JOURNAL OF THE

MARINE BIOLOGICAL ASSOCIATION
OF THE UNITED KINGDOM

THE PLYMOUTH LABORATORY

VOLUME XXX, No. 3
(issued February 1952 and completing Volume XXX)

CAMBRIDGE
AT THE UNIVERSITY PRESS
1952

Price Thirty-eight Shillings net



MARINE BIOLOGICAL ASSOCIATION
OF THE UNITED KINGDOM

PATRON
HIS MAJESTY THE KING

OFFICERS AND COUNCIL
President: Prof. ]J. Gray, C.B.E., M.C,, Sc.D., LL.D., FR.S.
Vice=Presidents

The Earl of Iveach, C.B., CM.G.

Viscount AsTORr

Sir Nicuoras E. WaTerzousE, K.B.E.

Col. Sir Epwarp T. Peer, K.B.E., D.S.O.,
M.C.

G. P. BIDDER, Sc.D.

W. T, Caman, C.B., D.Sc., FR.S.

Vice-Admiral Sir Jomn A. Epcer, K.B.E, CB,,
E.R.S.

Prof. A. V. Hut, C.H.,, O.B.E,, Sc.D., F.R.S.

E. S. Russerr, O.B.E., D.Sc.

Sir EpwarD J. Sarissury, Kt., C.B.E., D.Sc., Sec.R.S.

Admiral Sir Auerey C. H. Smrre, K.B.E.,, C.B.,
M.V.O.

A. T. A. Dosson, C.B., C.V.O., C.B.E.

Major E. G. CHRISTIE-MILLER

Mortey H. Neaitg, C.B.E.

Honorary Members
Dr G. P. BIDDER Dr Tu, MORTENSEN
Dr H. B. BiceLow Prof. HANS PETTERSSON
Dr R. DoHRN Prof. H. U. SvERDRUP
COUNCIL
Elected Members

J. S. Corman

G. E. R. Dracon, D.Sc., ER.S.
E. ForDp

F. C. Fraser, D.Sc.

H. Cary Guson

MicrAeL GrarAM, O.B.E.
Prof. Arastamr Graaam, D.Sc.
Prof. J. E. Harris, Ph.D.

C. E. Lucas, D.Sc.

N. A. MacrintosH, C.B.E., D.Sc.
L. HarrisoNn MaTTHEWS, Sc.D.

J. D. H. Wiseman, Ph.D.

Prof. V. C. WyYNNE-EDWARDS
Prof. C. M. Yongg, D.Sc., F.R.S.
Prof. J. Z. Young, F.R.S.

Governors

G. P. BmDER, Sc.D.
H. J. Jouns, C.B., M.B.E. (Ministry of Agriculture
and Fisheries)
The Worshipful Company of Fishmongers:
The Prime Warden
Major E. G. CHRISTIE-MILLER
HarrisoN S. EDWARDS

Prof. A. C. Harpy, D.Sc., ER.S. (Oxford University)

C.F. A.PanTIN, Sc.D., E.R.S. (Cambridge University)

Epwarp HinpiE, Sc.D., F.R.S. (British Association)

H. W. Parker, D.Sc. (Zoological Society)

Prof. A. V. Hiz, CH., O.B.E,, Sc.D., F.R.S. (Royal
Society)

Hon. Treasurer: Major E. G. CHRISTIE-MILLER, 38 Hyde Park Street, London, W. 2
Secretary: F. S. Russey, D.S.C., D.E.C., F.R.S., The Laboratory, Citadel Hill, Plymouth, Devon

SCIENTIFIC STAFF

Director: F. S. Russeir, D.S.C., D.E.C,, B.A., ER.S.
Head of Department of General Physiology: W. R. G. Atkins, C.B.E,, Sc.D., ER.LC,, FInst.P., FR.S.

H. W. Harvey, M.A., Sc.D., ER.S. (Hydrologist)

G. A. StevEN, B.Sc., ER.S.E. (Zoologist)

D. P. Wson, D.Sc., ER.P.S. (Zoologist)

L. H. N. Coorer, D.Sc., FR.I.C. (Chemist)

G. M. SPooNER, M.B.E., M.A. (Zoologist)

Mary W. Pargg, D.Sc., Ph.D. (Botanist)

J. 8. Atexanprowicz, Ph.D., M.D. (Jena) (Histologist)
P. G. Corem, B.A. (Zoologist)

H. G. Vevers, M.B.E., M.A., D.Phil.,, RZ.S. (Bursar
and Zoologist)

J. A. C. Nicor, B.Sc., M.A., D.Phil. (Experimental
Zoologist)

J. Lowy, B.A., Ph.D. (Experimental Zoologist)

N. A. Hoime, M.A. (Zoologist)

D. B. Carustg, B.A. (Endocrinologist)

G. R. ForsTER, B.Sc. (Zoologist)



417

STUDIES ON CHAETOPTERUS VARIOPEDATUS
(RENIER). I. THE LIGHT-PRODUCING GLANDS

By J. A. Colin Nicol

Zoologist at the Plymouth Laboratory

(Plates I, IT and Text-figs. 1-4)
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INTRODUCTION

Chaetopterus variopedatus (Renier) is a tube-dwelling worm that has note-
worthy luminescent powers. Production of light is by an extracellular process
resulting from the discharge of a luminescent slime into the sea water.
Because of its luminescent ability, the epidermal glands of Chaetopterus have
been repeatedly described in detail, but it is still not clear what elements
produce the luminescent secretion. I have, therefore, re-examined the histology
of the light-producing regions of Chaetopterus with a view to determining
the character of the photocytes or light-producing glandular cells.

For the convenience of the reader who may be unacquainted with the
morphology of Chaetopterus, a picture of the animal is given in Text-fig. 1.
Chaetopterus consists of three greatly dissimilar regions. The anterior region
is flattened, and includes eleven segments (nine setigers). There is a pair of
peristomial tentacles on the head. The middle region begins with segment XII,
which is provided with a large pair of wing-like (aliform) notopodia. There is
a lateral ciliated groove on the dorsal surface of each of these notopodia; the
two lateral grooves converge medially, and open into a medial dorsal ciliated
groove, which extends anteriorly towards the mouth. In the succeeding
segments of the middle region there is a conspicuous cup organ (dorsal
tubercle) in segment XIII, and a large fan or palette in each of segments
XIV-XVI. The posterior region is less differentiated, and contains a large
and variable number of segments, each provided with a pair of lateral notopodia.

JOURN. MAR. BIOL, ASSOC. vol. XXX, 1952 ) 28
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Text-fig. 1. Dorsal view of a specimen of Chaetopterus variopedatus. About life-size.

Text-fig. 2. Dorsal view of a luminescing specimen of Chaetopterus, as seen in the dark.
About life-size.
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HistoLoGICAL METHODS

For the examination of glandular cells, material was fixed, double-embedded
in Peterfi’s celloidin-paraffin, sectioned at 10u, and stained in various ways.
Of several fixatives that were tried, Bouin’s solution afforded good fixation
and enhanced staining. After a trial of various stains it was concluded that
a haematoxylin and eosin coloration afforded the greatest distinction between
different gland cells and other epidermal elements, and most sections were
stained by this means.

REVIEW OF PREVIOUS WORK

It has been pointed out by several observers that the luminescent regions of
Chaetopterus are recognizable in the living animal because of their chalky
white appearance against the yellowish ground colour of the body. These
whitish areas are considered to contain the glandular luminescent cells.
These were mentioned by Joyeux-Laffuie (1890), who stated that unicellular
gland cells with refringent contents were scattered over the luminescent
regions. According to the descriptions of later histologists, the epidermal
glandular cells are divisible into categories of granular or homogeneous
eosinophile cells, fibrous eosinophile cells, and basophile cells.

Granular and homogeneous eosinophile cells. These are ovoid or flask-shaped
cells containing a basal flattened nucleus, and opening directly to the exterior
through a secretory pore. The cytoplasm contains numerous closely packed
eosinophilic granules, which are sometimes fused to form a homogeneous
mass. These cells occur all about the circumference of the peristomial tentacles,
but particularly on the dorsal side; in an oval glandular area on either side of
the dorsal ciliated groove in segment XII; on the dorsal surface of the aliform
notopodia; in a lateral intermediate zone about the dorsal tubercle; in the
walls of the fans; and along the notopodia of the posterior region (Krekel,
1920; Trojan, 1913). It is these cells, apparently, that Dahlgren (1916)
regarded as luminescent cells or photocytes. He described them as saccular
elements, hanging down from the cuticle, and capable of secreting granules
of luminescent material. The discharged cells appear empty and shrunken
(Harvey, 1920). .

Fibrous eosinophile cells. These cells, according to Krekel (1920) and Trojan
(1913, 1914), are found in the apical half of notopodia of the posterior region.
They are cylindrical or fusiform in shape, with a basal nucleus. The cytoplasm
is intensely acidophilic, and contains a peculiar fibrous skein or knot in the
shape of a figure-of-eight. These cells had been noticed earlier by Claparéde
(1870), who designated them *follicules bacillipares’. A developmental cycle
has been traced in the history of these cells in which early stages are repre-
sented by ovoid elements possessing a granular cytoplasm. As the cells
mature they elongate and extend to the base of the epidermis, and the
contained cellular granules aggregate to form a spiral fibrous knot.

28-2
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Trojan (1914) believes that these fibrous cells secrete the material used in
tube-building.

Basophile cells. These cells occur in the following regions: (i) in the tentacles,
where they are concentrated as a dorsal band; (ii) in the dorsal triangular
glandular areas at the bases of the aliform notopodia; (iii) in the walls of the
dorsal tubercle and fans of the middle region; (iv) in a distal band on the
anterior side of posterior notopodia; and (v) in special glands at the base of
these structures. The cells are pyriform to high cylindrical, and extend through
the whole thickness of the epidermis. They become thinner distally, and open
to the exterior through a secretory pore. The cellular contents consist of large
basophilic granules staining intensely with haematoxylin, thionine and methy-
lene blue; they are also coloured by mucicarmine (Krekel, 1920; Trojan, 1913).
Itis these cells which have generally been regarded as the photocytes producing
the luminescent secretion, although Dahlgren (1916) apparently thought they
were merely mucous cells.

Bonhomme (1943) has recently re-examined the histology of Chaetopterus
gland cells in the aliform notopodia and dorsal tubercle. He found that the
Juminous organ consists of a high-folded epithelium containing tall prismatic
cells. These have a lateral flattened nucleus, and open distally by a secretory
pore. The cellular contents consist of a thin basophilic lacework, which
Bonhomme regards as the residual framework remaining after secretion
induced by the action of fixatives. On the margins of these glandular areas
he located premucigenous cells which are large and irregulaily prismatic in
shape, and are filled with gross basophilic granules.

In another form, Mesochaetopterus japonicus, basophilic cells have also been
identified with light production. These cells occur on the tentacles, on the
dorsal surface of the middle region, and on the posterior notopodia. They are
club-shaped, tapering towards a distal opening, and are filled with basophilic
secretory granules. Discharged cells appear filled with a spongy coagulum
(Fujiwara, 1935).

In the following account I present some new observations on the luminescent
areas of Chaetopterus. My observations link the secretion of photogenic
material with eosinophile cells. The other cell types are mucous cells, and
basophilic cells which may be concerned with tube-building.

OBSERVATIONS

The luminescent regions have been determined by stimulating the animal to
produce light in the dark. Stimuli used have been high-frequency condenser
discharges, above six per second, and an isotonic solution of KCI. Both these
agencies cause widespread luminescence in the worm. The following regions
produce light: the peristomial tentacles; a pair of triangular areas lying on the
dorsal surfaces of the aliform notopodia (segment XII), one on either side of
the dorsal ciliated groove; the aliform notopodia themselves; the walls of the
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dorsal tubercle; the fans in segments XIV-XVI; and all notopodia of the
posterior region (Text-fig. 2).

The large glandular areas on the aliform notopodia are the regions most
easily brought into luminescence by tactile stimulation. When this region is
touched a luminescent secretion is discharged into the sea water; this is
carried medially towards the mid-dorsal line by ciliary currents, and is then
transported anteriorly towards the mouth through the activity of the dorsal
ciliated groove (Text-fig. 3). Arriving in the buccal region, the luminescent
secretion streams away from the animal, and illuminates the surrounding sea
water. Luminescence from the secretion of this region persists for a consider-
able time, up to 15 min. or more. Under the binocular microscope the
luminous secretion is revealed as a multitude of brightly lighted, discrete
particles.
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Text-fig. 3. Dorsal view of the anterior region and segment XII of Chaetopterus. The
arrows indicate the course of luminous particles secreted by the luminescent glands at
the bases of the aliform notopodia.

The other regions of the body give off a brief transitory flash, quickly dying
away in a minute or two, and they do not discharge a luminescent secretion
which is carried away into the surrounding medium. When segments of the
posterior region are stimulated to lighten, the notopodia become coated or
caked with a thick secretion which adheres for some time to the appendages.
This secretion is probably the oxidized photogenic material, which luminesces
and becomes exhausted very rapidly after it is released.

Bonhomme (1943) considers that the tentacles do not themselves give off
light, but acquire luminescence secondarily when luminous secretion is
carried forwards in the dorsal ciliated groove to a ciliated groove lying along
each tentacle. This is incorrect, and the peristomial tentacles do lighten, as
can be shown by the following experiment. The anterior region of an animal
was transected at the level of the third or fourth segment, without inducing
luminescence. The anterior fragment was then placed in isotonic KCl, upon
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which both tentacles luminesced. There was no question of luminescent
secretion being carried to the tentacles from other regions in this fragment,
and light originated in the tentacles themselves.

