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PART III. ON THE FATE OF UNSPAWNED OVA.

Ax analysis of the quantity and distribution of unspawned eggs in the
gonad of O. edulis recorded in Table IV, 1, 1927 (of oysters with young)
and Table IX, 1, 1927 (of post-spawned oysters), gives useful information
regarding the occurrence and fate of ungpawned ova as may be seen from
the figures given in Table A.

TABLE A.

No. of Gonad of parent.
Developmental O. edulis Totals with
stage™ of embryos or in each  with few with o unspawned
larvee found in mantle period. relict ova.  relict ova. ova.
Group. cavity. no. % mno. 9%  no. o4
1. Embryos (A+ B+ () 205 122 60 46 226 168 §2-5
2. Ciliated and cs.rly shell stagcs
(D+E) . 241 113 47 28 213 141 683
3. Coloured larve with bwa.hfe
shell{F) . e "o w986 54 21 8 81 62 241
Totals . . 702 289 82 371
Table IX loc. eit.
4. Postsickt (Gtod) . . . 444 13 29 11 25 24 54

These figures show an important sequence correlated with the lapse of
time after spawning; thus few unspent ova occur in 609; and many
unspent in 22-59, of individuals in Group 1, which have recently spawned
(A+B+C), as is attested by the occurrence of only embryos in the
mantle cavity. Many of these oysters spawned after the act of dredging,
and may be considered to have spawned prematurely. Such individuals
were doubtless on the point of spawning and some might have spawned
if they had been left undisturbed, but it is probable that in a fair propor-
tion spawning was precipitated by the act of dredging and the retention
afterwards out of water.

* See I, p. 983, for definition of these stages.
+ Individuals carrying embryos or larvae are designated *sick ™ by oyster-cultivators.
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Those individuals (D-+4E) which were carrying ciliated or partially
shelled larvee (aged 3 to 4 days) had clearly spawned naturally on the beds
before being dredged. Nevertheless 479, of them showed a few unspawned
ova, and 21-39, many. Oysters with coloured and fully shelled larvze (F),
however, show only 219( with few and only 3-19; with many relict ova.
After extruding their larve a total of 444 oysters (G to J) showed only
2-99, with few ova with the addition of only 2-59/, with many unspent ova.

The decreasing percentages of unspawned ova in the parents correlated

Fic. 1.—Photo of visceral mass of 0, edulis
living showing one large and several
small patches of unspawned ova. The
large patchisin the centre of the visceral
mass. X ca. 2. (Photo by A, J. Smith.)

with (a) the increasing age of their larvee and (b) the post-sick phase,
clearly show that it is normal for unspent eggs to be voided from the gonad
after the main act of egg-spawning. The sudden drop in the percentage
between Group 2 (D +E) and Group 3 (F) is critical, since all the individuals
in these groups spawned naturally on the beds ; it indicates that the void-
ing of unspawned ova is effected largely at the time the parent is carrying
well-developed larvee. This process is continued after the larvae are
extruded, but appears to be still incomplete in 549, of which 2-99/ are
negligible. The residual 2-59, of cases with numerous unspawned ova
among post-sick phases are noteworthy.

Confirmatory evidence of the extrusion of relict ova after spawning has
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been obtained in seasonal studies of oyster populations, but information
so obtained is less easy to present and is perhaps less satisfactory
than such convincing figures deduced from data already published—as
are given above.

The different percentages obtained for Groups 1 and 2 in Table A are
in part a measure of the differences resulting from premature and natural
spawning, but since relict ova are shown to be extruded in bulk when the
embryos are only a few days older (in Group 3) it is possible that this pro-
cess may begin soon after the spawning act. In Table IV, loc. cit., 12
instances are recorded of the occurrence of numerous to 709, unseg-
mented eggs occurring along with embryos in the mantle cavity, and many
similar instances are recorded in 2, 1927. It is probable that in these
spawning individuals extrusion of unfertilised ova may have occurred
after the main spawning act. In some cases fertilisation had occurred,
so that larvee of different ages were found together in one oyster. These
facts already published confirm the deduction from Table A that relict
ova may be voided from the gonad soon, i.e. within a few days, after the
main spawning act.

In the event of relict ova remaining in patches in the gonad (see
Fig. 1) the body of the oyster often presents an appearance to the naked
eye designated as “curdley.” It would appear that degeneration with
absorption of these eggs usually and possibly always occurs.

Microscopic sections of a number of different types have confirmed
observations on fresh material that degeneration usually occurs, but
extensive exploration of preserved types is required to learn what happens
in all circumstances.

In examining fresh smears of the gonad of oysters at the beginning of
the breeding season when eggs are developing rapidly, the possible
oceurrence of new or old (i.e. last season’s) relict ova is a disconcerting
factor, and great care is needed in assessing the effective sexual condition
of the material examined. There can be little doubt that mistakes have
been made in this respect by both experienced and inexperienced
workers.

The proportion of females found incompletely spawned while carrying
young varies in different seasons, and is probably usually slightly higher at
the beginning of the breeding season on most grounds. In Table IV, 1,
there are incompletely spent 659, (163) in June ; 57-59, (256) in July ;
459, (182) in August; 4859, (95) in September ; and 16-79%, (12) in
October. The numbers in brackets give the total examined each month,
and the monthly grouping gives a close approximation to the course of
the spawning season on the different beds whence material was obtained.

Abnormal incomplete spawning was found on the Fal Estuary beds
in 1927 and is discussed in 2, pp. 403-4.
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SUMMARY.

An analysis is made of the records of unspent ova in the gonad of
1146 oysters (O. edulis) with—or recently with—young. High percen-
tages of gonads with relict ova occur within a few days from spawning,
much smaller percentages a few days later and still smaller ones one to two
months after spawning. It is inferred that unspent ova are normally
and mostly extruded from the gonad within a few days after spawning ;
confirmatory evidence for this view is adduced from published observa-
tions. It was found that masses of relict ova may be retained in the gonad
for a longer period in about 2:59, of recently spawned females. It is
pointed out that if these residual ova were fertilised upon extrusion they
would give rise to a successful but spurious second spawning.

REFERENCES.
1. Orrox, J. H. Journ. Mar. Biol. Assoc., N.S., Vol. XIV, p. 967, 1927.
2. do. Nature, Vol. 120, p. 403, 1927.

PART IV. ON THE CHANGE FROM MALE TO FEMALE.

Review or Earrier Work.

SINCE the year 1920 the writer has been accumulating evidence on the
problem of sex-change in the European oyster, O. edulis. In 1927 (1)
the relevant literature on the subject was reviewed and an outline given
of the observations and experiments being made with a view to obtaining
critical information regarding sex-changes (1, p. 969). The first part of
the projected programme consisted in the examination of the gonad of
more than 1000 individuals at various periods after the extrusion of ova
from the gonad. This part of the programme was accomplished by
laboratory and field observations and by isolating proved and spawning
females in tanks and in cages in the sea. The results of this work were
published in 1927 (1), wherein it was demonstrated :—

(1) that among 702 individuals carrying young 97-:39, were found in
some phase of developing maleness ;

(2) that development of sperm-morule begins normally in the gonad
of oysters within a few hours after the act of egg-extrusion ;

(3) that this development normally accelerates in the course of a few
days, so that by the time the oyster is carrying black-coloured
larvee the gonad contains ripe sperm-morule (in many such
individuals the gonoducts are also full of ripe sperm-morulee ready
to be discharged, see 2, Fig. 1, p. 316.) ;
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(4) that this phase of sperm-development attains a peak within one to
two months after the act of egg-spawning and then wanes, if
spawning has occurred early in a normal season on a productive type
of oyster bed, e.g. West Mersea, River Blackwater, Essex ; or Upper
Fal Estuary; or Whitstable beds, Thames Estuary. The prob-
ability was discussed that this phase of sperm-development may
be slowed down or arrested in the autumn and winter in individuals
spawning as females late in the breeding season (see 3, Table VI,
category 21), and be completed in the following spring and early
summer. Evidence on this aspect has since been accumulated and
is presented in this paper.

(5) that a variety of intersexes (or mixed sexes) occurs, some of which
can be recognised by naked-eye inspection.

In 1928 the breeding period of the oyster was discussed (3) in a general
way in relation to spring and autumn periods of shell-growth (increase in
shell area). In that paper (p. 399 and Table VI) is given an analysis of
the sex-condition in October and November 1927 of some 1800 oysters
from the beds in the Upper Fal Estuary. Thirty categories of individuals
in different sexual or physiological conditions are recognised. A study
in the seasonal variation of these categories during 1926 and 1927 has
been made and will be discussed later in its bearing on sex-change in the
population. In 1931 figures were published (2) of the gonad of the oyster
at successive stages after the act of egg-spawning. Some results of
experiments on the change of sex from male to female were given in the
paper (1) (1927, lots 106 to 1158, pp. 1027 to 1033), but a discussion of
the results was reserved for a separate publication. The portions of the
original programmes of work dealing with the experiments on sex-change
from male to female, 1, p. 969 () and (c), are given in the following pages.
A statistical investigation of seasonal sex condition in oyster populations
from data already collected and extending over a period of three years is
being undertaken along with other work, and a full discussion of the sex-
physiology of the European oyster is reserved for a later publication.

INTRODUCTION.

During the period 1922-27 experiments were designed and carried out
in the River Blackwater, in the River Yealm near Plymouth, and on the
Fal Estuary to obtain evidence of the change of sex in individuals of
0. edulis from male to female. These' experiments have been partially
successful inasmuch as this sex-change has been detected in a relatively
small proportion of individuals (i.e. ranging from 10 to 5095). An ideal
experiment should give sex-change in very nearly 1009, of the animals.
The change in sex from male to female is clearly not of the same auto-
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matic nature as that from female to male ; moreover, the recognition of a
female phase will be lost if individuals spawn as females and evacuate their
young in the interval between successive examinations of the experimental
oysters, for such spawning individuals revert rapidly to the male condition
as is now abundantly proved (1). The knowledge acquired in the course of
these experiments would be used, it was hoped, to design more promising
experiments on a larger scale, but the recent shortage of oysters on most
English beds (4) has interfered with this projeet.

Tl

T1c. 1.—View of the experimental oyster cage used at West Mersea, showing the oyster
pits at low water.

The chief difficulty in carrying out experiments on change of sex in
oysters lies in keeping the experimental individuals under healthy con-
ditions while at the same time taking precautions to isolate them unim-
peachably from others. The writer holds the view that for work of this
kind, the animals should live under conditions as nearly natural as possible.
It was therefore decided to fix the site of the experiment on grounds
where oysters form natural beds so that there can remain no doubt of the
suitability at least of available water and food.

In order to isolate the experimental material and render recovery easy,
a large cage 6 feet by 5 feet by 10 inches deep made of iron wire mesh
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(% inch in diameter) was designed and used for the work (see Fig. 1,
p- 7). This cage was divided by permanent partitions into four com-
partments, two large and two small, so arranged that each compartment
could be recognised without the provision of a label (see Fig. 2, p. 10).
This device proved extremely useful in dealing with heterogeneous
material. Oysters in a known sex-condition at a known time were placed
together in one compartment; individuals were mostly easily distin-
guished by tracing the outline of the shell and adding drawings in situ
of barnacles and other permanently attached growths; some shells not
otherwise easily recognised were marked with a distinctive file-mark. In
special cases a small cage was constructed and attached inside the large
cage to isolate an individual. The practical difficulties of maintaining
an experimental cage of this kind on a commercial oyster bed for a
number of years are very great ; it was only by the hearty co-operation
and good-will of the Directors and employees of the Tollesbury and
Mersea Native Oyster Company that experiments in the River Black-
water were rendered possible; the difficulties of experiments on the
River Yealm near Plymouth were overcome by the personal interest of
Mr. J. Kingcome and the Director of the Yealm Oyster Fisheries. On the
Fal Estuary where the beds are public, experiments had to be confined
to the summer period, when the beds are closed for general dredging ;
permission for these experiments was courteously given by the Truro
Oyster Beds Committee and rendered possible by the help of Mr. E. Searle
and many oyster-dredgermen.

MATERIAL.

The oysters used in these researches were obtained by dredging in the
breeding season chiefly at West Mersea, River Blackwater. Some were
also obtained from other English grounds, namely Fal Estuary, Whit-
stable, River Yealm, and the River Helford. The age of the experimental
oysters varied from about 3 to 7 years, but was estimated at being mostly
from 4 to 6 years. In the earlier years, from 1922, the average age
would probably be greater than later when the larger individuals were
becoming relatively scarce. Itis a difficult matter to obtain large numbers
of oysters carrying young without destroying these valuable molluscs.
The writer was fortunate at West Mersea in being able frequently to
examine catches of many thousands dredged for the purpose of relaying,
and at the same time of following the course of the breeding season.
On productive beds such as occur at West Mersea, it is desirable to find
out each year when a significant proportion of oysters have reached the
blacksick stage, in order to make preparations for putting out clean shell
at a time which will coincide as nearly as possible with the probable
settling time of the oyster larvee. The examination for spawning oysters
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is therefore a routine operation, of which advantage was taken to collect
as many young-bearing individuals as possible. When oysters with young
are kept out of water for some time a proportion will often exude a few
embryos or larve from the edge of the shell, having opened the shell
presumably in response to some stimulus, such as the need to respire,
whereupon a few of the young flow out of the shell with a little of the
mantle liquor. It is possible that the embryos themselves provide the
stimulus for the opening of the shell merely by exerting continuous unusual
pressure upon sensitive parts of the mantle. Individuals suspected of
carrying young may be tested as described on p. 15.

Early in the breeding season 1%, of a sample may be detected as female
spawners after exposure to air on warm nights, while later in the season
as high a proportion as 79, may be found in this way.

On beds where oysters are not caught in bulk in summer the experi-
mental oysters were obtained as is described on p. 15, or in process of
opening large samples.

METHODS,

The experiments on sex-change from male to female were of two
kinds :—

(A) A total of 313 individuals, proved to be male at the time of examin-
tion (usually about July), were isolated at different times and places in one
compartment of the cage and returned to the oyster bed (see Fig. 4,
p. 13). These oysters were taken out of the sea after various intervals of
time—usually about a year later—and tested at intervals during the
ensuing spawning season for individuals carrying young. In this kind
of experiment only those females which were actually carrying young at
the time of examination could be detected. If individuals spawned and
released their young during the interval between successive examinations,
their sex-change would not be known. It was considered imperative to
return the oysters to the natural habitat as soon as possible after examina-
tion in order to maintain normal and healthy conditions of growth and
gonad development. Although sex-change was found in experiments
of this kind there can be no doubt that the actual percentage of individuals
undergoing sex-change was greater than was observed.

As a variation of this experiment samples of the material were opened
at various intervals after the beginning of the experiment and examined
macro- and micro-scopically for stages of development of femaleness.

The detection of males for experimental purposes was effected by
examining the contents of the gonad extracted by means of a fine pipette
passed through a boring made in the shell of the oyster (see Fig. 3, p. 11).
Only those individuals were selected as “ male” which yielded only
sperm-morule. Hermaphrodite individuals and any others from which
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eggs as well as sperm-morula were obtained were rejected.* The indi-
viduals selected were therefore essentially passing through one or other
of the male phases (see p. 16). The shell boring was made in the left
valve from a position varying from postero-dorsal to sub-median (see
Fig. 3). From this position the gonad can be tapped near the surface of
the body (see 5, 1924, Plate XII) with relatively little risk of damage.
In some instances the intestine was perforated.

Fie. 2.—View of the experimenta oyster cage, dis-
mantled and prepared with shells for catching
oyster and Crepidula spat.

The experimental oysters mostly recovered easily and well from this
operation (see pp. 18, 23), though doubtless some of the mortality which sub-
sequently occurred was caused directly or indirectly from the operation.
The boring in the shell was observed in some cases to be quickly sealed by
deposition of a horny or calcareous membrane derived from the epidermis
of the oyster ; the body wound also healed quickly but sometimes formed
a scar. In a few cases the perforation of the shell was so well sealed

* In Experiment 1 a few males with obviously relict ova were accepted.



SEX-CHANGE IN OSTREA EDULIS. 11

internally (see Fig. 3, B, D) that a drill had to be employed to expose
the body again ; usually the new shell was thin and could be broken
with the assistance of a small steel instrument. Sympathetic deposits
sometimes occurred on the right valve (see Notes, p. 25).

Al C.

B. D.

Fra. 3.—Views of external and internal faces of two bored left valves of 0. edulis from
Experiment 3. % ca. . (Photos by P. Bond.)

A and B views of one valve. In A the boring is well shown near the umbo on the
right. In B the site of the boring is near the umbo on the reader’s left, and is
covered with nacreous shell. The dark area extending from the boring is due
to infiltration, but is little more than a stain on the shell itself.

C and D are views of another valve also showing perfect sealing of the boring intern-
ally. The site of the boring in D is near the umbo on the reader’s left ; the sealing
is perfect.

(B) As adequate proof has been obtained that spawning females change
normally—to the extent of 979;,—into males immediately after the
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spawning act (1), it is sufficient to isolate individuals carrying young
to obtain thereby a collection of males in the early stage of developing the
male phase. Samples of oysters (amounting to a total of 663 individuals)
bearing young were therefore isolated in compartments of the cage in the
years 1922-25 and 1927, and kept in the sea for periods of months or years
during which they were examined at intervals for the return of the female
phase.

The reliability of this kind of experiment depends upon the degree
of completeness of the egg-spawning act. There can be no doubt that
the normal method of egg-spawning results in the extrusion of all or most
of the eggs in the gonoducts and gonad at one and the same time (see 6),
although 509, of egg-spawners may retain a few to many scattered eggs
in the gonad ; nevertheless, the experience gained in examining more
than 1000 spawning females, as well as many thousands of other speci-
mens throughout the seasonal cycle of sex changes, indicates that in «
few cases females incompletely spawned at the first attempt may spawn
successfully again as a female within a period varying from a few days to
more than a month. Successive spawnings of this kind, it will be noted,
oceur from one batch of eggs and do not involve two phases of egg-
production. The fate of unspawned eggs is discussed in 1, p. 976, and 6.
in this issue of this Journal ; the significance of two acts of egg-spawning
from one phase of egg-production will be discussed later with the results
of the experiments.

Ox THE CaGE AND CAGE OPERATIONS.

The experimental cage with its addition of legs is shown in Fig. 1.
Legs were found to be desirable to avoid the accumulation of mud which
occurs even in an open iron wire-meshed cage lying on the bottom in such
silty water as oceurs in the Blackwater creeks. The meshes of the cage
were #ths of an inch square. In the earlier experiments when the cage
lay on the bottom a disastrous mortality and weakening of the oysters
accompanied the accumulation of mud in the structure. The cage itself
could be removed from the collapsible table structure and was con-
veniently placed in sea-water in the pit, shown in Fig. 5, p. 14, under-
neath the storeroom, which was used as a laboratory. As the experimental
material was prepared it was transferred direct to its appropriate com-
partment in the cage and maintained conveniently iu sea-water. During
spring tides the sea-water in these pits is well and frequently renewed
(see Fig. 5).* The compartments of the cage and central lid on one face
—so0 constructed as to prevent loss of material in the event of the lid being
forced open—with the strengthening rods and tubular corner sockets for

* During neap tides it was noticed that Ciona infestinalis especially seemed to find
conditions intolerable in these pits. As the water and aeration appeared to be good, the
lethal condition suspected was the exposure to very strong sunlight.
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C.

4.—Four views of the operations in putting out and hauling the experimental
cage.
A. The skiff has been withdrawn from below the cage, which is now being
lowered into the water.
B. Hauling the cage after recovery of the anchors and chains.
C. Cage hauled clear of the water to permit the passage below it of the skiff.
D. Cage being lowered into skiff, preparatory to conveyance to the oyster-store.
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the legs are seen in Figs. 1 and 2. Four narrow iron bars with end-holes
fitting on the upper part of the legs formed a skeleton table on which
the cage rested (see Fig. 1). The tops of the legs projecting through the
corner sockets of the cage were threaded so that the cage could be secured
by good bolts.

The cage was assembled on its table and the experimental material
enclosed while the apparatus was on the foreshore, or in a large flat-
bottomed boat, a skiff beached near by. At low water the skiff was towed
to the Deeps (9, see Chart, Fig. 2) and manceuvred between two anchored
and yoked dredging-boats. The cage was then hoisted by its anchor

Fia. 5.—View of the oyster pits flooded at high water, showing the oyster
store on the left used as a laboratory.

chains, which were secured to the legs, and the skiff removed (see Fig. 4, A,
p- 13). Ropes were then run through pairs of handles on the top edges
of the cage, and lowering gradually proceeded with until the bottom was
reached. Bearings were then taken. The anchors, two in number, were
run out separately, held and lowered by ropes until taut, when the rope
was slipped and hauled in. A lead with line was left on the cage for testing
the position of the cage at the end of the operations.

In hauling, the anchors were first creeped, then the two boats anchored
in position with the cage anchors and chains aboard. The cage was
then hauled and well washed ; the skiff was run under it while clear of
the water (see Fig. 4, B, C, and D). In a clean haul the cage could be
dropped snugly into the skiff and taken at once to the store for further
washing and examination of its contents. When the cage had lain undis-
turbed on the beds during the winter an accumulation of mud was always



SEX-CHANGE IN OSTREA EDULIS. 15

found in it. On the site of the experiment there was a depth of two
fathoms at low water; the same site was used in all the experiments
carried out at West Mersea, River Blackwater.

Ox TESTING FOR INDIVIDUALS CARRYING YOUNG.

In testing for individuals incubating embryos or larve in the mantle
cavity at the time of examination, the adults, after being washed or
scrubbed, were usually laid out with the flat valve downwards on glass
plates on a temporary bench in a room serving as a laboratory. In warm

F1a. 6.—Photo of 0. edulis found to be carrying young
by the method of testing in small dishes— x ca. 1.

The white mass on the reader’s left, concentric with
the shell, is composed of hundreds of thousands of
larva,

weather under these conditions oysters will often soon extrude a few
embryos or larve at the edge of the mantle. The sample was usually
left under these conditions overnight, covered in hot weather with a
damp cloth, the young-bearing individuals being isolated in sea-water
in shallow dishes as they were detected. On transferring young-bearing
forms to water in a dish a certain number of the young are usually soon
extruded into the water (see Fig. G, above), thus permitting confirmation
of the first indication of the gravid condition.

The oysters which failed to extrude larvee on the bench were each
again washed and isolated in a small dish of sea-water. The water in
these dishes was renewed at intervals for one or two days, during which
careful examinations were made. Usually the gravid individuals would
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evacuate a large portion of their young sooner or later, but sometimes the
young were retained tenaciously. To detect these latter cases without
injury advantage was taken of any such oyster opening its shell-valves
widely to close the valves forcibly and quickly by hand-pressure. In this
way a volume of water was suddenly expelled from the mantle cavity,
carrying with it a number of larvae if such were present. Widely open
oysters could be examined by the naked eye.

This method of testing was efficient, but necessarily involved a con-
stitutional strain on the material, especially when repeated after short
intervals, and no doubt contributed towards delay in sex-development and
the high mortality found during the experiments. A quicker method of
testing, which avoids injurious effects, is desirable in future experiments.

O~ THE DEVELOPMENTAL SERIES OF MALE SEX-PHASES.

In a study of the state of the gonad at various intervals of time after
egg-spawning it was convenient to establish an arbitrary series of
possible conditions of the gonad (1, p. 981). Ten such arbitrary categories
in the condition of the gonad with regard to the development of sex-
cells were instituted (loc. cit.). Among these ten categories, numbered in
succession I to X, it was found that seven (numbers IIT to IX) form
definitely a series of sex-phases in the development and history of male-
ness. This series is given below in Table B and renumbered I to VII. A
stage VIII is recognised, in which all the male elements have been
evacuated from the gonad. This stage is neuter, but is historically
related to the male-phases, and is conveniently retained as No. VIII in
succession to No. VII.

For convenience the old arbitrary category numbers are given against
the serial numbers of the sex-phases.

TABLE A. TaE DEVELOPMENTAL SERIES OF MALE SEX-PHASES.

No. of
male Sex-cells present in gonad. Arbitrary
sex- Ripe Developing Ripe Category.
phase. sperm-morule. sperm-morule. unspawned giveninl.
ova,
1 none afew to ¢ none or a II1
youngupto  variable no.
40 p.
IT [ waxing none f. @ or « do. v
over 40 u.
111 few or f. no. @ do. v
v ripening, or ripe with f. o or = f. ® or « do. /1
v gonoducts filling or full = f. no. to few do. VII
VI f. ® or = none do. VIII
VII waning 1. no. to few none do. IX
neuter none none none or a neuter
=VIII variable no. =X

Abbreviations ;: no.=number; « = numerous; f.=fair or fairly.
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SERIES A.
ExperIMENTS oN OYSTERS PROVED TO BE MALE.

Experiment 1. West Mersea, R. Blackwater, 1922.

The details of the first experiment in investigating the change of male
individuals into female are given in Table I. One hundred and fifteen
males were identified from June 28 to July 7, 1922, and put in the cage
in the sea on July 8. The cage was left undisturbed and could not be
examined until July 14, 1923, about one month after the breeding
season had begun—when it was found to have become very heavily silted
with mud, following heavy rains and much stormy weather. The accumu-
lation of mud* had smothered most of the oysters and probably interfered
with the normal development of those remaining. This experiment was
regarded as a failure, and a new one begun at once ; nevertheless, the
surviving individuals were cared for and their sex-changes investigated.

Nineteen oysters survived the experience of the first winter, and of
these four died in the summer following. None of the remaining fifteen were
detected in a female phase from July 15 to August 2, nor from October
17 to 22, 1923. During the latter period oysters would not normally be
expected to occur in spawn on the Blackwater beds, so that these oysters
were in reality examined during the period of only two weeks of the
spawning season. Some of these oysters may, therefore, very well have
passed undetected through a female phase during the breeding season
of the second summerf—which in this year began late, about the middle
of June, and extended into August and possibly into early September.

Six specimens were tested on July 15, however, and found to be males.
Nine others were put in the cage to winter again. On June 7, 1924,
2 of these were found dead, and another died soon afterwards. In the
3rd summer of this experiment 6 individuals only were left ; 2 of these
produced either embryos or larvee ; 1 was hermaphrodite and 3 were good
males accumulating food reserves. One individual, carried through a
third winter, was opened on July 16, 1925, again late in the breeding
season, and found to be in the male phase.

Summary of Experiment 1.

Of 115 oysters proved to be males in July 1922, none were found to
have developed a female phase in the next (2nd) summer. In the

* A large number of Ciona intestinalis (up to 15 em. long living contracted) and of
Ascidiella aspersa (up to 7 cm. long living and extended) were growing on the oyster-
shells and on the cage, having survived—but no doubt assisted in—the deposition of mud.

T The summer in which an experiment is begun is designated the lst summer of the
experiment ; the summer in the following year is the 2nd summer ; and the next following
summer the 3rd summer of the experiment, and so on.

NEW SERIES.—VOL XIX. ¥Xo. l. Avcust, 1933. B



18 J. H. ORTON.

3rd summer, 3 of the surviving 6 individuals became ovigerous or
larvigerous. The larvigerous individuals were found developing a new
male phase.

Heavy mortality occurred among the experimental oysters in the
winter of 1922-23, and examinations for female phases were made during
only a part of the breeding season in 1923 and 1924.

Female phases may have been inhibited by the bad experimental con-
ditions in 1922-23, and some may also have escaped detection in the
limiting conditions of the experiment, i.e. the possibility of examining
for individuals carrying young during only a portion of the spawning
period.

TABLE I.

ExPERIMENT 1.

West Mersea, River Blackwater, on 0. edulis proved to be male.
June 28th to July Tth, 1922.

Dead 2 Un-
in 3 with spawned Total Total
Date. Operations. cage. young. g dead. living.
July 8,1922 115 3’s put out in the cage
in the sea 115%
July 14,1923 Cage hauled . 96* 19
. 16 4 individuals 3 npened and
preserved :
2 individuals
A. & phase V
B. & phase VI . 4(2) ¥ ? 100 15
15 15 mdlnduals put agam
in the sea . . 15
LR 23-
Aug. 1 Oysters re-examined for ¢
spawning individuals—
none found < 2 ? ? ? 102 13
. 2 13 individuals put out in
cage v : 13
Qct. 17 Cage hauled agam 5 2 104 11
No@'s inspawn, C. opened
found in § phase VI
D. opened, & ph&sc VIII (2) 7 ? 106 9
Oct. 22 9 oysters put in sea in cage 9
June 7,1924 Cage hauled . . . 2 108 7
5 19 No 2's found in spawn
. Cage put in sea : : 7
., 30 Cage hauled . < 1 109 6
July 1-6 Oysters re-examined and
finally opencd except
one € 0 3a 2b leg 114 1
e u One §- spa.wnmg a'yster put
back in sea 1
July 2,1925 Cage hauled .
. 16 Ogyster opened 3‘ phase
VI 0 1d 0 0 115 0

* Ninety-three of these shells were examined : 54 showed good recovery from the
boring operation ; 33 no recovery and 6 a bad recovery.
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Nores 1o TasrLE I

(2) The condition of these three oysters was as follows :— Sex-elementa.
Growth —
of Shell Sperm-morula.

Fish. 1923. 1924, Length.  Recovery from Boring.  Ripe Unripe Ova.
1. Good 9-10mm. ? 64 mm. v. good oo fair no. none
2. Tg ? 2-5 61 a boss of nacreous material o«  v.few none

projecting into tissues
which have grown well
around it.
3. Good nil ¢ 2-5 65/82 perfect o f. o none

All three individuals were good male oysters accumulating reserve products.

(b) 1. One of these oysters extruded an enormous number of heliotrope coloured and
shelled larva on July 1. The shell boring was opened and the gonad tapped and found to
be developing maleness giving o ripe sp. m., % unripe sp. mor., and no ova (phase IV).
On July 6 the gonad was again tapped and found to be male in a later phase (VI). The
shell of this oyster was then marked with a file and put back in the sea on July 9. It
was taken out of the sea on July 2, 1924, opened and found on July 16 to be in the &
phase VI (see d).

2. On July 6 the other oyster extruded during the night white embryos not ciliated ;
this individual was opened on July 8 after two days in the sea and found to be in &
phase I with f. = eggs left in spots in the gonad. It was therefore incompletely spawned
but changing into the & phase.

(¢) 1. Good nil? 5-10 77 perfedt @ none o ripe
v. thin

The gonad was of the type described as curdley : the individual had developed female-
ness, and spawned incompletely as a female. This oyster had retained ripe sperm-
morulae whilst acquiring ova, and had become hermaphrodite, but a functional female.

(d) The *“d* individual found with young in 1923 had a gonad in male-phase VI.

Experiment 2. West Mersea, River Blackwater, and River Yealm,
near Plymouth, 1923.

In the second experiment with oysters proved to be male the following
improvements were made in the cage and procedure with a view to
diminishing the limitations.

(1) The cage was mounted on legs (see Fig. 1, p. 7) to enable the silt
to fall through the bottom of the cage, which formerly had rested
on the river bed.

(2) It was decided to visit the cage twice a year to overhaul and clean
the cage and its contents.

(3) After examining the experimental oysters at the beginning of the
breeding season on the Blackwater beds in the 2nd summer, it was
decided to transport the experimental oysters to beds near Plymouth,
whence they could be hauled at intervals during the same breeding
season. In this way more opportunities would occur for detecting
individuals at the instant they were carrying young.

The details of Experiment 2 are shown in Table II, p. 22. During the
period July 24-August 1, 1923, 101 oysters were found to be male by
examination of the contents of the gonad extracted by means of a fine
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pipette from the living animal through a boring made in the shell. These
oysters were put in the cage in Deeps on August 2, 1923, On October 17,
1923, the cage was hauled for the purpose of cleaning away accumulations
of mud and growths* and for examination of the oysters. It was found
that the cage had overturned.

The oysters were, however, in good condition and had grown remark-
ably fine shell-shoots, as indeed had most of the oysters on the dredging
grounds. Tests were made for spawning individuals, although the spawn-
ing season was considered to be finished ; no individuals were, however,
found in spawn. A sample consisting of 18 of the experimental oysters
was opened and examined (see note a, Table IT). It was found that good

F1e. 7.—View of the smaller experimental oyster cage used in the R. Yealm
being hauled from a motor-boat.

recovery from the operations of boring and tapping had mostly been
made : new shell-material had been laid down on the inside of the shell-
perforation and effectively sealed the body from the external medium.
Some individuals had made a poor recovery, but such might be expected
to recuperate in the future. The mortality was low, amounting to 59,
The sample consisted of 10 neuter individuals, some of which were in
poor condition, but others were accumulating food reserves normally,
and 8 still in the male phase, but mostly in a waning male phase. None
was found certainly in a female phase, though No. 11 may have had a
few young ova in the gonad.

The remaining experimental material was returned to the sea on the
Deeps bed on October 22, and hauled the following summer on June 7,

* (liona infestinaliz up to 4-3 em, long extended, Ascidin conchilega up to 2-5 cm. long

extended and medium Ascidiella aspersa were found in numbers and removed. These
animals are an important factor in the accumulation of mud in a cage.
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when the cage was found upright, containing very little mud, and with
a low mortality amongst the oysters. A very fine growth of colonies of
Aleyonidium gelatinosum (commonly 10 cm. long) covered the top of the
cage and served on this occasion—and on others—to show how the cage
had been lying on the sea-bottom.

At this time cold weather get in, and as none of the oysters were
found in spawn on the day after hauling the cage, it was decided to put
the cage back in the sea in Thornfleet Creek and examine it after a period
of warmer weather. The cage was again hauled on June 30, and the
oysters tested for females carrying young. Two such were found from
July 1 to 6, and as it was thought that no others were in spawn, the
whole sample was returned to the sea, pending its removal to Plymouth,
Quick transport was arranged and the experimental oysters were put out
in another cage in the oyster beds in the River Yealm on July 15. This
cage was hauled on August 6 and the oysters tested August 6-8 for those
carrying young. Two of such were found and the remainder put back in
the sea on August 8. Again the cage was hauled on August 26 and, after
testing, three more young-bearing females were detected. The remainder
were again returned to the sea, but unfortunately a site could not be
obtained on the proper oyster bed, and the most promising site near the
dredging grounds had to be adopted. This site proved quite unsuitable
(see note %, Table V); nearly all the oysters died during the following
winter and the experiment was concluded.

Summary of Experiment 2.

One hundred and one oysters proved to be male on July 24 to August 1,
1923, were isolated in a cage in the sea in the River Blackwater on
August 2, 1923. These were tested for individuals carrying young during
October 17-22, 1923, and June 7-9, 1924 ; two oysters carrying larvee
were found in June, The experimental oysters were then transferred to a
cage in the sea on the River Yealm near Plymouth. Further testing on
August 6-8 yielded two more larva-bearing oysters ; after another short
period in the sea another test, made August 26-28, 1924, yielded three
more larvigerous oysters, so that during 1924 7 individuals which were
in a male phase in July 1923 had passed into a female phase and produced
larvee. Heavy mortality occurred in the remaining individuals in the
winter of 1924-25 and the experiment was closed.
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TABLE II.
ExpERIMENT 2.

On the Change from Male to Female : West Mersea, R. Blackwater, and
R. Yealm near Plymouth.

Date Total
cage Dead dead
put Cage incage ¢with and Total
‘13!;12133 hauled. Remarks. or opened, young. opened. living.
Aug. 2 In the Deeps oyster bed with 101
proved g oysters 101
Oct. 17 5 96
Oct.17-22 Sample examined ; all tested 18a 0 23 78
Oct. 22 In Deeps 23 78
1924
June 7 5 28 73b
. 79 Oysters tested 0 28 73
Juned Cage putin Thornfleet
June30  Cage hauled 4e - 32 69
July 1-6  Oysters tested 2e 2d 36 65
July Oysters in sea temporarily - N 36 65
July 15 Oysters removed to Plymouth
and putin cagein R. Yealm 4 - 40 61
Aug. 6 40 61
»» 6-8  Oysters tested at R. Yealm 2f
Aug. 8 42 59
s 26 1 43 58
,» 26-28  Oysters tested at R. Yealm 3g 46 55
Aug. 28 46 55
1925
June26  Experiment concluded 465 0 92 9

Notes oN Tasre II.

(a) A very good growth of shell (increase in area) was found in all the oysters except
19 on hauling the cage on Oct. 17. The new growth increased the height of the shell
from 10 to 18 mm. and is described in 3, p. 382.

The 18 individuals opened to obtain information on sex-change were found to show the
following features on Oct. 18 to 21.

Length 1923 Recovery*

in mm. of Ripe Unripe Sex
No. Aug.3 Oct. 17 shell.  Fish.2 Gonad. sp.m. sp.m. Ova.  phase?
1 66 81  good f.g. undiffer- none mnone none neuter
entiated
2 50 67 do. fair  notrecorded o do. do. VI
3 52 52 do. f.g. undiff.  none do. do. neuter
gap- [4 51 59  poor poor do. do. do. do. do.
ing { 5 48 48  do. V.g. n.r. w afew do. gv
6 53 53 perfect v.poor undiff. none none do. neuter
7 62 69  good do. do. do. do. do. do.
8 53 68  perfect v.g. do. do. do. do. do.
9 60 68  good do. well dev. o0 f.no. fairno. gIV
relict
10 58 68  perfect fair undiff. none none none neuter
11 65 81 do. f.g. n.r. © do.  few gVvI
young ?
12 69 87 do. do. do. o few none 3V
13 76 86 do. o, do. oce. none do. g VIL
14 55 62 do. fair undiff.  none do. do. neuter
15 63 63 good do. n.r. few do. do. gVvia
16 70 76 do. n.0 do. @ do. do. aVIL
17 46 46 bad poor undiff.  none do. do. neuter

18 52 52 wv.g. do. do. do. do. do. do.
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(1) In 15 cases good to perfect recovery from the boring of the shell had been
effected by sealing the boring from the inside with a nacreous deposit. In some of these
shells, however, infiltration of foreign material had occurred, but this had been isolated on
the shell and covered with a deposit of horny or calcareous material. When a poor recovery
had been made these infiltrations were often extensive and had resulted in a great strain
on the oyster in its effort to recover. In many cases the body showed a distinct scar
opposite the boring where the gonad had been tapped.

(2) Under the term * fish ”* is given the relative condition of nourishment of the body as
a whole ; it is to be noted that a very good fish may occur in a neuter individual, e.g.
No. 8.

(3) In these individuals in early male phases the gonoducts were full of ripe sperm-
morula, in the older phases these were either empty or had few contents. In the neuter
cases the ducts were often filled with a milky fluid which contained no sex-elements.

(b) On hauling the cage on June 7, 1924, 15 oysters had a new rim of shell-growth
3 to 8 mm., a slight growth only showed in 41, while no growth had occurred in 17.

(¢) Of the four oysters found dead three had a slight recent growth of shell, 5 to 7 mm.
in width, around the edge of the left valve.

(d) One oyster extruded into a dish ciliated larve on July 1; the next day the larvae
showed a trace of the larval shell and a tapping of the gonad showed the gonad to be in the
& phase I with a fair number of unspawned ripe ova. This individual was put in the sea
and opened on July 8 when all the larva had been extruded. The gonad was found to be
in & phase III with relict ova in spots. Shell-recovery from the original boring had been
perfect. Another individual extruded early embryo on July 6 at 7 p.m.; the next day
the embryos at 11 a.m. were in the early heart-shaped stage and the gonad found in &
ph:.fse IT with large sperm-morula ca. 110 by 30 x. Recovery from shell-boring had been

ect.
L% (e) Two gaping individuals were opened ; one was neuter with muscle spindles (see 5,
p. 48) in the tissues, and the other in § phase V with relict ova suggestive of recent female-
spawning.

(f) Aug. 8. Black and shelled larvze were extruded from two individuals whose gonads
were in § phase IV.

(g) On Aug. 27 one more oyster extruded black-shelled larvee, and two similar cases
were found the next day; all these oysters had passed into § phase IV, as was found by
retapping the gonad through the old boring.

(h) After the summer of 1924 the cage had to be moved off the dredging ground, and
was placed in what was regarded as the most favourable place outside these grounds.
The resulting mortality proved that the ground was entirely unsuitable. Periodical
freshets and muddy water it is considered accentuated that weakening of the oysters
which was no doubt caused by their removal in summer from West Mersea to Plymouth

Ezperiment 3. R. Yealm near Plymouth, 1922,

Ninety-seven oysters proved to be male—from an examination of the
gonad made through a boring in the shell—were put in the sea in a
cage (see Fig. 7) on the oyster beds in the River Yealm on July 23, 1922.
The experimental material consisted of 69 Yealm oysters (which are
mostly relaid from Falmouth or Saltash), 20 from the River Blackwater
(1922) and 8 Whitstables (1922). The cage was hauled on July 28 and
13 dead were found. A sample of the oysters was brought in for examina-
tion and found to be in good condition in good male phases (see note «,
Table ITI). The rest were returned to the sea without delay. No further
examination was made during the summer. In the spring the cage was
visited for the purpose of cleaning and an unexpected accumulation of
sticks and mud found in the cage with a concomitant very high mortality
among the experimental animals. After a further examination on May 10
the cage was hauled and the oysters brought in on July 7 to be tested for
female spawners. Only 19 individuals remained at the beginning of the
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spawning season of 1923. From July 7 to 10 two individuals were found
with young embryos ; one of these yielded but few embryos, it is interest-
ing to note. On July 9, 4 oysters were re-tapped and found to be in male
phases ; their shells were marked with a distinctive file-mark ; 2 others
were opened and found to be male and neuter respectively. The cage was
hauled again seven weeks later (on August 30), when 4 more dead were
found ; the remaining living were again tested for females with young.
One such individual extruded numerous black-shelled larvae and was found
to have a filework on its shell. This oyster had therefore passed into a
female phase since July 9! (See, however, pp. 26 and 42.) On September 4
the gonad of this specimen was again tapped and found to be in male
phase V. The survivors, now reduced to 10, were again tested unsuccess-
fully for larvigerous individuals on September 11 and October 1.

On overhauling the cage on December 8 seven more dead were found
and the remaining 3 failed to survive to the breeding season of 1924.

Summary of Experiment 3.

Of 97 oysters proved to be male in May—June 1922, 6 were found to
be still in male phases in July 1922. No observations were made on the
remainder for young-bearing individuals during the breeding season of
1922. Only 19 oysters survived to the winter and 4 more died during
the following summer. Tests were made four times during the breeding
season of 1923 for young-bearing females and 3 such individuals found.
None survived the winter of 192324, One oyster carrying larve on
August 30 had been proved to be male seven weeks earlier, on July 9.

SuMMARY OF THREE EXPERIMENTS ON SEX-CHANGE IN SAMPLES OF
MarLE OYSTERS.

It is advisable to consider the results from these experiments apart
from those obtained in a second series which is described later.

When the results of these experiments are brought together as in
Table IV below, it is seen that in the second summer of Experiments 2
and 3, 109, to 169 of the male oysters were detected in the act of carrying
young. When it is considered that the breeding season may extend over
about three months, and that oysters normally carry their young only
from 6 to 14 days, it is highly probable that many of the experimental
oysters passed through a female phase undetected. In Experiment 1 it
is probable that female phases had just been experienced when the first
test was made, and only one other test was made in the second summer.
In the third summer of this experiment out of the remaining 6 individuals
3 (509;) were in a female phase.

The evidence obtained from these experiments offers definite proof
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TABLE III.
ExPERIMENT 3.

On the Change from Male to Female, R. Yealn near Plymouth.
Deadin Female Total

Cage Cage cageor with dead& Total
put out.  hauled. Remarks. opened. young. opened. living.
1922
June 23 97 oysters proved § 97
July 28 July28  Sample of 6 brought in and 13 84
opened July 31 Ga - 19 78
1923
March 12 March 12 Cage examined and put out
again 550 - T4 23
May 10  May 10 do. 1 - 75 22
July 7 Oysters tested ; 4 rebored ; 3 78 19
2 opened 2d 2¢ 82 15
July 10 Oysters returned to sea
Aug. 10 Oysters tested 4 le 87 10
Sept. 4 Returned to sea - - 87 10
Sept.11  Sept.11  Tested oysters 0 0 87 10
Oct. 1 Tested oysters 0 0 87 10
Oct. 16 Returned to the sea - - 87 10
Dec. 8 Dec. 8 Examined cage 7 - 94 3
1924
June 24  Experiment finished. The
3 survivors died later 3 - a7 0
Nores ox Tasre III.
(@) Six individuals showed the following features on July 31, 1922.
Ripe Unripe Relict  Sex-
No. Boring. Fish. sp.mor.  sp.mor. ova.  phase.
1 Covered ; partly calcified v. good ® f. o none g1V
2 Covered ; beautifully
calcified do. -] none rare gV1
3  Covered ; partly calcified do. @ rare none gV
4  Covered ; horny good @ f. no. do. 3V
5  Covered ; partly calcified f. good @ @ do. Al
6 Two borings both covered ;
partly calcified v. good @® f. few e AY

It was noted that sympathetic deposits were present in all cases on the right valve in a
position corresponding to that called forth to eover the boring on the left valve : in one
case the deposit was noted to be partly calcified.

(b) Heavy mortality had occurred from a great accumulation of sticks and mud.

(¢) On July 8 one oyster extruded numerous eggs in late segmentation stages. On
July 9 another individual extruded a few eggs also in late segmentation stages: upon
opening this oyster the gonad was found empty : it is presumed that most of the larve
had been extruded during the hauling process.

(d) The gonad in 4 individuals was re-examined on July 9 by breaking through the old
boring ; one was in the male phase IV, two in V, and one in VI. The shells of these
rebored individuals were marked with a cross by means of a file. Two weakly individuals
were opened ; one was neuter and the other feebly 3 V.

(¢) One oyster marked with a cruss extruded on August 31, 1923, numerous black-
shelled larve ; this oyster had been proved to be male as recently as July 9, 1923. On
September 4 the boring of this oyster was again opened and the gonad tapped, yielding
a few ripe sp. mor. and numerous unripe ; it had thus attained again the male phase
No. IIL.
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that oysters pass from the male phase into the female phase in significant
numbers. As the male oysters were taken at random from a population,
1t is not known how long such individuals had already existed in the
male phase. _

Evidence of sex-change from male to female in one summer was
obtained in one instance, but such a rapid change was unexpected, and
these experiments were not conducted with a view to detecting such a
rapid development of the female phase. Evidence of the occurrence of
successive male and female phases in successive summers is given by
109% to 169, of such changes in Experiments 1 and 2. Fifty per cent of
the few survivors (6) in the third summer of Experiment 1 showed
passage into the female phase in that summer, but the experimental
conditions in this case were such as might be expected to cause delay in
egg development.

The severity of the experimental conditions is clearly shown by an
average total mortality of 659 before the advent of the second summer.
It is therefore reasonable to suppose that more rapid changes are likely
to occur in oysters lying free and naturally on the oyster grounds. The
sex-changes observed experimentally are factual, but do not necessarily
represent all the changes undergone ; neither does the period intervening
between successive sex-phases necessarily represent the minimum period ;
it is highly probable that the normal may be shorter than the observed
period. Finally, the absence of records in sex-change in individuals in
the second summer may be due either (1) to the detrimental effect of the
whole of the experimental conditions (e.g. boring, tapping, muddy
environment, repeated exposure in testing) or (2) to the passing of female
phases during periods when the oysters were in the sea between successive
periods of testing, or (3) to the intervening period being too short to
permit the completion of those phases occurring between one egg-bearing
phase and the next. The close analysis of young-bearing individuals with
regard to the fate of their unspawned ova, given in 6 in this Journal, has
an important bearing on these experiments. The effect of that analysis
is to reveal the possibility that an oyster, presumably proved to be male
by a tapping of the gonad, may nevertheless give spurious spawning as a
female, if masses of relict ova occur in some other part of the gonad, and
if these ova are extruded and fertilised. The possibility of this chance—
L.e. a second spawning from one batch of eggs—occurring in females which
spawned the previous summer is on the evidence available remote ; the
possibility of the chance occurring in the same season is, however, on the
evidence available 2-5 in 100, but it is advisable to double this number
and regard 5 in 100 as possible in the discussion of results. Thus isolated
cases of sex-change from male to female in one season—as in the instance
noted above—must be regarded as non-significant if female-spawning
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could have occurred in the same breeding season. Inthe three experiments
described above sex-change was rarely investigated in the first summer
(see Table TV, below).

CONCLUSIONS.

Under such environmental conditions as occur on English oyster beds,
it is found by experiment that oysters proved to be male in a given
breeding season change to functional females in significant numbers (10
to 169,) in the next hreeding season. Under wholly natural conditions
it is highly probable that the percentage of males changing into functional
females within a period of one year is much greater than that found
under experimental conditions.

TABLE IV.
SUMMARY OF THREE EXPERIMENTS WITH SAMPLES OF MALE OYSTERS,
1st Summer. 2nd Summer. 3rd Summer.
No. of No.of No. of No. of

No.of tests ©s  No.of tests P's No. of tests s
ovsters. for%’s found survivors. for ¥’s. found. survivors. for $’s. found.

