in June, 1925.
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AGONIDA.
AGONUS CATAPHRACTUS.

In all the collections one post-larve of this species only occurred ;
this was from 25 metres at 10.33 p.m. on June 18th, 1925.

LOPHIID A.

Lorurus piscarorius (L.).

Post-larval L. piscatorius only oceurred in June, 1924, when only seven
specimens were taken altogether; there was no evidence of upward
movement at night (Table 7, p. 397).

SUMMARY.,

1. Results are given of collections made with the stramin ring-trawl
to study the vertical distribution of post-larval teleostean fishes through-
out the period from daylight, through the hours of darkness, to daylight
on July 15th-16th, 1924, and June 17th, 18th, and 19th, 1925. At the
time of collecting in July, 1924, it was full moon ; in June, 1925, there
Was 10 mMoon.

2. Inno case, except perhaps that of Sardina pilchardus post-larvee, was
there evidence of marked upward migration at night ; the general impres-
sion for most species was that while the type of distribution shown in
daylight was somewhat modified at night, only very few individuals
moved up to the surface layers. There was, however, a notable increase
in numbers of certain species at all depths at night, whether this was
an indication of a movement up from layers very close to the bottom is
not known ; it will need many more observations before the exact signifi-
cance of this can be fully understood.

3. The numbers of post-larve taken were in the case of most species
unfortunately very small on all occasions ; it is not possible, therefore,
to come to very definite conclusions.

4. A possible indication of the effect of moonlight was shown by the
post-larval Callionymus lyra, for while in July, 1924, at the time of full
moon they showed no upward movement at night, in June, 1925, with
no moon a certain proportion reached the surface layers.
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The Vertical Distribution of Marine Macroplankton
IV. The Apparent Importance of Light Intensity
as a Controlling Factor in the Behaviour of Certain
Species in the Plymouth Area.

By

F. 8. Russell, D.S.C., B.A,,
Assistant Naturalist at the Plymouth Laborafory.

With 7 Figures in the Text.

INTRODUCTION.

IF, on a day in the summer, we take a series of collections of plankton
from different depths, in full daylight, in water about 50 metres deep
a few miles beyond the Plymouth Breakwater, we find that the plankton
exhibits an ordered vertical distribution. In the upper 6 or 7 metres
plankton animals are scarce, and then suddenly an increase in their
abundance takes place, which exists nearly to the bottom. Analysis of
the catches, however, shows that the various species that compose the
plankton do not all appear to adopt the same type of vertical distribu-
tion ; in fact, the total plankton distribution is the sum of a number of
different types of distribution. If welook at a table recording the numbers
of different species caught at, say, six depths, we find that as we go
deeper new species appear in the catches that were not represented in the
collections from the layers above.

If we repeat the above experiment on different days, we find that the
type of vertical distribution shown by each species is fairly consistently
the same from day to day with relation to that of the other species,
though the actual depth units may vary.

Fig. 1 gives the vertical distribution shown by about ten different
gpecies on three separate days. The diagrams are based on results
obtained by collections with the stramin ring-trawl, the fishing depths of
which have been obtained by a graphic depth-recorder. In each case
six different depths were sampled. The figure shows the percentage
vertical distribution for each species, i.e. each catch is expressed as a
percentage of the total number of that species caught at all six depths.
Table 1 gives the actual numbers and percentages for the three different
days.

NEW SERIES,—VOL, XIV, AUGUsT, 1926, 2o
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TasLE L.—continued,

Jury 16TH, 1925. 9:40-11-24 a.m Foacaey,
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Surface 52 157 25 — —_— — — — — -
29-69,  0:99, 0:39, 0:0% 0:0% 0-0% 0-0% 0-0% 0-0% 0-09%

4 m. 46 5450 1530 10 —- - —_ _ —_ —_
26-10, 33-49, 2120, 11-59, 0-0% 0:09 0:0% 0:0% 0:0% 0:09,

16:5m. 44 4140 1870 38 320 20 - - 1

25.19, 2549/ 2599, 4379, 979, 83% 0:0% 0-0% 0-29 629

22:2 m, 20 3420 1760 30 880 240 80 20 173 3
11:49, 21-19, 24:4% 34-59, 26-69 40-79) 53-3% 209, 30-49), 18-8%,

323 m. 72070 1100 3 1130 170 50 60 94 10
399, 12:79, 1539 3-4% 3429, 2899 3339 609 16:5% 62:59,

38-8 m. 71040 920 6 980 160 20 20 301 9

39% 649, 1289, 6-99, 20-6%, 27-2% 13-3% 209 52-99, 1259,

It will be seen from this table and from Fig. 1 that these species exhibit
fairly constant types of vertical distribution relative to one another.
That there are discrepancies is natural, owing to the unevenness in hori-
zontal distribution that may bring in errors large enough to distort the
true picture of the vertical distribution. The presence of Candacia armata
high in the water on July Ist is unusual : it can be seen from the table,
however, that the numbers were rather small to be significant, these being
obtained by examining a sample one-tenth of the whole catch. It may
well have been that below 30 metres they were far more numerous. On
the same day between 12:25 and 2+6 p.m. the numbers were for this species :

Surface 3-5 m. 8:8 m. 21-3 m. 27-1 m. 367 m.
2 <l ee 2 20 120

These figures show an increase below 30 metres.

The order in which the species have been placed in the figure and
table is based on an examination of seventeen separate stations of a
similar nature, the general impression thus given being that they
show a gradual descent in the region of their maximum abundance.
These are, of course, only ten of the thirty or forty different species that
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occur in the collections. The actual results for all the stations will be
given in a future paper.

It will be noticed also in Fig. 1 that many species are considerably
higher in the water on July 16th than on June 4th. The significance of
this will be discussed later.

('OMPARISON BETWEEN THE VERTICAL DISTRIBUTION OF CERTAIN SPECIES
IN RELATION TO LIGHT.

Let us for the moment put aside all outside factors that may affect
the vertical distribution of any one species, except the factor, light
intensity. Of all the changing factors that make up the environment of
the organism in offshore waters in this region this shows the greatest
range of variation. Now let us suppose that an animal has a so-called
optimum intensity of illumination, that is, that if given a range of in-

Max

OBt

INTENSITY.

LIGHT

Min.

NUMBER oF ORGANISMS.

Fre. 2.—A, Hypothetical distribution curve. B, Distribution figure that would be
obtained if hauls were taken with a net at the points of maximum, optimum, and
minimum abundance.

tensities to choose from it would select this optimum ; by what mechanism
this is brought about does not concern us at the present. Let us assume
also that besides having an optimum intensity it has also a range of
illumination outside which for some unknown reason it does not elect
to pass: it will then have a mazimum intensity of illumination and a
minimum. Let us also assume that the maximum and minimum occur
equidistant in light intensity units from the optimum. We should then
imagine its distribution to be that of the order shown by the curve A in
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Fig. 2. (A similar curve for vertical distribution has been suggested by
Rose, 12, p. 529.) If the light intensity units be also regarded as depth
units, and if collections are made by the net in the region of the maximum,
optimum and minimum light intensities, we shall obtain a symmetrical
distribution figure* as that marked B (Fig. 2).

Now we know that the intensity of light in the sea does not decrease in
direct proportion with the depth, but that it decreases in geometrical
progression. That is, for every metre of depth the same fraction of the
light present a metre above is absorbed. If, for instance, we have at
the surface 100 units of light, and if at a depth of 1 metre there are

=
50 units, then at a depth of 2 metres there will be d—g units, at 3 metres
-1 -

= and at 4 mefres ——,and so on; this is, of course, for pure water.

2

In Fig. 3, curve A represents the actual illumination in the sea, twenty
miles off the coast of Plymouth, at different depths in October. This
curve was drawn from figures obtained by means of a photo-electric cell,
with maximum sensitivity for blue light (Poole and Atkins, 10), the
actual readings being as follows (from 10, p. 192) :—

October 1st, 1925. El (ten miles S.W. of Eddystone Lighthouse). Sea
surface : glassy, very slight oily swell.

Time, Light. Depth. 9% light.
2.11 p.m, Weak Sun Air 100t
1.58 S i 15 712
146 5w 6:1 412
1.18 5w 89 28-3

12.63 six\ 5 122 186

12.40 Dull 183 7-92

12.31 ., - 24-4 2-93

12197 ., . 348 054
1.35 f Weak Sun [

Suppose that the optimum intensity for a certain animal be 35 units
and that it has a range of 65 units : then, if the optimum lies midway
between the maximum and minimum, the maximum will have a value
of 67-5 and the minimum 2-5 units. From the curve, in Fig. 3, we can
see that the maximum intensity will be found at a depth of about 2 metres,
Just over 5 metres above the depth at which the optimum occurs, i.e

* In all figures illustrating vertical distribution straight lines, rather than arbitrary
probability curves, have been drawn between the points, the depths at which hauls are
made not being sufficiently close at times to allow of any nearer approximation.

1 Percentage of light transmitted by actual surface was 959%,.
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7.5 m. The minimum intensity, however, will be very much further
than the maximum from the optimum in depth units, at about 26-5 metres,
ie. 19 metres below the optimum. If then we take collections from

-

2 metres, 7-5 m. and 26-5 m., i.e. in the regions of maximum, optimum,

LIGHT INTENSITY
Min _ Obt Max
0 20 30 40 50 60 70 80 S0 100

&

N METRES.

DEPTH

NO. or ORGANISMS.

a0~

F16. 3.—A, Curve of percentage light intensity at the international Station E1 on Oet. 1st,
1925, from figures obtained by Poole and Atkins,10. B, Vertical distribution diagram
of an organism having a high optimum light intensity and living through a wide
range of intensities. C, Vertical distribution diagram of an organism having a low
optimum light intensity and living through a narrow range of intensities.

and minimum intensities, we shall get a distribution figure of the type
shown, B. At whatever depth the optimum occurs if the ratio —E.Eg—e— -
675 optimum

—= Wwe shall get approximately the same type of distribution. The

35
range

smaller the value becomes, however, the more nearly symmetri-

optimum
cal will the distribution figure be. This is exemplified by C, which shows
the distribution of an organism whose optimum is 5 light intensity units
range 5
optimum 5
Fig. 4 gives some of the types of distribution shown by the copepod,
Calanus finmarchicus, and the medusa, Cosmetira pilosella, at different

and range 5 units, i.e. 2-5 to 7-5, so that the ratio
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Fra. 4—A, Curve of seasonal change in light intensity
B, Seasonal iso-intensity curves of light plotted against depth :

(skylight) in air (from Dietionary of
the intensities are in foot candles,

Applied Physies).
The lower

portion of the figure shows the vertical distribution of Calanus finmarchicus and Cosmetira piloselln on different
days in water over 50 metres in depth. The white spots and black circles indicate the average depths at which
hauls were made.
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dates between April and August, in daylight, drawn from results ob-
tained by taking plankton samples at six different depths. Calanus is
a very suitable example to take, because owing to the large mesh of
the ring-trawl all the younger stages filter through and only fully grown
specimens are retained. This is important, as it has been shown by
Farran (3) and others that the younger individuals live higher in the
water than the older, in which case the distribution figure obtained would
embody two or three separate types of distribution running gradually one
into the other, if the collections contained mixtures of small and large
stages.

The actual numbers of each species taken on the different occasions
are given in Table 2. The full details of conditions, times, and depths
are to be found in a previous publication (14, pp. 149-151). If we examine
in Fig. 4 the vertical distribution of Calanus on different days we notice
that on April 8th, July 16th, and August 6th the types of distribution
shown approximate very closely to the hypothetical distribution marked
B*in Fig. 3. There are also indications of this type of distribution shown
on some of the other days, but it must be remembered that errors due
to irregular horizontal distribution are liable to distort any picture of
the true vertical distribution. On the three days mentioned above it is
very evident that samples were taken at different depths right through
the vertical range of distribution of Calanus, and that one was somewhere
near the region of maximum abundance. If the theory outlined above
holds for Calanus finmarchicus, it would appear that the full-grown
animal prefers a comparatively high light intensity, and can also exist
in a considerable range of intensities.

To turn now to the vertical distribution of Cosmetira pilosella, we see
from Table 2 that this species was never taken in any numbers above a
depth of 20 metres in daylight. Thus it seems evident that the medusa
in question shows a preference for a low light intensity : further, in Fig. 4
it can be seen that on April 29th, July 29th, and August 6th, the distri-
bution figures were curiously symmetrical compared with those of Calanus.
In fact, they approximate very nearly to the type shown as C in Fig. 3.
(See also Fig. 6, p. 432, July 17th, 2.35-4.19 p.m., and 7.27-9.13 p.m.,
July 18th, 2.36-4.19 a.m., and July 19th, 2.28-4.6 a.m., and 7.35-9.12
a.m.)

* It will be remembered that in this hypothetical distribution, B, the optimum zone
was imagined as lying midway between the maximum and minimum in light intensity
units. It is quite to be expected that in nature such would not be the case, but that there
would be a skew either towards the high or low intensity. From the actual distributions
shown in Fig. 4 it should be possible to test such a point, if the light intensities in the
region of maximum abundance, and near the upper and lower limits of the vertical
distribution be known.
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TaBLE 2.

CALANUS FINMARCHICUS

April
29th.*
16
0-59%
1541
47-39,
785
24-1%,
820
2529
100
319

May June
19th. 4th.
G 50
0-3% 13%
381 320
17-99,  §-29)
890 960
41-89, 24-79,
250 1060
11-89;, 27-39,
300 650
1419, 1679
300 850

14-19, 21-89,

June  July July July August
18th. Ist. 16th. 29th. 8th.
= 7 157 546 1005
0-09, 0-19 099 2:59 3-89
7 8 5450 2260 10,520
0-5% 0-29) 3349, 10-4%, 40-59
175 380 4140 5570 7000
12:4%,  9-49 2549 25-39 2729
285 1510 3420 5470 4100
20:3%, 37-29, 21-19, 2489, 1599,
620 960 2070 2670 1370
4409, 2379 12-79, 1229, 539
320 1190 1040 5480 1800

22:7% 29-4% 6-49 2489, 6-99

COSMETIRA PILOSELLA.

April
29th*,

009

0-0%

11

1:9%
447
78-39,
106
18-89,

June
4th.

0-09%,

0-0%,

0-09%

0-0%
322
2669,
938
74-49)

May
19th.

0-09%
0-0%
0-09,
0-0%
281
47-19,
316
52-99,

Jun2  July July  July August
18th.  Ist. 16th. 29th. Sth.
0-0% 0:0% 009 0-0% 0-09
00% 00% 00% 0-0% 00%
- _ 1 — A
0:0% 009 029 0-09 0-09
- — 173 51 9
0-0% ~ 0-0% 30-4% 0-89 1-4%,
1 19 19 4650 511
520, 36-69, 16-59, 79-19, 8§3-39,
18 33 301 1180 04
9489 63-49, 5299 20-19, 1539

Again applying the above argument it would appear that Cosmetira
pilosella shows a preference for low light intensities, and is adapted only
for a relatively small range of intensity.

Fig. 5 gives the vertical distribution of two species of copepods, Centro-
pages typicus and Temora longicornis. It ecan be seen that while Temora
apparently preferred a low intensity of light Centropages lived under
conditions of comparatively high light intensity, and was adapted to a
considerable range of intensities, the distribution figure following very
closely that of B in Fig. 3 (p. 421).

* Only five depths sampled.
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The actual numbers of each species taken were :—

July 16th, 1925. Closing metre net.

Surface. 2-7 m. 6-5 m. 25-8m. 26-8 m. 41-7 m.

Cantropages 5800 11,560 21,680 6,980 6080 1,840
g 10909, 2149 4019, 139 1129 349

temora 40 40 — 580 113%0 2980
L0089 0089 009 1249 2419 6359

METRES. '_PE'_FECENTAGF_S .
20 10 0 10 20

d - 0

10 Lo
20 - 20
= -30
40 40
=0 ST e 50

CENTROPAGES . TEMORA.

Fic. 5—The percentage vertical distribution of Centropages typicus and Temora longicorsis
on July 16th, 1925, in water over 50 metres deep, as shown by collections with a
closing metre net. The white spots and black circles indicate the average depths at
which hauls were taken.

SEASONAL VARIATION IN LIGHT INTENSITY CORRELATED WITH OBSERVA-
TIONS ON SEASONAL CHANGES IN VERTICAL DISTRIBUTION OF CERTAIN
ORGANISMS,

In Fig. 4 (p. 422), A is a curve representing the approximate change
in the average midday illumination in air for each month in the year,
expressed in foot candles. This curve is copied from Fig. 57 on p. 448
of the Dictionary of Applied Physics, Vol. IV, which is based on 91
months’ observations taken at the National Physical Laboratory from
March to December, 1914. The description says that  direct sunlight
was always shielded from the test cards,” so that the figures may be
taken as representing skylight only.
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I have, however, treated this light as direct sunlight, and estimated
the light intensity at different depths in the sea in each month in the
year. Since the light has been regarded as direct sunlight it has been
necessary to take into consideration the altitude of the sun at different
times of year, and, hence, the amount of light lost in the sea by reflection
from the surface and the angle of refraction.

I am indebted to Dr. H. H. Poole for the following approximate figures
from which the results have been worked :—

TaBLE 3.
Date. Altitude of sun  Percentage of total Secant of angle
at noon. illumination trans- of refraction.
mitted by water
surface.
Deec. 21st 16° 329, 1-45
Nov. 21st and Jan. 21st 20° 429 1-42
Oct. 21st and Feb. 21st 29° 609, 1-33
Sept. 21st and Mar. 21st 40° 769, 1-22
Aug. 21st and April 21st 52° 87% 113
July 21st and May 21st 60° 929, 1-08
June 21st 63° 939, 1-06

The intensity of illumination was estimated for each month at five
different depths, viz. 5, 10, 15, 25, and 35 metres, the formula employed
being I =I4e - #%, where p is the coefficient of absorption and x the length
of the path of the rays through the water, this being the depth multiplied
by the secant of the angle of refraction, which can be seen from the above
table to vary for each month. The coefficients of absorption, p, were those
caleculated by Poole and Atkins on the occasion on which the results
embodied in the curve A of Fig. 3 were obtained, they varied for different
depths, being 0-110 from 0-10 metres, 0-117 from 10-20 metres, and
0-133 from 20-30 metres ; this last value was used in this case also for
estimating the illumination at 35 m.

The following table gives the figures in foot candles for each month
(1 foot candle =10-764 metre candles).

Air. Io* I, Tyo Is I, Iss
Dee. 21st 750 240 108-12 4871 18-84 1-93 0-28
Nov. 21st and Jan. 21st 1000 420  192-35 88-06 34-75 374 0-57
Oct. 21st and Feb, 21st 1600 960  461-96 222.2 93-02 11-53 1-96

Sept. 21st and Mar. 21st 2500 1900 971-18  496-39 223-30 3291  G-49
Aug. 21st and April 21st 3600 3132 1682-3 90344 43113 7310 16-27
July 21st and May 21st 4000 3680 2031-9 1121-7  552:98 101-46 24-14
June 21st 4100 3813 21281 11883 593-34 112-33 27-44

* This is the illumination immediately beneath the surface, obtained by multiplying
the air illumination by the percentages given in Table 3.
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From the above figures curves were drawn for each month, and from -
these Fig. 4 B was constructed. This diagram shows the uso-intensity
lines plotted against depth throughout the season. The curves naturally
have no direct significance, being based on purely arbitrary figures, but
they are inserted here to illustrate the principle which would appear to
underl'e the behaviour of certain plankton animals in the daytime through-
out the seasons. In practice, of course, these curves would not be smooth,
but would be extremely wavy according to variations in weather con-
ditions, daily changes in illumination being enormous from one moment
to another under certain conditions, such variations being as much as
809, in a few minutes (2, p. 449).

From this diagram (B) we see then that if an animal is to be adapted to
a certain light intensity we should expect it to show variations in depth
throughout the year, and that it should be at its deepest at mid-day
on a sunny day in the middle of June.

Fig. 4 shows the daylight distributions of Calanus finmarchicus on
different days between April 2nd and August 6th, 1925. It can be clearly
seen that there is a gradual descent of the region of maximum abundance
from the beginning of April to June 18th, when the sun is near its maxi-
mum altitude and intensity, and that after that a gradual ascent is shown.
There are evident discrepancies, but on examination of the weather
conditions existing at the time the collections were made these become
explained. For instance, we should not expect so marked a change in
the distribution between April 2nd, when the Calanus were crowding at
the surface, and April 8th, when the depth of maximum abundance was
around 7 metres ; but this would appear to be explained by the fact that
on April 2nd the weather was very dull and overcast, and that on
April 8th there was bright sunshine. Again the rise shown for July 16th
to August 6th appears to be unexpectedly high, but here it is evidently
due to the fact that on these occasions the weather was very dull and
foggy, with mist and rain.

It can be seen from the figure that the region of maximum abundance
has sunk by June 18th from very near the surface to about 20 metres ;
probably it would have been even deeper if the collections on June 18th
had been taken at midday when the light is at its strongest : they were,
however, taken between 7-25 and 93 in the morning. Now a glance at
diagram B shows that the intensity of 3132 foot candles occurring at the
surface in April has sunk only to about 2 metres in mid-June. This is
because the air illuminations on which the figures are based are sky-
light and not direct sunlight. If the figures had been for direct sunlight
the curve A would have been very much steeper, and consequently the
iso-intensity lines in B would have gone deeper.

As an illustration T compare the intensities I have calculated for
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September 21st with those obtained by Poole and Atkins on October 1st,
1925. It will be seen that they agree very nearly. Both are expressed in
metre candles.

Theoretical Intensities, Actual Intensities,
Sept. 21st. Oct. 1st, 1925,

Air 26,896 Air 22,400%
Just below surface 20,446 15 m. 15,000
Hm. 10,449 61 m. 9,280
10 m. 5,343 8-9m. 5,770
15 m. 2,402 122 3,970
25 m. 354 183 m. 1,450
35 m. 70 244 m. 470

34-8 m. 132 l']'
94 f

The weather conditions noted for October 1st, 1925, were ““ Dull ” and
“Weak Sun.” On September 3rd, however, in bright sun the air illumina-
tion was three times as great, being 68,700 metre candles (10, p. 192).

If now we examine the seasonal changes in the vertical distribution
of Cosmetira pilosella, as shown in Fig. 4, it would appear that there is
not so marked a change ; it is, however, difficult to tell for certain, as it
is evident that on May 19th, June 4th and 18th, and July 1st the whole
vertical range of distribution was not sampled. However, inFig.6 (p. 432),
we see that in the afternoon of June 17th, between 2.35 and 4.19 p.m., the
whole range was apparently sampled and the zone of maximum abundance
lay around 30 metres ; if the distribution on this date be compared with
that for July 29th and August 6th it is obvious that the zone of maximum
abundance has moved up from about 30 m. to about 25 m., a movement
of only about 5 metres, while Calanus finmarchicus showed between
July 18th and August 6th a vertical rise of nearly 20 metres of the zone
of maximum abundance. If this signifies that Cosmetira has followed a
certain low light intensity in its seasonal changes in depth, the small
variation in its depth is contrary to expectation ; because, in theory, the
the iso-intensity curves for low intensities should move through a slightly
greater vertical range between April and August than those for high
intensities. It may, of course, be that proximity to the bottom comes in
as an interfering factor, in this case it being at just over 50 metres. On
the other hand, it may be an indication of the actual changes that do
occur in the light intensity in the sea in these sreas.

* This value varied from 16,000 to 24,500 m.c. during the series, and the values quoted
here are not corrected for this, but are the observed wvalues. The corrected values are

recorded as percentages in an unnumbered table on p. 420, plotted in Fig. 3.
T Surface = 24,500 and 17,400 m.c. respectively.
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In the course of my investigations I have always used a small silk
tow-net attached to the warp just at its junction with the bridles of the
ring-trawl. The collections obtained by this net have furnished abundant
evidence that the deeper layers are very much richer in plant life than
the water layers nearer the surface ; this is frue both of diatoms and Pheeo-
cystis, the species of diatoms, of course, varying with the seasons. This
plant-life presumably has sunk down from the upper layers in which
active assimilation and reproduction occurs, and must be constantly
accumulating in the deeper layers (vide also Gran 5, p. 123).

Owing to the scattering of light by these countless small diatoms in
suspension in sea-water the apparent coefficient of absorption of the sea-
water will tend to be raised, and hence it is possible that the difference
in intensity in the deeper layers between the period before the diatoms
are abundant and May or June may not be relatively so great as the
changes that occur in the upper layers during the same season. To
illustrate this point I took collections on April 9th and April 13th this
year (1926) in the same region about ten miles from land. Before and
after collecting I used a Secchi’s disc, 20 cm. in diameter, to ascertain the
transparency of the water.

On April 9th it was cloudless, with slight haze, but the breeze was fresh
go that the surface of the sea was considerably ruffled ; on April 13th it
was cloudless, the atmosphere was clear and at the same time the sea
surface was very calm with an almost glassy smoothness. It was there-
fore to be expected that the light penetration of April 13th would be
greater than that on April 9th, the Secchi dise, however, disappeared from
sight at the following depths on the two days :—

April 9th, Eddystone 1 mi. W.  11.27 a.m. 10 metres.
1.25 p.m. 12,

April 13th i5 - 11 a.m. 12 .
12.55 p.m. 0

From these figures it would appear that there was possibly a great
difference in the transparency at a depth of about 10-12 m. on the two
days. Collections with the ring-trawl showed that, while there was a
considerable amount of animal life at the surface and at about 3 metres
on April 9th, it was markedly scarce in these layers on April 13th. This
would perhaps indicate a higher intensity in the surface layers on the latter
date than on the former ; yet, how was it that the Secchi disc disappeared
at approximately the same depth on the two days ¢ The answer is
probably to be found in the results shown by the small tow-net, which
being of *“ medium " mesh (50 strands to the inch) would only show signs
of diatoms in the catch if they were extremely abundant in the sea-water.
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Now the collections with this net on the two days showed the following
results :—

April 9th. April 13th.
Surface  No green tinge. Surface No green tinge.
3 m. o i 3m. TFaint green tinge.
7 m. s 2 13m. Deep green tinge and thick

catch of Phaocystis and
Biddulphia, ete.

155 m. . . 27-6 m. Ditto.
224 m. o i 35-4 m. Ditto.
32-4 m. 5 " 41 m. Ditto.

The thick growth of plant-life, which started evidently somewhere
between the surface and 13 metres, may have been the cause of the dis-
appearance from view of the Secchi dise at about 10 metres on April 13th
at which depth the transparency of the water would be greatly reduced.
In which case the indications from the ring-trawl catches are that the
upper layers had a stronger illumination on April 13th than on April 9th,
while the evidence produced by the Secchi dise would indicate that on
the two dates there may not have been so great a difference in the illumina-
tion at about 10-12 metres.

A further example of the apparent large change in depth of an animal
living in the upper layers throughout the season, in daylight, compared
with the slight change of one living at deeper depths and lower intensities,
is furnished in a previous paper (14). Here, on p. 118 is given the vertical
distribution of post-larval Gadoid fishes between April 2ndand June17th :
it can be seen that the post-larve of Gadus merlangus, the whiting, show
a marked change as the season advances, deserting the surface and upper
layers as the light intensity grows. The post-larvee of the Poor Cod,
Gadus minutus, however, which apparently always lived at a low light
intensity, below 20 metres, showed no marked seasonal change in their dis-
tribution in daylight.

Divenan VARIATION IN LIGHT INTENSITY AND DIURNAL CHANGES IN
THE VERTICAL DISTRIBUTION OF CERTAIN PLANKTON ANIMALS,

Apart from seasonal change in light intensity there is also a regular
diurnal fluctuation, i.e. in the passage of time from midday, through the
hours of darkness, to midday. Corresponding with these changes in
intensity we very often find alterations in the vertical distribution of
plankton animals.

Of the actual changes that do occur in the vertical distribution of
plankton animals throughout the twenty-four hours in the sea little is
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at present known. The majority of records have been based on the
comparison of collections from surface layers only, or other depths ;
such collections, while indicating that the surface layers become filled
up by certain animals at night, or that some forms are taken at smaller
depths at night than in the daytime, give no definite information about
their actual vertical distribution at different times.

In 1924 T carried out a series of collections throughout the twenty-four
hours, on a moonlight night in July ; the results showed that while some
species actually crowded into the surface layers at night, depleting the
lower water layers, others, apparently, merely extended their daytime
distribution into the upper layers, so that they became evenly distributed
from the surface downwards (18, pp. 783 and 785). Again other forms
showed apparently no change in their vertical distribution throughout
the hours of darkness, while many animals, living on or near the bottom
in the daytime, moved up through a vertical distance of 10 or 20 metres
at night (18, pp. 787 and 789). It would appear from the diagrams
referred to in this previous paper (18) that those forms that were evenly
distributed had lost even their minimum intensity, and were wandering
anywhere through the water layers. There is an indication that they
have picked up their optimum intensity at dawn and massed around 1t,
moving down with it as the day advances. A somewhat similar
suggestion* has already been put forward by Michael to explain tke
diurnal changes in the vertical distribution of Sagitta bipunctata in the
San Diego region (9). It seems probable, however, that other factors
may underlie the nocturnal habits of eertain animals, as the apparent
indication of no change in the vertical distribution of certain species at
night cannot be explained on this hypothesis, neither can the massing
of certain species right at the surface between sunset and sunrise.