Trojan (1913) and Krekel (1920) regard a whitish glandular area at the base
of each posterior notopodium as a luminescent structure, and Panceri (1878)
figures this region as luminous. Krekel, unfortunately, did not have living
animals for observation. There is a conspicuous whitish fleck at the base of
each posterior notopodium, and I find that this region is not luminescent.
Distally, beyond this whitish glandular area, the notopodium is brightly
luminous.

Epidermal Gland Cells

The story of epidermal secretions in Chaetopterus has obviously become
rather complicated. In presenting an evaluation of these observations it is
necessary to consider the probable functions of epidermal secretions in this
species. So far as is known they involve production of mucus, tube-forma-
tion, and luminescence. One would, therefore, expect to find at least three
kinds of epidermal gland cells corresponding to these functions; and such
cells may or may not be visually distinguishable from one another.

Mucous Cells

As is well known, Chaetopterus is a mucous filter-feeder and produces
enormous quantities of mucus for trapping and entangling food particles
as it pumps water through its tube (MacGinitie, 1939; MacGinitie &
MacGinitie, 1949). This mucous material is poured forth from the walls of
the dorsal tubercle and the aliform notopodia, and it is carried forward in
the dorsal ciliated groove towards the mouth. There is little doubt that it is
secreted by the abundant basophilic cells which form conspicuous whitish
areas on those organs. Those cells are, accordingly, mucous cells.

The mucous glands occurring as conspicuous masses at the bases of the
aliform and posterior notopodia and in the dorsal tubercle are made up of
closely packed very large cells (Text-fig. 4; Pl I, figs. 24 and 6). There is
also a small number of mucous cells about the longitudinal ciliated groove
on each peristomial tentacle. These are greatly elongated prisms about
20 x 200 1 in the aliform notopodia, up to 3501 long on the dorsal tubercle,
and reaching the enormous length of 650u on the posterior notopodia.
Nuclei are present at two levels in the mucous epithelium, and there is
reasonable doubt as to which nuclei actually belong to the mucous cells.
Towards the base of the epithelium there are small flattened nuclei squeezed
between the mucous cells. These apparently belong to connective tissue cells
located in a thin strand of connective tissue which extends a short distance
between the bases of the mucous cells from the underlying fibrous layer.
Distally toward the free surface, there are greatly elongated and faintly
staining nuclei lying against the walls of the cells. These correspond to the
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nuclei figured by Bonhomme, and seem to be the nuclei of the mucous cells.
Cell boundaries are faint but definite. The entire cell is filled with an indistinct
alveolar material, the walls of the alveoli seemingly consisting of interlacing
fine fibrils. The contents stain faintly with alum haematoxylin and are baso-
philic. They do not stain with mucicarmine and iron haematoxylin.

The following observations should demonstrate that the mucous cells are
not responsible for the luminescent secretion. The secretion of mucus from
segments XII and XIII (aliform notopodia and dorsal tubercle) is a continuous

Nucleus of
mucous cell

Coarse granular
cell

Basophiles Photocytes Photocytes

e
100 Nerves Granular
cells

A

Text-fig. 4. A, section across the epidermis of the aliform notopodium. B, section through the
mucous epithelium beside the dorsal ciliated groove. c, section through the light gland
on the aliform notopodium.

process, whereas release of luminous material is a discontinuous process,
under nervous control. It is difficult to conceive of a cellular organization by
which an exocrine glandular cell produces and releases two different substances,
one continuously, the other at rare intervals.

The main argument for identifying the basophilic mucous cells with light
production has been the exact spatial correspondence between areas containing
these cells, and luminescence. As shown above, the three regions containing
large accumulations of mucous cells are the dorsal triangular regions on the
aliform notopodia, the walls of the dorsal tubercle, and the bases of the
posterior notopodia. Only the first of these three areas produces conspicuous
light ; the tubercle gives off a very weak and transitory flash; and the basal areas
of the posterior notopodia do not luminesce. Consequently, there is no
correspondence between aggregations of mucous cells and luminescence.
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In order to obtain some comparative data on the relative amounts of mucus
produced by various regions of the body, fragments of animals were placed in
sea water and, after an interval to allow for secretion, the viscosity of the
water was estimated in arbitrary units. Pieces of the animal selected were
the anterior region (including segment XII); segment XIII and the dorsal
tubercle; segments XIV-XVI and fans; and the posterior region. These
were placed in separate dishes, an equal amount of water was added to each
container and a sample of water drawn after 30 min. Relative viscosity figures
were obtained by measuring the time taken for a drop to run through a length
of thistle tubing. Mean relative times were: 5-3 sec. for the anterior region;
1-osec. for the dorsal tubercle; o-5 sec. for the fans; and o-2 sec. for the
posterior region. The last figure was equivalent to a determination for sea
water. These figures show that most mucus is secreted by the aliform noto-
podia, a considerable quantity by the dorsal tubercle, and none by the
posterior notopodia. In contrast, it may be mentioned again that although
a great deal of light is produced by the aliform notopodia, very little originates
in the dorsal tubercle; the posterior notopodia, however, are brightly
luminescent.

The copious mucus secreted by the aliform notopodia and the dorsal
tubercle forms a vehicle for suspending and carrying away the luminous
material secreted by the aliform notopodia. The luminescent material released
by the dorsal tubercle is negligible. The fact that the posterior notopodia do
not produce mucus when the animal is stimulated to luminesce offers an
explanation why the photogenic material continues to lie on the surface of the
notopodia, and is not dispersed in the surrounding medium. The function of
the basal glandular areas on the posterior notopodia remains obscure. These
glands are regarded as the modified terminal regions of nephridial organs
(Trojan, 1913). Since they are not luminescent they cannot be concerned
with luminescence of eggs and larvae, a suggestion that has occasionally been
adumbrated. There is a possibility, however, that they secrete only during
spawning.

Eosinophilic Light Cells (Photocytes)

These occur in the peristomial tentacles, basal dorsal surface of the aliform
" notopodia, distally on the aliform notopodia, dorsal tubercle, fans, and on the
posterior notopodia (Text-fig. 4; Pls. I and II, figs. 1-6, 7-8, 10-11).

On the tentacles the eosinophilic cells are scattered over the surface, and
are more concentrated on one side opposite the longitudinal ciliated groove.
The aliform notopodia contain occasional scattered eosinophile cells distri-
buted over both dorsal and ventral surfaces away from the lateral ciliated
groove. Towards the base of the aliform notopodium, on the dorsal surface,
there is a dense and extensive aggregation of eosinophilic cells. These lie
lateral to a more median area which consists of basophilic mucous cells, and
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which borders the dorsal ciliated groove. The two kinds of cells are not mutually
exclusive for there are a few eosinophilic cells dispersed through the mucous
gland, and a few mucous cells scattered through the eosinophile glandular
area.

In the dorsal tubercle of the middle region there is a narrow zone containing
a few eosinophile cells. This lies at the transition between the dense mucous
glandular layer covering the outside of the tubercle, and the ciliated epithelium
leading inside the cup. Eosinophile cells are scattered over the dorsal surface
of the fans. In the posterior region, the distal surface of each notopodium
contains a great number of closely spaced eosinophile cells.

The eosinophile light cells have a similar appearance in all regions of the
body in which they occur. On the tentacles, aliform notopodia, dorsal tubercle,
fans, and posterior notopodia, they are round or oval to elongate elliptical in
shape, depending on the height of the epithelium. Dimensions in these
regions lie in the range 12—2§ x 30-50 . There is a small triangular nucleus at
the base of the cell. The dense aggregations of eosinophilic cells lying at the
bases of the aliform notopodia are tall cylindrical in shape, and have dimensions
of 6 x 150 . The nucleus, again basal, is relatively minute compared with the
size of the cell. These cells, at the bases of the aliform notopodia, reach the
basement membrane. In other regions, however, the oval or elongate cell has
the appearance of hanging down from the cuticle, and a long thin tag extends
from the base of the cell to the basement membrane. The contents of all these
cells are closely similar. The cells are filled with a deeply staining dense mass
of eosinophilic material in which there are all gradations from a coarse or fine
granular to a homogeneous consistency.

Dahlgren (1916), who has briefly dealt with the photocytes of Chaetopterus,
describes them as granular cells. His figure seems to be a composite one,
based on the structure of the eosinophile light cells described above, and the
coarse eosinophile cells described in the next section.

The evidence for regarding these eosinophilic cells as the light-producing
cells consists of the following observations. The eosinophilic cells have the
same spatial distribution as the photogenic regions. The tentacles glow quite
brightly, relative to their area, and contain many eosinophilic cells. Light
production is very faint and transitory in the dorsal tubercle and fans, and
relatively few eosinophilic cells are present on those structures. The distal
regions of all the posterior notopodia luminesce very brightly, and these
appendages are abundantly provided with eosinophilic cells. Regions that do
not luminesce bear no eosinophile light cells having the characteristics
described above.

Three animals were stimulated into luminescence by placing them in
isotonic KCl for several minutes. The brightly luminous areas on the
basal dorsal surface of the aliform notopodia were dissected out under a
binocular microscope. These pieces of tissue were fixed, and were examined
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histologically. Two of them contained extensive patches of both basophilic
mucous cells, and eosinophilic cells. The third consisted almost entirely of
a dense aggregation of eosinophile cells (PL. I, fig. 3).

An attempt was made to discriminate the photogenic cells by strongly
stimulating the animal into luminescence, and then looking for secreting and
exhausted cells. The results were ambiguous. Even after prolonged stimula-
tion electrically or by treatment with KCI, it was still possible to elicit further
luminescence by mechanical agitation of the glandular regions in segment XII.
Histological examinations showed a certain amount of both mucous and
eosinophilic material outside the cells, some exhausted eosinophilic cells, and
numerous eosinophile cells still replete with secretory material. It appears to
be difficult to exhaust all the luminescent cells by prolonged excitation.

It has been a common observation that dropping an animal into a fixative
evokes luminescence. A bright flash is produced when an animal is dropped
into fixatives like Bouin’s, Zenker’s, and Helly’s fluids. If the animal is
previously anaesthetized by immersion in isotonic MgCl, for 5-15 min., and
is then placed in the fixative solution, it does not luminesce. These effects
were utilized in searching for the luminescent gland cells. Animals, with and
without previous treatment with MgCl,, were dropped into fixative, and
histological sections were prepared (PI. II, figs. 7 and 8). Sections of animals
that had been treated with MgCl, showed no secretion of eosinophile material.
Sections of animals that had been dropped directly into fixative solutions
showed many eosinophilic cells caught in the act of discharging a secretory
mass from a distal cellular orifice, and a dense layer of eosinophilic secre-
tion lying over the surface of the epidermis. Comparative examinations
were restricted to the aliform notopodia, as being regions easiest to
study.

Finally, dried smears were made of secretions from non-luminous and
luminous animals. To do this some of the mucous slime from the dorsal
surface of the anterior region was sucked up in a pipette and smeared on a slide.
After drying, the smears were fixed in Bouin’s fluid, and stained with haemat-
oxylin and eosin. Smears from non-luminous animals showed only a small
amount of dispersed basophilic mucous material. Smears from luminous
animals showed, in addition, many particles of eosinophilic material scattered
in the mucus, or aggregated into lumps. These particles were often in packets
closely resembling the contents of eosinophilic cells (PL. II, fig. 9).

Other Gland Cells

Two additional types of epidermal gland cells must be mentioned.
These are densely staining basophilic cells, and coarsely granular eosinophilic
cells.

The dense basophilic cells were found scattered singly in the tentacles, on
the aliform notopodia, in the walls of the fans, in the dorsal tubercle at the
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transition between mucous cells and the internal ciliated layer, and about the
circumference of the posterior notopodia (Text-fig. 4; Pls. I and II, figs. 4, 7-8
and 10). They are scattered infrequently between the mucous cells at the bases
of the aliform notopodia and on the dorsal tubercle. To a greater or lesser
degree they are dispersed over the ventral surface of segment XII, and in the
epidermis of the anterior region. '

These cells tend to be thin, elongated, and fusiform where the
epithelium is high, and irregularly pyriform where the epithelium is low.
Dimensions are 3-12u wide x30-120p high. The nucleus is small and
oval in shape, and lies at the base of the cell. The cell contents are
basophilic and stain heavily with alum haematoxylin. They also selectively
stain with mucicarmine. After Bouin fixation they have the appearance
of a deeply staining alveolar meshwork of fine fibrils, with darkly stained
points in the interstices of the meshes. The cells were sometimes seen
in the act of secreting, when a slender tongue of secretory material
projected through a narrow distal orifice. These darkly staining basophilic
cells apparently have a widespread and general distribution over the epidermis.
There is no evidence to show that they are in any way concerned with
light production.

The coarse granular eosinophilic cells were noted about the circumference
of the aliform notopodia, in the posterior notopodia, in the dorsal walls of the
fans, and mixed with photocytes in the wall of the dorsal tubercle (Text-fig. 4;
Pls. I and II, figs. 4-8, 10 and 11). They are also dispersed over the ventral
surface of segment XII and in the epidermis of the anterior region. In shape
they are frequently pyriform: the proximal portion is swollen and lies in the
basal epidermal region, and a long neck extends up to the free surface. When
not compressed by neighbouring glandular cells they are often elongate and
cylindrical. Dimensions reach 15x 180u. There is a small, elliptical basal
nucleus. The cell contains a number of scattered and discrete coarse granules
up to 3u in size which are weakly eosinophilic. There is no evidence that
these cells are related to the photocytes or that they are concerned in
light production.