Expt. 1 115 0 0 19 2 0 7(ldied) 2  3(50%)
v 2 101 0 0 73 4 7 9 0 —
(ca 109)
. 3 97 1j14* 0 19 4 3 nil — =
(ca 16%)
TABLE 1Va.
NuMBERS OF ORIGINAL MALE-PHASES IN EXPERIMENTS
1, 2 AxD 3.
Sex-phase II III v ¥ VI VIL Totals.
Expt. 1 = 3 36 62 17 2 118 (3 died)
W 2 - 2 44 34 18 3 101
., 3 1 1 26 54 12 1 95+ 2 n.r.t
Totals 1 6 106 150 47 4 314
SERIES B.

ExreriMENTS WITH OYSTERS BEARING YOUNG.

In the following series of experiments individuals found carrying either
embryos or larve (see p. 15) were isolated in compartments of the cage
and returned to the oyster beds to permit normal development of the
succeeding sex-phases. It is known that the male phase is assumed
immediately after egg-spawning, so that the samples dealt with here
would all (but see discussion on p. 26) be males after extruding their

* 6 individuals opened July 31. T n.r.=not recorded.



28 J. H. ORTON.

larvee. The precaution was, however, observed in the later experiments
of isolating whitesick individuals (i.e. those carrying young embryos or
trochophore larvee) separately from the blacksick ones (ie. carrying
coloured and shelled larva) even when both categories of oysters were
found with young at the same time. Observations on this material were
made as follows :—

(1) At various intervals after immersion in the sea samples were
opened and the condition and sex-phases recorded.

(2) At intervals in the breeding season following that in which the
experiment was begun, the oysters were taken out of the sea and fested
for individuals carrying young at that time. After the test the remaining
oysters were returned to the sea and again submitted to the same test
after a short interval. Tests and immersions of this kind were repeated
as frequently as desirable and possible during the breeding season of

successive years. A preliminary account of the earlier experiments was
given in 1922 (8).

Ezxperiment 4. On Females Bearing Young (1922), West Mersea,
R. Blackwater.

The first experiment with oysters carrying young was begun on July 8,
1922 ; details are given in Table V. Seventy-eight individuals found
with embryos or larve between June 28 and July 7, 1922, were put in the
sea in the cage on the Deeps oyster bed (9). The cage was hauled late in
the breeding season of 1923, i.e. on July 14, when out of 32 living oysters
1 individual was found carrying young. Two other tests for gravid
females were made in July without positive result, before the cage was
returned to the sea on August 2. The cage was hauled on October 17
for cleaning and returning on October 22. In June 1924 19 oysters
remained to be tested and 3 of these died in June. Of the 16 remaining
specimens (see note ¢, Table V) 1 was found carrying embryos on
July 6; 2 were fully ripe females ready to spawn; 1 other was a ripe
female dying, while 3 showed evidence of a recent female phase by the
presence of relict ova in the gonad ; 8 others were good males and the
1 remaining was neuter.

Summary of Experiment 4.

Of 78 individuals found to be carrying young in July 1922, only 32
survived until July 1923. Tests for gravid oysters were not made at the
beginning of the breeding season in 1923, and only 1 oyster with young
was found in three tests made in July 1923. No other tests were made
until June-July 1924 ; the remaining 16 oysters were opened on July
5-6, 1924, when 1 more gravid and 3 ripe females were found : 3 other
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individuals bore evidence of a recent female phase. In this experiment
with individuals which all bore young in 1922, 1 again carried young in
1923, 1 was found with young in 1924, and 2 or possibly 3 were ready to
spawn ova in July 1924. Three others in July 1924 showed evidence of

having recently passed through a female phase.

TABLE V.

EXPERIMENT 4.

On Females Bearing Young (1922), West Mersea, R. Blackwater.

Dead in
Cage Cage cage or
put out.  hauled. Remarks.
1922
<July 8 Bearing young, June 28 to
July 8, 1922 - -
Cage put out in Deeps
1923
July 14 46
July 14-15 Tested ; 6 opened 5b la
July 15 In sea in ereek - -
July 23 Tested 0
July 31 Tested again 1 0
Aug. 2 In Deeps - -
Oct. 17 3 0
QOct. 22 - -
1924
June 7 3 -
June 7-9 Tested ; 2 opened 2¢ 0
June 11 June In sea in creek - -
June 30 Tested - 0
July 2 In cage in pit -
July 5-6 Tested and opened all ; found 3
4 ripe females and 3 in
recent ¢ phases 13¢ le
Experiment finished.

Nores ox Tasre V.

(@) One other found greysick July 14, 1923 : opened July 15/23 and found in § phase V
with patches of unspawned ova. The shell showed a growth of 12 mm. new shell at the

ventral edge.
(b) Five oysters were opened and found as follows :—

New shell
growth

ventrally.

1. ripe 3 ducts full 6 mm.

2. do. 6 mm.

3. waning 3 fair fish nil

4. waning 3§ poor fish 8 mm.

5. waning 3 good fish 7 to 9 mm.

(¢) Two oysters found gaping on June 8, 1924, were opened and the 14 remaining opened
on July 5-6, 1924. Their condition and sex-characters are as follows: 9 showed slight

& phase.
v

v
VII
VL
v

Total

52
52
a2
53

56
56
59
61

61
64

78

Q@ with dead & Total
opened. young. opened. living.

32
26
26
26
25
25
22
22

19
17
17
17
14

Length
of shell.

70 mm.
65 mm.
65 mm.
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new shell growth from a trace at the exhalant aperture to a rim of 8 mm. of very thim
shell at the ventral edge.

Length Ripe Unripe Sex-

in mm. Fish. Gonoducts.  sp. m. sp. m. Ova. phase.
1. 80 f. good full none none w deg. 90—
2. 60 V. poor empty do. do. small 29

patches
relict

5.7.24
3 64* poor do. do. do. none 4
LS 60 good f. full V. @ do. do. gV
5. 67* do. empty @ a few f. no. (A
6. 71* v. good do. fair no. none @ ripe )
7 49 do. do. none do. do. Q
8. 79*% do. do. @ @ none g1V
9. 3% fair f. full o o0 do. A
10. 62% v. good do. ® f. o do. g1v
11. 64* good empty f. o f. do. g1v
12. 58-72 poor artery  do. v. few oce. do. 3V
13. 57 good do. @ do. w deg. 33 B
14. 62* do. do. @ a0 none gIv
15. 58 v. good n.r. @ f. o do. E LAY
16. 58% good fullonleft none oce. V. o e-31I

young

No. 16 extruded embryos in late segmentation stages ; when opened it was found to
have spawned the eggs from the right side of the body only, the left remaining full of ripe
ova. The gonad on the right had a curdled appearance due to many small patches of
unspent ova. The individual had spawned incompletely some 12 to 18 hours before
examination.

Ezperiment 5. On Females Bearing Young (1922). Relaid R. Yealm.

During June 16-22, 1922, 27 oysters recently forwarded to Plymouth
from Whitstable, Port Navas, and the River Yealm, were found to be carry-
ing embryos (whitesick). These were kept in the tanks at Plymouth until
put out in the Yealm cage on June 23. Details of the experiment are
given in Table VI, p. 31. The cage was hauled five weeks later when 2
oysters were found dead : 10 were brought back to the Laboratory and
opened for information regarding development of gonad ; 1 of these was
found blacksick, carrying a large number of larve.

On March 12, 1923, the cage was hauled for cleaning; 10 individuals
were found dead. The remainder were tested four times during the
breeding season of 1923, but none found with either embryos or larve.
None of these survived to the following breeding season.

Summary of Experiment 5.

Ten of the orginal 27 oysters used in the experiment were opened after
being in the sea five weeks. One of these was found blacksick and had
either retained its larva or spawned a second time from the eggs matured

* Nine individuals showed a slight new growth of shell, June 7-9, consisting of very
thin shoot varying from a trace at the exhalant aperture to a rim of about 3 to 8 mm. at

the ventral edge. The gaper, No. 1, and several others had grown good shell-shoots in the
autumn of 1923.
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in June. Ten of the 15 remaining oysters died during the following
winter and none of the survivors was found in spawn during four tests
made in the succeeding breeding season.

TABLE VI.
ExPERIMENT 5.

On Females Bearing Young (1922), R. Yealm near Plymouth.

Dead in Total
Cage Cage cageor 3 with dead & Total
put out.  hauled. Remarks. opened. young. opened. living.
1922
June 23 27
July 28  Tests made 2 - - 25
10 opened and examined 10a 1 12 15
1923
March 12 March 12 10 - 22 5
May 10  May 10 0 = - 5
July 7 Tests made 0 0 - 5
July 10 0 - - 5
Aug. 30 do. 1 0 23 4
Sept. 4 0 - - 4
Sept. 11 do. 0 0 - +
Sept. 15
Oet. 1 do. 0 0 - 4
Oct. 16 0 - - 4
Dec. 8 2 - 25 2
1924 June 24  Experiment ended 2 0 27 0

(a) All these individuals were in either No. V or No. VI male phases.
See 1, Table IX, lots 92 and 93, for details of 8 of these oysters.

Experiment 6. On Females Bearing Young (1923), W. Mersea,
R. Blackwater.

In this experiment 29 O. edulis carrying either embryos or young were
detected between July 14 and August 2, 1923, at West Mersea and returned
to the sea in Deeps in the cage on August 2, 1923. Details of the experi-
ment are given in Table VII, p. 32. After a cleaning inspection in
October 1923 the cage was hauled again on June 7, 1924, when 23 living
oysters remained. A test made in June revealed no individuals bearing
young, but early in July 2 such individuals were found. The survivors
were opened on July 8, eleven months after the experiment began, when
1 more individual was found with embryos, 1 ripe female was ready to
spawn, and 3 contained ova which were regarded as unspent from a
previous female phase.

Summary of Experiment 6.

In 1924 3 oysters which bore young in 1923 were again found in
good female phases (2 with young and 1 full of ripe ova) in July. This
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experiment was begun with 29 individuals, of which 20 survived to be
examined in the following breeding season.

TABLE VII.

EXPERIMENT 6.

On Females Bearing Young (1923), West Mersea, R. Blackwater.

Dead Total
Cage Cage in 2 with dead & Total
put out. hauled. Remarks. cage and Ripe 2. young. opened. living.
1923 opened.
Aug. 2 In Deeps 29
Oct. 17 1 0 1 28
Oct. 20  Opened 2 2a - 3 26
Oct. 22 - = 3 26
1924
June 7 3 6 23
June 8 2 gaping ; opened 2b 0 8 21
June 9 In Thornfleet - - - 8 21
June 30 3 = - 11 18¢
July 1 1 gaping ; opened 1 - - 12 17
July 1-2  Tests made - - 0 12 17
July 2 In cage in pit
July 5 Tests made 0 - 2d 14 15
July 8 Remainder opened 15 1 1 29 0

Experiment ended.

(a), (b), and (c) are described in 1, pp. 1027-8, Table IX, lots 107, 108, and 110.

(c) Amongst the 18 oysters opened and examined from July 1 to 8, 13 were in good
male phases, two were found with numerous embryos or larvae, one was a ripe female,
and three others retained in their gonad ova which appeared to be degenerating and may
be regarded as relict from the last female spawning.

(d) One of these individuals was a doubtful spawner: a few black larve were dis-
covered on the glass plate below the oyster, but none were found in the mantle cavity.

Experiment 7. On Females Bearing Young (1923), R. Yealm,
near Plymouth.

Experiment 7 was begun with 21 oysters received at Plymouth from
various oyster grounds during June, July, and August 1923, and proved
to be carrying young. Most of them were in the whitesick stage on
arrival, but a few of the later ones were blacksick or bore shelled larvz.
Eighteen were sent from Whitstable, 2 from Port Navas, and 1 from
West Mersea ; whitesick individuals were received from the three localities
between June 18 and 21. After being proved these oysters were kept in
the tanks in the Plymouth Laboratory until put out in the experimental
cage on August 30.

The cage was hauled on October 2 and a sample of 8 brought back to
the Laboratory for the purpose of photographing the new good shell-
growth made by the experimental oysters (see note @, Table VIII).
When the oysters were again examined on June 24, 1924, 19 survivors



SEX-CHANGE IN OSTREA EDULIS. 33

were found and 1 extruded numerous embryos. Two more were carrying
abundant young at another test made July 15-16, and 1 more was found
at the fourth test made on August 8. Although these oysters had been
relaid from various parts of England, 17 out of 21 survived a winter and
the following summer. Only 1, however, survived the second winter.

Sumamary of Experiment 7.

Of 21 oysters carrying young in 1923 and relaid in the River Yealm
on August 30, 1923, 4 were found again with young during the summer
of 1924. '

TABLE VIII.

ExXPERIMENT T.

On Females Bearing Young (1923), R. Yealm near Plymouth.

Total
Cage Cage 2 with dead or Total
put out. hauled. Remarks. Dead. young. opened. living.
1923
Aug. 30 On the Yealm oyster beds — 21
Sept. 15 Tests made 0 0 0 21
Oct. 16 Oct. 2-16 Sample of 8 brought in.
Tests made; shell-growth
good (a) 0 0 0 21
Dec. 8 Dec. 8 Cage overhauled 0 - 0 21
1924
June 23 Tests made 2 10 2 18+ 1*
June 26 18+ 1
July 15-16  Tests made 0 2¢ 2 16+ 3
July 18 1 - 3 15+3
Aug. 8 Aug. 6-8 Tests made 0 1d 3 15+ 3
Aug. 26 0 0 3 15+ 3
Aug. 28 Tests made 1 0 4 144 3*
1925
June 26 Experiment ended 1343 0 20 1

Nores o Tasre VIII.

(a) A photograph of these 8 oysters is given in 8, p. 381, with a description on p. 382.
‘"The new shell-growth varied from a few to 8 mm. in extent.

(b) This oyster extruded numerous embryos on June 24, in late segmentation stages,
and was traced and put back in the cage. On July 16 the gonad was tapped and found to
be in male phase V.

(¢) One individual extruded numerous embryos at the instant of developing cilia and
-acquired a good ring of eilia by July 18. The gonad was retapped on July 17, and found
to be in male phase I.

The other extruded numerous embryos in a similar stage ; these also developed cilia
and could swim on July 17. The gonad was in male phase I on July 18 and contained
some unspent ova. Both oysters were traced and put back in the cage in the sea. On
August 28 both borings were found to have been repaired. These oysters died during the
following winter.

(d) One extruded numerous slate-coloured larvie with shells 180 to 190 p: on
-Openilng it was found to have a gonad in male phase IIT and to be completely spent (as a
female).

* Individuals which spawned again in 1924.

XEW SERIES—VOL. XIX. Xo. l. awvcust, 1933. C
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Ezperiment 8. On Females Blacksick, July 1924, West Mersea,
R. Blackwater.

From July 1 to 9, 1924, 60 blacksick oysters were proved and put out
in the cage in Deeps on July 9. On July 2, 1925, the cage was hauled
and 21 dead individuals found. The 39 living were tested unsuccessfully,
July 2-5, for sick individuals and were put back in the sea from July 5
to July 13. On the latter date they were taken out of the sea and all
opened during the following two days. The characters of these oysters
at this time are given in detail in 1, p. 1028, lot IIT, and are summarised
as follows :—

TABLE IX.
1925 No. Sex-condition. Fish.
July 13-15 4 Carrying embryos or larvae poor to fair*
1 Ripe female ready to spawn very good
12 Male phase IV fair to good
10 . . v poor to good
8 . » VI poor to good
3 35 , VII poor to good
1 macerating

Experiment 9. On Females Whitesick, June—July 1924, West Mersea,
R. Blackwater.

From July 10-13, 1924, 72 oysters were proved to be whitesick and
stored in a pit. On July 8-9, 3 more whitesick individuals were found
and all were put in the cage in the sea in Deeps on July 9, 1924, at the
same time as those used in Experiment 8.

On hauling the cage on July 2, 1925, 49 living oysters were found.
These were tested July 2-3 and 1 found blacksick ; 4 found gaping were
opened and examined. From July 5-13 the sample was re-examined,
when one was found dead; the remainder were tested and opened
July 13-16. The details of the examination are given in 1, p. 1029, lot
112, and may be summarised as follows :—

* Two had retained a few unspent eggs in the gonad. Only one individual among the
33 male phases had eggs in the gonad ; thisindividual had a gonad of curdley appearance,
and the eggs were regarded as relict from a previous female phase. The cage was hauled
after the beginning of the breeding season, it is to be noted, when early female spawners
may already have extruded their larvee.
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TABLE X.
With
unspent

No. Sex-condition. ova. Fish.

3 Carrying embryos or larvae 1 poor to fair

0 Ripe females 0

3 Male phase IV 0 poor to fair
13 w om ¥V 0 poor to v. good
21 . . VI 2 poor to v. good

(mostly fair to good)

3 55 ., VII 1 fair to good

5 - ., VIII=neuter 3 poor to good
48 ‘ 7

In this experiment six individuals in non-functional female phases had
retained few or many eggs from a previous female phase. As in the
case of Experiment 8 some individuals may have spawned and evacuated
their young in the early part of the breeding season of 1925, before the
cage was hauled.

Ezperiment 10.  On Females (West Mersea and Fal Estuary) Blacksick,
July 1925, West Mersea, R. Blackwater.

A. During July 1925 a collection was made of 38 blacksick oysters
from dredgings from the West Mersea beds. These were put out in the
cage in Deeps on July 21, and hauled July 3, 1926. Twenty-eight
individuals were found alive. The sample was opened at once and
examined for sex-condition. Particulars are given in 1, p. 1030, lot 1134,
Two were functional females, 1 of these being hermaphrodite but full
of ripe eggs ;: the remaining individuals were mostly good males in good
condition.

B. Sixteen blacksick oysters sent on from the Fal Estuary beds in
July 1925 were treated in the same way as the preceding sample A.
When the 7 survivors were examined on July 3, 1926, 1 individual was
found to be hermaphrodite with abundant ripe ova. This type of indi-
vidual is regarded as a functional female. Five others were in good
condition as ripe or ripening males and 1 was neuter in poor condition.

Experiment 11. On Females (West Mersea and Fal Estuary) Whitesick,
July 1925, West Mersea, R. Blackwater.

A. During July 1925, 48 whitesick oysters were found amongst samples
. dredged at West Mersea, and put in the cage in Deeps on July 21, 1925.
When the cage was hauled on July 3, 1926, 41 oysters were found alive
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and tested July 3-5. None were then found in spawn. On July 7 the
whole sample was opened and the sex-condition noted as is given in
1, p. 1030, lot 1138. Three individuals were found carrying young, 3
were ripe or ripening females, and 1 was a ripe female with sperm in the
gonad ; the remainder of the sample were males in various phases except
for 3 weakly and neuter individuals.

B. Twenty-one whitesick oysters sent to West Mersea from the Fal
Estuary in July 1925 were treated in the same way as the sample A
described above. When examined on July 3, 1925, of the surviving
6 oysters 1 was a ripe female ready to spawn, 4 were ripe males in good
or very good condition, and 1 was a weakly neuter.

Experiment 12.  On Females Bearing Young 1926, Truro Beds,
Fal Estuary.

A. In this experiment 61 Fal Estuary oysters found with black or
grey-shelled larvee in July 1926 were put out in a new cage in Trelissick
Reach on July 29, 1926. This sample was hauled and examined on
September 29, 1926, to obtain information on gonad changes in the same
breeding season as the oysters were found in spawn. The details of this
sample are given in 1, pp. 1031-2, lot 114a, and may be summarised as
follows :—

The sample consisted of 43 with normal shells, of which 2 died, and
18 with dumpy shells (for definition see 7, p. 200), of which 1 died.

TABLE XI.

Normal. Dumpy.

Category. No. With relict ova.  No.  With relict ova.
¢ with young 1 BL 0 1 0
ripe female 0 0 0 0
& phase IV 0 0 0 0
2 waning or : g 1 2
v ' 17* 1 11 0
VI arrested 9 0 9 0
.,»  VIII=neuter 10 1 2 0
not observed 2 0 0 0
41 2 17 0

B. Three whitesick oysters were put out and hauled with sample A
noted above. One died; the two remaining were in male phases IV

* One of these might have had very young ova, but microscopic sections are required
for certainty in identification.
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and V respectively on September 29, 1926, and neither had unspent
ova in the gonad (see loc. cit., lot 114B).

C. A sample of 28 blacksick individuals was also put out in another
cage moored to the Poles Rocks, Fal Estuary. These were put out on
July 21, 1926, and examined for general gonad condition on September 30,
1926. Three died. The details of the living ones are given in 1, p. 1032,
lot 1154, and may be summarised as follows :—

TABLE XII.
Normal. Dumpy.
Category. No. No.
C. D C D
©’s with young 2§ (1sl; 1 Wh) 0
ripe females 0 0
& phase IV 1 0
' 2 1
s WL 8§ 78 1
5 VIE b* 2 4t
s VAL 1 37 0
Sample C totals 19 6
Sample D 12 3

D. In the cage moored to Poles Rocks on July 21, 1926, were also
isolated 15 oysters found whitesick during July 1926. These all survived
and were examined on September 30, 1926. Details of their general
condition are given in 1, p. 1033, lot 1158, and are summarised under D
in the table given above.

Experiment 13. On Females Bearing Young, 1926, West Mersea,
R. Blackwater.

In earlier experiments females carrying spawn have been examined
after isolation in the sea for twelve months or more, or in the case of the
last experiment after about two months. In this experiment 45 blacksick
and 66 whitesick oysters were collected and put out in the sea at West
Mersea on July 14, 1926, and examined just before the beginning of the
breeding season in 1927, namely on May 27, the cage having been hauled

* One with numerous young ova.

1 Two with doubtful young ova.

1 One with doubtful young ova.

§ One with unspent ova, probably many young relict ova in the ¢ with larvea.
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on May 26. The details are given in Tables XIV and XV, pp. 39 and
40, and may be summarised as follows :—

TABLE XIII.
Category. B]acksié?c', 1926. Whitegék, 1926.

@’s with young 0 0
ripening and ripe @ phases 8 5
young 's 1 1
3@ B 2 1
neuter 3 0
ripening and ripe §’s 21 39
young and developing 3’s 3 18
died 7 2

45 66

Segries C. ExperiMENTS oN RirE FEMALES AND Rirr
FEMALE INTERSEXES.

Experiment 14. On the Isolation in the Sea of Ripe Females, West Mersea,
R. Blackwater, 1923.

When boring oysters for the purpose of finding males in July 1923,
12 ripe female individuals were discovered. These were returned
to the sea in a whelk-pot hung over the stern of a vessel in Thornfleet
until October 1923, when they were hauled and opened and examined
on October 29. Eight of them were found to have made good shell-
growth, of which a photograph is shown in 3, Fig. 6, p. 379. The sex-
phases were as follows :—

TABLE XVI.
Male Phases. v VI VIL VIII
Total 12 2 H 1 4
,, 8 with relict ova 2 1 1 4

All the individuals had spawned, but eight showed indications of
a recent female phase in the presence of relict ova in the gonad.

Experiment 15. On the Isolation in the Sea of Hermaphrodites,
West Mersea, R. Blackwater, 1923.

Four hermaphroditic oysters were found at the same time and in the
same way as the females mentioned in Experiment 14. These were also
isolated in Thornfleet and examined on October 29, 1923. Three had
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TABLE XIV.
ExpeEriMENT 13, A.

On Females Blacksick, West Mersea, July 1926, examined May 27, 1927.

SheAlI.‘
Sex-elements. Length Shoots
Sperm-moruls, in mm. in mm.

Condition Appearance® e, —— —r—
No. of Fish. of gonad. Gonoducts, Sex-phase,® Ripe. Unripe,  Ova. 1926 1927 1926 1927
1 f. s0. & trs. retic. % full ca, ripe & Ll @ none 74 83 13 0
2. i =— full ripe & N.O. G0 G0 4 0
3. f.g. ram. A trs. retic. empty &IV ® © none 70 84 13 3
4. g. white nf. (3) § & filling EX.Y few o @ 49 70 22 0
5. f.top.t trs. retic.; st. B empty neuter none none none 58 65° 13 0
[ 8. & trs. do. gV fairno.  oee. none 48 a6 8 0
7. v.E.* ram. A op. retic. do. &8 A V. ® f. = f. o 57 i 18 0
8. f.e. — full ripe & N.O. 50 61 10 tr.
Q. f.top. — filling ca. ripe & N.O. 50 16 15 0
10. f.e.® ram. A trs, retic. wh. empty JISIA @ @ f. no. 49 64 15 0
11. £. — full; long ripe d N.O. 47 63 20 1}
2. £. s do. do. N.O. 52 61 16 ]
13. £, — do. do. N.O. 48 48 1} o
14. E. = do. do. N.O. 41 55 13 0
15. £. — do. do. N.O. 63 62 12 3
16. g, 8q. & trs. st. empty g1 few V. o oce. rel. 55 60 5 4
17. v white nf. (§) § 2 filling d (A © few © 46 59 12 3
18, z. = fuoll; long ripe d N.O. 62 76 20 tr.
19. f.g. — filling ca., ripe 4 N.O. 55 it 10 tr.
20. 2. = full; long riped N.O. 65 69 10 0
21, f.top.” G.D. st A-tam. A empty young ¥ none none @ 43 55 16 L]
232. [ sq. & trs., honeye. & retie. do. neuter none none none 52 54 5 tr.
23, v.p.”  watery do, do. N.0. 40 56 15 0
24, f. sq. & tre. honeve. retie. do. gl none few none 53 63 10 2
25, feg — full ; long ripe & N.O. 54 61 11 ]
26. £ — do. dao. M.k 50 65 15 0
27. f. b do. do. N.O. 62 78 16 5
28, V.. white ff. (3138 fullofova  ripe 2 oce, none @ ripe 67 65 9 0
29. e’ white nf. (3} S filling ca, ripe § V. @ none f. = a5 70 16 0
30. £.¢ sq. & trs. retic, honeye. empty g 111 few v.® ace, rel, 47 58 10 0
81. 2. ram. A wh, retic. & ¢ empty 5B @ = f.= 47 81 17 0
32. f.g = filling ; long ca.riped N.0O. 46 67 22 0
33, V.E. = da. do. N.O. 54 G0 9 0
ETRE A wh, retic. nf. (§)§ 2 empty 4B o = few 50 738 22 0
35, V.E. rather sq. filling ; long ca.riped N.O. [i}:] 66 13 0
36. V.. ram. A opaque empty i A V. © none f. no. 47 59 9 0
87. g.% ram. A wh, & tra. retic. do. FiFIA w0 a0 f. no. 48 70 23 0
38. B, — full; long ripe d N.O. 1 70 15 0

Notes ox Tasne XIV.

1 The abbreviations nged to denote the naked eye appearance of the gonad will be amplified and discussed in a later communica-
tion on a seasonal study of an oyster population.

¢ For a description of sex-phases, see 1, pp. 975 and 981.

® The comparison in this sample and that noted in Table XV between the growth of large shell-shoots in the sutumn of 1926 and
the slight, or absence of such growth in the spring of 1927, is especially interesting (see 3, p. 377). The length of the shell is measured
antero-posteriorly and is on the average about the same as the height measured dorso-ventrally ; the shoot is measured in the mid-
ventral line, where it is usually largest, tapering off anteriorly and posteriorly.

4 Shells chambered indicating constitutional trouble of some kind, at some unknown period.

5 Muscle spindles (see 5, . 48) present in the visceral mass.

Ly _-hi appearance of abundant food reserve material iz noted in correlation with the presence of degenerating and/or developing
ova (see 1, p. 976).

7 Mantle cavity choked with mud ; this fact in correlation with the poor condition of the fish indicates permanent wealness.

Abbreviations :
f.={fair or fairly. . =good. V. =Very. T = POOT. G.D. =Gonad developing.
o =TUMErous., no, =numhber, tr.=trace. G. LD, =Gonad little or slightly developed.
G.M.D. = Gonad medinmly developed.
G.W.D. = Gonad well developed,
N.0.=not observed, as experience taught that mieroscopic examination is not necessary in such cases.
General.
The gills in this sample were mostly coloured slightly green and were thus on the point of the seasonal change from the winter
state of b?]ing coloured a ferrous-sulphate green to the summer state of white gill. Some gills were brown, ie. nos, 3, 4, 9, 17, 19, 22,
23, 25, and 38,
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TABLE XV.*

ExpermvENT 13, B.

On Females Whitesick, West Mersea, July 1926, examined May 27-28, 1927.

Condition

No. of Fish.

B

2. f.z.

3. f.g.

4. i.z.

8. i.

6. 1.

7. f.

8. f

9. i
10. 1.
11, f.e.
12, V.E.
13. f.e.
14. 1
16. f.&
16. f.
17. f.g
18. f.g
19, f.
20. £.
21. .
22, V.E.
23. £.
24, V..
25. 1.
26. g%
27. I.
28, E.
29, V.8
30. f.top.
1. f.
a2, ¢
3. E.
4. gt
35. £.
36. a
a7, f
a8, E.
39. f.e.
40. 1.z
41, f.
42, 1.g.
43, E.
44. E.
45, E.
46. g
47. I:
48, f.g.
49
50. f.
51. V.E.
b2, E
53. fam
bd. 3
55. g"
56. f.z.
87. f.
bE. f.
59.
60. f.top.
61, 1.
62. f.z.
63, f.top
64, .5

Appearance®
of gonad.

f. trs. honeye. retic.
do.

ram. A. trs. retie. G.L.D.

Gonoducts.

full ; long
do.

ram. A. wh. & trs.retic. GM.D. —

ram. A, trs. retic .G.L.D.
G.LD.
trs. retic. G.L.D.
sl. ram., wh. trs. retie,
da.

G.L.D.

do.  sq., & trs. retic,
ram. A. op. GaiD. (3)F ¢

trs. retic. G.L.D.

G.M.D.

G.L.D.

8q. & trs. retic.

do.

f. trs. G.L.D.

sq. & trs. retie.
dao.

ram. A trs. G.W.D.
do

GW.D,

G.LD.

ram. A. wh. retic.

sq. & trs. retic.

GM.D.

G.W.D.

8q. & trs. sl. retic.

8q. &dtrs. sl.retic. G.L.D.
0.

G.AMLD.

G.v.W.D, white nf.(3)J ¢
trs. retic. G.W.D.

8q. & trs. retic.

ram. trs. retic. G.L.D.
G.W.D.

G.M.D.

sq. & trs, retic.

o,
8q. & trs.st. B
G.M.D.

GV, W.D.
G.M.D,

G.M.D.

G.LD.

do.
st. ram. trs. retic.
do.
white (§) § ¢ G.F.D.
G.AMLD.
do.
do.
ram. A wh. retic. GM.D.

sq. & trs. retic. G.L.D.
f. trs. dendritic ducts

full ; long

full ; long

full ; long

filling
do.

filling

full

filling

do.

do.  long
full

full
do. long

little in
ducts

full
filling

do.
filling
full

do. long
filling

do.

full
do. long
do.
filling
full
do.
little
do.
filling
do.
do.
do.

filling

st. A—ram. A wh. retic. G.L.D. —

G.L.D. ram. retic.
s0. & trs.
sq. & trs. st. B

o.
trs. retic. G.L.D.
ram. honeye. G.W.D.

little
do.

filling

* Bee notes to Table XIV for explanatory remarks.

were brown.

Sex-phase.®
ripe &

do.
I

0

VA
B}

04040, 2,0.040,
=E -

ipe 4

v
diFA
ripe &
g1
ca.riped

do.
g1
g Iv
ripe g

o

[N

ca. ripe d
do.
dao.
ripe &
(2B
)
ripe &

do.
neuterorgd I
)
3 IV
ca. ripe 8

3

g Iv

ripe &
do.

ca. ripe &

Shill.‘
Sex-elements, Length Shoots
Bperm-moruls, in mm. in mm.
p——t | —_—
Ripe. Unripe, Ova. 1626 1027 1926 1921
N.O. 53 80 24 o
N.O, 48 G5 18 2
none few none b8 i 10 0
few v, @ f. no. 70 78 10 0
N.O a0 73 16 1]
N.O. 53 73 10 3
none @ oce. rel. 47 67 19 0
N.O 55 74 18 tr. §
N.O a0 B0 21 tr. |
i} 67 17 ?
w0 o none a7 60 0 3
@ f.® L 44 it} 13 2
N.O. a8 it} 14 1]
none @« YOUng none 41 48 7 4
N.O. 49 65 11 tr.
N.O 47 62 13 3
N.O 63 75 10 tr.
N.O 56 68 16 0
N.O 440 76 19 1]
N.O. 55 63 7 0
~N.O. 61 [i5] 7 0
N.O. 56 liE1 8 tr.
N.O. 63 81 16 0
N.O. of T2 14 3
N.O. 46 60 17 0
V. o kel s0Ime fit.} 66 8 (13
N.O. 88 68 7 0
N.O. a6 61 7 13
N.O. 50 69 19 0
N.O. G& B0 9 0
N.O. b 76 17 0
N.O. a0 68 7 13
N.O. 49 G 10 0
few {. o o0 6o 65 13 0
N.O. 61 75 16 tr.
N.O. 55 70 20 (1]
N.O. 50 69 10 3
N.O. 50 G4 20 0
N.O. G0 73 11 0
N.O. ik 63 ] [
N.O. 45 62 17 0
few L none 68 60 12 o
N.O. 53 62 13 tr.
N.O. 50 61 12 tr.
N.O. 54 i3 16 0
N.O. 58 78 12 0
N.O. 45 50 9 0
N.O. 44 a1 9 0
N.O. 46 b3 6 tr.
N.O. 53 62 8 0
i o none @ ripe 62 '] 13 G
N.O. 63 T3 14 0
N.O. 53 G8 17 0
N.O. 50 65 21 tr.!
o0 ] I & 53 63 11 tr.?
rare o none Lt T4 10 tr
N.O. 45 63 16 L]
none none = ripening 04 81 13 0
N.O. o6 70 17 0
fair no. few none 47 63 16 0
N.O. 75 a7 6 0
N.O. 62 70 T 0
none @ YOUNg nene 46 67 21 3
N.O. 68 73 8 0

In this sample the gills were mostly slightly green : in 11 individuals thes
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spawned all or nearly all the ova, but 1 had spawned its ova only partially.
The latter was in sex-phase VII with relict ova, and with two others,
which were in sex-phases VI and VII, had made a perfect recovery from
the boring. The fourth had made a very bad recovery from the operation
and its gonad had no sex-elements.

SuMMARY AND DISCUSSION OF KXPERIMENTS ON IsoLATING OYSTERS
JARRYING Youneg (SERIES B) AxD ox THOSE WITH Rire Eccs
(SErIES C).

The results obtained in the set of experiments with oysters bearing young
are summarised in Tables XVIT A and B, p. 44, and XVIII, pp. 46-47.

Trom Table XVII B it is seen that at the end of the same breeding
season as that in which the experimental individuals were found, i.e. the
1st summer, a proportion as high as 3-49, were again detected bearing
yvoung. In the second summer about 59 were found again with young
and an additional 79, were ready to spawn as females. Among the small
number of individuals surviving to the third summer of the experiments
about 59, were again found with young and at least an additional 159,
ready to spawn as females. Among all the experimental oysters about
119, were discovered again in ripe female functioning stages.

It may be presumed that all female-functioning oysters revert again
to the female phase at some time after passing through an intermediate
male (and possibly a neuter) phase. Hence the gross percentage of
reversion to the ripe female phase found is small except in the experiment
which ran into the third summer. There can be no doubt that the actual
reversions occurring were much greater in number than found from the
following considerations :—

(1) In several experiments (e.g. 10 and 11) only one test was made
during the breeding season, so that only those females existing as
such at that time of the season were detectable. It is known that
female phases may develop throughout the extent of the breeding
season, although on the beds in the River Blackwater a maximum
of spawning usually occurs about July.

(2) In some experiments tests were not made until some weeks after
the opening of the spawning season, hence early spawners may
have extruded larvae before examination.

(3) In experiments 7, 5, and 4, tests were made only for detecting
females with young in the second summer of the experiments. In
these cases only those females actually carrying young at the time
of examination could be detected.

(4) When tests were made frequently, as in experiments 7, 5, and 4,
young-bearing phases may nevertheless have passed undetected in
the sea in the intervals of testing.
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(5) The presence of ova—recognisable in most cases as relict from a
recent spawning—in the gonad of eleven individuals either male or
neuter examined in the second summer of the experiments, and of
two other such individuals amongst the few surviving into the
third summer, affords evidence of the occurrence of the undetected
production of larvee among the experimental oysters.

Thus the reversions found by experiment in all cases can certainly be
regarded as smaller than actual.

On the oyster beds it may reasonably be expected that the reversions
to the young-bearing stage would be greater than those actually occurring
under experimental conditions, the detrimental effect of which is demon-
strated by the known heavy mortality. The attainment of the functional
female phase may be postulated to be dependent upon a period of anabolic
metabolism, and the building up of good reserves would undoubtedly be
delayed or depressed by those detrimental conditions ancillary to the
experiments already referred to on p. 26. Thus reversion to the female
phase on the oyster grounds may reasonably be expected to be not only
greater than that found in the experiments, but also greater than that
actually occurring in them.

Although a greater percentage of reversions to the young-bearing phase
may occur naturally on the beds than in the experiments, there are
indications that a small proportion of the spawning taking place under
experimental conditions may be a result of these conditions. It is clear
that a correct estimation of any error introduced by the conditions of
the experiment is of the greatest importance in assessing the results.

During the course of these experiments the importance of incomplete
spawning in females has become gradually recognised. A discussion on
the fate of unspawned ova is given in 1, p. 974, and 6, where it is regarded
as probable that in a few cases out of the large number of observations
made a given female may as a result of incomplete spawning in the first
instance have spawned successfully a second time in one season from
one batch of ova matured for the first spawning.

Experiment 12 was designed to obtain information on this matter.
It was found that among 98 surviving oysters examined in September
1926 (see Table XVII), 4 were carrying young, although all had been
found previously in July with either embryos or larvee. The condition
of the young in two of these four cases indicated that spawning had
occurred recently ; it is possible, but not probable (owing to the small
size of the larvee), that in the two others the larvae may have been retained
in the mantle cavity from July. In Experiment 5, when 10 individuals
were examined five weeks after detection with young, 1 had larve which
had in all probability been retained during the five weeks. Thus reten-
tion of larvae and incomplete spawning may give an appearance of the
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assumption of a second female phase in one and the same breeding
season. Whether unspawned ova can be successfully spawned after
remaining in the gonad during the winter is a moot point, though improb-
able. Eggs remaining in the gonad at the approach of winter are usually
evacuated or begin to degenerate in sifu in the gonad. Relict eggs may,
however, contribute to hastening the next female phase by adding to the
food reserves in the body by their absorption.

Apart from this, it may be considered that female spawning in the
second summer due to incomplete egg-spawning in the previous summer
is a rare event, if indeed it occurs at all. An individual which retains
ova in the winter is usually of the type designated as “ curdley ” (see
1, Tables IV and IX).

In 1, Table IV, p. 999, a record is made of the occurrence or absence of
unspawned ova in about 700 recently spawning females. On analysis
(see 6) it is found that about 549, retain few or more eggs after spawning ;
439/, of these containing a few scattered eggs, while 119, may have many
in scattered or large patches. Among this large sample as many as 22
individuals are recorded with the gonad from 1 to % spent. If it were
possible for these individuals to spawn successfully again in the same
season the percentage would attain the figure 3, very nearly that found
in Experiments 12, 7 and 5, namely 3-4. (See Tables XVII A and B.)

Thus the oysters bearing young again in September in Experiment 12
must be regarded as having almost certainly spawned a second time
from eggs matured earlier in the season ; it is also possible that others
undergoing such a second spawning may have occurred undetected
during the course of this experiment.

Among the experiments where the samples were opened in the second
summer, the results obtained in Experiment 114 are especially interesting
(see Table XVIII, sample 18). In this case there was little mortality
during the winter, 41 surviving out of 48. Correlated with these beneficent
conditions is the occurrence of 3 oysters with young and 4 ripe female
phases in the following July, a total of about 179, mature female-function-
ing reversions. In this set of experiments 11-79%, of reversions occurred.
Twenty per cent of reversion is also shown in Experiment 5, where the
mortalityin the preceding winter waslow. Evenif 59, 0f these be attributed
to the influence of incomplete spawning in the preceding breeding season,
there is still a significant margin left to prove reversion in the second
summer, especially when it is remembered that the figure obtained is a
minimum in comparison with that likely to occur in wholly natural
animals.

In the small number of individuals surviving into the third summer,
as in Experiment 4, one quarter of the sample were in mature female phases
at the time of examination.



1st Summer. 2nd Summer. 3rd Summer.
No. of No. of No.
25  No. of No. of s No. of No.of @
No. of No. of No.of with sur- No.of ripe @’s  with sur-  No. of ripe @'s. wil
Expt. oysters. tests. young. vivors. tests. and . young. vivors. tests. and . you
12 A 82 (56)* 1 z
B 3 (2) 1 0 :
C 28 (25) i 2:
D 15 (15) 1 0:
13 A 45 - 38 - 842 -
B 66 - - 64 - 5+1 -
8 60 - - 38 2 1 4 :
9 75 - - 48 2 0 2:
10 A 38 - - 28 1 2 0:
B 16 - - £ 1 1 0:
11 A 48 - - 41 1 4 3:
B 21 - - 6 1 1 0:
6 29 - - 20 2 1 2+17
7 21 (21) 1 0 19-3+ 4 - 4 1 died
5 27 (27) 1 1 -1 E - 0 2 died
4 78 - - 3247 3 - 1 19 (3died) 3 341
Totals 146 5 346 23+3f 16+1? 19 3+ 1§
TABLE XVII B.
No. of No. of No. of Total Total 9
oysters  functioning.  §'s with  functioning functioning
tested. ripe @'s young. .5 L.
1st Summer 146/ - 5 5 34
2nd  do. 3469 23(+ 3)** 16(+1%) 39(+ 4) 11-3 to 12-4
3rd  do. 19 I+ 1) 1 4(+ 1) 21-0 to 26-3
Totals 511 26(+ 4) 22(+ 17) 48(+ 5) 10-8 to 11-9
67119
444
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Coxcrusions FRoM EXPERIMENTS oN OYSTERS WITH YOUNG.

The experiments therefore prove that oysters which have borne young
in one summer do attain a new female phase and bear young again in
significant (but small) numbers in the next summer: a rather larger
proportion attained new female phases two years later. There is good
reason to believe that the percentage of reversion to female phases will
be very much higher in wholly natural than in the experimental oysters,
and that more reversions occurred in the experimental oysters than were
discovered.

TABLE XVII A.

SUMMARY OF EXPERIMENTS ON ISOLATING OYSTERS WITH YOUNG,

* The numbers in brackets in Table XVII A give those surviving to be tested in the
first summer.

1 Died during the second summer. 1 Intersexes with ova nearly ripe.

§ With numerous doubtfully healthy ova.

|| Includes 48 from Experiments 7 and 5 carried forward or died at end of first summer.

¢ Includes 19 from Experiment 4 carried forward at end of second summer.

*% The figures bracketed in Table XVII B are derived from the totals given in
Table XVII A.
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SEX-PHASES INTERVENING BETWEEN SUCCESSIVE FEMALE PHASES.

It has been shown (1, Table I'V) that among 702 oysters carrying young
979, of such individuals émmediately pass into an active male phase after
the act of egg-spawning. Many hundreds of similar cases have since been
recorded. Additional evidence is afforded by the sex-phases recorded in
Table XVIII from the B series of experiments. Thus, there can remain
no doubt that the translation from a female to an active male phase
occurs normally in O. edulis after the egg-spawning act. The small
percentage of abnormalities—which consisted mostly of no assumption
of the male phase—occurred at the end of the breeding season, when the
gonad is passing into a passive condition. This fact is quickly seen from
a glance at Table XVIII, pp. 46-47. Among individuals examined in July
(Sections 1, 4, and 6) the male-phases are predominant, and are mainly
IV, V, and VI, indicating that the gonads are still producing sperm-
morulz. On the other hand samp]es examined in September (Section 2)
contain a high proportion of waning and neuter phases (e.g. VI, VII,
and VIIT). At the beginning of the second summer male phases still
oceur in high proportion, but are predominantly active, and it is interesting
to note contain some quite young phases, namely I to ITI. It is thus shown
that at the end of the breeding season sperm-production wanes or ceases
but becomes active again in a high proportion of comparable individuals
(809,) in the following earl} summer, During the early summer a propor-
tion of individuals varying in the experimental material from 109 to 15%,
pass over into a functional female phase. A comparison of the totals in
Sections 2 and 3 in the Table gives the suggestion that a proportion of
the neuter individuals in September become female in the following
spring. Further evidence is required, however, before this sequence can
be acclaimed as a fact. No data are available from these experiments
for discovering what proportion of individuals would pass from 2nd
summer male phases into a 2nd summer female phase, but it is hoped
to obtain the required information from an intensive study of seasonal
changes in sex-phases in an oyster population. Such a study was made
in 1926-27, and the results are being worked out.

In the 3rd summer the female phase was assumed in a larger proportion
of the experimental oysters; 509, in Series A (see Table IV, p. 27)
and 219, to 269, in Series B (see Table XVII B, p. 44), excluding the
individuals showing signs of having recently passed through the female
phase by the presence of recently relict ova in the gonad. Under wholly
natural conditions there can be little doubt that the percentage of these
transitions to the female phase would be much higher than in the experi-
mental. The experiments nevertheless afford a valuable basis for more
enlightening field studies. For example, it is relevant to record that in



No. of No. isolated and Origin of ing to be
Sec- Sam-  Siteof No.of Expt. condition of young. of examina- tested or
tion. ple. Expt.  Expt. begun. Bl Wh. Mixed. oysters. tion. examined.

1. Sex- pha.ses found five weeks later (July). (In the same breeding season.)

1 R.Y. 5a June 10 various July 10

2. Sex-phases found two to three months later in the lst summer (Sept.—Oct.), (within

2 Fal R. 12A July 63 F.E. Sept. 39

3 do. do. 18 do. do. 17
4 do. 128 do. 3 do. do. 2
5 Fal E. 12C do. 22 do. do. 19
6 do. do. 6 do. do. 6
7 do. 12D do. 12 do. do. 12
8 do. do. 3 do. do. 3
9 W.M. 6a do. ' 2 W.M. Oct. 2
10 do. 14 do. 12*2  do. do. 12
11 do. 15 do. 417  do. do 4
Totals of Section 2 116

3. Sex-phases found at the approach of the next breeding season (2nd summer ; May).
12 W.M. 13A July 45 W.M. May 38
13 do. 13B 66 do. do. 64
Totals of Section 3 102

4. Sex-phases found during the next breeding season (2nd summer : July).

14 WAL 8 July 60 W.M. July 38
15 do. 9 June 75 do. do. 48
16 do. 10A July 38 do. do. 28
17 do. 10B do. 16 F.E. do. 7
18 do. 11A do. 48 W.M. do. 41
19 do.  11B do. 21 F.E. do. 6
20 do. 6 Aug. 29 W.M. do. 20
Totals of Section 4 188
5. Tested only for young-bearing in the next breeding season (2Znd summer; ca.July).
21 W.M. 4 July 78 W.M. July 324
22 R.Y. 5 June 27 wvarious  do. 5-1
23 R.Y. 7 June—
' Aug. 21 do. June-Aug. 19-3
Totals of Section 5 56

6. Sex-phases found two years later (3rd summer : July).

24 W.M. 4c — (78) W.M. June-July 16
Sum Totals 268 228 261 188

Adjustments 78| 44t

Adjusted Totals 679 444

TABLE

Sex-pHASES OF O. EDULIS, occurring in samples examined af

(Data derived from material

Month No. surviv-

* 12 found as ripe female by boring the shell.
T 4 found as ripe ¢ by boring the shell.

1 Comprises some samples not shown in Table XVII (i.e.
1. 2. 3. The small figures give the number of individuals in the
¢ The numbers in brackets are included in one or other of the
{{ 78 individuals used for Sample 21, Experiment 4, are recorded



XVIII.

various intervals of time after being detected with young.

isolated in cages in the sea).

Female phases.
T - hl
Ri hases.
Male phases. ._pe_.I«)._.._....__ No. of
— Neuter. 3(%) Juv.¢ J(2) @ with Sam- Sec-
I II 1Ir  Iv v VI VII VIII B  Dev. A ) 2 young. ple. tion.
- - - 3 3 3 = = = = - - - 1 1
but at the end of one and the same breeding season). 2.
- - - i 2 1 9 100 - (1 - = - 1 2
— = = - 111 2 2 = = = = = 1 3
= - 1 1 - - - - - e = E= - 4
= 1 2 g1 5t 1 - CHIE D= - & p) 5
S owm e - 1 1 4 - - (29 - - -~ . 6
e s . = 72 31 - an - - - - 7
- - - - 1 1 1 - - - - - - 8
. e - 1 . 1 = = = - = - 9
o - 92 51 11 4% - - N - A0
s = E 1 2 1 - e = = = s A
- - - 2 10 52 26 22 - (1+47) - = - 4
3.
1 - 2 - 21 - - 3 2 1 6 1 1 = 12
18 39 - = 1 1 4 1 - - 13
21 60 3 3 2 10 2 1 0
4,
w o o= 195 00 81 3 = - = - 1 4 14
= 3 13 21z 31 5 - 2 s = = 3 15
.l‘___'*‘___\
o b oo 24 = T R R 1 1 - 16
——
- - - 5 - 1 - - - 1 - — 17
= 5= = 311 - 3 - = = 1 3 3 18
f——%
= 4= = 4 = 1 - - - - 1 - 19
= = = 7 4 3 - 2 = = y - 1 2+11 20
———
145 6 14 3 7 1241
5.
1 21
0 22
4 23
5
6..
= = - 6 2 - = 3 1 - 1 2k 1 1 24
!_‘_'_J\‘___\
¥ 26 2+ 17

samples 1, 9, 10, 11) and sample 24 counted twice.

respective phases with either small patches of unspent or—rarely—developing ova in the gonad..
male phases and are not to be counted in the sample total.

again in Sample 24, Experiment 4 c.