In 1925 I repeated this experiment in mid-June; at this time there
was no moon. The collecting on this occasion was carried through two
successive nights, so that the second night acted more or less as a control
on the first. Most species showed identical types of behaviour on the
two nights indicating that the methods of collecting were probably sound.
It was noticeable that certain animals showed a more marked movement
upwards on this moonless night than on the moonlight night in July,
1924, The full results of these collections will be given in a future paper.

In Fig. 6 T have given the vertical distribution of three species at the
different times in June, 1925. These are for the copepod Calanus fin-
marchicus and the meduse, Turris pileata and Cosmetira pilosella. The
actual numbers of each species taken in each haul are given in Table 4.

* He suggests that, while being attracted upwards by bright twilight conditions at
dusk and dawn, at night, the twilight stimulus being removed, they return to deeper
layers where they find optimum conditions of temperature, salinity, ete.
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Daylight.
2.9 to
4.10 p.m.
Surface 40
0-79%
1I 410
699
111 870
14:79),
v 1490
25-2%,
v 2140
3620/
VI 970
16-29),
Surface —
0-0%,
1I 6
97%
11T 15
2469
IV 8
13-29,
v 25
41-19)
VI 7
11-59,
Surface —
0:0%
11 -
0-09,
11T 2
0-2%
v 7
0-6%
Vv 1217
9309
VI 79
60%

VERTICAL DISTRIBUTION OF MACROPLANKTON.

Dusk.
7.25 to
9.4 p.m.

200
5:5%
600
16-79%,
1010
27-6%
690
1899,
640
17-59%
510

13-59,

117
53-49)
55

.90/
25-29,

16
2%
18
82%
12
53%

0-9%

0-09,
0-0%
0:0%

0-39),
251
8729,
36
12-59,

TaBLE 4.

('ALANUS FINMARCHICUS.

Dark. Dawn. Daylight. Dusk.
10.37 p.m. 2.35 to 7.22t0 7.20t0
to12.46 4.20am. 9.14am. 9.16 p.m.
a.m,

1330 21 —_ 44
1369 119 009  1-29,
2850 110 7 220
29-09,  §5%  0-5%  63%
3520 235 175 330
36-0%, 1189, 1249  9-49
1030 480 285 1160
10-69, 2429, 20-3% 33-1%
1050 610 620 1110
10-79, 30-79, 449,  31:6%,

% 530 320 640
2669, 22.79, 1829,
TURRIS PILEATA.
1 28 4 97
2-99, 1509,  7-8% 30-5%
8 121 4 38
2379, 6489, 8% 121%
3 28 15 41
§-49, 159 2959, 1299
17 3 7 48
509, 169 13-89% 1519
5 2 17 70
1499 109, 3349, 22-1%
* 5 4 24
26% 8% T4%
(COSMETIRA PILOSELLA.
20 — -— —
1099, 0-0%  0:0%  0-0%,
b3 —_ — 1
28:7%  0:0%  0:0%  0:3%
33 19 — 8
17-8% 10-2%  0-0% 269
52 91 - 36
2819, 4879, 009, 1179
29 66 1 30
14:6%, 3539, 529, 989
* 11 18 233
599  94-8% 7579

* Net struck bottom.

Trark.

10.31 p m.
to 12,23

a.m.
400
£5%
1840
21-39%,
1230
14-29),
1810
21-09,
1330
1549,
2000
23-29/,

21
11-19
23
12-09,
16
8-39
16
§-39
53
27-8%,
62
3259

38
11-79%
42
139,
41
1269
44
13-5%
47
1459

113
34-89)

433

Dawn. Daylight.
2,27 to 7.32 to
416am 9.21am,
45 12
18%  029%
465 314
I&'v&“}.{) 6-294
460 1260
18<6‘% 25-99
340 570
13-89; 11‘6“3{)
360 1410
14-69; 23‘9‘}5
800 1310
32:49,  26-99;
134 1
48-1‘}6 0-!‘3{;
39 4
14-09, 1-?‘%
50 58
18-09;, 25<8%
19 86
6-89 38-3‘}"0
21 63
?’-a"}"o 28-09
16 13
5% 87%
0:0%  0:0%
0-0%  0:0%
4 —_—
429, 0-0%
65 11
8?-3‘% 869
25 85
26-19; 6‘6-4?{,
2 32
2-0%, 2509,
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the details of time, depths, etc., are given in another publication in this
volume of the Journal (15, p. 388). It can be seen from Fig. 6 that the
behaviour of Calanus finmarchicus differed in June, 1925, from that shown
for July, 1924, see Fiz. 6 on p. 791 of the previous publication (13).
The figure shows that there was apparently merely an extension of the
distribution into the surface layers on June17th at “dusk” and “dark,” *
and similarly at ““ dark ”” and “ dawn ” on the 18th and 19th, whereas in
July, 1925, there was a massing at the surface at ““ dusk,” an even distribu-
tion from surface downwards at ** dark,” and an apparent accumulation
round an optimum intensity at about 10 metres at *“ dawn.” The differ-
ences between the two observations may possibly be correlated with
differing intensities occurring at different times of the year.

Turris pileata, which, in 1924 (13, p. 783), showed a massing at the
surface at midnight, in 1925, as shown by Fig. 5, tended to mass at the
surface at dusk and dawn apparently seeking the deeper layers again at
night. It should here be noted that the day distributions at 2.35 to 4.19
p-m. on June 17th and 7.25 to 9.3 a.m. on June 18th are probably mislead-
ing ; they can be seen from Table 4 to be based on too low figures. It is
probable, however, that that shown for 7.35 to 9.12 a.m. on June 19th
represents more nearly the true daylight distribution.

The results obtained for Cosmetira pilosella are very clearly defined :
the figure speaks for itself, and shows that about midnight these meduss
were evenly distributed from the surface downwards, and that at dawn
they appeared to be massed around an optimum intensity, which they
followed downwards as the daylight increased in strength.

The behaviour of these three species of plankton animals has been
inserted here to illustrate how the diurnal changes in light intensity
probably play an important part in controlling the behaviour of some
plankton animals from day to day. It is, however, evident that a very
much larger number of observations of this type must be made at all
times of the vear, before we can hope to arrive at the true significance of
these diurnal changes in vertical distribution.

DISCUSSION.

Let us now consider the various external factors that may be of import-
ance in controlling the behaviour of these plankton animals in this region.
Rose, in an admirable paper on the biology of plankton (12), comes
to the following general conclusion. The majority of pelagic animals are
adapted to an optimum intensity of light. Each species, and even each

* There is an indication thit there may have be:n a depletion of layers below about
25 metres, but unfortunately the cateh from the deeper layers was lost through the net
striking the bott m.
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individual, may have its own characteristic optimum intensity. Each
animal, further, is affected by numerous physico-chemical factors, either
external or internal in origin. The optimum zone of distribution changes
with the age of the animal and its physico-chemical state at any moment,
and rises or falls according to a number of external or internal factors
which may interfere, such factors being temperature, hydrogen ion
concentration, salinity, etc. Rose gives his factors the following order
of importance :—

1. Light, which, under average conditions, has clearly a predominating
influence.

2. Temperature, which becomes very important and can even over-
whelm the eifect of light when it passes 20°.

3. Other factors of the medium (concentration, aeration, ete.).

1t 1s then very evident that my observations in the field tend to confirm
Rose’s ideas.

In considering the vertical distribution of plankton animals there are
two factors that must always be borne in mind.

1. The geographical locality. Factors may exert a powerful influence
in one latitude, that in another region may have little effect.

Rose experimented in the laboratory with copepods both from Roscoff
in the English Channel and Banyuls-sur Mer on the Mediterranean
coast. He noticed that the temperature zone between about 20° and
25° was of considerable importance for many of the species examined, in
that, between these points there lay critical temperatures at which photo-
tropism was reversed and at which different species of copepods, which
were uniformly distributed in jars containing water of lower temperatures,
crowded to the bottom of the vessel in which they were living
(12, pp. 485 and 512). Further, this held good for copepods both from
Roscoff and Banyuls-sur-Mer. In the Channel the highest tempera-
ture reached by the upper 5 or 6 metres in the summer is just over 16°;
it would seem unlikely, then, that high temperature would play an
important part in the behaviour of certain plankton animals in this
region ; on the other hand, the surface waters of the Mediterranean may
reach so high a temperature as 27° in the summer, in that region therefore
high temperature might well be considered a factor of great importance
in the behaviour of plankton animals in the sea. M. Rose has also ex-
pressed a similar opinion to me by letter,

2. The type of environment. Just as variations in certain factors may
be of a sufficient range to become important in controlling the behaviour
of certain animals in one geographical region, but not in another, as,
for instance, temperature, so in the same manner a factor may or may
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not have importance in different types of environment in the same
locality. In confined spaces such as ponds and rock pools the changes
that occur in the water are extreme compared to those in the open sea.
For instance, Atkins (1, p. 768) found that the seasonal changes of pH
and temperature in the following two environments were :—

pH pH Range. Temperature. Temperature
Range.
Rock Pool 8-57-8-01 0-56  21-4°-8-2°C. 13-2°C.
E1, 20 miles 8.W. of 827-8-14 013  162°9:9°C. 6-:3°C.

Plymouth Breakwater

In shallow water round the shore the variations in such factors are also
more extreme than in the open sea.

My observations were made in the neighbourhood of the Eddystone
Lighthouse, where the conditions do not differ essentially from those
existing at the International Station, E1 ; if anything the ranges of the
various factors are very slightly greater in this region. It has been noted
that the pH variation is 8:27-8:14, such changes are so slight as to be of
doubtful importance in affecting the behaviour of such plankton animals
as are discussed in this paper ; the salinity range is in the neighbourhood
of 35-40-35-13°/_, (1, p. 768). It remains then to discuss the possible
effect of temperature change throughout the season ; this in the surface
layers is quite considerable, amounting to 6° or 7°.

In Fig. 7 is given the change in temperature that took place twenty
miles from the coast throughout the year 1925, the same year in which the
seasonal observations of plankton animals given in this paper were made.
The figure has been based on the following temperature observations
(Table 5) for which I am indebted to Mr. H. W. Harvey :-—

TasLE 5.
Station E1. Lat. 50°02" N. G.L. 4°22" W. Depth, 74 m.

Depth Jan. Feb. March April May June July Aug. Aug. Oct. Nov. Deec.

in  19th. 17th. 14th. 22nd. 13th. 3rd. 8th. 5th. 3lst. Ist. 11th. I11th.
metres.

0 10-8° 9-8° 9-3° 98 10-7° 12-6° 16-0° 15-4° 16-30° 14-9° 11-8° 10-8°

5 10-79° 10-01° 9-24° 9-69° 10-5° 11-95° 15-75° 15.22° 16-30° 14-50° — —

10 10-79° — 9:19° 9-47° 10-3° 10-92° 14-3° 15-10° 15-75° 14-00° 12-8° 10-97°
15 10-79° 10-01° 9-19° 9-44° 9-99° — 12-03° 14-90° 14-93° 13-83° — =
20 — — == - 9-96° 10-55° 11-85° 13-15° 13-40° 13-70° 12-85° 10-97°
25 10-79° 10-01° 9-18° 9-44° — — = 12:02°13-32° — — —
30 — — == — 9-96° 10-33° 11-80° 12-02° 13-15° 13-60° 12-83° 10-97°
40 — — — —- — — — —_ —  13-58° — —

50 10-79° 10-01° 9-16° 9-44° 9-96° 10-00° 11-80° 12-01° 12-80° 13-59° 13-00° 10-97°
ca. 70 10-79° 10-01° 9-16° 9-44° 9-95° 10-00° 11-80° 12-00° 12-80° 13-57° 13-05° 10-97°
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It can be seen, both from Fig. 7 and the table, that the surface tempera-
ture was rising steadily from the middle of March until August 31st,
when it reached a maximum of 16-30° C. If temperature were the factor
that drove certain plankton animals from the surface in summer it would
be expected that the forms living in the upper layers would be at their
maximum depth towards the end of August. Actually results showed

DEC. JAN, FEB. MAR. APR. MAY JUNE JULY AUG. SEPT. OCT. NOV.  DEC.
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Fic, 7.—Diagram showing the seasonal changes of temperature that occurred at all
depths at the international station, EI, in the year 1925. The depths are in metres,
and degrees are Centigrade.

that they were deepest in mid-June when the light intensity was pre-
sumably at its highest, and that in July and August, when the temperature
was still rising, they were higher in the water.

These observations point to the apparent paramount importance of
light intensity-—-and by that we must understand certain compositions
of light, owing to the selective absorption of sea-water—in controlling
the behaviour of certain plankton animals,

That the slight changes occurring in other factors have no effect is by
no means expected. It isnecessary first to obtain actual readings of light
intensity at different depths throughout the season correlated with
plankton collections made at the same time as the light measurement.
It should be possible then to find if the optimum intensity chosen by an
animal at any one time remains constant throughout the season, or
whether other factors may intervene to change it. The necessity for
laboratory experiments on the effects of different factors on animals
kept under varying light intensities is evident. Experiments employing
light of the various compositions likely to be met with at different depths
in the sea would be of great interest.
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In this respect it is interesting to speculate on the possible importance
played by the longer ultra-violet rays. It may well be that if these rays
are present above a certain concentration they may exert a harmful or
even lethal effect on certain organisms. The harmful effects of short
ultra-violet rays in too great quantities on the higher animals is well
known, and one would naturally suppose that plankton animals, which
for the most part are transparent and have no direct pigmentary pro-
tection from the penetration of light rays, are especially susceptible.
Huntsman (7) has demonstrated the destructive action of sunlight on
Calanus finmarchicus, Meganyctiphanes norvegica, Thysanoéssa inermis,
and other plankton species, and suggests that the bathymetric dis-
tribution of such forms will be determined by the amount of sunlight in
any region, and the distance to which it penetrates the water.” Fox (5)
also found that ultra-violet rays were the most active in causing Echino-
derm larvee and Paramoecium to seek the bottom of a jar lighted from
the side.

Knudsen (8) found, by a spectro-photographic method, that the
absorption in sea-water of the violet end of the spectrum was even more
marked than that of the red rays, and that the green penetrated farthest.
Grein (6), however, demonstrated the presence of ultra-violet rays (3¢0-
400 pye) at great depths, up to 1000 metres and more. It is a significant
fact that Knudsen worked in water 9 m. deep in the Nyborg Fjord, while
Grein made his observations in depths of over 1500 m. in the Mediter-
ranean. The effect of fine particles in suspension on scattering light of
small wave lengths is great and it is probably in this fact that the explana-
tion lies as to the apparent disagreement of Grein’s and Knudsen’s
results. In shallow waters and waters near to the coast the amount
of matter in suspension is very great as compared with ocean water far
from land. Close to land then the effect will be to increase the apparent
coeflicient of absorption of the shorter wave-length rays. In the case of
Knudsen’s observations the optimum wave-length for penetration was
found to be in the green portion of the spectrum, 510 puu. From this
point in the spectrum the coefficient of absorption increased towards the
red end, due to the actual absorption of these rays by the sea-water ;
a similar and more marked increase was also shown towards the violet end,
presumably in this case this was to a large extent apparent absorption,
due to the scattering of the short wave-length rays by particles in suspen-
sion. It seems then quite permissible to suppose that as one moves
away from the coast and its turbid waters to the clearer and purer water
of the open sea there will be a gradual increase in penetration along the
spectrum from the region of the green towards the violet and ultra-
violet, until very nearly the maximum amount of ultra-violet light is
able to penetrate. In pure water, free from particles in suspension,
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there is hardly any absorption of the green end of the yellow light, 558 e ;
the absorption of ultra-violet is, however, much greater. Raman (11,
p. 53) quotes figures found by Count Aufsess, showing that for pure
water selective absorption in the visual region ceased for wave-lengths
less than 558 ppu, the coefficients of absorption for the two wave lengths,
522 pp and 494 pp, being 0-00002. Shelford and Gail (16, p. 157), in
a table showing the transmission of light of different wave- lengths by
pure water, give the maximum penetration as being in the region of 537
e, and they give for ultra-violet light (300 pp) a penetration slightly
greater than that for orange, 600-5 pu. It seems then probable that in
the region in which I have carried out my plankton observations, ten
miles from the coast, that the presence of a certain amount of ultra-violet
light is to be expected in the upper water layers.

I should like to take this opportunity of thanking Dr. E. J. Allen
F.R.8., and the Staff of this laboratory for much assistance ; T am also
especially indebted to Dr. H. H. Poole, Dr. W. R. G. Atkins, ¥.R.S.,
Mr. H. W. Harvey, and Mr. C. F. A. Pantin, for helpful criticism and
advice.

SUMMARY.

1. Results of collections with the ring-trawl to obtain evidence on the
vertical distribution of plankton animals in daylight at different times
of the year and at night are given.

2. The vertical distribution of Calanus finmarchicus and Cosinetira
pilosella is discussed in relation to the distribution of light intensity in
the sea.

3. Results show that light intensity is apparently the external factor
of greatest importance in determining the vertical distribution of these
plankton animals in this region.

4. Many more observations at sea correlated with simultaneous records
of light intensity at different depths are required, together with laboratory
experiments on the effects of various factors on the behaviour of plankton
animals kept under diflerent conditions of light intensity.
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The Precipitation of Calcium and Magnesium
from Sea Water.*

By

Laurence Irving,
National Research Fellow in the Biological Seiences, U.S. 4.

With 2 Figures in the Text.

APPARENTLY calcium carbonate is precipitated in certain parts of the
ocean by processes which are inorganic in so far as that the caleium does
not first form a true constituent of organisms (Clarke, 1920, p. 128). The
conditions governing solubility of calcium in sea-water have been reviewed
by Johnston and Williamson (1916) with the conclusion that surface
layers of the ocean are approximately saturated, and that slight natural
changes, particularly in carbon dioxide tension, might suffice to cause
precipitation.

The molar concentration of magnesium in sea-water is about five times
that of caleium. In marine sediments magnesium carbonate is a con-
stituent which varies in proportion according to the organic remains
producing them (Clarke and Wheeler, 1922). It is a frequent constituent
of shells, but much less abundant than calcium. The mode of formation
of magnesium-containing deposits is often obscure.

Magnesium hydroxide is precipitated from sea-water by addition of
small amounts of alkali. In fact, both magnesium and calcium are in a
delicate equilibrinm where slight changes in alkalinity and carbon dioxide
tension may cause precipitation. The delicacy of these equilibria and the
nearness of their points of maximum sensitivity to natural conditions make
calcium and magnesium particularly subject to changes induced by
organisms. Likewise they are two of the most important elements
biologically, both in amount and specific effect. It is therefore significant
to examine the solubility conditions for both elements together, and to
determine the conditions for their precipitation.

* 1 wish to express to Dr. Allen my appreciation for the extension of laboratory facilities
and material and helpful personal interest, and to Dr. Atkins and Mr. Harvey for many
suggestions and practical help.
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The solubility product constants for the two carbonates are, at 16
degrees—

(1) Kygco, = 143 10~*  (Johnston, 1915).
2) Kcaco, =098 x 10~8 .

The solubility product constant for caleite is practically equal to that
for calcium carbonate (Johnston and Williamson, 1916).

In sea-water at pH 8 the excess base, which is practically a measure
of [HCO7]is about 2:5x 1073 N. From the equation

_, _ k, [HCOY]
[CO3] = 1:35x 104

From (2) [Ca**][Co3] = 0-98 x10—8

and, from (2) and (3)

by substitution

[Ca**] = 0-73x 10™3 representing the solubility limit for CaCO,
at pH 8 in sea-water.

By actual determination
[Ca] = 1x 1672

Therefore, sea-water at pH 8 is super saturated with CaCO,.

The solubility product constants for magnesium hydroxide and calcium
hydroxide are

(4) Kygony,= 1-2x 10711 (Johnston, 1915).
Keaon), = 41x107¢ % i
In sea-water
[Mg] = 0-05.
Substituting in (4)

/12 % 10-11

OH ] = i =16 x10—5
[OHF] s/ 5x 102 ~

pH 92 is attained by photosynthesis experimentally and probably
naturally (Atkins, 1922), and Ulre can apparently produce a pH close to
10. It therefore appears that magnesium hydroxide might be precipitated
under natural conditions. In these calculations no allowance is made for
activity factors or for the influence of neutral salts.

Addition of alkali to pH 10 is known to produce a precipitate in sea-
water. Qualitative examination of such a precipitate showed CO,, Ca,
and Mg.
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After preliminary tests, the two series reported in Tables 1 and 2 were
made in which graded amounts of NaOH and Na,CO,, respectively, were
added to samples of sea-water. After at least 24 hours shaking, the
mixtures were filtered and a sample of filtrate analysed for Ca by Me¢Crud-
den’s (1909-10) method with KMnO,. The residue in the flasks was

TaBLE 1.
Avpprriox oFr NAOH To 200 ML. SEA-WATER.

In precipitate.

Number NaOH added pH Ca. Mg. 95 total 9] total
gram molecules gram molecules gram molecules  Ca. Mg.
per liter. per liter. per liter.
11 0-00209 93 0-0002 0 10 0
12 0-00625 95 0-0003 0-00015 14 15
13 0-0174 10-0 0-00039  0-00161 19 16
14 0-0523 10-5 0-00039 19
15 0-156 115 0-00083 38
b 0-278 11-6 000125  0-00857 57 86
Sea-water 0-00212 001
TaBLE 2.

Appitiox ofF Na,CO; 70 200 ML. SEA-WATER.

Na,CO, In precipitate.
Number. 2 added pH (la. Mg. 9/ total 9 total
gram molecules gram molecules gram molecules Ca. Mg.
per liter. per liter. per liter.
18 0-00285 91 0 0-0006 0 0-8
19 0-00855 8-5 0-000875 0-00005 3-8 0-5
20 0-0259 9-3 0-0017 0-00005 81 05
21 0-0740 10-0 0-00917 0-0004 95 4-0
232 0-134 10-6 0-00183 0-0042 86 40
17h 0-438 11-0 0-00193 91
Sea-water 0-00212 0-010

washed into the filter with a small amount of 709, alcohol, and the filter
washed once with alcohol. The residue was dissolved in standardized
H,S0, and titrated with NaOH. The difference between H,S0, and
NaOH was equivalent to ([Mg]+[Ca]) in the precipitate. [Ca] being
determined in the filtrate, [Mg]=([Mg]+[Ca])—[Ca].



444 LAURENCE IRVING.

This procedure for determination was worked out with suggestions
from Mr. H. W. Harvey. Qualitative tests on the amount of 709, alcohol
used for washing showed only traces of Ca and Mg. Willstéitter’s method
was not noted until later. It is similar, but uses alcohol and acetone
titrations to effect a separation.

bH
111

=
=

Per cent of ToraL Mg. or Ca. Precipitated.

Mg

o
=

[
=

=

025 05 075
Na.0H Added-in GRAM MOLECULES PerLITRE

Fic. 1. Titration of sea-water with NaOH (part of curve from
points given in Table 1).

Colorimetric pH determinations and Mg precipitated are consistent
with many potentiometric titrations made in 1924.

Fig. 1 represents the lower part of the curve drawn from points given
in Table 1, showing the relation of per cent Ca and Mg precipitated and
pH against NaOH added. Fig. 2 shows data from Table 2 for Ca and
Mg precipitation and pH against Na,CO,. It is conspicuous that either
with Na,CO, or NaOH, Ca exceeds Mg in the precipitate. Na,CO,
precipitates much more Ca, and relatively little Mg up to pH 10. A
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small amount of Mg is precipitated by Na,CO,;. These facts agree with
the much greater solubility product of Mg CO,. NaOH precipitates

increasingly less Ca above pH 10, conforming with the greater solubility
of Ca(OH), than of CaCO,.

4
1t

& 8 =B

Per cent of Total Mg or Ca. Precipitated

—~
=

=

02 06 i
3[Na, Cos] Added - in GRAM MOLECULES per LITRE

Fia. 2. Titration of sea-water with Na,CO,.

Unfortunately, methodical uncertainty is greatest in the regions of
low alkalinity and principal biological importance. The investigations
show that Ca and some Mg may be precipitated under possible con-
ditions of natural sea-water alkalinity, although it is another question
as to how frequently this alkalinity is attained. The same conditions
governing precipitation outside of the organism may explain the excess
of Ca over Mg in organic ““ formed ™ precipitates, as alkalinity necessary for
magnesium precipitation is much more difficult for the organism to attain,
especially within its tissues.
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The Phosphate Content of Sea Water in relation to
the Growth of the Algal Plankton. Part IIL

By

W. R. G. Atkins, Se.D., F.R.S.,
Head of the Department of General Physiology at the Plymouth Laboratory.

With 5 Figures in thz Text.

THE first two papers of this series, which appeared under slightly different
titles (1923, 1925), showed that there is a seasonal change in the phos-
phate content of the surface water of the English Channel, thus confirming
the work of Matthews, who found that in spring and summer almost
all the phosphate was used up, presumably by plants. It was further
shown that such changes were experienced by the deeper water also,
so that when the surface water was at its minimum phosphate value
the bottom water, 70 metres, at Station E1 was reduced to 11 mg. per
cubic metre, less than a third of its winter and maximum value.

A comparison of the years 1923 and 1924 made it clear that the changes
were qualitatively identical, and quantitatively very nearly so, differing
only slightly in the maximum and minimum values, though more notice-
ably in the dates at which these values were reached.

Since all the phosphate is used up when and where the illumination
is sufficient it appears to be the factor limiting further growth, so knowing
approximately its concentration in the phytoplankton it is possible to
make an estimate of the wet weight of vegetable matter produced. This
is obviously a minimum value, for in its simplest form it neglects, in this
estimate of the annual crop, the possibility of a portion of the phosphate
being used twice over, or more often, through decay, or the consump-
tion cf the plant cells by animals—the latter process being followed in
tim= by excretion or decay.

Again, since the deeper the water the less is the light intensity, it
seemed probable that water from the region of total darkness might be
far richer in phosphate than that near the bottom in the comparatively
shallow English Channel. This supposition was confirmed to some
extent by the results recorded in Tables 11, 12 and 13 of Part II.

Furthermore, the bright light experienced even in winter in latitudes
nearer the equator gives reason to suppose that under such conditions

NEW SERIES.—VOL. XIV. AUGUST, 1926. 2 F
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the seasonal changes in phosphate concentration will be less marked
than they are here. Data confirming this view are given in Table 14
of Part II. There is another reason why the surface waters in warm
latitudes should remain poor in phosphate, namely, the stability of the
water owing to the marked temperature gradient, so that warm water
is normally present at the surface. In our northerly latitudes, as the
water surface cools in autumn, a stage is reached when the bottom water
is the warmer. A condition of instability is thus produced and a very
complete vertical mixing ensues, save in special cases where differences
in salinity are sufficient to maintain the higher density at the bottom.

In the present paper data on the seasonal changes for 1925 are pre-
sented, and their onsets compared with those of the two preceding years.
Owing to the assistance of scientific colleagues and others who so kindly
provided the author with water samples, records of temperature and
of position, it has also been possible to include analyses of water from a
wide area of the Atlantic Occan and the North Sea, including specimens
from great depths, unobtainable hitherto, also some from the Pacific
Ocean. These afford information concerning the seasonal changes,
or their absence at different latitudes, and are of particular interest in
permitting a conclusive test to be made as to the richness of deep ocean
water.

It may be added that the depth series results for August 8th, 1924,
in the Faroe-Shetland Channel, given in Part II, Table 12, has now
been definitely proved to have been vitiated by the phosphate yielded
by the white glass bottles; this was suspected at the time, and the
bottles when tested later by storage gave up phosphate to distilled water.
Fortunately, however, another series from near the same position became
available this year, and the analyses are shown in Table 9. The green
glass bottles in general use yield no phosphate.

SEAsONAL CHANGES IN THE PHOSPHATE CONTENT AT L SraTions, 1925,

Table 1 shows the changes in phosphate undergone by the surface
water from L1, in the Sound in front of the Laboratory, past L5 (the
Eddystone), right out to the International Hydrographic Station El,
twenty-two miles from L1. Similar data for 1923 and 1924 have been
presented in Parts I, Table 5, and II, Table 1. This year, however,
a series of bottom samples, from L4, three miles clear of the headlands,
was also examined. The low summer values, denoting complete exhaus-
tion of phosphate supplies, are clearly shown, the figures for August 31st
being specially noteworthy, for it is seen that in spite of a considerable
regeneration of phosphate early in the month, it has been very com-
pletely used up right down to the bottom ; this change has taken place
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to an even greater extent than at the same depth at El, for L4 being
nearer the shore there is rather more vertical mixing of the water. This
series is naturally somewhat irregular, owing to the presence of phosphate
carried out by the river water. The irregularity is, however, far less
than might be expected.