Epidermal Gland Cells and Tube-formation

It has not been possible to confirm the existence of fibrous eosinophilic
cells, concerned with tube-formation, in the posterior notopodia (Dahlgren,
1916; Trojan, 1914). It is suggested that the fibrous knots and skeins seen in
the eosinophilic cells of the posterior notopodia by earlier observers were
fixation artifacts resulting from localized condensations and swirls in the
secretory contents of the eosinophilic photocytes. In addition, as previously
mentioned, coarse eosinophile cells are also scattered over these appendages.

The functions of the dense basophilic and coarse eosinophilic cells lie
outside the scope of this investigation since they are not involved in light
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production. Itis suggested, however, that it would be of interest to investigate
whether they are involved in tube-building. For comparison with the various
gland cells, the staining reactions of the tube were investigated by peeling off
thin strips and fixing in Bouin’s fluid, so as to subject them to the same initial
treatment as gland cells of the body wall. They were then stained with eosin,
haematoxylin or mucicarmine. The preparations so obtained were found to
have little affinity for eosin, but to stain deeply with haematoxylin; they were
also coloured by mucicarmine. This provides suggestive evidence that the
original secretion involved in tube-formation is basophilic, and implicates the
dense basophilic cells, although it is not maintained that a correlation in
staining affinities of this kind itself affords any conclusive proof. Presumably
the material forming the tube is secreted in a fluid, or soft condition, and is
moulded and hardened after release. Enders (1907) has studied the tube-
building activities of Chaetopterus, and he describes how a worm enlarges its
tube by splitting it longitudinally, and then produces a new strip of hardened
‘mucus’ to fill the gap. During this process the ventral lip is used to fashion
and shape the new wall of the tube. The possibility should be considered that
the coarse eosinophilic cells may also play some role in tube-formation, by
hardening the material secreted for the formation of the tube, such as takes
place during the secretion of the byssus in Mytilus (Brown, 1949).

CONCLUSIONS

It has been shown in this investigation that four recognizably different kinds
of gland cells can be seen in the epidermis of Chaetopterus variopedatus.
These cells are all epicrine in nature in that they discharge their secretion to
the external surface. They occur scattered individually over the surface, but
are often aggregated into multicellular glands. These consist of groups of
a few similar cells, or dense aggregations of cells which form massive
glandular surfaces, as in the basal regions of the aliform notopodia. In the
latter regions, also, the glandular surfaces are increased by folding of the
epithelium.

The four kinds of glandular cells are readily distinguishable by their
morphological appearance and staining characteristics. The photocytes, con-
taining a densely staining eosinophilic mass, are confined to the luminescent
regions. Mucous cells, containing a loose alveolar mucigen material, are
aggregated into multicellular glands at the bases of the aliform notopodia, in
the walls of the dorsal tubercle, and at the bases of the posterior notopodia.
Two other cell types, coarse granular eosinophilic and densely staining baso-
philic cells, are scattered singly through the epidermis and have a wide-
spread distribution. Both these latter kinds of cells may be concerned with
fabrication of the tube.

Only one kind of cell is implicated in light production in Chaetopterus,
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and this is of interest when compared with Cypridina. In the latter two
separate cellular types are involved, one of which contains large yellow
granules of luciferin, the other small colourless granules of luciferase. On
release the granules dissolve in the water and interact to produce light.
Corresponding to the absence of two recognizably different kinds of photo-
genic particles in Chaetopterus is the reported failure to isolate extracts of
luciferin and luciferase from this worm (Harvey, 1926, 1940).

In a treatment of luminescence it is usual to make some reference to its
function in the economy of the organism. The function of luminescence
in Chaetopterus is still unknown. Dahlgren (1916) has reproduced a painting
by Horsfall in which an eel is depicted as attacking a brightly luminescent
worm in its tube. The inference seems to be that the light has biological
value in repelling the predator. Harvey (1920), however, has noted that
light production by Chaetopterus would be of no avail, since an ex-
tracted worm cannot build a new tube. In presenting his theory that
luminescence may sometimes have survival value to a species in attracting
a predator of a predator, Burkenhead (1943) has utilized Chaetopterus as
a theoretical example, in which luminescence excited as the result of
an attack by an eel would attract, secondarily, an attack upon the eel by
a dogfish. It may be significant that the anterior region of Chaetopterus is
easily autotomized under stress and is readily regenerated, and it is this region
of the worm which pours forth such an abundant luminous secretion. This
suggests the idea of a sacrifice lure. Speculations of this kind obviously need
to be checked by experiment and by observation of the living animal.

SUMMARY

The luminescent regions of Chaetopterus variopedatus are shown to be: the
peristomial tentacles, the aliform notopodia, the dorsal tubercle, fans, and
notopodia of the posterior region. The brightest areas are glandular masses on
the dorsal basal surfaces of the aliform notopodia and the distal surfaces of
the posterior notopodia.

The photogenic glands on the aliform notopodia give off a luminescent
secretion that is suspended in mucus and is dispersed into the surrounding
sea water. Light from other regions is much more transitory, and the
luminescent secretion is not dispersed.

Four kinds of gland cells occur in the epidermis. The photocytes have been
identified as eosinophile cells containing a dense secretory mass. These cells
are confined to the luminescent regions, and they are most abundant on the
two most brightly luminescent areas, namely, distally on the posterior noto-
podia, and at the base of aliform notopodia. Mucous cells are slightly baso-
philic cells occurring beside the dorsal ciliated groove in segment XII, on the
dorsal tubercle, and at the bases of the posterior notopodia. Two other cell
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types are coarse granular eosinophile cells, and darkly staining basophile cells.
The latter two kinds of cells may be involved in tube-building.

Earlier work dealing with the epidermal glands of Chaetopterus is reviewed,
and some comparisons are made with other forms.
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EXPLANATION OF PLATES
PLaTE I

All histological sections shown in these photographs were stained with alum haematoxylin
and eosin.
Fig. 1. Part of the wall of the peristomial tentacle in transverse section. Mucous cells and
photocytes are interspersed in the epithelium.
Fig. 2. Transverse section through the dorsal body wall in segment XII. Lateral to the dorsal
ciliated groove is a thick layer of mucous cells, which is replaced more laterally by a dense
aggregation of photocytes.
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. 3. Dissected and isolated luminescent glandular epithelium from segment XII. The
epidermis consists mostly of photocytes, with a few mucous cells.

4. Transverse section of the dorsal rubercle at the junction of the mucous layer, and the
ciliated surface. Mixed together at the junctional zones are photocytes, coarse granular
eosinophile cells, and dense basophile cells.

5. Transverse section of a fan. The epidermis contains a few photocytes, coarse granular
eosinophile cells, and dense basophile cells.

6. Longitudinal section of a posterior notopodium. Junction between the basal mucous
gland (right) and the brightly luminescent epithelium (left). The light-producing
epithelium to the left contains predominantly photocytes mixed with some coarse
eosinophiles and a few basophiles.

Prate II

7. Section of the aliform notopodium from a specimen anaesthetized with MgCl, before
fixation. Surface secretion is lacking. Photocytes, coarse eosinophiles, and dense baso-
philes are interspersed together.

8. Section of the aliform notopodium from a specimen fixed without preliminary
anaesthetization. A layer of eosinophilic secretion lies over the surface of the epidermis.
Photocytes, coarse eosinophiles, and a few dense basophiles lie interspersed together in
the epithelium. A nerve is shown in section at the base of the epithelium.

9. Dry smear of luminescent secretion produced by segment XII. Eosinophile secretory
particles are shown.

10. Section across the aliform notopodium to show dense aggregation of photocytes and
dense basophilic cells.

11. Section across the distal region of a posterior notopodium. The epidermis contains
a dense aggregation of photocytes, together with a few coarse eosinophiles and dense
basophiles.
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The production or emission of light is under nervous control in many
marine animals that have a differentiated nervous system. The nature of
this control is a field of neuro-effector physiology that has been little
explored, but one which could advance considerably our knowledge of the
behaviour and functioning of luminescent marine animals. Nervous control
of luminescence is achieved in diverse ways in different animals, namely, by
squeezing forth a pre-formed secretion through muscular contraction, as
appears to take place in Cypridina; by exposing a continuously luminescent
organ through rotation or by movement of shutters, as in the teleosts Photo-
blepharon and Anomalops; by initiating cellular changes that lead to intra-
cellular luminescence, for example in the photophores of the shrimp
Acanthephyra debilis; and by directly activating light gland cells to secrete.
The last method is a special example of nervous regulation of glandular
secretion, and is the process occurring in the polychaete Chaetopterus
(Dahlgren, 1916; Harvey, 1920, 1940).

Chaetopterus has long been known as one of the more brilliantly lumi-
nescent marine invertebrates, and several previous workers have investigated
this animal and reported on certain features of light production. This work
is summarized to form a background for the original observations that
follow.

JOURN, MAR. BIOL. ASSOC. vol. XXX, 1952 29
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REVIEW OF PREVIOUS WORK

The luminous areas have been described and figured in a previous paper
(Nicol, 1952). These are the peristomial tentacles, the surfaces of the aliform
notopodia, a pair of photogenic glands on the dorsal basal surfaces of the
aliform notopodia, the dorsal tubercle, fans, and notopodia of the posterior
region. The luminous secretion produced by the photogenic glands on the
aliform notopodia is suspended in mucus, and is carried away by ciliary
currents to be distributed in the surrounding sea water. Luminescence in
other regions is more transitory and localized (Bonhomme, 1943 ; Dahlgren,
1916; Fauvel, 1927; Joyeux-Laffuie, 1890; Lespés, 1872; MclIntosh, 1915;
Mangold, 1910-14; Panceri, 1878; Trojan, 1913, 1914; Will, 1844).

The light is blue in colour and has been shown by Lankester (1868) to
have a continuous spectrum from about 440 to 530 m .

Light is produced in C. variopedatus only as the result of stimulation. The
stimuli used to excite this worm, and indeed most other marine animals
investigated experimentally, seem to have been selected randomly, in order
to determine whether or not they were effective, rather than to reveal the
mechanism of the response. It was observed that mechanical stimulation,
such as results from disturbing the animal on removing it from its tube, or
pinching or tapping it, causes the production of light. Effective chemical
stimuli which have been used include the application of fresh water and
strong reagents such as sublimate, formol and other fixing fluids. Raising
the temperature of the sea water and applying electrical currents have also
been employed to induce luminescence (Dahlgren, 1916; Joyeux-Laffuie,
1890; Panceri, 1878; Trojan, 1913).

There is a general belief that light production in C. variopedatus is under
nervous control, but a curious absence of agreement about the details of the
process. Panceri (1878) observed that the production of light was confined
to the region of stimulation, and that there was no transmission of excitation,
and this has been confirmed by Trojan (1913). According to Hempelmann
(1934), increasing the strength of the stimulus (kind ?) causes the light to
spread to other parts of the body and to become more widely distributed,
but Dahlgren (1916) ascribes this effect to the spread of secretion through
the water. Again, Stephenson (1946) has stated that stroking the animal
causes waves of light to pass over the body. Finally, Harvey has noted that
the light cells are probably under nervous control ‘as a strong stimulus in
one part of the body causes luminescence which spreads over the whole
surface of the worm’ (1920), and ‘a wave of light when the head end is
stimulated’ (1940). The luminous secretion remains bright for about a
minute after stimulation ceases, and then gradually diminishes in intensity.
It has also been noted that the luminescent cells fatigue rather readily, and
after a period of mechanical stimulation a rest of some hours is required
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before the animal can be brought to luminesce again (Harvey, 1920; Panceri,
1878; Trojan, 1913).

There is agreement that luminescence is not inhibited by previous
exposure to strong light. Panceri (1878) exposed specimens of Chaetopterus
to sunlight, and then stimulated them in the dark, and he found that the
ability to produce light was not suspended, in contrast to Beroe and other
ctenophores in which such inhibition is quite pronounced (Panceri, 1872).
According to Crozier (quoted by Harvey, 1920), luminescence in Chaetopterus
is not affected by an exposure to 3000 metre-candles for 6 hr. The luminescent
substances, luciferin and luciferase, which have been distinguished in marine
ostracods, fire-flies (beetles), Pholas and Odontosyllis, have not been demon-
strated in Chaetopterus (Dubois, 1887; Harvey, 1920, 1926, 1940, 1948).
Neither do dried preparations of the animal luminesce on moistening.
A luciferin-luciferase reaction may still be present, but may escape detection
by biochemical methods hitherto employed. Harvey (1940) has reviewed
this aspect of the subject.

Young free-swimming larvae of Chaetopterus are also capable of producing
light (Dahlgren, 1916). Enders (1909), describing larvae about 1-5 cm. long
and ready to metamorphose, states that luminosity is noticeable in the region
of the ciliated rings, and in the mucus which the animals discharge. It is
still more apparent in older larvae, where it appears in the anterior region
and about the ciliated rings as the result of stimulation.