48 J. H. ORTON,

three successive seasons on the Fal Estuary beds (Truro Rights)
about 509, of the oyster population have been found to be ripe as
functional females at about the beginning of each breeding season (see
also 7, p. 27). These facts alone show that on these beds there is on
the average a reversion to the female phase at least every other summer.

A comparison of the male phases of the oysters in the experiments of
‘Series A (see Table IV A, p. 27) with the male phases of individuals which
were females in the preceding summer (see Table XVIII, Section 4,
pp. 46-47) brings out a close similarity. Hence the males used in the
Series A may have been mostly female in the summer before that in which
they were identified. Some of these might very well have heen female
two summers ago, and therefore the rapid change to female chserved in
one instance (see p. 24) is—in the light of the results of these experiments
-and if the individual were normal—not outside expectation.

The young female stage was observed in two individuals in Experiment
13 when the whole sample was opened at the approach of the breeding
season in May.* Seasonal studies have proved that the bulk of the
females in an oyster population develop rapidly in the spring and early
summer, hence examinations made about April-July would be the most
favourable for discovering young females on most English beds. The
relatively small proportion of all the different types of female phases
found in the experiments is important in indicating :—

(1) that there is no automatic return to the female phase in the 2nd
or the 3rd summer after that (counted as the 1st summer) in which
young are borne.

(2) A return to the female phase may occur in the following breeding
season (2nd summer) in a small but significant proportion of
mmdividuals.

(3) A higher proportion may revert to the female phase in the 3rd than
in the 2nd summer.

(4) The male phase following egg-spawning may persist throughout
the 2nd summer and possibly in the 3rd summer.

It is emphasized that these are caperimental vesults, and that there is
virtual certainty that the sexual processes follow each other more rapidly
-and more regularly on the oyster grounds than is apparent from these
experiments.

Intersexes, or various hermaphrodite conditions, occur in most of the
-experimental samples which were examined after the 1st summer, and
are especially abundant in Experiments 12 and 13 (see Section 3, Table
XVIII). This result in a sample examined in May is in accordance with

* Great caution is required in assessing young ova in recently-spawned individuals ;
in these cases young ova are not infrequently retained in the gonad (see Section 2, Table
XVIII).
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the findings from seasonal studies, in which it has been proved (unpub-
lished) that the female phase may be assumed very rapidly and super-
imposed upon a variety of the male phases.

Thus the experiments show that after an oyster has spawned as a female
a sperm-producing phase is assumed automatically (with rare exceptions
at the end of the breeding season). Sperm-production is active for about
one month and then wanes. At the approach of autumn when food-
reserves are usually being accumulated, the gonad assumes a quiescent
condition in a large proportion of individuals, but in some remains still
active. In the first winter the gonad remains apparently in either a neuter
condition or in arrested and mostly late male phases. In the following
spring a new phase of male activity may begin, or the arrested male
phase be continued. In some cases an active female phase is super-
imposed upon neuter individuals to give pure females, or upon a variety
of male phases to give various types of hermaphrodites. These intersexes
with ripe newly formed ova are with little doubt mostly, if not all, female-
functioning, but are not all definitely proved to be of this nature by the
experiments herein described (see p. 19 (c), and Experiment 15, p. 38) ;
the rarity of purity found (unpublished researches) amongst apparently
pure ripe females enhances the probability that these types of intersex
produce larvee.

DISCUSSION AND CONCLUSIONS.

The experiments herein described prove definitely for the first time
that male individuals of O. edulis pass into the female condition n
significant proportion within twelve months and that greater proportions
attain the female condition in two years. The experimental conditions
render it probable :—

(1) that only a proportion of the actual change over to the egg-
producing stage in the experimental material has been observed,
and

(2) that the actual changes in the experiments into female phases are
less than would occur naturally when the molluses lie free on the
grounds.

For these reasons it is considered advisable to obtain further informa-
tion on the rate and proportion of the change from the male to the female
phase from studies in seasonal changes in sex-condition throughout an
oyster population. Data for such a study have already been obtained,
and will be discussed in the near future.

It would appear to emerge from the experiments—in accordance with
expectation—that the change from male to female is not automatic as
is the change from female to male. The age of the experimental oysters
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was not known definitely, although it could be stated with certainty
that the bulk of the individuals ranged between 4 and 6 years. It is
conceivable that the period elapsing between successive female phases
may vary with age, but the fact that O. edulis may under optimum
conditions become female at an age of one year (8) on English oyster
beds indicates that age is not an all-important factor. The predominant
factor in the change from the male to the female phase would seem to
be the experience of a period of anabolic metabolism ; for this, abundant
food and healthy conditions in general are required. In some of the
experiments these conditions were certainly not fulfilled during the whole
period of the experiments.

The small proportion of reversions to the female phase in about twelve
months and the larger proportion after two years indicates that the
normal period intervening between successive female phases may be two
years on English beds. Many of the experiments were not, however,
designed to run for two years, and in those maintained for that period
the conditions (e.g. continual testing) were admittedly bad. In new
experiments in the future it would be advisable to leave some of the
experimental oysters in the sea undisturbed, except for cleaning, for two
years, in order to maintain the best possible conditions for determining
the percentage of reversion to the female phase for this period of time.

SUMMARY.

Under such environmental conditions as occur on English oyster
grounds, it has been found by the use of experimental cages that oysters
proved to be male in a given breeding season change to functional females
in significant numbers (a minimum of 109, to 169,) in the next breeding
season : among a small number of survivors 509, became functional
females within about two years.

Experiments on isolating in the sea oysters which have been found
with young prove also that a significant number of individuals (ca. 119))
revert to mature female phases within about twelve months ; in experi-
ments extending over two years a higher proportion (a minimum of 219;)
among a small number of survivors reverted to mature female phases
under conditions which are known to have been and were necessarily
unfavourable.

Owing to experimental difficulties, which are discussed, it is considered
highly probable that the proportion of changes or reversions to the female
phase detected is smaller than that actually occurring in the experiments
and evidence is advanced that it is much smaller than occurs when the
oysters are lying free and undisturbed on the oyster-bed.

On the other hand it is also shown that a small proportion of individuals
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(about 39;) may spawn twice in one breeding season from one batch of
eggs if a high degree of incomplete spawning occurs at the first attempt.
The bearing of this phenomenon on the experimental results is discussed.

The experiments indicate that two years may be the more usual period
intervening between successive normal female phases on English oyster
beds, but new experiments conducted on different lines are required to
obtain further direct information on this problem. This result is in
harmony with statistical investigations, which show that females revert
to the female phase at least every other breeding season.

The sex-phases found by experiment to intervene between successive
female phases are recorded and discussed.

While providing important facts it is regarded that the experiments
are inadequate to give a representation of the natural phenomena, and
that a clearer picture of the natural changes is more likely to be obtained
from a comprehensive population study, for which the experimental
results herein described will provide a solid basis.

Ox ExXPERIMENTS WITH OVSTERS IN CAGES.

It is an interesting and somewhat surprising fact that the isolation of
oysters in a cage on the natural oyster bed introduces in itself an important
modification of the natural habitat. In the cages utilised in the later
experiments herein described a large mesh (1} inches in diameter) was
utilised, as it was soon realised that the 2-inch mesh of the cage used at
West Mersea too readily permitted an accumulation of mud. There
are, however, limits to the size of mesh which can be used with safety,
for any of the bivalves may slip or project partially through a mesh
and in that way be prevented from opening or growing shell-shoots
properly. The mesh prevents so free a flow of water over the isolated
oysters as occurs on the neighbouring ground. As a consequence an
accumulation of silt occurs in the cage, especially if large numbers of
the larger simple Ascidians, e.g. Ciona, Ascidielle aspersa and Ascidia
conchilega settle on the oysters or cage and grow ; their excreta add to
the accumulation of silt in the cage. Silt settling in this way may either
choke the oysters or interfere very seriously with normal nutrition by
necessitating a large intake of silt in feeding with the consequent loss of
energy in voiding it. To obviate some of these disadvantages the cage
was raised off the bottom on a table structure ; this arrangement gave
better results than a cage lying directly on the bed. The disadvantages
of a table-cage are that it is more difficult to put out and is more easily
upset while lying at the bottom. On a commercial bed it is inadvisable
to buoy a cage since the buoy-ropes may inadvertently be fouled by ships
passing in the dark,
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To prevent the accumulations of growth and silt in the cage it is
advisable to raise it as frequently as possible. With a table-cage moored
on the bottom frequent cleansing in this way is a laborious and expensive
process, unless the experimenter be working continuously near the site
of the experiment. A cage lying directly on the bottom can be relatively
easily raised and cleaned on frequent occasions. Attachment of the
anchors to the legless cage can be made upon the strong iron framework
around which the iron mesh-work is secured. Pairs of handles along each
edge of the cage at the top as well as the bottom were found extremely
useful for one or other of the operations.

Tt is important to have the cage constructed so that every compart-
ment can be recognised without a label, and the provision of iron-wire
mesh shelves in each compartment is an additional advantage for isolating
special oysters of different classes easily and quickly. If a permanent
shelf be provided it is easy to construct a cover to make a new cagelet
within any compartment. In a later design permanent but short legs
were obtained by simply allowing the strong vertical corner rods of the
framework to project beyond the bottom of the cage. A design of this
kind is useful in certain kinds of experiments, though the legs may require
strengthening in other ways if much weight is carried. In making the
centrally placed lid regard must be paid to the accessibility of the recesses
of the different compartments, but the safety accruing from the central
lid is a compensation for a little trouble in handling the experimental
material.

ACENOWLEDGMENTS.

All the experiments herein described were carried out as a part of
the programme of research work of the Marine Biological Association,
Plymouth, with the approval of the Council and the unfailing help of
the Director, Dr. E. J. Allen.

Reference has been made to the valuable help in this work given
especially by the Tollesbury and Mersea Native Oyster Company, without
whose co-operation and good-will most of the experiments could not have
been done. Similar valuable assistance was given also by the Yealm
Oyster Fisheries and the Oyster Committee of the Truro Corporation.
All these bodies, as well as the Seasalter and Ham Oyster Co., and the
Duchy Native Oyster Co., helped to provide the experimental oysters
by—in some cases unusual—dredging in the breeding season.

In the operations in the field T am especially indebted to Mr. Louis
French, Mr. Bert French, Mr. W. M. Mole, Mr. J. Kingcome, Mr. K. Searle,
and Mr. W. Searle for suggestions and assistance in handling the experi-
mental apparatus.



SEX-CHANGE IN OSTREA EDULIS, 53

Mr. J. Metherell, of Plymouth, had no difficulty in making the experi-
mental cages; the late Mr. O. Anstey constructed the table apparatus.

I am indebted to Misses D. E. Coleman and H. M. Lewis for assistance
with the manuscript and proofs, to Mr. P. Bond for the photos for
Fig. 3, and enlargements of field photos, and to Mr. A. J. Smith for
the photo for Fig. 1, Part III.

For a number of years small grants in aid of the expenses were received
from the Royal Society and were utilised on some occasions for making
highly desirable additional visits to West Mersea from Plymouth. It is
a pleasure to acknowledge the usefulness of these grants.

REFERENCES.

1. Orrox, J. H. Observations and experiments on sex-change in the
European oyster (0. edulis). Part I. The change from female to
male. Journ. Mar. Biol. Assoc., N.8., Vol. XIV, No. 4, 1927.

2. —— Do. Part II. On the gonad of egg-spawning individuals.
Journ, Mar. Biol. Assoc., N.S8., Vol. XVII, 1931.
3. —— On rhythmic periods of shell-growth in O. edulis with a note

on fattening. Journ. Mar. Biol. Assoc., N.8., Vol. XV, No. 2, 1928.
—— DBritish Oyster Fisheries. Nature, Vol. CXXIII, 1929.

—— (assisted by E. Worsnop). An account of investigations into
the cause or causes of the unusual mortality among oysters in
English oyster beds during 1920 and 1921. Part I. Report,
Figheries Investigations. England and Wales. Series II, Vol. VI,
No. 3, 1923 (1924).

6. —— Observations and experiments on sex-change in the European
oyster (0. edulis). Part ITI. On the fate of unspawned ova. Journ.
Mar. Biol. Assoc., N.S., Vol. XIX, 1933.

7. —— On lunar periodicity in spawning of normally grown Falmouth
oysters (0. edulis) in 1925. Journ. Mar. Biol. Assoc., N.S.,Vol. XIV,
No. 1, 1926.

8. —— Phenomena and conditions of sex-change in the oyster

(0. edulis) and Crepidula. Nature, Vol. CX, 1922, p. 212.

9. Orron, J. H., and Lewig, H. M. On the effect of the severe winter
of 1928-1929 on the Oyster Drills . . . of the Blackwater Estuary.
Journ. Mar, Biol. Assoe., N.S., Vol. XVII, 1931.






[ 55 ]

Chemical Constituents of Biological Importance in the
English Channel. Part III. June-December, 1932.
Phosphate, Silicate, Nitrate, Hydrogen Ion Con-
centration, with a Comparison with Wind Records.

By
L. H. N. Cooper, Ph.D., A.IC,,
Assistant Chemist at the Plymouth Laboratory.

With 3 Figures in the Text.

WHEN considering wind records, the Beaufort number, B, may with
advantage be replaced by its cube, B3 According to the Observer’s
Handbook of the Meteorological Office (1921), this is a measure of wind
force :—

P=0-0105B3, where

P=TForce in lb., registered by a circular disc one square foot in area
facing the wind as in the plate anemometer when the density of the air
is normal, and

B=DBeaufort number.
The relation between B and B?1s :—

B 1 2 3 4 5 6 7 8 9
B3 1 8 27 64 125 216 343 512 729

At Mount Batten Air Station, Plymouth, wind records are made three
times daily. These values have been cubed and the mean taken as the
daily, mean cube Beaufort number, to give a mean value of the amount
of wind disturbance each day. They are plotted for three periods in Fig. 1.
The directions from which the wind blew are shown by arrows on the graph.
The mean cube Beaufort number may afford a more useful index of the
capacity of the wind to cause mixing and turbulence in the sea than the
Beaufort number itself.

The conditions found on August 16th, 1932, were directly related with
the wind in the preceding month (Figs. 18 and 2). On June 16th and
July 13th, at EI, the thermocline was found at 25 metres, above which
the temperature gradients were practically uniform. But on July 27th,
28th, and 29th, mean cube Beaufort numbers, 165, 105, and 115 were
registered. These winds mixed the water thoroughly down to 10 metres,
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to give a uniform temperature of about 17-4°-17-5°. Subsequently with
quiet sunny weather, the surface layers warmed to about 18:7°. The
layer between 10 and 20 metres, sandwiched between two thermoclines,
was of exceptional stability and its chemical composition was very unusual.

Conditions in August, 1931, were very different (Fig. 14). The ten days
prior to August 26th, when a cruise was made, showed intermittent
strong winds reaching up to a mean cube Beaufort number, 320, on the
20th. These caused very marked vertical mixing right to the bottom by
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Fia. 1.—Daily Mean Cube Beaufort Numbers (Plymouth, Mount Batten). A. Between
cruises on July 10th, August 26th, and September 8th, 1931, including stormy weather
at end of period. B. Between cruises on July 13th and August 16th, 1932. C.
December 1st, 1932, to January 5th, 1933. In each case a horizontal pecked line is
drawn at mean cube Beaufort number, 125, equivalent to Beaufort number, 5. In
each stormy period the direction from which the wind blew is shown by arrows.

the 26th, although complete uniformity was not attained until some days
later (Part I, p. 681).

Thus in July, 1932, three days of wind with mean cube Beaufort
numbers around 125 were able to break down the stable layering down to
10 metres, but had little effect further down. In August, 1931, strong
winds, around B2, 200-300, acting for a longer period, were able to break
down the thermocline completely. The mean cube Beaufort number
brings out this factor much more clearly than the Beaufort number itself.
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Tar DISTRIBUTION oF NUTRIENT SALTS oN Avcust 16TH, 1932

The effect of the stratification of the water in mid-August on the dis-
tribution of silicate, nitrite, and pH is shown in Fig. 3, in which the scale
relative to depth is the same as in Figs. 2, 3, and 5 in Part I and Fig. 1 in
Part II.

High concentrations of silicate were found in the stable intermediate
layer (Table I); 270 and 300 mg. SiO, per cubic metre were found at 15 and
20 metres respectively, compared with 110 mg. at 10 metres and 175 mg. at
25 metres. Between 10 and 20 metres there was a difference in density,

oy, of 1-15 units, so that it would seem that dead diatoms were trapped on
the thermocline and their skeletons re-dissolved. This occurrence thus
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Fie. 2.—Temperature (°C.) at Station E1, Summer and Autumn, 1932.

provides yet further evidence for the rapid re-solution of silica in the
summer months, suggested in Part I, p. 695. On August 16th, 1932, the
average silicate content of the water column was 190 mg. per cubic
metre. This fell, to give the usual September minimum, on September
12th (120 mg.), followed by a rise to 180 mg. on October 4th.

On August 16th also, extremely high values for pH were found at E1
at 15 metres. There can be no doubt as to the accuracy of these figures
since they were found with cresol red, xylenol blue, and thymol blue, in
each case with duplicate samples from different bottles. It should be
stated that the samples had not been preserved since determinations
of pH were not part of the programme. The determinations were made
just twenty-four hours after collection with the buffers used in the previous
year’s work. These were still in good condition. Any error due to
bacterial action in the samples or to absorption of carbon dioxide from
the atmosphere would tend towards low values for pH and not high ones.



TABLE 1.

Starion El.
Depth
in PHOSPHATE. SiicaTe. § NITRITE.
metres. P,05, mg./m?, Si0,, mg./m?, N, mg./m3.
1932
15/6 16/8 12/9 27/10 15/11 20/12 15/6 13/7 16/8 12/9 4/10 15/11 16/8 12/9 27/10 15/11
0 13 0 0%  24% 21* 22% 75 98*% 1757 230 210 175 1-0 0-32 13:5 4-32
i 1 0 4 - 22 23 it 56 100 105 200% 180 00 0-20 - 4-27
10 - - - - - - - 60 110 - - - 00 - - -
15 b 0 5 - - - 3 75 110  270* 105 - - 0-0 0-58 - -
20 - - - - - - - - 300 - - - 21 - - -
25 5 3 11-b* - 22 25 656 110 1756 105 160 - 1-1 14-6 - 427
b0 - 2 115 - 21 27 80 140 190 140 190 190 2.2 19-5 - 411
68-70 13 - 15 - 20 30% 70 120 220 105 170* 150* 30 250 - 4-00
A 16/6  18/8 14/9 29/10 17/11 21/12 17/6  14/7 17/8 13/9 6/10 16/11 17/8 13/9 29/10 16/11
Strariox El. Srarion E2. L SURFACE STATIONS
Carpo¥ Dioxipe SysTeEm oN Aveust 161, 1932, NitrirE—N.
Depth PCO§ ZCO,§ Depth  P,0; Si0, Nitrite-N. mg./m?,
in (Atm. (e.c./L). in 1932 1932
metres. pH, pH,,° x 10°4) metres. 15/11 13/7 15/11  15/11 Station. 12/9 15/11
0 8:24 8-30 2-3 43-9 0 26 110* 135 2:04 L1 6-7 10:0
b 829 8:35 2:0 42-9 b 26 75 110 1-95 12 4-25 98
10 8:30 8-36 1-9 42-8 10 - 5 - - L3 365 10
15 845 B8-48 1-2 410 15 - 1756 - - T4 1-86 13-3
20 827 8:27 21 44-6 25 27 1756 140 1-08 L5 1-44 11-8
25 827 B8-27 21 44-6 50 27 1556 140 1-96 L6 0-42 12-2
50 827 8.27 2.1 446 75 27 - - 1-95 El 0-32 4-32
69 827 8:27 2:1 44-6 87 or 91 26 155 110 2:13 Mid E1-E2 - 4-08
E2 - 204

A, Date of analysis,

* Mean of duplicate analyses.

+ Sample very cloudy. Reading after standing one hour in comparison tube ; approximate only.
1 Samples from waxed bottles.

§ Derived from pH, temperature and salinity.
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The 20-metre samples were indistinguishable from those drawn from
"25, 50, and 69 metres (bottom).

The partial pressure and total volume of carbon dioxide, found from
pH, salinity and temperature, by means of the tables of Buch et al. (1932),
are given in Table I. The partial pressure at 15 metres was about half
that at the surface. It would seem that photosynthesis was proceeding
in the 15-metre layer which was not mixing with the layers above and
below it. In this layer phosphate was undetectable and only 5 mg.
P,0; per cubic metre had been found a month previously. It is quite
probable that the intense regeneration of silicate was accompanied by
simultaneous phosphate formation and that this never accumulated
sufficiently to become detectable, being used up as it was formed. A
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Fic. 3.—Conditions at Station E1 on August 16th, 1932. Temperature (°C.); density
() ; pHw and pH,,%; Si0,, nitrite-nitrogen and P,0; (each mg./m?®).

similar consumption of carbon dioxide during a period when nutrient
salts appeared scarce was noted in Part IT (p. 738), a rapid fall in carbon
dioxide occurring in June, 1931, when nutrient salts remained very low.
This was especially the case above the thermocline.

Nitrite also showed a somewhat irregular distribution between the
thermoclines on August 16th. By September the very stable stratifica-
tion had begun to break down although a marked thermocline remained
at 15-25 metres, above which the amount of nitrite was small. Beneath
it conditions were similar to those found there by Atkins (1930) in August
and September, 1928. The maximum amount (25-0 mg. N per cubic
metre) was found at the bottom, suggesting that nitrification was then
most active there.

On October 27th, the surface figure (13-5 mg. N per cubic metre) was
probably typical of the whole water column and lies close to the figures
found on October 2nd, 1928 (13-3 mg.), and October 20th, 1931 (11-5 mg.).
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Later the amount of nitrite at E1 fell away, again in agreement with
former years. But in or about December in each of the four years for
which data are available, the inshore water has shown a notably higher
nitrite content than the water at E1 (Table II). In 1930 and 1931, no

TABLE II.

EarLy WiINTER VALUES FOR SURFACE NITRITE-NITROGEN (MG./M?%)
FOR Four DIFFERENT YEARS.

Station 30/11/28 2/1/29  11/11/30 4/12/30 13/1/31  30/11/31 31/12/31 15/11/32

L1 60 95 et e T 101 53 10-0
L2 39 95 - = = 109 50 9-8
L3 33 92 — e e 118 47 10-6
L4 33 77 135 58 82 120 26 13-3
L5 — 56 e 139 16 11-8
L6 13 35 N 25 11 122
El 14 31 21 205 037 0-87 113 432
Mid E1-E2 — = — S L ae <15 — 408
E2 e Ges = s ogme 0-54 — 2-04

clear relation could be seen between the distribution of ammonia and
nitrite. The cause of these high, mid-winter, inshore nitrite figures is not
very evident.

It should be remembered that, when seasonal changes of nutrient salts
in the English Channel are under consideration, exactly the same body of
water cannot be examined on each eruise, so that it is not permissible to
treat of events as occurring in a completely closed cycle (c¢f. Part I, pp. 678,
§ 3, and 708, § 4).

MipwINTER PLANKTON OUTBURSTS, SUNSHINE AND WIND.

A ““normal ” figure for the daily mean cube Beaufort number, B?,
in December, calculated from the records for the nine years, 1924-32, is
102, equivalent to a ‘“ normal > Beaufort number of 4-7,

In 1925, between the cruises of November 11th and December 11th,
phosphate at E1 fell by 13 mg. P,O; per cubic metre at the surface, by
7mg. at 10 metres, and by 6-5 mg. as an average of the whole column. For
the ten days preceding the cruise of December 11th, sunshine averaged
3+6 hours a day (the normal for Plymouth for December is 1-58 hours) and
the average value of B3 was 55 (B=3-8). The weather was thus favour-
. able to a surface outhreak.

In 1926, between the cruises of December 13th and 31st, phosphate
fell by 5 mg. P,0; (surface), 7 mg. (5 metres), and 7 mg. (average content).
For the sixteen days preceding the 31st, sunshine averaged 3-2 hours and
B? averaged 80 (B=4-3). On December 23rd, 24th, and 25th, the values
of B? were 165, 125, and 165, thus putting up the average. During most
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of the period conditions were favourable to a surface outbreak. The strong
northerly winds at Christmas account for the depletion extending right
to the bottom.

In 1930-31, between the cruises of December 4th and January 13th,
phosphate fell by 10 mg. (surface) and 3-1 mg. (average). The surface
fall was, in large part, due to the mixing in of the enriched surface layer
found on December 4th, but the fall in the average content would seem to
indicate a definite outbreak. Over the whole intervening period of 39
days, sunshine averaged 2-1 hours per day and B? averaged 51. For the
nine days immediately preceding January 13th, sunshine averaged 4-3
hours and B3, 14. But for this period the parallel between quiet sunny
weather and a plankton outburst may not be as close as this summarised
picture suggests.

On November 30th, 1931, at four stations across the Channel, L4, E1,
Midway, and E2, surface values for phosphate as P,0; were 5-5-7 mg.
lower than at 5 metres, suggesting a preceding, quiet, sunny spell. This
was far from being the case. Between November 22nd and 29th daily
mean cube Beaufort numbers were : 63, 301, 53, 259, 215, 105, 3, 23.
Such a period of wind must have led to thorough mixing of the surface
waters. Two days only were sunny and the last two days, which were
quiet, had only 0-7 hours of sunshine between them. The weather was
thus decidedly unfavourable for a plankton outburst.

We see that on three occasions, midwinter outbursts, inferred from a
fall in the phosphate content of the water, followed on periods of sunny
weather with light winds. On a fourth occasion there was no relation
whatever between outhurst and weather.

Tar ErreEct oF WIND OoN THE BoTToM FAUNA AND ON THE
HEerriNG FISHERY.

On January 5th, 1933, s.s. Salpa caught large numbers of Upogebia
deltaura and Thyone raphanus with the otter trawl in 18-21 fathoms in
Bigbury Bay. Examination of the gut of fishes has shown Upogebia to
be one of the commonest fish foods in the Plymouth area, but it is seldom
caught in numbers in either trawl or dredge (Steven, 1930). Itis an agile
burrowing animal beyond the reach of the ordinary fishing-gear. The
habitat of Thyone is similar. Therefore only intense disturbance of the
bottom could have put them in a position to be caught by the trawl.
Probably Upogebia had been so buffeted by the storm as to be insensible
to the approaching trawl. December was characterised by very stormy
weather and between December 31st and January 4th, the daily mean
cube Beaufort number reached 350 and never fell below 216. In other
words the wind blew continuously with force 6 or greater, causing heavy
seas and consequent disturbance of the bottom fauna (Fig. 1, C.).
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Periods of stormy weather have been found to be followed by improved
catches of herring (Ford, 1933). For this investigation, wind records on
the Beaufort scale proved very useful, but it is felt that the mean cube
Beaufort number, studied in conjunction with the direction of the wind,
may prove yet more convenient as it emphasizes the periods of really
rough weather. When dealing with large quantities of weather data,
the possibility which it gives of grouping or averaging records may prove
of value.

SUMMARY.

In August, 1932, marked stratification of the water in the English
Channel led to an unusual distribution of minor chemical constituents.
Two thermoclines were present, between which high silicate values were
found, indicating rapid re-solution of silica as found in former summers ;
pH was also very high at 15 metres.

In or about December in four years, nitrite in inshore waters has been
found much in excess of that present in the open Channel.

The ““ mean cube Beaufort number * is suggested as a useful practical
measure of sea disturbance. Three out of four midwinter plankton out-
bursts, inferred from a fall in the phosphate content of the water, have
followed periods of sunny weather with little wind.
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The Rapid Estimation of the Copper Content of
Sea-water.

By
W. R. G. Atkins, F.I.C., F.R.8,
Head of the Department of General Physiology at the Plymouth Laboratory.

THE recent recognition of the importance of copper in nutritional ansmia
and the work of Prytherch (1931) on its unique action in stimulating
oyster larva to become attached have rendered the analytical determina-
tion of minute amounts of copper a matter of some interest.

In a former paper (1932) it was shown that the copper present in sea-
water could be concentrated by electro-deposition and subsequently
redissolved and estimated colorimetrically using sodium diethyl-dithio-
carbamate according to the method of Callan and Henderson (1929).

In this the deposition required three hours at 90°-100° C., though but
little attention was necessary during that period.

Another method of concentration has since been tried, in which, after
adding the 0-1 per cent aqueous solution of the reagent and allowing a
few minutes for the colour to develop, the coloured compound is extracted
with an organic solvent. For this purpose the chemists of the British
Drug Houses Ltd., who introduced the method, recommend chloroform,
carbon tetrachloride, or other immiscible solvent.

This method is useful in testing coloured solutions containing copper
and obviously increases the delicacy ; it has been found to do so to an
extent which renders the method suitable for direct use with sea or river
water, though unlike sea-water, river water can be concentrated greatly
by evaporation if necessary. Furthermore, it has been found that only a
trace of the yellowish or brownish colouring matter present in the fresh
or brackish waters examined is imparted to chloroform when shaken up
with the sample. Iron salts give with the reagent a colour rather like that
produced by copper. The presence of much iron would accordingly
render the results erroneous, though it requires 1-32 mg. per litre of ferrie
iron to give as much colour as 0:01 mg. per litre of copper. Only in fresh
water would there be any risk of error from iron.

The analysis is made by adding 10 ml. of reagent to 100 or 200 ml. of
sample and after about ten minutes the process of extraction is carried
out by adding 10-0 ml. of chloroform to 100 or preferably 200 ml. of the
sample in a separating funnel. The mixture is shaken violently by hand
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for exactly two minutes and allowed to stand. The chloroform extract
is then drawn off into one of the colorimeter cups and suffices to fill it
to a depth of about 52 mm. The other cup receives a similar extract, but
made from a standard solution containing 0-01 mg. of copper in 100 ml.,
or twice that amount in 200 ml. The same volume of sample and standard
should always be extracted.

Tt is advisable also to make a blank extraction of the sample, without
reagent, as traces of the brown or yellowish substances which colour
fresh waters are taken up, also the pigment may be partly extracted from
plankton present. It has been found that a colorimeter setting of 2-0 mm.
of the standard can just be distinguished from 50-0 mm. of pure chloro-
form. The blank given with pure sea-water is the same, 2 mm., whereas
the water of the River Yealm, a moorland river of brownish colour, gave
as blank 5-2 mm. and the clear yellowish water of the Conway River, at
low tide (sp. gr. 1-001), gave only 5-5 mm. On the other hand apparently
colourless water from an oyster tank gave 6-5 mm. blank, equivalent to
0-0013 mg. copper in 100 ml, or 13 mg. per cubic metre.

Larger volumes, up to 1 litre, may be extracted if necessary. Even with
only 200 ml. and 10 ml. of solvent, the removal of the coloured copper
compound is by no means complete; further extraction will remove
colour not only from the liquid, but from the droplets of the organic
solvent which adhere to the walls, so it is not easy to ascertain the per-
centage left behind after one extraction. This does not however vitiate
the results provided the extractions are carried out in an identical manner
for sample and standard.

Determinations carried out as deseribed, using 100 ml. or 200 ml.
samples, gave the following results, expressed in milligrams of copper per
cubic metre :

Conway River, high water 16, low water 36. River Exe, at Lympstone,
Exmouth, high water 8, low water 14. River Yealm, not tidal, 0. A non-
moorland tributary stream of River Yealm, 5. The oyster tanks at
Lympstone and Conway varied from 0-15. None of the figures here given
are of significance in bringing about the attachment of oyster larve,
which, according to Prytherch, settle down when the copper content of
the water lies between 150 and 500 mg. per cubic metre. This range
contained 97-5 per cent of the larvee he observed, with Ostrea virginica.
The British species is O. edulis and may behave differently. I am indebted
to Mr. H. P. Sherwood of the Conway Fisheries Experiment Station for
kindly providing me with a number of water samples,

As regards the solvent used for extraction, McFarlane (1932) states that
chloroform and carbon tetrachloride are unsatisfactory, but he gives no
reason. He recommends the purest amyl alcohol as the colour of the
extract fades with the * technical ” variety. In chloroform solution
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fading has never been suspected to occur within the usual duration of a
day’s work, nor has the solvent proved unsatisfactory, save as regards the
incompleteness of a single extraction. Evaporation of the solvent must
be guarded against.

In order to compare the solvents chloroform, carbon tetrachloride, and
amyl alcohol, 10-0 ml. of each was added to 100 ml. of Plymouth tap
water, using ordinary methylated chloroform, carbon tetrachloride
“ purified,” and amyl alcohol *“ analytical reagent, pyridine and nitrogen
free.” The soft tap water has a brownish tint of which amyl alcohol
extracted between four and five times as much as did either of the others,
this of course is a disadvantage. Of the 10 ml., the amounts recovered
were, respectively, 87, 9-8, and 69 ml. after standing overnight.

With 200 ml. of sea-water and 10-0 ml. of solvent the volumes recovered
were respectively 7-4, 9-7, and 4-0 ml. The alcohol floats, which is a
disadvantage, as the large volume of sea-water has to be drawn off from
the separating funnel before it, whereas the other two sink and time is
saved in drawing them oft. The concentration of copper compound in the
alcohol is about 1-5 times, and in the tetrachloride 0-66 times that in
chloroform ; but taking into account the volumes recovered, that in the
tetrachloride is almost exactly the same as in chloroform, whereas only
0-8 times as much is obtained with the alcohol. The comparisons were
made after standing overnight. The alcohol does not separate as readily
as do the others, but separates from sea-water better than from fresh.

SUMMARY.

1. The copper content of sea and river waters can be rapidly determined
using the sodium diethyl-dithiocarbamate method followed by extraction
with chloroform.

2. This solvent takes up only traces of the natural colouring matters
found in waters, but blank estimations should be made with some river
waters and occasionally with sea-waters on account of the presence of
plankton.

3. Carbon tetrachloride can be used instead of chloroform as solvent,
it extracts less per unit volume, but the volume recovered is larger, the
resultant yield being identical. Amyl alcohol extracts more than chloro-
form, but the volume recovered is smaller, the resultant yield being about
0-8 times that of the others. The alcohol takes up more colouring matter
from river water, does not separate as readily as the others, and floats,
whereas they, more conveniently, sink. For work in hot climates its
higher boiling-point may be an advantage.

4. In fresh water iron salts in large excess might cause error ; this can
be checked by the electro-deposition method.

NEW SERIES.—VOL. XIX. ¥o. l. avcust, 1933. E
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The Use of Cuprous Oxide and other Rectifier
Photo Cells in Submarine Photometry.
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And
H. H. Poole, Sc.D.,
Registrar of the Royal Dublin Soriety.

With 1 Figure in the Text.

THE cuprous oxide cell introduced by Lange (1930) differs greatly from
the photo-electric cells heretofore in general use. The sensitivity is high
and no high-tension battery is needed in the circuit. - There are, however,
certain limitations to the use of such rectifier cells for daylight photometry ;
these we have considered elsewhere (1933). The types dealt with include
cuprous oxide cells of both French and German origin and a selenium
rectifier cell, introduced by Bergmann (1931) and made by the Siiddeut-
schen Apparate-Fabrik, Niirnberg, and under license by the Weston
Electrical Company, from which our cell was obtained. The latter arrived
too late for use in submarine measurements in the summer of 1932, but
is to be preferred to the cuprous oxide type. There is another type of
rectifier, the Bernheim cell, which is made in Paris. This we have not
examined as yet, but from data supplied by the makers its spectral
sensitivity is similar to that of the Bergmann cell, which it also resembles.
in its high sensitivity and improved stability.

Tar SUBMARINE PHOTOMETER.

This was intended for shore work, so that it could be carried about in a
diver’s hand. It consists of a circular gun-metal box, 9-6 ¢cm. diameter,
flanged at the top and fitted with a ring ; between ring and flange a 0-6 cm.
disc of plate glass was fitted and secured. Above this the usual disc of
opal flashed glass could be placed, with a colour filter in between if so
desired. Two of the flange screws had projections with holes for attach-
ing a light rope.

A “RSerpidox ” photo-electric cell, Sx80, obtained from the Société de
Recherches et de Perfectionnements Industriels, Puteaux (Seine), was
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mounted immediately below the window, and beside it a small amount of
calcium chloride was held in a bag.

The cable entered through a side tube with slightly bulbous nozzle, a
water-tight joint being effected by means of thick pressure tubing. Six
hundred megohm “ cab-tyre ” twin cable was used; a length of 45 m.
sufficed for the coastal work and weighed 4-5 kg. The photometer
weighed 3-2 kg., as against 22 kg. the weight of that formerly in use at
sea. It was reported as convenient to hold and not too heavy under
water.

TrE AR PHOTOMETER, GALVANOMETER, SHUNT, AND CONNECTIONS.

A similar ** Serpidox 7 cell, No. Sx81, was used to measure the illumina-
tion in air. It was placed on a level rock, unmounted, but covered with
the usual opalized glass and a water filter to lessen temperature errors.
Both photometers were connected to a throw-over switch and to the special
shunt. When received the two Serpidox cells were closely the same in
sensitivity, but when mounted in the submarine photometer the greater
distance of the cell from the opal resulted in the ratio of the readings in
air, when both were under water screens, being on the average 0-75.

For measuring the current we found a Cambridge Instrument Co.
“ Versatile Galvanometer,” weighing 1-8 kg., to be suitable. Tts resist-
ance is 10 ohms, and each scale division corresponds to 2pa; the scale
(upper) reads to 120, viz. 240pa. With this instrument we made use of
a shunt, specially designed to keep the resistance 10 ohms always ; this
permitted the ranges 1, 5, 10, and 50 to be used, and is figured in our
previously mentioned paper.

THE STANDARDIZATION OF THE PHOTOMETERS.

In view of the lack of strict proportionality between current and
intensity and of the change of sensitivity with time and exposure, it is
necessary to standardize each cell against a vacuum photo-€lectric cell
of the usual type. This was done on the Laboratory roof, over an extended
range, using the potentiometer method. Low intensities were measured
in a north window, using a galvanometer instead of a potentiometer.
The Serpidox cell was connected to the 10-ohm galvanometer throughout.
The results are shown in Figure 1, curves A and B.

As the change of sensitivity with time may depend on the intensity, the
sensitivity of the cell should be checked at two or three different sen-
sitivities from time to time.

From the form of the voltage curve, C, obtained with the rectifier
cell connected directly to the No. 2 circuit of the potentiometer outfit,
but with the vacuum cell connected as usual, it may be seen that this cell
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could be used at sea with the potentiometer outfit, viz. under conditions
precluding the use of ordinary galvanometers. Illuminations can be read
off from the curve, though indeed for low illuminations up to 10,000 metre
candles, the deviation from a straight line is but slight in the case of a

10

9_

1 - 0-3

100 pea
»

0 T T T T T T T T T
10 20 30 40 50 60 70 80 90 100
KMC

F1. 1.—The abscisse show vertical illuminations in thousands of metre candles (k.m.c.).
The left-hand ordinates show current in 100pa units. The right-hand ordinates
show E.M.F. in volts on open circuit,

Curve A gives the behaviour of a cuprous oxide cell (Sx81) when cold, curve B
when the sun had warmed it up, though under a water heat filter. Curve C shows the
voltage relation, as determined with the submarine potentiometer outfit, measuring
illumination with vacuum cell and taking the voltage of the cuprous oxide cell
directly connected to the No. 2 circuit.

Serpidox cell. Those of other types give marked curvature in bright
light on open circuit.

The sensitivity with the voltage measurement is about the same as
with the low resistance galvanometer, for approximately 10,000 m.c.
gives 200ua or 0-0800 volts. The former can be read to 0-2pa or 10 m.c.,
the latter to 0:05 m.v. or 62 m.c. Voltage readings with “ open
circuit 7 or high resistance instruments are, however, more affected by
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temperature errors than current measurements with a low resistance
galvanometer.

In carrying out such open-air standardizations one is faced with the
problem of the variation of the light, which is rarely constant from one
minute to another. The steadiest light is obtained with a clear sun and
a clear blue sky at noon, or with a clear sun and clouds moving slowly.
A hazy sky is liable to considerable variation in the degree to which the
sun is obscured and a grey sky is normally very variable. Good results
can be obtained, as at sea, by taking the average of a series of potentio-
meter readings for each photometer, or on land by two observers reading
galvanometers simultaneously. In the standardizations shown in curve
C, series of potentiometer readings were made, but for curves A and B
one observer made absolutely simultaneous observations by sound and
sight ; as the galvanometer was read the potentiometer dial was adjusted
to minimum sound in the telephone, then after dictating the reading the
potentiometer scale was read. Owing to the difference in the colour
sensitivity of the potassium and the copper oxide rectifier cells the ratio
of the sensitivities will depend on the relative amount of sunlight, much as
when the CMV6 type of cell is being standardized.

We cannot, however, use the readings of the submarine photometer,
after standardization against the air photometer (both under water
screens), to measure the illumination at various depths in the sea without
introducing a factor to correct for reflection losses at the surface of the
opal and internal reflection effects in the opal and between it and the
surface of the sea. These we have considered fully elsewhere (1933, a).
The illuminations recorded have to be multiplied by a factor 1-09 in
order to give the true under-water values. Thus, since the submarine
photometer was less sensitive than the air photometer, even in air, its
readings must be multiplied by 1-33 to make the two agree. When the
submarine photometer is in water a further factor 1-:09 must be used to
correct for surface effects. The procedure is to read off the illumination,
on the figure, for the current given by the submarine photometer and
then to divide this reading by 0-75 and to multiply it by 1:09, or in one
operation to multiply by 1-45. For example, a reading of 200ua corre-
sponds for the air photometer to 31-0 thousand metre candles (k.m.c.),
but for the submarine photometer, when submerged below about 10 em.
or any greater depth, 200ua corresponds to 31:0x1-45=44-9 k.m.c.
Were we, however, to multiply the current (200 x 1-45=290pa), and then
to read off from the figure, the result would, incorrectly, be 41-0 k.m.c.
The difference is due to the curvature in the current illumination relation.
In a similar manner submarine illuminations may be obtained from the
voltage-illumination curve, but in this case the departure from a recti-
linear relationship is very marked. For use under damp conditions, such
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as would arise where a cabin was not available on a ship or in northern
latitudes, the fact that high insulation is no longer necessary and *“ dark
currents ” are negligible, since no high-tension battery is required, must be
regarded as greatly favouring the use of this type of cell. Under normal
conditions on a ship the ordinary vacuum cells have so much to recom-
mend them in the way of greater accuracy that it would seem wise, for the
present at any rate, to continue to use them. For approximate work
on the coast, where the illumination is of necessity very variable, the
cuprous oxide or other rectifier type of cell has the great advantage of
portability in the measuring apparatus required, and the cell itself is
quite accurate enough, if its limitations are remembered ; it requires, of
course, to be standardized against a vacuum cell.

We are indebted to Mr. J. A. Kitching and to Mr. G. Gilson for descend-
ing with a diving helmet on the coast near Wembury, Devon, and holding
the photometer in positions of ecological interest. The results will be
presented by them in their survey which includes the percentage of the
diffuse light in air, as determined at a given tidal level, found where
various alge, Himanthalia, Laminaria, etc., were growing. From
measurements of the coefficient of absorption of the water, the illumina-
tion in the different zones could be calculated for other states of the tide.
The absorption coefficient would increase greatly in rough weather and
decrease in very calm weather, but during the diving operations on August
3rd, 1932, it was about 0-5, for vertical absorption. The figure is unduly
high owing to diminution of light, not only by absorption, but by shading
from the sides of the rocky gully investigated. We have, however, found
water close to shore in rough weather to have u,=0-8 and even in very
calm weather one could hardly expect it to be lower than 0-3, a value
occasionally reached several miles out at sea. The date mentioned was
the first that was possible for diving on such an exposed coast, after a
period of stormy weather,

SUMMARY.

1. Photo-electric cells of the rectifier type are useful for approximate
measurements of light intensity, in air or under water, using a low-
resistance galvanometer, the current through which may be reduced
by a special shunt keeping the circuit resistance constant.

2. Such an arrangement has proved serviceable for shore work, a light
gun-metal photometer, housing a cuprous oxide cell, having been carried
about by a diver.

3. These rectifier cells can also be used at sea, but instead of the current,
the E.M.F. is determined by means of the potentiometer outfit as used at
sea In previous years.
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4. The current-illumination relation is not rectilinear over a wide range
of intensity ; the current-voltage relationship shows very marked
curvature.

5. The cuprous oxide cells have a considerable temperature coefficient
and must be used with a water screen. The coefficient is smaller in the
case of the selenium cell. Under prolonged exposure to light the
sensitivity of the cuprous oxide cell decreases very considerably, but the
selenium rectifier cell is far more stable.

6. Further laboratory and sunlight tests carried out with the
Bergmann selenium cell while this paper was in the press, give great
promise as to its suitability and convenience for daylight measurements
in the field and under water, when due allowance is made for the
curvature of its illumination : current characteristic.
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The Seasonal Distribution of Macroplankton as shown
by Catches in the 2-metre Stramin Ring-trawl in
Off-shore Waters off Plymouth.

By
F. 8. Russell,
Naturalist at the Plymouth Laboratory.

IN past years during the study of the vertical distribution of macro-
plankton much information has been obtained on the abundance of the
different animals in the catches at different times of the year. Results
have already been published to show the seasonal distribution of pelagic
young fish (4), and also on the abundance and composition of the Sagitta
population (5, p. 565). In this latter study the change over from the
predominance of Sagitta clegans to that of S. sctosa during the years 1930
to 1932 is striking. During the examination of catches it has been noticed
that each year has been characterised at some time by the abundance of
a species which may occur only in small numbers, if at all, in other years.
This has been especially noticeable in the composition of the medusa
population. It is necessary to follow these changes through a number of
years to see if the presence of certain plankton organisms cannot be used
as an index of conditions that may lead to other fluctuations such as those
of the fisheries.

During 1930 and part of 1931 weekly catches of the 2-metre stramin
ring-trawl were counted in order to obtain precise information on the
seasonal abundance of the different animals throughout a whole year.
The collections were made by oblique hauls of half an hour duration at
the station 2 miles east of the Eddystone (4). Counts were made as on
previous occasions by picking out directly distinetive and unusual animals
and counting every animal in a v'3th sample of the remainder (2, p. 776).

The full results are given in the attached table which gives instructive
information on the seasonal variation in abundance of the different
animals, and their relative importance in numbers one to another. It
seems unnecessary to analyse the tables further since any worker can
abstract from it the data he may degire. One or two points must, however,
be borne in mind.

1. The animals are all of a size that is normally retained in good con-
dition by the stramin net. Tor instance, the meduss are generally well-
grown individuals ; the earliest stages, while perhaps not small enough to
pass through the meshes, are generally too badly damaged te allow of
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definite identification. A useful indication of the size of disregarded
medusze is given by the absence of Rathkea octopunctata in Table I,
which is common in tow-nettings in the earlier months of the year. This
applies also to all other animal groups; the earliest stages of decapod
larvee do not appear in numbers in the catches as many will pass
through the meshes.

In considering the seasonal distribution of any animal it must therefore
be remembered that its first appearance in the catches does not imply -
the actual beginning of its abundance in the plankton. A period of two
or three weeks should be allowed for the growth of the earliest stages to a
size sufficient to appear in the catches.

2. The table does not contain any data on the abundance of young
fishes which has been dealt with in another report (4).

3. In examining the data the vertical distribution of the various
animals must be considered. The figures for T'omopteris helgolandica show,
for instance, a great increase in July and August. This must only be
regarded as an increase in abundance in the plankton ; at other times the
Tomopteris may actually be present in the area, but in the unsampled
layers very near the bottom (see 3, from which data can be obtained for
most of the animals).

4. The names given in the table are those used in the Plymouth Marine
Fauna (1931). Phialidium sp. will be mostly Phialidium hemispharicum :
Phialella cymbaloides will also occur though not so commonly, as also
a few Mitrocomclla brownei. It was not possible in the time to analyse
all the Decapod larve into species : the species that comprise each group
can be found in the Plymouth Marine Fauna, where also in many cases is
given the time of year at which the larval stages are most prevalent.
Pandalid larvee must be taken to include all species contained under
Pandalide, Hippolytide, and Processide. Mysid sp. in summer consist
chiefly of young specimens. '

5. Examination of catches over a number of years has shown that there
are species which can normally be expected to appear regularly each year.
It is felt that these results are a fairly reliable picture of the average ring-
trawl plankton catches to be found throughout any year. The following
species, however, appeared in exceptional numbers and cannot be regarded
as characteristic, but only for the year in question at the times they
appeared :—

Aglantha rosea, Liriope exigua, and Stephanomia bijuga : Clione limacina
and adult Meganyctiphanes norvegica also appeared in unusual numbers at
the beginning of the year, although the larve of the latter are usually
present then.