TasLE 1.

SURFACE VALUES FOR PHOSPHATE As P,O; 1IN Mc. PER M3 FROM L1 1o EI,
1925, anp L4, 40 M.

Jan. | Feb. Mar. April ‘ May June | July |Aug. Aug. | Oct. | Nov. Deec. | Jan.
Station | 19th | 17th 14th 22nd | 13th I 3rd | 8th | 5th | 31st| Ist |11th 1lth|12th
nl |— | 2] 98| =8 | = 2 5'—!—‘— 28 | 48
L2 39 | 41 28 | 2 0 - 2 6 — | 28| — | 27| 43
L3 28 — 27 — | 0O 4 — 6 — | 22| 23| 27| 40
L4 | 28 | 33 38 3 1 2 3 i 1 15 18 | 25| 40
L4(40) | 32 29| 46 26 5 19 6 23 2 20 | 24 24| —
L5 28| 29| 29 | 2 0 4 2 8 | 1 6| 24 24 | 40
L6 30 31‘14-—-0‘4 e o DiE D
El | 31 33| 23 | 1 1 3 0 5 ¢ | &| 25) 12| —*

| Jan. | Feb. Mar. April | May June | July  Aug. Sept.  Oct. Nov. Dec. | Jan.

Analysed |2lst. 20th 17thi23rd 16th | 4th | 10th | 6th @ 5th | 2nd|13th 17th | 12th
| I I

SEASONAL CHANGES IN THE PHOSPHATE CONTENT AT StaTioN El.

In Table 2 the data given in Parts I, Table 7, and II, Table 3, are
continued. The results for the three years are shown in Fig. 1 for the
surface water and in Fig. 2 for the bottom. The high values for 15 m.
on March 14 and 10 m. on June 3 are evidently due to the inclusion
of a particle rich in phosphate or to chance pollution of the water by
fish, ete. Such instances have been noted previously. Special care was
taken this year always to examine the samples when quite fresh, so
that the high values shown for August 5 are undoubtedly due either
to regeneration of phosphate at, or to the movement of water, richer in
phosphate, to, El. This confirms the apparent regeneration shown in
August and September of the 1923 curve, though in these cases a delay
of about ten days between the drawing of the sample and its analysis
introduced some measure of doubt. Regeneration, a process which we
must imagine to be continually active, becomes noticeable only when
the phosphate set free remains in a region poorly illuminated. Thus
as may be seen in Table 2 and Fig. 3 there was a noticeable renewal
of phosphate in the bottom water between May 13 and June 3. During
this time, be it noted, the bottom water remained at 10-0°, whereas the

* May safely be taken as 40.
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surface water rose from 10-7° to 12-6°; but by July 8 the bottom had
risen to 11-8°, denoting a considerable mixing with the warmer surface
water, which by this time had risen to 16-0°. Consequent upon the mixing
the phosphate content fell to slightly under half its June value. Between

40

=
e

3

(=}

Phosphate as P,0s in mg. per m?

Jan. FeB. MAR ApL. Mav June Juy Auc. Sept. Oct. Nov. DEC JAN.

Fic. 1.—Seasonal changes in phosphate concentration at Station El, surface.

A0

20

'.:. h? -

Phosphate as P,0, in mg.per m?

Jan Fer. Mar ApL. May June Juwy Auc. Seet Oct. Nov. Dec. JAN.

Fic. 2.—Seasonal changes in phosphate concentration at Station E1, bottom, 70 metres.

July 8 and August 5 the bottom only rose 0-2°, and again the bottom
water became enriched with phosphate. The August 31 series shows
a gain of 0-8° for the bottom, and a fall in phosphate to about one-fourth
of its previous value. This stripping of the water, so that from 20-70 m.



PHOSPHATE CONTENT OF SEA-WATER. 451

it contained only 6 mg. per m3, has been more complete this year, 1925,
than in either of the two previous years. Unfortunately it was not
possible to obtain samples early in September to see whether the minimum
had been reached, but October and November analyses showed the
normal autumnal preponderance of regeneration.

For 1923 the average consumption at Station El, surface to bottom,
70 metres, was 29-6 mg. of P,0, per m?, leaving a balance of 7-4 out
of the original 37 mg., which, however, was a March value. For 1924

TaBLE 2.

VALUES FOR PHOSPHATE AS P,0; IN M. PER M3 AT STATION El, SURFACE
To BorroMm, DURING 1925, ALS0 SURFACE AND Borrom TEMPERA-
TURES, THEIR DIFFERENCES AND THE DIFFERENCES BETWEEN SUC-
CESSIVE OBSERVATIONS OF BoTrroM TEMPERATURE.

| |

|Jan‘IFeb‘ Mar. IApril May | June | July Aug‘!Aug. Oct. Nov. Dec. | Jan.
Depth | 19th |17th | 14th 22nd | 13th| 3rd | 8th | 6th | 3lst | Ist |1lth 11th 12th
o | 31 33‘23; 1| 1| 8/o |50 | 8| 25| 12| 40°
5 — | 31| 25| —| 4 6| 3 75 2 |11 —| = —
10 ..,‘ —| 28| 3| sl1wa| 5 | 7| 2 |15 26| 19| —
15 —|—33‘— 5 71 6 9|4514|—--—_
20 —|— —| —| 7| 12| 5 (18 | 6 |17 | —| 19| —
25 3L =| 29 8| ¥l = B |8 =]l | =] =] <=
30 —| —| —| —| n| 17| 7 |24 | 65|19 | 26| 19| —
40 w= | o] o e Jol A2 g =] ) 2 | P | ==
50 32| —| 30| 13| —| 21 90 [— | —[20 | —|] —| =~
60 —] = =] = —| —]10 |— ‘ —21 | —| —| —
70 34 31| 31| 16| 12 21|10 (24 | 5 |21 26| 20| —

Jan. [Feb. |Mar. April May June [July 'Aug. Sept. Oct. Nov. Dec. Jan.
Analysed '21st |20th [17th 23rd 16th | 4th |10th 6th 5th |2nd |13th 17th 12th
0 10-8° | 9-8°| 9-3° | 9-8° 10-7° |12-6° 16-0° 15-4° 16-3° [14-9° [11-8° 10-8° | 9-9°*
70 10-8% 10-0° | 9-2° | 9-5° 10-0° [10-0° 11-8° |12-0° 12-8° [13-6° [13-0° 11-0°| —
At | 0-0° |-0-2° | 0-1°| 0-3° | 0-7°| 2-6° | 4-2° | 3-4°| 3-5°| 1-3° -1-2° —0-2°| —
At | — -0-8 (08 l-:'-CI-S 05 |00 |18 |02 | 08 ?0-3 |-0-6 -20 —_
| | | |

]

the corresponding figures were : used up, 28-3 mg.; balance uncon-
sumed, 87 mg.; winter concentration having again been 37 mg. For
1925 the maximum was probably missed ; it occurred about January 2
in 1924, but no samples were available till January 19th this year. How-
ever, December 9th, 1924, gave 32 mg. and January 19th 31-9 mg.;
accordingly taking 32 as the maximum, and the minimum value of
August 31, namely, 5-1 mg., the amount used up was 26-9 mg. per m3.
These, however, are gross values. They take no account of the amounts

* In reality these are values for L6, but as L3-L6 gave same value for phosphate

water was uniform and values may be taken for El. Weather too bad to do depth
series, water probably uniform to bottom.
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set free by regeneration and again utilized. Were this known accurately
the total crop could be found with a correspondingly increased exactness.
An attempt may be made to do this by finding out, for each year, the
total consumption of phosphate, including what is ascertained to have
been available owing to regeneration or replenishment by water which
may have moved into the area studied.

Data showing the monthly loss, viz. utilization, of phosphate and
the gain, viz. regeneration, for the whole water column, surface to bottom
at Station El are shown in Table 3 and in Fig. 4 for the three years.

Metres 2
Ak
}‘:;16
104 Ok,
Noe,
204 i
304
ML
ll‘h‘
404
50 . II
3 I
1
601 1
J !
1
o 0 0 20 30
0, mg per m? R0, mg. per m? PO, mg per m?

Fie. 3.—Variation of phosphate concentration with depth at Station E1 during 1925,
Tor the sake of clearness the curves for the months have been plotted in three sections.

The years are, in broad outline, very similar, thus in each the mid-winter
value is a maximum and the July a minimum at 7-4, 8:7 and 6-9 mg.
per m?, though the last value is exceeded in 1925 by the late August
value, 51 mg., the absolute minimum far the water column for the three
years. Inspection of Fig. 4, however, shows clearly that striking differ-
ences exist. Thus in 1923, April, and to a greater degree May, witnessed
a marked increase in the phytoplankton ; there was further increase in
July and scarcely any in September. In 1924 development had com-
menced in February, and the March increase slightly exceeded that
of April, 1923 ; April, May and June show a progressive wane in the
increase ; thereafter down-grade changes predominate, save for a slight
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production at the end of September. The 1925 season was late at the
outset, even March showing less development than February, 1924.
The end of March and the first half of April witnessed, however, a remark-
able outburst in the phytoplankton. Table 2 and Figs. 1 and 3 show
that almost all phosphate in the well-illuminated regions has been used
up, even at 25 metres only 5 mg. per m3 remained. As might be ex-
pected there was no further increase in May, and in June there was a
marked regeneration. Thus it is seen that the vernal development of
phytoplankton was a maximum in May, 1923, March, 1924, and April,

TABLE 3.

ProspHATE CoNTENT OF THE WATER COLUMN, SURFACE To BorToMm,
70 METRES, AT STATION El, WITH DIFFERENCES BETWEEN THE CON-
SECUTIVE OBSERVATIONS.

1923, 1924, 1925.
P,0;inmg. A P,O,inmg. A P,O;inmg. A
m? m? m?
Jan, — —_ 370 -+3:0 319 —0-1
Feh. — — 32:0 —50 31-1 —0-8
Mar. 370 - 22-1 —99 283 —2-8
April 2%-7 —9-3 15-0 —71 85 —19-8
May 11-6 —lu-1 12-1 —2-0 9-2 +0-7
June 13-2 +1-6 91 —3-0 158 + 66
July 74 —58 87 —0-4 6-9 —89Y
Aug. 16-1 +87 10-1 +1-4 192 +12-3
Sept. 13-9 —22 161 +60 5% —141
Oct. 16-0 21 14-9 —1-2 18-2 +13-1
Nov. 20-0 +4-0 20-1 +5-2 259 +7-7
Dec. v f 340 -+14-0 32-0 11-9 186 —73
Jan. i . —_ —_— — — 40 +21-4
Total consumption - 334 - 29-5 - 53-8
Max. minus minimum — 29-6 — 28-3 — 26-9t
Total regeneration . R 3341 —_ 24-5 — 61-7
Gain in free [ A " S— —30 - — 50 —_ - 8§
phosphate | B 3 .= —0-0 - - —50 — +79

1925.  Furthermore, late in June and early in July, 1925, the May and
June regeneration, coupled with the vertical mixing (which is indicated
by the rise in temperature in the bottom water recorded in Table 2),
resulted in an outburst of phytoplankton similar to that of 1923, but
greater. The remainder of July and early August were periods in which
down-grade changes were well marked. But by late August vertical
mixing, as again indicated by a rise in bottom temperature, afforded
sufficient phosphate for a development of phytoplankton, which was

* Aug. 3lst. Minimum values are in italics.

1 Jan. 12th, 1926.

1 Including value for Jan. 2, 1924,
§ Taking Dec., 1924, value as maximum.
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about three-quarters of the April outburst, almost as great as that of
May, 1923 (the maximum for that year), and greater than in any single
month of 1924. The lower part of Table 3 shows that the total consump-

[ 5 LT =T ]

G o S

0, n mg. par m®

=

ICI2.3

Phosphate as B,
- o o o

=]
h

15

Jan. Fes Mar Apt. MAY JUNE JUlY Auc Seer Oct. Nov. DEC. JAN.

Fic. 4.—The production of phytoplankton may be deduced from the uprights above the
zero line ; in reality these lines show the difference in the phosphate content of the
water between two successive observations. Increase in phosphate, being equivalent
to destruction of phytoplankton is represented below the zero line.

tion proved for 1925 is considerably greater than for the other two years ;
but it must be borne in mind that this may only be apparent, due to the
alternation of the processes of consumption and regeneration. It is
none the less of biological importance. The results for ““ Gain in free



PHOSPHATE CONTENT OF SEA-WATER. 455

phosphate 7 have been arrived at in two ways : (A) by subtracting the
initial and final values, and (B) by subtracting the total consumption
from the total regeneration. There is a difference of 3 mg. between the
two for 1923, for 1924 they agree. and for 1925 the difference is 0-1 mg.
The concordance must be considered satisfactory. The “A” values
are obviously the most correct ; it is to be noted that they indicate a
slight retention of phosphate during 1923 and 1924, with an exactly
equal total liberation by January, 1926. From the March, 1923, value
and the latter, however, 3 mg. more phosphate is shown as free at the
end of the three years than at the beginning. The January, 1923, results
were not obtained. The foregoing figures make it quite clear that the
phosphate cycle is essentially a closed one. There is no evidence that

TaBLE 4.

DATES WHEN CERTAIN PHOSPHATE ('ONCENTRATIONS WERE REACHED
AT E1, SURFACE, TARING THE 1923 DATES AS ARBITRARY STANDARDS
THE ADVANCES OR RETARDATIONS OF 1924 AND 1925 ARE RECORDED.

Ahead Ahezad
in dzys, induys,

PO, mg.  1)23 19°4 1925 1924 1995
30 Mar. 30th Feb. 18th  Feb. 25th 41 33
20 April 28th Feb.28th  Mar. 20th 59 39
10 May 10th April 28th  April 6th 12 34
25 May 21st June 18th  April 18th —28 33

[Sept.2nd - +26 -

9
10 Sept. 28th Oct. 90th Oct. 6th _99 3
Oct. 11th . (Nov. Ist —15 +6
20 Nov. Tth } Nov. 22nd Dec. 21st —_ —44
30 Dee. 1st Dec. 6th Jan. 2nd —b —32

water movement affected this area materially during the period under
consideration.

The diiferences between the corresponding seasons in the various
vears have already been discussed. A closer comparison may be made
by a study of Tables 4 and 5, which show the dates at which certain
phosphate concentrations were reached, as obtained by reading off from
Figs. 1 and 2.

It is of interest to consider why the vernal outburst of phytoplankton,
as indicated by phosphate consumption should have been earliest in 1924,
latest in 1923, with 1925 occupying an intermediate position. In Fig. 5
are shown the mean monthly sunshine records for England, S.W. These
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are plotted for the 15th of each month, save for November and December,
1925, when the values taken were from the Plymouth records only,
averaged over the periods between consecutive phosphate determinations.
Inspection reveals the fact that the vernal outbursts occur in the three
years in the same order as do the amounts of spring sunshine. Later
on in the year the same exact correlation cannot be traced, for the phos-
phate is all used up near the surface. During the summer, as already
mentioned, the important point is how extensively the phosphate from
the depths is brought into the upper layers. In the autumn as the light
becomes reduced and regeneration preponderates, the quantity of light
will again determine how far the phytoplankton die out. There is, how-
ever, another factor, the smoothness of the sea, for in rough water much

TABLE b.

DATES WHEN CERTAIN PHOSPHATE CONCENTRATIONS WERE REACHED
AT El1, BorroMm. TAKING THE 1923 DATES AS ARBITRARY STANDARDS
THE ADVANCES OR RETARDATIONS OF 1924 AND 1925 ARE RECORDED.

Ahead  Ahead
in days, in days,

P,0.mg. 1923 1924 1925 1924 1925
30 April 14th Feb. 20th Mar. 17th 54 28
20 May 9th Mar. 17th ~ April 11th 53 28
11 July 9th June 18th  July 6th 21 3

(June 1st — e
20 Nov. 6th Nov. 4th < July 29th = =
[ Sept. 29th (final) 2 38
30 Dec. Ist Dec. 4th Dec. 28th -3 =27

of the light is scattered and reflected at the surface, and the quantity
entering is correspondingly reduced. The year 1924 had no November
outburst of phytoplankton (see Fig. 4), and Fig. 5 shows that its sunshine
average was low. However, 1923 and 1925 were very similar in sunshine,
yet only 1925 gives evidence of a remarkable development of diatoms
as mentioned in the author’s paper on silicate in sea-water. Fig. 4
is constructed from the average phosphate content of the whole water
column, and shows no phytoplankton development in the autumn.
Fig. 1, however, which concerns surface data only, does show a decided
fall in phosphate in November, and so indicates plant growth, though
regeneration of phosphate in the deeper water masks the result to some
extent. But if the 46th to 49th weeks of each of the two years, 1923
and 1925, are considered, namely, approximately the periods between
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the observations (November 7Tth and December 10th and November 11th
and December 11th respectively), it is seen that 1923 averaged 3-1 hours
and 1925 only 3-0, so it is evident that the amount of sunshine alone
will not explain the difference, nor will the total daylight, for the dates
are almost identical. It may be noted that the vertical circulation must
have been more pronounced in 1925 than in 1923 over the November

Hours

Jan. Fes. Mar ApL May June July Aue. Seer Oct. Nov Dec.

Fra. 5.—Mean monthly sunshine records for England, S.W. (including Wales), plotted
for 15th of each month. For the sake of clearness the curves for the months have
been plotted in three sections.

to December interval, for in November, 1923, the temperature difference
between surface and 25 m. was only —0-17° and 25 m. was the same
as the bottom. It is possible that movement may have aided the mixing.
In December the surface was 0-30° cooler than 25 m., and the latter
0-05° cooler than the bottom. In 1925, however, there was —1° difference
between surface and 25 m., and the bottom was 0-2° warmer than the
latter in November, whereas in December the reversed gradient from
surface to bottom was only 0-2°,
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SEASONAL CHANGES IN THE PHOSPHATE CONTENT OF THE WATER OF THE
ExcLisHE CHANNEL AT THE E AxD N StaTIONS.

These stations, with the exception of E1 which has already been
discussed, are only visited five times a year at the most, and the pro-
gramme does not, unfortunately, include a visit at midwinter, so the
phosphate maximum is not obtained. The results are shown in Tables 6
and 7. As, however, this year only three cruises were made and the
N stations were visited once only, little can be said further than that
in a general way the results are in accord with those of the two previous
years. The low value for E3, surface, noted in 1924, was found again in
1925, namely, 20 mg. per m?, though in the latter year E2 and the deeper
water at i3 showed low values also, whereas in 1924 they were high and
quite similar to E1. The values of /At, the difference between the surface
and bottom temperatures, again demonstrate that even in summer the
water movements at E3 bring about fairly complete mixing of the water,
there being only 0-2° difference between 105 and 5 metres. The phosphate
results are, however, rather irregular in contrast to the remarkable
regularity of the gradient for El.

PrOsPHATE CONTENT OF THE WATER OF THE NORTH SEA.

Only one cruise during 1925 extended as far as the deeper water oif
Norway. The results are recorded in Table 8. They are of especial
interest, as they were obtained for almost the same dates as those of the
Ushant cruise. On comparing Tables 7 and 8 it will be noticed that
the surface water was not as depleted of phosphate in the North Sea
as in the English Channel ; but that depletion was most pronounced in
the deep water of Station 17, where there was a well-marked temperature
gradient between 0 and 20 metres. Probably differences in salinity
account for the inverted gradient in temperature in the deeper water at
this station. The richness of the bottom water in phosphate at all the
stations is very remarkable, Stations 2-16 average 44 mg. per m?, with,
except No. 16, bottom at 60-80 metres. Station 17 has 49 mg. at 350 m.
Evidently the season is later in the North Sea than in the Channel, but
this explains only the lesser depletion of the surface, not the richness
of the bottom. In Part IT, Tables 10 and 11, it may be seen that though
one value for May, 1924, was up to 41 mg., none of the winter values,
or the spring deep water values, were as high as those found in 1925.
A somewhat richer than usual algal plankton might, therefore, have
been expected that year, or at least a more marked outburst at one
time.
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TaBLE 6.

ProspHATE As P,0; IN MG. PER M® ON CRUISE OF FEBRUARY 17TH TO
18tH, 1925. SURFACE AND BorTroM TEMPERATURES ARE SHOWN
BELOW. ANALYSED FEBRUARY 20TH.

Dopth i S Mid. E?2. T3 N 1. Mid. N2
0 33 19 16 20 20 21 26
B 31 —— 19 = 26 - 26
15 — — 21 - 25 — 31
50 - - - - - - - — 31
70 31 — —_ = - — -
90 X% - 21 — — — 30
100 * = * 22 24 x *
0 9-8° 10-8° 10-3° 10-5° 10-4° 10-4° 10-1°
Bottom  10:0° - - 10-7° 10-8° 10-6° - 10-3°
TaeLE 7.

ProspHATE As P,0; ¥ MG. PER M® AND TEMPERATURE ON CRUISES
oF May 13te To 14TH AND JULY 8TH TO 9TH, 1925.

Depth. El. E2. E3. El. E2. E3.
©° PO, £ PO, o Pe. i Bo, i PD, ¥ PO,

0 10: 1 Li:s 0 108 0 160 0 156 0 126 2
5 10 4 1070 10 10:800 21 1575 3 1480 3 12:10 20
10 1030 &5 1040 13 1068 26 1430 5 1390 &6 1210 17
15 1000 5 — 11 — 24 1203 6 1236 12 12-08 25
20 9-97 7 1032 11 1046 24 1185 5 — 5 12:08 17
25 —_ 7 1032 756 — 16 — 5 12:00 12 = 18
30 007 11 ;2 10:32 9. C10MBE 18 9180 T = — 1202 20
40 = 12 1032 15 —_ 17 == 7 = 12 - 31
50 997 — 1032 12 1045 22 1180 9 1190 — 1198 24
70 99612 1032 12 1045 — 11-80 10 11-88 13 11-92 23
80 * * i ik 2 23 * * e = 8 ==
90 + e 10:32 10 — — % * 11-88 10 — —
105 * ¥ b ¥ 10-20 16 - o -+ g 11:90 25
at 07 — 1.5 — 06 — 42 — T - O —

Intermediate stations on course to E3, surface :—
May, 18 miles on from El, P,0,=0. July, P,0;=1.
B T = W2 RO — (e P —()!

* Not as far as E 3, position 48°36'N, 4°54'W.
I Midway between adjacent stations.
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Whether the source of the higher phosphate content of the North Sea
in May, 1925, was regeneration during the winter or an influx of richer
water cannot as yet be decided till the hydrographic results deduced
from salinity changes become available ; the phosphate content of the
water in the Faroe-Iceland and Faroe-Shetland Channels in July, 1925,
was, however, such as to afford no argument against the possibility of
a movement of water rich in phosphate into the North Sea. These results
are shown in Table 9. It may be added that reference to Part II, Table 12,
malkes it clear that in 1924 the Shetland results would have been definitely
against such a view, for the values were from 8-25 mg. per m?, save
for one high value, 79 mg. in warm water south of the Wyville Thomson
ridge at 800 m. As previously mentioned the August values recorded
in that table are vitiated by phosphate from the glass. For some unex-

TaBLE 8.

PHOSPHATE IN DEEP WATER OFF NORWAY AND IN NORTH SEA IN GENERAL,
May l4tH To 16TH, 1925. ANALYSED MAy 25TH. PoSsITION :
BT7°57'N., 6°45"'H. ror StA. 17.

Sta. 17 Sta. 16 Sta. 12 Sta. 10 Sta. 8 Sta. 6 Sta. 4 Sta. 2
Dopth P.0, mgs 15 BaOnt to. Pi0. PIOLEP. 0 i7" PO, [P0 2,0, 12
in metres per m®

0 6 908 10 894 13 13 11 874 14 13 15 834
20 10 6:98¢ — 760 — — — 34b — — — 745
40 31 920 —— hay — — 674 — — — 634
60 35 5-83 40 598 37 43 49% 6-30 48 447  45% 6-33

100 40 6:83. — 6:05 % % 2 = o ¥ T -
150 41 Ted DS — NSl S - - —_ - — — —
200 41 668 — 04— — - —_ — - - —
250 44 6-75 — 688 — — — — — —- — —
300 46 648 — 679 — — — — - - — —
350 49 6-08 * ¥ — — —- _ - — — —_

plained reason the July, 1925, Shetland values are far higher than those
of March to May, 1924. Such variations may afford the key to the
periodic changes in the productiveness of the North Sea fishing grounds.
The results recorded in Table 9 illustrate well the storage of phosphate
in the deeper waters. ;

ProsPHATE CONTENT OF THE WATER OF THE OPEN ATLANTIC.

In Table 10 are shown a few values for the open water south of Ireland
and in the Bay of Biscay. The inshore water surface values are high
in winter, and the May results show how the lines of equal phosphate
content move upwards as the shore is approached. Thus at 60 m. near

* Depth, 70 m. 1 Depth, 80 m.
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TaBLE 9.

461

ProspHATE CONTENT AND TEMPERATURE IN (A) THE Farog-IcELAND
CHANNEL, 4/7/°25, aT 62°53'N., 9°05'W. ; v (B) THE FAROE-SHET-
LAND CHANNEL, 6/7/25, aT 61°27'N. anD 4°23'W.; arso (C) AT

61°02'N., 3°22'W.

A.
Depth. P,0,
0 T0*
10 30
20 30
30 30
40 41
60 38
100 GOT
200 a7
300 57
400 H7
500 59
600 *
700 *
800 *
900 *
1000 *
PHOSPHATE
Date. Depth P,0,
inm. in mg.
per m?
3.2.°25 0 34
5.2.°25 0 44
14.5.25 ] 15
o 402 32
5 1006 60
12595, 0 14
3 60 35
5 134 35
8.6.°25. 366 32
824 54

23

¢
10-23
10-20
9-90
9-43
8-64
8:32
3-08
803
774
7-51
2:03
3-38

* % ok ok ok

B.

P,0, t°
30 10-95
30 10-12
27 9-61
23 9-38
43 838
53 7-83
70 767
57 7-52
57 6-96
— H-33
- 2-49
43 0-99
oM ey
—9q —0-36
a4y
43t  —0-50
58 —0-56

TasLe 10.

AND TEMPERATURE AT VARIOUS
ON THE ATLANTIC SLOPE.

1°

ot P

=
DOSmoToD

DO Sy~

Position.
N.
519207 9°3%’
51°25"  8°10’
50934’ 11°17’
49°20°  8°00°
45°50"  9°00°

ANALYSED 22 AND 23/7/°25.

P,0,
23§
15

C.

POSITIONS AND DEPTHS

Notes.

Near Fastnet.

Both analysed, 19.2.
Analysed, 5.6.
Depth, 1038 m.
Diatoms (Rhizosolenia) very abun-

Analysed, 13.7.
In Bay of Biscay.

* A considerable amount of suspended matter in water sample.
T Result checked against fresh standard.
1 Noted at time of analysis as obviously a much weaker tint than 1,000 m. valuz.
§ Noted as definately stronger than 10 m. valus.
9| Three bottles broken.

[dant in tow-net.
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the coast 35 mg. was found, and 32 further out at 402 m. and the same
at 366 m. in the Bay. The bottom values for the deep water are almost
identical in Tables 9 and 10, 58 and 60 mg. respectively at 1000 m.
Table 11 contains similar results for the very deep water further south,
between the latitudes of Lisbon and the Canary Isles. Again the accumu-
lation of phosphate in the depths is very marked, but the most striking
result is the complete removal of phosphate from the upper layers down
to 50 m., with as little as 5 mg. at 75 m. This is due apparently to the
fact that photosynthesis is active to greater depths owing to the more

TasLE 11.

PaOSPHATE CONTENT AND TEMPERATURE AT 37°44'N. anp 13°21'W.,
oN OcToBER 12, 1925, SAVE THAT AT 3000 M., TAKEN ON OCTOBER 16,
AT 29°59'N., 15°03'W. ANaLYSED OcTOBER 3) To NOVEMBER 2.

P,0; in mg.

m. psr m®. t°
0 0 21-10
40 — 21-00
50 0 20:01
75 5 17-31
100 ] 15-10
150 10 15:06
200 22 13-86
300 44 12-25
500 50 10-94
1000 T4 9-55
2000 78 4-81
3000 88 3-10

intense illumination in southerly latitudes. The behaviour of nitrates in
the same water has been mentioned in this connection previously (1925).
The temperature gradient shows complete mixing of the water down
to 40 m., and nearly complete down to 50 m. Again 75 m. is a region
of steep gradient and uniformity then exists between 100 and 150 m.,
to be followed by a continual, though irregular decrease of temperature
to great depths.