In another luminous chaetopterid, Mesochaetopterus japonicus, Fujiwara
(1934, 1935) found that light is produced by the tentacles, by large areas of
glandular epithelium on the dorsal surface of the first segment of the middle
region, by a paired scyphiform organ on the second segment, by the dorsal
ciliated region of the third segment of the middle region and by notopodia
of the posterior region. These regions, in a general way, are similar to those
of Chaetopterus variopedatus. Fujiwara’s description (1935) of luminosity in
this animal is difficult to follow. He states that brightest light is produced
by the glandular epithelium of the first segment of the middle region, as in
Chaetopterus. A luminescent secretion is also produced by cells in the walls
of the dorsal ciliated groove, and the basal regions of the posterior notopodia
are also luminous. He appears to imply that an animal removed from its
tube shines continuously, but I interpret his account to mean that the
luminescent secretion from the middle region of the body shines for some
considerable time, but that light from notopodia of the posterior region, in
contrast, appears in quick flashes. Moreover, the posterior segments flash
alternately. Fujiwara further states that the luminescent activity can be
increased by electrical, mechanical, or chemical stimulation. Electrical
stimulation of the tentacles causes the appearance of light both in these
structures, and in the luminescent organs of the posterior region. In
Mesochaetopterus japonicus, therefore, it seems that excitation of luminescent

209-2
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organs, induced electrically, is transmitted by the nervous system throughout
the length of the body; sensitivity to stimulation leading to a luminous
response appears to be most pronounced in the tentacles.

MATERIAL AND METHODS

Specimens of Chaetopterus variopedatus used in this investigation were
maintained under circulation in the laboratory. Before use they were
removed carefully from their tubes so as not to stimulate them to produce
their luminous secretion before being experimented upon. This no doubt
occurred on occasion, and any specimens which responded poorly to
subsequent stimulation were discarded.
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Fig. 1. Arrangement for investigating and recording luminescence, with
the aid of a photocell and galvanometer.

Many of the experiments to be described merely depended on observing
whether an animal did or did not luminesce, that is, whether the result was
positive or negative. When it was necessary to obtain quantitative data, the
light produced by the worm was focused on the photocathode of a photo-
multiplier cell (RCA 931A). This was usually maintained at 1000 V., 100 V.
per stage at which, according to specifications, it has a sensitivity of 3 A. per
lumen and a magnification of 2 x 10° with a lamp of colour temperature
2870 K. The arrangement is shown in Fig. 1. As only comparative results
within short time-periods were sought, no calibrations of the actual sensitivity
of the cell were attempted. In most experiments the light from the basal
glandular areas on segment XII only was measured. Photocurrent from
the cell activated a moving-coil mirror galvanometer. This was a Tinsley
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instrument having a resistance of 337 Q; deflexion of 130 mm./uA. at 2-16 m.;
and a periodic time of 2 sec. Light reflected from the galvanometer mirror
fell upon a sheet of moving bromide paper in a camera travelling with a speed
of 6 mm./min. Two other spot-lights were thrown on the same paper, one
a time marker flashing once per minute, the other a stimulus marker, flashing
when the stimulus key was depressed.

There was perceptible dark current in all records, and some drift of dark
current base-line. At the beginning and end of each experiment, and at
appropriate intervening intervals, the animal was covered so as to record the
level of dark current. Some galvanometer records have been replotted to
allow for basic level of dark current, drift, and any initial luminescence
upon which the effect of a specific stimulus was superimposed.

Success was also attained in recording photocurrent with an oscilloscope,
and this method was used when it was desirable to obtain maximal sensitivity,
and fast records showing the initial phases of the luminescent reaction. The
apparatus employed was a double beam oscilloscope with d.c. amplifier and
attached camera.

Other particulars about methods used are described later under appropriate
headings.

OBSERVATIONS
Effects of Mechanical Stimulation

Mechanical stimulation, by pulling, pinching, or tapping the animal, causes
luminescence. As other observers have noted, light is produced, in con-
sequence, from the peristomial tentacles, edges of the aliform notopodia, cup
organ or dorsal tubercle, edges of the fans and notopodia of the posterior
region. The response to stimulation tends to be very localized: thus pinching
a fan or the cup organ of the middle region results in a faint flash of light
in the organ directly stimulated. Similarly, mechanical stimulation of the
posterior region causes the appearance of light in a few parapodia in the area
directly affected.

It is more difficult to determine the effect of mechanical stimulation on
the aliform notopodia of the XIIth segment. Light appears on the borders
of the aliform notopodia as the direct result of pinching or touching these
structures, and sometimes in the basal glandular areas on the dorsal surface
as well. Luminous secretion appears from the latter glands as the direct
result of touching them, or indirectly from pulling on the animal so as to
produce tension in that region. No luminescent secretion is produced in
the XIIth segment as the result of tactile stimulation of other parts of the
middle region, and of the anterior and posterior regions, as long as the XIIth
segment itself is not disturbed. Strong mechancial stimulation of the glands
at the bases of the aliform notopodia causes a profuse discharge of luminous
slime. It is probable that actual cellular destruction as well as indirect
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nervous stimulation is involved in this display. As in other regions of the
body, it appears from these results that the aliform notopodia and basal
glands produce light only as the result of stimulation directly impinging
on that segment. Light production in the aliform notopodia due to pulling
or moving the animal seems to result from mechanical effects transmitted
to the XIIth segment. There is, consequently, no definite evidence that
mechanical stimulation in one region gives rise to a propagated excitation
causing luminescence in more distant regions of the body. It is evident,
however, that mechanical stimulation of Chaetopterus is very difficult to
regulate quantitatively and spatially, and that more exact control can be
exercised with electrical stimuli.

Effects of Electrical Stimulation

Direct current, faradic stimulation, and condenser discharges all produce
luminescence. Quantitative studies were confined to the use of condenser
discharges from a thyratron stimulator, since they allow careful control of

" strength, duration and frequency. Stimuli were delivered through a pair of
platinum electrodes laid on the surface of the animal.
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Fig. 2. Record of light produced by the photogenic glands on the aliform notopodia of
Chaetopterus under electrical stimulation. Vertical arrows indicate application of
stimuli. These were: I and 2, single stimuli; 3, two stimuli at 2 per sec.; 4, three stimuli
at 3 per sec.; 5, one sec. burst at 5 per sec. Light intensity to the left in arbitrary units.
Time scale below, I per min.

With the electrodes on the dorsal surface of the XIIth segment, a single
electrical stimulus, above threshold, causes the production of luminescent
secretion from the glands at the bases of the aliform notopodia (Fig. 2). The
light appears quickly, within a few seconds of stimulation. Within a minute
it begins to fade away, quickly at first, then more slowly, and becomes very
dim and almost extinguished in 5 min.

The latent period and the time relations of the first phase of the luminescent
response were determined from oscilloscope records (Fig. 3). In one series
of experiments twenty animals were stimulated with a 2 sec. burst at 7 stimuli
per sec. Latent periods measured from the beginning of stimulation varied
from 30 to 4'4 sec., with a mean of 4-2 sec. The interval between first
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deflexion and maximal height on the records ranged from 34 to 24 sec., with
a mean value of 10-3 sec. Measurements made by eye (light-adapted) and
a stop-watch gave a mean latent period of 2°6+1'8 sec. (minimal value
1-5 sec.). The eye is more sensitive than the photocell, and this figure would
be reduced further by dark adaptation of the observer. Animals in the dark,
therefore, would become visible in about 2 sec., and would attain maximal
luminescence in about 12 sec. after stimulation, the exact times depending
on the animal.

—x-\_
S
A | |
B \
m
2 3 4 5
T L

Fig. 3. Oscilloscope records of light produced by glands of aliform notopodia under electrical
stimulation. A, 2 sec. burst of stimuli, at 9 per sec., at S. Time scale above, I per 5 sec.
Latent period, 2-7 sec.; time to reach maximal intensity from first deflexion was 9-5 sec.
B, 2 sec. burst at 14 per sec. at S. Time scale above, 1 per ! sec. There are 5 sec. intervals
between 1-2, 2-3, 3—4, 4-5. Latent period, 3-6 sec.; time to reach maximal intensity
from first deflexion was 114 sec.
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Fig. 4. Records of light produced by the photogenic glands on the aliform notopodia.
Bursts of stimuli at 5 per sec. for § sec. at a, 30 sec. at b, and I min. at ¢. Stimulation
indicated by dashes under record of light intensity. Time scale below, I per min.

The production of light by a single shock shows that there is a one-to-one
relationship between single impulses and the light response: the arrival of
an impulse at the neuro-effector junction excites the cell sufficiently to
discharge. By increasing the number of stimuli, other factors, voltage
and frequency, remaining constant, the light intensity and the amount of
luminescent material secreted become greater. Fig. 4 is a record obtained
in investigating this effect. Examination of the record shows that the initial
luminescence increased greatly as the stimulation time was prolonged and
the number of stimuli increased. With stimulation periods of 1:6:12, the
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maximal intensity of luminescence resulting was 1:2:3. The total amount of
light produced lay in the ratio of about 1:2:0:6. Since the responses to the
second and third bursts of stimuli were certainly diminished by a fatigue
effect, the absolute luminescence which would have followed stimulation for
a given period, if diminution due to previous stimulation were excluded,
probably would have been much greater.

2+

1:&

0: .-PJL-_-_-_/-\ ....... P GV DR e e e
t t +

* 1

e ® o o0 000 ®ao o0 0 e s O o 00 S S e a0t 0" B e 88 S

Fig. 5. Record of light produced by the photogenic glands on the aliform notopodia under
repetitive electrical stimulation. Stimulation, indicated by vertical arrows under the
light record, consisted of § sec. bursts at 8 per sec. except the last, which had a duration
of 1 min. Time scale below, 1 per min. Intensity, to the left, in arbitrary units.

Fig. 6. Fatigue of luminescent power in the photogenic glands on the aliform notopodia.
Stmulation, indicated by triangles below, § sec. periods at 4 per sec. The dotted line
represents the level of dark current; I, indicates the initial level of residual luminescence
on which a new response is superimposed. Time scale above, 1 per min. Light intensities
to left and right in arbitrary units.

The light-producing glands soon fatigue on repeated stimulation, and this
makes the interpretation of results more difficult. Information about the onset
and course of fatigue was obtained by subjecting specimens to successive
bursts of electrical stimuli. Figs. § and 6 show records obtained from two
animals. In Fig. 5 the animal was stimulated by a succession of 5 sec.
bursts at 8 per sec., except the last which lasted 1 min. An interval of about
6 min. between bursts permitted the luminescence to fade. It will be seen
that each successive burst resulted in a fall in light production as the gland
fatigued. Fig. 6 shows a similar result.

Recovery from fatigue was not observed in experimental animals. Fig. 7
shows the result of an experiment on an animal in which rest periods of
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I and 3 hr. intervened between successive periods of stimulation. In these
times the response failed to recover to any extent, and much less luminescent
material was secreted than at the beginning of the experiment. Other
workers, however, have noted some recovery of luminescent ability after
a rest period of several hours (see p. 434), but their observations were sub-
jective. In any event, it is certainly a very slow process, and demonstrates
that luminescence cannot function as a frequently repeatable event in the
normal economy of this species.

24
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Fig. 7. Record of light produced by photogenic glands on the aliform notopodia. Fatigue in
light-producing ability as the result of repeated electrical stimulation is demonstrated.
1, 2, 3, 4, light produced by 30 sec. periods of stimulation at a frequency of 2 per sec.
Pause of 7 min. between I and 2; 1 hr. between 2 and 3; and 3 hr. between 3 and 4.
Time scale below, I per min. Intensity, to the left, in arbitrary units.

Fig. 8. Effect of voltage increases on the luminescent response. Oscilloscope records of
light produced by the aliform notopodia. Stimulation consisted of o5 sec. bursts at
25 per sec., A, at 20 V., B, at 40 V., and ¢, at 60 V. Stimulation indicated below each
record by a short horizontal line; time scale above each record, 1 per sec.

Gradually increasing the voltage, other factors remaining constant,
increases the light response. Fig. 8 shows the result of an experiment in
which the voltage was gradually increased, stepwise. For each rise in stimulus
strength above threshold there is a corresponding increase in the resultant
light intensity. The effect is probably due to the stimulation of more and
more nerve fibres as the electric current becomes more widespread.

At a low frequency of stimulation (1-5 per sec.) light is confined to the
region stimulated. Thus, when the stimulating electrodes are applied to the
ventral surface of segment XII, against the nerve cord, and low frequency
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stimulation is applied, light appears in the aliform notopodia of that
segment only. Stimulation of segments XIII, XIV, XV, or XVI, results in
luminescence of the dorsal tubercle or fan in the segment stimulated (Fig. 9).
Stimulation of the posterior region results in the appearance of light in
a few (2-3) pairs of notopodia in the neighbourhood of the electrodes.
Stimulation of segments anterior to XII at a low frequency has no effect.
At a higher frequency, beginning at about 6 per sec., the excitation spreads
to other segments, and the area affected increases as the frequency is raised.
Thus, when the ventral surface of the posterior region is stimulated at
frequencies of 6—9 per sec., the notopodia of about 10 posterior segments in
the region of the electrodes luminesce. Further increase in frequency causes
all notopodia of the posterior region to luminesce. Similarly, stimulation
of the ventral surface of segments III-V at frequencies of 6 or more per sec.
causes the aliform notopodia to luminesce. In some animals stimulation of
the anterior region at high frequencies (9 or more per sec.) causes the excita-
tion to be transmitted to middle and posterior regions of the body, as well.
This was observed in only certain animals, however, and often excitation
was confined to the anterior, middle, or posterior region, whichever was
stimulated.