The results are to form a basis with which future years can be compared.
Marked differences have been noticed in other years and it is hoped to
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publish these results in a separate report when sufficient data have been
gathered. It should then be possible to decide on certain species whose
appearance in the plankton should be watched for in future years. It is
especially desirable to see whether any correlation can be found between
the appearance of one characteristic species and that of another. The
desirability of such observations was already stressed many years ago
when Allen (1) prepared a list of species for special observation. Now
that regular collections of these larger plankton animals are obtainable
throughout the year an opportunity is afforded to attempt this study over
a period of a number of years.
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On the Biology of Calanus finmarchicus. 1. Reproduc-
tion and Seasonal Distribution in the Clyde Sea-
Area during 1932.
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INTRODUCTION.

TrE problems concerned with the breeding of Calanus finmarchicus have
been dealt with by numerous workers, mainly during the last twenty
years. Taken as a whole the results show remarkable uniformity if the
differences in methods of sampling and in the geographical regions over
which the work has been spread, are taken into account.

The two points which stand out on reviewing this work are firstly, that
breeding occurs in spring and summer and secondly, that during the
winter the species is represented by its fourth and fifth copepodite stages,
chiefly the latter (Farran, 1927, p. 142).

Work in the Clyde Sea-Area was undertaken to discover to what extent
this area was in agreement with other regions of northern temperate
waters and to obtain more detailed information on the number of breeding
periods, the time taken for development, and other related facts. This
work was an extension of the programme carried out by Marshall and
Orr in 1931 (Ann. Rep. Scot. Mar. Biol. Assoc., 1930-31).

This area with its semi-enclosed lochs appears to be particularly
suitable for such work since it is separated from the waters of the Irish
Sea and the Atlantic by a comparatively shallow platform. Unfortun-
ately, little is known about the currents entering the Clyde Sea-Area, but
those drift-bottle experiments which have been carried out by Cunning-
ham (1907) of the Irish Fisheries Board lend support to the view that no
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deep-water currents enter the area. (Other drift-bottle experiments
affecting this area have dealt only with surface drift.) The lochs of this
area are, in most cases, still more completely cut oft from outside waters
by bars (Mill, 1889-91 ; Marshall and Orr, 1927) of shallow depth across
their mouths.

It is felt that movements of surface waters will not affect the popula-
tion to any great extent and will in any case be dependent upon weather
conditions.

It seems certain then, especially in the lochs, that any changes in the
numbers of Calanus will be due to factors operating within the locality.

StaTroNs AND METHODS.

Four stations were selected within the area for investigation and com-
parison (see Map, Text-Figure 1). Station I was situated over the deepest
part of the channel between the south end of Bute (Garroch Head) and
the Little Cumbrae. This station had an average depth of 113 metres,
and was taken as typical of the open waters of the Clyde Sea-Area.
Station IT was in the channel which runs in a north-westerly direction
between Arran and Bute, ending in a ““deep ” of about 200 metres at
the mouth of Loch Fyne. The average depth of this station, which was
midway between the north of Arran (The Cock of Arran) and Inchmar-
nock, was 151 metres. Station II, also, was assumed to be typical of the
open waters of this region and acted as a check upon Station I.

Station ITT was situated in the vicinity of the *“ deep ”” at the mouth
of Loch Fyne, off Skate Island. The catches from this station were not
counted, but rough observations were made to check the possibility of the
loch forming a breeding ground whence Calanus might spread to the rest
of the area, since it was known from previous work in this area that
(alanus was abundant there at times when it was very scarce elsewhere.

Station IV was nine or ten miles from the head of Loch Fyne, in the
deepest part of the loch, off Strachur. Upper Loch Fyne is separated
from the rest of the area by two bars which divide the loch into three
basins, Strachur being in the innermost. The average depth of the hauls
was 130 metres.

It was hoped that these stations would give a comparison between the
loch and the open waters, and that some light might be thrown on the
reason for the large numbers of Calanus present here when they were
scarce elsewhere.

Three other stations were selected, one off Dunoon (Station V), a second
in the Kilbrennan Sound (Station VI), and the third about half-way up
Loch Fyne in the middle, or Gortan’s Basin (Station VII), and these were
visited and hauls taken at quarterly intervals to provide a further check
upon the validity of the regular stations.
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Vertical hauls were taken at each of the stations with a modified form
of the Standard Net described by Ostenfeld and Jespersen (1924). The
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Texr-Fic. 1.—Map of the Clyde Sea-Area showing positions of Stations. Depth contours
are shown for 10, 50, and 80 fathoms.

cylindrical part of the net was made of canvas instead of netting and the
conical part of fine-meshed bolting-silk (77 strands in 1 em.). An ordinary
townet bucket was used. A hand winch was used for hauling the net, the



36 A. G. NICHOLLS.

rate at first being kept as nearly as possible to half a metre per second.
which approximates to that given by Ostenfeld and Jespersen. Later, as
the meshes of the net became smaller with use, allowance was made for the
reduced filtration and more time was taken for hauling.

The first hauls were taken on September 3rd, 1931, and continued at
approximately fortnightly intervals until September 5th, 1932, a final
haul being made on October 30th. At Station I extra hauls were taken
when possible from March to June, making the intervals between hauls
approximately a week. At the time of taking each haul notes were made
of the depth of the haul, time of day, and of the time taken to haul the
net from the bottom to the surface (Table I). The condition of sea and
sky, and approximate force and direction of the wind were also noted.

Hach station was visited at approximately the same time of day
throughout the year. In a few cases, owing to weather conditions or
other factors, this was not possible.

The catches were preserved in 5% formalin at the time of taking and
later sorted and counted in the laboratory. For counting, Russell’s
modification of Bogorov’s counting tray was used and found very satis-
factory. A description of this tray will be found in the Scientific Reports
of the Great Barrier Reef Expedition, Vol. IT, 2, 1931, p. 24. My thanks
are due to Mr. F. S. Russell for procuring this tray for me.

All stages from ovum to adult were counted. It was considered that a
count of 1,000 would give a representative sample of the number of
different stages present in the catch. In some cases this necessitated
taking an aliquot sample of the catch for counting. When this was done
the method described by Russell (1925, p. 776) was used. Since the
apparatus in use was not identical with that described by him, the method
was checked by dividing a catch into ten parts and counting each. The
error in sampling was found to be similar to that obtained by Russell
(p. 775). '

Before examining the results of this work there are one or two points
to be borne in mind.

Allowance must be made for the error incurred in using single vertical
hauls as the means of obtaining the catches. It has been shown by
Gardiner (1931, p. 457) that in 145 hauls, two may be taken which will
deviate from the mean by as much as 90% and that occasionally even
greater deviation may be expected. He states, however, that variation
in the speed of hauling and in the time of day at which the hauls are made
does not cause appreciable errors and the conclusion is reached that
“ the main cause of variation in the size of the catch * is probably due to
“lack of uniformity in the distribution of the organisms themselves ™
(p. 467).

In the course of this investigation over 130 hauls were made of which
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over 100 were counted and the possibility of ““freak *’ hauls occurring
must be taken into consideration. To safeguard as far as possible against
the occurrence of such * freak ” hauls Gardiner suggests that 5 hauls
as a minimum should be taken at each station, since 4 out of 5 will prob-
ably confine the deviation to under 40%, and “ give a value which for all
practical purposes may be considered the true one.” As he points out
this requires much time.

Another factor to be considered is the difficulty of identifying the
different nauplius stages and of separating these and the ova from those
of other copepods without taking too much time. In most cases this
separation could only be done by means of measurements, which must
always be approximate owing to the variation in size of the individuals
of each particular stage. The ova and nauplii of Pseudocalanus closely
resemble those of Calanus and even the difference in size is not marked
thus early in the life history. The figures for the nauplii, therefore,
must not be regarded as being as accurate as those for the copepodites.

The initial difficulty of identification of the nauplii of Calanus was
overcome with the assistance of Dr. M. V. Lebour, to whom I am
indebted for sending me specimens of such nauplii from the English
Channel.

Variations in the depth from time to time at different stations has not
been regarded as important and no allowance has been made for such
variation.

It is with pleasure that I take this opportunity of expressing my thanks
to my colleagues, Miss 8. M. Marshall and Mr. A. P. Orr, for much practical
assistance from time to time.

REesuLTts.

In the charts, Plates I and II, will be seen the variation in the popula-
tion of Calanus in this area from September, 1931, to September, 1932.
The results obtained from each of the three stations counted are shown,
expressed as total numbers in Plate I and as percentage composition in
Plate IT. Details of catches at all stations will be found in Tables IT, III,
IV, and V.

Owing to the considerable variation in total numbers it was impossible
in Plate I to represent the individual stages separately throughout, so the
Calanus were divided into four groups, ova, nauplii, copepodite stages, and
adults. In the case of the percentage chart it was found necessary to
group only the nauplii (I-VI) and the copepodite Stages I-III, each of
the others being given individual representation.

On examining the total numbers curve for Station I (Garroch Head)
it will be seen that numbers were low in September and decreased further
through the autumn and early winter and it was not until the end of March
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that an increase occurred. This was of short duration. Numbers then
increased suddenly at the end of April and through May, thereafter
falling away steadily to reach a constant level in August. A final haul
taken at the end of October showed little change.

Turning now to the percentage chart (Plate II) for this station it will
be seen that Stage V copepodites formed the bulk of the catch through the
autumn and early winter. During October and November ova, nauplii,
and young copepodites formed a large percentage, but were very small in
actual numbers and not sufficient to make any marked increase in total
numbers. At the end of December the Stage V copepodites began to
moult into adults, the maximum percentage of males being attained at
the beginning of February, the largest actual number having occurred
a fortnight earlier. Females attained their maximum number and per-
centage on February 22nd.

As will be seen from Table II the ova and nauplii found in January
were relatively unimportant though representing a fair proportion on the
percentage chart. There were no ova or nauplii on February 8th, but on
22nd 84 ova were found, representing 57, of the catch, females amounting
to 37%. From this time onwards there followed a regular sequence of
ova, nauplii, copepodites, and adults.

The adults which had moulted from the autumn-winter stock of
Stage V copepodites died out early in March to be replaced shortly after
by their own offspring which, liberated as ova soon after February 8th,
appeared as adults soon after March Tth. Through April and May these in
turn produced ova which began to reach maturity in May and June.
From the middle of May until the end of June this second hrood liberated
eggs which grew to maturity, the later ones remaining as Stage V cope-
podites. Further successive small broods of ova in July and August
added to the number of Stages IV and V copepodites which were to carry
the stock over the autumn and early winter.

Total numbers at Station IT (Cock of Arran) in September, 1931,
were over 2,000, i.e. higher than those of Station I, and maintained a
fairly high average (over 3,000) until the end of November, by which time
a considerable and real fall off in numbers was observable, 1,000 being
reached on only one occasion after that time until breeding had started
in the spring.

On May 2nd numbers increased to over 40,000 from having been under
500 on April 18th, to be followed by as sudden a fall to below 4,000 a
fortnight later. From this date numbers showed a gradual fall to the end
of June, followed by a gradual rise to the end of September, maintaining
an average of just over 2,000 for the period. The average had fallen to
under 1,000 by the end of October.

It will be seen from Plate II that, as at Station I, through the autumn
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and early winter nearly 909, of the Calanus present were Stage V cope-
podites with a small percentage of Stage I'V and a very few adults. Moult-
ing of these Stage V copepodites started at the same time as at Station I,
both males and females attaining their greatest numbers on February 8th.

Ova appeared shortly after January 25th and from February 8th
until 22nd increased rapidly in number, falling off again to March Tth.
These ova appeared as adults from March 7th until early in May. On
April 18th an increase in the number of ova was again noticeable which
was followed by the extraordinary increase of May 2nd, when over
34,000 ova and about 5,000 nauplii were estimated to be present. These
as quickly disappeared, leaving only about 900 ova, 1,300 nauplii, and
1,500 copepodites.

For the next two months the number of ova was fairly constant, but the
number of nauplii and copepodites fell off so that in the latter half of
June a third noticeable increase is represented in the percentage chart for
this station. Through July and August the number of Stage V cope-
podites moulting into adults decreased, resulting in an increase in the
number of copepodites to form, as at Station I, the autumn-winter stock.

At Station IV (Strachur) the numbers of Calanus (mainly Stage V
copepodites) averaged 10,000 for the first six weeks of this investigation.
They then fell away steadily from November to March, by which time
the survivors had all become adults, which as at Stations I and II
first appeared at the end of December and attained maximum numbers
on February 8th ; the males far outnumbered the females all the time (see
Table IV).

It is impossible to follow the sequence of events at Stations V, VI,
and VII, where hauls were taken only quarterly. The figures for these
stations, however (Table V), show no striking disagreement with those
for other stations at the times when these hauls were taken, except that
in winter numbers were usually much lower.

Discussion.

The most striking features in the chart showing total numbers (Plate T)
are : firstly, a fairly high number of Calanus present at the beginning of
the autumn, gradually falling away to a minimal value, well under 500
in every case, at the time when reproduction is starting in the spring ;
secondly, the coincidence of large catches from the two stations in open
waters (I and IT) on May 2nd ; thirdly, the disappearance of this sudden
increase ; and fourthly, the smaller number of Calanus present in Septem-
ber, 1932, compared with the same time in the previous year.

Noticeable features of the percentage chart (Plate II) are the homo—
geneity of the Calanus population during the autumn and winter at two
stations in particular (IT and IV); the appearance of three successive
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and well marked breeding periods at all three stations, coincident at T and
IT and the first slightly delayed and overlapping the second at Station IV ;
and the accumulation of copepodites of Stages TV and V, particularly
the latter, at all stations after the middle of July.

This minimum, occurring towards the end of winter, seems to be of
general occurrence and has been found by several investigators working
on Calanus. Farran (1927, p. 142) investigating the same problem off
the south-west coast of Ireland found a minimum in March. Ruud
(1929, p. 78) studying the copepod population off the coast of Norway also
found the number of Calanus to be at a minimal value in March and the
recent work of Somme (1933, p. 32) confirms this. At Station I in this
area Calanus were very scarce from November to the beginning of March.
At Station I low numbers were recorded from January until March, the
actual minimum falling early in the latter month ; but at Station IV
numbers did not reach low values until the beginning of March and the
minimum was delayed until April, by which time numbers were increasing
at the other stations,

The low numbers found by Sémme at the end of March are ascribed
to a definite migration of Calanus towards the surface early in March,
after which they were carried away by surface currents. This can scarcely
be the cause in the Clyde Sea-Area since it has been shown that currents
can play little part in such an enclosed area. Moreover, any outward
migration from Loch Fyne would have been detected at Stations IT and
IIT as explained below.

Natural mortality, possibly directly connected with food supply,
will account for the steady decrease in numbers through the course of
the winter leaving comparatively few females to produce the first
brood which is, consequently, small in numbers compared with later
broods.

Farran (1927, p. 137) found that in January males were more abundant
than females and that in the following month females were in excess.
This was apparent at Stations T and IT though numbers were low ; at
Station IV males were more numerous than females right through this
period, and it was not until April 18th, when the new brood had developed,
that females noticeably outnumbered males.

The result, then, of this gradual moulting of the autumn-winter stock
of Stage V copepodites was the production of a brood of ova, small in
numbers compared with later broods, which gave rise to a new brood of
adults, mainly females. These appeared through March and April (see
Plate IT). It was these adults which produced the extraordinary increase
at Stations I and IT at the beginning of May, to which reference will be
made later.

We must here take into consideration the probable life of a single
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Calanus ; the time taken for the development of the ovum to the adult ;
and the probable number of ova produced by one female.

From an inspection of the percentage chart (Plate IT) and Table I1I
showing numbers throughout the year at Station IT, it will be seen that by
March 7th males, females, and Stage V copepodites of the autumn-winter
stock have disappeared completely from the catch, their places being
taken by younger stages which they have themselves produced. This
clearly indicates that all the fifth copepodites of the autumn-winter
stock moult or die at this time and that those which reach maturity,
having spawned, die also. Gran (Paulsen, 1906) and Damas (1905) con-
cluded that the individuals normally died after breeding.

This limits the life of a Calanus to one year, but in all probability it is
much less. On examining the column of numbers for females for Station I
(Table IT) it will be seen that from December 29th to February 22nd they
increase from 1 to 55, falling away rapidly to 1 at March Tth. This is
followed by a sudden increase to 62 by March 21st, rising gradually to
99 on April 18th and falling away again a fortnight later to 47. This is,
in turn, followed by a sudden increase to 104, rising to 757 on May 23rd
and falling with fluctuations to 15 on June 13th. Once more this is
followed by a sudden rise to 205 on June 27th with a fall to the end of
July and a sudden drop thence to August 8th, after which the numbers
remain steadily low. A similar state of affairs is observable at the two
other stations.

The conclusion is that though the adult life of the females from the
autumn-winter stock may be nine weeks, for succeeding broods it is not
more than 6 or 7 weeks.

The results from Station I (Plate II) show that from March 7Tth until
21st females increased rapidly (1 on Tth to 62 on 21st), corresponding
with the increase in the number of ova from February 8th to 22nd (0 on
8th to 84 on 22nd). This indicates a maximum period of 28 days for
the development of the ova to adults at this time of year. The ova and
nauplii present before February 8th were insignificant in number and may
be neglected.

Subsequent experimental work carried out in the laboratory (jointly
with Miss 8. M. Marshall) confirmed the view that four weeks was the
maximum time required for the ova to reach maturity.

Calanus of different stages were kept each in a separate beaker, the
sea-water of which was changed daily and the Calanus examined. The
temperature was kept as close as possible to that of the sea at the time
(June, July, and August), by standing the beakers in shallow tanks
through which sea-water was circulating. It was assumed that each
Calanus would find sufficient food for its daily requirements in 250 c.c.
of sea-water. Each specimen was kept until it had moulted at least
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twice so that the interval between each successive stage in its development
could be fixed. Females were kept and the time noted from the shedding
of the ova to the appearance of nauplii. It was difficult to distinguish
the different nauplii while living, so the time taken to pass through the
nauplius stages was taken from the shedding of the ova to the appearance
of the first copepodite. The minimum time was eleven days. Rach of
the successive moults up to Stage V occurred at minimal intervals of
3 days, and the shortest interval between the Stage V copepodite and the
adult was 4 days. It will be seen that when the shortest intervals are
added together 27 days are required for the complete development from
the egg to the adult.

Ruud (1929) found that in the Norwegian Sea Calanus took about
3 months for its entire development. Lebour (1916) states: ‘‘ Nauplii
first appeared between the 17th and 24th of April, and on May 19th
Stage V was taken from the jar, having taken certainly less than two
months to grow from the egg to this stage.” This shows close agreement
with the results obtained in this region, and it must be remembered that
the slower development in the Norwegian Sea is probably correlated with
a lower temperature.

We have now two and a half months as the probable life of a single
Calanus during the active breeding periods of spring and summer ; one
month in which to reach maturity and six weeks of adult life. But the
Calanus produced towards the end of the breeding season will live through
the autumn and winter until early the next spring, with a life of 5 or 6
months.

There seems to be no record of the number of ova produced by one
female Calanus, neither has it been possible to obtain this information
experimentally. Referring to the figures in Tables IT, III, and IV and
correlating the number of females on any particular date with the number
of eggs on the same date we find a variation of from 1 to 120 eggs per
female. It is probable that the number of eggs liberated by any one
female is from 60 to 70, with larger numbers occurring occasionally.
It seems possible, also, from observations on the copepod Eucheia
norvegica (as yet unpublished) that each female can produce more than
one brood of ova.

Reference has been made to the striking increase in the number of
Calanus which was found on May 2nd. On this date at both outside
stations (I and IT) extraordinarily large catches of Calanus were obtained,

EXPLANATION OF PLATES.

Prare I.—Chart showing the changes in total numbers and composition of the population
of Calanus finmarchicus at three positions in the Clyde Sea-Area for one year.

Prare IT.—Chart showing the changes in the percentage composition of the population
of Calanus finmarehieus at three positions in the Clyde Sea-Area for one year.
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numbering over 10,000 at Station I and over 41,000 at Station II. Three
weeks later another large catch (17,326) was obtained at Station I. In
the first two cases this was due to a very large increase in the number of
ova (with a ratio of not more than 70 per female) and an increased number
of nauplii derived from these ova. Copepodite stages and adults, though
present in numbers larger than usual, formed only a small percentage of
the catch. On the second occasion of a large catch (May 23rd at Station I)
copepodite stages formed the mass of the catch, Stages I, II and III
being most abundant. These must have arisen from the ova liberated
between May 2nd and 16th (about 9th) and the older copepodites would
have been ova about May 2nd, and being older would have suffered more
from natural mortality, the rate of which is high (p. 89).

Taking into account the length of life of the ovum as such and the time
passed by Calanus in its nauplius stages, it is possible to say that, with
one exception, at no time in the year were more copepodites found than
could have heen produced from the ova or nauplii present the requisite
length of time before. The following hypothetical case may make this
clear. TIf 10,000 ova were present on a certain date and 20,000 Stage II
copepodites were found a fortnight later it might be argued that so many
copepodites could not arise from so few ova and that, therefore, immigra-
tion must have occurred from some other locality where reproduction
was in progress. It must be remembered, however, that whereas the ova
remain as such for not more than 24 hours (Grobben, 1881) the copepodites
remain in each stage for 3 days, and the effect will be an accumulation of
copepodites. These will, of course, be subject to mortality.

The one exception referred to above occurred at Station I on May 16th
when too few nauplii were present to produce the copepodites of May 23rd.
This catch will have to be accepted as a “ freak,” since the number of
ova present early in May was ample to produce the copepodites of 23rd.

At both stations the enormous increase found on May 2nd was of a
temporary nature and died away as quickly as it had risen. This points
to a very large mortality possibly correlated with the food supply.
Tarran (1927, p. 139) found reproduction was occurring generally in April
and May, at which time numbers rose to ten times what they had been a
few months before. Bigelow (1926, p. 168) records similar sudden increases
in the number of Calanus in the Gulf of Maine during May.

Whereas Farran found a gradual decline in the numbers of Calanus
subsequent to the increase in April and May, at both stations at which the
decline occurred in this area it was sudden. Reference to the work of
Marshall and Orr (1927, 1930) will show that the number of diatoms
present during the spring increase of 1928 was over 5,000 cells per c.c.
for some time and was over 12,500 cells per c.c. for a few days. Similar
numbers were found in 1926 and 1927,
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Text-Figure 2 shows the variation in the number of diatoms and in other
microplankton at Keppel and at Strachur from March to September,
1932. I am indebted to Miss 8. M. Marshall for the information expressed
in this figure. It will be seen that though diatoms were spasmodically
abundant during the spring and summer, on the whole numbers did not
once reach those attained by the phytoplankton in the course of an
ordinary spring increase and were, on the average, low for the whole season.
The highest value reached at Keppel in 1932 was 3,000 cells per c.c. in
June, and the spring increase figures were only 2,000 cells per c.c. It is
possible, therefore, that under normal conditions the decline would have
been as gradual as that found by Farran, and that the number present
in the autumn of 1932 would have been similar to that of 1931.

At Strachur (Station IV) diatoms were even less abundant (Text-
Figure 2, o) and the Calanus in September, 1932, numbered about 1,000
compared with 10,000 in September of the previous year.

It has already been seen that as autumn approaches development is
arrested and the Calanus remain as Stage V copepodites, mixed with a
number of Stage IV and a very few adults.

The next point which arises is the appearance of three well defined
breeding periods on the percentage composition chart (Plate IT1). This
becomes more marked if the percentage composition of the catch during
the reproductive season is separated into different stages and each is
graphed individually (Text-Figures 3 and 4; in these figures certain
details present in the chart, Plate IT, which would only tend to confuse
the issue, have been left out.) Here is plainly marked the succession of
stages from ovum to adult in three successive breeding periods followed
by the subsidiary ones at the end of the summer. This is not so obvious
at Station IV where the results are confused by the large initial lag and a
subsequent overlapping of the first two breeding periods.

The results from Station IT (Text-Figure 4) suggest an almost diagram-
matic accuracy. Each maximum of females is followed by a maximum of
ova, and this maximum can be followed through each stage to adults,
which attain their maximum at a month after the maximum of ova, and
so on through the summer,

The difficulty which arises is to explain why there should be such a long
interval between any maximum of females and the following maximum
of ova, the latter actually coinciding with a minimum of females. It
appears that the Calanus, having moulted into adults, require from three
weeks to one month for maturation of the reproductive organs and for the
transference of the spermatophores to the females, and that meanwhile
they are subject to a high rate of mortality so that by the time that
sexual maturity is reached comparatively few females remain. Thus the
egg peak would coincide with the female minimum. The number of
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females then rises again a month later when these ova have completed their
development.

This explanation appears satisfactory in its general application. If,
however, we examine the curve for Station I (Plate IT and Text-Figure 3)
we find a number of inconsistencies with this hypothesis. Firstly, a
secondary peak of ova is present at the end of the first breeding period.
If this were the result of an almost immediate liberation of ova from
these females which reached maturity on March 21st, it would leave only
one week for the maturation of the reproductive organs and fertilisation
of the females. This would appear to be too short, and, moreover, would
result in continuous breeding throughout the reproductive season and a
more or less constant representation of all stages throughout this period.

Though two peaks are thus present in the curves for the ova and nauplii
during the first breeding period, only one is found a fortnight later in the
Stage IT copepodites, and a second reappears in the Stage V copepodltes
and adults. The second peak of adults (April 5th) has undoubtedly arisen
from the ova of March 7th, and the ova of March 28th receive no distinct
representation on these curves after Stage I copepodites ; neither do they
appear to affect the curve for adults at all, these being at a minimum
when the eggs of March 28th should be reaching adult stage.

From Table IT it would appear that this catch of March 28th was in the
nature of a freak "—owing to the net passing through a swarm of
Calanus—since, from March 7th until April 18th (neglecting March 28th),
total numbers rose from 52 to 1,086 by more or less regular intervals of a
few hundred each fortnight. This catch on March 28th contained 3,488
specimens and may be regarded as exceptionally and unexpectedly large.

A similar effect was produced at the end of the second breeding period
(May 30th) when a minor peak occurred. It is, however, of less import-
ance since it does not affect the curves of any of the other stages and may
be regarded as a minor fluctuation in the representation of the ova.

A turther question which may be raised is why ova should he present
to so large an extent at Station IT (Text-Figure 4) on March 21st if adults
had died out by Tth and the new brood did not begin spawning until
April 5th. From Table III it will be seen that the actual number of ova
present on this date was only 117, and these could easily have been pro-
duced by two or three females of the autumn-winter stock which were
still surviving at this time. Possibly they were producing a second brood.

It will have been seen from the Text-Figures and Plates that when
catches are taken at regular intervals of a fortnight the period of repro-
duction can be divided into three main breeding periods, February—
March, April-May, and June-July with a fourth subsidiary one early in
August and that this can be applied in general to all stations. The main
variations are in the number of subsidiary late summer broods at each
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station (more numerous at Station I and of less importance at Station IV),
and an overlapping of the first two breeding periods at Station IV owing
to a lag in the starting of reproduction at this station. The cause of this
has not yet been determined.

Comparison of the station inside the loch with those of the open waters
showed that Calanus was still quite abundant in the early winter at
Strachur when numbers outside had fallen to minimal values. This,
however, was only a lag in the dying off of this population, since numbers
in the loch were reduced to similar low values at a later date. Although
Calanus at Station I was scarce by the middle of December it was not
until late in March that it became scarce at Station IV. This lag was
followed by a delay in the starting of reproduction, the first brood of
eggs not appearing until the end of February, a fortnight after repro-
duction had begun at the stations in open waters.

Furthermore it can be stated that the enclosed waters of the loch do
not form a breeding ground whence Calanus spreads to outside waters.
If this had been the case evidence of such migration would have been found
in the quarterly catches from Station VII and in the fortnightly catches
from Station III. Those from the latter obviously followed those of
Station II, and it has already been pointed out that both these stations
are geographically similar.

Without more knowledge of the factors which control the development
of the autumn-winter Calanus it is difficult to say why this lag occurred.
That temperature is not directly concerned is fairly certain. It remains
for future work to discover the actual cause.

It will have been seen that the results from this area confirm and
elaborate the suggestions made by Farran (1911, p. 85) and Russell
(1928, p. 444) on the course of the life cycle in Calanus.

It has been pointed out by Russell (1928, p. 434) that at certain times
of the year Calanus may be found swarming at the surface during the day,
even though it be a clear day with bright sunshine. This has been observed
on several occasions in the Clyde Sea-Area. From March until June, and
again later on, hauls at Stations I and IT were divided at the 30-metre
line, the object being to simplify counting by confining the diatoms to
one part of the catch.

As it happened in this year diatoms were seldom rich enough to cause
any difficulty of this nature. It will be noticed, however, from Tables 1T
and III that at Station I on May 16th and at Station II on June 13th,
more males, females, Stages V and IV copepodites were found in the
upper 30 metres than below, a reversal of the usual condition. On both
these occasions young stages and ova remained more abundant above the
30-metre line.

This will be discussed in a paper dealing with the vertical distribution
of Calanus in this area.
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SUMMARY.

1. Fortnightly samples were taken with a fine-meshed net in single
vertical hauls at different positions in the Clyde Sea-Area.

2. Each stage of Calanus present, from ovum to adult, was counted,
and charts were constructed expressing these results for one year as total
numbers and as percentage composition.

3. Calanus passes the autumn and early winter mainly in its Stage V
copepodite form.

4. In general, total numbers were high in September, 1931, and fell
steadily to a minimum in March ; in Loch Fyne the minimum occurred
in April.

5. A sudden increase was observed in May and numbers rose to maximal
values ; the decline also was sudden.

6. Reproduction began in February and three plainly marked breeding
periods were observed between February and July.

7. The time taken by the egg in developing into the adult was four
weeks.

8. The total life of a Calanus during the summer was estimated to be
about two and a half months ; in winter it is five to six months.

9. In Loch Fyne a noticeable lag occurred during the winter and early
spring.

10. The number of Calanus present in the autumn of 1932 was con-
siderably less than at the same time in 1931, This may have been due to a
shortage of food.
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Date.

3/9/31
15/9/31
1/10/31

21/10/31
5/11/31

16/11/31

17/11/31

30/11/31

14/12/31

30/12/31
11/1/32
25/1/32

8/2/32
22/2/32
23/2/32

7/3/32
21/3/32
28/3/32

5/4/32
18/4/32
27/4/32

2/5/32
16/5/32
23/5/32
30/5/32

7/6/32
13/6/32
27/6/32

11/7/32
25/7/32

8/8/32
22/8/32

5/9/32
30/10/32

A. G. NICHOLLS.

StaTion I.
Time Depth Time
of in of
Day. Metres. Haul.
a.m. m. s.
10.00 120 —
9.45 105 3 20
945 110 3 35
945 120 *4 15
1035 115 - 3 45
10.30 109 3 40
9.15 110 3 45
9.26 110 4 05
9.05 113 3 45
9.50 120 4 00
9.10 120 4 00
9.50 110 *3 50
9.05 109 3 45
9.15 110 (a)3 05

()1 00
10.20 115 (a)3 00
(b)1 00
9.30 110 (a)4 03
(b)1 00
9.15 109 (a)3 20
(b)1 00
820 110 (a)3 05
(b)1 00
850 115 (a)3 40
(b)1 25
9.29 114 (a)3 05
(b)0 56
815 113 (a)3 45
(b)l 05
11.00 119 (a)3 45
(b)1 03
820 110 (a)3 00
(b)1 00
9.00 118 (a)3 40
_ ()1 05
825 115 T4 30
10.20 112 4 55
8.20 113 4 15
820 115 (a)3 15
(b)1 02
820 115 (a)3 10
(b)1 00
8.25 112 3 565
8.50 110 4 20
9.15 117 3 25

TABLE 1.

Srarrow IL.
Time Depth Time
of in of
Day. Metres. Haul.
a.m. m. s.
11.30 100 -
11.25 140 4 00
11.30 140 3 50
11.15 135 4 15
noon 112 3 35
11.40 165 4 50
10.50 155 4 50
11.15 154 4 20
10.10 160 5 30
11.30 155 3 50
10.30 165 5 30
11.10 170 5 45
10.15 153 5 30
1055 154 (a)d 50

(b)1 00
11.00 161 (a)6 45
(h)1 27
11.15 162 (a)d 10
(b)L 00
9.55 116 (a)3 15
(b)1 00
11.00 157 (a)d 25
(b)0 55
9.50 145 (a)d 35
(b)I 05
945 166 (a)5 35
(b)1 00
9.55 159 (a)d 30
(b)1 00
12,10 158 7 40
(p.m.)
1015 152 5 35
10.10 165 (a)4 55
(b)1 00
10.15 163 (a4 15

. (b)1 00
9.55 158 5 45
10.15 165 6 50
11.00 144 4 50

Statiox IV,
Time Depth Time
of in of
Day. Metres. Haul
p.m. m. s.
5.20 138 —_
515 130 4 30
430 150 3 50
500 130 4 30
450 132 4 20
827 136 4 15
(a.m.)
4.15 130 4 50
432 131 5 ca.
510 128 3 40
415 129 4 15
3.50 134 4 05
445 130 4 15
8.00 — 4 40
(a.m.)
420 128 4 10
430 126 4 45
500 131 4 45
3.10 131 4 35
442 130 4 15
3.06 130 5 05
630 130 5 15
315 131 &5 25
525 124 4 30
3.50 130 4 45
3.05 130 4 40
3.30 135 4 30
7.15 130 4 30
4,05 130 4 45
415 122 3 55
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APPENDIX.
Statox V. Statiow VL Station VIL
p.m. a.m.
13/11/31 11.05 92 2 50
(a.m.)
16/11/31 2.00 145 3 40
17/11/31 10.25 60 1
92/2/32 1220 125 3 35
23/2/32 10.05 51 1
25/2/32 335 89 3 30
(p.m.)
p.m.
30/5/32 noon 117 (a)3 25 4.50 59 2
(b)1 00
3/6/32 940 90 (a)2 25
(a.m.) (b}l 00
22/8/32 12,30 128 4 58 5.30 62 2
29/8/32 3.00 88 3 20
(p.m.)

* Indicates that the haul was not vertical owing to state of the weather.

1 Indicates that the closing apparatus failed to work and haul was not divided.
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Date.
3-9-81
15-9-31
1-10-31
21-10-31
5-11-31
16-11-31
80-11-31
14-12-31
29-12-31
11-1-32
25-1-32
8-2-32
22-2-32
7-3-32

21-3-32
2B-3-32

5-4-32
18-4-32
27-4-32

2-5-32
16-5-32
23-5-32
50-5-32

T-6-32

13-6-32
27-6-32
11-7-32
25-7-32

8-8-32

22-8-32
5-9-32
80-10-32

Ova.

L
©r

A. G. NICHOLLS.

Nauplii.
L 1. TII. v.
30 110 80 30 20
2.1 76 42 2 14
- - -5 I-0 s
1 3 -
18 9 27 2.7 3
11 2 = -
37 7 20 = i
1 = 5 6 2
19 z 93 111 37
2 = 7 % 2
35 = 121 3 =
- - 1 - -
il . 2.5 i &
i o 5 1 -
27 & Id 7 =
i - - 2 o
3}3 = 5558 3}5 2}2
58 = 96 9.6 38
10 z N = -1
1}11 = 2}2 9}2 5
2.0 = 7 4 .2
30 = 0 5 =
130}1“ 135}135 130}““ 35}40 25}25
£6 i 11 -7
15 . i 5 %
2}17 1}1 5}a 3}3 2}2
2.1 -1 -6 10 2
5 = SV - 1.
25}30 35}35 45}4n 5}5 5}0
28 32 £1 5 5
90 = - = =
am}ﬁﬂ 2m}mu m}m m}m m}m
67 30 3 : I
15 - - 1 -
1755}1&00 ‘75}475 215}215 100}101 30}30
16-9 2.0 -9 -2
4 10 7 3 1
-mo}m 630}640 370}377 200}203 4O}M
93 141 . 45 .
150 a0 960 790 560
fj0}211:: S0 1130 210}1170 140}930 Iw}sm
12 7 68 54 39
324 2 1z = -
13}3“ 9}11 l}a = =
13-9 . -2 - -
75 = = B -
100}175 25}25 30}30 20}20 5}5
43 -7 -5 -
270 60 90 70 20
19-3 43 6-4 50 74
80 20 15 20 15
73 18 i 18 14
ST ‘}10 5}35 T =
15 10 20 i @
12 -8 25 - {
& = = = -2
1}1 2s2 7}7 2}2 2f
-2 ot 15 4 4
2 1 *
1 2

L I I I A |

]
[ ]

TAB

STAT

=8 e
I]|]Il|'l|]|F1Ilc~hh-‘-|I||'|ld‘g.S
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w !
G iR
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L Lt



LE II.

10N I

T
e

@l

II|||||1I|I'II|:§

ON THE BIOLOGY OF CALANUS.

Copepodites.
1. T,
127 7
F 55
1 5
5 25
11 4
97 35
1 7
-3 24
1 16
7ed 29-7
- 2
- ]
6 9
2}3 2}11
15 2.0
3 73
2_,}4}257 721168
74 48
1 5
54}55 123}128
15

=)
—
L=

2
120}125 155 Y127
3360 1840
1060}4420 20 pass0 ]
255 136
332
bipize  332las
52 220
S e
2 13
39 43
36 39
183 264
10:8 156
Phi }ss
12
i 44 }180
212 354
2 15
y 30
83 27
2 @6

-3
LN

T
o

Adults.
g 3
13 7
9 23
10 2
£9 10
1 1
9 9
11 4
37 13
8 e
56 -
3 g
I.U -
i 1
71 1
9 8
35 13-8
13
176 32:5
4 7
267 467
55 2
are 14
- .
19 -
5?;}6‘2 33}35
114 156
Mt %8hio
. }2-2 ) }2-9
5 7
a1 81
6 24
100 100
%o leo
91 36
"’f}ﬂ lf}m
7 2
i’g}lm 12}24
10 2
6 "
105};4; 7}119
730\, r, 407,
30 VLaer _}40
o 44 -2
4 8
22}6: _}a ,
5““}563 '5_5}5:3
138 1
15 5
11 i
205 12
87 11
2 28
17
1"9}134 -“} 4
10-6
13}15 4}4
32
10
2.0 s
20 10
70 2.4
12 :
J“ -

105

3300
;04}“1‘3‘5

10027 .,
266 }1-58
100-2
396
72} 468
999
504
100-0
411
99:9
352
100-0
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TAB
STAT
Nauplii.
Date. Ova. 7 I IIL Iv. V. VI
39031 No. 0 = 5 380 - - -
1}.' - - — 1?-8 - - -
15931 No. - & — 7 2 - 1
¥ - = 5 ) . z =
1-10-81 I\ﬁ 2 = - 25 o = .
O B . o -6 - — -
211051 No. 3 - 3 3 - - -
51181 No. : - = = i = =
161151 No. . - z z i & g
ol o - e - — - -
50-11-31  No. - g = z z = £
141231  No. L 2 = z £ z =
30-12-31  No. i Z = & z 2 z
% - - - - - - =
11132 No. & = i - - - -
% E - - - B - -
25-1-32  No. = 1 - 2 N » =
o = 5 & 18 e i o
8232 No. 11 6 - 1 = ” -
o 176 26 & -4 = = -
22.9.32  No. 231 s — s 1 1 2
e 760 26 : 26 d i -7
-3+ 0. (1) —} - - - =15 N =
J@ s ;19 4, r; 42}54 ast 5 e 3y
5 2 : 26 52 6 19
21-3-32  No. (1) - = - = - - -
@ T 117 10 £ 10 o9 s 4}‘ 4}“ 5}5
. 320 79 76 32 72 I is
432 No. (1) 1 = = =
17 3 1 1
) 13} 3} 1} » 1 = -
% % : = 2 - -
18432 No. (1) 3 2 . = 2
L@ 313 3““ 15 f18 12}12 3}3 2}2 1}I -
£0 Ty -7 5 -
2-5-32 Nu. (1) } 13 1 - - -
sy a4622 5 185033 1240}1241 190}190 70}7“ 00}50 50}50
16532 No') 506 g ] o
-5-32 0.1} 8 28
L@ 3"0);}‘376 r:oﬂ} a8 2a0}3°“ 130} 30 a4 130}150 140;1’155
o, -6 &6 0 5
80-5-32  No. (1) 370} _
70 547 ¢ 30 13
vl i i 33} 30} 13} - - -
o 159 78 9 -4 = g Z
13-6-32  No.(1) 178 66 2 = - 3 -
2) 33(2;;493 22 88 10}12 3}8 1}1 1}1 -
o -5 2 7 4 1 1 -
27682 No. 582 33 6 i - N 8
% 554 22 6 1 = = -3
11782 No. 3 1 1 7 6 6 6
o 5 & = 4 .3 .3 3
25-7-32  No. (1) 13 3}19 5 1
2 10 16 12 712 16}” - = -
5, i1 15 : . ” = "
8832 No, (1) 19 2 s 5 < =X
"(2) 27;?43 6}3 3}3 3}3 1}1 = 92
° 9 5 2 ] = - 1
22.8.32  No. 14 2 3 2 5 & =
? '6 -1 . . - - -
5932 Xo. = L 5 : e & “
o - = . - ot _ =
80-10-32  No - - - it - N
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Copepodites,
juss

Lo
e
o2

T T I O T O T O IR B ATl Y [~

Adults.
2
19 10
-5
19 8
-5 -2
20 5
-4 -1
10 -
4 i
5 -
3-2 -
10 -
2 _
4 2
-2 1
14 -
11 -
6 9
6 -9
8 25
15 46
13 51
6-3 24-8
58 82
24-9 44-2
39 12
12-8 3-9

2.6 35
55 59
o he1 7}86
21 13
1 1.
14}15 520
33 4
520 98
2}552 2|)}115:5
13
41 237 .
8}49 5}39
13 8
280 3
O}ess 2ls
88 1
7 1
153}170 18}19
10-6 11
59 28
59 2.3
149 51
75 2.5
5& ol 1}11
39 -8
3;}38 11}11
24 -7
26 6
1-1 -3
50 15
18 7
18 =
2.3 E

Total,

2135
106-1
3843
I00-2
4810
100-1
25562
100-0
155
100-1
6175
100-1
2108
100-0
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18-4-32
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16-5-32
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25-7-32
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22-8-32
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ION IV.
Copepodites. Adults.
L II. 111, Iv. A ? 5 Total
120 140 170 90 9960 = = 11070
1-1 13 14 -8 80-0 - - 100-1
20 10 30 90 8310 30 = #2400
3 <1 -4 I-1 8978 -4 - 100-1
= = - 10 11970 60 10 12200
= = - 98-1 -4 -1 1000
= T —- 7 7650 7 - 7713
= I - 1 99-2 1 - 100-1
= ) ] 10 2200 10 - 8310
- - - -1 99-8 +1 - 100-0
= = = 30 7420 - - 7450
- - - -4 ) - - 100-0
- - - 15 5120 b - 5140
- - - 896 -1 - 10a0-0
- - = 30 4750 e - 4780
- - - +8 89- - - 1aa-0
= = ] g 3087 10 10 3114
- - - 2 89-1 -3 -3 499
- - - 2 2070 4 10 2086
- - - oI 89-3 o2 5 ing-1
= - - 8 2685 a7 128 2858
- - - 3 83-8 I3 45 I6a-0
) - - 10 2515 58 348 2051
- - - -3 5.3 19 11-8 100-0
= - - 2 1056 28 113 1208
- - - -2 §7-4 2-3 9-4 100-0
1 - - - 142 46 48 421
-2 - - - 33-8 10-9 11-4 100-0
= ~ - 1 7 8 [} 355
- - - -3 1-8 2.1 16 100-1
10 1 - 1 8 8 3 3
a2 o - il &1 4-1 16 J00-0
- 3 2 10 22 17 3 155
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22 i 44 39 132 16 13 1209
18 44 a6 32 10-9 1-3 11 90-8
0 40 30 80 501 102 17 2075
34 1-9 14 3-8 24-1 49 89-5
il 93 93 a6 177 1oz 3 3094
I8 g0 30 1.2 57 43 1 100
13 21 104 326 1537 127 13 2318
i3 -8 4-7 id-7 G49-4 a¥ -6 89-9
- 3 27 682 1620 111 4 2350
- 1 I.1 20:0 ad-7 4.7 -2 §9-9
e 1 - 610 1442 a6 3 2115
- - - 25-8 681 1.7 ) 99-9
= L 2 311 T43 16 2 1077
- - +3 25-9 65-0 15 2 T00-1
A 4 2 200 409 19 2 041
- b 4 S0-8 647 2-¢ -2 Ioa-a
= = - a6 1110 5 1 1212
- - - 78 816 4 -1 Jtn-i
I;E -“:" .
ION V.
Copepodites. Adults
: 5 II. III. Iv. Y. ) g Total.
- - 2 4 22 1 - 29
- - 6.9 13-8 759 34 - I00-1
- - - e - 1 = 8
2k e e =, - 12-5 - 100-0
2 16 59 53 15 18 1 1514
-1 1-1 3-9 34 I-0 I-2 I 99-9
- - 13 G4 jj 11 2 179
= - 67 35-8 80-3 61 11 100-0
ION VL
- - 1 20 G25 2 - G485
- - «J 31 865 -3 - 10a-0
12 - - - 3 ] 14 355
ged - - - & 23 3-9 Ioa-a
5 a1 412 607 418 247 8 2155
2 3-8 181 282 19-4 113 -4 1001
10 3 27 59 R0 15 b79
1.7 G4 154 Gr-2 2.8 10 1001
10N VII
1 - ; - 8 - - 10
10-0 E: - - 80-0 = - 1000
- - - - & = 1 10
- - - - 50-0 - 10-0 1600
165 485 1610 230 T4 2 1 3352
4-9 145 480 208 2.2 -1 = 859-8
= i) 10 12 72 2 103
= -8 9-7 117 G9-9 I 1.3 = 1000
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On the Biology of Calanus finmarchicus. II. Seasonal
Variations in the Size of Calanus finmarchicus in the
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INTRODUCTION.

THE size of copepods varies considerably both from place to place and also
during the course of the year. Several hypotheses have been put forward
to explain this fact.

The variations in size of the same species from different localities or
depths are sometimes correlated with slight morphological differences,
and this has led Steuer (1925, 1931, 1932) to suppose that the differences
indicate geographical or habitat races and that the species may be in
process of splitting up into several. The larger varieties are commonly
found in the colder part of the range and the smaller in the warmer part,
but this does not invariably hold. On the other hand, a single catch of
copepods sometimes shows animals of such a great range of size that some
observers (Sewell, 1912 ; Gurney, 1929) think that they cannot have been
produced from the previous developmental stage by one moult only and
have supposed that an extra moult must take place to account for the
larger specimens or a moult be missed to account for the smaller.

It was therefore thought of interest to measure samples of Calanus
finmarchicus from several stations in the Clyde Sea-Area over the course
of a year to find out what amount of size variation occurred.

The Calanus used for the purpose were those taken by Dr. A. G.
Nicholls in his fortnightly hauls from three different stations in the Clyde



112 S. M. MARSHALL,

Sea-Area and the preceding paper must be referred to for the details about

the stations worked and hauls taken. The Calanus had already been
picked out from the catches and the developmental stages separated
and I am much indebted to him for the use of this prepared material.

Only adults (male and female), Stage V, and Stage IV Calanus were
measured since it was thought that this would be enough to show varia-
tions clearly. The length measured was that of the cephalothorax and
in the curves of Figures 2, 4, and 6 it is the median length which is
graphed. None of the stages chosen was present in sufficiently large
numbers for measurement during the whole year and it is unfortunate
that at two of the stations adults were lacking during one of the most
interesting times of the year. The number aimed at for measurement
was In most cases about a hundred and when the catch was a large one
it was sub-sampled. The adults often fell short of this number however,
and, during the summer, vertical hauls with a one metre stramin net
were also made at each station and the adults picked out and measured.
Such hauls were not used for Stage V because it was thought that a few of
the smaller specimens might escape through the meshes of the net and so
give a false impression of the size. Towards the end of the summer
when female Calanus were small in size a few of these too may have been
lost in this way, but the number would be too small to affect the results
appreciably.

In general, the sizes of the Calanus measured were greatest in spring
(March-April) and smallest towards the end of the summer and the
beginning of autumn, which is in accordance with results obtained
elsewhere (Adler and Jespersen, 1920). There are, however, numerous
variations in size throughout the summer both between different stages at
the same station, and between different stations. The maximum size
18 not found for all stages on the same date nor on the same date at all
stations. Tt will therefore be advisable to take each station separately.

Starrox I (Figs. 1 and 2).

Ounly Stage V Calanus were present to any extent during the autumn,
and even these were not always present in numbers sufficient for measure-
ment. The size appears to fluctuate considerably, being least in September
and rising in December and January. This autumn brood of Calanus
began to moult into adults in January, after which Stage V disappeared
until the middle of March when the offspring of these adults had developed.
After that, most stages were usually present.