Tt is of interest to consider the extent of the possible vertical circulation
of the water at an open station such as this. Obviously irregularities of
the bottom are without effect, and the factors concerned are, firstly,
density changes due to cooling, and, secondly, wave motion. It is generally
admitted that thermal conduction is negligible in water masses in com-
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parison with conveetion effeets, so cooling due to the cold bottom water
may be left out of account. Consequently the temperature of the lower
portion of the isothermal water column cannot fall below that of the
surface. The July isothermal lines show a temperature of about 22°
at this station, the corresponding January value being 12-5°. This may
not be quite the minimum judging by experience further north, but it
is probably not far from 12°. It seems legitimate, therefore, to conclude
that vertical circulation due to cooling will be such that it extends down-
wards to the depth where 12° is found, namely, at slightly over 300—
say, 350 metres. Above this the temperature will be uniformly that of
the surface, neglecting a slight lag. This is what is found in the English
Channel in winter right down to the bottom, 70-80 m. Below 350 m.
we may expect the change to be negligible. It results that the phosphate
enrichment of the surface water will be that produced by the mixing,
together with that due to regeneration from the organisms which liberate
phosphate in the first 350 metres, but the larger animals sink when they
die and so carry down their phosphate to greater depths. Taking 46 mg.
per m? as the value for 350 m. and averaging the values of the column
up to the surface the result is 20 mg. per m3. This is, of course, a minor
limit as regeneration which must take place cannot be calculated. As
an upper limit we may hazard 46 mg.—for the depletion at the surface
is due to removal of phosphate by alge under the action of light. It
seems, however, very unlikely that the major limit is even approached
at this latitude, where illumination is never very greatly reduced. Indeed,
the minor limit of 20 mg. neglects the fact that near the surface, even
in winter, photosynthetic processes probably preponderate in these
latitudes. According as we proceed northwards the surface cooling
becomes greater and the deep water temperatures are also lower, so the
vertical circulation will proceed to progressively greater depths. Con-
versely near the equator® the temperature changes throughout the year
are small, so what vertical circulation there is must be due in the main
to wave motion—which cannot be effective to any very great depth—
and not to density changes. Thus no considerable seasonal change in
phosphate content is to be expected. Another important factor in
increasing the yearly phosphate turnover in northerly latitudes is the
great reduction in the light, which is, of course, the fundamental cause
of the cycle wherever found. The further north we go the greater is the
reduction in both sunlight and daylight, till the region of complete dark-
nessisreached. In that it must be imagined that there is great destruction
of plant life during the winter, so that the onset of sunlight in the spring
finds the water rich in phosphate.

* There is, however, a region of upwelling on a vast scale near the equator, as cold
bottom water replaces that blown polewards by the trade winds,

NEW SERIES.—VOL, XIV. X0. 2, AvUGUsT, 1926, 2 G
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Information about the phosphate cycle in the open ocean is provided
by the data of Table 12, which shows how completely the southern
waters are deprived of phosphate in summer, whereas even in December
and in March the amount present at the surface is small. By a fortunate
chance the samples on the northerly route were taken near the dates
of the southerly in August. Even allowing for the fact that they were
8 m. samples, not surface, it is clear that in them phosphate was far from
being exhausted.

Table 13 records the results of analyses made of water from the Pacific,
but owing to prolonged storage, from five months to a year, many of the

TapLE 12.

PHOSPHATE VALUES AND TEMPERATURES IN THE ATLANTIC, LIVERPOOL
To PARA, SURFACE SAMPLES TAKEN BY S.8. Hildebrand. ALso
FROM SOUTHAMPTON TO QUEBEC, FROM ENGINE ROOM INTAKE,
8 M. BELOW SURFACE BY C.P.R. STEAMER ; LATTER TAKEN 26-27/8/°25.
Axavysep 12/10/°25.,

18.3-1.4.°25. 13.8-26.8."25. 17.12-30.12."25. Approximate
Analysed 26.5. Anal. 5.9. Anal. 8.1.°26 Lat. Long. latitude.
PO, t°. P04 t°. P,0; % N. W.
mg. (m?, mg. /m?3, mg. /m?,
(] 26 0 28 34 28 0°20°S. 47° Off Para.
_ 27 —— 20 28 1°  46° —_
—_ 27 —_ G 27 99 44° —
6 26 0 27 6 26 9°  39° Mouth of Orinoco.
— 25 2 24 7 25 19°  30° Between Jamaica and Cuba.
— 18 1 22 5 21 28" 21° N.Florida and Canary Is.
9 14 2 20 7 17 38° 10° AzoresandS. Portugal.
19 11 2 16 7 12 48° 7% Ushant or Brest.
— — 23 13 — — 53°  40° Galway or 8. Labrador.
— — 22 11 - — 52°  50° Mth. of Shannon or 8. Labrador.
—_ —_ 25 10 _ —  52°  55° Queenstown or Str. of Bellelsle.

results must be greatly vitiated by regeneration. On the whole, how-
ever, the water round the Galapagos and Marquesas Islands seems richer
than that in the open ocean. The most interesting values are the first
two, surface and 366 m., which, with 47 and 167 mg. per m? are excep-
tionally high and probably indicate an upwelling of deep water. The
366 m. temperature is far lower than in the Atlantie, as shown in Table 11,
where this value is not reached till below 1000 m. It is of interest to
recall J. Schmidt’s (1925) comparison of the water on opposite sides of
the Panama isthmus. He found surface water on both sides nearly
saturated with oxygen, but whilst at 50 m. the Atlantic is still nearly
saturated the Pacific had only 0-25 as much as at the surface, and at
400-500 m. the Pacific water was practically devoid of free oxygen,
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whereas the Atlantic had 40-50 per cent of that at the surface. Thus
it looks as if the deeper water on the Pacific side was rich in decomposing
organic matter which absorbed oxygen and liberated phosphate.

TaBLe 13.

PrOSPHATE VALUES AND TEMPERATURES IN THE PACIFIC, SAMPLES
TAKEN BY THE S{. George. NOT ANALYSED TILL 13TH TO 18TH OF
Jury, 1925.

Date. P,0,mg. t° Position.
per m?,

15.7.724 47 26-1  2°6'N. 81°38'W. Ofi 8. America between Panama and Gala-
pagos Is.

15.7 167 9-1 5 5 Do., 366 m.

17.7 13 25-1 2°9'N.  84°43'W. Between Panama and Galapagos Is.

19.7 12 250 2°43'N. 88°31"  Between Panama and Galapagos Is.

21.7 34 245 1°55'N. 86°39°  Between Panama and Galapagos Is.*®

23.7 18 24-0  1°34'N. 89°00"  N. of Galapagos Is.

24.7 68 21-7 —_ — Midway between Bindloe and James Is.,
Galapagos.

9.8 53 24-2  2°10°N. 90°17°  N. of Galapagos Is.

11.8 35 26-5 4°43'N. 87°44"  N. of Galapagos Is.

15.8 39 27-0  5°53'N. 83°34"  Latitude of Cocos Is. and to E. of it. T

17.8 16 27-5 6°17'N. 81°38° 8. of Panama towards Galapagos Is.

2.12 7 252 3°%3’N. 94°10°  N.W. of Galapagos Is.

6.1 17 23-3  1°23'N. 104°30°  Open Pacific, on course Galapagos—-

Marquesas.

9.12 21 21-4 0°08'N. 109°05"  Open Pacific, on course Galapagos—
Marquesas.

12.12 14 22-4  2°20°8. 114°7" Open Pacific, on course Galapagos—
Marquesas.

15.12 5 24-2  5°12'S. 120°8' Open Pacifie, on course Galapagos—
Marquesas.

18.12 26 256 6°48’S. 126°11"  Open Pacific, on course Galapagos—
Marquesas.

21.12 27 26-0  8°21°8. 131°58°  Open Pacific, on course Galapagos—
Marquesas.

24.12 15 26-8  9°35'8. 136°30°  E. of Marquesas on course from Galapagos.

9.1.°25 5 27-2  9°5078, 139°10° Midway between Tata Hiva and Tahuata,
Marquesas.

15.1 38 26-3  9°10°S. 139°50°  About 10 miles S.W. of Wa Huka Is.}

30.1 19 26-9 10°10°8. 138°50° Motane Is., Marquesas due N., 10 miles off.

5.2 34 270 11°1'8. 139°17 S. of Marquesas Is.

6.2 10 280 12°37'8. 139°48° S. of Marquesas Is.

7.2 25 27-4 13°55°S. 141°4" Near Napuku Atoll, S.W. from Marquesas.

9.2 6 27-7 13°55'8. 141°4’ S.W. of Marquesas.

10.2 35 27-8 15°44’S. 144°23°  Near Tairo Atoll, Low Archipelago, S.W

from Marquesas.

It may be added that the isothermal maps of the Atlantic show a
cold area, under 21° on the N.W. coast of Africa at about 25°-32°N.
latitude, surrounded by a wide belt of warmer water, This would appear

* (Current sets off eontinent here, E. to W.

T Current E. to W. in Pacific round Marquesas,
I Current sets towards continent, W to E.
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to indicate a region of upwelling, which would probably be rich in phos-
phate at moderate depths and rich in plankton near the surface.

In conclusion the writer wishes to acknowledge his obligation, and to
express his thanks to Mr. H. W. Harvey and the Captain and crew of the
Salpa for assistance in obtaining water samples and temperatures, also to
the Scotch and Irish Fishery Departments for samples obtained from Aber-
deen and off the Irish coast, to the Air Ministry for the samples obtained
through the courtesy of the officers of the s.s. Hildebrand, to Dr. C. Crossley
for the Pacific samples, to Dr. L. T. Hogben for those on the Canadian
route, also to Mr. C. F. Hickling for samples off the Irish coast in winter.

SUMMARY.

I. A comparison of the years 1923, 1924 and 1925 as regards the
phosphate content of the water at Station El in the English Channel
has shown that the vernal diminution was earliest in the year 1924, and
latest in 1923, the extreme difference being approximately two months.
These differences stand in direct relation to the spring sunshine, that
of 1924 for the daily average of the 9th to 12th weeks inclusive being
2-3 hours in excess of the normal, 1923 being 0-1 hr. in deficit and 1925
being 0-6 hr. in excess. Since the phosphate diminution is proportional
to the increase in phytoplankton the year 1924 must have been excep-
tionally early in this respect.

2. The year 1925 was in general similar to the other two in having
a summer phosphate minimum and a winter maximum ; but it was
noticeable for marked periods of regeneration of phosphate, followed
by utilization, within the main cycle.

3. The maximum value at E1 was 40 mg. per m?® of phosphate as
P,0;, the minimum 5-1 mg. for the whole water column, 0-70 metres.

4. Much additional evidence has been found to show that the deep
water of the ocean is a reservoir of phosphate, containing 50-80 mg.
per m?, or more.

5. The water of the North Sea was markedly richer in phosphate in
the spring of 1925 than in that of 1924, as was also the water around
the Faroe-Shetland Channel in July, 1925, as compared with the previous
July. A causal connection may be sought.

6. In tropical waters the intense light normally results in the utilization
of all phosphate down to at least 50 metres, and the winter cooling never
suffices to effect mixing with the deeper water. At about 38°N. latitude
the water may be expected to be isothermal in winter to a depth of
350-400 metres, and further north the isothermal column has its base
deeper down ; accordingly the seasonal phosphate cycle must become
more pronounced.
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On Lumbricillus Scoticus n. sp.
By

Richard Elmhirst, F.L.S.,
Marine Biological Station, Millport,
AND
J. Stephenson, M.B,, D.Sc.,
Zoology Department, The University, Edinburgh.

With 3 Figures in the Text.

A smaLL orange-coloured Enchytraeid Oligochaete has been known for
some years to occur fairly abundantly in certain sheltered parts of the
shore on the Cumbraes. It is also generally present, though scarce, on
exposed parts of the shore. Hitherto it has been confounded with other
species of Lumbricillus, but is now described as a new species.

LUMBRICILLUS SCOTICUS SP. NOV.

The worms are during life of an orange colour. They are relatively
short and stout, measuring when preserved 7-9 mm. in length, and
having sometimes a width of as much as 1 mm. at the clitellum. The
number of segments is fairly constant—30 in 3 specimens, 31 in a fourth.

The prostomium is short, bluntly triangular, broader at the base than -
long.

The setew have the lumbricilline curve. In the ventral bundles there
are from 10 to 14 sete in front of the clitellum, from 8 to 13 in the seg-
ments behind this. The lateral bundles contain 6 to 8 setae in front
(once 9), 7 to 9 (very frequently 8) behind, decreasing to 6 at the posterior
end.

The clitellum includes, besides segments xii and xiii, a little of xi and
perhaps also of xiv.

There are numerous gland cells in the integument, which stain deeply
with hematoxylin.

The cawlomic corpuscles are numerous, narrowly or broadly spindle-
shaped or occasionally oval in form, 36y or less in length, and nucleated.

The septal glands are three pairs, in segments iv—vi.

There is a pair of small post-pharyngeal bulbs, but no salivary glands.
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The dorsal vessel begins at septum 11/12.

The anteseptal portion of the nephridia is small, about one quarter the
length of the post-septal, and the lumen shows no windings as it passes
through this part of the organ. The post-septal portion is somewhat
pear-shaped, with the narrower end behind. The duct is rather shorter
than the post-septal, and comes off from the hinder end of the latter,
curving ventralwards towards the surface.

The cerebral ganglion (Fig. 1) is one and a half times as long as broad ;
its sides are almost parallel, converging slightly backwards; there is
a small indentation behind, and a larger one in front.

The testes are * divided,” each being composed of a number of pear-
shaped sacs, attached by the narrow end to septum 10/11, extending
forwards and backwards in segments x and xi, and reaching as far in
front as segment ix.

The male funnels are three or four times as long as broad, with a thin
everted somewhat flangelike lip. The vas deferens is narrow, consists of
a few coils, and is confined to segment xil.

The penial body is round, 0-2 mm. in diameter, compact, of the lum-
bricilline type. In it can be distinguished :—

(@) The vas deferens, which passes through in a dorso-ventral direction ;
it immediately becomes wider on entering the penial body, both the size
of the lumen and the thickness of the wall increasing ; it joins the next
structure shortly before reaching the ventral surface at the male pore.

(b) An irregular tubular cavity, triradiate as seen in sections, which
ends blindly above at the dorsal surface of the penial body, and joins
the vas deferens lower down, as just stated ; this cavity thus constitutes
a diverticulum of the male duct.

(¢) A mass of cells, the bulkiest constituent of the penial body ; these
cells seem to belong to and to spread out from the wall of the diverticulum
just described.

(d) A pear-shaped aggregate of cells, perhaps glandular, on the anterior
side of the mass of the penial body ; the swollen ental portion of the
aggregate is solid, the ectal narrower portion or stalk is hollow and
tubular, and joins the lumen of the male duct below the union of the
diverticulum and vas deferens, a little before the combined tube reaches
the surface.

(¢) A muscular capsule surrounds the greater part of the mass, but
is somewhat deficient above, and also on the anterior side, where the pear-
shaped gland is situated. In this position there is, in front of the gland,
a strong muscular bundle attached below to the body-wall just in front
of the penial body, and passing upwards to be attached again to the
parietes above.
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(f) Lastly, within the penial body there is, in addition to the cells
which constitute the greater part of the mass, a little muscular tissue
between the several components, and a few loose cells. In the ventral
portion of the penial body, just within the body-wall, there is a certain
amount of vacant space, left unoceupied by any of the above structures.

The spermathece are irregularly swollen tubes ; though the ental end
of each is fused with the wall of the cesophagus, there is no patent com-
munication between the cavity of the spermatheca and the cesophageal
lumen. There is no great distinction externally between ampulla and
duct ; but the ectal portion of the apparatus —about two-fifths of its

)

b i
- ol
9 1
Fra. 1.—Lumbricillus scoticus ; Fro. 2. —Lumbricillus scolicus ; spermatheca.
cerebral ganglion. Amp., ampulla ; d. lum., lumen of the duct;

gl., mass of gland cells causing a swelling
round the ectal end (duct) of the apparatus;
@s., wsophagus. The figure has been drawn
from an organ isolated by dilaceration: in
sections the cavity of the ampulla appears
wider than here shown.

length-is broader, owing to a development of gland cells, and may he
called the duct (Fig. 2) ; the lumen is here much narrower.

These gland cells are the lining epithelium of the tube; they have
become much elongated outwards, so that the longitudinal muscular
fibres of the wall, which in the upper part of the apparatus are as usual
outside the epithelium, here pass amongst the epithelial cells, which
extend outwards between and beyond them ; the nuclei of the cells are
mostly external to the muscular layer. The region of these elongated
cells is sharply delimited above (v. Fig. 2); the swelling which they
occasion is lobulated on its surface, as is well seen in tangential sections
of this portion.

A wventral (* copulatory ) gland, lobulated, and of considerable size,
Is present in segment xiv ; it leaves uncovered a little of the dorsal surface
of the nerve cord. In one specimen a small lobe occurs in segment xv,
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but this is only a part of the large gland in xiv which has spread backwards
into the next segment. In a second specimen the gland is confined to xiv.

REMARKS.

In the large number of setae per bundle, and in its short and stout
habit, the present worm resembles L. minutus (Miill.). Tt differs, however,
in the fact that the nephridial ducts come off from the hinder end, not
from the middle of the post-septal portion ; and in having a single mass
of gland cells round the spermathecal duct, while Michaelsen’s diagnosis
(in the *° Tierreich *)* of L. minutus would indicate that this worm has
two series of glands in relation with the duct.

It seems to us impossible, therefore, especially in view of the very
scanty details we possess concerning L. minutus, to unite the two ; though,
notwithstanding, we find it difficult to get rid of a suspicion that they
may after all really be identical.

HABITAT.

L. scoticus inhabits the mid-tidal zone, being associated with and
generally creeping on Ascophyllum nodosum, but is also occasionally found -
on the surface of stones on which that weed grows. Preference is shown.
for parts of the Ascophyllum which are decaying or soft, particularly the
upper and spent tips of the weed. Examination of gut contents reveals
the presence of bits of epidermis and cells from the degenerating spent
tips of the Ascophyllum.

BREEDING.

The cocoons (Fig. 3) of L. seoticus are found abundantly in spring
on the bases of Ascophyllum plants and occasionally on other parts of
the plants, chiefly in the shelter of air vesicles which have been opened.

They may occur singly or in bunches of six or seven, which are usually
at various stages of development.

The cocoons are made of a clear straw-coloured horny material, ar>
low and roundish, closely attached to the weed, and measure 1-6-2-2 mm.
long, 0-9-1-2 mm. broad by about 0-45 mm. high. Each cocoon contains
11-14 eggs about 0-3 by 0-23 mm., and of a pale orange colour. The
upper part is marked with striations (omitted in figure). A dimpled
thickening occurs at each end.

Cocoons are found from January to September, being most plentiful
in April and May. They may be got occasionally, as may the worms,

* Michaelzen, W, Das Tierreich X, Oligochsta, 1900, p. 82.
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among seaweeds lying about h.w.m. This appears to be due to their
being washed up with their food plant. This occurrence of the worms
at the drift line suggests that they can withstand a certain exposure to
fresh water. Experimentally about 3 hours in fresh water causes cede-

Fic. 3.—Lumbricillus scoticus ; cocoon.

matous swelling, followed by recovery if replaced in sea-water ; on the
other hand, they live quite happily in water of as low salinity as 209,
of sea-water.

GROWTH.

The young emerge by a slit which appears along the margin of the
cocoon. They may be almost 2 mm. long when extended, and have
usually only twenty segments. Their setae are arranged in groups of
four with a few groups of five anteriorly and three posteriorly. Immature
specimens of all sizes may be obtained in the spring by washing a handful
of Ascophyllum in water, preferably half and half sea-water and fresh
water. .

Young worms of 5 or 6 mm. length, with about twenty-seven segments,
about one month old, show the clitellum formed, and the presence of
yolk in segments xii and xiii. They are fully grown and mature at
two months.



The Moulting Stages of the Pea-Crab
(Pinnotheres pisum).

By

D. Atkins.

With Plates I-V and 4 Figures in the Text.

Pinnotheres pisuin is a small crab with a carapace between about 2-1 and
18 mm. wide. The females are commonly found parasitic in the mussel,
Mytilus edulis, though they have been recorded from other bivalves.
The males are free-swimming and are comparatively rarely found in
mussels. These small crabs are never abundant, and not more than one
female has ever been found in a mussel.

SEXUAL DIMORPHISM.

It is well known that there is a marked sexual dimorphism in P. pisuin.
This is. no doubt, due to the difference in the mode of life of the two
sexes, the male being active and free swimming, while the female is
parasitic. Contrary to what usually oceurs in the Brachyura, the adult
male 1s much smaller than the adult female. The male has a carapace
varying in width between 3:6 and 7-7 mm., while that of the female may
reach a size of 18 mm,

DEscripTioN OF THE MALE.

Normally the males, young and adult, are of one form (Plate I, Figs.
1 and 2). A few abnormal crabs, however, have been found, and it is
hoped to refer to them in a later paper.

The carapace of the male P. pisum is almost circular ; very strong
and hard and for the most part glabrous. It is very light grey or fawn in
colour, with a conspicuous pattern of pale yellow areas outlined with
darker yellow or yellowish orange. There is a slight variation of the
pattern in different males ; in the larger crabs the yellow areas increase
in size and fuse to cover the greater part of the dorsal surface of the
carapace. Lines and areas of colour also occur on the chelipeds and legs,
while on the ventral surface are a few, more or less symmetrically placed,
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pale yellow spots. There are frequently numerous black, with an occa-
sional red, chromatophores scattered over the body.

The chelipeds (Plate IV, Fig. 15) are hairy ; the palms broad and rather
swollen. There are two rows of setz beneath the chela ; one reaches from
the base of the palm to the tip of the finger, while that which is visible
on the inner surface extends only slightly beyond the base of the immov-
able finger. These two rows are widely apart at the base of the palm,
but converge distally. In the longer row the setee, which point towards
the tip of the finger, are stout and curved. A large tooth is present near
the base of the dactylus, and fits a slight notch in the propodial finger.
This notch has a small tooth at either end. Both biting surfaces bear
stiff setze, and towards the tips of the fingers small, closely set, spines.
In some males the small teeth on the propodial finger are absent, as well
as the curved spines from both fingers.

The walking-legs (Plate IV, Figs. 17, 19, 21) are strong, somewhat
flattened, and exceedingly hairy, the long hairs being plumose. The
second and third legs are especially hairy, the three distal segments hearing
two thick fringes of very long hairs, one attached on the lower margin
and one near the upper margin on the posterior surface. The extreme
hairiness of the legs, as well as their flattened form, assists in maintaining
a free swimming existence. The second and third legs are subequal in
length, the second being slightly the longer. The first leg is the next in
length, and the fourth leg the shortest. The short, curved dactyli end
in short, horny tips.

The abdomen is narrow and tapering. Two small, transversely ridged,
nodules of chitin are present on the fifth thoracic somite, and these fit
into two pockets on the sixth segment of the abdomen. By this arrange-
ment the abdomen is securely fastened to the thorax.

The copulatory organs of the male (Text Fig. 1) are large ; the first
appendage is blade-like and hairy, with the tube, or rather the closed
groove, running along its inner side. Numerous rosette glands are present
round the lower portion of the groove. The second appendage is rod-
like with a swollen base. The distal portion is normally carried within
the groove of the first appendage. This stylet, unlike the first, is almost
hairless, and is without glands.

GROWTH STAGES OF THE FEMALE.

The female occurs under two forms: the young female is almost
indistinguishable from the male, while the next and subsequent stages
are entirely different in appearance, and are what may be considered
typically female in form. This change in form occurring between Stage I
and II would appear to be related to the change in the mode of life, though
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it would seem that it can only take place after copulation. One exception
has been found among the material so far examined ; a Stage I female
more nearly resembling the female form than the male though with
empty spermathecz.

After the typically female form is assumed in Stage II, the further
growth stages are mainly a development of those structures connected
with reproduction, together with a general increase in size. Somewhat
similar growth stages have been described for the female Hapalocarcinus
by Potts (6).

Fra. 1. Male ahdomen and copulatory ap- Fre. 2. Genital aperture and chitinous
pendages. The first appendage of the right knob of right side of a Stage I female.
side is turned aside to expose the second g = genital aperture, k=chitinous
appendage. Magnification, ca. 163, knob; 4, 5, 6=4th, 5th, 6th thoracic

somites. Magnification, ca. 71.

The female crab becomes parasitic in the mussel, Mytilus edulis. The
parasitic life has exerted a considerable influence on the structure of the
female, which is modified to a certain extent. It is large and extremely
passive ; the carapace with the rest of the exoskeleton being no longer
needed for protection is soft and membraneous; the eyes are very
minute, and in the fully adult crab invisible from the dorsal surface.

As noted by Orton (4) the female only reaches its adult form after
passing through a number of growth stages. The greater part of the
work recorded in this paper has been to determine these stages. The
majority of them have been verified by a series of moults.
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Stage I (Plate 1I, Figs. 3, 4). The young Stage I female, which has
been found with a carapace varying in width between 2-1 and 4-9 mm.,
can only be distinguished from the male by the genital openings and
the abdominal appendages. Indeed, the resemblance is so close that
Orton (4) records that, on obtaining a female form moulted from a sup-
posed male crab, he thought that he had a case of protandry until careful
examination of the moult revealed the presence of the full number of
abdominal appendages characteristic of the female. There is an exceed-
ingly slight difference in the shape of the abdomen, which is a very little
broader, and does not taper quite so much as in the male, while the sides
of the segments are slightly convex. The locking apparatus is as well
developed as in the male, and is very close to the oviducal apertures,
which are on the sixth thoracic somite (Text Fig. 2). All four pairs of
pleopods characteristic of the female are present, though mnot fully
developed. The first two pairs (Plate V, Figs. 23, 24) are distinctly
biramous, though there is not such a difference in length between the
exopodite and endopodite of the first pair as there is in the adult. The
third and fourth pairs are uniramous as in later stages. There are, at
this stage, very few hairs on these appendages.

The ovary exists as paired narrow tracts of ooeytes anteriorly ; these
join in the thorax, then divide again to extend into the abdomen. The
ovary at this stage is not visible externally.

Similar male-like females have been recorded by Rathbun (7) as
occurring in the American species, P. maculatus, P. margarita, P. taylori,
and P. concharwm. These hairy, male-like females are probably at first
free swimming, but after a time enter a mussel where copulation takes
place.

Females of this stage have been found with spermathecee full of sperm,
others with spermatheca empty (Plate 11, Fig. 4), while again some have
been found with one spermatheca full and one empty (Text Fig. 3).
In this stage the oviducts are narrow and their external apertures very
small, so that the accurate adjustment of the tips of the long first copu-
latory appendages of the male during copulation must be a process of
considerable difficulty, as evidenced by the occurrence of Stage I females
in which insemination is not complete, one spermatheca being empty.
One of the crabs found in this condition was a tiny one with a carapace
measuring only 2:1 mm. across (Text Fig. 3). The difficulty of the process
must be increased by the great discrepancy in size which often exists
between individuals of a pair.

It would appear, therefore, that copulation takes place during this
stage ; that P. pisum is peculiar in copulating precociously at an extremely
early age. The majority of the larger females examined have been found
to have their spermathece full of mature sperm, but occasionally an
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adult occurs with the spermathece almost if not quite empty. It is
extremely probable that sperm from the first copulation is sufficient to
fertilize several batches of eggs. The occurrence of an occasional adult
female with empty spermatheca, would seem to point to the possibility
that copulation may take place more than once. Males have been found
all the year round within the same host as females of all stages, including
those in berry, though it has been found that ““ a newly moulted female
(adult) appears to have no charm for a male ” (4).

There would appear to be no relation in age and size between the male
and female of a pair; there is often a great difference, for young males

Frc. 3. Stage I female (carapace 2-1 mm. in width),
with one spermatheca full and one empty. Stained
with alum carmine and cleared in oil of winter

green.

have been found with large adult females while the opposite may occur,
though. of course, cases occur where there iz little difference in size
between individuals of a pair.

Orton (4) notes that: “It would appear that copulation normally
takes place inside the host, and that the males visit mussels in their search
for females, since unwary male crabs have been found with their legs or
bodies trapped by the mussel closing its shell before the erab could getinside.
These crabs survive the rough treatment by reason of their extraordinarily
strong carapaces, and creep inside the mussel later when it must perforce
relax and open its shell in order to breathe. The male-like female has a
similarly hard carapace which prevents the animal being crushed to death
if unluckily trapped by the mussel destined to become a host. Individual
crabs have been found to be lacking a leg which might very well have
been lost in this dangerous operation.”

The change from the male-like female to the next stage is very striking.
It undoubtedly depends upon and follows copulation, in this, offering a
striking difference to Cancer (5), in which “ ecdysis will not take place in

NEW SERIES.—VOL. XIV. Xo. 2, AvcusT, 1926, 2 H
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the female so long as there is a supply of spermatozoa in the sperma-
theca.”