Transmission of excitation in these experiments is through the nerve cord.
When the nerve cord is cut, and the animal is stimulated at a high frequency
on one side of the incision, the excitation fails to jump the gap.

These observations point to the existence of internuncial facilitation in the
nerve cord of Chaetopterus. The transmission of excitation from segment to
segment presumably depends upon linked neurones arranged in series along
the cord, and in connexion with this thesis it may be noted that giant axon
systems are wanting in the nerve cord of Chaetopterus. In the nervous
pathways involved in luminescence, single impulses, or impulses at low
frequencies, are not transmitted from one neurone to the next along the cord.
When the frequency is raised above a critical level, however, augmentation
occurs at intervening synapses, and impulses can sweep through to successive
segments.

Effects of Autonomic Drugs

The cholinergic nature of the nerve fibres innervating certain glands in
mammals is well established, and acetylcholine has been implicated as
a chemical transmitter in the submaxillary and adrenal glands. Chemical
transmitters have also been proposed in connexion with certain observations
on neuro-muscular functioning of various annelids (Bacq, 1947; Botsford,
1941). It is of interest, therefore, to determine whether similar processes
are involved in the nervous control of light production in Chaetopterus.
Towards this end, the pharmacological effects of several autonomic drugs
were tried on this animal.

The drugs employed were adrenaline, acetylcholine, nicotine, and eserine
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Fig. 9. The effects of stimulating the nerve cord at various frequencies. The double bar
indicates the position of the stimulating electrodes. The numbers refer to the frequency
of sumulation. Note the tendency for the excitation to spread as the frequency is raised.
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(physostigmine salicylate). They were dissolved in sea water, in concentra-
tions which are given as weight by volume, except for nicotine where the
figures refer to concentrations in volume by volume. The solutions were
applied in one of three ways: an intact animal was placed in a solution of
the drug to be tested; or excised pieces of potentially luminescent tissues
were placed in the solution; or solutions of drugs were injected into intact
animals. The results of these experiments are summarized as follows.

Adrenaline. In concentrations of 1/1000 and 1/10,000 this drug failed to
induce luminescence. This confirms an earlier observation of Harvey (1931)
that adrenaline has no effect on luminescence in Chaetopterus.

Acetylcholine. Five intact animals were placed in a solution of acetyl-
choline (1/10,000), and one responded by luminescing brightly in all regions
after intervals of 4-17 min., depending on the region lighting up. Injecting
o1 or 0-2 c.c. of acetylcholine (1/100 to 1/5000) into the anterior or middle
regions caused the appearance of flashes or persistent weak light in the fans,
dorsal tubercle, and aliform notopodia. Pieces of the animal containing
light-producing tissues and nerve cord shone feebly in solutions containing
1/1000 acetylcholine. Other pieces, from which the nerve cord was removed,
behaved similarly. ;

Eserine. This drug had no apparent effect in concentrations of 1/1000
and 1/10,000.

" Eserine and Acetylcholine. These two drugs, used together (both in con-
centrations of 1/1000 or 1/10,000) failed to evoke luminescence in isolated
pieces of light-producing tissues. Injection of o-2 c.c. of 1/1000 eserine and
1/1000 acetylcholine into the fans and anterior region resulted in some
transitory flashes of light from the fans, dorsal tubercle, and aliform notopodia.

Nicotine. When tested on intact animals nicotine, in concentrations
1/1000 and 1/10,000, evoked a faint brief appearance of luminescence in
about half the animals tested.

It is apparent from these results that sympathomimetic and parasympatho-
mimetic drugs, which are frequently effective in inducing activity in other
animals, have slight and rather inconsistent effects on light production in
Chaetopterus. Acetylcholine and nicotine definitely induce luminescence in
some animals, but the effect is somewhat irregular in occurrence and
distribution. There is no evidence that eserine is effective by itself, or that
it enhances the effect of acetylcholine in these experiments.

It is interesting that acetylcholine is effective in inducing luminescence in
isolated pieces of light-producing tissues lacking central nervous system.
This provides evidence that the drug is acting peripherally on the neuro-
glandular junction, although it does not exclude the possibility that it may
be acting at other loci as well. The action of nicotine recalls its stimulatory

. effect on cholinergic neurones of other animals. The light produced by these
drugs is usually rather weak and ephemeral, and probably reflects a slow
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rate of diffusion of the acetylcholine or nicotine through the tissues of the
body wall. In general, it appears that acetylcholine exerts a nicotine-like
action on the nervous system of this worm, and stimulates the neuro-effector
junctions in the photogenic tissues.

Autonomic drugs have, of course, been used in the study of the
luminescence of other animals. Adrenaline evokes the appearance of light in
the photophores of the deep-sea fish Echiostoma ctenobarba, and of the mid-
shipman Porichthys notatus from shallow waters (both teleosts) (Greene &
Greene, 1924; Harvey, 1931, 1940). Adrenaline also produces a constant
glow lasting several hours in the lampyrid Photuris pennsylvanica (Creighton,
1926; Emerson & Emerson, 1941.)

It is doubtful whether any useful comparisons can be made of the action
of drugs on bioluminescence per se in such widely unrelated animals as those
just mentioned, without first assembling detailed information about the
action of those drugs on the nervous system and various effectors in each
particular form. Adrenaline, for example, is a normal constituent of fish and
is produced by suprarenal tissue. Its effectiveness in producing luminescence
in Porichthys and Echiostoma suggests that the nerve fibres supplying the
photophores in teleosts are adrenergic, and that the secretion of adrenaline
into the blood stream may also be a factor in evoking luminescence.
Chromaffin tissue, on the other hand, is rare in polychaetes (Bacq, 1947;
Gaskell, 1914). There is now some evidence that cholinergic fibres are wide-
spread in annelids. Acetylcholine brings about muscular contractions in
Arenicola, Branchiomma, Hirudo and Lumbricus, and eserine augments and
prolongs the muscular response to electrical stimulation in some of these
animals (Bacq, 1947; Bacq & Coppée, 1937; Katz, 1949; Wu, 1939). Tonic
contracture is induced in the isolated extrovert of Arenicola by acetylcholine,
presumably through excitation of the oesophageal pace-maker (Wells, 1937),
and a cholinesterase has been identified in the body wall of Myxicola
(Bacq, 1937). The positive response of acetylcholine on bioluminescence in
Chaetopterus fits into this picture, and suggests that cholinergic neurones are
involved in the light response.

Effects of Various Cations and Unbalanced Salt Solutions

The effects of various cations on light production were investigated by
immersing whole animals in solutions of the several salts. These were all
chlorides of Na, K, Ca and Mg. The salts were employed singly and in
different combinations to reveal their balancing or antagonistic effects. The
solutions, listed below, were used as made up, and also after readjustment
of the pH to 8-2 by the addition of NaOH, KOH, HCI, or MgO, as necessary.
Variations in pH from 7 to 9 were found not to be a limiting factor in these
experiments. Each cation or combination of cations was tried on at least
three animals.
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054 M-NaCl 2. 0'54M-KCl

0:36 M-CaCl, 4. 0-36 M-MgCl,

0-54M-NaCl, 25 vol. +0-54M-KCI, } vol.

0'54M-NaCl, 25 vol. +0:36 M-CaCl,, } vol.

0-54M-NaCl, 25 vol. +0-36 M-MgCl,, 2 vol.

0'54M-KCl, 25 vol. +0'54 M-NaCl,  vol.

0'54M-KCl, 25 vol. +0-36 M-CaCl,, } vol.

0'54M-KCl, 25 vol. +0-36 M-MgCl,, 2 vol.

11. 0-54M-NaCl, 25 vol. +0-54M-KCl, } vol. +0-36 M-CaCl,, ¥ vol.

12. 0-54M-NaCl, 25 vol. +0-54M-KCl, ¥ vol. +0-36 M-MgClL,, 2 vol.

13. 0'54M-NaCl, 25 vol. +0-54M-KCl, ¥ vol. + 0-36 M-CaCl,, § vol. + 0-36 M-MgCl,,
2 vol.

,_.
ORpute N enas

Certain cations and combinations of cations had marked stimulatory effects, as
the following summaries of the experimental protocols show.

1. Isotonic NaCl. Addition of this solution caused luminescence in most or all of
the notopodia of the posterior region, followed by weak lighting of the fans in the
middle region, and in the aliform notopodia and tentacles.

2. Isoromic KCl. This solution immediately caused brilliant and lasting lumi-
nescence of all areas: posterior notopodia, dorsal tubercle and fans of the middle
region, aliform notopodia and peristomial tentacles. A copious secretion was also
discharged from the glands at the bases of the aliform notopodia. This brilliant
illumination lasted about 15 min., and then faded away.

3. Isotonic CaCl, had no apparent effect.

4. Isotonic MgCl, had no apparent effect.

5. Isotonic NaCl+ KCl. This solution produced a bright display almost at once from
the notopodia of the posterior region, the dorsal tubercle, and the aliform notopodia.

6. Isotonic NaCl+ CaCl,. In two specimens a few faint pin-points of light appeared
momentarily on some notopodia of the posterior region. Two other specimens were
negative.

7. Isotonic NaCl+MgCl,. This solution caused luminescence of posterior
notopodia, fans, dorsal tubercle, aliform notopodia, and the glands at the bases of
the aliform notopodia. The light appeared after about 2 min., was usually brief and
rather faint, and affected different specimens in varying degree.

8. 9, 10. Isotonic KCl+ either NaCl, or CaCl,, or MgCl,. Each of these solutions
caused a bright and lasting glow from all luminescent areas, and a copious amount
of luminescent secretion from the glandular areas at the bases of the aliform notopodia.

11. Isotonic NaCl+ KCl+ CaCl,. Addition of this solution produced a few faint
points of light in the posterior notopodia of one specimen, but had no effect on three
others.

12. Isotonic NaCl+ KCl+ MgCl,. Th_lS solution caused some notopodia in the
posterior region of five specimens to glow brightly, and in two animals evoked brief
bright flashes in the alar notopodia, and a brief glow from the dorsal tubercle and
glands at the bases of the aliform notopodia as well.

13. Isotonic NaCl+ KCl+ CaCl,+ MgCl,. This solution had no visible effect.

The stimulatory effect of both sodium and potassium on nerve and muscle
is well known, and has been reviewed, among others, by Heilbrunn (1943).
Sodium stimulates the cardiac ganglion of Limulus, and renews rhythmic
pulsations in Scyphomedusae on removal of the marginal sense-organs.
Potassium stimulates the marginal sense-organs of Scyphomedusae, excites



LIGHT PRODUCTION IN CHAETOPTERUS 447

the isolated extrovert of Arenicola, and generally stimulates nerve cells and
nerve fibres. Magnesium usually exerts a depressive effect and is a general
anaesthetic for invertebrates, and calcium, in small amounts, offsets the toxic
properties of sodium and potassium (Brown & MacIntosh, 1939; Hodgkin &
Huxley, 1945; Rosenblueth, 1950; Wells & Ledingham, 1942).

Studies dealing with the effects of ions on the luminescent response of
Metazoa have been confined, hitherto, to coelenterates and ctenophores.
There is general agreement that in Scyphomedusae and in ctenophores .
potassium and calcium evoke and augment luminescence, which fails when
these ions are omitted. Sodium, by itself, has little effect. Magnesium
reduces luminescence, but when this ion is absent the ability to luminesce
is increased (Hykes, 1928; Heymans & Moore, 1924, 1925; Moore, 1926).
In general, potassium and calcium are stimulatory in these animals, and the
effect is offset by magnesium. These results are somewhat divergent from
those obtained with Chaetopterus. In this animal potassium has the greatest
stimulatory effect, evoking bright luminescence of all regions, and it is
seconded by sodium. By itself calcium evokes no luminescence and it fails
to suppress the luminescence evoked by potassium. The addition of calcium
to a solution of potassium and sodium, however, results in a more balanced
physiological solution that fails to stimulate. Magnesium also reduces the
stimulatory powers of sodium and potassium. These effects are referred to
stimulation of the nerve cells and nerve fibres supplying the luminescent
gland cells by sodium and potassium, rather than to any action of these ions
directly on the glandular cells. Even after a period of maximal glow evoked
by the application of KCI it is still possible to produce the release of further
luminescent secretion by direct mechanical stimulation of the photogenic
cells in the aliform notopodia. This shows that the glandular cells are still
intact and contain a considerable residual amount of photogenic material.
Calcium and magnesium, in turn, oppose the stimulatory action of potassium
and sodium on the nervous elements,

Effects of Hypotonic and Hypertonic Solutions

Many of the older accounts dealing with bioluminescence refer to the
stimulatory effect of fresh water in evoking a luminous response. Panceri
(1872, 1878), for example, in studies dealing with the luminescence of marine
animals, consistently made use of fresh water to bring about the production
of light. This earlier work has been followed up by investigating the effects
of various hypotonic and hypertonic solutions of sea water on light production
in Chaetopterus. To test the effect of a solution, an animal was placed in
a dish, dorsal side uppermost, and all sea water was drained off; the solution
in question was then added to the dish in sufficient quantity to submerge
the animal. The effect of each solution was tested on four or more animals.
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Hypotonic Solutions

(1) Distilled water evoked luminescence in about 1 min. Light appeared
at first towards the posterior end of the worm, and spread anteriorly to
involve the fans, dorsal tubercle, and aliform notopodia.