The adult females found on February 22nd were those which had
survived the autumn as Stage V, and were of medium size. The next
occasion on which there were enough to measure was March 21st (Nicholls’
first brood, see p. 88) and there was a great increase in size. These
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females were the biggest found during the whole year (median length
2-76 mm.) ; there was a wide range of sizes, but the mode was well towards
the upper limit (Fig. 1). This was four weeks after the appearance of
a large egg maximum, the product of the medium sized females, and
these large specimens were therefore the offspring of the autumn-winter
brood which had survived from 1931. Succeeding weeks showed
gradually decreasing sizes until on April 27th they were not much larger
than the autumn-winter brood. These smaller females laid a great
quantity of eggs (April 18th-May 2nd) which appeared as adults in the
catches from May 16th—June 7th and were again larger, although not so
large as those of the first brood. On June 13th there was a very sudden
and marked drop in size (median length 2:40 mm.) and at the same time
a great number of eggs was laid. A month later these eggs had produced
females slightly larger than those of June 13th, but the size had so much
decreased that they were slightly smaller than the autumn-winter brood.
On July 25th there was another drop in size to the minimum found during
the whole year, and at the same time there was a large proportion of
eggs in the catch. A month later, on August 22nd, these developed
into larger females, almost the same size as the autumn-winter brood.
The size curves (Fig. 1) for this date and for July 11th are more compact
and have a better defined mode than those for intermediate weeks,
indicating a more homogeneous population. The size remained very much
the same on September 5th, but after this females became very scarce
and were no longer present in quantities sufficient to measure.

It is obvious that the largest females developed during the end of
February and the beginning of March when the sea-water was at its
coldest, and that the smallest females, those of July 27th, developed in
water which was at its maximum temperature for the year. But between
these extremes there was a series of increases and decreases in gize which
cannot be explained on the basis of temperature alone, but which were
connected rather with the breeding periods. The largest proportion of
eggs in the catches was found when the females were at a size minimum
and usually when they were few in number (cf. the preceding paper,
p. 95). Exactly a month later than this females of a maximal size were
found. Thus, for example, there was an egg maximum on February 22nd
and the females on March 21st were large; this held for the periods
June 13th-July 11th, July 25th-August 22nd, and probably also for the
April to May period, but this was a larger and more spread out egg
maximum and the females produced from these eggs were not so clearly
marked off. The period from the maximum of size to the production of
eggs varied, being a month in the first case (March 21st—-April 18th), but
much less later on in the year, e.g. July 11th-25th.

The curve of median sizes for males does not follow quite the same
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course. Males were scarce after the end of March and could not be
measured for every station worked. Their first appearance in numbers
sufficient for measurement was on March 21st when they were of large
size and must have belonged to the large first brood. After this they,
like the females, decreased in size till the end of April. Their increase
to a secondary maximum again was delayed until May 23rd and 30th,
but there followed a sharp drop in size which is not apparent till June 27th
since there were not enough to measure on June 13th. The actual
minimum would in all probability have been found on June 13th since it
occurred on that date for all other stages. The rise to maximal size again
M M.
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Fig. 2.—The median length of the Calanus measured at Station I (male, female, Stage V
and Stage IV) during 1931 and 1932.

on July 11th was well marked and on this date the males were the largest
found during the year (median length 2-53 mm.). There was again, as
with females, a drop in size to July 25th and a subsequent rise.

The curve for Stage V Calanus corresponded much more closely with
the curve for females than did that for males. There were the four well
defined maxima on March 21st-28th, May 16th, July 11th, and August 8th
and the intermediate minima on April 18th-27th, June 13th, and
July 25th. The maximum size for the year was found on May 16th
(median length 2-42 mm.) and the minimum on July 25th (median length
2:04 mm.) and in the beginning of September (both in 1931 and 1932).
After September, 1932, there was another increase in size and, as
mentioned already, sizes fluctuated a good deal during the autumn.

Since the time usually spent as Stage V is probably only four or five
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days and Stations were taken only once a fortnight, it is not surprising
that Stage V and adults should agree closely. Stage I'V, being eight to
ten days behind in development, might be expected to show peaks
sometimes on the same date as adults, sometimes a week or a fortnight
before. Accordingly there is only a rough agreement bhetween the
respective curves. There was a well defined maximum (when Stage TV
reached its largest size of 1-97 mm. for the year) on May 16th and a
subsequent marked fall to a minimum on June 13th. The smallest sizes
were found on this date and in September, 1931, and August, 1932
(median length 1-62-1-65 mm.).

The size curves (Fig. 1) as a whole show a great range and no well
marked mode. This is especially so with females and Stage V. On March
21st, however, the curves for all stages were more compact and had a
definite mode. This is probably because the first brood appearing then
develops from eggs laid within a comparatively short space of time and
forms a more homogeneous population than during the rest of the year.
The appearance of a new brood of maximal size had the same effect on a
few other occasions (e.g. males and females on July 11th; Stage TV on
May 16th). Later in the year several hundred Stage V and Stage IV were
measured to see if inadequate numbers were the cause of the irregular
curves, but this was not the case.

Station II (Figs. 3 and 4).

Station II was worked only once a fortnight and, in addition, adult
Calanus were too few to measure on several occasions during the March
to May period, so that the size curves do not give the same picture as those
of Station I. The autumn-winter brood of adults appeared, the males
in January and the beginning of February and the females in February.
After this they became scarce and on March 21st, the date when at
Station I the largest females were found, there were not enough to measure,
so that the period of maximum size, on the first appearance of the first
brood, has probably been missed. On April 5th the first brood was larger
than the autumn-winter brood, but not markedly so. In the females
there was a subsequent decrease to May 2nd when there was a great
production of eggs. At Station I the females appearing a month later than
the eggs were much larger, but this was not so at Station II; the size
remained constant or rose only slightly and the striking feature is the
sudden drop in size which occurred on June 13th (as at Station I) and on
August 8th (a fortnight later than at Station I). In the end of August and
September the females found were the smallest for the year.

The curve for male sizes does not much resemble that for females.
The largest males found were those of the autumn-winter brood found on
January 11th ; the first-brood males may have been larger on their first
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appearance, but on April 5th they were slightly smaller and decreased
in size further till April 30th. There was a slight rise on May 16th, the
usual fall on June 13th, when the smallest males for the year were found,
and a subsequent rise to a maximum on July 11th (found also at Station I)
when they were nearly as large as the autumn-winter brood. Like the
females they decreased in size again at the end of August.

The Stage V curve shows as little agreement with the female as does the
male. The size during the autumn varied considerably, and those of the
first brood measured on March 21st were no larger than the majority of
the autumn-winter stock. The size curve (Fig. 3) for that date, however,

MM.

R
2:8F ==-d 4
RN Vg

-

16 5Ep 56T T ROV T DEC T JAN T FEB T MAR ¥ APL ' MAY ' JUN T JUL T AUC ¥ SEP ' 0CT

Fia. 4.—The median length of the Calanus measured at Station IT (male, female, Stage V,
and Stage IV) during 1931 and 1932.

is very different ; instead of having a wide range of sizes and no definite
mode, it is shorter and has a well marked mode. There is no definite
increase in size till May 2nd (not a date which corresponds with any of the
other stages), but there was the usual marked fall on June 13th to a size
smaller than that found during the rest of the year. June 27th showed a
marked rise and there was a gradual fall thereafter until September.

The curve for Stage IV shows only a rough agreement. There was
a maximum on May 16th (with a well marked mode on the size curve),
a fall to June 13th, a rise and then a further fall on July 25th.

Starron IV (Figs. b and 6).

Station IV differed in several respects from the other two stations.
During the autumn the Stage V Calanus were considerably larger than
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those from elsewhere, and the size curves (Fig. 5), although showing, like
the other stations, a wide range of sizes, usually had a well defined mode
near the upper limit. The size also remained much more constant through-
out the autumn, owing probably to geographical conditions. The deep
water of upper Loch Fyne is separated from the rest of the area by two
shallow bars enclosing a basin not more than 65 metres in depth, where there
is, according to Mill (1889-91), much less movement of the water by tides
and winds than outside. The Calanus must therefore form a more con-
stant and homogeneous population than at the other stations.
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Fic. 6.—The median length of the Calanus measured at Station IV (male, female, Stage V,
and Stage I'V) during 1931 and 1932.

- Adults first appeared on January 25th, males being then more
numerous than females, and at the same time there was a distinet drop
in the size of Stage V Calanus (Fig. 6) which indicates that the larger
specimens moulted first. However, there was a subsequent recovery in
the size of Stage V and at the same time the size of both male and female
increased slightly. At first the male was a little the larger, but by
March Tth the female had surpassed it. After this Calanus became too
scarce to measure until May 2nd, so that measurements for the first brood
have here been missed completely. The females present on May 2nd were
much the same size as those of March Tth, and there was a large proportion
of eggs in the catch, as indeed there had been throughout March and April.
There was a sharp rise on May 16th to the maximum size recorded
(although possibly not the real maximum) for the year, followed by a sharp
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fall to June 13th as at other stations. After this the size altered little,
only rising slightly in the end of July and beginning of August. The male
follows the female curve fairly closely except that there was a marked
decrease in size on August 8th. There was no maximum of size for males
on July 11th as there was at the other stations.

The curves for Stage V show none of the variations characteristic of
the other stations. The maximum size was found during the autumn
and early winter when, as mentioned above, it remained very constant.
The first brood was missed completely and after this there were only
minor fluctuations which included a slight rige instead of a fall on June
13th. The size in September and October, 1932, was considerably less
than in 1931. The Stage IV were measured only during the summer
(May—October) and on the whole decreased from the beginning to the end
of that period with no very marked variations.

At Station IV it is not so easy to connect periods of maximum size
with the different broods. This is in the first place because measurements
for the first brood have been missed entirely and, in the second, because
there was a continuous production of eggs during March, April, and the
beginning of May and it is difficult to be sure from which part of this
breeding period any particular adults are derived. In the case of males
and Stages V and TV there was no marked maximum or minimum of size
at the coldest or warmest part of the year, but a gradual decline in size
throughout the summer so that conditions in September, 1932, are quite
different from those in 1931.

DISCUSSION.

If we consiler the results as a whole we see that none of the three
stations agrees exactly with any other although certain features are
common to all.. The median size curves of Stations I and IT (Figs. 2 and
4), and to a less extent those of Station IV (Fig. 6), can be divided into three
parts, each corresponding to one of the three breeding periods described
in the preceding paper. At Station I the first appearance of the new brood
a month after the egg maximum was marked by Calanus of large size, and
the end of the brood, which was the time when most eggs were laid, was
marked by Calanus of small size. This shows well for males, females, and
Stage V and less clearly for Stage IV. At Station II the three groups
can still be observed, but the beginning of the new brood was not marked
by an increase in size although the end of the brood, and the egg laying
period, were marked by a definite decrease. Although the three groups
are not equally well defined in all stages, they are quite clear in females,
* and two of the groups are clear in males and Stage V. At Station IV
the first group has been missed completely, the second is distinct,
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but the third, although probably present, is marked by no distinctive
features.

The same changes are often found on the same date at different stations.
Thus May 16th is a date when most of the Calanus at all stations were of
large size, while on June 13th all stages of Calanus were of small size at
all stations (except Stages V and IV at Station IV). A possible explana-
tion of this might be that the population of Calanus as a whole had changed
by migration. This is, however, negatived by several facts. Upper
Loch Fyne (Station IV) shows in general the same size changes as the other
stations, but cannot be subject to immigration since it is cut off from the
rest of the area by two shallow bars. That it can develop and retain a
plankton different from the rest of the area has already been shown
(Marshall and Orr, 1927). Text-Figures 3 and 4 in the preceding paper
indicate clearly that the Calanus population at Stations I and IT also was
stationary and that its development could be followed from month to
month.

If then, as seems most probable, the Calanus of maximal and minimal
size belong to the same brood (e.g. those of March 21st to April 18th ;
and of May 16th to June 13th, ete.), it follows that the Calanus developed
from eggs laid early in the breeding period are large and that those from
eggs laid towards the end of it are small. The former holds good through-
out the year only at Station I, but the latter is true in most cases. From
the size measurements and times of egg production it would appear that
the main mass of eggs is produced by Calanus of small size and that the
large Calanus take little part in reproduction. This is probably not
altogether true. The large females develop first, but since they wait for
several weeks before laying eggs there is an accumulation of females and
the smaller, later developed, females outnumber the early developed large
ones, especially since these are all the time subject to processes of natural
mortality. That large specimens are still present is seen in the size curves
(Figs. 1, 3, and 5) where the increase and decrease of the median is shown
to be caused more by the shifting of the mode than by alterations in the
total range.

It might be supposed that the variations in size are caused by variations
in the food supply, but observations on the microplankton do not bear
this out (Fig. 2 in the preceding paper). Although at Station I the small
Calanus of June 13th must have developed during a period of diatom
poverty and the large specimens of May 16th and July 11th during a
diatom-rich period, yet there are also many exceptions. The largest
Calanus of all, those of March 21st, developed while diatoms were very
scarce and the small specimens of July 25th developed while diatoms
were comparatively abundant. At Station IV also the small Calanus
of June 13th must have developed during that time of year when diatoms
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‘were richest in Loch Fyne and the largest, those of May 16th, when
diatoms, although increasing, were not very numerous. Neither does the
microplankton, apart from diatoms, show any relation to size.

Water temperatures were not taken regularly but can certainly not have
been responsible for the size variations during the summer. The cause
of the difference between Stage V Calanus at Station IV and those of the
other stations may be the slightly lower temperature of the deep waters
off Strachur during the summer and autumn, Mill (1891) has shown that
this deep water is, owing to the contour of the bottom and the shallow
bars cutting it off from lower Loch Fyne, so much isolated that the
temperature lags behind that of the more open water of the area. From
about June to December it is one or two degrees colder, and from February
to April one or two degrees warmer than the deep water outside. No
temperature measurements are available to explain the uniformity of
sizes in the autumn of 1932,

During 1930-31 catches of Calanus were taken at Station I at irregular
intervals with a stramin net, and samples were measured. It is interesting
to note that the Stage V Calanus during the period April to September
showed four distinet groups with maxima and minima at very much the
same times as in 1932. There were maximal sizes at the beginning of
April (when observations began), May 30th, July 12th, and August 15th,
and minimal sizes on April 10th, June 10th, August 2nd, and September
16th. The resemblance is perhaps significant.

It seems as if the size variations were caused by some factor inherent
in the method of reproduction of Calanus.

During most of the summer the catches were taken in two parts, one
from the bottom to 30 m., the other from 30 m. to the surface. The adults,
with one exception at each station, were never present in significantly
large numbers above 30 m. On three occasions Stage V and on six
occasions Stage IV were numerous enough to measure separately in the
two catches. In every case with Stage V the Calanus from deep water were
distinctly larger than those from the surface layers, the medians being
respectively : May 30th, Station VI, 2.31 mm., 2-16 mm. ; June Tth,
Station I, 2-15 mm., 2-:08 mm.; June 13th, Station II, (Fig. 7)
(when there were more above than below 30 m.), 2-3¢ mm., 2-01 mm.
Stage IV was also usually more abundant in water below 30 m., but on
May 30th at Stations IT and VI they were more numerous in the
upper layers. On one occasion only, May 23rd at Station I, the larger
specimens were found above 30 m. and the smaller below (median lengths
1-85 mm., 1-80 mm.), but as a rule the opposite was true, e.g. the median
lengths of surface and deep water specimens respectively were : May 30th,
Station I, 1-65 mm., 1-71 mm. ; Station IT (Fig. 7), 1-67 mm., 1-85 mm. ;
Station IV, 1-68 mm., 1-69 mm. ; June 7th, StationI, 164 mm., 1-68 mm. ;
July 25th, Station II (Fig. 7), 1-63 mm., 1-73 mm.
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As has been mentioned the Calanus from different stations also varied
in size. During the autumn those from Station IV were larger (median
length about 2-42 mm.) than those from Station IT, and the latter (median
length 2-12-2-27 mm.) were slightly larger than those from Station I
(2:03-2-27 mm.). This distinction had been lost by the autumn of 1932.
Several extra stations were worked quarterly and as a rule the sizes of
Calanus at these stations differed little from those of the fortnightly
stations nearest them. In August, however, Stage V and Stage IV Calanus
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F1c. 7.—A comparison of the percentage size distribution of Stage IV and Stage V
Calanus caught above and below 30 m. at Station II. The numbers for ezch haul
are given in brackets.

from Station V, which is situated further up the main channel than
Station I, were much smaller than any of the rest and were, in fact, the
smallest found throughout the year.

One of the most striking features of the curves is the long range of sizes
in almost every sample, a range almost as great as the whole yearly
variation. Even when a large number of specimens is measured the curve
does not lose its characteristic irregularity (Stage V : Station I, 30-10-32 ;
Station II, 3-9-31, 22-8-32; Station 1V, 13-6-32, 11-7-32). Although
there is rarely any suggestion of two separate modes, yet such an irregular
curve might be caused by the presence of two or more distinet forms or
varieties whose sizes overlap.

Gurney (1929) and Sewell (1912, 1929, 1932) have both investi-
gated numerous species of copepods in which the adult has a large
size range, and have come to the conclusion that in many cases there are
two forms of adult. Gurney assumes that there may be a second moult
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in the adult stage, while Sewell has put forward a more complicated
scheme, in which the two adult forms, the “low ”” and the “ high,” are
derived from Stages IIT, IV or V by moulting with appropriate growth
factors, He comes to these conclusions mainly from a calculation of the
growth factor (i.e. the proportion by which the length increases from one
moult to the next), although there are also morphological differences
between the “low ” and *“ high ”* forms.

Now an examination of the curves in Figures 1, 3, and 5 would at first
sight seem to support this. The curve for females always overlaps a large
part of the curve for Stage V and occasionally (Station I, May 16th ;
Station IV, August 8th) overlaps that for Stage IV too. The curve for
males is also largely overlapped by that for Stage V and indeed the latter
gometimes extends beyond it at the upper limit (Station I, April 18th ;
Station IT, September 5th ; Station IV, August 8th). It would therefore
be quite possible for there to be two moults in either Stage V or Stage VI
female, or for some Stage IV to moult directly into small females, the
growth factor in these cases being one perfectly normal for copepods.
Against this is the fact that the curves are never clearly bimodal and vary
much from week to week. Also, if this kind of moult is as frequent as the
curves suggest one would expect to find it in a fairly large percentage of
cases, whereas although a large number of moulting Calanus have been
observed, no abnormal moult has yet been seen.

Bogorov (1933) measured a number of all copepodite stages of Calanus
finmarchicus from a tow netting taken in July, 1924, in the Barents Sea.
He found that the size curves for Stages I, II, and III were unimodal,
whereas those for Stages IV and V were bimodal, and he attributes this
to the sex differentiation taking place in Stage IV. Males were not
obtained but the curve for female sizes is very irregular and overlaps
that for Stage V almost completely. The average size for females is
actually smaller than that of Stage V and he attributes this to their
belonging to a different brood. Another possibility is therefore that the
small Stage V moult into males and the large into females. To test this
a number of Stage V Calanus of different sizes was kept in separate
beakers for about a fortnight (in autumn). Eight survived and moulted
into adults. Of the large specimens (over 2:40 mm.) two became male and
two female, and of the small (under 2-16 mm.) all four became female.
It does not therefore appear that there is a sex differentiation in size in
Stage V.

Gurney, however, has pointed out that the growth factor may change
from moult to moult and is subject besides to much individual variation,
facts which are borne out by the present investigation. If we consider
all the adults as produced from the Stage V by a single moult (e.g. Station
IV on June 13th, 1932, Fig. 5), it is obvious that they cannot all moult
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with even approximately the same growth factor. This, however, seems
easler to believe than that there has been an abnormal moult in a large
number of cases, since for that there is as yet no experimental evidence.

Some Calanus were kept separately in beakers to watch their
growth, and measurements were made of the different stages (see the pre-
ceding paper, p. 91). When the growth factors are calculated it is found
that there is a great deal of variation both from moult to moult in the same
individual and also between individuals. Measurements made on living
and active animals can of course be only approximate, but, for the moult
from Stage V-Stage VI female, the factor varied from 1:06-1-21. The
average factor was : Stage I-II (one case) 1-22, Stage IT-II1I (seven cases)
1-22, Stage III-IV (thirteen cases) 1-19, Stage IV-V (thirteen cases) 1-17,
Stage V-VI female (eleven cases) 1-12. Besides these specimens, which
were examined especially for their development, a large number has been
kept for other purposes and in no case has any but a normal moult been
observed. Until some experimental evidence has been obtained the
suggestions of Gurney and Seymour Sewell must remain only possi-
bilities.

Sewell’s copepods were mostly taken from brackish water at river
mouths and these peculiar conditions may have affected their develop-
ment, but Gurney worked on freshwater copepods from lakes in different.
parts of the world.

A long and irregular range of sizes may be caused, not by dimorphism
in one stage or another, but by a mixture of races or varieties. Such a.
curve (with a range of only 0-556 mm.) has been shown by Steuer (1925) for
Plevromamma gracilis to be composed of three different races, characterised
by slight morphological differences as well as by varying size. In his
cages, however, the different varieties were usually found in different
parts of the geographical range, or, if caught at the same station, could be
assumed to inhabit different depths. Such an explanation would not
hold with Calanus in the present case.

Calanus of varying sizes in the same catch have already been described
by Leif Stormer (1929) from the west coast of Greenland, and by Ottestad
(1932) from Antarctic seas. In the latter case the water mass being
sampled was composed of water of several origins and the irregularities
in the size curves of the Calanus (C. acutus and C. propinguus) are
explained as having been caused by the Calanus belonging to these
different water masses and having different developmental histories.
Off the west coast of Greenland there are two distinet sizes of Calanus, a
large and a small, and Stormer finds that whereas the small form is the
product of the same year’s growth, the large form has survived a winter
and is really more than one year old. There is no evidence that in the
Clyde we are dealing with anything but a homogeneous mass of water,
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and the Calanus in it are certainly never more than a few months old,

so that neither of these explanations can hold good here.
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depth are given below the depth.

Russell (1928) has suggested that there may be a segregation of broods
in different water layers, the small summer brood living nearer the
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surface than the large winter brood. As we have seen, during the summer
(May—July) the Calanus near the surface (above 30 m.) were distinctly
smaller than those from deep water. During at least the early part of
this period there may have been a mixture of broods present and an
examination was therefore made of the sizes of Stage V at different depths
in Loch Fyne in January. At this time the population of Calanus is
homogeneous, breeding has not yet begun, and all the Stage V present
have survived the winter as such and are the product of the late summer
broods.

On January 25-26th, a vertical distribution station was worked by
Dr. A. G. Nicholls and samples are available at 20-metre depths from the
bottom up to 60 m., as well as from 60-30 m. and 30 m. to the surface.
Samples from all these depths were measured and it was found (Fig. 8)
that in every case the samples above 60 m. contained a larger proportion
of small specimens than those from below. Below 60 m. there was little
difference between any of the samples. These results indicate that even
in a homogeneous population the small specimens of Calanus tend to be
found nearer the surface than the large. This confirms Gardiner’s (1933)
recent observations on Calanus in the North Sea. An examination and
comparison of a small and a large Calanus showed no significant morpho-
logical differences, and the tendency can perhaps be regarded as the first
step in the process which Steuer has studied, the process by which a
small, surface-living variety becomes separated off from a larger deep
water species.

SUMMARY.

The size of the cephalothorax in Stage IV, Stage V, and Stage VI
Calanus has been measured during the year 1931-1932 at three stations in
the Clyde Sea-Area.

In general the size was greatest when the water temperature was low,
and least when it was high, but besides this there was a series of increases
and decreases in size which were apparently connected with the breeding
periods. The Calanus produced at the beginning of a breeding period were
large (at Station I) and those produced at the end were small (at Stations I
and II). The greatest productlon of eggs usually occurred when the
female Calanus were of small size.

During the autumn of 1931 the Stage V Calanus from Station IV
(upper Loch Fyne) were considerably larger than those from the rest of
the area, but this distinetion had been lost by the autumn of 1931.

Stages I'V and V Calanus taken in the top 30 m. were almost invariably
gmaller than those from deeper water.

The Calanus show a very wide range of sizes, the range for Stage V
overlapping those for both male and female. Possible causes of this are
discussed.
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INTRODUCTION.

OF recent years the attention of a number of workers has been directed
towards the problem of vertical distribution of plankton organisms,
and in particular to the diurnal migrations made by many of these
animals,

Russell (1926) and others have considered that variation in the intensity
of light throughout every 24 hours was the main cause of such changes in
vertical distribution.

Despite one or two facts which, at first sight, fail to support it, this
hypothesis taken as a whole seems to explain the vertical movements of
the plankton and, until the full explanation is found, it may be taken as a .
good working hypothesis. It appears probable from the evidence that
change in light intensity, while playing a large part in controlling diurnal
migrations, is not the sole factor concerned.

The results of the work on Calanus up to the present may be summed
up as follows. The young stages and nauplii are found in the upper layers
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of water ; the older stages live deeper and the males usually live deeper
than the females. In the words of With (1915, p. 28), and neglecting the
difference between the sexes, “ the younger the stage of development the
nearer the surface do the specimens live.”

These general conclusions on the vertical distribution of Calanus arrived
at by different workers are based on hauls taken in the open waters of the
oceans and to depths down to 1500 metres. The hauls were made with
closing nets hauled through distances varying from 50 to 700 metres at.
one step.

Most of the work on the diurnal migrations of Calanus, on the other
hand, has been done by Russell in the English Channel, in water where the
depth is only 50-70 metres. Hauls were taken for the most part with
non-closing nets hauled horizontally through the water, the depth of
fishing being recorded by a special instrument. Esterly (1911, 1912)
investigated the diurnal migrations of Calanus and other copepods from
hauls taken with a number of different nets and spread over a period
of years. Hauls were taken from a maximum depth of 550 fathoms.

More recently Gardiner (1933) has studied the vertical distribution and
diurnal migration of Calanus in the North Sea, using the improved form
of the “ Hardy ” plankton indicator for collecting. The depth here is
about 35 fathoms.

In all these cases the waters investigated are subject to considerable
movement either tidal or due to currents.

The Clyde Sea-Area is peculiarly suitable for work on vertical distri-
bution of such an animal as Calanus, owing to the presence of large
bodies of water practically cut off from the rest of the sea, and subject to
only small tidal movements. This has been discussed in an earlier paper
(Part I, p. 83) and it has been shown that the population of Calanus
within an area such as Loch Fyne may be regarded as having no com-
munication with the population outside.

INVESTIGATIONS IN THE CLYDE SEA-AREA.

On two occasions during the year 1932 the vertical migrations of
Calanus finmarchicus were studied over a period of 24 hours, at Station IV
(Strachur) in Loch Fyne. It is a pleasure to express here my thanks to
R. Kerr, Skipper, and D. Burnie, Boat-Hand, for their willing assistance
on both occasions.

Hauls were taken with the same vertical closing net used for the work
on seasonal distribution (Part I, p. 85). The depth which here averages
130 metres was divided into six sections, the first from the bottom to
120 metres, then every 20 metres up to 60 metres, with two hauls of 30
metres from that level to the surface.
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The first occasion on which the diurnal migration was studied was on
January 25th-26th, 1932. Weather conditions were perfect throughout
the early part of the investigation. There was no wind and the surface
of the water was glass calm until daylight, when a light north-easterly
wind rose and caused a slight rippling of the surface. The sky was clear
and a bright moon (full moon 23rd) shone from 7 p.m. on 25th until 7 a.m.
on 26th when light clouds passed, occasionally diminishing the light of
the moon. During the remainder of 26th conditions were not so good ;
the sky was overcast with misty clouds and the wind went round to the
south-west, causing a slightly greater disturbance of the surface.

When a second investigation of the diurnal migration of Calanus was
made on July 11th—12th, conditions were very similar. The sky was less
clear during the night and the moon was in its first quarter (1st quarter
11th).

Hauls were made every three hours starting at 4 p.m.; the time
occupied in taking the six hauls averaged about 45 minutes. Time has
been reduced to G.M.T. throughout.

For convenience, in the Figures the time to the nearest hour at
which each series of hauls was begun is indicated as being the time of that
series, The actual time of beginning and ending will be found in Tables I
and II. The series labelled 7 a.m. on January 26th was not begun until
7.30 a.m. owing to large sheets of ice on the surface of the loch which made
it difficult to obtain a position where a suitable depth would be found.

The catches were preserved by the addition of sufficient formalin to
make a 5%, solution in sea-water, and the counting was done in the
laboratory in Russell's modification of the Bogorov tray (see Part I,
p. 86). Total counts were made in every case and all the copepodite
stages of Calanus were counted in each haul.

In January, Stage V copepodites formed the bulk of the catches with a
small percentage of Stage I'V. The time was chosen, however, with a view
to obtaining data on the migrations of the adults, which were appearing
in the catches about this time (see Part I, Plate II).

Unfortunately at Strachur (where the work was carried out) the number
of adults present was never very high, the majority of the Stage V cope-
podites dying without reaching the adult state. No copepodites of
Stages I, I1, or ITI were present at this time though one or two ova and
nauplii appeared in the catches.

The number of each stage present varied considerably throughout the
nine series of hauls. Stage IV copepodites were consistently screce ;
so few were present that they are not worth recording graphically. The
Stage V copepodites formed so large a bulk that diagrams of this stage
might be taken to represent the total Calanus. Males considerably out-
numbered females in the proportion of 13:2, and were sufficiently



142 A. G. NICHOLLS.

numerous throughout to give results in which some confidence can be
placed. On one occasion only were there less than 100 (98 at 10 a.m. on
26th). Females on the other hand were present in comparatively low
numbers.

The repetition of this work in July was intended to give a comparison
between the winter and summer broods of Calanus. Unfortunately it
was not until the work on seasonal distribution had been completed that
it was realised that at Strachur the majority of Calanus present at that
time were essentially of a brood directly comparable with those present
during the winter, since by July reproduction was practically over and
the autumn-winter stock was formed. This must, therefore, be regarded
rather as a comparison of the diurnal migrations of comparable broods of
(Calanus under winter and summer conditions of environment.

In July total numbers were much lower than they had been in January
and every stage was represented. Adults were comparatively scarce.
So few males were found that nothing can be said about their diurnal
migrations in summer ; and though the number of females was low they
were more abundant than they had been during January and some, at
least, of the diagrams probably represent their diurnal migrations as
accurately as the methods will allow.

Diagrams have been prepared for males, females, and Stage V cope-
podites in January, and for females, Stages V, IV, and III, II and I cope-
podites in July, showing approximately the water layers occupied by each
stage at 3-hourly intervals over a period of 24 hours.

These will be seen in Figures 1-4, where they have been arranged
as far as possible to compare January and July conditions. The vertical
distribution of the young copepodites (Stages I, IT, and IIT) has been
expressed in one series of diagrams since their distribution was essentially
the same, the slight differences being shown clearly in Table II.

In preparing these figures a base line was drawn at 135 metres for the
January hauls and at 130 metres for the July hauls as these were the
average depths of the mouth of the net in the nine series of hauls at each
of these times. The true bottom was 3 metres below these levels.

Hauls were taken from these levels to 120 metres, from 120 to 100 metres,
from 100 to 80 metres, from 80 to 60 metres, from 60 to 30 metres, and
from 30 metres to the surface. The number of Calanus in each section is
recorded as the percentage of Calanus at the mean depth for each 20- or
30-metre section. '

This method introduces a probable inaccuracy for the 30 metre to sur-
face and bottom to 120 metre hauls and suggests, when the Calanus were
more abundant in these layers, that they were mostly right at the surface

" or bottom. In any case it exaggerates the importance of the numbers in
these layers. This effect could have been minimized in the case of the top
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30-metre haul by taking an additional haul through the top 5 or 10 metres,
but at the time it was thought to be unnecessary.

Gardiner (1933, p. 597) draws attention to the difference in total numbers
between day and night catches and is of the opinion that the former are
usually the larger, the reverse of the condition found by Russell. Results
obtained in this area suggest that there is in reality little difference.
There was considerable variation throughout both periods of investiga-
tion. In January the largest and smallest catches were taken during
the night while daylight catches were by no means small. If the results
are averaged the night catches are slightly the larger. In July the largest
and smallest catches were taken during daylight and but little difference
is to be observed in the average of day and night catches.

The times of astronomical sunrise and sunset at Strachur were :—

January 25th ~ Sunset 427 pm.  G.M.T.
26th Sunrise 8.37 a.m. -

July 11th Sunset 8.27 pm. "
12th Sunrise - 3.58 a.m. "

I am indebted to Captain C. H. Brown for the correct times.

RESULTS AND DISCUSSION.

InTRODUCTION,

As far as can be ascertained statements on the vertical distribution
of the different stages of Calanus are hased on hauls taken during the course
of a cruise for the purpose of investigating plankton in general. Results
obtained by this method indicate that the first and second copepodites
inhabit water above 50 metres and that third copepodites live from 100
to 50 metres. The fourth copepodites are generally distributed, but are
more numerous from 100 to 50 metres than from 50 metres to the surface ;
and the fifth copepodites are generally distributed. Females appear to
live from 100 to-50 metres and males from 300 to 50 metres. (Stormer,
1929.)

This is, of course, in general agreement with the statement of With
(1915, p. 28) that the younger the stage the nearer the surface will it be
found.

Bogorov (1932) found all the copepodite stages inhabiting the upper
layers (25 metres) in the Barents and White Seas. (I't has not been possible
to determine at what time of the day or in what month of the year these
results were obtained.)

Farran (1927, p. 142) records the presence of the young stages in the
surface layers of the water off the south coast of Ireland.
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Gran also (Paulsen, 1906) states that the young especially live at the
surface in the Norwegian Sea. Gardiner (1933) using three ¢ Hardy ’ plank-
ton indicators towed at different depths in the North Sea concluded that
Calanus Stages IIT and IV were always to be found in the upper layers,
whereas Stages V and VI lived deeper, the adults most frequently being
found below the fifth copepodites.

Worthington (1931), on the other hand, working on the diurnal migra-
tion of the freshwater plankton of Lakes Lucerne and Victoria Nyanza,
found (p. 432) that ““ in the case of nearly every species, the adults migrate
less far than the young.” He concludes that * the young is more sus-
ceptible to changing light intensity than the adult, or in other words, as
it grows up it becomes adapted to resist intense light.”

Ova AND NAUPLIL

Though the ova and nauplii present in the hauls made at Strachur on
July 11th and 12th were not counted, it was observed that in every case
they were most abundant in the 30-metre to surface hauls. A few were
found in the 60- to 30-metre hauls, but not in sufficient numbers to
indicate that they were performing a vertical migration.

During the course of the work on seasonal distribution in the Clyde
Sea-Area at Stations I and IT hauls were taken in two sections (from the
bottom to 30 metres and from 30 metres to the surface) from March 7th
until June 13th (June Tth at Station I) and again on July 25th and
August 8th. The purpose of this, as explained elsewhere, was to simplify
counting during the time when diatoms might be expected to be abundant.

Tt has, however, thrown additional light on the vertical distribution
of all stages of Calanus during this time,

Reference to Tables IT and III (Part I, pp. 104-107) will show that
ova and nauplii were always more abundant above 30 metres than below
if we neglect the occasions when the numbers were relatively small.
The only exception was at Station I on May 23rd when the numbers of
all nauplii and copepodites below 30 metres were greater than those
above, and the ova were about equally divided. As a rule the numbers
found below 30 metres were small and indicated that the centre of dis-
tribution lay above 30 metres.

Youna CoreropiTEs (STaces I, IT, axp III).

Figure 1 shows the vertical distribution of the young copepodites
at 3-hourly intervals during 24 hours beginning at 4 p.m. on July 11th.
At 4 p.m. and at 7 p.m. most of the young stages were above 45 metres.
The two series of hauls taken between sunset and sunrise, namely, at

NEW SERIES.—VOL. XIX. No. 1. AveusTt, 1933. K
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10 p.m. and 1 a.m., were very much alike and show a movement towards
the surface of most of those Calanus which had been between 45 and 70
metres before sunset. The sun rose at 3.58 a.m. and the hauls taken at
4 a.m. show a tendency to return to the conditions found in daylight on
the 11th. These conditions were re-established by 7 a.m. By 10 a.m.
a greater proportion had left the surface layers and a very few had
descended into water as deep as 90 metres. The numbers found in the
80- to 60-metre haul were, however, relatively insignificant.

The two series taken in the afternoon of 12th (1 p.m. and 4 p.m.) show
an upward movement of those Calanus which had been below 45 metres
at 10 a.m. On reference to the figures in Table IT for the first three
copepodite stages it will be seen that this slight vertical movement is
practically restricted to the third copepodites. A very few of the Stage IT
copepodites were found below 30 metres and the first copepodites remained
above 30 metres throughout.

Reference to Tables IT and ITT in Part T (pp. 104-107), however, shows
that this was not always the case at those stations situated in open water.
On one occasion at Station IT (May 16th), and on several occasions at
Station I, a number of first copepodites was found below 30 metres. In
every case where the numbers were large enough to be reliable there were
many more above 30 metres than below, with the exception of the haul
made on May 23rd at Station I, when the reverse was the case. Most of
the evidence obtained in this region during 1932 points to the first cope-
podites being concentrated above 30 metres.

This in general applies also to the second copepodites which were not
found below 30 metres in daylight during the investigation of July 11th—
12th.

The third copepodites, on the other hand, do show a slight diurnal
migration. They descended below 30 metres, a few even below 60 metres,
during the day (July 11th-12th). The vertical movements of the young
copepodites may be correlated with the time of day. There was an
upward movement after the sun set which was maintained during the
period of darkness. At 4 a.m. as the sun was rising, a slight downward
movement occurred which was more marked as the sun rose in the sky.
The afternoon hauls, however, do not show any close relationship to the
movement of the sun. As has already been pointed out, it is the third
copepodites which are chiefly responsible for changes in the diagrams
for the young stages.

From Table IT (Part I, p. 104) it will be seen that the third copepodites
of the first breeding period (March 21st to April 18th) were more numer-
ous above 30 metres than below, whereas those of the two later
breeding periods were (with one exception) more numerous below
30 metres.
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Though this was so at Station I there is no indication of it at Station IT.
It is probable that the region usually inhabited by Stage IIT copepodites
lies between 60 metres and the surface.

Stacge IV CoPEPODITES.

Figure 2, B, shows the changes in the vertical distribution of this
stage during the period from 4 p.m. on July 11th to 4 p.m. on 12th.

At 4 p.m. on 11th they were concentrated below 90 metres and were
otherwise generally distributed in small numbers. Three hours later the
bulk was found between 30 and 60 metres with a few in the lower levels.
By 10 p.m. (sunset 8.27 p.m.) the water above 45 metres contained most
of these Calanus, but, as at 7 p.m., a certain number remained in the deep
water. At 1 a.m. (12th) the descent had begun though it was not very
marked and most of the Calanus were still above 45 metres. The secondary
maximum in the deep water was unchanged. Sunrise occurred at 3-58 a.m.
and by 4 a.m. many of Stage I'V were found between 30 and 60 metres, but
still more had descended to the deep layer between 100 and 120 metres.
By 7 a.m. only one maximum was observed and that in the deep water.
The rest were distributed above this layer in diminishing numbers towards
the surface. Thereafter the distribution showed little change and this
stage was found at all depths.

Stormer (1929) found the fourth copepodite stage generally distributed
from the bottom to the surface but more abundant between 50 and 100
metres than above that level. The deepest hauls made were from 1500
to 800 metres.

The study of the diurnal migrations of this stage made at Strachur
in July suggests that they are generally distributed but tend to inhabit
the deeper water and to move upwards at night to the surface
layers.

There was a distinct movement towards the surface before the sun had
set and by 10 p.m. they were distributed in the upper layers. By 1 am.,
however, they were leaving the surface and at 4 a.m., by which time the
sun had risen, very few were found in the 30-metre to surface haul.

It is difficult to correlate the distribution found during the rest of the
day with the movement of the sun. It was a bright and fairly clear day
vet the general distribution showed little change from top to bottom.

The Calanus of Stage IV must he a mixture of (a) recently moulted
third copepodites; (b) a proportion of those intermediate between ()
and (¢) which may be regarded as true Stage IV ; and (c) those Stage IV
approaching the moult into Stage V. Since each stage can be passed
in three days (see Part I, p. 92) the proportion of  transitional ” Calanus
may be fairly high. The vertical distribution of the third and fifth
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copepodites is so diametrically opposed that the distribution of those which
are included under the morphological heading * Stage IV *” will tend to be
composite.

Physiologically, every stage will be in gradation from that immediately
preceding it to the stage later. But in none will this be more apparent
than in Stage IV which is transitional between those which inhabit the
upper layers and those which inhabit the deep water.

It will be seen that throughout the 24 hours a certain proportion
continuously inhabited that region which it seems the fifth copepodites
prefer, and the numbers of such Calanus were sufficiently constant to
enable the deduction to be made that these were probably soon to moult
into Stage V.

Reference to Tables II and III (Part I, pp. 104-107) for Stations I
and IT shows more of this stage below 30 metres twice as often as above
that level.

Stace V COPEPODITES.

For this stage results were obtained in both January and July and
are to be found expressed graphically in Figure 3. In January the
greatest number in each series of hauls, with one exception, was found
between 100 and 120 metres. Hauls taken from 100 to 80 metres contained
a fair proportion but above this level Calanus was scarce. The exception
occurred at 7 a.m. on 26th when the greatest number was found in the haul
from 100 to 80 metres and in this series the 20-metre sections immediately
above and below the 100- to 80-metre section contained about equal
numbers.

The sun set at 4.27 p.m. on 25th and rose at 8.37 a.m. on 26th. A
movement towards the surface in very small numbers was observed by
7 p.m. and this was maintained until 1 a.m., after which a slight descent
occurred.

During the day the water above 45 metres was practically deserted by
(alanus and as dusk approached a small number returned to the upper
layers.

In July the majority of Stage V lived below 90 metres, and very few
were found throughout the water above this level. After sunset at
8.27 p.m. a fair proportion rose to the surface layers. The descent had
begun by 1 a.m., though it was not very marked. At 4 a.m., just after
sunrise, the greatest concentration for this stage at any one depth was
observed between 100 and 120 metres.

It is noteworthy that during January the fifth copepodites were higher
in the water than during July.

The distribution of the fifth copepodite stage was remarkable and did
not vary appreciably between winter and summer. They were always to
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be found massed in the deep water of the loch, and as a whole in January
showed no movement that could be correlated with light.

In July, however, a small proportion came to the surface at night. It
1s suggested that those which moved up at night were the older specimens
which were about to moult into adults.

Russell (1926, p. 427, and Fig. 4 ; 1928, p. 431, and Fig. 1) and Bigelow
(1926, p. 202) have shown that there is a seasonal variation in the vertical
distribution of Calanus.

The most striking feature shown in Figure 3 is this descent to a
deeper level in July, when the sun was higher than it was in January.
In the latter month the maximum angle of elevation of the sun is not much
more than eleven degrees in this latitude, and much of the light incident on
the surface of the water on a calm day must be reflected. In July when
the sun is just past its zenith light will penetrate to a much greater
depth.

The distribution as seen in Figure 3 suggests that the optimum
light intensity for this stage is relatively low, since the majority are always
massed together in the deep water. This is supported by the descent to a
deeper level in July. Yet there is, apparently, no diurnal migration.
Reference will be made to this below.

Apvrrs—Females.

Females were found at both times in sufficient numbers to enable a
comparison to be made. Figure 4 illustrates the diurnal changes in
their vertical distribution in January and in July.

It will be seen that at 4 p.m. on January 25th the females were massed
between 30 and 80 metres. The sun set at 4.27 p.m. and by 7 p.m. most
of these females had moved into the upper 30 metres of water. Throughout
the investigation a small proportion remained in the deeper water irre-
spective of the migration of the bulk. By 10 p.m. the accumulation in
the upper layers was more marked, but by 1 a.m. the descent had begun
and females were evenly distributed from the surface down to 80 metres.

At 4 a.m. they were concentrated between 30 and 60 metres with none at
the surface. By 7 a.m. they were found between 30 and 80 mefres. The
sun rose at 8.37 a.m. and by 10 a.m. the upper layers were quite deserted ;
most were found between 60 and 80 metres, but a large proportion was
distributed below 80 metres. At 1 p.m. they were fairly evenly distributed
below 50 metres, and 4 p.m. on 26th saw a return to the condition in
which they were found at that time on 25th.

In July, generally speaking, numbers were smaller, but three large
catches brought the total numbers considerably above the January total.

At 4 p.m. on 11th the females were massed between 80 and 120 metres
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(one specimen was found above 30 metres). By 7 p.m. they were moving
towards the surface but had not yet reached it. The sun set at 8.27 p.m.,
and by 10 p.m. the females were congregated in the upper 40 metres.
The descent had begun by 1 a.m. The sun rose at 3.58 a.m., and at 4 a.m.
all were found evenly distributed below 45 metres. By 7 a.m. few remained
above 90 metres. This was more marked at 10 a.m. (one specimen found
above 30 metres), and by 1 p.m. distribution was fairly even below
80 metres.

The hauls taken at 4 p.m. on 12th showed a distinet upward movement
on the part of a few Calanus.

Of all the different stages of Calanus none exhibits diurnal migration so
well as the females in spite of the small numbers present. In January
numbers varied from 9 to 39 and averaged 25, and from the diagrams
it may be assumed that these numbers are sufficient to give a true indica-
tion of their migrations.

In July numbers varied from 11 to 95 and averaged 39. The effect of
such low numbers as 11 and 16 can be seen when one specimen in the top
30 metres in each case produced an apparently large discrepancy (at
4 p.m. on 11th and 10 a.m. on 12th). The largest numbers, 32, 95, 60,
and 86, were found at 7 p.m., 10 p.m. on 11th and 1 a.m. and 4 p.m. on
12th. Although the bottom three metres were not sampled, on only one
occasion (1 p.m.) is there any suggestion that Calanus were in this
unfiltered section in relative abundance.

The results of the investigations in both January and July show that
females live in the deep water during the day and move towards the
surface as the sun descends, arriving at the surface after sunset.

As Russell (1925, p. 793) and Esterly (1911, p. 150) have remarked
they appear to leave the surface shortly after midnight. The diagrams
for January 25th-26th show a general distribution at all depths at 1 a.m.,
followed by an accumulation at what may be taken as the optimum,
which is followed down as the sun rises. This agrees with the findings
of Russell (1927, p. 237).

In July the departure from the surface appears to have been delayed
and yet the descent to the deeper water was accomplished by 4 a.m., by
which time distribution was general below 45 metres.

This more sudden movement is probably to be correlated with the short-
ness of the night in July compared with January. The sun set at about
half-past eight and rose about four the next morning. This gives 71
hours of night (compared with 16 hours in January), but twilight at dusk
and at dawn was of long duration. A light glow was visible on the northern
horizon throughout the whole of the night and light began to increase
after 2.30 a.m. (G.M.T.).

The general distribution throughout the 24 hours of both investigations
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agrees well with Russell’s hypothetical diurnal migrations (1927, p. 237)
when the differences in time of sunset and sunrise are taken into account.

A noticeable feature of the distribution of females (as with the fifth
copepodites) is the greater depth to which they descend during the day in
July, compared with January. It would not appear from Figure 4
that the moon, which rose after 7 p.m. on January 25th, had any decisive
effect on the movements of the females towards the surface. Itslight may
have restricted their upward movement within the upper 30 metres, but
for this there is no evidence.

Males.

Males were present in reliable numbers only in January (averaging 160
in each series of hauls). Their diurnal migration is illustrated in
Figure 2, A. At 4 p.m. (25th) more were found between 60 and 80 metres
than elsewhere and below this level distribution was fairly even. The sun
set at 4.27 p.m. and by 7 p.m. a few were found above 30 metres, but
below 60 metres their distribution was even. From 10 p.m. until 4 a.m.
distribution was practically unchanged and differed only slightly from
that found at 7 p.m. By 7 a.m., however, a slight downward movement
from the surface was observed, accompanied by a distinct upward move-
ment from the bottom. The sun rose at 8.37 a.m. and at 10 a.m. the
descent was more marked and the majority were evenly distributed
below 60 metres. By 1 p.m. a distinet massing was observed between
60 and 80 metres while still fewer were found above this level. At 4 p.m.
on 26th distribution was very similar to that found at 4 p.m. on 25th.

Males appear to be much less susceptible to the influence of light than
the females. Very little change took place in their distribution below
60 metres during the course of the investigation. There was a slight move-
ment towards the surface at night and withdrawal therefrom as light
increased during the day, which agrees with the results obtained by
Russell (1931, b, Fig. 3). The main difference lies in the relative amounts
of movement which were between 5 and 10 metres from the surface in his
case whereas few were found in the top 30 metres at any time in Loch
Fyne.

The more or less general distribution throughout the 24 hours, so
markedly different from that of the females, is noticeable in the results
from both the English Channel and Loch Fyne. Russell’s material was,
however, collected in June and too close a comparison is not perhaps
allowable. Unfortunately the numbers present in July were so low that
no reliable conclusions can be drawn as to their distribution at that time.
It is probable that the slight amount of movement in the upper layers in
January is to be correlated with the conditions of light at that time of year.
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The remarkable feature of their distribution is the evenness below 60
metres. It suggests that the threshold of light for the males is higher than
for the females, though this is not in agreement with the statements of
others that males are usually found deeper than females (Paulsen, 1906,
p. 16 ; Russell, 1928, p. 443 ; Stormer, 1929, p. 25).

GENERAL DISCUSSION,

The occurrence of Calanus in large quantities at the surface during the
day, often under conditions of brilliant sunshine, has been recorded on
several occasions in different regions.