Stage 11 (Plate II, Figs. 5, 6). Females of this stage have been found
with a carapace varying in width between 3-3 and 5-8 mm. The carapace
is more or less eircular ; thin and membraneous. It is translucent whitish
or yellowish, without a colour pattern, although there are usually a few
pale yellow spots on the ventral and dorsal surface. The front is as
advanced, and the eyes are as well developed, as in the male and male-
like female. '

In this and the following stages the chelipeds (Plate IV, Fig. 16) are
slender, the palms being reduced in width, and there is only one row of
seta on the lower edge of the chela. The walking-legs (Plate IV, Figs. 18,
20, 22) are more slender than those of the preceding stage, not so flattened
and with very few hairs, though the degree of hairiness varies somewhat.
The relative length of the legs is the same as in the male. The second and
third legs bear only a scanty fringe of short hairs, attached near the upper
margin on the posterior surface of the last three segments, which represents
the much thicker and longer fringe present in the male.

The abdomen has increased in width, and is now more than half the
width of the sternum. Anteriorly it extends beyond the chele sterna,
but is very little further forward than in Stage I. The locking apparatus
has disappeared. The pleopods are further developed and more hairy
(Plate V, Figs. 25, 26).

There is a certain amount of variation between individuals of the same
stage, ‘which may ke due to differences in general conditions. Three
specimens (one crab and two moults) have been taken with the abdomen
rather narrower than that of the specimen figured, but with no other
difference.

All specimens so far obtained, belonging to this stage, have been found
to have the spermatheca densely packed with sperm.

Stage I11. In this stage the abdomen has increased still further in
width, and reaches further forward. The pleopods (Plate V, Fig. 27, 28)
are rather more hairy than in the preceding stage.

Two variations of this stage cceur :—

(a) The abdomen has increased greatly in width ; at its middle it over-
laps the sternum, but anteriorly extends very little if any further forward
than in Stage II. Two crabs, with carapace 50 mm. and 4-75 mm. wide
respectively, having these characters have been obtained moulted from
crabs of the previous stage. The one with carapace 5-0 mm. across is
figured in Plate II, Figs. 7, 8.

(b) The abdomen is only slightly wider than in Stage II, but reaches
further forward. The two specimens which have these characteristics
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are both 5-0 mm. wide. The field note on the specimen figured in Plate II,
Figs. 9, 10, is “ trace of gonad seen through carapace.” The second one
showed no sign of gonad externally. It is thought that these two crabs
should be placed in Stage III, but they have not been verified by moults.

Stage IV (Plate ITI, Figs. 11, 12). Females of this stage have a carapace
varying in width between 6-5 and 16 mm. The carapace is rather wider
than long ; smooth, shining, and rather stiffer than in the preceding stages.
Some specimens have yellow spots on the ventral surface and legs, others
are without them. The spots appear to consist of three or four cells in
a stellate arrangement. There may also be scattered black and red
chromatophores on the dorsal and ventral surfaces, but in none of the
stages after Stage I is there any indication of a colour pattern such as
Bell (1) both deseribes and figures for the adult female of P. pusumn.

The front is less advanced than in Stage ITT, and though the eyes are
very small they are still visible from the dorsal surface.

The abdomen in this stage reaches just posterior to the propodites of
the outer maxillipeds, when the latter are covering the mouth. The
abdomen is broad and overlaps on to the coxopodites of the legs. It is
deeply hollowed, as is also the thorax, though to a less extent. The
abdominal appendages are well developed and hairy (Plate V, Figs. 29,
30). The exopodite is rudimentary in the first pleopod, but very long
and blade-like in the second. Hairs are present along the edge of the
abdomen and sternum, and there is also a slight growth of hairs stretching
in a semicircle across the thorax between the chelipeds, following the out-
line of the terminal segment of the abdomen. Scattered rosette glands
oceur on the pleopods and on the inner surface of the abdomen.

The degree of development of the ovary, of course, varies in different
crabs. In specimens in which there are a considerable number of yolk-
laden eggs, the ovary shows a deep red through the carapace, and where it
has attained its full development it occupies the greater part of the body
gpace, and almost the entire dorsal surface of the carapace appears of a
deep red colour. The ovary extends nearly to the tip of the abdomen.

Stage V (Plate I1I, Figs. 13, 14). Females of this stage have been found
between 9 mm. and 18 mm. wide. The carapace is wider than long, and
often rather quadrilateral in shape. The front is very narrow, about
one-fifth the width of the carapace, and is hardly visible from the dorsal
surface. The eyes are feebly developed, being very minute and quite
invisible from ahbove.

The abdomen is rather larger than in the preceding stage. Laterally
it overlaps on to the basipodites of the legs, while anteriorly it completely
covers the mouth parts, reaching just posterior to the eyes. When the
crab is feeding the last segment of the abdomen is bent rather sharply
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mmwards, so that the mouth is uncovered. The abdomen is deeply hollowed,
as 1s also the thorax. Longer and more numerous hairs are found at this
stage, on the edge of the abdomen and of the sternum, between the bases
of the chelipeds and on the pleopods.

There is not a very great difference between Stage IV and Stage V ;
some crabs have been found with the abdomen reaching as far forward
as in Stage IV, but as wide as in Stage V and vice versa. The variation
in the degree of concavity of the abdomen may account for this difference,
or it is possible that reproduction may take place in Stage IV, and that
growth may go on after reproduction has commenced.

Fre. 4. Ovigerous female, Magnification, ca. 41.

Ovigerous Female (Text Fig. 4). The smallest berried female found had
a carapace 75 mm. wide. The very numerous eggs are carried in the
cavity formed by the hollowed thorax and deeply hollowed abdomen.
The space between the side of the abdomen and the thorax besides being
very small, is well guarded by long fringing hairs. The long blade-like
exopodite of the second pair of pleopods, fringed with long and numerous
hairs, fits along the inside of the gap as far forward as the fifth segment
of the abdomen, and gives a double protection to the eggs.

In a good many instances the size of the pea-crab and its host was
noted, and the figures are given in the accompanying table. It will be
seen that there is a rough relationship in size between the female crab
and its host, the larger crabs being found in the larger mussels. Hornell
and Southwell (3) have noted this for P. placune found in the window-
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pane oyster (Placuna placenta) from the coast of Okhamandal in Kattia-
war. They say : “ Immature shells, as is natural, less frequently revealed
the presence of commensal pea-crabs; when they did occur the crabs
were more or less immature. It would seem that the crabs grow towards
maturity concurrently with their hosts.”

Dr. Orton tells me that judging from the size of the mussels from
which Pinnotheres have been taken, it is probable that the female crab
attains sexual maturity easily in its first year. Additional evidence in
favour of this is the scarcity of the early stages which would seem to
point to the probability that the female passes through the various
growth stages very rapidly. Of the first three stages, Stage I is perhaps
the least scarce. It may be that a pause occurs here before a male enters
the mussel and copulation takes place. During this time growth and
moulting probably go on, but without a change of form, females of this
stage having been found varying in size between 2-1 and 4-9 mm,

TaBLE oF MEASUREMENTS OF FEMALE Pinnotheres pisum axp Hosr
(Mytilus edulis).

Pea-cr‘ab Musa::l Pea-crab Musspl
mm. in mm. in mm. in  mm. in
Stage. width. length. Stage. width.  length.
Stage I (abnormal) — 4-0 41 Berried 10-0 58
I 4-9 62 5 10-0 65
IIT 50 60 & 10-0 67
v 6-5 80 - 10-0 68
v 6-5 82 s 10-0 68
IV 75 56 5 10-0 68
v 75 b3 25 10-0 70
v 7-5 68 Stage V 10-5 68
Berried 75 90 Vv 10-5 73
80 53 IV 105 84
. 80 h8 Berried 110 75
" 85 65 '3 11-0 76
. 90 60 Stage IV 115 79
33 9-0 65 v 12-0 80
y 90 69 IV 120 79
5 95 73 v 150 104
Stage V 95 72 \ 150 90

The work recorded in this paper was undertaken at the suggestion of
Dr. J. H. Orton, to whom I am indebted for advice, help, and information.
I should like to express my thanks to him for sending me some of his
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material as well as arranging for a further plentiful supply. The material
came through the Marine Biological Association, Plymouth; a great
deal of it from the Tollesbury and Mersea Native Oyster Fishery, Essex,
through the kindness of Mr. French, and some from the Yealm Oyster
Fisheries, Devon.
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EXPLANATION OF PLATES I TO V.

The outlines of the drawings were made with camera lucida.

PLATE L
Pinnotheres pisum, male X ca. 8%

Fia. 1. Dorsal view. The colour pattern is indicated.
Fre. 2, Ventral view.
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PLATE II.

Pinnotheres pisum, female x ca. 5.

The crabs figured in this plate and in Plate ITI were first drawn in outline, then soaked
in acid alechol, stained with alum carmine and cleared in oil of winter green.

Fia.
Fra.
Fia.
Fia.

Fra.
Fia.
Fia.
Fia.

O

7.
8.
9.

Stage I, dorsal view. The colour pattern is indicated.

Stage I, ventral view. The empty spermathece are shown by dotted lines.

Stage II, dorsal view.

Stage II, ventral view. The full spermathece and the pleopods are shown by
dotted lines.

Stage I1I (a), dorsal view.

Stage 111 (a), ventral view.

Stage III (b), dorsal view.

10. Stage IIT (b), ventral view,
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PLATE IIL
Pinnotheres pisum, female, < ea. 5.

Frc. 11. Stage IV, dorsal view.
Frc. 12. Stage IV, ventral view. The spermathece and the pleopods are shown by
dotted lines.

Fra. 13. Stage V, dorsal view. The gonad is shown in outline. The abdomen is seen
extending beyond the bases of the legs.
Fro. 14, Stage V, ventral view.
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PLATE 1IV.

Persopods of right side of male and Stage IT female, dorsal view, X ca. 14.

Fic.
Fia.
F1c.
Fra.
Fic.

Fra.,

Fic.
Fia.

15.
16.
17.
18.
19.

20.

Cheliped of male.

Cheliped of Stage IT female.

First walking leg of male.

First walking leg of Stage II female.

Third walking leg of male. The second walking leg is very similar, but slightly
longer.

Second walking leg of Stage II female. The third walking leg is very similar,
but slightly shorter.

. Fourth walking leg of male.
. Fourth walking-leg of Stage IT female.
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Fia.
Fia.
F1a.
Fia.
Fia.
Fra.
Fia.
Fie.

23.
24,
25.
26,
. Stage IIT female. First pleopod, % ca. 175
28.
29,

D. ATKINS,

PLATE V.
First and second right pleopods of female.

Stage I female. First pleopod—drawn from a moult—- ca. 57}.
Stage I female. Second pleopod ., . . * ca. 57L
Stage II female. First pleopod, % ca. 174.

Stage IT female. Szcond pleopod, % ca. 174.

Stage III female. Second pleopod, x ca. 174.
Stage 1V female. TFirst pleopod, < ca. 12},
Stage IV female. Second pleopod, X ca. 124.
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A New Type of Luminescence in Fishes. II.
By
C. F. Hickling, B.A.,

Department of Oceanography, Liverpool University.

With 2 Figures in the Text.

THE experiments deseribed in the present paper were carried out during
the winter months of 1925-6 on the steam trawler T'amura, by the courtesy
of Messrs. Neale and West, Ltd., of Cardiff. I am especially indebted to
Captain Drennan, not only for the facilities for work which he provided,
but for his continual encouragement in the difficult conditions under
which most of the work was done. 1 am also greatly indebted to Professor
B. Newton Harvey, whose correspondence has suggested the lines of the
work, and to Professor Ramsden, of the Biochemical Department of
Liverpool University, for criticising the results.

THE SECRETION.

The gland and the structure of the luminiferous epithelium of Malaco-
cephalus leevis were described in a previous paper (1925). To that descrip-
tion it is necessary to add a note concerning the nerve supply of the gland.
Careful examination has led to the belief that there is no special nerve
passing to the gland, especially from the rectum. There is a network of
nerve cells in the connective tissue capsule of the gland, from which
fibres pass up into the folds of tissue which project into the lumen ; this
network seems to be supplied by nerves arising from the dermis below
the gland. The actual secreting activities of the gland are largely con-
trolled, in my opinion, by other agencies, such as the blood supply.

As described in the earlier paper, the secretion arises in the cells lining
the folds of tissue. It appears as fine granules lying in the cytoplasm
between the nucleus and the external surface of the cell, and the appear-
ance of a cell partially charged with granules is strikingly similar to that
of the cells of the salivary glands figured by Bowen (1925). In fact, it is
often possible to make out darkly staining masses in the neighbourhood
of the nucleus, which may be indications of a network of Golgi bodies.
In any case, secretion in the two cases seems to be closely similar.

NEW SERIES.—VOL, XIV, NoO. 2. AvUGUsT, 1926, 21
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Forster (1912), deseribing the formation of the granules in the secreting
cells of Pholas, shows that they arise between the meshes of a network in
the cytoplasm. The granules of Pholas, like those of M. lwvis, have a
clear central part which does not stain deeply with iron-hematoxylin,
and an outer layer which stains very deeply.

The granules appear first near the nucleus, but multiply very rapidly
in number, and soon form a dense mass which bulges out into the lumen
of the gland. This process is figured somewhat diagrammatically in
Fig. 1. There are comparatively few intermediate stages, so that the
formation of the granules would seem to be very rapid. There is no
indication that a spent cell can ever regenerate a fresh crop of granules.

4 1

Fro. 1.—Four stages in the appearance ~ F1c 2.—The appearance of a fresh suspen-

of the luminiferous granules in the sion of the secret on, fixed in formalin.
cells of the ventral gland of M. Two globes are seen with fragments of
levis. In 3 and 4 they form a connective tissue and some broken-down
dense mass. epithelial cells. Very numerous granules

are also seen.

Towards the exit of the gland the tissues are seen to be breaking down,
and the mass contains great numbers of secreting cells, with large nuclei,
none of which bear any granules. In such glands the portion of the
gland which is still actively secreting is at the periphery, as described
previously.

This may be compared with the account of the luminous organs on the
lower jaw of Monocentris given by Okada (1926). He finds that the
epithelium of the secreting tubules is completely destroyed in the process
of secretion, but that it is replaced by the constant proliferation of the
cells at the base of the tubules. In this fish, also, the secretion is granular,
but Okada was not able to trace its formation in the secreting cells.
Since in both Pholas and M. lwvis the appearance of the secretion is
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sudden, it is possible that the rare intermediate stages may have been
overlooked.

"' When a drop of fresh secretion, squeezed from a specimen of M. lavis,
is examined under the microscope, it is seen to consist mainly of a dense
mass of globular bodies (henceforward to be referred to as globes) measur-
ing between 30 and 40y, but rather variable in size. These are identical
with the clumps of secretion seen in sections, but in the fresh condition
one notices what was then missed, namely, that the clumps of granules,
when they burst from the mother cell, are still enclosed in a eytoplasmic
sheath. The secretion, as obtained in this way, also contains fragments
of the other tissues of the gland, such as strips of connective tissue, and
many spent secreting cells. The appearance of a suspension of the gland,
as fixed in formalin, is indicated in Fig. 2.

The globes are seen to be rapidly breaking up, and the proeess is much
more rapid if a drop of secretion is placed in contact with a drop of sea-
water. Kach globe is usually somewhat pear-shaped, and rupture seems
to occur most commonly at the stalk. The enclosed granules escape,
and increase in size to a marked extent when set free. They now appear
as highly refractive oval bodies, each between 1 and 2u in length, which
show a distinet greenish fluorescence. They seem to have a fluid interior
bounded by a membrane. In my view, these granules are the actual
source of luminescence.

The plasmatic envelope is seen especially distinetly if the globe happens
to adhere to the slide ; the rolling of the ship, which causes the whole
body of fluid in the drop to move from side to side, soon draws the sheath
out into a stalk, at the end of which the clump of granules is suspended.

If a suspension of the secretion in a drop of sea-water is examined
under the microscope in the dark, groups and chains of brilliant green
globes can be seen, but by working in suitable conditions of light and
darkness it is found that not all the globes seen under ordinary illumina-
tion, are luminescent. Only those which are actually breaking up, and
where the escaping granules are still in a mass, are visible as points of
light. In an older solution there is no longer any luminous object upon
which one can focus, the reason being apparently that each individual
granule does not give out sufficient light to be seen under the microscope,
a fact which is also true of luminous bacteria. In an older solution, in
which all the globes have broken up, the granules are scattered through-
out the fluid.

The globes all break up and allow the granules to escape in the natural
course of events, but the process is greatly hastened by shaking, which
causes mechanical rupture of the envelope. To the naked eye the change,
on shaking, is one from a liquid containing very numerous points of
bluish light, to one exhibiting a uniformity diffuse bright green lumines-
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cence. It is at this point that the light is most brilliant. Breaking up
of the globes, however, probably takes place in natural conditions by the
mechanical violence of ejection of the secretion.

TeE ErfrFect oF FrEsH orR DISTILLED WATER.

Fresh or distilled water at once puts out the light of the secretion
when this is poured into it. Examination under the microscope shows
that the plasmatic envelopes of the globes undergo instant eytolysis, while
the granules remain in masses ; but as far as observation allows, the
granules do not swell to any marked extent, nor appear any different
from granules luminescent in sea-water.

If sea-water is added to such a fresh-water suspension of the secretion
of M. levis within a few seconds, the light returns, to some extent, but
after a couple of minutes an irreversible change seems to have taken
place, and no addition of sea-water or hypertonic salt solution will restore
the light.

EXPERIMENTS WITH PURE SOLUTIONS.

(a) Sea-water. Three test tubes were set up (i) containing 5 c.c. of
sea-water and 5 c.c. of fresh water ; (ii) containing 2 c.c. of sea-water
and 8 c.c. of fresh water ; (iii) containing 1 c.c. of sea-water and 9 c.c.
of fresh water. To all three were added roughly equal quantities of
secretion. In (i) feeble Iuminescence took place, but in (ii) and (iii) it
was extremely feeble, and extinct in three hours.

This suggested that the first effect necessary for luminescence is a
solution of suitable osmotic pressure. It also explained how, if one used
a fish which had not been washed with fresh water or wiped, a faint
luminescence took place on squeezing the secretion into fresh water.

On the other hand, a hypertonic solution of sea-water, made by adding
strong salt solution, soon extinguished the light, and the change was
irreversible.

(b) Salt Solutions. 1t was found that luminescence occurred in distilled
water solutions of pure NaCl, KCl, and K.S0O,, isotonic with sea-water,
without any notable difference from the luminescence in sea-water. For
the remaining experiments, therefore, distilled water was not used,
but the ship’s tap water (pH 7-4).

The following substances were used: XKCI, NaCl, MgS0,.TH,0,
KNO,, CuS0,, together with cane sugar, alcohol, and glycerine.

Strong solutions of these substances in distilled water were taken out,
and from these, by dilution with tap-water, solutions of known strength
could be prepared.
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In each case test tubes were set up in a series, such that the solutions
contained in them were of increasing strength. To these tubes were then
added roughly equal amounts of secretion, and the tube noted which
gave the brightest and most sustained luminescence. Owing to the easily
understood difficulty of placing quantitatively equal amounts of secretion
in each tube, no attempt was made to get anything but an approximate
optimum strength in each case.

The results were as follows : copper sulphate, alcohol, and glycerine
would not support the luminescence in any concentration, the first
probably because of a directly poisonous effect, and the last two, probably
because their great permeability renders their presence in water in-
effectual in causing osmotic pressure.

The remaining substances will support luminescence as readily as a
corresponding amount of sea-water, with a reservation on account of
hydrogen ion concentration, as will be explained in the sequel. The
optimum strengths, in each case, are given below in the first column ;
in the second column are given the strengths which De Vries, in hig
classical experiments with plant cells, found to produce equal effects i.e.
to be isotonic with one another.

Cane Sugar. 30 per cent. 27-28 per cent.
MgS0,.7H,0 0.5 i 26-28 ,, ,,
KNO, 0 2w 6-7 ., .
NaCl 2 ., . -4,
Kl 2-4 ,, 45 ,

There is thus a noteworthy correspondence between the two sets of
figures, with the exception of MgS0,.7H,0, and the solutions are roughly
isotonic. But magnesium has a peculiar effect on living matter ; Bayliss
(1920) quotes several authors who have demonstrated its anssthetic
action, and its use as an anssthetic in marine biology is well known.
Its abnormally low value in the present case may be due to a peculiar
eifect on the granule membrane. A discussion of all these effects will
follow later. As a matter of fact, there is a slight difference in behaviour
between e.g. NaCl and KCl, in duration of luminescence, and possibly
these ions differ in their effects on the granules, as Gray (1923) shows that
they differ in their action on the cilia of the gills of Mytilus.

It is obvious, therefore, that we are here dealing with an osmotic
eifect. In suitable conditions osmotically, the luminous material will
diffuse out of the granules and luminescence will occur. With solutions
of greater or lesser strength luminescence becomes increasingly feeble
and short lived.

In all these cases, as long as there is any luminescence taking place,
a restoration of the suitable conditions will restore the light to a con-
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siderable extent, but once luminescence has vanished, it cannot be
restored.

Errect oF HyproceEN ToNn CONCENTRATION.

None of the solutions used in the preceding experiments were as brilliant
as a corresponding fresh sea-water suspension of the secretion. Now
the sea-water was found to have a pH in the neighbourhood of 84,
whereas the artificial solutions were between 7-4 and 7-6. This suggested
that, as in so many other cases, acidity inhibits and alkalinity favours
oxidation in the present case, since luminescence is undoubtedly an
oxidation. To test this, a 2 per cent solution of pure NaCl in tap water,
which was found to support luminescence best, was used. To test tubes
of this liquid were added one drop, two drops, and so on of arbitrary
solutions of HCl and NaOH. The pH was found by the colorimetric
method, using solutions which had been treated identically with the
above.

At pH 9-6 luminescence was brighter than in a corresponding measure
of sea-water, and much more sustained. Above this however, lumines-
cence became increasingly feeble, and would probably cease to take place
much above ten.

On the other hand, between six and seven luminescence became more
and more feeble and short lived, until at 5-4 extinction was almost in-
stantaneous, the secretion being precipitated as a greenish yellow powder.
When a portion of this precipitate was neutralised with sodium bicarbonate
after half an hour, a feeble light returned, but twelve hours later this
process failed to recover the light.

In a similar way, acidifying, after an interval, would not restore the
light of a solution which had been extinguished with alkali.

These results with acid solutions suggest that the dimming of a glowing
suspension of M. lewis secretion is due, in the first place, not so much
to an exhaustion of the luminous material, as to an increasing acidity due
to the produets of its own activity. The change in hydrogen ion concen-
tration of about 150 c.c. of sea-water, to which the secretion had been
added, was observed at four-hour intervals by the colorimetric method.
The results were :—

After 0 hours pH was 8-4*
N

bR 8 » bh b 7.4
23 12 ” Hh 23 7.2
2 16 2 E ? 7.2

20 72

#* Values uncorrected for salt error. Correction to be subtracted is 0-2 units.



NEW TYPE OF LUMINESCENCE IN FISHES. 501

Unfortunately, a control experiment with sea-water alone was not done
at the same time. Owing to the respiration of the organisms contained
in it, fresh sea-water naturally tends to become acid when stood in dark-
ness, and this may have accounted for some part of the rapid decrease in
alkalinity found in this experiment.

This change, involving an increase in acidity, was correlated with the
brilliance of luminescence. There is always a rapid falling away from
the first intense brilliance, though luminescence will continue feebly for
as much as six days. Moreover, after eight hours bacteria commence
putrefaction of the liquid. A stale suspension swarms with various kinds
of bacteria and infusoria.

There is thus reason to believe that, in the very artificial conditions
of experiment, the loss in brightness during luminescence is due to the
increased acidity (or diminished alkalinity, rather) of the medium.

The acidity may be caused partly by free CO,, for on filtering a suspen-
sion of the seeretion into a fresh vessel, there is an unmistakable increase
in brightness, which in this case might be due to a temporary decrease in
CO, and increase in oxygen during filtration. The effect is temporary
only. A filtered solution is extinguished earlier than a non-filtered one,
as will be explained below.

Tee Errect oF Cavcrum Tons.

It seemed worth while to investigate the effect of calcium ions on the
luminescence. It seems that their presence or absence has no effect in
this case. Luminescence was bright and sustained in a liquid composed
of 7 c.c. of pure KCl solution isotonic with sea-water, and 3 c.c. of a satur-
ated solution of potassium oxalate. Indeed, there is no reason to doubt
that luminescence would have oceurred in the pure solution of potassium
oxalate.

The Errect oF CYTOLYTIC AGENTS.

The granules seem highly resistant to cytolytic agents. As mentioned
earlier, fresh or distilled water produces no obvious effect, though it
destroys at once the plasmatic envelope of the globe. Neither saponin
nor sodium glycocholate seemed to produce the slightest effect, either
in sea-water or in fresh water. In the former luminescence was as brilliant
and as sustained as in ordinary sea-water ; in the latter there was instant
extinetion, as in the absence of the reagent.

Luminescence was not extinguished on allowing a suspension of the
secretion to stand for eight hours over chloroform and carbon tetrachloride,
nor was it extinguished by toluene. All these reagents, however, pre-
cipitated the luminous material on shaking up, the first two giving a
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thick white sediment, the last named giving a solid plug of white material.
This is, no doubt, the luminiferous substance, which is probably protein
in nature, and has been coagulated at the surface of the droplets into
which the oils break up on shaking. Even so, however, a faint light
persists, in the case of carbon tetrachloride, after shaking.

OXYGEN.

Abundant oxygen is necessary for luminescence. A drop of pure
secretion, placed between glass slides, at once becomes dark except at
the edge of the drop, which now appears as a bright blue ribbon. As
mentioned in the previous paper, a strong suspension of the secretion
soon ceases to be luminescent except at the surface. If a test tube full
of such a suspension is warmed by the hand, one can see the light creeping
down the sides of the tube as convection currents are set up. Also, if
one blows small bubbles of air through the dark part of the liquid from
a pipette, each droplet gives rise to a dazzling light.

But this phenomenon of “ ringing * may appear in an old (acid) solu-
tion, and here again the explanation may be that, owing to the acidity
of the liquid, conditions suitable for luminescence have again become
confined to the surface. Yet oxidation is not notably hastened by the
shape of the containing vessel. Luminescence seems to last as long in
a flat, shallow jar, as in a tall narrow test tube. This strongly suggests
that the dimming of the luminescence is rather due to an inhibition by
the products of its own activity, than to a lack of oxygen or an excess
of CO,.

ErrecT oF LiGHT.

A suspension of the secretion of M. lavis was divided into two portions.
One was poured into a test tube and hung up in the rigging in bright
sunlight. The other was kept below, in darkness. After three hours the
exposed tube was brought below and the two solutions were compared.
The tube exposed to light was glowing extremely feebly, while the control
was in full brilliance. That the effect was not produced by the increased
oxidation due to the fresh breeze, was shown when the control was hung
in a similar position all night without affecting its brilliance.

ErrecT oF TEMPERATURE.

A jar containing a fresh suspension of the secretion of M. lwiis in sea-
water was placed in the ice box for several days. On being examined it
was found to be very faintly luminescent with a pale blue light. On
allowing this liquid to attain air temperature, luminescence reappeared
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as normal. This is the only method so far found for preserving the secre-
tion for any length of time ; even here, however, there is slow oxidation,
for a suspension which has been preserved in this way does not remain
Iuminescent very long.

At body temperature (approximately 37-38° C.) extinction is consider-
ably hastened, a test tube being extinct in ten hours at this temperature,
where the control was still bright after two days.

When the temperature rises to 47° C., the light disappears very sud-
denly, though dimming begins slightly before this. If the tube is plunged
into cold water at once, some of the light returns; but destruction of the
mechanism of luminescence is very rapid at that temperature, and only
a few seconds serves to cause an irreversible change.

At 557 (. the change is completely irreversible. Luminescence seems,
therefore, to follow the usual rule, in that it is hastened up to a certain
point, after which the hastening effect is first balanced, and then masked,
by destructive effects. There were obvious experimental difficulties in
the way of a more accurate determination of the effect of temperature on
luminescence. But Harvey (1922) showed that in Photoblepharon and
Anomalops, whose light is due to symbiotic bacteria, the light dims at
40° C. and 38° C. respectively ; and is extinguished at 41-42° C., and
43° to 44° C., respectively. On the other hand, Pholas luciferase is not
destroyed until 60° C. is reached ; in the present case, therefore, dimming
and extinction may be associated with a destruction of the properties
of the membrane, rather than with any direct effect on the luminiferous
materials.

Tue Errect oF FILTRATION.

The more thoroughly the suspension is filtered off, the feebler and
shorter lived is the luminescence of the filtrate. The filter papers used
would not remove all the granules, even when four layers were tried.
The filtrate, in this case, was only luminescent for three hours. The
temporary effect of filtration in increasing the brightness of luminescence
has been referred to.