(2) 20, 30, 40 %, sea water. All these solutions caused luminescence in
about 1 min. The posterior notopodia lighted first, and the effect gradually
spread orally to involve more anterior luminescent regions (fans, dorsal
tubercle, aliform notopodia), in varying degree, depending on the animal.

(3) 50 9%, sea water. This solution evoked luminescence in the posterior
notopodia of two out of four animals examined.

(4) 60 %, sea water. Three animals gave no response. In a fourth animal
there were a few weak flashes from notopodia of the posterior region and
from the aliform notopodia after about 1 min.

(5) 70 and 9o 9%, solutions of sea water were without effect.

Hypertonic Solutions

Hypertonic sea water, at strength 150 %,, was tried on six specimens. The
concentrated sea water was prepared by boiling, and the pH was returned to
8-2 with sodium bicarbonate. It failed to induce luminescence.

These experiments reveal that diluted sea water first evokes luminescence
at a strength of about 60 9,. The effect increases with greater dilutions, and
reaches a maximum in distilled water. Hypertonic sea water (150 9%,) has
no effect.

The mode of action of hypotonic solutions is not clear. They may excite
luminescence by a direct osmotic effect, causing cytolysis of the glandular
cells; or they may act by differential leaching of ions from nervous elements,
giving rise to nervous excitation. Chaetopterus is not an estuarine form, and
would not be expected to possess any power of osmotic regulation. A tendency
is noted for the posterior notopodia to lighten first in hypotonic solution,
showing that the profuse mucous secretion of the anterior and middle
regions exerts some protective effect.

DiscussioN AND CONCLUSIONS

The present investigation demonstrates that luminescence in Chaetopterus is
under nervous control. Under localized tactile stimulation light appears only
in a restricted area, and even severe injury, amounting to mutilation, fails to
evoke widespread luminescence.

Information about the transmission processes involved in the luminous
responses is revealed by electrical stimulation of the animal. It is found that
low frequencies give a very localized response, confined to a segment or
a few segments stimulated, but as the frequency is raised, excitation is
transmitted to other regions, until finally the whole animal may lighten. Itis
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concluded that the spread of excitation is a process depending upon the
existence of internuncial facilitation in the nerve cord. Through pathways
for the luminescent response appear to be lacking, and transmission through
the central nervous system involves the build up of an excitatory state at
synapses with the arrival of successive stimuli.

The results obtained by electrical stimulation suggest certain ways in
which the luminescent response can be regulated. The latter is in some
way dependent on the degree of peripheral stimulation. Increased tactile
stimulation, presumably, will evoke a higher frequency of discharge, and
maintained stimulation a prolonged volley in sensory pathways. At least
two factors are operating on the efferent side which determine the magnitude
of the response, namely number of neuro-effector units brought into activity
and number of nervous impulses discharged. Increase in either the number
of efferent stimuli or the number of gland cells excited will result in more
light. The significance of the high frequency effect on central nervous
transmission in the normal functioning of the animal is more doubtful, but
it may represent a mechanism whereby prolonged and vigorous tactile
stimulation will bring glandular cells of more distant regions into activity.

There are few comparable studies on other species for comparison. The
interesting physiological investigations on nervous control of luminescence
in coelenterates and ctenophores show features peculiar to those groups, and
necessitate interpretation in terms of the nerve-net existing in those forms.
Fujiwara (1935) has shown in Mesochaetopterus that electrical stimulation
causes the transmission of an excitatory process along the body, resulting
in luminescence. Thus, there are certain physiological features common to
two genera of chaetopterids, Chaetopterus and Mesochaetopterus. Other
patterns of nervous control in polychaetes are suggested from studies of
luminescence in polynoids. Thus in Acholoé it has been found that light
tactile stimulation gives rise to a local luminescent response, but strong
stimulation evokes more widespread luminescence. Transection of the animal
causes the posterior fragment to luminesce, but not the anterior piece
(Kutschera, 1909). One explanation advanced is that the excitation can only
be transmitted caudally, but the reason for this restriction is not clear, and
further physiological studies on polynoids and other luminescent forms
would be of great interest.

I should like to express my thanks to Dr W. R. G. Atkins, F.R.S., for some
helpful criticisms about several aspects of the work, and for the loan of
a camera and galvanometer. It is a pleasure to acknowledge technical
assistance from Mr F. J. Warren. Part of the expenses incurred in this
research was defrayed by a grant from r.he Government Grant Committee
of the Royal Society.
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SuMMARY

The nervous control of luminescence in Chaetopterus wariopedatus was
investigated by various direct and indirect means. Quantitative measure-
ments of the light produced by the animal were obtained by the use of
a multiplier photocell and sensitive galvanometer or oscilloscope.

Tactile or ‘mechanical stimulation gives a rather localized luminescent
response. The most effective stimuli for evoking luminescence of the
conspicuous light glands of the aliform notopodia are tension and pressure
acting on segment XII.

Electrical stimulation of segment XII (condenser discharges) causes the
appearance of light in the glands on the aliform notopodia. The mean latent
period, as determined from oscilloscope records, was 42 sec., and the time
taken to reach maximal intensity from first deflexion was 10-3 sec.

A single shock causes the appearance of light, and the intensity of the
response is increased by increasing the voltage or the number of stimuli.
Raising the voltage throws more efferent neurones into activity. Augmenting
the number of stimuli results in an enhanced effect, and more luminescent
material is secreted.

The preparation fatigues readily, and successive periods of stimulation
give greatly decreased responses. No recovery was observed under experi-
mental conditions after a rest period of 3 hr.

At low frequencies of stimulation the response is restricted to the segment
or few segments directly stimulated. Raising the frequency brings more
segments into luminescence. This effect is ascribed to some process of
internuncial facilitation in the nerve cord.

The effects of four autonomic drugs were tried. Adrenaline had no effect.
Acetylcholine and nicotine were weakly excitatory. Acetylcholine produced
luminescence in fragments lacking central nervous tissue as well as in pieces
containing nerve cord; it has an excitatory effect, therefore, on peripheral
elements. There was no noticeable augmentatory effect with eserine. The
evidence suggests a nicotine-like action of acetylcholine acting peripherally.

Isotonic solutions of NaCl, KCl, CaCl, and MgCl, were tried on the
preparation. K and Na were excitatory, particularly the former. Addition
of Mg reduced the excitatory effect of K and Na, and Ca inhibited the
luminescence usually evoked by K and Na salts. A balanced salt solution,
containing K, Na, Ca, and Mg, in the proportions in which they occur in
sea water, failed to produce luminescence. The excitatory effects of K and
Na, and the opposing effects of Ca and Mg, are ascribed to stimulation of
nervous elements concerned with luminescence.

Hypotonic solutions and fresh water are stimulatory, luminescence
appearing in about 609, sea water. The effect is not clear; it may act through
cytolysis of glandular cells, or by differential leaching of ions.

Hypertonic solutions (1509, sea water) have no excitatory effect.



LIGHT PRODUCTION IN CHAETOPTERUS 451

A review of the literature dealing with luminescence in Chaetopterus is
given, and the physiological results obtained in the present investigation are
compared with observations on several other forms.
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PROCESSES OF ENRICHMENT OF SURFACE
WATER WITH NUTRIENTS DUE TO STRONG
WINDS BLOWING ON TO A
CONTINENTAL SLOPE

By L. H. N. Cooper, D.Sc., F.R.I.C.

Chemist at the Plymouth Laboratory
(Text-figs. 1—4)

Biological and physiczl evidence suggests that the area south-west of Ireland
is one of loss from the Celtic Sea. In winter the shelf water there may cascade
to 400 m. or even deeper (Cooper & Vaux, 1949). All the evidence suggests
that new water enters the Celtic Sea and English Channel over the continental
slope between Ushant and the Sole submarine promontory 250 miles to the
west. No evidence exists that the Atlantic surface waters are ever rich enough
to account for the enrichment of the English Channel observed in the nineteen-
twenties. Although the existence then of sufficiently rich oceanic surface
water cannot be excluded, it is much more probable that the enrichment was
brought about by some form of upwelling. The cause of this is thought to be
composite. Only a few times in a century may the component phenomena
work together to produce the maximum effect. Each component needs
separate study.

There may be two distinct effects of a strong wind blowing on to the
continental slope from the south. Such a wind will force light nutrient-poor
water against the slope (assumed to extend to the surface of the sea) to form
a cushion of considerable depth above sloping isosteres—surfaces of equal
density—stable only while the wind lasts (Sandstrom, 1918; reproduced by
Harvey, 1928, fig. 25A). Potential energy has become stored in the water.
As soon as the wind dies down and the stress is removed from the sea surface,
the potential energy is converted to kinetic energy. Each isosteric surface
would then oscillate about its mean level. If there were no frictional losses,
this oscillation would go on for ever.

The conditions. against an actual continental slope are rather different,
since it is usually bordered by a continental shelf. There, when the heavy
deeper water rises against the slope, it would spill over the edge on to the
continental shelf. Some mixing and enrichment with nutrients of continental
shelf water would occur, but the effect is unlikely to be great and it would be
important only locally.

But in a submarine valley, such as that at 48° 13’ N., 9° 21" W., which
becomes narrower and shallower as it cuts back into the shelf, such spillage
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water would become canalized. Conditions would come to resemble those
which create a tidal bore or eagre in the Rivers Severn and Trent. It would
seem probable that such a constricted core or eagre of deep water could be
projected for many miles on to the continental shelf whence it would return
only slowly on the next downward swing of the boundary layer over deep
water. This mechanism would be especially favoured if a submarine valley
in the slope heads into one of the shallow troughs which dissect the south-
western Celtic Sea. Indeed it would provide a means for preventing such
troughs from silting up.

The inference is that areas of the sea lying immediately shorewards of
a submarine valley should be especially favourable for outbursts of phyto-
plankton not only in spring but in summer as well. Submarine eagres of this
kind may well often occur but seem insufficient to account for much enrich-
ment of large areas such as the Celtic Sea.

Except when cascading is occurring (Cooper & Vaux, 1949), waters near
the headings of submarine valleys should become richer in total phosphorus
and other ‘total’ nutrients than those lying near to an undissected continental
slope.

Sandstrom (1918, p. 234) further developed this idea into his concept of
‘jibing’ of water masses in a high wind. When the external forces, such as
wind stress, acting on the sea water reach a magnitude exceeding the highest
possible value which can be sustained by the Archimedean forces, a catastrophe
takes place and an entirely new state of affairs is brought about, exactly as
when the limit of elasticity of a solid is exceeded.

The maximal value of the Archimedean forces is reached when the isosteres
become vertical. Should the external forces exceed that required to produce
vertical isosteres, then the surface waters will capsize, as exemplified in detail
in Fig. 1. Then, light water is brought down beneath heavier, the stability
is upset and a strong vertical convection ensues whereby the whole of the
water affected is mixed up into one single homogeneous layer. The specific
volume of this layer will be equal to the mean specific volume of the
strata of which it is composed, and between this and the water beneath
there will be a sharply defined difference of density. In the homogeneous
layer there will be no isosteres and, consequently, no Archimedean forces will
arise, so that the water therein contained will follow without resistance the
direction of any external force acting upon it. The circulation will be highly
intensive so that the water will continue homogeneous, and exert a continual
friction upon the layer beneath, thus maintaining the sharply defined limit
of density between the two. This friction occasions ¢ gradual absorption of the
water from the lower layer, so that the upper one will tend to increase in
volume, density and nutrient content.

Sandstrom gave to this process the name ‘to jibe’. “Jibe’ is a variant of
‘gibe’ and means ‘to taunt’; either ‘gybe’ or ‘jib’ may have been intended.
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Their meaning is to swing from one side of a mast to the other. ‘Jib’ has
other meanings; applied to a horse it signifies to stop suddenly, to move
restively sideways and backwards. The term ‘to jib’ could be used but is
not particularly appropriate for the present purpose. ‘ Capsize’ is more fitting.!

In Fig. 1, panels C and D, as applied to the Celtic Sea, part of the energy
of the wind will be expended on raising the level of the water over the con-
tinental shelf (i.e. in the Celtic Sea), part in forcing water through escape
channels, such as the Straits of Dover and the North Channel, and part in
initiating a cyclonic circulation of water to escape south-west of Ireland.

South-west of Ireland the gales most likely to provoke capsizing of water
masses will be from the south-west and west, and these are the prevailing
winds and those which most often reach gale force. They are commonest in
winter and will then combine with cascading and resonance phenomena in
the ¢ South Porcupine submarine indentation’ to produce vertical mixing to
a very considerable depth (cf. Fig. 2). The waters most concerned will be
either oceanic surface waters or water recently cascaded from the continental
shelf. There is in this area only rarely a mechanism for enriching the con-
tinental shelf with deep nutrients on any considerable scale. Even when
enrichment occurs here, the dominant cyclonic circulation will tend to carry
the surface water away from the Celtic Sea. The waters over the Porcupine
Bank might, however, benefit. Whenever cascading plays a part it will tend
to reduce enrichment from deep water by any other mechanism.