One of the earliest records is that made by Brook (1886, p. 48) who
observed Calanus in large quantities at the surface at Tarbert (in Loch
Fyne) in May and June of 1885. They appear to have been obtainable
with a surface net at all times, however, though in variable numbers.
Later records are those of Herdman (1919, p. 115) who observed large
numbers of Calanus on the surface at Tobermory in July, 1913 ; Willey
(Russell, 1928, p. 444) who found them swarming on the surface in
September ; Bigelow (1926, p. 203) who found a similar oceurrence in
the Gulf of Maine in July and August; Marshall and Orr (1927, p. 860)
who found Calanus abundant in the surface waters in May and June and
sometimes in Aprilin the Clyde Sea-Area ; and Russell (1928, p. 443) who
observed a greater abundance at the surface than below in July, August,
and September. Gardiner’s results (1933, p. 598) show more adults near
the surface than below during the early part of the day ; a more general
distribution thereafter ; and an accumulation in deeper water during the
hours of darkness. This is, in fact, a reversal of the diurnal migration
found elsewhere. His results were obtained in May, at which time Calanus
has been found to be abundant at the surface during the day in this area
also. Somme (1933) shows Calanus abundant at the surface during April
in the Lofoten area, but this appears to be a definite migration from the
deeper water preparatory to spawning.

During 1932 this phenomenon was observed here only in May and
June (see Part I, Tables IT and ITI, pp. 104-107). On May 16th all stages
of Calanus were more abundant above 30 metres than below at Station I,
but not at Station IT. At the latter station this happened on June 13th,
but on that date the closing apparatus failed to work at Station I and the
haul was not divided. Routine hauls in Loch Fyne were never divided
since the expected diatom increase did not appear.

At Keppel, early in May, Calanus were present at the surface but not
abundant.

Russell (1926, p. 422) also shows Calanus abundant at the surface in
April, but correlates this with weather conditions since a week later on a
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bright day no such surface swarms were observed. The impression formed
from such observations as have been made in the Clyde Sea-Area is that
swarming at the surface is local and of a temporary nature. It would not
be surprising, therefore, if different distributions were found in samples
taken 6 days apart, but it may be observed that on the two later occasions
in April (8th and 29th) on which catches were made Calanus were higher
in the water than might be expected if light intensity alone controlled
their distribution.

Observations in the Clyde Sea-Area in 1932 confirm observations made
by Marshall and Orr (1927, p. 860) in earlier years. The explanation is not
apparent.

It is doubtful if it is connected with spawning since that occurs at three
different periods, and moreover, Stage V copepodites are found at the
surface as well as adults. This is the more surprising in view of the usual
vertical distribution of this stage.

Abundant food might be the cause, but for this there was no evidence
in May and June.

The marked abundance of food in the upper 30 metres is possibly the
reason why the nauplii and young copepodites inhabit this section. The
stimulus to withdraw from bright light does not affect the nauplii, but
becomes increasingly effective as development proceeds, the reverse of the
condition described by Worthington (1931), so that there is a tendency
for the third copepodites to move downwards during the day. Russell
(1931, a, p. 394) has shown for Sagitta elegans that the younger stages are
able to withstand higher light intensities than are the older stages. The
fourth copepodites are still more affected and, as has been suggested
above, these are probably intermediate, physiologically as well as morpho-
logically, between the young copepodites and the fifth stage. The latter,
as has been shown, generally remain in deep water.

Tt will be necessary, then, that during the winter they should find other
food than diatoms and Marshall (1924) has shown that while these bulk
largely in the food other organisms, notably Crustacea, Radiolaria, and
other microplankton, are used extensively at certain times of the year.
If the fifth copepodites depend upon such food during the winter there will
be no necessity for them to seek the upper layers at any time of the year,
since diatoms will probably be sufficiently numerous in the deep water
during the summer and as these become scarce other organisms suitable
for food will take their place.

In adults, particularly the females, negative heliotropism in Calanus
is developed to its fullest extent. It follows that spawning must occur at
night when the females are able to visit the surface, since ova are found
largely in the upper 30 metres, and exist as such for so short a period
(24 hours, Grobben, 1881).
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Worthington (1931, p. 433) suggests that the reason freshwater
Crustacea perform their diurnal migrations is that they have not become
adapted to withstand intense light and so must descend during the day,
but return as light diminishes to those layers of water wherein abound the
organisms they require for food.

The idea that food is a factor which plays an important part in control-
ling diurnal migration seems well founded and it would appear that a
balance is struck between this and light intensity. Spawning is probably
a third factor and will affect adults alone.

The peculiar vertical distribution of Calanus at a certain time of the
year, which varies in different regions but always lies between April and
September, is possibly due to yet another factor more potent than any
of those mentioned above.

Russell (1928, 1932) has suggested that differences in the vertical
distribution of Calanus at different times of the year may possibly be
correlated with physiological differences between broods. It seems
probable that only one brood in each region so far investigated is subject
to the stimulus which induces them to reverse their normal vertical
distribution, though if the swarming at the surface in April shown by
Russell (1926, p. 422) was due to this stimulus then, apparently, more
than one brood may be affected. It appears that it is not necessarily the
same brood in each region which is thus affected, but this is not yet clear.

SUMMARY.

1. Previous work on vertical distribution and diurnal migration is
described.

2. The diurnal migration of Calanus was studied on two occasions in
Loch Fyne (January and July, 1932).

3. Vertical hauls were taken every three hours with a closing net
dividing the total depth into six sections.

4. The results for each copepodite stage of Calanus are discussed,
and January and July conditions are compared where possible.

5. Ova and nauplii were observed to be most abundant in the top
30 metres.

6. Copepodite Stages I, II, and IIT were most abundant above 30
metres and only the third copepodites showed any tendency to descend
as the light increased.

7. Stage IV showed a migration towards the surface at night, but were
generally distributed during the next day.
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8. It is suggested that the results for this stage are probably confused
owing to its transitional nature between the young stages living at the
surface and Stage V Calanus living in deep water.

9. Stage V was found always in deep water, slight diurnal changes
being ascribed to the presence of such Calanus as were about to moult
into adults.

10. Females showed definite diurnal migration in both January and
Ju]‘?.

11. Males showed a general distribution and migrated in small numbers
towards the surface at night and away from it during daylight.

12. Stage V copepodites and females both lived nearer the surface in
January than in July, correlated with seasonal changes in the intensity
of the sunlight.

13. The presence of swarms of Calanus at the surface under conditions
of bright sunlight is discussed.
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Depth in metres

Stage
Vig

VIg
-

v
Totals

Totals

VIg

VIQ
v

Totals

Vig
Vig

v
Totals

NuUMBERS 0

0-30

I =1

e

14

5
14
36
77

110

1-5

15
17

59
56

89

A. G. NICHOLLS.

TABLE I.

F CArANUS, JANUARY 25TH-26TH.

4 p..
(4.05-4.50 p.m.)
Depth 135 m.

30-60 60-80  80-100

26 57 21
15 33 12
9 5 -
50 28 -
54 428 1291
1 8 25
1 5 2
90 295 1314
2 9 25
7 P
(7.00-7.55 p.m.)
Depth 134 m.
25 57 52
10 22 20
3 4 8
8 10 21
71 476 2196
1 7 33
2 2 5
101 539 2261
1-5 8 32
10 .y,
(10.00-10.45 p.m.)
Depth 135 m.
46 43 34
22 20 16
5 2 3
17 7 10
115 364 1184
2-5 8 25
2 1 1
168 410 1222
3 8 25
1 ann
(1.00-1.50 a.m.)
Depth 138 m.
33 40 39
17-5 21 21
6 6 1
21 21 3-5
41 231 1002
1 4-5 19-5
2 1 -
82 278 1042
1-5 5 195

100-120

40
23

2

11
3110
61

1

3153
59

a7
22

15

3254

49

3318
48

43
20
2

7
2312

49-5

2358

48

36
19

10
2017

39-5

2056
39

120-
Bottom

28
16
2
11
239
5

1

270
5

5l
20
10
598

653

32
15

636
14

668
14

36
19

17

1783

35

1826

34

Totals

172
99

18
100
5126
100
10

5326
100

256

39
100
6672
100
15
6982
100

213
100
29
100
4667
100

4915
100

189
100
29

5099
100

5322
100
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4 A .
(4.00-4.50 a.m.)
Depth 134 m.
VIg No. 6 23 15 17 21 20 102
% 6 22-5 15 16-5 20-5 19-5 100
Vig No. - 9 1 - 3 1 14
% - 65 7 - 21 7 100
v No. 12 65 171 554 1568 617 2987
% 05 2 5:5 19 52-5 20-5 100
IV No. - 1 2 1 1 1 6
Totals No. 18 98 *189 572 1593 639 3109
0L 1 3 6 18 51 21 100
T AM.
(7.30-8.25 a.m.)
Depth 133 m.
Vi3 No. 1 39 35 31 12 5 123
% 1 32 28 25 10 4 100
Vig No. - 13 11 2 2 - 28
% - 47 39 7 7 - 100
v No. 5 123 421 802 an7 144 2052
% - 6 21 39 27 7 100
v No. - 2 1 - 1 - 4
Totals No. 6 177 468 835 672 149 2207
o9 - 8 21 38 26 7 100
10 A
(10.10-11.00 a.m.)
Depth 134 m.
VIg No. - 1 25 22 28 16 98
% - 7 26 22 29 16 100
VIi¢ No. - - 4 2 2 1 9
% = s 44 22 22 11 99
v No. 7 39 261 894 2192 679 4072
% - 1 6 22 54 17 100
v No. - 4 1 3 - - 8
Totals No. 7 50 201 921 2222 696 4187
% - 1 7 22 53 17 100
1 p..
(1.00-1.40 p.m.)
Depth 135 m.
VIg No. 2 68 28 41 16 155
% 1 44 18 26-5 105 100
VI No. - 1 12 8 9 - 30
% - 3 40 27 30 - 100
v No. 3 21 233 900 1753 680 3590
9% - 0-5 6:5 25 49 19 100
v No. - - 1 3 4 1 9
Totals  No. 3 24 314 939 1807 697 3784
% - 0-5 8 25 48 18-5 100
4 P
(4.00-4.40 p.m.)
Depth 135 m.
ViIg No. - M M 19 21 21 129
% - 26-5 26-5 15 16 16 100
VIS¢ No. - 17 6 2 2 3 30
9% - 57 20 6-5 6-5 10 100
v No. 1 132 185 851 1436 716 3321
% - 4 55 26 43 215 100
v No. - 3 1 1 - 1 6
Totals No. 1 186 226 873 1459 741 3486
% - 5 6 25 42 21 99

* N.B.—This figure should be increased by not more than 309, owing to a loss during

sampling.
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TABLE II.

NumBERs oF Cavraxus, JurLy 11TH-12TH.

4 p.v.
(4.00-4.30 p.m.)
Depth 132 m.

Depth in metres  0-30 30-60 60-80  80-100 100-120 120-
Stage Bottom
VI3 No. - - - - - 1
VI¢ No. 1 - - 6 4 -

A 90 - - 54-5 36-5 -

v No.. 1 7 2 9 184 149
% 0-3 2.0 0-6 2-5 52-3 42-3

v No. 8 7 2 7 40 23
o 9-2 8-05 2-3 8-05 46-0 26-4

111 No. 83 29 - - - 2

1I No. 36 - - - 1 1
I No. - 7 - - - - -

IIT+IT No. 126 29 - - 1 3
+1 % 79-4 180 = - 0-6 2:0

Totals No. 136 43 4 22 229 176
% 22-3 70 07 36 37-5 289

7 P.M.
(7.00-7.38 p.m.)
Depth 125 m

VI3 No. - - - 2 2 -

Vig No. - 5 4 17 4 2
9% - 15-6 12- 53-1 12-5 6-3

v No._ - 10 15 62 250 82
% - 2-4 36 14-8 59-6 19-6

v No. 10 125 19 18 37 22
% 4-3 54-1 82 7-8 16-2 95

III No. 258 239 1 - - 1

1T No. 243 8 - - - -

I No. 118 — - - - -

IIT+1II No. 619 247 1 - - 1

+1 ol 71-3 28-4 015 - - 015

Totals No.” 629 387 39 99 293 107

% 405 24-9 2:5 6-4 18-8 6-9
10 p.M.
(10.00-10.38 p.m.)
Depth 130 m.

Vig No. 1 - 1 - 2 -

VI? No. 83 8 2 - 2 =

A 874 84 2:1 - 2:1 -

v No. 61 2 3 24 161 105
o 17-1 0-6 0-9 6-7 45-2 29-5

v No. 213 12 3 4 31 14
% 76-9 43 11 14 11-2 51

IIL No. 216 6 - - 12 -

IT No. 52 2 - - 4 -

I No. 6 - - - 4 -

IIT+II No. 274 8 - - 20 -

+ % 90-7 2:6 — 6-6 N

Totals No. 632 30 9 28 216 119
% 61-1 29 0-9 2-7 20-9 11-5

Totals

1

11
100
352
100
87
100
114
38
7
159
100
610
100

32
100
419
100
231
100-1
499
251
118
868
100

1554
100

95
100
356
100

77
100
234

58

10
302

99-9

1034
100
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INTRODUCTION.

CerTAIN diatoms seem to live predominantly on the foreshore. While
the pelagic diatoms have received very much study, relatively little
attention has been given to the shore forms. There is no satisfactory
account of these organisms as they occur on the coasts of Lancashire and
Isle of Man, and one may expect that they have much importance as the
food of many animals. In a further paper I will deal with this question.
For this reason I deal here only with those littoral diatoms found along
the Mersey Beach, in the vicinity of Liverpool, and with those collected
from the sandy and rocky shore of Port Erin (Isle of Man). Masses of
these organisms can easily be recognised with the naked eye, discoloura-
tion of the sand and mud being due mainly to them, together with some
species of desmids and dinoflagellates.

On a sandy beach like that of Port Erin, it appears as if the diatoms
attain maxima of abundance during the spring and summer. They do
not totally disappear from those localities during the cold months, though
they become relatively scarce. During the very cold months of winter
I have found diatoms on the rather muddy beach of part of the Mersey
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Estuary known as the ‘ Dingle.” Apparently there are optimum con-
ditions of sunlight and temperature for the growth and multiplication of
these organisms.

GENERAL EcoLoGy.

In their living state, littoral diatoms are seen to be attached to the
coarse surface of the sand grains. A minute sand grain under the micro-
scope seems to be a substratum for not less than 20 or 30 diatoms, of
various genera and species. They may also be seen gliding between the
sand graing. It isin these littoral forms that the free motion of diatoms
1s easily recognisable. This movement is sometimes said to be due entirely
to the protoplasmic action of the part of the coleoderm in the position of
the raphe. It is relatively considerable, for a minute naviculoid diatom
(204) is able to strike an obstacle in its way, that is far larger than itself,
with such force as to push it aside ! A naviculoid diatom seems to move
along the side of the frustule where the median line—or raphe—extends,
for when this boat-like Navicula is turned on its side by just pressing
delicately with a needle on the cover slip, it turns over again immediately
and proceeds to move as before. The motion is more particularly noticed
in those littoral diatoms which are almost free. In particular, it is in
those forms that have a true conspicuous raphe, that the free motion in
diatoms is best seen. In Surirella gemma, for example, where the raphe
is less defined the motion is languid though still perceptible. The move-
ment is a sort of backward and forward one, but it can also be a vertical
or oblique one in response to the light. Phototropism is indeed marked
among these forms, for on leaving the diatoms with sand in a fairly
shallow enamel dish, surrounded (or even not) by a black paper, the
organisms are found after a short time to be seeking the surface of the
sand, so that they form, in due time, a thick yellowish green or brown
layer, obviously in response to the incident light : this is the result of
their motion. Most of the diatoms found on the shore exist in the free
state, particularly those possessing a true raphe, but in addition, many are
found connected by their valve surfaces in filaments, such as Melosira
numimuloides and Acnanthes longipes, which are attached to other Algxe
by more or less long stipes. Others again, such as Schizonema, are
enclosed in gelatinous tubes.

MeTHODS 0F COLLECTION.

It has been suggested, as one of the best methods (8), that pieces of well-
washed cotton cloth, of the size of a pocket-handkerchief, should be laid
on the sand surface, when they will pick up, by their fibres, the diatoms,
excluding the sand grains. This, however, proved to be of no use at all,
since it was found that a great number of diatoms are left behind and are
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not attached to the cloth, while large amounts of small particles of sand
are always picked up. Scraping the sand surface is by far the best way.
The sand, with the diatoms, is placed in a fairly wide shallow glass dish,
all the outside of which is covered with black paper. The sample of mud
is then covered with water (taken from the shore where they were collected)
to the height of, say, half an inch. This is then left for at least six hours,
when practically all the diatoms form a thick yellowish green coating on
the sand surface. It has been stated that the diatoms will be found
floating in the layer of water above the sand surface, from which they can
be pipetted or siphoned, but this is not the case, for the shore diatoms
show a vigorous tendency to remain attached to the surface of sand grains
and do not float in the water., Therefore, the best method I have found is
to give the dish a slight gentle rotatory motion, when part of the diatoms
float up in this water. I filter this, re-scrape the layer of diatoms from the
sand surface, and filter this again through Number 16 to 20 bolting silk.
This silk is sand-proof, to a sandy beach like that of Port Erin. It allows
practically all the diatoms to pass through the silk as an intense yellow-
ish green filtrate. If minute thread-like organic impurities pass through
they can be easily got rid of during treatment with acids, and even these
do not interfere with the diatoms mounted on a slip as do the objection-
able sand grains. This silk filter even allows certain true planktonic
species, thrown down by the tide from the open sea, to pass through.
Thus in my filtrate such species as Coscinodiscus radiatus, C. excentricus,
Actinoptychus undulatus, and Biddulphia aurita, were found. This
filtration method is by far the best I have tried, and it is recommended
to anyone for collecting and cleaning shore diatoms.

For studying them in the living state, the diatoms are kept in either
their natural water or in Miquel solution sea-water (modified by Allen and
Nelson, 1). Before treatment with acids, for the purpose of studying

the frustules, it is necessary to centrifuge them and thus get rid of the bulk
of the water.

Fixine AND CLEARING.

Gran and Angst (5) state that “ for the determination of the species,
959, alcohol or 49, formaldehyde in sea-water is a sufficient preservative,
A solution made of 5 c.c. of 409, formaldehyde, 5 c.c. glacial acetic acid,
40 c.c. sea-water and diluted to 100 c.c. by the addition of water contain-
ing diatoms, serves for cytological studies.” It is not, however, sufficient
to study the diatoms when alive, though that would help in the identifica-
tion of species to a certain extent, and it is necessary to see the diatom
shells, depleted of their delicate organic cell-contents, so as to render the
striation clear and distinct. It is always necessary to centrifuge the
diatoms, They are then treated with a corrosive material. For this purpose
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I have used fuming nitrie acid to the extent of 1-2 c.c. to every § c.c. of
centrifuged diatoms, and have boiled the mixture for a few seconds until
the red-brown fumes of acid disappear. To this liquid distilled water is
added to fill the test-tube and the mixture is cooled. A white precipitate
is found in the course of an hour. The liquid is drained off and the pre-
cipitate washed repeatedly with distilled water until there is no trace of
acid. The above operation takes from one to two hours, when one is left
with perfect clean frustules ready for examination. The diatoms have
to be mounted dry. To dehydrate the frustules, a few drops of the acid-
free precipitate are taken up in a pipette and spread over a clean slide or
cover slip, which is then put in an electric oven (temp. 100° C.), when all
the water evaporates completely in a few minutes, and the diatom
skeletons are left dry and ready for mounting.

MouNTING.

The diatoms have to be mounted in a suitable medium. The visibility
of markings such as the striation of diatoms is proportional to the differ-
ence between the refractive indices of the object and the medium in which
it is mounted. The refractive index of the diatom silex is about 1-43, hence
the diatom is not seen in concentrated sulphuric acid, as this has nearly
the same refractive index. Canada balsam (n=1:54), monobromide of
naphthaline (n=1-658), and styrax are among the media that have
higher refractive indices than that of silex. I find Canada balsam and
styrax unsuitable owing to their low coefficient of visibility. Mono-
bromide of naphthaline is a liquid and is therefore unsuitable. A good
mounting medium is a simple one that I have come across by mere chance
and I think it is stable. A slide was found in the Liverpool Oceanography
Laboratory, and on examination I found it to contain Gyrosigia balticum,
Pleurosigma angulatum, and Surirella gemma, all mounted in a yellowish
solid medium. On the slide is written ** Piperine and antimony bromide,”
obviously indicating that this is the mounting medium. The striations
of both Pleurosigma and Surirella are clear and distinct in every detail
even under the }-inch high-power objective. It is also very astonishing

_that, though the mounting was dated March 22nd, 1891, it is still as
perfect as if it had been prepared to-day, despite its forty years of age, a
fact which is evidence of the stability of the medium. This then must be
a very good medium of high refractive index, which is not recorded in any
of the references to Diatomacea in the Journal of the Royal Microscopical
Society from 1860. I was supplied with both piperine and antimony
bromide, and with the help of Dr. Daniel, I started to utilise it, with,
I believe, considerable success.

Piperine is an inexpensive alkaloid of the formula C,,H;,NO,. It is
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almost insoluble in water. It is only a very weak base and on hydrolysis
gives piperidine and piperic acid. It can be obtained in a very pure state
as straw-coloured erystals, with a melting point of 128° C. (262-4° F.).
When it is melted it dissolves the tribromide of antimony very freely.
Piperine, if heated alone directly on a bunsen flame, melts quickly into a
colourless liquid which chars (blackens) with continued heat. All this
may take place in the course of one minute. Bromide of antimony
(Sb Bry) melts at a lower temperature and also into a transparent liquid.
Both solidify again immediately they are removed from the source of
heat. In their liquid state while still hot, if they are allowed to mix, an
orange or yellowish colour is produced, the intensity of the colour being
dependent upon the proportion of both substances. Piperine must be
used in excess of the bromide of antimony, for if the latter is in excess it
crystallises out on cooling, with the result that a turbid, useless medium
is formed. Different proportions of piperine and antimony bromide
have heen prepared and sent to the Geological Department here to
find out the refractive indices. Unfortunately, I have been informed that
they were unable to find these, as the medium is insoluble in their oils.
It seems, however, from the examination of the various slides prepared
with this mounting medium in different proportions that the best propor-
tion 1s 2 parts of piperine : 1 part of Sb Br,. Here the diatoms with
their striation are so very distinct and clear that nothing more in this
direction can be desired. Two parts by weight of piperine are taken with
one part by weight of antimony bromide, and both are finely ground
together in a mortar in their solid state, when a yellow colour immediately
develops. I do not know whether this yellow material is a new chemical
compound, or not. A small portion of this solid medium is put on a slide,
or a cover slip, with dry diatoms. The slide or cover slip is now put on
a hot plate the temperature of which must not greatly exceed 128° C.
(which is the melting-point of piperine). Under no circumstances should
this medium be heated directly on the flame. As soon as the mounting
medium melts completely either lower a cover glass, or a slip, on it and
take it away immediately from the source of heat, when it solidifies.
A L-inch high-power objective gives highly satisfactory results, and the
1/12th (oil immersion) objective still better results, the striation being
distinet in every detail, particularly in Pleurosigmae which are exceedingly
delicate and fine.

(GENERAL REMARKS.

The diatoms recorded in this paper are true littoral forms, but among
them the reader will notice certain species as Coscinodiscus, Actinopty-
chus, Biddulphia and the like, which are true pelagic forms. The writer
believes that such forms are thrown out on the shore by the rising tide,
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and left there. The shore seems to be an unfavourable medium for their
life, for in no instance were any of these forms found alive. The littoral
diatoms here recorded include those living freely on the sand or mud,
as well as those found attached to Alge, rocks, shells, and other supports.
The latter diatoms are particularly the filamentous forms. It seems also
that there are no specific Alge or water plants that are most favourable
for particular diatoms; some of the filamentous forms even attach
themselves to other diatoms. They are found healthy, and of different
species attached to red, brown, and green Alge.

Three main spots have been examined, namely, the ““ Jetty ”. (Pier
Head, Liverpool), “ Dingle shore ** along the Merseyside, and the sandy
beach of Port Erin (Isle of Man). It is curious to find a few freshwater
forms living along the shore of the River Mersey where the water is
brackish, but still covered periodically by flood tides. It seems as if the
diatoms of the shore can stand water of different salinities. Common
forms—particularly the Nitzschiates and some filamentous forms—are
found both along the brackish Merseyside and on the highly saline beach
of Port Erin. It may be the light—which is important in the process of
assimilation—that is the main factor controlling the abundance of shore
diatoms. It may be that these organisms get their food substances from
the water that covers them at high tide, but I think it probable that
drainage from the land, to the shore, is the condition that matters most.
So there is still much to be done by comparing other beaches, where there
is very much less land drainage carrying resolved sewage constituents,
with the Dingle and Port Erin Bay.

CLASSIFICATION.

The classification adopted here is based on those of West and Fritsch
(1927), and Lebour (1930).

DIATOMALES or BACILLARIALES.
(CENTRICE

Discoide

Families Coscinodiscacess

Melosiracese.

Solenoide

Family  Rhizosoleniaces.
Biddulphiode

Family  Biddulphiaces.
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PENNATE
Fragilarioidece
Families Fragilariaces
Tabellariaces
Meridionacese.
Achnanthoidece
Family  Achnanthacez.
Nawviculoidec
Families Naviculaces
Cymbellacez.
Nitzschioldew

Family  Nitzschiaceze.

Surirelloidece
Family  Surirellacez.

T.18T OF SPECIES IDENTIFIED.

Group Centricee.

B o b

Family Coscinodiscacec.
Genus Coscinodiscus.

. Coscinodiscus excentricus Ehr. Dingle, Port Erin, rare.

C. lineatus Ehr. Dingle, rare.

. C. nitidus Greg. Port Erin, rare.
. C. radiatus Ehr. Dingle, Port Erin, rare.

(Genus Actinoptychus.

. Actinoptychus undulatus (Bailey). Dingle, Port Erin, rare.

Family Melosiracec.
Genus Melosira.

. Melosira sulcata (Ehr.).

Orthothira maring W. Sm. Dingle shore, rare.

Family Rhizosoleniacece.

Genus Rhizosolenia.

. Rhizosolenia Shrubsolii Cleve. Dingle, very rare.

Family Biddulphiacece.
Genus Biddulphia.
Biddulphia aurita (Lyngb.). Port Erin, few.
B. granulata Roper. Dingle, rare.
B. rhombus (Ehr.). Dingle, rare.

171

. M. wummuloides (Lyngb.). Dingle shore, Jetty, Port Erin, abundant.
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1

Genus Attheya.
. Attheya decora West (?). Port Erin, very scarce.

Group Pennatee.
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Family Fragilariacec.
Genus Fragilaria.
. Fragilaria oceanica Cleve. Jetty (Pier Head), rare.
. F. striatula Lyngb. Jetty, few.

Genus Synedra.

. Synedra affinis Kutz. Dingle, Port Erin, abundant.

. S. tabulata (Ag.). Dingle, abundant.
. S. suberpa Kutz. Port Erin, abundant.
. 8. gracilis Kutz. Dingle, abundant.

Family Tabellariacec.
Genus Rhabdonema.
. Rhabdonema arcuatum (Liyngb.). Port Erin, abundant.
. R. minutwm Kutz. Dingle, abundant.
(Genus Grammatophora.

. Grammatophora marina (Lyngb.). Port Erin, abundant.
. G. serpentina W. Sm. Port Erin, abundant.

. G. islandica Ehr. Port Erin, Dingle, rare.

. G. angulosa Ehr. Port Erin, Dingle, common.

Family Meridionacec.
Genus Licmophora.

. Liemophora flabellata Ag. Port Erin, abundant.

. L. juergensii Ag. Dingle, few. Port Erin, abundant.
. L. gracilis (Ehr.). Port Erin, abundant.

. L. dalmatica (Kutz.). Port Erin, abundant.

. L. lyngbyei (Kutz.). Port Erin, abundant.

Family Achnanthesacece.
Genus Achnanthes.

. Achnanthes longipes Ag. Port Erin, abundant.
. A. brevipes Ag. Dingle Shore, Port Erin, abundant.
. A, subsessilis Kutz. Dingle, Port Erin, common.

Genus Cocconels.

. Coceoneis placentula Ehr. Port Erin, abundant.
. C. scutellum Ehr. Dingle, Port Erin, few.
. C. dirputa Greg. Port Erin, very rare.
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Family Cymbellacec.
Genus Amphora.

. Amphora complexa Greg. Port Erin, abundant.
A. coffeiformis (Ag.). Port Erin, abundant.

. 4. eymbifera Greg. Dingle, not common.

. A. lewis Greg. Port Erin, common.

. A. pellucida Greg. Port Erin, common.

. A. pusilla Greg. Dingle, Port Erin, rare.

Family Naviculacee.
Genus Caloneis.

. Caloneis liber (W. Sm.). Dingle, Port Erin, common.
. C. @mula (A. Schmidt). Port Erin, few.

xenus Diploneis.

. Diploneis smithii (Breb.). Port Erin, abundant.
. D. elliptica (Kutz.). Port Erin, Dingle, few.
. D. litoralis (Donkin). Port Erin, common.

Genus Navicula.
. Navicula erucigera (W. Sm.). Dingle, abundant.
N. tumida W. Sm. Dingle, few.
N. greviller (Ag.). Dingle, abundant.
N. bottnica Grun. Dingle, rare.
N. pusilla W. Sm. Dingle, Port Erin, common.
N. punctulate W. Sm. Dingle, common.
N. lyra Ehr. Port Erin, rare.
N. humerosa Breb. Port Erin, Dingle, very abundant.
N. pygmeea Kutz. Port Erin, fairly abundant.
N. tumens W. Sm. Dingle, abundant.
N. distans (W. Sm.). Dingle, common.

Genus Gyrosigma.

Gyrosigma attenuatum (Kutz.). Dingle, abundant.

G. hippocampus (Ehr.). Dingle, Jetty, fairly common.
G. balticwm (Ehr.). Dingle, Jetty, common.

. spenceriz (Quekett). Dingle, not common.

G. dustortum (W. Sm.). Dingle, abundant.

. . fasciola (Ehr.). Dingle, common.

Genus Pleurosigma.

. P. angulatum (Quekett). Dingle, common.

1

Pleurosigma obscurum W. Sm. Port Erin, rare. Dingle, common.

3
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. P.angulatum quadratum (W. Sm.). Dingle, very abundant in summer.

. P. nubecula W. Sm. Port Erin, few.

Genus Amphiprora.

. Amphiprora paludosa W. Sm. Port Erin, common.
A. plicata Greg. Port Erin, few.

Genus Tropidoneis.

Tropidoneis maxima (Greg.). Port Erin, common.
. T. pusilla (Greg.). Port Erin, common.

Genus Amphipleura.

. Amphipleura pellucida Kutz. Jetty, rare.
. A. sigmoidea W. Sm. Jetty, rare.
. A. rutilans (Trent). Dingle, Port Erin, abundant,

Family Nitzschiacee.
Genus Nitzschia.

. Nitzschia panduriformis Greg. Dingle, not common.
N. bilobata W. Sm. Port Erin shore, abundant.

N. vivaz W. Sm. Port Erin, abundant.

N. spathulata Breb. Port Erin, common.

N. angularis W. Sm. Dingle, common.

N. closterium W. Sm. Dingle, Port Erin, common.

N. reversa W. Sm. Dingle, Port Erin, rare.

N. acicularis (Kutz.). Dingle, abundant.

N. linearis (Ag.). Jetty, Dingle, not common.

N. sigma (Kutz.). Port Erin, very rare.

. N.walida Cleve & Grun. Dingle, rare.

. N.tenia W. Sm. Dingle, Port Erin, common.

. N. parvula W. Sm. Jetty, very rare.

. N. sigmoidea W. Sm. Dingle, few.

. N. litoralis Grun. Port Erin, not common.

Genus Hantzschia.
. Hantzschia virgata (Roper). Port Erin, common.
. N. amphiozys (Ehr.). Dingle, rare.
Family Surirellacec.
Genus Surirella.

. Surirella gemma Ehr. Dingle, very abundant in summer.
. S. ovata Kutz. Jetty, Dingle, rare.
. 8.lata W. Sm. Dingle, very rare.
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L1sT OF ABBREVIATIONS.

Ag. = C. A. Agardh.
Breb. = De Brebisson.
Ehr. = D. C. G. Ehrenberg.
Hass. = A.H. Hassall.
Kutz. = F.T. Kutzing.

Lyngb. = H. C. Lyngbye.
W.Sm. = W. Smith.

Thw. G. H. K. Thwaites.
Greg. = W. Gregory.

NOTES OoN SPECIES.

The species of Coscinodiscus were never found alive on the shore.
Melosira nummuloides seems to be a true littoral form, and was always
healthy, had living chloroplasts and was reproducing, while M. sulcata
was never found alive. The species Attheya decora West resembles that
described by Boyer, except that the figure he gives is different from the
actual specimens I examined, in that two spines are directed to opposite
directions and the others are nearly straight. The length of each spine
is half that of the frustule. The length of the valve is 30 in one species
and 14p in another with varying breadth. Synedra affinis Kutz and
Liemophora flabellata Ag. were attached to other green Alge and even to
other diatoms, particularly those enclosed in gelatinous tubes (Schizonemaj,.
Rhabdonema arcuatum (Lynghb.) was scraped from molluscan shells. The
Licmophora species live more or less together among other flora on the
rocky shore and not on the sands. It seems that such stipitate, as well as
other filamentous forms, prefer a rocky substratum, perhaps on account
of its stability ; the sand grains being subject to the tidal movements.
Moreover, such forms find, in the vicinity of rocks, small areas of water
left behind by the tide. Such small ditches of water seem to be indis-
pensable for the life of these diatoms, unlike the free forms, such as
Navicula, which can live attached to sand grains, which are only covered
by tidal water twice every twenty-four hours, but which nevertheless
are able to continue living under these conditions.
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PART I. DISTRIBUTION AND SEASONAL CHANGES
OF POPULATION.

INTRODUCTION.

TrE material which forms the subject of this paper has been collected
over a period of ten years. The samples are divisible into two groups,
each including five years’ catches. During the first half of the time,
1921-1925 inclusive, the stations varied from voyage to voyage but the
hauls are comparable with one another as regards the nets used and the
time of fishing in each case. An account of the method of sampling is
given in the Dove Marine Laboratory Report for 1923, pp. 68-69 (45).

NEW SERIES.—VOL. XIX. ¥0. 1. avgust, 1933. M
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In 1926 a change was made in the number and kind of nets used and in
the time of fishing, in order to bring the work into line with that of the
Ministry of Agriculture and Fisheries. Since that year the new method
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has continued, and the samples have been taken each time from the same
series of stations (Fig. 1). Thus, during this period the results of different
years’ sampling can be correlated more satisfactorily. The new method
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of sampling is described in the Dove Marine Laboratory Report for 1926,
p. 43 (46).

A preliminary statement as to the occurrence of the two genera of
Cladocera which are found in the area sampled, during the period 1921-
1923, is given in the above-mentioned Reports for 1923 and 1924 in
““ Plankton Investigations, No. 4 Crustacea ”* (30 and 81). In the analysis
of these catches an attempt was made to indicate actual numbers of
individuals, as is shown in the tables there presented. In the analyses
of the subsequent years’ samples only presence or absence and relative
abundance is indicated, and for purposes of comparison the 1921-1923
records are here included in the same form.

Of the series of samples taken at every ten metres from surface to bottom
at each station in the 1926 and subsequent catches, only three—surface,
mid-water, and bottom—are here considered, in order to deal with the
material on the same basis as in the earlier years when only three nets
were used. '

The data given in Figure 2 show the genera Evadne and Podon to be
represented in the plankton. Of the former genus, only one species,
E. nordmanni, is apparent in the samples. It is possible that a few
E. spinifera may have been present on occasions amongst large quantities
of K. nordmanni, but, if so, they were not distinguished. Norman and
Brady include only E. nordmanni in their list of the Crustacea of
Northumberland and Durham (51).

With regard to Podon, the two species, P. polyphemoides and P. inter-
medius, have been recorded for the district, the former being described
as “mnot rare,” and the latter as ““ taken occasionally.” As the species
are not easily identified in the course of general analyses of plankton
samples, it is not proposed to discuss the distribution of the individual
species of Podon in this paper. Only a general consideration of the occur-
rence of the two genera in the district will be undertaken. Problems
of distribution and fluctuations in population will be discussed only in
relation to our commonest Cladoceran, E. nordmanni.

Axnvar REcorDps.

Reference to Fig. 2 and Diagrams A, B and C on pp. 186-188 will
show the main facts relating to the individual years’ samples as regards
the occurrence of Evadne and Podon to be as indicated below.

1921.

During 1920 and 1921 abnormal conditions prevailed in the North
Sea, due to a great influx of surface water from the Atlantic Ocean, as
shown by the presence of Salpa fusiformis, Limacina retroversa, and other
Atlantic forms in the plankton (26).
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When the first of our series of plankton samples was taken, between
May 4th and September 20th, 1921, Cladocera were present at all but two
stations, namely, at 12 miles from the shore in July and inshore near
Boulmer in September.

Evadne was very abundant in May at both ends of the district, after
which time it was recorded only twice—in July. Podon, on the other
hand, already present in May, attained a maximum early in August and
persisted in decreasing numbers until the end of the sampling for that year.

No “ winter eggs ” or resting-eggs of either form were observed, although
the catches were specially searched for them after they had been found to
occur in subsequent years.

1922,

In 1922, when the Atlantic influence was abating, sampling began on
April 20th when Evadne was found to be present already in the southern
part of the district. Its numbers reached a maximum early in June,
when it was specially abundant in the inshore region between Coquet
Island and Newbiggin. On July 25th-27th, it was again taken fairly
plentifully in the same region but was very sparsely represented to the
north—no specimens were taken at Station 8, i.e. T} miles east of the
Longgstone.

A few resting-eggs were noted in June and rather more in July, mainly
from inshore stations.

Podon appeared first in the catches in June, its numbers increasing with
distance from the shore. It was present throughout the district in July,
but occurred then in greatest quantity at the inshore stations. Resting-
eggs were taken only once, in July (Fig. 31, p. 208).

The analysis of a series of samples taken off the Tyne on July 13th and
14th by Savage (61), shows that P. leuckarti was fairly plentiful at 11
out of 20 stations and that E. nordmanni was nearly three times as
abundant but rather more restricted in range. Both forms were decidedly
more plentiful at Station 16, i.e. 10 miles from the coast, the farthest
inshore of his stations which extended to 50 miles out (Station 30). Both
forms were taken also In fair quantity, even at this last station.

We have no later records for the district in this year. A single haul
was made off Spurn Head in September, but no Cladocera were present.

1923.

The more normal conditions of the previous year gave place in 1923 to
an exceptional flow of Arctic water into the North Sea, bringing the large
variety of Sagitta elegans to replace S. sefosa which had been the pre-
dominant species since 1921 (47).

Unfortunately, no plankton samples were undertaken before
August Tth, when Evadne was present in fair numbers over the whole
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district. In the third week of August it was found to have become
very abundant, particularly in catches from the northerly stations.
In September, the only records are of small numbers at the stations near
Dunstanburgh.

Developing and fully formed resting-eggs were recorded in late August
and early September in much greater quantity than in the previous
year—again chiefly from inshore stations.

Podon was present throughout the period, but was taken only in small
numbers except in the extreme north of the district towards the end of
August when it was more plentiful, especially near the shore. No resting-
egas were recorded.

1924.

Except for three hauls in the middle region of the district at the end of
April, when Evadne was taken in very small numbers, no catches were
made until July 13th. From that time until August 1st this form was
present in abundance at all stations. Developing and fully formed
resting-eggs were obtained in considerable numbers during the whole
period of maximum occurrence.

Podon was present with Evadne in most of the July-August samples,
but in much smaller numbers, and it was commonest inshore. During
September and October it was observed in most of the catches and
usually occurred in greater quantity than Evadne. Resting-eggs were
recorded from three of the July—August stations, being most frequent
at the end of the period.

1925.

In 1925 the first samples were taken between April 8th and 14th from
ten stations covering the whole district from north to south, and extending
nine miles eastward from the coast.

Evadne was present at every station and tended to be more abundant
at some distance from the shore. Unfortunately, a period of six weeks
elapsed before further catches were taken, when only two stations were
sampled, on June Ist. Evadne was again recorded in fair numbers. In
July the numbers showed a marked decline and specimens were obtained
from only four of six stations. On September 7th a decided increase in
abundance was noted at the more southerly stations, especially inshore,
when, also, resting-eggs in an early stage of development were taken.
A week later, numbers had again decreased and resting-eggs appeared
only once, at Station 25.

The records for Podon show similar, but less strongly marked fluctua-
tions, and a tendency for numbers to decrease with nearness to the coast.
Podon was always the more scarce form except in July and late September.
Resting-eggs were recorded only once, from Station 22,
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1926.

In this year, the change in the method of sampling took place, and only
three voyages were made. In July and August Evadne was taken in fair
quantity throughout the district. Increased numbers reported for
September were due chiefly to the catches from the most southerly
stations. Resting-eggs were taken only in July, at Stations 1 and 3.

Podon was plentifully represented in July, becoming scarcer thereafter,
as regards both range and numbers of individuals. Resting-eggs occurred
in July at the northern station, No. 5.

1927.

Abnormal activity of the Gulf Stream, noticeable in north-eastern
European waters as an increased mid-water current running through
the Faroe-Shetland Channel in 1926, now produced its maximum effect,
as is indicated, e.g. by the quantities of Ray’s Bream taken in the North
Sea from 1926 to 1928 (77).

Evadne, absent from all stations at the end of April, was present in
small quantities throughout the district about a month later. It reached
a maximum at the beginning of July, showed a slight decrease in August
and was still fairly plentiful in September at the four stations fished.
It is impossible, however, to give average quantities for September as the
contents of three nets were lost, due to bad-weather conditions. Resting-
eggs were taken in the July and subsequent samples, decreasing, in
numbers and in proportion of developing to fully formed eggs, as time
went on.

Podon was present from the May-June voyage onwards, but always
occurred sporadically as to range, and was scarce. Resting-eggs were
observed in September, at one station only.

1928.

In this year’s catches Evadne appeared in April and increased in
quantity up to the latter part of June, after which it decreased progres-
sively until sampling ceased in the latter part of August. The records
for resting-eggs are remarkable, in that they show these to have appeared
as early as May 1st. They were taken in every month thereafter (i.e
until August). The graphic representation of their distribution takes
almost identically the same form as that of the average quantities of the
species, over the entire period of their occurrence.

Podon made its appearance in June, touched a very low minimum in
July, and increased in quantity in August. Resting-eggs were taken
in both June and August.

1929.

Following upon the diminution in amount of Gulf Stream water in
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1928, the North Sea again suffered an influx of surface Atlantic water in
1929, as evidenced by the occurrence of quantities of Pteropods in the
plankton. The effect, however, on this occasion was less far-reaching
than was the case in 1921 and 1922.

Our first samples, collected in April, showed Evadne to be already
abundant in the district. After this, its numbers fell to practically
nothing in May when it was present at a single offshore station only.
This was followed by successive small increases in quantity from June to
August. Except for a single record at Station 5 in the latter month,
no resting-eggs were observed.

Podon was scarce throughout the period, with a feebly marked
maximum in April. There were no resting-eggs in the samples.

1930.

Sampling began early in April of this year, and catches were made in
each month until the end of August. Evadne, present sparingly in April,
had reached a considerable maximum in June, after which the amounts
recorded declined greatly until August when sampling ceased. Resting-
eggs occurred plentifully in June, especially at offshore stations where
early stages predominated, and more sparingly in July, nearer to the
coast.

Podon appeared first in May, reached moderate numbers in June,
decreased again in July, and finally rose to a marked maximum in August,
when it was by far the commoner Cladoceran genus present. Stages in
the development of resting-eggs were obtained from four stations on the
last voyage.

SuMMARY oF RECORDS.

Figure 2 indicates graphically the average quantities of Evadne and
Podon present in all nets at all stations sampled during each voyage.

During 1921 to 1925 inclusive, these averages represent numbers of
stations—and therefore also of nets—which vary considerably from time
to time ; and there are, in some cases, long intervals of time between
voyages. From 1926 onwards the quantities indicated are more uniform
as regards the number of nets they represent, and the time intervals
between voyages are more nearly equal.

As, however, series of samples taken over a fairly extensive area and
generally at rather infrequent intervals can be used to acquire a general
idea only as to the movements and phases of metabolic activity of plank-
tonic forms, the two groups of data are regarded as being sufficiently
comparable with one another to make it possible to use them to indicate
the general trend of the fluctuations in numbers and distribution of
the two genera of Cladocera under consideration, as they occur in our
district.
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As the years 1921, 1923, 1927, and 1929 must be considered exceptional
with regard to conditions in the North Sea, the other years’ catches will
be discussed first, as showing—in so far as the incompleteness of our
sampling will permit—a more normal sequence of events in the life-
cycles of these two genera generally, and of Evadne nordmanni in
particular.

1. E. nordmanni—THE “ NORMAL ’ YEARS.

Evadne is the first Cladoceran to make its appearance in quantity
near the Northumbrian coast, being present in fair numbers in April. Itis
by far the commoner genus on the whole, Podon, as a rule, being markedly
more plentiful only from September onwards. Diagrams A—C show,
as is to be expected, that Evadne is much more widely distributed through-
out the area sampled under both sets of experimental conditions. The
graphs indicate, furthermore, that there is a well-marked early summer
maximum apparently in June (or earlier) and, for those years of which
we have records, a second, but less extensive maximum in September
or later is evident.

In 1924 the first maximum appears to be in July, but it must be noted
that there are no records for May or June. Also, in 1925, the smallness
of the first maximum, as here recorded, is probably due to the long
intervals between successive samplings at this period.

It is noteworthy that the great increase in the numbers of individuals
present in the samples at these times is due, not to the sudden appearance
-of large numbers of young, but is produced entirely, so far as our samples
are concerned, by a temporary influx of adults. Although immense
numbers of young forms are, no doubt, present at these times, no very
small specimens are ever taken in our nets.

The population, at the times of maximal occurrence, consists principally
of females with brood-pouches containing eggs and embryos in all stages
of development. Males also are noted during these periods and the so-
called “ winter ”-eggs are associated with the early maximum as well as
with the later one. Indeed, our records go to show that the numbers of
““ winter “-eggs produced are roughly proportional to the numbers of
individuals present, and that they are therefore more plentiful in summer
than at the onset of winter when the physical conditions have been
supposed to be most unfavourable for the continued production of
parthenogenetic generations. It will be seen on reference to the graphs
that the resting-eggs appear at or about the period of maximum develop-
ment and continue to be observed during the subsequent decline in
numbers. These findings require a consideration of the factors involved
in the change from parthenogenetic to sexual reproduction. This will be
dealt with later (Part II).
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Occasional observations of resting-eggs as early as June have been
recorded, e.g. by Hansen (25), and are looked upon as being unusual.
Apstein, however, notes a marked occurrence of these in June on the
Dutch coast and at Kiel (2 and 8). For our region the only record looked
upon as being exceptionally early is that of both developing and fully
formed resting-eggs at three stations on May 1st, 1928. Apstein gives
a similar early record for Station 4 (100 miles E. of Hartlepool) in May,
1908 (2).

It would appear that the explanation of the frequency of resting-
eggs in early summer, which is brought to light by these investigations,
is to be sought in the comparative nearness of the stations to the coast,
and the large number of samples taken in a restricted area, as compared
with the stations used by the International Council and other investigators.

The appearance of resting-eggs in quantity at stations comparatively
near the coast, such as ours are, is associated with movements of the
population of E. nordmanni as a whole.

It is impossible to use the 1921-1925 samples to indicate movements
within the district, as stations sampled on different voyages cannot be
compared with one another satisfactorily ; but, from 1926 onwards, the
three years 1926, 1928, and 1930 do give some suggestion of * trans-
natant ” movements.

In 1926 the population, represented over the whole area, was rather
more abundant inshore in July, i.e. at the end of the first sexual period as
indicated by the presence of a few resting-eggs. Diagram C shows a slight
offshore movement in August, while in September there is evidence of a
return to the inshore stations which was coincident with the onset of the
decidedly early autumn maximum.

After April, 1928, in which month the small numbers present occurred
mainly inshore, resting-eggs were being produced in all the months for
which we have records, and the population was spread widely over the
district.

The records for 1930 show a similar sequence of events up to the end
of the summer sexual period, which ended in July, and the August records
show the population to have disappeared from the district almost entirely.

It is suggested, therefore, that E. nordmanni seeks shallower coastal
waters during the actively growing period when parthenogenetic broods
are being produced ; that it remains in these regions until pairing has
taken place and resting-eggs have been formed, and that it subsequently
makes a migration or transnatation into deeper water. This is probably
extensive after the autumn maximum and comparatively slight between
the summer and autumn maxima—a difference associated with the length
of time between these and with changes in physical conditions at different
seasons of the year.
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2. E. nordmanni—THE “ EXCEPTIONAL ~’ YEARS.

It is now necessary to consider the effect of the influence of surface
Atlantic water in the North Sea in 1921 and again in 1929. In both years
the changed conditions had the effect of speeding up the spring maximum,
which occurred in April, 1929, and in May, if not earlier, in 1921. After
this the numbers of Evadne decreased rapidly, the population evidently
being swept away from our inshore waters.