The filtrate from a suspension of M. lwvis secretion gives negative
results in all experiments tried. It will not give the luciferin-luciferase
reaction with a luciferin solution which has also been filtered. Reducing
agents will not restore the light (Na,S0, NaNO,), though they cause a
temporary increase of brightness in a feebly luminescent suspension.
Here the eifect is probably caused by the alkalinity of these substances.
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CONCLUSIONS.

Quite apart from any chemical considerations the form in which the
luminiferous substances are present in the secretion must be examined.
Apparently these are present in the granules, whose origin can be seen
under the microscope, and these are set free from their investing sheath
of cytoplasm either naturally or by violence. The cytoplasmic sheath
plays no important part in luminescence.

In suitable conditions osmotically the luminiferous substances diffuse
out of the granules, and in a medium of the right alkalinity, oxidation
with luminescence oceurs at the surface of the granule membrane. There
is very little luminescence free in the medium, since a well-filtered sus-
pension will give a filtrate in which luminescence is very transient ;
hence the amount of fuel-material free in the fluid at any moment must
be very small. This explains the great difficulty experienced in attempting
to demonstrate the luciferin-luciferase reaction.

There is an optimum temperature, which is probably low, and the
process occurs best in darkness. In natural conditions all these require-
ments are met, and the great number of granules give an enormous
surface area for luminescence, to sustain which there is a continual
supply of fresh material diffusing out. This type of luminescence should
therefore be a very efficient source of light for whatever purpose it is
designed.

In this connection a note by Osorio (1912) is of great interest. He says
that Portuguese fishermen use the secretion to smear over pieces of dog-
fish for use as bait ; they believe that the fish are attracted to.the hooks
by the light. Osorio considered the light due to bacteria.

In the artificial conditions of experiment the granules never become
exhausted, since conditions automatically become unsuitable long before
exhaustion occurs. It is therefore impossible to say whether the granules
are permanent bodies, or whether they finally dissolve away. They
appear quite unchanged after twenty-five hours, during which lumines-
cence has passed its most brilliant phase.

Moreover, the luminiferous materials themselves may be unstable,
for on drying the secretion, even at low temperatures over calcium
chloride, the power of luminescence is lost, and cannot be regained by
moistening with either fresh or salt water. But the act of drying would
probably suffice to destroy the permeability of the granules.



NEW TYPE OF LUMINESCENCE IN FISHES. 505

DISCUSSION.

Each granule of the secretion of M. lewvis is bounded by a membrane
whosge permeability depends upon the environment, but which normally
keeps the light-producing substances within the granule. It is rendered
impermeable by fresh or distilled water, and the change of permeability
is irreversible. Hypertonic solutions also cause an irreversible change.
The granules differ in this respect from Awmwba (Pantin, 1923) and from
the cilia on the gills of Mytilus (Gray, 1922), where the change caused
by these reagents is reversible, and where complete recovery takes place
on restoring suitable conditions. Pantin points out that cytolysis did
not take place for some hours when an Amaba was placed in triple-
strength sea-water. An irreversible change had taken place in the
granules of M. levis in considerably less time than this, but much stronger
solutions were used (four or five times the optimum in some cases).

In a similar way the effect of acid may be simply an inhibition of
oxidation, as acid inhibits the oxidation of pyrogallic acid, or it may
inhibit Juminescence by rendering impermeable the granule membrane.
Pantin (loc. cit.) shows that increasing the acidity of the medium inhibits
contractility in the species of Ameba which he studied, but that the
process is completely reversible on transferring to a normal medium.
Gray (loc. eit.) finds that a very low pH(3+4) is required to cause complete
stoppage of ciliary activity in the gills of Mytilus, and that complete
recovery takes place when the medium is made alkaline. The effect of
great alkalinity was not studied by Pantin on account of a change which
took place in the composition of the medium in such conditions. Prob-
ably, its effect on the granule membrane in the present case is to destroy
its permeability. It will be noted that the granules themselves are very
resistant to cytolysis.

Pantin suggests that, in the case of Amaba, ** the rise in hydrogen ion
concentration may increase the gelation of the protoplasm ™ ; and
J. Graham Edwards (1924) shows that the effect of acid on fresh-water
amoche is to make the surface of the Amaba gelatinous and adhesive,
and that the change is irreversible if the action is too prolonged. But
Gray considers it “ impossible to accept the suggestion that the normal
activity of the ciliated cells is upset by acids owing to a disturbance of
the cell surface.” * Hvidence is advanced which suggests that the
presence of acid prevents the conversion of chemical energy into kinetic
energy.”

This effect of acid on the cilia of Mytilus, and the explanation suggested
by Gray, might be applied in some measure to the present case. Lumines-
cence must be regarded as a conversion of chemical energy into light
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energy, and the rate of conversion might likewise depend upon the removal
of acid, that is, upon the alkalinity of the medium. In vitro a luminescent
suspension rapidly increases the acidity of the medium, with a corre-
spondingly rapid fading in the brilliance of the light. In this case, how-
ever, the presumed irreversible effect of acid on the granule membrane
must also play its part.

The essential difference between the behaviour of a cell and that of
these granules seems to lie in the fact that the cell shows great power
of recovery, the granules little or none. Usually, once the light has
dimmed or vanished there is no means of restoring its former brilliance.
I consider that this is due to the readiness with which irreversible changes
take place in the granule membrane.

This difference compares in an interesting way with the behaviour
of non-nucleated fragments of various Protozoa and alge, as quoted by
Wilson (1925). These fragments likewise lack the power of recovery and -
regeneration, though destructive metabolism may still continue ; whereas
nucleated fragments can regenerate the missing structures and recover
their former condition. It suggests that, in both cases, a lack of the
power to recover is associated with the absence of nuclear material.

SUMMARY.

Experiments are described which indicate that there is a physiological
problem quite apart from the chemical problem of luminescence in the
secretion of Malacocephalus lavis (Lowe). The luminiferous substances
are present in granules, which behave as though each were bounded by
a membrane whose permeabilities resemble those of a typical cell, but
differ from a cell in that they have little or no power of recovery from
adverse conditions.

For optimal luminescence they require (i) a medium of a certain
osmotic pressure, (ii) a certain range of alkalinity, (iii) a certain range
of temperature, and (iv) abundant oxygen. Sea-water is not necessary
for luminescence.

If they are exposed to extremes of acidity or alkalinity, or of hypotonic
or hypertonic solutions, irreversible changes rapidly set in in the mem-
brane of the granule, whereby the power of luminescence is lost.

In artificial conditions the rapid fading of the light from the initial
brilliance is probably due to an increasing acidity caused by the accumula-
tion of the produects of oxidation.
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Abnormal Vertebre in Herrings.

By

E. Ford, A.R.C.8c,,
Naturalist at the Plymouth Laboratory,
AND

H. 0. Bul,
Student Probationer at the Plymouth Laboratory.

With 3 Figures in the Text.

AN important part of recent investigations on herrings at Plymouth has
been the collection of statistical data on the number of vertebree, and
when this report was written a total of 6869 fishes had already been
examined with regard to this character. In the case of each of 105
fishes, however, the true number of vertebra could not be stated with
confidence, owing to marked irregularities in one or more vertebra.*
These abnormal specimens are of more than passing interest. The
abnormalities themselves are such that 1t would be well worth while to
make a careful morphological study of  fresh ” specimens to determine
the extent to which nerves and muscles are affected. The determination
of the distribution of abnormalities along the vertebral column suggests
a possible explanation of the way in which they may have arisen. More-
over, there remains the question as to how the abnormal vertebrae should
be counted when endeavouring to ascertain the true total number of
vertebra for statistical or genetic purposes. In the paragraphs which
follow, the 105 cases of abnormality are described and their significance
both in numbers and position discussed, but it should be remembered
that all observations and measurements were made on dried skeletons,
which had been prepared by boiling and cleaning.

TuE (HARACTERS OF THE ABNORMALITIES,

In each of the skeletons under review, abnormality is localised in one
or more distinet vertebral elements, which may be classified according
to their features. The summary in Table 1 shows that a total of 142 such
elements were found in the 105 skeletons obtained, but that generally
a single skeleton had only one abnormal element.

* Orton (3) has given a detailed description of similar cases of irregularity obtained
during his investigations on herring at Plymouth in 1914.
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TaeLe 1.
No. of abnormal elements 1 2 3 5 7 Totals.
per skeleton
Number of skeletons 82 17 3 2 1 105 skeletons.
Total of abnormal 82 34 9 10 7 142 abnormal
elements elements,

In the following description of the arbitrary classes into which the
abnormal elements have been grouped, sufficient data have been included
to indicate the relative frequency of occurrence of the several classes.

Class 1.

A typical vertebral element of this class has the appearance of an
incipient *“ double ” vertebra. It bears an extra pair of hemal and
neural spines arising from the median portion of the centrum, where
there is a more or less distinet vertical ridge. There is, however, no suture
or epiphysial growth such as occurs between two normal vertebra. In
abnormal elements from the anterior region of the body there is also an
associated doubling of the epineural, pleural, and epipleural bones. In
length these *“ double  vertebrae vary from 1 to 1} times that of normal
adjacent vertebree. In the cases included in this class a gradation can
be noted, from those in which only an extra neural arch and an extra
haemal arch occur with no distinet ridge to the centrum, to others which
have almost the appearance of two normal, though undersized, vertebra
(see Fig. 1a).

In 57 of the total of 105 skeletons the abnormal elements are exclusively
of this class, and in 52 instances a single skeleton exhibits a single ab-
normal element. In a further 6 skeletons an abnormality of this class is
accompanied by an irregularity of another class. Of the total of 142
abnormal elements examined, 71 are included under Class 1.

Class 2.

Abnormal elements of this class are analogous in structure to those of
Class 1, but are triplicate in formation. The length of the compound
element is less than twice that of normal vertebre. In 14 skeletons
these triplicate vertebrae are exclusively present, while in 3 other cases
they occur with other abnormal elements.

Class 3.

Compound vertebre of apparent “ quadruple” formation oceur in
3 skeletons, but in no case does the length of the element exceed twice
that of normal vertebra (see Fig. 1c).
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Class 4.

In 21 skeletons interesting bilateral asymmetry occurs. One side of an
ordinary-sized vertebra has the structure described for either Class 1
or Class 2, while the other appears normal. Occa-ionally one side is of
Class 1 and the other of Class 2.

Fra, 1.—A. Typical examyple of abnormal vertebra of Class 1.
33rd vertebra of a herring 29 cm. in length.
B.  Abnormalities of Classes 1 and 5 occurring together.
21st vertebra of a herring 22 em. in length.
C. Abnormality of Class 3.

Fusion of vertebrse 25-28 incl. ; in a herring 28 cm. long.
Vertebre 24 and 29 are normal.

NEW SERIES.—VOL., XIV. Xo. 2. AUGUsT, 1926, 2E



512 E. FORD AND H, 0. BULL,

Class 5.

This class was created to include a number of minor abnormalities
which weze considered to be of no immediate importance.

(a) One of the neural or heemal spines of a single vertebra or of one
of the components of a “* double ’ vertebra, becomes attached obliquely
to the neural or hemal spine of the opposite side of the preceding
vertebra or vertebral component. The fellows of these spines remain
single and unattached (see Fig. 18).

(b) A slight twisting of a part of the vertebral column involving
several adjacent vertebre.

(¢) Minor irregularities of certain vertebra which may be due to
mechanical injury at some earlier stage in the life-history.

In most instances these minor irregularities occur in association with
those of the earlier classes, but in any case there is no visible differentia-
tion of the centrum suggesting a compound formation.

In a short essay on the “ numerical signification of fused vertebrse,”
Schmidt (4) discussed the question as to how certain peculiar vertebral
elements in reared trout should be counted in his investigations on the
inheritance of the number of vertebree. In each of 8 samples of the off-
spring from diallel crossings, he found a number of individuals (average
ca. 109;) in which the vertebra fifth from the end of the tail showed a
peculiarity impossible to ignore and which placed him in doubt as to
whether he was dealing with a single or a double vertebra. He was able
to show, however, that the average number of vertebre for the * ab-
normal ”’ specimens in the 8 samples closely approached that for the
“mnormal 7 specimens if a numerical value of 1! was assigned to the
irregular vertebra. On this evidence Schmidt advanced the theory that
“ vertebrate animals can realise fractional parts of vertebrae, but it is
evident that such individuals are numerically inferior to what we above
called normal individuals. In reality the former are just as normal
as the latter. In both cases it is the individual’s genetic structure in
connection with its environment in the sensitive period, which is deciding
the total realised ; but it seems as if whole numbers in such organs as
vertebrae are more easily realised than fractional parts.”

We have carried out some counting trials with our abnormal herrings
and the results have proved instructive. It will be seen from Table 2
that if we count the irregular vertebra as single units the average number
of vertebreae for the 95 specimens examined is 54-40, the variates ranging
from 48 to 57. These values are much lower than those obtained from
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“normal ” specimens. If, however, we assume that the * abnormal”
vertebrae each represent several whole vertebrae and assign to them an
equivalent numerical value, then the average closely approaches that
for the ““ normals.”

For the third counting trial all specimens which showed more than
one vertebral irregularity were excluded in order that the material upon
which the count was to be made should be such that Schmidt’s theory
and method might reasonably be applied to it. But it is clear from

TaBLE 2.
Total No. of No. of No. of “ Abnormal ”
Vertebrse, “ Normal * Skeletons.

Skeletons.  Abnormal element counted as :
(One Vertebra. @ Whole Vertebrz.

48 — 1 —

49 - — —

50 —_ 1 -

51 - 2 —

52 —_ 3 —
53 5] 5} 2-5*

Hd 70 26 3

hb 1921 46 24
56 4157 10 47-5%

b7 595 1 16

58 18 S— ]

Totals 6764 95 95
Arith. mean. 55-79 5H4-40 55-82
Difference —1-39 -+4-03

from 55-79

Table 3 that the adoption of the numerical value of 1} for a double
vertebra produces a less satisfactory “ fit 7 to the normal average than
that resulting from the use of the value of 2.

The fact that in the reared trout abnormality was localised in a particu-
lar vertebra in the tail region is worthy of notice. If for the moment it
be conceded that fractional parts of vertebrae can actually be realised, the

* In some skeletons it is not possible to decide upon the exact number of vertebrae.
In the case of a skeleton whose whole total number appears to be either 53 or 54, the
entry of 4 is made to each of the variants 53 and 54.
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localisation of the abnormality suggests that one particular vertebra
is alone able to express itself in a broken number. In the herring, cases
of irregularity have been observed in almost every vertebra throughout
the vertebral column, but there is a distinet indication that some parts

TaBLE 3.
Total No. of No. of Skeletons.
Vertebra. “ Double ”* element counted as :
1 Vertebra. 14 Vertebrae. 2 Vertebre.
b2 1 e —
52-5 —- 1 —
53 2 - 1
535 - 2 —
54 15 - - 2
b4-5 — 15 —
5d 32 — 15
555 - 32 —
56 7 - - 32
56-5 - 7 -
57 — — 7
575 — — -
Total 57 57 b7
Arith. mean. 54-74 5524 5574
Difference from —1-05 —55 —05
“normal 7 mean
(55-79)

are more susceptible than others. Table 4 and Fig. 3 express the relative
frequency of abnormality for each vertebra along the vertebral column.
To obtain these data, the total number of vertebra in each skeleton was
ascertained after making the appropriate numerical allowance for the
number of whole vertebrae apparently involved in each abnormality, and
the serial position of each abnormally presented vertebra was noted. The
method of recording will be clear after reference to the hypothetical case
shown in Fig. 2. It will be observed in Figure 3 that while vertebrz,
Nos. 1,2, 3, and 12 are the only ones in which abnormality has as yet not
been seen, twelve of the vertebral series have each been involved on more
than five occasions. The distribution of these twelve vertebre is of especial
interest : four of them are consecutive, forming the group, vert. 25-28,
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inclusive, and the remaining eight occur in the region, vert. 41-52. Now
in Fig. 3 we have indicated the initial and final positions of the anus
(A; and A,) and of the pelvic fins (P, and P,) with respect to the vertebra
during the early life of the herring, as determined by Lebour (2, p. 451).
These positions fall within the range of the twelve vertebra just enumer-
ated. In view of the limited number of skeletons examined it would
be obviously unwise to attach definite significance to this coincidence
in position, but we may at least suspect that there is some connection
between the formation of abnormal vertebral elements and the differential
growth of the post-larva. It would appear from Lebour’s results, how-
ever, that the number of myotomes and hence, presumably, the number

TaBLE 4.
Totals
Number Serial numbers exclusive of Totals
of cases of of 24-28, and  24-28, and
Abnormality. Vertebrae involved. 43-49, 43-49 only.
0 1,2 8 12, 4
1 4y 11, 57. :
2 10, 17, 30, 87, 89, 56, 6
3 5, 8,9, 13, 14, 16, 31, 32, 34, 38. 10
4 6,7, 15, 21, 22, 36, 40, 54, 55. 47, 48, 9 2
5 18, 19, 20, 23, 29, 83, 35, 51, 58. 24, 46. 9 2
6 52, 25, 49. 1 2
7 28 1
8 41 1 1
9 50. 26, 27, 42, 44 1 4
10 45, 1
12 43, 1

i 2

of vertebree, is fixed before the * migration ” of the anus and pelvics
begins ; so that our abnormal vertebral elements would thus have to be
considered as the result of partial coaleseence of several whole vertebrae
a proposition already regarded as likely from other considerations.

It is not suggested that the movements of the anus and pelvics are
alone concerned in the formation of abnormalities, for while it is true
that irregularities most frequently occur in the region of the anal and
pelvie movement, cases oceur elsewhere in numbers. Lebour states that
the dorsal fin which lies originally over the region, vert. 33-42/43 comes
to lie over vert. 26-34/35. The total range of this movement fills the
gap between P, and P,, and A, and A,. Then posteriorally the anal fin
moves with the anus. Anteriorally the pectorals find attachment, and
in Fig. 3 there is a marked peak at vert. 6-7. The suggestion is
rather that the whole effect of differential growth should be taken into
account.
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Finally, it is interesting to note that Gemmill (1, p. 52 footnote) refers

to a statement from Hubrecht (Klassen uw Ordn. 6, Abt. 1-3, p. 60) that
in shark-like fishes, pathological coalescence of vertebrz is commonest
at the places of connection of the paired fins with the vertebral column.

D
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A General Survey of Larval Euphausiids, with a
Scheme for their Identification.
By
Marie V. Lebour, D.Sc.,

Naturalist at the Plymouth Laboratory.

With 1 Figure in the Text.

Wairst working at the life histories of the euphausiids occurring in the
English Channel, and also having had opportunities of examining the
larvee of several other species belonging to different genera from various
localities, the writer noted certain features in the larve which usually
enabled the genus to be distinguished easily. The chief specimens were
obtained from plankton collected by Mr. F. S. Russell within a radius of
twelve miles from Alexandria, Egypt, whilst working for the Egyptian
Fisheries Department. The larval euphausiid material from this collection
is rich, and an account of it will soon be published. In the meantime the
following general notes are offered, as at present little is known of the
systematics of euphausiid larvee. As several workers are occupied with
this group, so important from the point of view of the Fisheries, it seemed
advisable to bring all that is known together. In so doing it has been
found possible to form a working scheme, from which, being given a
series of larve of any species, one is enabled to determine the genus.
For this scheme the order of development of the pleopods has been taken
as the main factor, as it is found that the pleopods develop differently
in several of the most important genera.

There are eleven genera of euphausiids recognised, i.e. Bentheuphausia,
Pseudeuphausia, Huphausia, Thysanopoda, Nyctiphanes, Meganycti-
phanes, Nematoscelis, Thysanoessa, Nematobrachion, Tessarabrachion,
and Stylocheiron.

Nothing is so far known of the larval stages in Bentheuphausia, Nemato-
brachion, and Tessarabrachion, and of Pseudeuphaus’a only enough to
show that the young larva somewhat resembles that of Nyctiphanes.
These four are, until more is known, left out of the following scheme.
There remain seven genera, viz. Euphausia, Thysanopoda, Nyctiphanes,
Meganyctiphanes, Nematoscelis, Thysanoessa, and Stylocheiron, the
life histor'es of which are more or less known and these form the basis
of the present paper.
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Whilst working out the Channel species the complete series of larval
stages was found and described (Lebour, 1924, 1925, 1926a) in Nyctiphanes
Couchit, Meganyctiphanes norvegica, and Thysanoessa inermis. Miss
Jorgensen (1925), from the North Sea material, has described several
stages of Thysanoessa longicaudata and a few specimens of the same
species were described from the Aflantic (Lebour 1926a), whilst
Mr. R. Macdonald from Millport is preparing a description of the larval
stages of Thysanoessa Raschii. From the Alexandria material an almost
complete set of larval forms of Stylocheiron Suhmii was obtained and
several stages of S. abbreviatum, a description of which is now published
(Lebour, 1926b), and besides these there are in the Alexandria material
almost complete series of the larval forms of Thysanopoda wqualis,
Nematoscelis microps, and Euphausia Krohnit, with a few specimens of
another larva, almost certainly an Euphausia. With these, together with
the few published descriptions of larvae by Sars, Hansen, Tattersall, and
others, we can draw up a fairly comprehensive review of larval forms
which considerably adds to our knowledge of the group.

The general order of development in the Euphausiide is the following :
first the egg, which may be carried by the female (known in the genera
Nyctiphanes, Stylocheiron, and Nematoscelis) or may be shed into the
sea at an early stage of development (known in Meganyectiphanes and
Thysanoessa). For several genera, however, the mode of egg deposition
is not known, although it is probable that Euphausia and Thysanopoda
shed them into the sea, and that Tessarabrachion and Nematobrachion
carry them. In Nyctiphanes the eggs are carried until an advanced
stage (Lebour, 1924), the nauplius only occurring inside the egg sac, and
the young being shed into the water as a psendometanauplius covered by
a skin which is immediately sloughed on emergence and the metanauplius
freed. Nauplii and metanauplii of Nematoscelis and Stylocheiron have
not yet been seen. It is suggested by Calman (1909) that the young may
emerge at an advanced stage in Stylocheiron, the eggs being so large.
In the Alexandria material there are three Calyptopis stages, almost
certainly belonging to Stylocheiron Sulbmii. The smallest and youngest
of these which is a first Calyptopis is quite small, measuring 1-28 mm.
in length, and might easily have come from one of the large eggs.

The typical procedure in an euphausiid is for a nauplius to hatch out
of the egg into the water and this first nauplius almost immediately to
slough its skin and become a second nauplius, this changing into a meta-
nauplius. These are well described by Metschnikoff (1871) and Sars
(1898). Typical forms are Meganyctiphanes norvegica and Thysanoessa
inermis (Lebour, 1924, 1926a ; Brook and Hoyle, 1888 ; Elmbhirst, 1924).
No others are as yet completely known. In the Alexandria material
metanauplii of Euphausia Krohnii were found. Thus the only euphausiid
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nauplii certainly known are those of Nyctiphanes Couchii (passed within
the egg sac), Meganyctiphanes norvegica, and Thysanoessa inermis. Meta-
nauplii have been described of Nyctiphanes australis (Sars, 1885), N.
Couchii (Lebour, 1924), Meganyctiphanes norvegica (Sars, 1898 ; Lebour,
1924 ; Elmbhirst, 1924), and Thysanoessa inermis (Lebour, 1926a). All of
these are much alike, but differ in the armature of the carapace.

From the metanauplius comes the first Calyptopis, giving rise to the
second and this to the third. All three stages are known in Nyctiphanes
australis (Sars, 1885), N. Couchii (Lebour, 1924), Meganyctiphanes
norvegica, (Sars, 1898 ; Lebour, 1924 ; Elmhirst, 1924), T'hysanoessa
anermis (Lebour, 1924), Thysanoessa longicaudata (Jorgensen, 1925),
Euphausia Krohnii (Sars, 1885, as E. pellucida, and also in the Alexandria
material), the second and third Calyptopis of Thysanopoda tricuspidata,
in which peculiar larval eyes are shown, are described by Sars (1885) and
the three Calyptopis stages of what is almost certainly Stylocheiron
Suhmai have been found in the Alexandria material. All the Calyptopis
stages have the same general appearance with the eyes covered by the
carapace, and the abdomen having no segments in the first, five in the
second, and six in the last stage. There is no evidence to show that
more than two naupliar and three Calyptopis stages exist in any species.

The last Calyptopis changes to the first Furcilia stage with the eyes
uncovered by the carapace. In most of the species this has no pleopods,
and 1t is probable that this stage without pleopods occurs in all. Such
a Furcilia is known in Nyctiphanes Couchii, Meganyctiphanes norvegica,
Thysanoessa inermys, T. longicaudata, Nematoscelis microps, Thysanopoda
tricuspidata, and Stylocheiron Suhmii. In the following Furcilia stages
the pleopods develop successively until all are setose and biramous,
when they are capable of being used as swimming organs and the Furcilia
then changes to a Cyrtopia, in which the antennae are no longer used for
swimming, the same being differentiated into scale and flagellum.

Generally speaking when once the Cyrtopia stage is reached it is
fairly easy to place the specimen, at any rate in its genus, therefore a
knowledge of the Furcilia stages is the more important for elucidating
the life histories. It is proposed to deal more elaborately with those
Furcilia stages in which the pleopods are developing, and on these base
the scheme which will help to place the specimen in the genus to which
it belongs. ;

It is found that the pleopods develop in different ways in several
different genera of which the first three or four are the same and the
last two or three are the same, but in between there are different orders
of development, some of which appear to be characteristic of certain
genera. If therefore a fairly complete series of larval stages is obtainable
of any form we can place it within a group, and if this does not indicate
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the genus a few other known characters will probably identify it. Un-
fortunately a complete series of Furcilia stages is rarely obtainable, but
enough has been elucidated within the last few years to bring a large
amount of material together, and a survey of these brings much evidence
to bear in favour of their grouping the genera for the purpose of larval
identification. It is not suggested that this grouping should necessarily
indicate natural phylogeny, for we find in some cases, e.g. Nyctiphanes
and Nematoscelis, that genera develop alike which are usually placed in
different families. At present the facts are indicated as a key to facilitate
the identification of genera. The reason is probably to be found in the
fact that more hurried growth is necessary for some than for others.
Thus we find that one group develops the pleopods as slowly as possible
so that all five are simple buds before any become setose, e.g. Thysanoessa.
Here probably the swimming powers are delayed as none of the pleopods
can as yet be used. Closely similar is Euphausia Krohnii, in which the
first pleopod is setose, whilst four are simple, and then the group which
is most commonly found, where the first is setose with three simple and
the last is not yet formed. To this group belong the majority, including
Nyctiphanes, Meganyctiphanes, Thysanopoda, Nematoscelis, and Eu-
phausia, the last being slightly different, as, at any rate in the Krohniz
group and possibly in all, there are, as shown above, four simple buds
behind the first setose pleopod. In all the other genera cited the second
pleopod becomes setose before the last bud appears. Finally, we have
Stylocheiron in which the first pleopod is setose with only two simple
buds behind. We have thus a gradual quickening of the development
culminating in Stylocheiron.

The possible (or known) stages in development are given in the diagram
and numbered 1 to 14 (Text Fig. 1). Each division represents an ab-
dominal segment, the simple pleopods being indicated by one stroke, the
setose pleopods by a fringed stroke. The figures do not necessarily refer
to actual Furcilia stages. Thus 6 in the diagram is the sixth Furcilia
of Thysanoessa, but 7 in the diagram is the fourth Furcilia of Stylocheiron
and 8 in the diagram is the sixth Furcilia of Nyctiphanes.

The following list enumerates all known larval stages, numbered
according to the diagram, in all the species where they are known, as
far as the Furcilia numbered 14. There may, however, be several Furcilia
stages with all the pleopods setose. In this list there are many gaps, but
it will be seen that closely related genera and species belonging to the
various genera agree as to the development, and that so far no larval
stages are known which disagree.
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FiG. 1.

DiagraMm TO0 ILLUSTRATE THE DEVELOPMENT OF PLEOPODS
IN EupHAUsSHD FURCILIA STAGES.

(1 T o pteopoas

Probably com- *‘ 2 L_‘r_—_D:D One pair simple pleopods.
mon to all. I
! 5 Q;Djj Two pairs ,, g
7 com- |
Probably com- | 4 e ;
mon to allexcept |
Stylocheiron. |

‘ 5 W Four “ . {
6 Q;Q;r_{l Five ., 5 5 Thysanoessa.

One pair setose, two pairs simple—
7 Stylocheiron.,
One pair setose, three pairs simple—
6 Nyctiphanes, Meganyctiphanes, Thy-
sanopoda, Euphausia, Nematoscelis.
9 One pair setose, four pairs simple—

Euphausia (Krohnii).