Along the southern edge of the Celtic Sea, the strong winds most favourable
for capsizing would blow from the south-east or south. These winds are less
common than the south-westerlies and westerlies. Moreover, in this area,
there is much less cascade water so that, if capsizing occurs, it may bring
about mixing with the deeper North Atlantic Central water and even with
the Mediterranean or Gulf of Gibraltar water at 8oo-1200 m. depth, both
relatively rich in nutrients (Cooper, 1952). All in all, the most favourable
conditions for enrichment of the southernmost Celtic Sea by capsizing are
likely to occur after the breakdown of the summer thermocline in autumn.
Southerly gales in November and December are likely to be more effective
in bringing up nutrients than those in February or March. The usual cyclonic
circulation of the Celtic Sea will tend to transport such enriched water on to
the continental shelf and into the English Channel.

Conditions to initiate capsizing of water masses are likely to occur over
continental slopes backed by extensive shallow seas, for there the surface
ocean waters are relatively free to press inwards, whereas the root of the
water mass will be stopped completely by the continental slope.

1 The writer would prefer to introduce the term ‘culbute’ derived from the French
culbuter which suggests all that ‘capsize’ and ‘somersault’ do, but much destructive power as
well. Majority opinion in this laboratory is that addition of yet another word to the technical
jargon of science cannot be justified and that *capsize’ will serve (see Addendum, p. 463).
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Capsizing is essentially a wave phenomenon and may be compared with the
breaking of a roller approaching a beach. By analogy with what happens to
a swell approaching an ordinary coastal bay, over a submarine terrain such
as that illustrated by Cooper (1952, fig. 10), there should be a tendency for
the destructive energy created by capsizing to be concentrated over the
submarine spurs and for the headings of the valleys to be relatively quiet.
Capsizing as a mechanism for surface enrichment with nutrients is likely to
be more effective over strongly dissected sections of the continental slope than
over smooth areas.

In September 1950, Dr C. F. Mortimer kindly allowed me to experiment
with his model built to illustrate the observed effect on water movements of
a strong wind blowing along a stratified lake, Windermere. Mortimer’s model,
developed quite independently, resembles that illustrated by Sandstrom (1918,
fig. 45), except that it has sloping ends. At the time interest was concentrated
on establishing that internal waves from a distant source could produce up-
welling phenomena. Although something of the sort could be made to happen,
the scale did not seem adequate to account for observations in the ocean.

In these experiments the process of capsizing and the destructive turbulence
resulting was demonstrated, yet, I regret to say, it was not until 6 months
later, when the theory of capsizing over a continental slope had been further
developed from Sandstrém’s work, that the behaviour of the model was
understood (see Addendum, p. 462).

A number of phenomena, such as the distribution of mass and of nutrients
which would result from currents running parallel to the continental slope

Legend to Fig. 1.

Fig. 1. A, afrequent pattern of isosteres south of the Celtic Sea in winter when the uppermost
75-100 m. of water in the ocean is homogeneous and is overlying water with density
and content of nutrient salts increasing downwards. B, a pattern of isosteres in winter
over the continental slope, drawn to a scale of 1:4, with no forces operative. The amount
of light water which will later lie to windward is considered unlimited. C and D,
cushioning of light oceanic surface water against the continental slope brought about
by on-slope gales. The resistance of the solid slope to further progress of the foot of the
light water is, however, absolute causing the isosteres to curl and ultimately to become
vertical. Restoring Archimedean forces in D have then become zero. E, the drag of
the surface wind current will draw the upper strata of stratified water with it leading to
an unstable density inversion as illustrated. F, the unstable tongue of heavier water will
capsize violently, leading to a homogeneous mass of mixed water extending from the
surface to the depth of the bottom of the capsizing water mass. New isosteres, bracketing
the capsized water mass, are so created. G, the newly formed surface water will be
heavier than the surface water inshore and to seaward and will subside to form a lens,
of homogeneous water at its appropriate density level and will be replaced by fresh
oceanic surface water blown in from seaward. Processes D-G must be considered as
simultaneous parts of a continuous process, with the line of capsizing receding from the
continental slope and the maximum depth of the phenomenon increasing as the gale
proceeds. Consequently the water blown on to the continental shelf of the Celtic Sea
by a strong southerly gale should be entirely capsized water and richer in nutrients than
it would be if it were solely oceanic surface water. Moreover, the nutrient content of
the water passing on to the shelf should increase as the gale proceeds, and the depth of
capsizing becomes greater.
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have been considered as means of enrichment of surface water with nutrients
from deeper layers. None, considered singly, seems able to account for the
observed occurrence of nutrients. The concept of capsizing of a water mass
over the southern continental slope of the Celtic Sea during strong southerly
gales is the first to promise a mechanism on a scale great enough to explain
the observed results.

No research ship is ever likely to make direct observations of capsizing
water masses during strong on-slope gales. Indeed a shipmaster is likely to
take steps to get away from an area of capsizing as quickly as possible. By the
time the wind had dropped sufficiently to allow of observations, much of the
direct evidence would have vanished. Confirmation will need to be sought
by indirect means.
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Fig. 2. Temperature-salinity relationships: on two occasions at station SS, 50° 34" N.,
11° 17" W., on the edge of the ‘ South Porcupine’ submarine bight, south-west of Ireland
(852158, 14. v. 25, and S8 2244, 19. ii. 27); at Armauer Hansen station 1914/6 (5. vi. 14)
on the southern edge of the Celtic Sea (cf. Cooper, 1952, figs. 8 and 9); and at Armauer
Hansen station 15 (9. vi. 14) in the North Atlantic 400 miles from the continental slope.
The small figures represent depths in hundreds of metres. The diagram illustrates the
vertical compression of properties which may occur in the submarine bight and to a lesser
extent anywhere on the continental slope.

A greater understanding of the process of capsizing may contribute to the
safety of vessels passing over the continental slope, in particular those engaged
in the hake fishery.

Capsizing has to be considered as one only of a number of mechanisms
peculiar to the region of the continental slope which contribute in different
degrees to the enrichment of the English Channel with nutrients. Atkins’s
(1923) first measurements on 7 March 1923 showed that the phosphate content
of the English Channel at E1 (50° 04" N., 4° 22’ W.) was then very high
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(071 pg.-atom/L.). It is of interest that the table of mean wind conditions
over the western English Channel (Dietrich & Wyrtki, 1951, used by per-
mission of the Hydrographer of the Navy) shows that in February 1923 the
monthly mean wind blew at 8-1 m./sec. from direction true 214°, a monthly
mean velocity which has never been exceeded since from any direction. None
the less, detailed examination of records shows that it would be too facile to
attribute the observed distribution of nutrients in March 1923 solely to
capsizing water masses over the continental slope during the preceding south-
westerly gales. The event needs to be remembered as one only in the complex
of events we are seeking to understand.

Temperature-salinity diagrams for stations 49, 51 and 68 (Cooper, 1952,
fig. 4) worked by the Thor in 1906 (Schmidt, 1912) are shown in Fig. 3. The
middle station 51 is strikingly different from stations 49 and 68, from all others
worked by the Thor and from International Station E4 (48° 27’ N., 6° 35" W.)
worked 6 days earlier. The isohaline water extended from 50 to 800 m.,
suggesting that the waters at station 51 had been subjected to more intense
vertical mixing. At all the nine deep-water stations worked, except one,
marked thermal stratification of the uppermost water layers had become
established. The exception was again station 51, where the surface water
was only o-15° C. warmer than at 100 m., the uppermost 50 m. being com-
pletely isothermal. The maintenance of such homogeneity in late spring must
have demanded powerful forces bringing about vertical mixing.

The position of station no. 51, 48° 07" N., 9° 03" W. shown by Cooper
(1952, fig. 10), was near a dissected section of the continental slope. Any
water movements in such an area should facilitate vertical mixing and
capsizing there is likely to be especially strongly developed.

The Daily Weather Reports of the Meteorological Office for November
1905—May 1906 have been examined. The winter was not notably stormy.
There were south-westerly gales (Beaufort force 7 or 8) in the area on 22 and
26 November, and a south-south-easterly gale on 18 December. The stormiest
period was the first fortnight of January. These were the only gales which
could have caused severe capsizing, but they were at the season suspected of
being most favourable for nutrient enrichment. The north-westerly gales of
8, 11 and 12 February and 12 March could not have caused capsizing in the
southern area. There have been many winters more favourable for capsizing
than that of 1905-6.

It has been earlier suggested (Cooper, 1947) that internal waves may play
a part in raising nutrient-rich deep water on to the continental shelf. So.they
may, but now it seems that in this area their influence will be very small
compared with that of capsizing. It seems more likely that some internal
waves in the ocean may arise from intermittent capsizing over distant con-
tinental slopes. This is a process which could be readily established by repeated
observations of temperature and salinity at standard depths at a position some
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hundreds of miles off a continental slope against which a heavy gale was known
to be blowing.

The exceptionally powerful vertical thrusts visualized as occurring beneath
a capsizing water mass, followed by subsiding of the relatively heavy new
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Fig. 3. Temperature-salinity diagrams for three stations (49, 51, 68) worked by Thor in
May 1906 (see Cooper, 1952, fig. 4). The numbers refer to depths in metres.

surface water and recovery of the deeper water of the same density into a
thinner but more extensive lenticular water mass at mid-depths, is a process
which must necessarily initiate wave motion in the lower boundary of the
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homogeneous water. Internal waves may be a result, not a cause, of a process
that leads to enrichment with nutrients of surface waters.

A stratified or laminated water mass underlying a quiescent one, already
homogenized by capsizing, may be compared with the leaf-spring of a railway
wagon or motor car at rest. In the open ocean, the vertical thrust due to
subsequent capsizing of a water mass—if indeed such ever occurs there—
would be taken up by the laminated water mass as by a leaf-spring and the
energy smoothly dissipated as internal waves. There is no reason to suspect
that much dissipation of energy would occur due to friction or turbulence.
But against a continental slope, and especially against a strongly dissected
one, this ‘leaf-spring’ of laminated water masses would grind forcibly, so
that much of the energy of the vertical thrust due to overhead capsizing
would be dissipated by turbulent mixing.

The detailed examination of the Irish records at station SS (Cooper, 1952)
has shown that much vertical mixing occurs between 600 and 1000 m. Two
of the most extreme occurrences are presented in Fig. 2. On occasion
cascading from the north would provide a partial explanation of the observed
distribution of properties, but it is clear that it cannot always do so. On some
occasions the distribution of temperature has been such as to make it highly
improbable that any considerable proportion of the surface water immediately
overhead had been carried down. The phenomenon is one of mixing, confined
to the deeper strata, without complete homogenization.

It is inconceivable that this phenomenon arises from the mixing action of
surface waves. Much thought has been given to internal waves as a cause
of such deep turbulence, but no records exist of internal waves in the ocean of
sufficient magnitude to produce the observed distribution of properties against
the slope.

‘Leaf-spring’ dissipation of energy beneath a capsizing water mass against
a dissected continental slope promises a mechanism able to transmit to very
considerable depths energy imparted to the sea surface, and of sufficient
magnitude to produce the observed distribution of properties between 600
and 1000 m.

This process of capsizing, if it can be firmly established, would influence
the biological cycle in the sea in many very varied ways. The hypothesis fits
qualitatively with such local observations as have been examined. It is not
proven, and is presented solely as a basis for further quantitative work.

SUMMARY

Some physical processes are examined which may cause enrichment of the
surface layers of the sea from deep reserves of nutrients.

Winds blowing intermittently towards a continental slope may produce
vertical oscillations which bring about spillage of deeper nutrient-richer water
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from the ocean on to the continental shelf. Submarine valleys cut in the
continental slope should canalize such spillage water into narrow streams.

Sandstrom’s concept of capsizing of water masses in a high wind has been
further developed for the conditions existing over a continental slope.
Capsizing of water masses is more likely to enrich the surface layers over the
southern rather than over the western continental slope of the Celtic Sea.
Capsizing is likely to be especially intense over submarine spurs projecting
from dissected regions of the continental slope.

Data collected by the Danish research ship Thor in 1906 is adduced as
evidence for capsizing over a dissected slope.

Internal waves in the open ocean may possibly be created by the vertical
thrusting of capsizing water masses over a continental slope.

The deeper stratified water underlying a region of capsizing has been
compared with a leaf-spring of a vehicle. Dissipation of the energy of
capsizing in such a leaf-spring of stratified water would produce a distribution
of properties such as that often reported from the Irish investigations.

ADDENDUM (ADDED IN PROOF)

Photographs to illustrate the process of capsizing have been obtained at
the Windermere Laboratory of the Freshwater Biological Association in
Dr C. H. Mortimer’s (1951) experimental tank. In this the surface layer of
water may be warmed and made lighter by two hot wires stretched the length
of the tank, and then labelled by means of a dye. Electric blowers simulate
wind blowing over a stratified lake or sea.

In the ocean the theory of capsizing of water masses over a continental
slope requires a very large reservoir of light surface water lying in the ocean
to windward and opportunity for some surface water to be driven on to the
continental shelf to leeward. In our area the Celtic Sea and its neighbouring
channels provide such opportunity. These conditions the tank cannot provide.
Although capsizing has been observed on the ‘lee slope’ of the tank, it has
not been possible to photograph it.

When the blowers are stopped the light surface water in the tank swings
from the leeward to the windward end of the tank where a process closely
akin to but not identical with capsizing occurs. This is illustrated in Fig. 4.
The uncoloured water is heavier than the coloured water and, in the ocean,
the condition illustrated should be quickly followed by cataclysmic mixing.
Though there is an element of fake in these pictures, none the less they should
assist the reader to visualize the process of capsizing which has been described.