The fact that no resting-eggs were associated with the first maximum
in either year is regarded as significant, and will be discussed in relation
to the general distribution of the species.

In 1921 there was no return of the population in autumn, but in
1929 numbers rose steadily from June onwards to produce an autumn
maximum as is indicated by the taking of a few resting-eggs on the
last voyage.

It is difficult to say what was the effect of the increased amount of
Gulf Stream water in the North Sea in 1927, as the records show only one
maximum, in early July, and this is capable of two interpretations.
There is nothing to indicate whether it represents a much delayed early
summer maximum or a greatly accelerated autumn one. The records are
sufficient, nevertheless, to show that conditions were abnormal.

As the short sampling season in 1923—the year in which the influence
of Arctic water was strongly marked—gives us records for August and
September only, it is again impossible to do more than speculate as to
its general effect on the species. From the fact that there was a distinet
maximum in August, it would seem reasonable to assume that the autumn
maximum had been produced unusually early. The phytoplankton of
our samples has not yet been analysed, but when this is done it may be
expected to throw some light on the problem.

One other point of interest, in this connection, remains to be mentioned,
i.e. the occasional appearance of small numbers of individuals distinctly
larger than the typical form. These were noticed first from the surface-
net of Station 9 in 1925, and again on several occasions in the May-June
records for 1927. A few occurred also at the beginning of July of that
year. They were not noted again until 1930, when they appeared in both
May and June. In the three years they were taken chiefly in the surface
and mid-water nets.

These forms were remarkable also for the unusually large number
of embryos contained in their brood pouches. The smallest number
noted was 7, the majority had 9-11, and a few were observed with as
many as 12 or 13. In May-June, and July, 1927, some were seen to
be carrying resting-eggs.
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Occurrence of Large Form of E. nordmanni.

Year. Date. Stat. Net. Record.
1925 April 14 9 8 9 or 10 embryos in brood pouch.
1926
1927 May 30- 1 5 early stages ; some with resting-eggs.
June 1 3 B s s - ” .
5 S ar EE] LR} LR ERd
1 5 5 . . "
9 S 9-11 embryos in brood pouch.
i M 10 embryos in brood pouch.
. B early stages.
June 30— 1 8 . 55
July 3 9 S s .. some with resting-eggs.
1928
1929
1930 May 13 1 ) quite common.
5 S many ; one with 13 embryos.
. M 11 and 12 embryos in brood pouch.
9 M scarce.
ar B s
June 10 S one specimen seen.
LE] ‘I L ” ey
ry B LE] *r Lk
5 ) several
5% M one specimen seen, 7 embryos in brood pouch.

So far as 1927 and 1930 are concerned, the presence of the large form of
E. nordmannz might possibly be considered to be associated with the influx
of Atlantic water into the North Sea. The 1925 record, however, cannot
be similarly explained and much remains to be discovered about the
distribution of this form before it is possible to explain its presence
in our coastal waters.

The only reference it has been possible to discover relating to marked
variations in body-size of marine Cladocera, is that of Rammner who
mentions de Lint’s records for P. polyphemoides in the Zuider Zee where
specimens taken from water of low salinity measured 500u as against
Lilljeborg’s measurements of forms from more saline waters (600u—660w).

In relation to E. nordmanni, Rammner states only that individuals
are bigger and have broader brood pouches at the beginning of the year
than those produced towards the end of summer. If he means this as the
rule rather than the exception he cannot have been referring to very large
forms such as have been mentioned above. Also, if it is to be supposed
that these larger, broader females are the direct products of the sexually
formed resting-eggs, they ought to have been noticed in autumn also.

According to Lilljeborg, differences in shape correspond to local varia-
tions in populations, North Sea forms being ovoid or elliptical-oval and
rounded posteriorly whilst the Baltic variety has a narrower body, due
to the brood pouch being narrower and more pointed. He adds, further-
more, that the usual number of embryos produced by North Sea forms is
T or 8, whereas the Baltic ones have only 3 to 5.
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Our investigations show that it is necessary to have records covering
a considerable period and to be sure that the forms compared occur in
similar stages of the life-cycle before general statements such as the above
can be made with safety.

The Northumberland population of E. nordmanni includes both of
Lilljeborg’s varieties (85), the proportions in which they are represented
depending on the phase of activity of the species at the time. In so far as
Rammner (58) may be understood to mean that rather larger, broader
females occur at the beginning of the period of rapid increase in numbers
by the production of successive parthenogenetic broods, his observations
are in accord with ours. The proportion of these forms diminishes as the
asexual stage of the life-cycle proceeds, until, at the time when develop-
ing resting-eggs first make their appearance in the samples, the popula-
tion consists to a great extent of less bulky, more triangular forms.*
These produce from 1 to 6 embryos, the majority having 2, 3, or 4. This
change in body-bulk and shape, and the reduction in reproductive
activity are regarded as indicating a depression in metabolic activity
which is synchronous with the onset of the sexual phase. The relation of
these observations to the life-cycle of marine Cladocera generally, will be
considered separately below.

In this connection it may be mentioned also that the very few previous
records of twin resting-eggs (Lilljeborg) have been considerably increased
by these investigations. Whereas Lilljeborg observed them only in
September, there are in our samples ten records for June and July as
against a single one for September, indicating that not only as regards
numbers of individuals present and of resting-eggs produced, but in repro-
ductive power also, the early summer maximum is to be regarded as the
chief period of activity in the annual cycle of E. nordmanna.

OccURRENCE oF TwIN RESTING-EGGS.

Year. Date. Stat. Net. Record.
1924 July 13 5 S One specimen seen.
8 S A few.
9 S 5
1925 Sept. 7T 20 M One specimen seen.
1926 July 8 1 S A few.
1927
1928 June 1 3 S One specimen seen.
9 B - g 35
June 24 1 S 55 . »
1 M A few.
3 S One specimen seen.
1929
1930 June 9 1 B

LH a3 22

* Sharpe (72) states that the brood sac may contain from 3 to 8 embryos, this causing
its outline to be quite variable.

NEW SERIES.—VOL. XIX. ¥%o0. 1. Aveust, 1933. N
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3. PopoNn—OccurreENCE FrROM 1921 TO 1930,

Until the species (or varieties) of Podon present at various times in the
samples have been identified, it is impossible to make definite statements
as to the precise activities of members of the genus, but one or two general
facts may be mentioned.

As already noted, Podon makes its appearance in our district later than
Evadne and is comparatively rare during the early summer. Neverthe-
less, it shows a maximum, generally feebly marked and more or less
coincident with that of Evadne. Thisis followed by a decrease in numbers
which, however, soon gives way to a considerable increase in population
producing an autumn maximum which may involve the presence of vastly
greater numbers,

It has been noted from time to time that, while individuals of Podon
are indistinguishable from one another in the earlier part of the year,
there is evidence of the presence of two distinct species (or varieties) in
the later months. Resting-eggs were never taken in quantity, but
the graphs (Fig. 2) indicate that they may appear in association with
both periods of greatest population. The two maxima appear to be little
affected by abnormal conditions, except for a general speeding up of
activity in relation to time in 1921.

The above-mentioned data indicate that, in addition to being generally
a less abundant North Sea genus than Evadne, it is also less strongly
attracted to shallow coastal waters as a breeding place.

Previouvs ReEcorps or CLADOCERA FROM NORTHERN EUROPEAN
SEAs.
1. Northumberland.

The only previous records of Cladocera for the Northumbrian coast
are from surface and, to a less extent, bottom tow-nettings taken at long
intervals in various parts of the district, between 1889 (44) and 1912 (76).
Only the last of these series of samples is sufficiently complete to be
comparable with the present records, and these are included in Diagram A.
The distribution of the two genera in time and space may be seen to take
what is regarded as the normal course. Evadne arrived from the north
of the district in May, spread along the coast in June and July—being
more abundant inshore in the latter month, when maximum numbers were
present. It was scarce, particularly inshore, in August, and in September
showed a slight tendency to return to the coast, especially towards the
north. There is a decided similarity between these and the 1924 records.

Podon (identified as P. polyphemoides) did not make its appearance so
early as Evadne. It was recorded for July and August and showed a
maximum coincident with that of Evadne.
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In 1899 it is evident that large numbers of both forms were present
in June. The remaining records are too vague to be of value in this
connection.

2. Firth of Forth.
T. Scott’s records (65) for this region give no details and show only that

E. nordmanni is more abundant than P. (?) polyphemoides and has a wider
distribution.

3. Clyde Sea Avea.

Marshall’s records (42) for E. nordmanni, “ Common in May and June,
fairly common till September and frequent in October,” again indicate
the occurrence of two periods of maximal occurrence near the coast.

4. English Channel.

A consideration of Bygrave’s records (9) of Cladocera in 1905 and 1906
shows some interesting features. He, however, made no attempt at an
analysis, merely noting occurrences and making a general statement to
the effect that these forms are more frequent in the western than the
eastern part of the Channel, that they always appear in spring and form
an important part of the plankton in summer, disappearing again in
autumn, “ when they form their winter-eggs and thus are able to survive
the winter.” (This from a record of samples taken during a period of
exceptional activity of the North Atlantic Drift : Salps were present in
the North Sea in 1905 and Pteropods plentiful in 1906.)

The lightship records from the western and eastern ends of the Channel
(Sevenstones and Varne) show Evadne to be the commoner form in the
west in 1906, while only Podon occurred at the eastern end. In 1905
Evadne was scarce to the west also.

Quarterly records from other stations (E1 and E17—10 to 20 miles
offshore on the northern side) in 1906 show Evadne to be present in
February, fairly common in May and abundant in August. The Plymouth
records for 1906 also indicate maxima in May-June and in August-
September, the latter being the greater.

Bygrave connects the general scarcity of Evadne in 1905 with a patch of
water of high salinity at the western end of the Channel (near Station E1).

It is evident from the summary of records given below, that the Clado-
ceran population enters the Channel with the Atlantic current and
normally begins to breed as soon as it reaches coastal waters. In 1905
it was evidently swept away from its usual local centre of distribution,
and the fact that in 1906 the early maximum was relatively small indicates
that there had not then been a complete return to normal conditions.
The taking of resting-eggs only in the late summer of 1906 further
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accentuates the similarity between these records and ours for later years
in which similar conditions prevailed in the North Sea.

SuMmMARY OF Byerave's Recorps or EvADNE.

Year. Month. Stations arranged in order from W. to E.
Sevenstones. E1-E17. Plymouth. Varne.
1905 Jan.-June None - - None.
July Rare - - .
Allg. 9 = = tE
Sept. Very rare - - i
Oct.—Dec. . None - - g
1906 Jan. i - None %
Feb. i Very rare i 5
March i - Very rare 5
April - Rare ~ Rare .
May Rare to f.
common Common F. rare .
June Rare to {. - Rare to f.
common common -
July Common to
rare - F. rare o
Aug. F. common
to rare* Common Common )
Sept. Common - F. common
to rare bs
Oct. F. common - None .
Nov.—Dee. None None 54 i
— indieates no samples taken. * indicates resting-eggs taken.

b. The Irish Sea.

The summaries of records of Cladocera given in the annual plankton
reports of the Lancashire Sea-Fisheries Laboratory from 1907 to 1919
show them to refer to two species only, Podon intermedius and Evadne
nordmanni. Considered together, they show the latter species to appear
in the distriet in March or April, to increase in numbers to May or June
and thereafter to fall off until September when a second maximum
occurs. None are recorded later than October.

In the years 1908, 1913 and 1914, Evadne did not appear until April
and, in the last two years, was always scarcer than usual. In 1912 it was
not taken later than August.

Podon is shown to have a time range very similar to that of Evadne
except that it generally appears rather later and persists longer.
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The records are too scanty to show clearly variations in time of appear-
ance and abundance of population from year to year, and indeed the
reports frequently lay stress (perhaps rather more than would seem to be
warranted) on the great constancy of occurrence of these forms.

A. Scott’s records (64) of Cladocera from the spawning ponds at Port
Erin in 1922 and 1923 indicate the presence of abnormal conditions in
the earlier year, as also do our records for Northumberland. In 1923
Evadne first occurred at Port Erin in April and continued to be taken
until September, while in the previous year it did not make its first
appearance until June and disappeared again in August. Podon was
present in 1923 from April till December excepting only August. In
1922 its range was restricted to May—July.

Gough’s records (21) of samples taken at four lightships on the south
and east coasts of Ireland in 1904 are insufficient to form a satisfactory
picture of the general distribution of Cladocera in St. George’s Channel
and the Irish Sea although they serve to show that the population in these
waters is distributed by the current entering from the south, and there 1s
some indication of two periods of maximal abundance in inshore waters.

The fact that no Cladocera were taken at the South Arklow Lightship
and their extreme scarcity at Skulmartin suggest that in this region there
oceurs a phenomenon similar to that noted by Bygrave and Apstein
regarding the distribution of Cladocera at the eastern end of the English
Channel and in the southern part of the North Sea. Apstein remarked that
Cladocera were scarce in these regions, « although the physical conditions
were suitable,” and failed to account for this.

This matter will be discussed separately below,

6. North Sea, Baltic Sea, etc.

Plankton samples taken by several investigators and expeditions show
E. nordmanni to be the commonest Cladoceran in the North Sea, on the
western shores of Great Britain, in Danish waters, and in the Baltic.
It is noted as being present in varying degrees of abundance at different
stations, almost throughout the entire year, but always rare during the
winter months. It has been mentioned as having been taken along the
Norwegian coast up to 72 deg. N. lat., and, in the Atlantic, 13 deg. West
of Scotland. Also, there are isolated records of its occurrence in the
Barents Sea near the Murman coast and in the Irminger Current up
to the south coast of Iceland.

Apstein regards the species as being abundant throughout the seas of
North-West Europe during all the summer months. This conclusion is
evidently based on the fact that the times of maximal abundance vary
slightly from place to place and from year to year, and that the many
different stations sampled were far from being equally distant from the
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shore. Although he quotes Hansen’s records of resting-eggs taken in
Dutch coastal waters in June, he does not appear to attach any significance
to their production at so early a period.

Rammner, summing up records of the distribution of E. nordmanni,
refers to its abundance in the North Sea and the Baltic and to its occur-
rence farther afield, but regards the Baltic as its real home. Apstein,
on the other hand, considers the northern part of the North Sea to be
its centre of distribution.

Rammner remarks also on its great variation in numbers from place
to place, due to causes other than seasonal ones, and points out the
necessity for more systematic sampling before it is pessible to make a
definite statement as to its distribution in a large area (such as the North
Sea). He considers that currents are responsible for its distribution and
notes its tendency to inhabit inshore waters.

With reference to his statement that E. nordmanni is not found within
a distance of 100 or 200 metres from the shore, it may be noted incidentally
that specimens were taken in August, 1922, in the Estuary of the River
Coquet. Also, the species has been recorded by T. Scott (67) as being
abundant at the head of Loch Fyne.

Lohmann’s quantitative analyses of organisms taken in a measured
volume of water, show the occurrence of two maxima in the numbers of
E. nordmanni obtained, i.e. in June and August (1884) with a minimum
between these, in July.

Investigators have remarked on apparent peculiarities in the distri-
bution of the species, and, assuming it to be truly neritic, have had to
account for its occurrence in certain places by its being carried by currents
away from its normal area of distribution in coastal waters.

Rammner emphasises the effect of currents on its distribution and
thinks that there may be some reason for considering the species to be
a deep-sea form. Steuer goes farther and thinks that it is ridiculous
not to regard E. mordmanni as an oceanic species since it has been
shown to occur in the open ocean.

Ostenfeld explains the presence of occasional specimens along the
Norwegian coast and in the Barents Sea as being due to the Gulf Stream
carrying them away from the coast (of the western side of Scotland,
presumably). He is unable, however, to explain the occurrence of
E. nordmannt in the Irminger Current.

Apstein, referring to the distribution of this species, does not analyse his
data, but his statements relating to that of E. spinifera are interesting.
He regards isolated specimens taken near the Faroes as having been
brought there through the influence of the Atlantic Drift. Also, while
making no special reference to the exceptional conditions prevailing in
1905, he thinks that examples found in the English Channel in November,
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1904, and in the south-west corner of the North Sea in the following May,
might well have originated in the Atlantic Ocean. He mentions, further-
more, that the only specimens taken in any year near the Belgian Coast
were obtained in May, 1905.

As 1905 is comparable with 1921, and to a less extent with 1929 as
regards the cause of unusual conditions in the North Sea, the foregoing
statements are of importance as emphasising the influence of an increased
influx of Atlantic drift water into our coastal regions. The effect of such
18 evidently to interfere with the normal distribution and breeding times of
the Cladoceran population, and to introduce other forms, e.g. E. spinifera.
Its effect in 1921 and 1929 was to sweep away E. nordmanni from the
Northumbrian coast after an early maximum in May, and to prevent the
development of resting-eggs there at these times. Also, the records for
1929 show no indication of depression as regards body-shape and numbers
of embryos formed, during the early part of the year. (The 1921 samples
need re-examination for verification of this point.) It would thus appear
that the increased amount of Atlantic drift water present produced a
change in the physical conditions which are responsible, at least indirectly,
for this effect. Bygrave’s records for the English Channel show similar
results to have been brought about there in 1905, as also do Lohmann’s
for the relative proportions of Podon and Evadne present at Kiel during
the same period.*

From a consideration of the above data it is suggested that normally
E. nordmanny is capable of migrating across current during the course of
1ts denatant drift along the coast, so that it is brought into inshore waters
where the environment is at first suitable for the rapid production of
successive parthenogenetic broods, but which later has the effect of
slowing down activity and bringing the asexual period to an end. An
unusually strongly running body of water or one differently constituted
from the normal coastal current may interfere very markedly with this
series of events.

GEOGRAPHICAL DISTRIBUTION OF F. NORDMANNI.

In addition to the distribution of the species in the regions already
discussed, E. nordmanni is also known to inhabit the Labrador Current
(Hansen) and to be common off the coasts of Nova Scotia (Wright, 89)
and Massachusetts (Sharpe, 72).

The importance of the part played by current systems as indicated

* That similar conditions supervened in 1896 is shown by T. Scott’s records for the
Faroe-Shetland Channel in July and August of that year. Salps and Arachnactis larvee
were present, indicating an abnormal flow of Atlantic water. While Podon infermedius
(ot polyphemoides) was taken in 14 out of 19 catches, B, nordmanni was present in only 6
and was always rare.
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above needs further consideration, and it is suggested that it is necessary
to take a wider view of the geographical distribution of the species than
has been done previously.

It is evident from the position of the stations from which E. nordmanni
has been observed that one cannot regard it as a neritic species except in
the sense that it ““ prefers ”” coastal waters as a breeding-place. That such
regions are absolutely necessary for the purpose remains to be proved.

Ostenfeld, assuming that the species was indigenous to the coasts of
North-Eastern Europe, was at a loss to explain its presence near Iceland,
in the open Atlantic and in the Labrador Current.

If, however, these regions of occurrence are considered in relation to
Wright’s and Sharpe’s records for the east coast of North America, its
presence can be explained. E. nordmanni occurring in quantity off the
coasts of Massachusetts and Nova Scotia must be picked up by the Gulf
Stream and carried across the Atlantic to be distributed to the English
Channel and the Bay of Biscay (75) on the one hand, and to the west coast
of Scotland, northern North Sea, Danish waters, and Baltic Sea on the
other hand. Furthermore, it may be carried likewise along the Norwegian
coast even so far as the Barents Sea when conditions are favourable.
Since the Irminger Current branches off from the Atlantic Drift farther
to the west, this assumption provides the only explanation of the occur-
rence of E. nordmanni along its course. Since it is present in the Labrador
Current also, it may be said to occur in every part of the North Atlantic
circulation. Thus, the species may be regarded as having two main
centres of distribution, the one on the west coast of North America, the
other in the coastal waters of North-Eastern Europe. That it is a regular
inhabitant of the North Atlantic Ocean is evident, though to what extent
it breeds under other than coastal conditions is as yet unknown.

Records of the species from the Bay of Biscay, the Mediterranean, the
coast of California, and various places along the west coast of Africa
indicate that it has other centres of distribution, but the records are too
scattered to make it possible to discuss this point.

SCARCITY OF E. NorDpMANNI IN CERTAIN COASTAL AREAS.

A consideration of the horizontal distribution of Cladocera in the Irish
Sea, North Sea, and English Channel in relation to the Admiralty chart
(Fig. 3) showing the general drift of surface water in these regions, reveals
the fact that the main spread of the population is along the course of the
principal coastal surface currents in the regions concerned.

In the North Sea, Cladocera have been recorded as being generally
scarce to the southward of a line drawn between the Tyne (55 deg. N. lat.)
and Texel (53 deg. N.lat.), that is beyond the region in which the southerly
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flowing coastal current crosses over from the English to the Freisian coast.
That a fraction of the population is retained in the offshoots of the current
which continue south to about the region of Orford Ness is shown from the
analysis of Savage’s samples. In these the numbers of Cladocera decrease
with distance southward as far as Lowestoft, the most southerly station
fished.

Distribution in the Irish Sea is explainable along similar lines. The main
population enters via the south coast of Ireland in the current which passes
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Fig. 3.—Admiralty Chart, showing direction of surface currents around the British Isles,

through St. George’s Channel and, on reaching the Irish Sea, is deflected
with it to the east, as seen from the Liverpool and Port Erin records.
That it scarcely enters the region to the west of this, in which only
temporary drifts approach the Irish coast, is indicated by the lightship
records of that region (South Arklow and Skulmartin). Thus, in both the
above cases, major movements of population depend on the circulation
of the main surface currents, and only relatively small numbers are
present in those parts not directly under the influence of these.

In the case of the English Channel, the scarcity of Cladocera in the
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eastern region is more difficult to account for. In consideration of the
fact that the main current in which Cladocera are abundant at the western
end of the Channel normally passes through the Dover Strait, would
lead one to assume their presence in quantity both in the eastern part of
the Channel and in the south-western region of the North Sea. Their
general scarcity in these waters is probably to be accounted for in part by
the effect on the current of the narrowing of the Channel eastwards, and
partly to temporary conditions to be referred to shortly. On both sides
of the main Channel current there are coastwise offshoots whose general
tendency is to be deflected backwards. (Tidal movements here also tend
in the same direction.)

If it is generally true that agamic reproduction is favoured by inshore
conditions, the greater part of the Cladoceran population should be found
in these parts—as it is, so far as our incomplete records including only the
northern shore are able to show.

The Admiralty chart (Fig. 3) referred to includes an inset showing the
temporary effect of northerly to easterly winds on the current of the
Dover Strait. This illustrates that, in these circumstances, the direction
of the current on the English side may be reversed and travel in the
direction of C. Barfleur as far as about 1 deg. W. long. Also, the direction
of the tidal streams on either side of the Dover Strait during the ebb will
act in conjunction with this in its effect of further mitigating against the
passage of quantities of Cladocera into this part of the Channel and
through the Dover Strait into the southern North Sea. That an abnor-
mally strong influx of surface Atlantic water into the North Sea may
also accentuate this condition at times, is suggested by the entire absence
of Cladocera from the Varne Lightship Station throughout the years
1905 and 1906.

Records of quantities of Cladocera in Dutch coastal waters on certain
occasions—other than off the northern part of the Freisian coast—can
however be accounted for only on the assumption that at times large
numbers are able to pass through the Dover Strait, or that the temporary
currents indicated as traversing the region between Lowestoft and the
Hook, take part in their distribution, or that both may be contributory
factors.

TeE VERTICAL DISTRIBUTION OF EVADNE NORDMANNI.

The only material as yet available for the study of the vertical distribu-
tion of E. nordmanni in Northumbrian coastal waters is that taken in
1928, when all the samples were examined, i.e. the catches from the whole
series of nets used at ten-fathom intervals at all stations.

The relative numbers of Evadne taken at the different depths are
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indicated in Fig. 4. F. 8. Russell’s (59) method of representation has been
used. The narrow black lines indicate depth where no specimens were
obtained.

Except in April and in a few of the later catches, when Evadne was
scarce, it is shown to be present at all depths fished, i.e. down to 60 fathoms
at the offshore stations with a decided tendency to be most abundant in
the first 10 to 20 fathoms below the surface. If, as stated by Russell,
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Fra. 4.—Vertical distribution of E. nordmanni, 1928.

light intensity is the main deciding factor of the depth at which a species
normally lives, then the optimum intensity for E. nordmanni is evidently
very high. Not only was it found abundantly near the surface during the
summer months at times when visibility was comparatively poor, as in
the early June and the August voyages, but its general distribution
suffered no appreciable change when visibility was good in the later June
cruise and exceptionally good in July. (A special note in the yacht’s log
has reference to the unusually clear conditions prevailing on July 24th
to 27th.) See Table I, page 204.
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Our records, therefore, bear out the general statements of other workers
as to B. nordmanni being essentially an epiplanktonic form. Rammner
however states that the species is not found actually at the surface except
in dead calm weather, as it makes its way to deeper layers of water at the
first sign of roughness of the sea. This does not hold good so far as our
records are concerned, for the samples taken on the August voyage show a
distinet aggregation of individuals at and near the surface on an occasion
when the sea was moderating after a rough period. Sampling was to have
begun on August 21st, but the sea was too rough for the work to be under-
taken until the following day. The weather conditions prevailing during
the several cruises, as recorded in the ship’s log, are summarised in
Table I.

The records of Stebbing and Fowler (¥5) of Cladocera in the Biscayan
plankton further stress the fact of E. mordmanni being essentially a
surface-water form. They record it from the surface on several occasions
and give its lower limit as about 100 fathoms. Only a few isolated speci-
mens were taken from greater depths (500 and 750 fathoms).

It is not expected that normal variations in temperature and salinity
will be shown to have any appreciable effect on the vertical distribution
of this species, as it has been obgerved to live under a wide range of con-
ditions as regards both these factors (range of salinity 2-35°/__, limits
1-53-35-4°/_, : range of temperature 6-18 deg. C., limits 1-22-6 deg. C),
but until more data are available it is impossible to discuss this point or
to consider differences between its diurnal and nocturnal distribution in
relation to depth.

TABLE 1
Wearaer ConpiTioNs DURING 1928 Praxkron CRUISES.
Date. Wind. Sea. Visibility. Remarks,
Aug. 20th N.E. E.; strong Poor; rain  Too rough for work.
s 21st " 3} EE] 22
v  22nd N. N.E. moderat- Poor
ing
v 28rd S.8.E. ; light Moderate .
. 24th Increased * Hashy Poor : rain
July 25th W.: light Smooth Very good Visibility exception-
.. 26th - - i3 ally good through-
o 27th Light ; variable Light N.swell  Good out  trip — coast
.. 28th Light ; N..N.W. 2 Cloudy, rain seen  from  off-
shore stations.
June 22nd Fresh, W. Moderate.
. 28rd Strong, W. Better.
. 24th Fresh-strong Good.
June st Light, 8.E. E. swell.
. nd Light, N. Haze, clearing
later.
April 24th Fresh, S. Moderate.
s 25th 8.E. -

. 26th  Light, N.E. Calm

EE
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PART II. THE LIFE-CYCLE OF EVADNE NORDMANNI.

1. TeE PARTHENOGENETIC PHASE.

The paired ovaries of E. nordmanni are small, spindle-shaped structures
lying at the sides of the intestine. The posteriorly directed end of the
ovary is rounded while the opposite end may be drawn out to a fine point.

After the eggs have been shed into the brood pouch, the ovary is in-
visible in stained preparations (Figs. 5 and 11), but, as the embryos
develop, the organ is again discernible, its contents developing meanwhile
80 that by the time the embryos are ready to be freed, a second generation
of eggs has been formed and may be extruded even before the previous
batch of embryos has been set free. (Figs. 6-9 and 14.)

As the preparations examined were made from material not specially
preserved for the purpose, it has not been possible to make out the details
of the early development of the ovarian cells—the nuclei not being visible.
In the earliest phase in which the ovary can be seen, it is filled with a mass
of tissue not shown to be definitely marked off into cells. Later a number
of irregularly shaped cells are closely pressed together in all but the narrow
anterior end of the ovarian sac, and finally the same space is occupied
by a string of large cells varying in number from four to six or rarely
eight. The last of these is placed at the extreme posterior end of the
organ, while the anterior part is now filled with a group of very small
cells (Figs. 15 to 18). The anterior part of the ovary thus evidently
constitutes the germarium described by W. F. R. Weldon (84) as occupy-
ing this position. The posterior end of the ovary is turned towards the
dorsal side of the body and, at the time of egg extrusion, no doubt forms
a short oviduct which becomes continuous with the wail of the brood
sac as suggested, though not actually seen, by Claus (12).

In certain preparations only four large ovarian cells are present and
there is no germarium. As this condition occurs in specimens bearing
only very few embryos, indicating the condition of depression already
mentioned as preceding the sexual phase, it would appear to be an early
stage in the formation of the resting-egg (Fig. 34). This will be discussed
below.

The process of development of the parthenogenetic eggs of Polyphemidee
was described originally by Claus who stated that the tetrad-formation
of ovarian cells, which undoubtedly occurs in the production of the gamic
egg, occurs also in the development of the agamic generations—one cell
from each tetrad giving rise to an ovum, the others serving as “ nurse-
cells 7 or feeding cells for its nourishment.

Kuttner (83), on the other hand, states that never was the tetrad
formation observed, that no “ nurse-cells” are present and that each
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Fia. 5.—Parthenogenetic female of E. nordmanni with embryos in blastula stage. Shows
thickening of anterior wall of brood pouch and cells suspended in cavity towards
apical end.

Fic. 6.—Developing embryos in brood pouch ; ovary again becoming visible.

F1a. 7.—Brood pouch containing well-advanced embryos bearing eggs. Maternal ovary
further developed than in preceding figures.

Fic. 8.—Female showing conditions during height of parthenogenetic activity : nine
embryos in brood pouch. Ovary with seven egg cells and germarium.

Fig. 9.—Fertile embryos in shell cavity ready for freeing. Shows torn walls of brood

ouch.

Figs. 10 and 11.—Brood pouch with eggs; shows its relatively small size at this stage
and the glandular cells of its wall, as in Fig. 5.

Fic. li.aXewly extruded eggs in very small brood pouch with glandular cells not yet
visible.

Fie. 13.—Cast cuticle containing one embryo and what appear to be cuticles of two others
in shell cavity.

Fra. 14.—Brood pouch containing two fully-formed embryos and enclosing second very
small brood pouch with two newly extruded eggs. Here, as in Figures 9 and 13, the
embryos are free from the egg membrane.

Figs. 15, 16, and 18.—Ovaries with varying numbers of egg cells in posterior portion ;
anterior end occupied by germarium.

Fies. 19 and 20.—Ovaries including egg cells and large germaria with cellular contents.

Fies. 17 and 21.—Most advanced stage in development of ovaries, i.e. with two genera-
tions of germ cells. (Taken from preparations of specimens with several embryos
in brood pouch.)
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germ cell develops independently and produces an egg. This is evidently
a fact in regard to the large cells which come to occupy the more posterior
part of the ovary towards the end of the period of embryonic development
of the previous batch of eggs, but it may well be that each of these is the
product of one of a group of four small cells produced by the germarium
as stated by Weldon. He described proliferation in the germarium as
giving rise to quadri-nucleate masses which form four cells, one of which
becomes an ovum and is nourished by the others, which then die. As
already stated, the preparations do not show the details of these earlier
stages at all clearly, but are good enough to indicate that the ovary
contains more protoplasmic masses or cells at the earlier stages than there
are large egg cells present when these are fully grown (Figs. 19 and 20).
During the active period, when many embryos are produced, the ger-
marium may occupy more space than the remainder of the ovary and its
contents are definitely cellular. This is shown in Figure 21.

The failure of Kuttner to observe the germarium may be due to the
examination of specimens nearing the end of the parthenogenetic period,
or to mistaking it for the anterior end of one of the chain of egg cells from
which it is sometimes difficult to distinguish it.

The presence of young germ cells and fully-formed eggs in the ovary,
together with advanced embryos in the brood pouch, is interesting in that
four generations of individuals may thus be seen together in different
stages of development. This, taken along with the fact that the embryos
also become fertile before leaving the brood sac, furnishes an adequate
explanation of the rapid and enormous increase in numbers of individuals
which takes place under conditions favourable to parthenogenetic
reproduction.

Kuttner mentions the fact of the embryos being fertile as significant
in regard to the recording of no females with empty brood sacs, but the
two stages of cells in the ovary is equally important in this connection.
Nevertheless, females with empty brood sacs have been observed. This
occurs at the end of the agamic period and appears to be a necessary
preliminary to the preparations for the nourishment of the sexually
formed * winter-egg.”

Claus has described the brood pouch as a closed feeding-chamber or
“uterus ” in which the embryos are nourished from the maternal circula-
tion through the medium of the glandular cells of its wall and states that
the feeding area is further increased by an infolding of the anterior wall
by means of which glandular cells are suspended within the cavity of the
brood chamber.

Kuttner’s crudely figured “ Blasenférmiges Organ ™ is shown as a band
of large square-sided cells passing across the middle of the brood chamber.
Nothing like this has been seen in the Northumberland material, which



Fia. 22.—Female E. nordmanni with two fully-developed winter-eggs of equal size in
brood pouch. Nurse-cells entirely dizsappeared.

Figs. 23 and 24.—Winter-eggs almost or completely developed, with thick shell.
Shrunken remains of some nurse-cells in brood sacs.

Fic. 25.—Developing winter-egg within closely packed mass of nurse cells. Protective
shell not yet begun to be formed.

Fia. 26.—Rather later stage than last—nurse-cells less numerous and less closely packed.

Fra. 27.—Two fully-formed winter-eggs escaping through ruptured wall of brood pouch
into shell space.

Fic. 28.—Specimen containing two winter-eggs of unequal size.

Fia. 29.—Young winter-egg surrounded by other three cells of the tetrad. Brood pouch
already filled with nurse-cells.

Fic. 30.—Detail of Figure 29 more highly magnified.

F1g. 30a.—One of glandular nurse-cells enlarged to show nucleus, fat globules and granules.

F1c. 31.—S8pecimen of Podon ? polyphemoides with winter-egg in shell cavity.

F1e. 32.—Growing winter-egg of . nordmanni showing formation of envelope. (Brood
sac and nurse-cells not indicated.)

Fra. 33.—Cast shell of Evadne containing a winter-egg.

Fia. 34.—KEarliest stage in winter-egg formation observed. Ovary contains only a tetrad
with third cell slightly enlarged but not noticeably different from others in texture.

Frc. 35.—Rather later stage than last. Third cell now definitely larger and filled with fat
globules.

Fic. 36.—Stage between those shown in Figures 34 and 35. Brood pouch formed and
partially filled with nurse-cells which are situated chiefly along its anterior wall.
Fic. 36a.—Shows detail of ovary shown in Figure 36. Third cell of tetrad filled with fat

globules.



CLADOCERA FROM NORTHUMBRIAN PLANKTON. 209

shows, during certain stages of brood sac formation, a condition similar
to that described by Claus.

When the eggs first leave the ovary they lie at the posterior end of the
shell cavity, just anterior to the caudal furca and closely surrounded by a
fine membrane which forms the wall of the brood sac (Fig. 12). The eggs
are thus pressed together and are not circular in outline as they become
later. As the eggs develop, the wall of the brood pouch correspondingly
expands and its cellular character becomes obvious. It is attached to the
shell along its posterior border and becomes triangular in shape. The
anterior wall appears thickened, and elongated spindle-shaped cells
occupy the apex of the triangle (Figs. 5, 10, and 11).  With further develop-
ment of the embryos, the brood pouch lengthens until its attachment
consists of a fine strand of tissue connecting its end with that of the shell
(Fig. 6).  When the brood sac contains only a small number of embryos
its shape is not conspicuously altered, but when packed with many well-
grown young its anterior side becomes rounded and it occupies a consider-
able portion of the shell space which is correspondingly altered in shape
(Figs. 8 and 9).

As the development of the embryos nears completion the glandular
cells of the brood sac wall are no longer visible (Fig. 7). When the young
are fully formed and ready to be freed they are evidently capable of
individual movement within the brood sac and the thin wall becomes
ruptured, permitting their escape into the shell-space (Fig. 9).

From the torn appearance of the brood pouch after the embryos have
passed out and from its very small size when the eggs first reach it, it
appears to be used only once and renewed for the reception of each
successive batch of eggs. Claus, quoting Lovén, mentions the immediate
contraction of the walls of the brood pouch on the exit of the embryos,
but that this does not occur invariably is evidenced by the torn remains
of its walls visible in our preparations, and by the fact that a new batch
of eggs may leave the ovary and be surrounded by a second tiny brood
pouch while the embryos of the previous generation are still retained
within theirs (Fig. 14).

That the complete freeing of the embryos takes place in two stages,
as described by Lovén, is shown even from a study of fixed material.
Following the first stage already described, the final freeing from the
maternal shell space is brought about by ecdysis of the mother, when the
embryos remain in the old shell, from which they can then make their
escape.

Discarded shells containing one or more embryos have been observed
as well as stages following the rupture of the brood pouch. One prepara-
tion, illustrated in Figure 13, shows a cast shell in which one embryo is
retained together with what appear to be the cast cuticles of two other
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embryos, indicating that the young cast their skins at or about the begin-
ning of their free existence. This is probably their first ecdysis, as the
embryos are retained within the egg membrane during the greater part of
their sojourn within the brood sac.

The number of embryos in a batch may vary considerably. That both
ovaries shed their eggs simultaneously and that each of the large ovarian
cells may, under favourable conditions, produce an embryo, is seen from
the presence of as many as fifteen blastulee and up to thirteen or fourteen
advanced embryonic stages. (It is difficult to be sure of the exact number
when so many embryos are packed together in the brood sac.) The usual
number, however, is not nearly so large—generally six to eight or nine
—while at times the majority of specimens carry only two to five embryos.
An analysis of the samples taken at different periods shows this condition
to be coincident with the several stages of the parthenogenetic phase.
Ordinarily, during the period of more active metabolism, larger numbers
of young are produced, while the depression mentioned as preceding the
onset of the sexual phase is indicated by the presence of fewer embryos,
as well as by the occurrence of males in the samples.

The number of embryos formed is, in the first place, dependent upon the
number of ripe germ cells in the ovary, but it is apparent that it may be
further regulated, especially towards the end of the agamic period, by
some of these failing to develop. Although it has not been possible to
demonstrate the fate of these cells, it is believed that they disintegrate
before leaving the ovary, as batches of newly extruded eggs may consist
of only two (Fig. 14).

The greatest number of embryos, i.e. twelve to fourteen, has been
observed only in the large form of E. nordmanni, referred to as occurring
occasionally among the ordinary population. As regards the others,
carrying from two to nine or more young, there is no appreciable difference
in body-size, although those containing large well-filled brood pouches
have the shell distended into a more rounded contour instead of the
typical triangular form of less heavily burdened specimens, thus making
the body appear more bulky.

The progressive decline in activity during the parthenogenetic phase,
here shown for E. nordmanni, as indicated by the decrease in the number
of embryos produced, provides an explanation of the discrepancies between
the accounts of various authors as to body shape and number of young
borne by this species. In consequence, as noted above, it has been
regarded as having a North Sea variety which produces seven or eight
eggs and a Baltic variety with two to five. Also Claus, who examined
Mediterranean specimens in September, gives the number of embryos
as four to six. That he was dealing with material nearing the end of the
parthenogenetic phase is evident, not only from the time of year when the



CLADOCERA FROM NORTHUMBRIAN PLANKTON. 211

specimens were taken, but also from his account of developing winter-
eggs obtained at the same period.

The number of eggs in the first batch produced by a female while still
in the maternal brood pouch apparently varies within only small limits.
Claus gives the number as four to six. Kuttner figures an embryo bearing
five blastulse, and our material also gives examples varying from four to
six eggs or blastulee.

The presence of males was noted towards the end of the partheno-
genetic period, but there are no special observations to record. They are
readily distinguishable from the females by the absence of a brood pouch
and by the rounded form of the paired testes which are easily discernible
in stained preparations.

2. TeE SEXUAL PHASE.

Claus’ observations on the development of the winter-egg, which are
incomplete due to lack of material, are here confirmed. There is no
question as to the production of the gamic egg from one of a group of four
ovarian cells as described by him, but our material includes quantities
of females with such eggs in various stages of development, and a fuller
account of the process is now possible.

The earliest stage seen shows the ovary to contain only four large cells
arranged in a row, the third from the anterior end being already slightly
broader than the others. No germarium is visible, the ovarian wall being
closely apposed to the edges of the tetrad (Fig. 34). That this is an early
stage 1 winter-egg production is indicated, as already stated, by the
absence of the germarium, the size of the third cell and by the fact that the
brood pouch contains only one embryo which appears to be a male as,
although fully developed, it bears no eggs beneath the cuticle on its
dorsal side.

There is at this stage no indication of the presence of the nurse-cells
which later occupy the brood pouch prior to its reception of the growing
winter-egg.

Claus noted the absence of any other cells in the ovary during the
formation of the winter-egg and assumed therefrom that other oocytes
formed at the same time as the one that gives rise to the tetrad must have
passed out to become the glandular nurse-cells which nourish the growing
egg in the brood sac. An examination of our material, however, shows the
nurse-cells to have a different origin.

In the stage shown in Figure 34 the future winter-egg has the same
granular appearance as the other three cells of the tetrad and is only
distinguishable by its slightly larger size. There is no sign of the formation
of the brood sac or of the presence of glandular cells. At a slightly later
stage, that illustrated in Figures 36 and 36a, the winter-egg has assumed
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its characteristic appearance of being filled with globules of fat, and a
brood pouch of moderate size has been formed. This contains a number of
nurse-cells which partially fill it, and they, for the most part, are situated
along its anterior border. That is to say that they arise in the same
position as do the glandular cells present during the development of the
parthenogenetic embryos. This would seem to indicate, in the absence
of any other cells capable of nourishing the egg, that they are not deriva-
tives of ovarian cells at all, but are actually the product of the wall of the
brood pouch, arising, as in the former case, from an invagination of its
anterior border. That they become markedly different from the cells which
feed the parthenogenetic embryos in size, shape, number and contents
will be seen by a comparison of Figures 5, 10 and 11 with Figures 25, 26,
29, and 30.

The slightly older stage shown in Figure 35 is drawn from a specimen
in which the brood pouch is still only partially filled with nurse-cells ;
but when the stage represented in Figures 29 and 30 is reached and the
egg, while retaining its original position, has increased in diameter to
about the width of the intestine, the brood pouch has become packed
with thirty to forty large glandular cells, polyhedral in shape through
mutual pressure and having the appearance indicated in Figure 30a. A
central nucleus is present, and a number of fat globules of various sizes
are to be seen in the granular cytoplasm.

As the egg increases still more in diameter, a fine membraneous
envelope appears, surrounding it closely on its dorsal side and drawn
away from it ventrally, as shown in Figure 32, suggesting that it is the
product of the ovarian wall. The three cells associated with the young
winter-egg have now disappeared.

During the subsequent growth to its relatively enormous size the egg
does not as a rule become far removed from the region of the ovary, but
lies embedded, at the proximal end of the brood sac, in the mass of nurse-
cells which now fillit. When, however, two eggs are developed simultane-
ously, one is placed more distally (Figs. 22, 27, and 28).

From the first appearance of fat globules in the egg, when it loses its
ability to take up stains readily absorbed by the remainder of the body,
and particularly the nurse-cells, it becomes difficult to distinguish,
especially when it has come to be situated within the brood chamber.
Due to this and the fact that the closely packed mass of nurse-cells may
have the appearance of a large number of early embryos, it was not until
a considerable quantity of material had been examined that the signifi-
cance of these cells was appreciated and their presence in the brood pouch
was found always to be coincident with the occurrence of a winter-egg
in process of development.

As the winter-egg nears its limit of growth the nurse-cells decrease
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somewhat in size and number and become more sharply separated from
one another (Fig. 26). The thick protective shell is then formed and when
the development is completed a few shrunken remnants of the nurse-
cells may still be present, as shown in Figure 23. When two eggs have been
formed the brood sac is generally empty.

The fully-formed resting-egg breaks through the wall of the brood sac
and lies in the maternal shell cavity. There is no production of an
ephippium in Evadne, the winter-egg being simply left in the cast shell
on the subsequent ecdysis of the mother. As cast shells containing winter-
eggs have been taken in the plankton samples on several occasions
(Fig. 33), it is possible that they do not immediately sink to the sea bottom
as previously supposed and that, in the case of those formed in early
summer, they may perhaps remain planktonic and develop comparatively
rapidly without a marked resting period.

While the production of a single winter-egg is to be regarded as the
normal condition, it is by no means rare to find two present—evidently
one from each ovary—especially during the summer sexual period. When
this occurs, the eggs may be sub-equal in size, both considerably smaller
than the fully-grown single egg (Fig. 22), or they may be markedly different
in size (Figs. 27 and 28).

A study of Geoffrey Smith’s work (78) on the storage of glycogen
and fat by Crustacea led to the making of preparations stained with
neutral red and with osmic acid. As the material used was by no means
ideal for the purpose, it was not expected to give particularly good
results, but they were sufficiently convincing to be worthy of brief
reference.

The osmic acid preparations showed the developing winter-egg to be
more heavily loaded with fat than any other part ; also the nurse-cells
and the gut took up the stain fairly strongly. Specimens carrying embryos
showed a certain amount of fat to be present in these, but the neutral
red preparations indicated that it is glycogen which is the predominating
substance stored during the parthenogenetic phase. It is present at the
bases of the limbs, in and about the intestine, and is particularly obvious
in the ovaries (especially the germarium), and in the contents of the brood
sac. Indeed, the neutral red served as a differential stain for the ovaries,
showing up their contents as did none of the general stains previously
used—such as borax carmine, alum cochineal, and methyl green.

Specimens in the sexual phase, treated with neutral red, showed
glycogen to be present in the ovary during the tetrad formation, all four
cells being deeply stained at first, but the young winter-egg ceases to take
up the stain as soon as fat globules appear within it and thereafter remains
unstainable. Some glycogen is present in the nurse-cells in addition to the
fat, and also in the intestine.

These facts show that E. nordmanni behaves similarly to other Crustacea
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which have been investigated as regards alternating periods of fat and
glycogen storage associated with the periods of sexual activity and of
growth respectively.

The most interesting and striking feature of the analyms of the
Northumberland material is the evidence of a definite double cycle in the
annual history of marine Cladocera as shown for E. nordmanni. Except
for Apstein, who touches briefly on the subject, no previous attempt has
been made to work this out, to compare marine with freshwater forms
in this respect or to correlate the phenomenon with environmental
conditions.

GENERAL CONCLUSIONS.

The very considerable amount of work which has been done on the
Investigation of the life-cycle of Cladocera in relation to environmental
conditions and to hereditary qualities, has been carried out almost entirely
on freshwater forms. Observations on these under natural and experi-
mental conditions have led to widely different theories as to the probable
causes of the change from parthenogenetic to sexual activity.

Weismann was of the opinion that there is a definite inherent cycle
which causes the production of a particular number of gamic generations
—the number varying with the species—between every two gamic
periods, regardless of external changes. On the other hand, the generally
accepted idea has been that the life-cycle is intimately bound up with
seasonal variations in the environment, and that the production of
winter-eggs occurs at the onset of conditions unfavourable to continued
activity of the organism, i.e. that in nature it precedes hot dry periods
when small bodies of water are liable to become dried up, and cold spells
when freezing may occur.

With regard to the effect on the organism of these conditions it is obvious
that it is not the actual process of desiccation or freezing which brings
about the development of the protected resting-egg, for to be of any
value in preserving the species, its formation must be completed before
the unfavourable conditions supervene, and the stimulus to sexual repro-
duction must be looked for in changes which take place some little time
in advance.

If physical factors of the environment are regarded as bemg mamly
responsible for changes in metabolic activity of the organism, it is
necessary to consider what these are and to attempt to discover how
they act. The more obvious changes are those of temperature and salinity*

* A detailed discussion of the effects of normal variations in the percentage of dissolved
oxygen and carbon dioxide and in the amounts of different chemical compounds present
in the water is regarded as unnecessary. Such variations will not ordinarily be of
sufficient magnitude to act as divect limiting factors of the activities of epiplanktonic
animal forms of open waters, with which the present discussion is pr]man]v concerned.
A know ledge of these and of their indirect effect is assumed in the following consideration
of changes in abundance of the phytoplankton in its relation to the nutrition of Cladocera.
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and, having regard to climatic conditions in various parts of the world,
it is evident that species living in different climatic zones may react
differently if these factors exert a direct influence. That is to say that the
gamic phase may be associated in some cases with an increase in the
amount of the factor or factors concerned and in other cases with a
decrease in the amounts of the same factors. ;

Due to the occurrence of large swarms of Cladocera which have been
observed to congregate in restricted areas (even in large lakes) during
the agamic period, two other factors have been regarded as of importance,
namely the accumulation of excretory products and the possible scarcity
of food, or changes in the constitution of available food material. The
question of nutrition is of vital importance both as a direct factor and in
its relation to physical changes, notably temperature, as stimuli influencing
both the amount of food material obtainable and the organism’s ability
to use it.