Two pairs setose, two pairs simple—
10 Nyctiphanes, Meganyctiphanes, Ne-
matoscelis, Thysanopoda.
[ ] 1 W Two pairs setose, three pairs simple.
Probably com- 12 Three pairs setose, two pairs simple,
mon to all. A
1 3 Four pairs setose, one pair simple.
\S
Commontoall. 14 W All setose.
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EARLY LARVAL AND FURCILIA STAGES KNOWN IN THE
VARIOUS SPECIES.

Nyctiphanes Couchii (see Lebour, 1924, 1925), egg, nauplius, pseudo-
metanauplius, metanauplius, Calyptopis 1 to 3, Furecilia 1, 2, 3, 4, 5,
B0 B M12.515 - 140

Nyctiphanes australis (see Sars, 1885), metanauplius, Calyptopis 1 to 3.

Nyetiphanes simplex (Hansen, 1912), Furcilia 11.

Meganyetiphanes norvegica (see Lebour, 1924-1925), egg, Nauplius 1 and
2, metanauplius, Calyptopis 1 to 3, Furcilia 1, 2, 3, 4, 5, 8, 10, 11,
12, 13, 14.

Thysanopoda @qualis (Alexandria plankton, unpublished), Furcilia 1, 3,
10, 13, 14.

Thysanopoda tricuspidaia (see Sars, 1885), Calyptopis 2 and 3, Furcilia
1, 4.

Thysanopoda sp. (I'. monacantha aff., probably T. cristata, see Hansen,
1912), Fureilia 2, 11.

Thysanopoda sp. larva (see Zimmer, 1914), Furcilia 14 or later.

Nematoscelis microps (including N. rostrata Sars, 1885 ; Alexandria
plankton, unpublished ; Hansen, 1912), Furcilia 2, 8, 13, 14.

Euphausia Krohnii (see Sars, 1885, as E. pellucida ; Alexandria plankton
unpublished), metanauplius, Calyptopis 1 to 3, Furcilia 2, 9, 14.

Euphausia longirostris (see Tattersall, 1924 ; Sars, 1885), Furcilia 2, 8,
13, 14.

Euphausia spinifera (see Tattersall, 1924), Furcilia 2. (?)

Euphausia distinguenda (see Hansen, 1912), Fureilia 13.

E. sp. (Alexandria Plankton, unpublished) Calyptopis 1 and 2, Furcilia 1,
2, 8.

Thysanoessa inermis (see Lebour, 1924, 1926a), egg, Nauplius 1 and 2,
metanauplius, Calyptopis 1 to 3, Furcilia 1, 2, 3,4, 5, 6, 11, 12, 13, 14.

Thysanoessa longicaudata (see Jorgensen, 1925 ; Lebour, 1926a), Calyp-
topis 1 to 3, Furecilia 1, 4, 5, 12, 13, 14.

Thysanoessa Raschii (see Brook and Hoyle, 1888; Macdonald, un-
published), Fureilia 6.

Stylocheiron Suhmii (Alexandria material ; Lebour, 1926b), ? Calyptopis
1 to 3, unpublished ; Fureilia 1, 2, 3, 5, 11, 12, 14.

Stylocheiron abbreviatum (Alexandria material, 1926b), Fureilia 5, 12, 14.

Stylocheiron carinatwm (Hansen, 1912), Furcilia 5.
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The larvae described by Colosi (1922) as Nematoscelis microps seem to
belong either to Nyctiphanes or Meganyctiphanes.

It is thus seen that the evidence is in favour of a certain order of develop-
ment of the pleopods in the various genera, and so far there is none against
this. So that on finding a larva with one pair of pleopods setose and
two pairs simple one would immediately place it in the genus Stylocheiron,
and on finding one with five pairs of simple pleopods it would be placed
in the genus Thysanoessa. Fortunately these distinctive stages nearly
always seem to occur as though certain stages were dominant. Such
dominant stages are Furecilia 5 (presumably the fourth Furcilia stage) in
Stylocheiron, and Furcilia 6 (presumably the sixth Furcilia stage) of
Thysanoessa ; also Furcilia 9 (presumably the seventh Fureilia stage) of
Euphausia Krohnii.

In the Nyctiphanes group of this scheme, which includes Nyctiphanes,
Meganyctiphanes, Thysanopoda, and Nematoscelis, the first two, with
the Thysanopoda sp. of Zimmer (1914), are recognisable by their truncated
rostra. Other Thysanopoda and Nematoscelis may be very much alike,
but distinguishable in many of the Furcilia stages by the growth of the
second thoracic limb, which is very long in Nematoscelis. Euphausia
apparently has Furcilia 8 in common with the Nyctiphanes group, but
differs in B. Krohnii (and possibly in other species) by going through the
Furcilia 9 stage, which does not occur in the Nyctiphanes group.

There is distinct evidence of the jumping of stages in some species.
If kept in aquaria both Nyctiphanes and Meganyctiphanes may jump
stages. Mr. Elmhirst and Mr. Macdonald from Millport tell me that
Meganyctiphanes may jump several stages, but they always jump into
a stage known for that genus. Thus Nyctiphanes might jump from a
stage with three simple pleopods to one with two setose and two simple,
but it would not jump to five simple pleopods, which is characteristic
of Thysanoessa, neither would it jump to one pair setose and four simple,
which is characteristic of Buphausia Krohnii. Mr. Elmhirst has kindly
provided me with some notes on Meganyctiphanes (reared in aquaria) in
which one jumped from one to three pairs of simple pleopods and one which
jumped from three pairs of simple pleopods to three pairs setose and two
pairs simple, that is from Furcilia 4 to 9, thus missing out eight altogether.
Thus we may expect the development of any species to proceed in a
particular way even though stages may be jumped, and it is quite possible
that in some of those given in the lists the jumping of stages is the usual
thing. ;

Taking all these facts into consideration we may now suggest a key
for the elucidation of larval euphausiids, so as to place them in their
respective genera. Only eight genera are taken, as no larval forms of
the other three are known. Pseudeuphausia is included, as it can be
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recognised in the larval stage by its rostrum (Hansen, 1912), but the
development of its pleopods is unknown.
The genera may be grouped thus :—

Group I. Second pleopod becomes setose before the appearance of the
fifth—Nyctiphanes, Meganyctiphanes, Thysanopoda, Nematoscelis.

Grroup II. A stage present with all five pleopods simple—Thysanoessa.

Group I11. A stage present with first pleopod setose and four simple—-
Euphausia (Krohnii) (the stage preceding this having one pair setose
and three simple).

Group IV. A stage present with the first pleopod setose and two simple
Stylocheiron.
Kgy. .
I. Rostrum truncated.

1. Rostrum deeply emarginate anteriorly—Pseudeuphausia.
2. Rostrum almost straight anteriorly.

(a) Abdominal segments without lateral processes.
a. Carapace very broad—Meganyctiphanes.
B3. Carapace not very broad—Nyectiphanes.

() Abdominal segments with lateral processes—Thysanopoda (in part. See
T. ap. Zimmer, 1914).
II. Rostrum pointed or rounded.

1. First pleopod hecomes setose before the fourth appears—Stylocheiron.
2., Fourth pleopod appears before any are setose. -

(a) Fifth pleopod appears before any are setose—Thysanoessa.
(b) First pleopod becomes setose before the fifth appears.

a. Fifth pleopod appears before the second is setose—Euphausia (F.
Krohnit).
B. Second pleopod becomes setose before the fifth appears.

(i) Second thoracic leg becomes long at an early stage—Nematoscelis.
(ii) All thoracic legs short—Thysanopoda (in part, e.g. 1. equalis).
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A New Method for Quantitative Sampling
of the Sea-bottom.

By

0. D. Hunt, B.Se,
Assistant Naturalist at the Plymouth Laboratory.

With 2 Figures in the Text.

THE apparatus described in this paper has been specially designed for
the taking of samples in cases where it is important that the finer con-
stituents of the sample should be adequately retained. In commencing
a study of the micro-fauna and micro-flora of the sea-bottom near Ply-
mouth the writer found that, in samples taken by the * Petersen ”* (2)
1/10 sq. metre bottom-sampler, or by the conical dredge, the silt and
finest material was liable to ke washed away to a variable and non-
measurable extent while hauling the apparatus. Quantitative observa-
tions on very small organisms were judged impossible by these methods
and attention was directed towards devising an apparatus which would
retain the finer portions of the deposits.

Sounding-tubes of the *“ Naumann ” and *“ Lundqvist ™ types, described
by Lundqvist (1), though very efficient in sampling soft bottoms of
clay or mud, cannot be used for sampling sands and gravels, which,
besides being too resistant to the boring of the tube, are not sufficiently
cohesive to be retained as a sample by this method.

A method has now been devised which, in brief essentials, is as follows,
A metal chamber, hermetically sealed by a glass diaphragm, is lowered
to the bottom, on reaching which the diaphragm is automatically broken.
The pressure of the overlying water-column forces into the chamber a
sample of the bottom, which is prevented by a ““trap ” device from
escaping when the apparatus is raised. For the original suggestion of
utilising the pressure of the overlying water-column for the separation
of a sample from the bottom, as well as for much help and advice in
the experimental design of the apparatus, the writer is indebted to
Dr. G. P. Bidder.

A photoo'raph of the apparatus which may be referred to as a ““ Vacuum
Grab,” is shown in Text Fig. 2. It is best described in detail by reference
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to the drawing (Text Fig. 1). It is made throughout of brass. The
cylindrical “ pressure-chamber,” PC, is provided above with a lug, L,
by which it can be shackled to a sounding-wire, and is closed below by
a massive screw-stopper, S, the joint being made hermetically tight by
a rubber washer, W. This stopper, which carries the remainder of the
apparatus, is bored through its centre, the upper half of the boring being
of less diameter than the lower. A shoulder is so formed with a down-
wardly-directed, horizontal face, SF. This face is accurately turned
and smoothly finished. To the upper bore is permanently fitted the
“trap-tube,” TT, which projects into- the  pressure-chamber ” and
is turned through a right-angle at its upper end. The lower, larger bore
is threaded and into it is screwed the sleeve, 81, which carries the sliding
“ sampling-tube,” ST. A series of ports, P, is cut in the sides of the
sleeve, towards its upper end, in order to provide escapement for water
entering the mouth of the “sampling-tube” during descent. The
“ sampling-tube ”* slides easily within the sleeve, the extent of its mov-
ment being limited by two screws, Se, which are fitted, one on each side
into the *“ sampling-tube ”” and slide in vertical slots, VS, in the sleeve.
When the *“ sampling-tube ” is in position at the upper limit of its sliding
range, its sides completely close the ports in the sleeve. The lower end
of the “sampling-tube ” is expanded into a bell-shaped mouth, while
at its upper end is the bayonet-striker, BS, a narrow, bayonet-shaped
piece, projecting inwards and upwards to a striking-point which lies
in the centre of the bore. It will be seen that the only entrance to the
** pressure-chamber 7 is by way of the “sampling-tube ” and *trap-
tube.” Between these two the glass diaphragm, GD, is inserted, being
sealed by a stiff vaseline preparation to the shoulder-face, SF.

In practice, the sleeve, with ““ sampling-tube,” is detached and the
glass disc inserted. The sleeve is then screwed in, hand-tight, and the
instrument sent to the bottom at the end of a sounding-wire. When
the lower end of the “ sampling-tube ” reaches the bottom the *“ sampling-
tube 7 is arrested, but, owing to the sliding sleeve, the remainder of
the apparatus continues to sink until the glass disc touches and is
broken by the bayonet-striker. At the moment of breakage the pressure
inside the chamber is equal to atmospheric pressure, whilst that outside
18 equal to atmospheric pressure plus the pressure of the overlying water-
column, which is approximately equivalent to an additional atmo-
sphere’s pressure for every 10 metres of depth. On breakage of the
glass, therefore, a pressure equal to that of the water-column over-
lying the sea-bottom operates to force a sample from the area marked out
by the lower edge of the “ sampling-tube ” up and through the trap-tube
into the * pressure-chamber,” where it falls to the bottom and cannot
escape.



QUANTITATIVE SAMPLING OF THE SEA-BOTTOM.

. L.—=Section of “ Vacuum Grab,” side view, w lth srojections illustrating lug,
7 1
sleeve, and * sampling-tube.” %

BS =% bayonet-striker.”
GD =glass diaphragm.
L =lug for attachment to sounding-wire.

P =port in sleeve.

PC =" pressure-chamber.”

8 =screw-stopper.

Se =screw in * sampling-tube ' : travels in slot, V8.
St =shoulder-face to which glass diaphragm is sealed.
8l =sleeve.

ST =% sampling-tube.”

T
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* trap-tube.”
vertical slot in sleeve.
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Samples taken in this way, whose volume is too small to rise above
the level of the upper opening of the * trap-tube,” are subject to no
loss of their finer constituent particles. With larger samples, however,
there is a slight loss due to removal of fine particles in suspension in
such part of the water-content as lies above this-tevel. This loss, how-
ever, can be corrected for, because 1t varics in constant proportion to the

Fic. 2—Photograph of ** Vacuum Grab.”

volume of the sample, and, therefore, to the depth at which the samyple
has been taken.

The samples taken by the above method enable a quantitative gravi-
metric and volumetric analysis of the constituents. To obtain values,
however, relating to the area of bottom sampled it is necessary to know
the relation between surface area and volume in samples of respectively
different constitution and taken at different depths. To this end a series
of experiments was conducted in the laboratory and at sea, in which
samples were taken of artificial bottoms of known constitution, and in
which the size of the sample was varied by varying either the pressure
or the depth. In the laboratory the different pressures necessary for
sampling were obtained by exhausting the * pressure-chamber ” to a
varying extent. In the experiments at sea the depth was varied. The
materials used in constructing the artificial bottoms varied from fine sand
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to shell-gravel in which the largest particles did not, on the average, exceed
1 em. in diameter. The bottoms were constructed by arranging successive
layers of material, each 1 em. deep, in a straight-sided bucket. In each
layer small, coloured beads of different shape and colours were so arranged
that when a sample had been taken it was possible, by counting the
numbers of each kind of bead in the sample, to reconstruct the area
of each layer sampled. It was also possible to estimate the volume by
this method, and the degree of correspondence between this estimated
volume and the measured volume afforded a useful test of the accuracy
of the method. The result of these experiments has been to show that,
as expected on theoretical grounds, the area sampled does not vary
materially either with different types of soil or with different pressures,
The shape of the sample is approximately a cylinder of the same area
of cross-section as that of the lower end of the ‘“sampling-tube,” the
lower portion of the eylinder being rounded off or cup-shaped. With
increasing pressure the instrument samples from a greater depth in the
bottom-material, but not from a wider area : it digs, or rather sucks, a
deeper though not a wider hole. These experiments have also shown
that, as was suspected, there is a wafting away of a certain amount of
surface material owing to disturbance of the immediately overlying
water by the descending ** sampling-tube.” The ports cut in the sides
of the sleeve, which are open during descent, but are closed automati-
cally by the sliding mechanism on reaching the bottom, minimise this
disturbance and limit the wafting away to a peripheral area. The ex-
periments have demonstrated the extent of the area affected, so that
the surface area truly sampled is known with sufficient accuracy. The
details of these experiments, which are not yet completed, will be given
in a later paper dealing with the samples obtained.

The above-described model of a  Vacuum Grab ” has been specially
designed for working under the submarine conditions which exist in
the neighbourhood of Plymouth. It has been worked satisfactorily at all
depths tried, which range from 10 metres to 70 metres. For working
in depths up to 50 metres, a thickness of 1-5 millimetres for the glass
diaphragm was found sufficient : from 50 to 70 metres, a thickness of
2:0 millimetres proved adequate. The *“ Vacuum Grab " is particularly
suitable for work on bottoms of sand and fine gravel, samples of which
as previously pointed out, cannot be obtained with the ordinary sounding-
tube. For sampling muds and oozes, however, whose resistance to the
sounding-tube is small, and whose cohesive properties are great, the
sounding-tube would be more satisfactory than the present apparatus,
for it possesses the great advantage of taking a stratified sample. For
this reason the “ Vacuum Grab ™ is not likely to compete with the
sounding-tube as a bottom-sampler in the deep sea, where oozes and
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clays constitute the bottom: but in shallow and moderately shallow
waters, where it is required to work over a greater range of types of
bottom, it is, so far as the writer is aware, the only means yet described
of obtaining quantitative samples with respect to the finer constituents.
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Marine Biological Association of the
United Kingdom.

Report of the Council, 1925.

The Council and Officers.

Four ordinary meetings of the Council were held during the year at
which the average attendance was twelve. All the meetings were held
in the rooms of the Royal Society, and the Council wishes to express to
the President and Council of the Society the thanks of the Association
for the facilities provided.

The Plymouth Laboratory was visited and inspected by a Committee
of six members of the Council in March. The Building Committee has
also had several meetings in connection with the building of the new
laboratories.

The Plymouth Laboratory.

The engines and pumps circulating sea-water through the Aquarium
and Laboratory tanks have been in constant service, no extensive repairs
or alterations having been called for during the year. An attempt to
improve the water circulating through the tanks, by constantly adjusting
the acidity by the addition of lime, has met with considerable success,
and many invertebrate animals, which were formerly difficult to keep
alive, can now be maintained in a healthy condition for a long time.
Weekly consignments of fishes and invertebrates have been sent to the
Aquarium of the Zoological Society in London.

The new building, which is being erected by voluntary subscriptions
without financial aid from the Government, was commenced early in
the summer and has been completed, with the exception of the fittings.
The building, which is in direct communication with the main Laboratory,
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is situated to the north of that building, between it and the Citadel
wall. It consists of two stories, each with a floor space of 60 ft. by
24 ft., nearly all of which is available for laboratory use. The actual
accommodation for work of the Laboratory as a whole has therefore
been nearly doubled. #L3

A stone building containing three rooms, with about one-sixth of an
acre of land, situated on the shore at Fisher’s Nose, to the south-east
of the Laboratory, has been rented from the War Office, and is now in
use as a store especially for nets and gear belonging to the boats. The
land has been found particularly useful for the treatment of large nets,
such as those supplied to the Discovery Expedition, with copper soap
which is being used as a preservative.

The sheds at Pier Cellars in Cawsand Bay, which have been rented at
a nominal sum, also from the War Office, have been of service in con-
nection with Dr. W. R. G. Atkins’ investigation of the penetration of
light into the sea.

The Boats.

The steam drifter-trawler Salpa has worked continuously throughout
the year. Lloyd’s half-time machinery survey and annual boiler survey
were carried out during the year and the reconditioning necessary
proved to be slight, showing that the vessel had been well looked after
and small defects made good as they arose. The survey was com-
pleted at a minimum of cost and at a minimum of loss of sea-going
time.

The motor boat Gammarus has been busily engaged in daily collecting
in and about the Sound, and the sailing boat has been available to
relieve her at short notice when necessary.

The Staff.

Dr. C. M. Yonge has been appointed a temporary Assistant Naturalist
for two years, to carry out a special investigation on the feeding and
the physiology of digestion in the oyster.

No changes have taken place in the permanent scientific staff during
the year.

The Development Commissioners having provided for the training in
marine biology and fishery science at the Laboratory of two Student
Probationers, Mr. H. O. Bull, of Derby, and Mr. R. Palmer, of University
College, Reading, have been selected, and will commence work early in
1926.
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Occupation of Tables.

The following investigators have ‘occupied tables at the Plymouth
Laboratory during the year :— - - )

o i

Dr. I. AMeEMIYA, Tokyo (Ecological Studies of Ostrea).

Pror. P. R. Awari, Bombay (General Zoology).

N. J. BErrirL, Bristol (Thc Effect of Environment on Development
in Tumcates)

J. Berrray, Berkhamsted (General Zoology).

Dr. G. P. BID‘DER ‘Cambridge (The Currents of Lﬂ'antla)

“H. 0. Burt, Derby'(Larval Fishes).

Dnr, H. Granan Canxox, London (C‘ru-sta-'ean T‘mbr\ ology. Feeding
Habits of Crustacea). i 5 S

Pror. R. CHamBErs, New York (Action of T‘lcutfol; tes upon the
Protoplasm of Amaba).

L. R. CrawsHAY, Plymouth (Sponges).

W. C. DE I\VIORGA.\T,'iE’;L\'nlouth (Protozoa)

W. E. Draxe, Bristol (Algm=).

Miss G. H. FavLg~NeR, Aberdeen (Filograna).

M. H. FingeLsTEIN, Bdinburgh (Electrolyte Composition of Blood of
Aplysia).

Pror., Rueeres Gares, Londen (Algae).

Dr. T. Gisuix, Upsala (Animal Communities and Echinoderm
Biology).

Mriss 1. Gorpox, London (Development of Echinoderms).

J. Gray, Cambridge (Ciliary Movement in Ctenophores and Pectens).

Dr. H. P. Hacker, London (Distribution of Mosquito Larva m
relation to the chemical constitution of waters).

L. A. Harvey, London (Cytolozy of the Development of Ciona).

C. C. HI-INTSCH.EL, London (Gregarines and Parasitic Ciliates).

H. R. HewEeR, London,(Colour Change in Fishes).

C. F. HickrixNG, Cambridge (Hake and their Food).

A. D. Hossox, London (Physiology of Aplysia. Artificial Partheno-
genesis).

Mrs. A. D. Hospson, London (Shore Fauna. Artificial Partheno-
genesis).

Dr. L. T. HosseN, Edinburgh, Ray Lankester Investigator (Action
of Ele:trolytes on Invertebrate Contractile Tissues. Circu-
latory System of Crusta-ea).

Dgr. I. Irving, California (Sezretion of Calecium carbonate).

Miss W. L. Jouxsoxn, Birmingham (Larval Ascidians).

S. Joxes, Cardifi (Effect of Eleztrolytes on Rhythmic Pulsation of
Medusa).

A. G. Lowx~bes, Marlborough (General Zoology).

Miss C. Lucas, London (Protozoa).

Miss 8. M. Maxtox, Cambridge (Development of Hemimysis La-
morna).

Pror. W. Mierck, Heligoland (General Zoology).

Miss O. 8. Muxpy, Plymouth (Vertebrate Embryology).

R. ParmER, Reading (Cytology of Gammarus).

F. T. K. PexTtELOow, Cambridge (Myxosporidia).

Dr. H. H. Poorg, Dublin (Penetration of Light in Sea-water).

F. A, Porrs, Cambridge (Exeretion in Capitella capitata).

F. Raw, Bournville (Appendages of Crustacea and Polychasta).

M. L. Ricaarpson, Edinburgh (Cirzulatory System of Crustacea).

-
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T. Howarp Rocers, Birmingham (Structure of Radula of Buceinum).

A. E. A. SareEm, Cambridge (General Zoology).

Dgr. L. G. SAUNDERs, Cambridge (General Zoology).

Dr. E. A. Spaur, London (Cytological Studies of Crustacea).

Dr. Epcar STEDMAN, Edinburgh (Action of parasympathetic drugs
on Dogfish heart).

Dr. axp Mrs. E. STEpMAN, Edinburgh (Respiratory Pigments of
Crustacea. Physical Chemistry of Hemocyanin).

C. C. Brockmax, Cambridge (Respiration of Marine Animals).

Miss M. Vincext, Cambridge (Parasitic Protozoa).

G. P. WeLLs, Cambridge (Growth of Echinoderms).

Pror. W. N. F. Woobpraxp, London (Cestodes from Fishes).

Dr. C. M. YoxGe, Edinburgh (Physiology of Digestion in Mollusca).

The usual Easter Vacation Course in Marine Zoology was conducted
by Dr. J. H. Orton, and was attended by thirty-seven students from
Oxford, Cambridge, London, Birmingham, and Edinburgh. A second
Course conducted by Dr. Orton was held during the Summer Vacation,
attended by eight students.

An Advanced Course in Comparative Physiology and Experimental
Biology, conducted by Mr. C. F. A. Pantin, was also held during the
Summer Vacation and was attended by eleven students.

Dr. E. W. Shann brought a class of ten boys from Oundle School,
Mr. A. G. Lowndes a class of six from Marlborough College and Monkton
Combe School, and Rev. L. D. Sayers brought two boys from Eton
College during the Easter Vacation.

General Work at the Plymouth Laboratory.

Dr. Orton has continued his general studies in Marine Bionomics, and
has completed for publication the report on the Survey of the Fal Oyster
Beds in a form suitable for use by oyster cultivators, oyster dredgermen
and others interested in oyster culture.

Owing to the cost of printing, funds could only be found to print a
Summary of the Report, which was distributed free to dredgermen and
others in the Fal and Truro districts.
~ As a result of the Survey the Fal and Truro oyster committees agreed
with the oyster dredgermen, with the approval of the Ministry of Agri-
culture and Fisheries, to restrict the hours of fishing and raise the ring
from 2} inches to 2§ inches ; but failure to take advantage of the recom-
mendations as to laying cultch has undoubtedly resulted in the loss of
an opportunity, in the favourable weather of 1925, to restore the fishery
from a declining to a recovering condition.

Dr. Orton has himself investigated some of the research problems
recommended in the report mentioned above, and found them of much
scientific and economic interest. In comparing the breeding potential-
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ities of oysters growing shell fast with those growing shell slowly (dumps),
it was found that the former show (1) periodicity in spawning correlated
irregularly with full moon ; (2) almost as intense breeding in September
as in July, correlated with good growth of shell ; (3) absence of storage
of reserve products (as g'ycogen) during growth and breeding.

The probability that rhythmical (and probably lunar) breeding is
regular—that is, occurs in monthly cycles—under favourable conditions
is being further investigated. The intense breeding at the end of the
summer in September is a fact of economic importance, and in favour-
able weather may be taken advantage of, as has been shown by
experiments, to increase the season’s catch of oysters by 33 or even
50 per cent.

Dumpy oysters, it was found, do not breed so regularly as fast-growing
oysters, but are nevertheless good spawners and valuable for purposes
of reproduction. Since these oysters tend to accumulate on the beds and
occur in a large proportion below the legal size, they are a natural safe-
guard against the annihilation of the beds. They form an ever-present
nucleus of a spawning stock ready to take advantage of exceptionally
favourable seasons for spatfall to improve the condition of the fishery.
Dumpy oysters should therefore be preserved carcfully in the present
reduced condition of the beds,

Dumpy oysters, unlike those with fast-growing shells, retain a large
amount of their reserve material (chiefly glycogen) even when they spawn
in summer; hence there can be little doubt that the problem of
fattening is closely concerned with that of growth, as well as breeding
and feeding. The problem of fattening is being investigated on the
broad lines indicated. Winter-fattening, although largely due to a
separate storage of reserve products, is also due in part to the pro-
liferation of the sex-organ. '

Further attempts have been made with cage experiments to procure
2 100 per cent change of sex in oysters, and to fix the age of change of
sex of Crepidula isolated in the sea. Owing to the difficulties in carrying
out these experiments complete success has not yet been attained.
Experiments have also been made on the rate of change of sex of the
oyster, and also data have been accumulated from more than 500 cases.
of sex-change with a view to establishing the normal conditions.

The behaviour of Portuguese and native oysters in certain concentra-
tions of T.N.T. (Trinitotroluene) has been investigated by Dr. Orton in
experiments carried out in the Plymouth Laboratory tanks, and an
account of the results forwarded to the Fisheries Branch of the Ministry
of Agriculture and Fisheries. :

Mr. Ford has worked chiefly on herrings and the herring fisheries.
During the winter season of 1924-25 twenty-four samples each of about
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one hundred fish from commercial landings at Plymouth were examined.
Since then samples from landings at Milford Haven, Padstow, Mevagissey,
Brixham, and Brighton have been obtained, as well as further samples
from the Plymouth area, and collections are still being made. Statistical
data are accumulating on length, age and growth, sexual condition and
number of vertebree. Several important facts can already be stated, as
they have become manifest during the actual collection of the material.
Spawning fish have been present in the Plymouth catches as early as
September 30th (1925), and as late as March 2nd (1924). Throughout
the Plymouth winter season of 1924-25, herrings whose scales exhibited
five summer-growth zones numbered, on average, over 50 per cent per
sample. Fishes of the same sample may differ considerably in their
growth history as indicated by their scales, both in the length at which
the first winter ring was formed, and in the interval growth between
successive rings. The average number of vertebra per sample does not
remain constant, and differences having mathematical significance have
been obtained. It is hoped, therefore, that a complete analysis of the
samples may yield information as to the origin of the different shoals.

During the autumn Mr. Ford obtained some interesting results by pro-
jecting a bright beam of light downwards on to the surface of the water
inside the Breakwater at night. A trawler deck light was suspended over
the side of the motor boat Gammarus, and fed with acetylene. A sur-
prising quantity of animal life was collected in a short while, some
organisms being definitely attracted, while others could be seen making
their way across the illum'rated area, but may n-t have been definitely
interested in the light. Young sprats and pilchards up to * britt ™ size
were captured, and it will therefore be of interest to learn whether young
herrings can be attracted by light in a similer way. Adult pollack were
taken in quantity by hook and line used in the illuminated area. Absence
of wind is neccssary for the satisfactory collection of small organisms
under these conditions, for a puif of wind will at once sweep away an
assemblage of them which has gathered below the light.

Dr. M. Lebour has continued her investigations on the Kuphausiidae
of the Plymouth district, and, helped by material procured by Mr. C. F.
Hickling from the Atlantie, has completed the life history of both Nyefi-
phanes Couchii and Meganyctiphanes norvegica, the accounts being
published in the Association’s Journal in October, 1925. She has sub-
mitted the specimens of Thysanoessa to Dr. Hansen of Copenhagen, who
pronounces them all to be T. inermis. An account of the life history of
this species (containing both the forms inermis and negleeta) is now ready
for the press, thus completeing the Euphausiid fauna of the English
Channel. She has also examined plankton hauls regularly and continued
the investigation of the food of adult herrings.
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Dr. Lebour’s book, entitled The Dinoflagellates of Northern Seas, was
published by the Association in October, 1925, and is on sale at the price
of 12s. 6d. A small paper has also been published by Dr. Lebour on the
eggs and first larval stage of Typton spongicola, which were hatched in
a plunger jar. The first larval stage of the crab Bathynectes longipes was
also hatched in a plunger jar.

A further paper by the same naturalist on the young of Stylocheiron
Suhmii and S. abbreviatum, from plankton collected by Mr. F. S. Russell
in the neighbourhood of Alexandria, Egypt, is being published in the
Proceedings of the Zoological Society.

The usual hydrographic stations have been worked in the Salpa by
Mr. H. W. Harvey. The data are sent to the International Council for
publication and to the French Fishery Department. The monthly record
since 1921 of conditions 10 miles south-west of the Eddystone rocks has
thrown light on the part played by meteorological conditions, particularly
by evaporation and by currents on the temperature of the sea, which
shows marked variations from year to year. It is of interest that during
the last four herring seasons at Plymouth the highest weight of herrings
per landing has occurred each year during that month when the sea
temperature has approached most nearly to 10°-11°C.

A method for estimating nifrates in sea-water has been worked out by
Mr. Harvey, who finds that diatoms, ete., had utilised all, or practically
all, the nitrate in the water 10 miles south-west of the Eddystone by
the beginning of August, after which a regeneration of nitrate occurred,
commencing in the deeper water. Bacterial action, causing the formation
of nitrates from added ammonium salts, was found to take place in
samples of the deeper water in August, and in surface water to which
a little detritus had been added, but not in surface water alone.

A number of samples of surface water from the Atlantie, distant from
land, were found to be almost denuded of nitrate, while the deep water
was particularly rich. In deep water oif the west coast of Ireland and
in the Faeroe-Shetland Channel in early summer, where mixing of the
surface with deeper water is probable, the surface layers were relatively
rich in nitrate, and, in the former position, were notably rich in plankton.

Mr. F. S. Russell has again been investigating the vertical distribution
of the pelagic stages of young fishes. From April to August he worked
a number of stations, fishing at five or six depths at each, with the ring
trawl; in every case the Admiralty depth recorder was used. Indica-
tions shown last year that certain species may have a specific vertical
distribution in the daytime would seem to be confirmed by this year’s
work. Attached to the ring trawl was a small silk tow-net, so that it is
hoped to compare the vertical distribution of the copepods that compose
the food of young fishes with that of the fishes taken from the same body
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of water. Mr. Russell has sampled or counted all the plankton organisms
taken in these hauls with the ring trawl and hopes shortly to publish a
paper on the vertical distribution of macro-plankton in daylight. From
June 16th to June 19th he again carried out a series of hauls in order
to obszrve diurnal variations in vertical distribution. On this occasion
he succeeded in carrying his observations through #wo nights, so that the
second night may act to a certain extent as a ““ control 7 on the first.
At this time there was no moon, and it is interesting to find that certain
animals rose higher in the water at night than they did on the previous
oceasion in July, 1924, when there was a full moon.

Mr. O. D. Hunt is continuing an investigation of thé micro-fauna and
micro-flora of the bottom deposits. No attempt is at present being made
to deal with the bacteria and smaller protozoa, but attention is being
confined to larger forms, ranging in size from the smallest diatoms to the
largest copepods and foraminifera.

The difficulty experienced at first from the fact that the finer particles
and smaller organisms were in part washed away during the process of
obtaining bottom samples, which interfered with any quantitative study,
has at length been overcome by the construction of a new bottom-sampling
mechanism by means of which samples can be obtained with little such
loss. This apparatus, a description of which will be published at an early
date in the Journal, depends for its working upon the increase of pressure
which occurs as the depth of water increases.

Stations have been chosen for investigation on a line extending from
Whitsand Bay (4-5 fathoms) to the Eddystone (30 fathoms), comprising
a wide rage of types of deposit, from fine mud to shell gravel. Com-
parisons between the fauna and flora of these different types and the
seasonal variations of each are being worked out. The quantitative data
so far available are insufficient to allow of any generalisations, except
that certain kinds of organisms, such as foraminifera, bottom-living
diatoms, ostracods and bottom-living copepods, small gastropods, free-
living nematodes, efc., are outstanding in abundance and oceur in such
numbers that a quantitative study of their distribution and its seasonal
variations is obviously of importance. Numbers of the young stages of
the larger benthic animals are met with, and it is hoped that the investi-
gations will throw some light on the distribution of these also.

Mrs. Sexton’s experiments on heredity in the eye colour of Ganuarus
chevreuxi have been continued and considerable progress has been made.
Several new mutations aifecting the body as well as the eye colour have
appeared since those mentioned last year. The stock in which these
changes have occurred has become much more healthy and the broods
larger than they were when the mutation first appeared. This is a great
help in studying the different problems presented by the experiments,
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and it is hoped that it will soon be possible to publish some .account
of the work. Miss A, R. Clark has again given valuable help in this
research. '

A thorough study of the feeding processes and the phvgwlogy of
digestion in the oyster is being carried out by Dr. C. M. Yonge. The
anatomy and histology of the alimentary tract and of the mantle, gills,
and palps have been investigated, and the direction of the ciliary currents
has been worked out. The selective mechanisms on the mantle, gills, and
on the palps especially, is very highly developed and only very fine par-
ticles find their way into the stomach. The sorting mechanism in the
stomach is not so well developed as in Lamellibranchs which take in
sand grains and other large particles. The feeding processes of the larvae
and spat were studied by Dr. Yonge during a visit to the Fisheries
Experimental Station at Conway ; the crystalline style was observed in
rapid revolution in both larvee and spat. Oysters have been experiment-
ally fed with iron solution, fat stained with nile blue sulphate, and with
blood corpuscles from dogfish. Fine particles and soluble substances are
absorbed by the cells of the digestive gland, and large particles are
ingested by phagocytes which are everywhere present in the wall of the
gut and pass freely into the lumen. The stomach is the most acid region
of the gut owing to the dissolution within it of the head of the style.
The digestive gland contains enzymes which can digest a wide range of
carhohydrates, but there is no evidence that cellulose, pectin, or pen-
tosans can be digested ; there is also a weak protease and a weak lipase.
The style contains amylase (which is inactivated in the absence of certain
salts), glycogenase, and an oxidase.

Department of General Physiology.

During the year Dr. Atkins has continued his work on the phosphate
content of sea-water, and the seasonal changes were traced through a
third year. At Station E 1 the total consumption of phosphate was
somewhat greater than in the previous years, the minimum being late
in August. Further determinations have been made upon the phosphate
content of water from the depths, down to 3100 metres (1800 fathoms),
and the result already reported, that the deep water acts as a reservoir
of phosphate, has been substantiated. The samples necessary for such
work were obtained through the courtesy of Dr. Stanley Kemp, of the
R.R.8. Discovery, also of the Scottish and Irish Fishery Boards. Work
on the seasonal variations on the silica content of sea-water has also
been continued. In conjunction with Mr. Pantin a new buffer mixture
for the alkaline range was prepared and standardised by the hydrogen
electrode,
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Dr. H. H. Poole continued his work, in conjunction with Dr. Atkins,
on the photo-electric measurement of the penetration of light into sea-
water. This was carried out at the Cawsand Bay (Pier Cellars) Station
and on the Salpa, on which it proved feasible to work as long as it was
mechanically possible to lower the gear, the apparatus being lashed down.
The apparatus was also used in comparing the light intensity inside
and outside the wood at Cawsand. In the sea both intensity and wave-
length alter; in the wood variation in intensity is the main factor
concerned.

Experiments on the preservation of hemp, cotton, and silk nets by
the use of a mixed copper soap dissolved in petrol or in benzol were con-
tinued. All tow-nets now issued are so treated, and the large nets for
the R.R.S. Discovery were also treated. Mr. H. W. Harvey’s suggestion
that resin should be added to improve the adherence of the soap mixture
to the fibre has proved very valuable, but even without resin a piece of
hemp net has remained sound after fifteen months in water. This piece
was treated in September, 1924, and again in July, 1925. Single threads
cannot be broken by hand.

The action of ions on amaboid movement has been studied by Mr.
C. F. A. Pantin by an accurate quantitative method. In general the
results most nearly resemble those obtained from rhythmically contractile
mechanisms (e.g. heart, cilia, etc.). There are, however, significant
differences which may shed considerable light on the general nature of
the action of ions on the cell-membrane. The conclusions are extensive
and cannot be briefly summarised : they will appear shortly in two
papers in the British Journal of Experimental Biology.

Experiments were conducted by Mr. Pantin, in collaboration with
Prof. R. Chambers, Cornell University, U.S.A., to determine the action
of ions on the nuclear membrane. On micro-dissecting out the nucleus
of a marine ameeba into solutions of different ions, it appears that solu-
tions of potassium chloride with a small amount of calcium are most
effective in maintaining the nuclear membrane normal. Definite con-
clusions cannot be reached without further experiment by the same
method. It is hoped to do this next summer.

A simple accurate method of determining the dissociation curve of
heemocyanin has been worked out by Mr. Pantin in collaboration with
Prof. L. T. Hogben. It is suitable for class work. The dissociation curve
of heemocyanin, and the effects of temperature, hydrogen ion concentra-
tion and salts, resemble those of haemoglobin. A continuation of the
work by Dr. Hogben will appear shortly.

Mr. Pantin has also studied the quantitative estimation of copper by
the Guaiacum method. The reaction is enormously affected by the
hydrogen ion, and also modified by salts. Provided the solution to be
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tested is accurately buffered, and due allowance is made for the salt
content, this method is suitable for the micro-estimation of copper in

artificial sea-water : 107" parts of copper can be detected under optimal
conditions.

Published Memoirs.

The following papers, the outcome of work done at the Laboratory,
have been published elsewhere than in the Journal of the Association :—

ArLLeN, K. J.  Lifein the Sea. Phases of Modern Science, pp. 124-127,
Royal Society, 1925,

Amemiva, 1. Hermaphroditism in the Portuguese Oyster. °* Nature,”
Vol. CXVI, 1925, p. 608.

Arrins, W. R. G. The Ocean regarded as a Pasture. Marine Observer,
Vol. 11, 1925, pp. 162-164. \

Arkins, W, R. G. The Preservation of Fishing-nets, Mosquito-nets,
and Tent Fabrics. ** Nature,” Vol. CXV, 1925, pp. 761-762.

Arring, W. R. G, anp Harvey, H. W.  The Variation with Depth of
Certain Salts utilised in Plant Growth in the Sea. ** Nature,”
Vol. CXVT, 1925, p. 784.

Crorrs, D. R. The Comparative Morphology of the Caecal Gland
(Rectal Gland) of Selachian Fishes, with some reference to the
Morphology and Physiology of the similar Intestinal Appendage
throughout Ichthyopsida and Sauropsida. Proe. Zool, Soe., 1925,
pp. 101-188,

Duxskervy, J. 8. The Development and Relationships of the Myxo-
sporidia. Quart. Journ. Micr. Sci., Vol. LXIX, 1925, pp. 185-
216.

Evrus, A. E. Land Mollusca on the Mewstone. Journ. Conch., Vol.
XVII, 1924, pp. 187-188.

Guryey, R. The Larval Development of some British Prawns (Palce-
monidee), I1. Leander longirostris and Leander squilla. Froc.
Zool. Soc., 1924, pp. 961-982.

Harincrox, C. R.  Report on Examination of Raft and Test Pieces at
Plymouth, November, 1923. Remarks cn Dr. Haringten’s Report,
dated November, 1923, relating to his recent wvisit to Plymouth.
Fifth (Interim) Report of the Committee of the Institute of Civil
Engineers, 1925, pp. 13-17.

Harvey, H. W. Hydrography of the English Channel. Conseil Perm.
Int, Explor. Mer. Rapp. et Proec. Verb., Vol. XXXVII, 1925,
pp- 59-89.

Hentscnrr, C. C. Notes on Hophtophrya (Anoplophyra) brasili (Léger
and Duboscq), an Intestinal Ciliate of the Polychete Worm Cirr-
atulus. Parasitology, Vol. XVII, 1925, pp. 217-220.

Hoceex, L. T. Studies on the Comparative Physiology of Contractile
Tissues, 1. The Action of Electrolytes on Invertebrate Muscle.
Quart. Journ. Exp. Physiol., Vol. XV, 1925, pp. 263-312.

Lesour, M. V. The Dinoflagellates of Northern Seas. Plymouth,
1925. Price, 12s. 6d.

Lepour, M. V. The Food Chains in the Sea. Trans, Plymo. Inst.,
Vol. XVII, 1922-1924 (1925), pp. 29-35.

Macponarp, A. D. Action of Adrenalin on the Perfused Fish Heart.
Quart. Journ. Exp. Physiol., Vol. XV, 1925, pp. 69-80.
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Newrn, H. G. The Early Developmment of Astropecten irreqularis, with
Remarks on Duplicity in Echinoderm Larve, Quart. Journ. Micr.
Sei., Vol, LXIX, 1925, pp. 519-554.

Orton, J. H. Summary of a Report on a Survey of the Oyster Beds in
the Fal Estuary, in November, 1924, with Notes on the Biology of the
Oyster. Falmouth, 1925,

Orton, J. H. On the Efficiency of the Petersen Grab,  Nature,”
Vol. CXV, 1925, p. 156.

Orrox, .J. H. Possible Effects on Marine Organisms of Qils Discharged
at Seza. ** Nature,” Vol. CXV, 1925, pp. 910-911.

Orron, J. H. The Conditions for Calcareous Metabolism in Oysters
and other Marine Animals. ** Nature,”” Vol. CXVI, 1925, p. 13.

Orrox, J, H. The Production of Qysters (0. edulis) on English Beds in
Relation to New Observations on Breeding Phenomena. *° Nature,”
Vol. CXVI, 1925, pp. 673-674. .

Paryer, R, The Chromaosome Complex of Gammarus chevreuai Sexton.
** Nature,” Vol. CXVI, 1925, p. 785.

Paxtiv, C. F. A., axp Rocers, T. H. An Amphoteric Substance in
the Radula of the Whelk (Buccinum undatum). ‘‘ Nature,”” Vol.
CXV, 1925, pp. 639-640.

Poore, H. H. On the Photo-electric Measurement of Submarine Illhim-
ination. Scient. Proe. R. Dublin Soc., Vol. XVIII, 1925, pp.
99-115.

Russerr, F. 8. Depth-recording with Plankton-nets. ** Nature,”
Vol. CXV, 1925, pp. 603-604,

STEDMAN, ELLEN, AND STEDMAN, Epcar. Hemocyanin, Part 1.
The Dissociation Curves of the Oxyhwmocyanin in the Bload of
some Decapod Crustacea. Biochem. Journ., Vol. XIX, 1925,
pp. 544-551.

The Library.

The thanks of the Association are again due to numerous Foreign
Government Departments, and to Universities and other Institutions at
home and abroad for copies of books and current numbers of periodicals
presented to the Library. Thanks are due also to those authors who have
sent reprints of their papers to the Library.

Finance.

The special thanks of the Association are due to the various donors
to the Building Fund, who have made possible the erection of the new
laboratories. TFor this purpose the sum of £3,610 17s. 6d. has been
subscribed. Thanks are also due for the grants for the maintenance of
the Laboratory which have been so generously made by the Fish-
mongers’ Company (£600 and £150 advance for next year), the Ray
Lankester Trustees (£20), the British Association (£20), and the Univer-
s ties of Oxford, Cambridge, London, Bristol, Birmingham, and Leeds.
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Vice-Presidents, Officers, and Council.

The following is the list of gentlemen proposed by the Council for
election for the year 1925-26 :—

President,
Sir E. Ray Lawkesrer, K.C.B.,, LL.D,, F.R.5.

Vice-Presidents.
The Duke of BEprorp, K.G. | 8ir W. B. Harpoy, F.R.S,
The Earl of StraperogE, C.V.0,, C.B. | The Richt Hon. Sir ARTHUR STEEL-
The Earl of Barrour, K.G., F.R.S. | MArTLAND. Bart. M.P
Viscount AsTOR. ' A XD, bart., M.E,
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List of Annual Subscriptions

Paid during the Year, 1st April, 1925, to 31st March, 1926.

Dr. W, M. Aders

E. J. Allen, Esq., D.SC., F.R.S.

G. L. Alward, Esa.

Dr. Tkusaku Amemiya i

Prof. J. H. Ashworth, p.sc., F.R.5.
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H. Graham Cannon, Esq., n.se. .
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Dr. E. L. Fox 3

H. Munro Fox, Esq. (1924 and 1925)

Miss E. A. Fraser, n.sc. .

Prof. F. W. Gamble, n.sc., F.R.5.

8. G. Gibbons, Esq.

Prof. E. S. Goodrich, F.R.8.
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W. 8. Millard, Esq. .
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C. C. Morley, Esq.
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G. W. Paget, Esq.
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F.T. K. Pentelow, Esq. . .
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J. T. Saunders, Esq.
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Miss Lilian Sheldon y ]
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A. C. Stephen, Esq. ;
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E. J. Tabor, Esq.
H. E. Tabor, Esq.
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Sir Herbert Thompson, Bart.
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List of Donations to the Building Extension Fund

For the Year 1st April, 1925, to 31st March, 1926,

International Education Board

The Worshipful Company of Fishmongers (Sutond donatlon} ,

The Royal Society

The Institution of Civil hnumeers
Magdalen College, Oxford

Dr. G. P. Bidder

George Evans, Bisq. .

E. J. Allen, Esq., n.sc., F.R.8.

W. T. Brand, Esq. (Second donation)
R. H. Burne, Esq., m.A.

Pawlyn Brothers .
Birmingham University Zoology Club
Prof. W. Bateson, F.R.S. (the late)
Stuarts and Jacks, Ltd.

Prof. J. Bayley Butler .

J. T. Cunningham, Esq.

T. A. Pawlyn, Esq.

For the Year commencing April 1st, 1926,

Miss M. V., Lebour, v.sc. (Second donation)

C. F. Hickling, Esq.

Year 1924-25 , . .
Year 1925-26 . " .
Year commencing 1st April, 1926
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250
100
100

25
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£1,787 5 0

£ s d.
515 -0
2 2 0
£7 17 0
. 1,823 12 6
LL787 5 0
717 0

£3,618 14 6




THE MARINE BIOLOGICAL ASSOCIATION
Br. Statement of Receipts and Payments for the

GENERAL
To Balance from 31st March, 1925 :— £ s d. £ s d
Cash in hand.. e 37 5 2
Cash at BAIK  wovosoooeoo e 490 9 5 527 14 7
,, Grants :—
Ministry of Agriculture and Fisheries Grant from
Development Fund .........coceeees N I—— 10,100 0 0
Fishmongers’ Company .. . 750 0 0
British Association ... 20 0 0 10,870 0 ©
y» Subscriptions ........,...... 158 9 0
,, Composition Fee.. 15153 0
- BonaHonA ~ s s i e 3 3 0
., Sale of Specimens (less Purchases) ... s 915 18 &
5 s Fislt (lege Koxpenses). ciiiiiiiseiiiassiGaamsio 37 13 7
.+ Nets, Gear, and Hydrographical Apparatus ...... 870 12 8
5 | Table Rent (mcludm" Cambridge University, £52 10s. ;
Trustees of the Ra.y Lankester Fund, £20; Bmmnu
ham University, £1010s, ; London Unnersn.\ &50
Bristol University, £25) Covanaes 278 14 0
+i Tank Roomi Receipts: ..ol siinainnniilininmniinia 369 15 8
,» Interest on Investments :—
47 Wak Stonk ....csundiansanniinisiaanaiss 3 2 8
4% New Zealand Stock .. 13 210
Deposit Account ....vvvmeiiiiiinisniiniiiiininii, - 4202 20 7 8
45 Bovalties on Filma:...oicnnmisivimvasssaisniss s 1 0 4
£14,069 31
The Association’s Bankers hold on its behalf:— -
£410 14s, 8d. 4% New Zealand Stock, 1943-63.
£78 9s, 4d. 4%, War Loan, 1929-42,
£51 War Savings Certificates.
" : BU ILIJI\'G
£ 4. ['
-To Balance at Bank 31st March, 1925 ...........ocoevivievnnnns 1,825 14 7
,» Donations 5 L1787 500
,y Interest on Bmldmn' Fuud Deposﬂ; 68 6 4
£3,681 5 11
OYSTER NUTRITION
25 d.
To Grant from Developnient Fund ...ocvviivins coniiiniinnnn, 365 0 0
,s Lransfer from Genera] Fund..a..icovemecsceioiioicicasasenses o . 110 3
£366 10 3
PUDLICATION OF DR.
£ s .,
To Balance at Bank 81st March, 1925 ....coovvviiiinieiinninnnn, 75 0 0
. Grant from Development Fund 150 0 0
yic SBIEOE V300K courinsnnassavismvainsnnsnamusismsiammasssissninis §1 19 0
£306 19 0



OF THE UNITED KINGDODM.

Year 1st April, 1925, to 31st March, 1926,

FUND.
By Salaries :—

Birector: sunianinanannisnannannans

Physiologist ..

Naturalists .....

Hydrographer
Laboratory Wages (mcludmg Natlonal In%ulance}
Annual Upkeep of Library . SRR

,» Scientific Publications :—
Journal, Vol, XIII, No. 4, and Vol. XIV, No. 1
Less Sales .........

Buildings and Machinery .
Electricity, Gas, Coal, and \\ ater

Chemicals and Appa.lu.lus ..............
Rates, Taxes, and Insurance ..

Travelling ..
i Chal]engel Socletw Meetnw%
Stationery, Postages, Teleplone, Calrla"e, “and
Sundries..
,, Annual Iﬂ.‘lllltell&llce a.ml Huc of Boats —

Wages (including Diet Allowance, National In-
surance, and Casual Labour) ......coooiiiiiniiiininn.

Coal and W ater..

Maintenance and chaus “with Nets, Gear, and

Apparatus ..
Boat Hire and l'_,oll:,ctmg L\pedltmm -
Insurance ......... e inn

Interest on Bank Loans
.» Transfer to Oyster Nutrition Resea:ch Grant ..
,. Dbalance :—

Casli in hand

Cashab Bank: o i i ns iniinniay

FUND.

Ii} Expenditure on Building and qull pment..
, Balance, Cash at Bank .......

Note.— Further llabllltlv-\ an tho Blu]c!m 4 1 und to the amount ot £1 JC{J

have been incurred,

RESEARCH GRANT.

By Salary and EXPemseA ..ovemsirensinsreseisrsankonsseisnesnsessannsavan srrmbrafonsnnis

M. V. LEBOUR’S BOOK.
By Printing and Publication ............

s, Ballanos, Cash st BRAK. sttt sos b o vt mstiass

Annnal Upkeep of La.boratones s.nd Tank Rooms I

Or.
£ = d £ s od.
1,012 10 0
910 0 0

2,08 3 5
518 6 8 5426 0 1

==

1,622 1
384 13
500 13 10
77 8 6 423 5 4
245 4 8
319 0 1
527 18 4
124 910
100 &8 8
41 19 10

385 18 3 1,744 19 8

[ =]

1 518 14 o
58 4 3
1,295 6 4
9.15- 4
340 7 7 8,742 8
12 8
110
87 15 8
3 711 18 9

£14,069 3 11

£
92,342

d.
3
1,333 16 8

o

£3,681 5 11

£ 5 o,

366 10 3

£366 10 3

£ s d.

268 8 5

..................... 38 10 7
T£306 19 0

- Examined and found correct,
(Signed) N. E. WATERHOUSE.

8 Frederick's Plaee,
0ld Jewry, London, E.C. 2.

2Tt Aprid, 1926,

L. D, NicHOL=ON,
P, CHALMERS MITCHELL.
J. O, BorLEY.
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OoOBIECTS

OF THE

Marine Biological Essociation

OF THE UNITED KINGDOM.

HE ASSOCIATION was founded at a Meeting called for the purpose in March, 1884,

and held in the Rooms of the Royal Society of London.

The late Professor HUXLEY, at that time President of the Royal Society, took the chair,
and amongst the speakers in support of the project were the late Duke of Arcyrr, the
late Sir LyoN Pravrarg, the late Lord AvEBURY, the late Sir JosepH HookER, the late Dr.
CARPENTER, the late Dr. GONTHER, the late Lord Davnous:g, the late Professor MoseLEY,
the late Mr. RoMaxEs, and Sir E. RAY LANKESTER,

The Association owes its existence and its present satisfactory condition to a combina-
tion of scientific naturalists, and of gentlemen who, from philanthropie or practical reasons,
are specially interested in the great sea fisheries of the United Kingdom. It is universally
admitted that our knowledge of the habits and conditions of life of sea fishes is very small,
and insuflicient to enable either the practical fisherman or the Legislature to take measures
caleulated to ensure to the country the greatest return from the “‘harvest of the sea.”
Naturalists are, on the other hand, anxious to push further our knowledge of marine life
and its conditions. Hence the Association has erected at Plymouth a thoroughly efficient
Laboratory, where naturalists may study the history of marine animals and plants in general,
and where researches on food-fishes and molluses may be carried out with the best
appliances.

The Laboratory and its fittings were completed in June, 1888, at a cost of some £12,000,
and from that time until 1026 a sum of over £6,500 has been spent on additional buildings.
Throughout this period investigations, practical and scientific, have been constantly pursued
at Plymouth. Practical investigations upon matters connected with sea-fishing are carried on
under the direction of the Council ; in addition, naturalists from England and from abroad
have come to the Laboratory, to carry on their own independent researches, and have made
valuable additions to zoological and botanical science, at the expense of a small rent for the
use of a working table in the Laboratory and other appliances. The number-of naturalists
who can be employed by the Association in special investigations on fishery questions, and
definitely retained for the purpose of carrying on those researches throughout the year,
must depend on the funds subseribed by private individuals and public bodies for the
purpose. The first charges on the revenue of the Association are the working of the sea-
water circulation in the tanks, stocking the tanks with fish and feeding the latter, the
payment of servants and fishermen, the maintenance of a research steamer and other
collecting boats, and the salaries of the Resident Director and Staff. At the commencement
of this number will be found the names of the gentlemen on the Staff.

The purpose of the Association is to aid at the same time both science and industry. It
is national in character and constitution, and its affairs are conducted by a representative
Council, by an Honorary Secretary and an Henorary Treasurer, without any charge upon
its funds, so that the whole of the subscriptions and donations received are devoted
absolutely to the support of the Laboratory and the prosecution of researches by aid of
its appliances. The reader is referred to page 4 of the Cover for information as to
membership of the Association.
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With 8 Figures in the Text . 4
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With 2 Figures in the Text . = -
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Parr III. By W. R. G. Atgixs. With 5 Figures in the Text

Ox Lumbricillus Scoticus n.sp. By RicHarD ELMHIRST and J. STEPHENs0N. With 3 Figures

in the Text . . . . . . . . . ' .
THE MoULTING STAGES OF THE PEA CRAB (Pinnotheres pisum). By D. Atgins, W.¢1 Plates
I-V and 4 Figures in the Text . 5

A New Tyee or LumiNescence I¥ Fisggs. II. By C. F. Hickuiva. With 2 Figures in
theText . . . . . 3

ApvorMaL VERTEBRE IN Hermivas. By E. Forp and H. O, BuirL. With 3 Figures in
the Text . . . . .

A GENERAL SURVEY OF LARvar EUPHAUSIIDS, WITH A SCHEME FOR THEIR [DENTIFICATION,
By M. V. Lesour. With 1 Figure in the Text .

A New METHOD FOR QUANTITATIVE SAMPLING OF THE SEA-BorToM. By O. D. Hunt, With
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The Council of the Marine Biological Association wish it to be understood that
they do not accept responsibility for statements published in this Journal except-
ing when those statements are contained in an official report of the Counecil.
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Members of the Association have the following rights and privileges : they elect
annually the Officers and Council ; they receive the Journal of the Association free
by post ; they are admitted to view the Laboratory at Plymouth, and may introduce
friends with them ; they have the first claim to rent a place in the Laboratory for
research, with use of tanks, boats, &c.; and have access to the books in the Library
at Plymouth.

All correspondence should be addressed to the Director, The Laboratory,
Plymouth. ¢