Experimental work prosecuted with a view to determining the value
of various physical and nutritional factors believed to be instrumental
in bringing about the cessation of parthenogenesis, has resulted in many
and conflicting conclusions. This experimental work has been summarised
by Cutler (14) and more recently and completely by Schull (63), whose
comprehensive and critical account makes it unnecessary to discuss it
here.

As regards the theory of the inherent cycle in Cladocera, first formulated
by Weismann and attributed to the effect of natural selection, there is
again considerable difference of opinion resulting from more recent
investigations. Papanicolau (on showing that early broods are strongly
parthenogenetic in tendency, late broods gamic in tendency and inter-
mediate broods easily influenced either way) assumed the existence of a
graduated inherent cycle, but his results can also be interpreted in the
light of changing environment, as shown by Agar (1) and others. Also
Banta, having reared three hundred generations of Moina, found it no
easier to induce the gamic phase then than in early generations.

Woltereck (86) takes the via media, being of the opinion that
internal and external causes are equally contributory to the production
of gamic forms. While retaining the idea of internal stimulus to
periodicity and postulating the presence of “ paralisators ” and “ activa-
tors 7 within the organism, acting in opposition to one another to produce
alternating phases of its life-cycle, he permits these hypothetical sub-
stances to be set in operation by the action of physical factors of the
environment.

That there is here an inherent cycle in the sense that periods of rapid
somatic growth, of reproductive activity, and of comparative rest are
characteristic of Cladocera as of living organisms generally, is obvious,
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but data relating to the behaviour of particular species in different types
of natural habitat show plainly that nothing more need be claimed regard-
ing the part played by heredity and natural selection. The work of
Zschokke and of Ekman has demonstrated that a particular species of
Cladocera may be dicyclie, polyeyclic or even acyclic in varying fresh-
water conditions presented on the European plains, but is strongly and
definitely monocyclic in high Alpine lakes and in lakes and ponds of the
far North.

Beyond the fact that gamic reproduction must occur at some period
(except possibly in “ acyclic ” forms), it is evident that the stimulus
which induces the gamic phase must be sought in those environmental
factors which necessarily limit or accelerate, directly or otherwise, the
rate of metabolism of the organism at any given time. This would appear
to be the idea behind von Scharfenberg’s attempt to reconcile the two
opposed views regarding the relative importance of internal and external
factors, by assuming that the influence of food on the cycle is an inherited
quality acquired through natural selection.

With regard to the conclusions drawn by various workers from the
results of their experiments, one or two points appear to be worthy of
further mention. Much has been made of the effect of the accumulation
of excretory products, resulting from overcrowding, in inducing gamic
reproduction (or at least depression), but it seems to the writer that this
must be of far less consequence in nature than under experimental con-
ditions. That it is probably a contributory cause of depression in small
or in very stagnant bodies of fresh water at times of maximal population
is not denied, but that such an accumulation can occur to any marked
extent in large water masses, whether of fresh water or the sea, where there
is considerable movement, at least near the surface, the writer is unable to
appreciate. Also, in so far as carbon dioxide is to be regarded as an
important excretory product in this respect, it might with equal prob-
ability be assumed to have the reverse effect in that it would tend to
increase the supply of phytoplanktonic food-material.

Geoffrey Smith’s experiments on the effect of temperature also call for
remark in the light of our observations on Evadne. He states that a
lowering of the temperature, which induces gamic reproduction, acts as a
stimulus to the storage of fat in the tissues as opposed to glycogen. That
decreased temperature need not be operative, or is not the only stimulus
regulating fat storage, is shown by the incidence of the gamic phase in
Evadne at two different seasons—one when the temperature is rising
prior to its August maximum value and the other usually when this is
well past. Similar conditions obtain in regard to salinity in the case of
Evadne, the first gamic phase occurring about or before the period of the
annual maximum, the second considerably later.
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The fact that the question of food-supply has generally been considered
of vital importance is brought out, as noted by Schull, by the event of
more experimental attempts having been made to connect the life-cycle
with nutrition than with any other external factor—temperature being a
close second. As decreased temperature is generally regarded as acting
either through its effect on the amount of food-material available or in
reducing the rate of the organism’s metabolic activity and consequently
lessening the nutritive process, it may be assumed to be an important
contributory factor in nature at those times at which low temperature
and depression or the occurrence of the sexual phase supervene simul-
taneously. This does not however take into account those times
when gamic individuals occur also during periods of comparatively high
temperature.

It was evidently this difficulty which led Keilhack, arguing from
observations in nature, to reject the idea of low nutrition as an important
factor in the production of sexual forms. He remarks that Polyphemus
pediculus, a dicyclic form, has a gamic phase in June “ when food is
abundant.” His contention is supported by Strohl who states that a
gamic phase in June could not be due to lack of nutrition. As to the
abundance of food suitable to continued asexual activity of dicyclic
Cladocera at these times, there must be considerable doubt and, from a
study of recent work on the periodicity of freshwater Cladocera together
with our records for Evadne, this contention must definitely be rejected.

From observations in the field, the general conclusion of Dr. Robert
Gurney, with whom the writer has been in correspondence, is that shortage
of food is the main direct limiting cause of the cessation of parthenogenetic
development of freshwater Cladocera, as it appears to be in the case of
marine species also. Leaving aside the special problems relating to food-
supply in temporary ponds and the like, and in lakes situated at high
altitudes and high latitudes where, compared with permanent water-
masses of temperate regions, the periods suitable to food production are
of relatively short duration, the periodicity of abundance and scarcity
of food is closely parallel in both marine and freshwater habitats.

It will be sufficient here to draw attention to the similarity in number,
times of appearance and relative productivity of the periods of maximal
abundance of the phytoplankton of fresh and sea-water, without entering
upon a detailed discussion as to the causes of the same, and to show
the close relationship between these and the life-cycles of characteristic
Cladoceran inhabitants. It has generally been supposed that marine
Cladocera were monocyclic and that their activities, therefore, bore no
relation in respect to periodicity, to limnetic forms. Also, as it is only
comparatively recently that the dicyclic character of the latter has been
correlated with changes in abundance of phytoplankton, no comparison
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has been drawn between fresh water and marine Cladocera in this respect
until now.

Taking into consideration regions in which temperate climatic condi-
tions obtain, a similar periodicity of phytoplanktonic activity is found to
occur in freshwater lakes and in the sea. In the former the two periods of
upheaval caused by temporary full circulation of the water in spring and
autumn due to the development of a thermocline (and in certain cases to
other causes as in Lough Derg) (74), give rise not only to the provision of
nutritive substances required for the rapid multiplication of diatoms,
green alge, etc., but also bring increased supplies of food-material directly
within the reach of detritus feeders among the animal plankton such as are
many of the freshwater Cladocera. Thus, two periods of reproductivity
of the zooplankton are possible. While this may be associated in some
species with the one, in others with the second period of optimal nutritive
conditions, certain forms such as Cladocera and Rotifers may take advan-
tage of both periods (11) : here the agamic phases are coincident in time
with both the aforesaid periods and thereafter the population suffers a
reduction in numbers followed by the sexual phase.

In the sea, a similar series of events takes place, the spring and autumn
maximal periods of parthenogenetic development of Cladocera heing
associated in time, at least in a general way, with the corresponding periods
of diatom abundance, after which numbers decline and the gamic phase
supervenes. This has been shown for E. nordmannt to be more strongly
marked after the spring maximum than it is in autumn, thus indicating
an association between Cladocera and phytoplankton in regard to relative
quantity as well as to time. Another aspect of the effect of varying
quantities of food on Cladocera, while not having a direct bearing on the
present problem, is nevertheless interesting. Wolterek (88), in his recently
published book, shows the possibility of inducing modifications in the form
of Daphnia cucullata in response to abundance or scarcity of food.

That there is a definite relationship between times of food scarcity and
corresponding periods of depression in the metabolic processes of plankton

-organisms generally is now evident. It has been shown by Dieffenbach
and Sachse, as quoted by Carpenter ; is suggested by the findings of
Gurney (24), Zschokke, and Ekman referred to above ; is indicated in the
analysis of samples taken by Scourfield (70 and Y1) and is of common
occurrence among marine planktonic forms. In addition to being demon-
strated in the case of Evadne, the Northumberland plankton samples
show the presence of spring and autumn periods of reproductivity in the
common acorn barnacle (not yet worked out in detail), as is the case in
many holoplanktonic forms and littoral animals with pelagic larve, e.g.
Mysis spp., Crangon vulgaris (6), Sagitia elegans (47).

The emphasis laid on the influence of the vernal and autumnal maxima
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of phytoplankton on the zooplankton generally and on limnetic and marine
Cladocera in particular, is meant to detract in no way from the importance
of the physical factors of the environment but is meant to draw a com-
parison between the similarity of the more important features regulat-
ing the cyclic activities of both marine and freshwater pelagic animals,
and to draw attention to the effect of physical changes being generally
indirect rather than direct in their influence. There is, of course, no
question of the direct effect of decreased temperature, for example in
lowering the rate of nutrition ; but so far as dicyclic Cladocera are con-
cerned this is a secondary stimulus, brought to bear on the autumnal
period of depression but not on the spring one.

As regards the results of experimental and other observations on the
influence of increase or decrease in the intensity of physical and nutri-
tional factors, it would appear that it is not necessarily or only the actual
amount of any particular factor which affects the organism concerned,
but rather “ change as change.” This is pointed out by Schull in reference
to Whitney’s work, and its importance in regard to the constitution of the
available food-supply is shown by von Scharfenberg’s experiments. That
his conclusions are confirmed by the behaviour of plankton organisms
in nature is indicated by the fact that while the spring increase of diatoms
is followed by abundance of Peridini® in the summer, agamic reproduction
in dicyclic Cladocera nevertheless comes to an end (or at least is greatly
slowed down) and supervenes again at a rapid rate only when the diatom
curve is once more on the up-grade in early autumn.

While the Northumbrian records of periodic abundance of Evadne
show it to follow the trend of the general annual diatom curve, there is
considerable variation in the times of maximal population from year to
year, and it is not yet possible to show to what extent these variations are
coincident with minor changes in the position of the cusps of the diatom
curves in those years in which abnormal conditions have prevailed in the
region under consideration.

SUMMARY.
Parr L

From an analysis of previous records of E. nordmanni, considered in
conjunction with those furnished by the present investigation, the follow-
ing points of interest emerge.

1. E. nordmanni, while being generally distributed in the North Sea
and adjacent waters throughout the summer months, has been shown to
breed freely in inshore waters in early summer and again in autumn when
maximum numbers of individuals are obtained.

2. These two periods of maximal abundance are produced as the result
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of successive parthenogenetic broods and alternate with periods of depres-
sion. This is indicated not only by the sexually-produced winter-egg,
but also by a reduction in the number of embryos contained in the brood
chamber and consequent change in body-shape. This serves to show that
the supposedly distinct races, described as being characteristic of the North
Sea and the Baltic, have no doubt been founded on material taken at
different periods of the agamic phase.

3. The alternating periods of abundance and scarcity appear to be
associated with transnatant movements of the population.

4. The earlier maximum is the more extensive one and the following
period of scarcity of numbers in inshore waters is less marked and of
shorter duration than that which follows the autumn maximum.
Although the Northumberland records do not cover a sufficient number of
months of any year to provide information as to the presence of E. noird-
manne during the winter, it is evident from previous accounts that a
certain proportion of the population is able to withstand both periods
of depression and that these, together with new individuals produced from
the resting-eggs and others entering the area from without, provide a
stock from which the following early summer maximum is obtained.

5. The distribution of the species is affected by exceptional conditions.
wrought by changes in the current system of the area of distribution.

6. E. nordmanni is an inhabitant of both coastal and oceanic waters.
It is present in great quantity on both sides of the North Atlantic, and it is
suggested that its geographical distribution is intimately associated with
the current system of that ocean. Its distribution beyond this region is
merely indicated.

7. A comparison of the surface current systems of the southern North
Sea, the Irish Sea, and the eastern English Channel is made in an attempt
to explain the scarcity of Cladocera in these regions.

8. The material available for the study of the vertical distribution of
Evadne is adequate to illustrate only diurnal conditions and shows the
optimum light intensity to be very high for this form. Thereis no evidence
that Evadne retires below the surface to any noticeable extent in rough
weather.

Parr II1.

9. The account of the development of the parthenogenetic generations
of E. nordmanni has reference to the formation of the oocytes; the
development of the brood pouch and the production of the nutritive cells
of its wall ; the method of freeing of the embryos.

10. The presence of three generations of young within the mother
and the fertility of the embryos are considered in relation to the rate of
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inerease of the population. The variation in number of embryos within
the brood pouch is discussed in its association with the period of depression
which is shown to precede sexual reproduction. The fact that the brood
pouch may at times be empty is shown, and is correlated with the change
from the agamic to the sexual mode of development.

11. A more detailed deseription of the formation and growth of the
winter-egg than has been given heretofore is included, and has reference
to the formation of a tetrad ; the disappearance of the germarium ; the
production, derivation, constitution, and absorption of the nurse-cells
and the freeing of the winter-egg. The significance of the production of
two winter-eggs simultaneously is considered.

12. Evadne is shown to behave similarly to other Crustacea in the
matter of fat- and glycogen-storage, being associated with alternating
periods of active growth (parthenogenetic phase) and gamic reproduction.

13. The general conclusions arising out of the study of the life-cycle of
Evadne which shows it to be definitely dicyclic, are concerned with the
question of the relative value of internal and external factors as stimuli
effecting the biannual series of changes which occur, and it is believed
that food-supply is of primary importance and that other factors are of a
secondary nature or are indirect in their influence.

14. A coincidence of the periods of maximal population of Cladocera
with those of diatom abundance is shown to take place as regards both
time of occurrence and relative productivity. A comparison is drawn
between the behaviour, in relation to food-supply, of marine and limnetic
species of Cladocera.
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Studies on the Monogenea of Plymouth. Gastrocotyle
trachuri v. Ben. and Hesse, 1863.

By
By E. Idris Jones, B.Sc. (Lond.)

With 4 Figures in the Text.

In August, 1932, six specimens of this species were found on the gills of
Trachurus [ Caranx] trachurus taken at Plymouth. This is the first record
of its occurrence in British waters.

The genus and species were first defined by van Beneden and Hesse
(1864), their description being from young specimens, and incomplete in
numerous details. No account of the internal organs is given, the genital
opening is not described and the number of crotchets or hooks at the
posterior end of the body is said to be four. This undoubtedly arises
from the fact that their specimens were immature, being 1-5 mm. in
length, whereas the specimens found at Plymouth are ¢irce 4-7 mm,

Of subsequent authors Taschenberg (1879, a and b) refers to Gastro-
cotyle, but depends on van Beneden and Hesse’s description and adds no
new details. J. T. Cunningham (1887) refers to Gastrocotyle in a dis-
cussion on the systematic position of Stichocotyle, but again contributes
no new details. Monticelli (1888) discusses its systematic position,
depending on van Beneden and Hesse’s description ; von Linstow (1889)
mentions Gastrocotyle in his Compendium, but the first record of its
occurrence after van Beneden and Hesse’s discovery comes from Paroni
and Perugia (1890, a) who found it on the gills of Trachurus trachurus at
Genoa and later in the same year (1890, b) published a description of the
species. This account is a big-advance on that of van Beneden and Hesse,
but is still incomplete. The reproductive organs are said to be similar
to those of Microcotyle, but no description is given. Six crotchets are
described at the posterior end of the body and the cotylophore bears
35 suckers. The measurements of their specimens are 3 mm. x1 mm.
Unfortunately the armature of the suckers is not figured. Braun (1893),
Pratt (1900), Monticelli (1903), Nicoll (1915), and Brown (1929) all make
references to the species, but no new data or records are added.

The specimens here described were found during an investigation at
Plymouth on the trematodes of fishes. During this investigation it
was repeatedly noticed that when copepods were present on the gills
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trematodes were seldom found and vice versa—a fact also noticed by
W. H. Leigh-Sharpe (1933).

Gastrocotyle trachuri (Fig. 1) is an elongated worm 4-7 mm. long, narrow
in its anterior third but considerably broader (1-2 mm.) in its posterior
two-thirds along the left side of which is borne the cotylophore. The
cotylophore bears one series of 32-40 suckers, each sucker measuring
0-08 mm. in diameter. Van Beneden and Hesse (1864) give the number
of suckers as 31-38, and Paroni and Perugia (1890) as about 35. The

Fre. 2.—A. Armature of sucker; B. Posterior end of body ;
C. Crotchet from genital opening.

armature of the suckers (Fig. 2, A) is very different from that described
by van Beneden ard Hesse. At the extreme posterior end of the body are
6 uncini, the lateral pair being large and stout and the two medial pairs
small (Fig. 2, B).

The Alimentary System. The mouth is terminal at the anterior end and
leads into a buccal cavity in which are situated two lateral oval suckers
measuring 23u X 15, From the buccal cavity emerges the pharynx,
measuring 46y 30, which leads into the cesophagus. The cesophagus
is 0-2 mm. in length and has pouches in its walls but no actual diverticula.
The gut extends down on either side of the body and has numerous
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diverticula and in the posterior end of the body the limbs of the gut
anastomose (Figs. 1 and 2, B).

The Reproductive System (Fig. 3). The testes and ovary are situated
in the posterior third of the body in the mid-line. The testes are situated
more posteriorly and consist of closely apposed lobules. The vasa

V.ID.

cD

F16. 3.—Shell-gland and associated structures. C.D.=connecting duct ;
O.=ovary (partially in outline): 8.G.=shell-gland; U.=uterus; V.=
vagina: V.LD.=vitello-intestinal duct: Y.D.=yolk-duet: Y.G.=
yolk-glands.

efferentia unite to form a fine vas deferens which passes in close apposition
to the uterus up to the genital atrium into which it opens. The ovaryisa
N-shaped organ containing ripe ova in one extremity, from which emerges
a short oviduct which leads into the shell-gland. From the shell-gland
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emerges the uterus which is a non-convoluted wide thin-walled tube
leading up to the genital atrium into the base of which it opens (Fig. 4).

The genital atrium (Fig. 4) is a muscular sac 23 in diameter, and at its
apex is the genital opening which is situated in the mid-line ventrally,
a short distance from the anterior end of the body. The opening is
guarded by 12 crotchets arranged in a circle. Each crotchet (Fig. 2, C)
has a bifurcate base and a hooked extremity, not a simple base and a
flattened diamond-shaped extremity as described by Paroni and Perugia
(1890, b).

The vagina opens in the mid-line on the dorsal surface a short distance

F1a. 4.—(enital atrium and open-
ing. U.=uterus; V.D.=vas
deferens,

behind the genital opening. It leads into a receptaculum seminis from
which a duct emerges which proceeds downwards between the uterus and
vas deferens and at the level of the upper border of the ovary receives
the vitelline ducts on each side and then passes down into the shell-gland
(Fig. 3), giving off the vitello-intestinal duct on the left.

The vitellaria are scattered diffuse lobules lying between the diverticula
of the gut and a few lie anterior to the genital opening. None pass into
the cotylophore.

The eggs are described by van Beneden and Hesse, and Paroni and
Perugia as possessing two short filaments. No eggs were found in these
specimens, so this fact cannot be confirmed.

I am indebted to my friend and former teacher, Mr. W. H. Leigh-
Sharpe, for his help in finding these specimens.
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Rhopalura granosa sp.nov., an Orthonectid Parasite of
a Lamellibranch Heteranomia squamula L., with a
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IxTRODUCTION.

TuEe Orthonectida, a small group of rare parasites, have attracted consider-
able interest owing to their doubtful systematic position. In 1868
Keferstein (1868, pl. ii, fig. 8) figured, though he did not describe, a
“ problematic parasite "* from the digestive tube of Leptoplana tre-
mellaris, but 1t was not until about 1877 that a serious investigation of
these forms was undertaken by Giard (187T), who gave to the group the
name of Orthonectida. Our knowledge of the organisation and life-
history of these parasites, however, is in great part due to the admirable
researches of Caullery and his collaborators. The Orthonectida are forms
in which the sexual generation is formed asexually from germ cells pro-
duced in a parasitic plasmodium.

Some eight species of Rhopalura, and one of Stcecharthrum, are now
known.

Rhopalura granosa sp. nov., parasitic in Heteranomia squamula L.
(=Anomia aculeata Miiller), in the Plymouth area, is the first Orthonectid

* This species was named Rhopalura (Intoshia) leptoplance by Giard (1880, p. 236) ;
it was rediscovered and described by Jourdain (1880)—under the name of Prothelminthus

hessi—at Saint-Vaast-la-Hougue, and by Caullery and Mesnil (1901 ¢, pp. 399-400) in the
bay of Saint-Martin, under the old fort of Saint-Germain-des-Vaux,
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to be described from a Molluse, members of the group being hitherto
known from Annelids, Nemertines, a Planarian, and from an Ophiuroid,
Amphivra squamata. The only previous record of an Orthonectid for the
British Isles would seem to be that by McIntosh in 1873 (p. 129), when he
described a curious parasite burrowing in the body wall of Lincus gesser-
ensis. The specific name granosa has been given on account of the presence
of characteristic refringent bodies in the male (see p. 237).

DESCRIPTION 0F RHOPALURA GRANOSA.

In R. granosa the sexes are separate, and, as in other species of Rhopa-
lura where the male is known, exhibit sexual dimorphism. Sexual dimor-
phism is so marked in the genus that Giard (1879, 1880) originally referred
the two sexes in R. ophiocome to two genera, Rhopalura and Intoshia.

The Female.

The female (Fig. 1, A and B) is cylindrical, tapering anteriorly and
posteriorly, and about 190 to 210 long, and 60 to 75u broad, not includ-
ing the cilia. Individuals, however, vary somewhat in shape, doubtless
partly owing to their considerable powers of contraction; a narrow
elongated female, ca. 230u long and 55y broad, is shown in Fig. 1, B, but
this is an extreme form, and rarely seen.

Fig. 1, A and B, of R. granosa recall Julin’s figures of ““ femelle aplatie ”
and ““ femelle cylindrique ” of R. ophiocome (Julin, 1882, pl. ii, figs. 2
and 1). The type of female shown in Fig. 1, A, is not flattened, however,
for there is no appreciable difference observable in the width as it rotates
in swimming ; the rings are no less clearly marked than in the elongated
form (Fig. 1, B). Both forms are found among those issuing naturally
from their hosts. Caullery and Mesnil (1901 ¢, pp. 395-397) think that
possibly the cylindrical females of R. ophiocome are a temporary state,
leading to the flattened females: their specimens were apparently
taken artificially from the host.

The body of the female R. granosa, which is entirely ciliated, shows eight
rings, of which the first is the anterior, and the last the posterior terminal
cone. The fourth and sixth rings seem to be formed of two rows of cells,
while the second, third, fifth and seventh are formed of one row each. The
anterior and posterior cones are formed of several rows. Between the
rings there is a row of tiny cells, as in the male. The rings are superficial,
involving the ectoderm only, the body not being segmented : they are
more evident in some individuals than in others. When the animal is
swimming forwards the cilia on the anterior cone are directed forwards,
and those on the body posterior to it backwards (see Fig. 1, A). When
the animal is swimming backwards, however, those on the second ring, as
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RHOPALURA GRANOSA SP. NOV.

F1e. 1.—Rhopalura granosa. Sketches from life of individuals which had issued naturally

from the host. The cilia are shown in profile only, although actually the animals

are enfirely ciliated : they are shown somewhat diagrammatically. = 5731,

A. Female. The cilia are shown as they appear during slow forward movement.

B. Rare, elongated form of the female. The cilia are shown as they appear during
reversed swimming. In both forms the asymmetrical anterior extension of the
mass of ova is due to the presence of the problematical organ, which is not shown
in the figures.

C. Male.
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well as those on the anterior cone, become motionless and are applied
closely to the surface of the body, the tips being directed anteriorly (see
Fig. 1, B, and also p. 247).

The ectoderm cells of the anterior and posterior extremities are deeper
than those covering the rest of the body, the depth of the anterior cells
being especially noticeable. The latter, in particular, contain a number of
granules towards their outer ends, which become red if a trace of neutral
red is added to the water. In sections of animals preserved in Bouin’s
fixative and stained with Heidenhain’s iron hematoxylin and acid
fuchsin the ectoderm cells appear much vacuolated, the vacuolation
occurring sometimes at the inner ends, and sometimes at the outer ends
of the cells. A problematical organ is present in the anterior cone ;
narrow prolongations from the organ appear to encircle the cone. It has
been suggested by Metschnikoff (1881, p. 285) that this structure may be a
remnant of an alimentary canal, and by Caullery and Lavallée (1908 b,
p. 465) a nervous ring. A few, one to four, large vacuoles are generally
observable in the cells of the anterior cone.

A small number of refringent bodies occur at irregular intervals, in a.
position between the rings of the body. These become orange with neutral
red, and pale blue with methylene blue intra vitam staining.

The ova are numerous, very roughly about two hundred. They extend
only slightly into the region of the anterior cone. They are about 14y in
diameter, with transparent cytoplasm containing a number of refringent
granules, which become red with neutral red used wnira vitam : it would
appear to be these granules which in sections of material preserved in
Bouin’s fixative stain black with iron hematoxylin.

The embryos develop in the body of the parent: they are closely
packed, and no movement of the ciliated larve is observable, such as
occurs in B. pelsencers (M. and C., 1905a, p. 429).

Embryos and ova have been observed, on several occasions, escaping
from the parent in the region of the second and third rings. The fact that
ova also have been seen to be expelled, points to the conclusion that these
occurrences were not normal, but possibly due to unnatural conditions of
observation ; the position of emergence may, therefore, also be abnormal.
A genital pore, such as described by Caullery and Mesnil (1901 ¢, p. 394) for
L. ophiocome, could not be distinguished, at least in females sectioned
while still within the host : no sections were made of those which had
emerged.

The Male.

The male (Fig. 1, C) is cylindrical and slender, tapering anteriorly and
posteriorly, the broadest region being the second ring. It is 87 to 95
long and 20 broad, not including the cilia. The body shows six super-
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ficial rings, of which the first is the anterior, and the last the posterior
terminal cone. Between the rings is a row of tiny cells, the nuclei of which
show clearly in sections. The anterior cone is formed of several rows of
ectoderm cells, as is also the second ring.

A characteristic of the male is the presence of large irregular refringent
bodies in the cells of the anterior cone, as well as in the first row of cells
of the second ring. Occasionally smaller refringent bodies occur in other
parts of the second ring. In R. ophiocomae, the only other species in which
the males are known to have these curious large refringent bodies
in the cells, they are present in the second ring only (Giard,

Fre. 2.—Rhopalura granosa. Fre. 3.—Rhopalura granosa. Fragment
Ciliated larva, taken from of a male producing plasmodium. x 70.
the body of the parent. '

x 1470,

1880, p. 229; Julin, 1882, p. 11). In sections of R. gramosa pre-
served in Bouin’s fixative these bodies frequently stain lightly with
a dark periphery with iron hematoxylin and acid fuchsin, but
others stain uniformly black. Caullery and Mesnil (1901 ¢, p. 393)
found those of R. ophiocome disappeared in preparations treated
with alcohol and xylol, a vacuole occupying their place. The fixative
they used chiefly was a saturated solution of sublimate in sea-water, with
the addition of 194 acetic acid.

The male of R. granosa is entirely ciliated. The cilia on the anterior
cone are rather shorter and denser than those on the rest of the body ;
they are directed forwards as in the female. Those on the second ring
are much less closely set than those on the posterior rings, but appear to
be as long. In R. ophiocome, the species which—of those so far described
—seems most closely allied to R. granosa, the second ring is said to be
unciliated, though Caullery and Mesnil (1901 ¢, p. 392 footnote) note that
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some isolated cells exceptionally bear long cilia. In sections the basal
granules of the cilia stain very darkly and clearly with iron hasmatoxylin.
The “ testis” is present about the middle of the body. The sperma-
tozoa are flagellated.
The Larva.

The ciliated larva (Fig. 2) forced from the body of the female, by gentle
pressure on the coverslip, is somewhat acorn-shaped,* being slightly
constricted in the middle region, pointed anteriorly and broadly rounded
posteriorly. (The pointed end is apparently anterior, as this is foremost
when the larva swims.) It is about 19u long. Ciliation is restricted to
two bands of long cilia ; one in the middle region about the slight constric-
tion, and one posteriorly. Refringent bodies are present in both regions
of the larva, but chiefly posteriorly. Cells could not be distinguished in
the living state ; larvee were not sectioned.

The larva of R. granosa differs considerably in appearance from those
so far described, namely, that of R. ophiocome (C. and L., 1905, p. 266 ;
1908 b, p. 432, and pl. xv, figs. 43, 44) and R. pelsenceri (M. and
C., 1905 a, p. 429, and fig. 1), which appear to have no regular arrange-
ment of the cilia, though Caullery and Lavallée (1908 b, p. 432), speaking
of the very small size (12-15p in diameter) and great transparency of
the former larva, say: ““La disposition des cils mémes est & peu prés
impossible & fixer ; ils paraissent longs et peu denses. Ils donnent & ces
larves un mouvement rapide, souvent tourbillonnant.”

Relationships.

Caullery and Mesnil (1901 ¢, p. 419) have distinguished three groups in
the genus Rhopalura, characteriged as follows :—

Cilia limited to narrow rings, R. pterocirri St. J. ().
Ova in compact { R. ophiocomae Gd.
mass. (IT). | R. entoshi Metchn.
R. leptoplance Gd.
R. pelseneeri C. and M.
R, lined Gd.
| R. metchnikovi C. and M.
1 R. julini C. and M.

R. granosa evidently belongs to the second group. It is intermediate
in size in both sexes, between R. intoshi from Lineus (Nemertes) lacteus and
R. ophiocome from Amphiura squamata. In the male it is clearly distin-
guishable from R. intoshi by the presence of large refringent bodies, and
from R. ophiocome by having these bodies in the anterior cone, and the

Cilia entirely (or nearly)
covering the hody. ¢ 1 (or 2) linear
row of ova. (IIT)

* Shaped like an acorn in its cup.
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first row of cells of the second ring, while in R. ophiocome they are
restricted to the second ring.

The female of R. granosa has not been observed to he without cilia on
the second ring, as occurs in certain individuals of R. ophiocome (Giard,
1880, p. 232 ; Julin, 1882, p. 16 ; C. and M., 1901 ¢, p. 393) : it has eight
Tings, while that of R. infoshi has nine (Metschnikoff, 1881, p. 284).

The larva differs from that of . ophiocome both in the shape and the
arrangement of the cilia : the larva of R. infosht is unknown.

TeE PLAsMODIA AND THEIR DISTRIBUTION IN THE HosT.

In Heteranomia squamula the parasite is found replacing the gonad ;
it also oceurs in the blood lacuns and vessels in the mantle and the sus-
pensory membranes of the gills, even extending into the dorsal ends of the
gill filaments. In one host sectioned, numerous young plasmodia were
present in the mantle margin in the posterior region. In heavy infections
the parasitic plasmodia, containing the sexual forms of the Orthonectid,
entirely replace the gonad of the host, rendering the determination of
sex impossible. A fragment of a male containing plasmodium is shown
in Fig. 3. :

It would appear to be more usual for the males and females to occur in
separate hosts, though it is by no means rare for them to be found together
(see p. 244) ; when this occurs one sex generally predominates. Observa-
tions were mostly made on living Heteranomia, only two specimens being
sectioned. One of the sectioned individuals was parasitised by plasmodia
containing males only, many of them being nearly mature. It was well
infected, plasmodia occurring in the mantle, visceral mass, suspensory
membranes of the gills and dorsal ends of the gill filaments, but much of
the gonad remained, sperm being recognisable among degenerating cells
in some regions.

The second Heteranomia sectioned was very heavily infected, no gonad
being recognisable. The great majority of the plasmodia in this host
contained female Rhopalura, but in four separate regions of the visceral
mass and mantle, males were present, many being nearly mature, and in at
least two of these regions males and females occurred together in the same
plasmodium (see Fig. 4). In one region (a), several branches or lobes of a
plasmodium contained males, but in a very small portion only were the
two sexes present together. In a second region (b), a small island of well-
formed males, together with numerous germ cells and groups of germ
cells, was present among females, and the males were not segregated in
separate lobes of the plasmodium. In a third region (c), a few males were
present in a small, almost empty plasmodial lobe, which was rather
doubtfully traced into a female plasmodium. The fourth region (d), near
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the byssal muscle of the host, was by far the largest. This plasmodium
appeared to contain males alone, though its considerable size made the
tracing of its many branches difficult.

Where the males and females were present in the same plasmodium, the
females yet appeared to contain unsegmented ova, so far as could be
ascertained in the crowded condition of these. Caullery and Mesnil
(1901 ¢, pp. 466-467) state that ““ dans des coupes d'une Amphiura, que
renfermait des plasmodes des deux sexes (of R. ophiocome), plusieurs
femelles, & I'intérieur desquelles, au lieu d’ovules, on trouvait des corps
plurinucléés ayant tout & fait l'aspect des embryons décrits ci-dessus,
mais un peu moins avancés. Nous les interprétons comme tels. Il est
parfaitement admissible que, lorsque les deux sexes de Rhopalura existent
dans une méme Ophiure, les femelles adultes puissent, avant d’arriver au
dehors, étre fécondées et renfermer des embryons.”

It is impossible to be entirely certain that the presence of males and
females in the same plasmodium is not due to the disappearance of host
tissue dividing two originally separate plasmodia, but it seems not improh-
able that a plasmodium may produce males and females at different times,
the two phases overlapping to some extent. When plasmodia are well
established in the host, they ramify greatly, and it is practically impossible
to determine their number and limits. The presence of plasmodia with
males only in the less heavily infected host sectioned would seem to
indicate that, if it should prove to be correct that the two sexes are pro-
duced by the same plasmodium at different times, the male phase precedes
the female.

It may be noted that curious thread- or rod-like bodies, or regions, of
darker staining protoplasm were present in some small portions of female
producing plasmodia. Among masses of these occurred a few normal-
looking groups of germ cells. The significance of these bodies is obscure ;
they may be a normal occurrence, or possibly parasites.

Caullery and Mesnil (1901 ¢, p. 384; C. and L., 1912, p. 159) have
described plasmodia which produce one sex only, such as are usually found
i R. ophiocome from Amphivra squamala, as ** unisexual,” and those in
which males and females develop side by side in the same plasmodium, as
in R. metchnikovi from Spio martinensis (C. and M., 1901 ¢, pp. 384, 402),
as ““ hermaphrodite.” In R. intoshi from Lineus (Nemertes) lacteus an
intermediate condition, between that of R. ophiocome and R. metehnikouvr,
seems to obtain, “ male,” ‘‘ female,” and “ hermaphrodite ** plasmodia
frequently occurring in the same host (Metschnikoff, 1881, p. 284).

Most known dicecious species of Rhopalura apparently have  herma-
phrodite " plasmodia (R. leptoplance, C. and M., 1901 ¢, p. 399, and R.
gquling, C. and M., 1901 ¢, p. 412, in addition to those already mentioned),
R. ophiocoma being the only one with generally ““ unisexual * plasmodia.
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There appears, however, to be considerable variation in the condition
of the plasmodia of this species in different localities. Giard (1880, p. 228)
and Metschnikoff, 1881, p. 288) found that in R. ophiocom @ from Amphiura
squamata from Wimereux, and from Naples and Spezzia respectively, a

Photo. D. P. Wilson.

Fic. 4—Rhopalura jranocsa. Section of part of a plasmodium con-
taining both males and females. I, female (transverse section);
m., male (longitudinal section). Bouin's fixative: Heidenhain’s
iron hematoxylin and acid fuchsin. x ea. 1012,

plasmodium produced Orthonectids of one sex only, males or females,
though very occasionally the two sexes might be present in the same host.
Julin (1882, p. 8), also working at Wimereux, says: “Je n’al jamais
rencontré dans le méme héte que 1'une des deux formes, soit le méle, soit la

NEW SERIES.—VOL. XIX. XN0. 1. AvgUsT, 1933. Q
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femelle, . . . Caullery and Mesnil (1901 ¢, p. 392) found ““ Dans le cas de
la Rh. ophiocome, chaque plasmode ne renferme que des individus d’un
seul sexe, et souvent dans une méme Ophiure, tous les plasmodes sont du
méme sexe,” and in a foot-note add : ““ Dans I'anse Saint-Martin, un tiers
environ des Ophiures parasitées renfermait uniquement des femelles, un
tiers uniquement des males, un tiers & la fois des males et des femelles.”
On the other hand Koehler (1886, p. 609) working at Cette on the same
species very frequently found males and females in the same Amphiura,
the latter always being less numerous than the males. He rarely found one
sex only; in some fifty infected Ophiuroids only two contained males
alone. He not only found males and females in the same host, but in the
same plasmodium. Working in the same months of the year as Julin, he
says (1886, p. 610) that the difference in their results can hardly be due to
season, but that “ Le genre de vie de ces remarquables parasites n’est
donc pas le méme & Cette qu'a Vimereux.” In 1901 Caullery and Mesnil
(p- 392) record that in an exceptional case they found adult males and
females, together with developmental stages of both sexes, in the same
plasmodium of R. ophiocome, thus confirming Koehler’s observation of
1886.

In R. ophiocome, where the host is parasitised generally by Ortho-
nectids of a single sex (with the exception of Amphiura at Cette), Caullery
and Lavallée (1912, p. 163, foot-note) believe that the infection has mostly
arisen from a single larva, and that the rare instances where males and
females are present in the same host, have arisen from multiple infection
by larva of different sexes. They think that one larva may possibly give
rise to several amaeboid germs, which spread the infection in the host
(1912, p. 153).

When mature the males and females leave the host. Those from the
gonad of Heteranomia would seem to pass out by way of the renal ducts,
for in sections free forms have been recognised in them. The renal ducts
opening into the exhalent chamber, the parasite will pass out safely in the
exhalent current of the host. The way of escape of those parasites present
in the blood-vessels and spaces has not been observed.

The males and females apparently meet outside the host and fertilisa-
tion is effected. The mode of fertilisation was not observed in R. granosa.
It has, however, been studied in R. ophiocome by Caullery and Lavallée
(1908 b, pp. 428-430). They found that on mixing mature males and
females artificially taken from the host, ““ Au bout de 10 & 15 minutes, on
observe irés fréquemment que des males sont remorqués, aux flancs des
femelles, dans la moitié postérieure de celles-ci, comme s’ils s’étaient
accidentellement pris dans le revétement ciliaire et n’avaient pu s’en
dégager. Une femelle remorque parfois deux méles ; nous en avons méme
observé, une fois, trois.
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(e phénoméne, extrémement commun dans les premiers temps du
mélange, ne se retrouve plus ensuite. Nous avons pu nous convainere que
ces rencontres des méles et des femelles étaient les circonstances mémes
de la fécondation. Et cependant, la facon dont nagent les deux catégories
d’individus n’indique nullement qu’ils se recherchent. On voit les méles
passer trés prés des femelles sans a’y fixer. Ilsemble que ce soit purement
le hasard qui produise les couples observés. Le contact des deux sexes
n’est d’ailleurs jamais trés long. Au bout de quelques minutes, les miles
se sont dégagés, les femelles sont de nouveau solitaires. Ce contact n’est
jamais non plus intime. Le méle parait simplement retenu par sa
ciliation & celle de la femelle.

. nous avons constaté, d’une facon indiscutable, que les sperma-
tozoides sont émis, & ce moment, au dehors. . . .

Caullery et Mesnil (1901, p. 394, pl. x, fig. 2, og.) ont signalé, sur la
surface de la femelle, un pore, appelé par eux pore génital ; . . . Nous
avons lieu de croire que ¢’est par la que les spermatozoides pénétrent.”

The embryos develop while in the body of the parent, being liberated
as ciliated larvee. To Caullery and his collaborators is due the discovery
that in the Orthonectida the ciliated larvee carry infection to fresh hosts ;
(aullery and Lavallée (1910, 1912) have caused experimental infection of
Amphiura squamata by R. ophiocome.

They (C. and L., 1912, p. 140) have discovered that in the life-history
of the Orthonectida two generations alternate regularly :—

(1) asexual generation, constituted in most species of males and females
(some species, e.g. R. pelsencert, are hermaphrodite) formed asexually
from germ cells produced in the parasitic plasmodium.

(2) a generation produced from the fertilised ova of the preceding
generation and carrying infection in the larval state to new hosts,
where these larve are transformed into plasmodia, which give birth
to the sexual generation.

It is puzzling to imagine how minute ciliated larvae can eflect safe -
settlement in a Lamellibranch. In the Anomiidz the action of the lateral
cilia on the gills is particularly furious, and the inhalent current rapid. One
would not expect larvee of not more than 19y in length to be sufficiently
strong swimmers to resist such a current, though it is possible that their
cilia may interlock with those on the gills. If carried to the dorsal groove
between the two demibranchs of each side they would in all probability
eventually reach the mouth. It is possible, however, that after being
thrown against the gills, they may be carried to the free edges of these,
and then posteriorly in the rejection current, and dropped on the mantle
margin in the posterior region. It may be noted that in one of the two
Heteranomia sectioned, numerous young plasmodia were found in the
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mantle margin in this region, but the actual path of infection remains
obscure.

If a number of Heteranomia from an infected batch be placed in a
finger-bowl, numerous specimens of R. granosa may be obtained after a
time. These will live quite happily in sea-water, whereas those obtained
by opening the hosts, being not yet fully mature and ready for their free
life, very quickly die. Even the cilia of immature forms frequently break
down into droplets. It is remarkable that males, sufficiently mature for
the sperm to be active, yet, when artificially liberated from the host die
after a very few minutes in sea-water. In well-formed males obtained in
this way sperm is frequently seen issuing from about the middle of the
body (see also Julin, 1882, pp. 13-14), but this is almost certainly abnormal
and not the true method of emission.

If a jet of air be passed through the bowl, the Heteranomia will live for
weeks, and a supply of Rhopalura be available. A number of Hetera-
nomia have heen kept in this way for some fourteen weeks, though
towards the end of that time specimens of Rhopalura were difficult to
find, and females with segmented ova rare.

R. ophiocome issues from Amphiura squamata chiefly in the late after-
noon ; Caullery and Lavallée (1912, p. 143) suggest that the more or less
fixed hour of emergence, providing for the simultaneous emission of the
males and females, brings about the meeting of the sexes. No observa-

tions were made on the time of emergence of the Orthonectids from
Heteranomia.

NUMBER AND DISTRIBUTION OF THE HosTs INFECTED.

The infected Heteranomia, with one exception, have been obtained
from masses of Lepralia foliacea. The Rhopalura was first found on
November 25, 1932, infecting Heteranomia taken from a mass of Lepralia
turned out of the Plymouth Aquarium, but which had most probably come
from off Revelstoke Point or Stoke Point. Ten out of twenty-two (45-4%,)
of the Lamellibranchs were found to be infected. Of these seven were
infected with plasmodia containing females, and three with plasmodia
containing males. In an unnoted number of Heteranomia infected with
female forms, males were also present. This high percentage of infection,
which has so far not been reached in material examined direct from the
grounds, may possibly have been artificially induced by favourable con-
ditions in the tanks.

On February 2, 1933, 149 Heteranomia from fragments of Lepralia
dredged from off Revelstoke Point were examined. Of these twenty-four
(16-19/,) were found to be infected ; ten with males, ten with females (in
one the plasmodia contained only immature forms, which from their size
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were probably female), and four with both males and females. When both
sexes were present together the males were the more numerous, but as
they are so much smaller than the females it does not necessarily follow
that the plasmodia producing males occupied more space in the host than
those producing females. The hosts varied from 3 to 10 mm. in diameter :
that of 3 mm. was parasitised by male-bearing plasmodia.

The following animals, living either attached to, or sheltering in the
crevices of the Lepralia obtained on February 2, were examined, but
unsuccessfully, for the presence of Orthonectids : ten Chlamys distorta,
ten Ophiothriz fragilis, five Ophiocomina nigra, and one Antedon bifida.

On February 6, 1933, 165 Heteranomia from fragments of Lepralia
trawled from off Revelstoke and Stoke Points were examined. Of these
only eleven (6-69,) were infected ; four with males, five with females, and
two with both males and females. In four the infection was slight. The
hosts varied from about 6 to 12 mm. in diameter.

On February 13, 1933, all the Heteranomia of any size from three large
pieces of Lepralia trawled from off Stoke Point were examined. Of the
ninety obtained fourteen (15-59,) were infected ; nine with males, two
with females, and three with both males and females. Where the two sexes
were present together the males were much more numerous than the
females. The hosts varied from about 5 to 14 mm. in diameter.

The Heteranomia obtained on February 2, 6, and 13 were opened and
carefully examined at a magnification of about 140, so that it is unlikely
that even small numbers of well-developed sexual forms would have been
overlooked, though tiny plasmodia most probably would have been.

Thirty-eight Heteranomia from twenty-four Chlamys opercularis from

the *“ Corner ” Ground off the Mewstone were examined on January 20,
1933 : none were found to be infected.

An examination of seventy-three Heteranomia taken from the carapace
of a single Maia squinado from the Mewstone Ground on March 20, 1933,
showed only one to be infected, and that with plasmodia containing males
alone.

It is possible that only those Heteranomia which occur in large com-
munities, such as on masses of Lepralia, will be found to be generally
infected. The branching colonies of the Polyzoan would also provide
shelter from dispersing currents for the Orthonectids emerging from their
hosts, thus facilitating the meeting of the males and females. Colonies
of Lepralia foliacea were dredged and trawled chiefly off Revelstoke and
Stoke Points at a depth of from 15 to 22 fathoms.

R. ophiocome, a species on which most work has been done, has been
found to infect 2-59, to under 109, of Amphiura squamata (Giard, 1880,
p- 227 ; Julin, 1882,p.9; Cau]lcry and Lavallée, 1908 b, p. 425), varying
widely in different parts of the same locality (Caullery and Mesnil, 1901 ¢,
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p. 391 ; Koehler, 1886, p. 609), and in different years (Metschnikoff, 1881,
pp. 287, 288).

Tue Swivmmine BeHavVIOUR OF Rhopalura granosa.

The Orthonectida were so named by Giard from their habit of swimming
in a straight line. (Hard states (1877, translated 1878, p. 182) : * By the
name of Orthonectida I have desired to recall their progression, which is
so characteristic that it would of itself suffice for their recognition among
the parasites with which they might be confounded.”

In R. granosa this habit would seem to be very generally confined to
animals travelling relatively slowly, as they frequently do on being arti-
ficially liberated from the host. It was apparently on individuals of R.
opliocome and R. linei obtained in this way that Giard made his observa-
tions. Observations on R. granosa have been made on individuals which
had issued naturally from the hosts ; mostly on females because of their
larger size. The males swim more rapidly than the females, for although
there is little difference in the length of the cilia in the two sexes, the males
are less than half the size of the females.

The females, when normally active, continually take short flights
upwards, often touching the bottom of the watch-glass or finger-bowl
only to leave it almost immediately : the males less frequently touch the
bottom. They turn in all directions, this apparently being due to bending
of the body. It is only when their activity becomes much reduced that
they travel largely in contact with the substratum, and then nearly always
in a straight line. When swimming at speed these Orthonectids mostly,
though not invariably, follow a gently spiral path. They may, on occasion,
swim almost perpendicularly upwards, and on reaching the surface film
(in a watch-glass of water) swim beneath it for a short distance, before
diving downwards again. It is particularly when an animal is swimming
perpendicularly upwards that it may be observed to follow a spiral path,
for the anterior end of the animal is seen to describe tiny circles. R.
granosa is symmetrical, with apparently no longitudinal differentiation of
cilia, but any slight bending of the body out of a straight line—such as
might well occur in an animal capable of muscular contraction—would,
owing to the rotation of the animal on its own axis, result in a spiral path
being followed.

The cilia on the body do not beat directly backwards, but obliquely, and
the animal moves forwards, rotating on its own axis to the left. This is
actual, and not apparent rotation due to the appearance of metachronal
waves, During backwards swimming the animal rotates to the right.

Caullery and Mesnil (1901 ¢, p. 402) noted that the males of R.metchnikovi
while in the plasmodia ““ montrent une assez grande mobilité ; ils tournent
sur leur grand axe 4 la fagon d'une toupie.” It is also of interest that they
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remark of the male, which is globular, measuring 40y by 30w, with the
anterior extremity larger than the posterior, “ En raison sans doute de
sa forme globuleuse, il n’a pas le mouvement en ligne droite, si général
dans le groupe et que nous avons constaté, en particulier, pour la femelle.
I1 est extrémement mobile et il décrit des sortes de cercles ; il ressemble
beaucoup & un Infusoire holotriche.” It should be noted that Caullery
and his collaborators—in common with previous investigators—in most of
their work prior to that recorded in the 1912 paper, apparently used
material obtained by opening the hosts.

As in other species of Rhopalura, there is in both sexes clear differentia-
tion of the ciliation of the anterior cone from that of the rest of the body,
in that when the animal is swimming forwards the cilia on the anterior
cone appear to be directed forwards, while those on the rings posterior
to it appear to be directed backwards (see Fig. 1, A). Over both regions,
however, the effective beat is backwards, in spite of the difference in
appearance. Theappearance of the cilia on the anterior cone may be due to
a restricted amplitude of beat ; when an animal is swimming slowly and
the beat can be seen, they then certainly appear to beat through a small
angle. That the effective beat is backwards over the anterior cone may be
observed by the movement of particles caused by the action of these cilia
in animals artificially liberated before maturity from their host, and in
con