The writer is indebted to Mr H. C. Gilson, Director, for placing the
facilities of the Windermere Laboratory at his disposal, to Dr Mortimer for
the use of the tank and to him and Mr E. Ramsbottom for experimental
and photographic assistance.
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The term ‘capsizing’ (see p. 455, footnote) has been discussed with hydro-
graphers during the meeting of the International Council for the Exploration
of the Sea at Amsterdam in October 1951. It was clear that to some people
the word conjured up a picture of a complete turning-turtle without very
much mixing. The most essential part of the process is cataclysmic mixing;
overturning is also essential, but in any one incident it need not be complete.

Fig. 4. Two photographs in a model tank to illustrate the process of capsizing of water masses
over a continental slope. In both pictures the continental slope is represented by a sheet
of metal; in the lower one the dead water beneath the plate has been masked and
the boundary between the capsized water and the ‘continental slope’ has been lightly
touched up.

The French word culbuter, meaning ‘to upset violently resulting in a confused
heap or jumble’, expresses much better than any English word what is in
mind. Mr G. A. Steven, who suggested the apt word ‘cascade’ for another
kind of event over the continental slope, feels strongly that ‘culbute’ is much
the more descriptive word and that its introduction into oceanography is
justified. Oceanographers, if they find the need to use the hypothesis, are
left to choose the term they think most fitting. If accepted for use in English
speech the pronunciation of ‘culbute’ would be better anglicized.
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Knowledge of the hydrography of the English Channel and Celtic Sea is
needed as a background for the life histories of the mackerel, pilchard and
herring and, indeed, of every organism living within range of the Plymouth
Laboratory. Such knowledge can never be fully attained until we know more
of the exchanges with the deep Atlantic Ocean which take place 200-300 miles
to the south-west and west over the continental slope Moreover, at the slope
we shall need to know not only what waters move in and out but what move
up and down. Long ago Storrow (1925), and no doubt others, saw clearly
some of the problems here to be discussed, but they were unable to bring
factual evidence to bear. A critical reconstruction of the considerable but
fragmentary observations in the neighbourhood of the continental slope of the
Celtic Sea will be presented here and supplemented by observations made in
1950 with the generous co-operation of the vessels of the National Institute
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of Oceanography (Discovery Committee) and in 1948 by H.M. Surveying
Ship Dalrymple. Though many of the conclusions remain tentative, it should
now be easier to design observational work at sea to test specific hypotheses
at the right time and place by the methods of experimental oceanography.
The numerical results in 1950 will be published by the Conseil International
pour I'Exploration de la Mer. '

In addition to acknowledgements in the text and to many colleagues at the
Plymouth Laboratory, thanks are due to the Hydrographer of the Navy for
his cordial assistance in many ways and to Dr J. N. Carruthers of the Hydro-
graphic Office, who has frequently constructively assisted from his unrivalled
knowledge of the literature. He and Mr G. A. Steven of this laboratory have
provided anvils upon which some of the ideas and nomenclature have been
hammered out. Mr F. A. J. Armstrong, not only by carrying out all the
laboratory analyses and by his critical faculty but by relieving me of many
day to day duties, has much furthered this work. Insufficient acknowledge-
ment has been made in the text of the great debt due to the writings of the
Scandinavian school of oceanographers, in particular those of B. Helland-
Hansen, F. Nansen, J. W. Sandstrom and H. U. Sverdrup and to those of
the Canadian investigator, A. G. Huntsman, and the American, C. G. Rossby.

THE MEDITERRANEAN OR GULF OF GIBRALTAR WATER

The highly saline deeper water (salinity >389%,) from the Mediterranean
Sea spills over the sill of the Straits of Gibraltar and flows downbhill, mixing
vigorously the while with Atlantic water mostly North Atlantic Central
water (p. 479) with a salinity around 369,. The mixed water attains a
density around o, 27-:6-27-8 and spreads out as an intrusive plate or tongue
into the Atlantic at around 1000 m. depth, slowly mixing further with the
waters above and below (Helland-Hansen & Nansen, 1927). This ¢ Mediter-
ranean’ water has never been shown to be of importance for studies of surface
hydrography in our area, but there is little doubt that it is.

When only salinity, temperature and oxygen have been considered the
name ‘ Mediterranean’ has been clear and unambiguous but, when applied
in nutrient and productivity studies, it is misleading. ‘Mediterranean’
suggests a water very poor in nutrients. In fact the 1000 m. stratum here is
relatively rich, since it includes a large component of enriched Intermediate
or Central water from the equatorial Atlantic at 700-1200 m. depth. When
this water upwells here, the upper layers will not be seriously impoverished,
as the name ‘ Mediterranean’ would suggest, but enriched. A truly descriptive
name should suggest that we have to do with a new water mass created in the
Atlantic Ocean west of the Straits of Gibraltar which Vallaux (1936) has
neatly described as the ‘ Gulf of Gibraltar’. In this paper, henceforth, the
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term ‘ Mediterranean water’ will be replaced by ¢ Gulf of Gibraltar water’.
I am indebted to Dr J. N. Carruthers for suggesting this.

From the way in which this water has been formed one would expect it
to be markedly heterogeneous (Nielsen, 1912, pp. 179-82), and in our area
it is. It cannot be identified by any point on a temperature-salinity diagram
but only by an area. The point G (9-00° C., 35-70%, S) which we shall use
to represent it on 7-S diagrams is a useful statistical fiction which expresses
the fact that, during the slow mixing of Gulf of Gibraltar water with North
Atlantic deep water (and no doubt with North Atlantic Central and cascade
waters), short-period and considerable fluctuations in the properties of the
former become ironed out so that the mixed water approximates closely to
the linear temperature-salinity relation:

S§=35255+014,(T—6). (1)

Before the results of the 1938 International Gulf Stream Expeditions had
reached this country (see p. 486) this expression had been derived by the
method of least squares from Armauer Hansen stations 7-15 of 1914 (Helland-
Hansen & Nansen, 1927), and other scattered observations where oxygen
observations were available.

Although the temperature and salinity of the Gulf of Gibraltar water vary
much, the percentage saturation with oxygen does not. Between Armauer
Hansen stations 7 and 15 (Gaarder, 1927) the temperature of this water ranged
from 8:37 to 10°44° C. and the salinity from 3552 to 35:75%,, whereas the
oxygen content lay always between 65 and 68-;9, saturated. This property
will sharply distinguish Gulf of Gibraltar water from cascaded or ‘capsized’
water (Cooper, 1952 a) of similar temperature and salinity, but not from North
Atlantic Central water which at similar depths has similar oxygen percentage
saturation.

The impoverished deeper water of the Mediterranean is even more deficient
in phosphate than it is in nitrate; it has a large positive anomaly of the nitrate-
phosphate ratio. In the Gulf of Gibraltar this Mediterranean water mixes
with North Atlantic Central having (for the North Atlantic) a high content of
nutrients and a normal nitrate-N-phosphate-P ratio of about 15:1. Off the
Iberian Peninsula, Thomsen’s (193 1) results showed that the nitrate-phosphate
ratio in the newly formed Gulf of Gibraltar water, after correction for
phosphate salt error, may be as high as 40:1. By the time it has flowed to the
border of the Celtic Sea, this water may be still poorer than North Atlantic
Central water at the same depth but, from the point of view of upwelling, it
must be regarded as a relatively rich water, in which the anomalous nitrate-
phosphate ratio has almost disappeared (Cooper, 1937, 1938a).

The very variable extension from time to time of Gulf of Gibraltar water
was shown by five stations worked by the present H.M.S. Challenger at a
single truly oceanic position 44° 36" N., 20° 0o’ W. (Cons. Int., Bull. Hydrogr.

31-2
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for the respective years), supplemented by the nearby Deutschland station
(Reihe) 4 (Brennecke, 1921) (Table I).

For standard depths on the six occasions mean values of temperature and
salinity have been calculated; the deviations from these means are presented
in Fig. 1, from which it will be seen that between o and 700 m. depth the
range of temperature and salinity was 1-2° C. and 0-209,, respectively. The
relatively much larger fluctuations at 750 and 1000 m. depth are more clearly
shown by the standard deviations at standard depths graphed in Fig 2.
Most striking of all was the very rapid increase in both temperature and
salinity in the 4} months between 29 November 1932 and 14 April 1933

TABLE I

Station Depth

Ship no. Date Lat. Long. (m.)

Deutschland 4 20. V. II 45° 13" N. 20° 07’ W. -
Challenger 1292 29. ix. 32 44° 37" N. 20° 00’ W, 4372
Challenger 1318 14. iv. 33 44" 35" N. 19° 56" W. 4170
Challenger 1556 18. iv. 34 44° 35" N. 20° 00" W. 4315
Challenger 1666 14. iv. 35 44° 40" N. 20° 0o’ W. 4546
Challenger 1772 13. iv. 36 44° 36" N. 20° 0o’ W. 4546

TaBLE 11
Temperature (° C.) Salinity (%)

Depth - = T A SRS
(m.) 29. ix. 32 14.1v. 33 AT 29. ix. 32 I4. iv. 33 AS
750 8-84 976 092 3537 3556 019
1000 726 7-86 060 35°35 3576 041

(Fig. 3 and Table ITI). Thus at the level of the Gulf of Gibraltar water there
were large variations from year to year in the middle of April and very rapid
changes in the course of a few months. This conclusion is confirmed by the
findings at the Irish station SS on the continental slope (Table XV and Fig. 2),
and would probably have been found anywhere in the eastern North Atlantic.

The capacity of these deep-water movements to transport heat about the
world is great. Thus this short-period increase in heat content at 44° 36’ N.,
20° 00" W. of a column of water 1 cm.? cross-section would have been sufficient
to raise the temperature of all the air above a surface of 308 cm.? by 1° C.
Otherwise stated, the increase in temperature of the water below 100 square
sea miles would have been sufficient to raise the temperature of all the air
over Great Britain by o0'5° C. The Gulf of Gibraltar water should not be
regarded as permanently sealed down and of no account in surface oceano-
graphy and meteorology.

Vallaux (1936) has already directed attention to the highly heterogeneous
nature of the Gulf of Gibraltar water. He pictures it as fragmented into a
series of globular masses dispersing both in depth and expanse through the
North Atlantic and gradually merging with it.

In 1906 the Thor (Schmidt, 1912), in the course of her investigations on the
breeding place of the eel, worked a number of hydrographical stations along
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the slope of the Celtic Sea and Bay of Biscay. On Fig. 4 some stations worked
between 10 May and 17 June are denoted by circles and some between
26 August and 3 September by crosses. Section I (Fig. 5) ran in deep water
along the edge of the slope. It is clear that the wedge of highly saline Gulf
of Gibraltar water was held into the right on the Franco-Iberian coast, and
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Fig. 4. Positions of some stations worked by the Danish research vessel Thor in 1906 and
the International Hydrographic Station E 5.

on 20 May was strongly represented as far north as station 51 (48° 07" N.,
9° 03" W.), south of the Celtic Sea. Between stations 51 and 74, worked
3 weeks later, a slight bulge in the continental shelf has to be shown in
section I. The submarine promontory west of the Little Sole and Great Sole
Banks, shown by the 100 and 600 fm. contours on Fig. 4, seems to play a
large part in the hydrography of the area and needs constantly to be in mind.
In its neighbourhood there seems to have been a marked attenuation in the
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strength of the Gibraltar water then at station 74 and on other occasions.
The continental slope changes in direction from west-north-west to north-
north-east and becomes the eastern boundary of a submarine gulf, bight or
indentation.) If Gibraltar water is to enter this indentation, the water already
there must escape either as an eddy in a horizontal plane or by upwelling to
levels where movement is less restricted.

62 74 51 49 37 4341

@

Fig. 5. Section I of Fig. 4 (stations 62—41), based on temperatures and salinities observed
by Thor between 10 May and 10 June 1906. Bottom topography assessed from Admiralty
charts. Depths in hundreds of metres.

Through or around this submarine promontory it is not easy to draw
continuous curves for temperature and salinity between stations 51, 74 and 62,
spread over 200 miles. The waters north-west and south-east of the ‘Sole’
submarine promontory evidently have markedly different properties (Fig. 5).

1 The nomenclature of features such as this is at present under discussion. Possible
confusion may be avoided by using the term ‘indentation’, unlikely to be acceptable to
anyone as a permanent name for anything. Since it bites into the continental shelf of which the

Porcupine Bank is a part it will here, for convenience of repeated reference, be called the
¢ South Porcupine submarine indentation’.
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Section II (Fig. 6) ran down the English Channel and over the continental
slope south of the Little Sole Bank, crossing section I at station 51. In the

el 5
) J Y
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51 ES 32 27

10

12
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—~— 40
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Fig. 6. Section II of Fig. 4 (stations 66—27), based on temperatures and salinities observed
by Thor between 1 May and 7 June 1906. Inset bottom right, distribution of density (o).
Depths in hundreds of metres.

uppermost 400 m. the isopycnals incline downwards away from the continental
slope (Fig. 6, inset) suggesting a weak surface current towards the south-east,
confirmed from a study of the geopotential topography of the surface against
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the 100-decibar surface. Abreast of Ushant the Gulf of Gibraltar water at
1000 m. was held in against the slope and did not extend very far westwards.
The slope of the isopycnals for o, 27-50 and 27-60 suggests that this water mass
was still moving west-north-west. Eighty miles off the slope at station 66 the
influence of the Gibraltar water was very slight (salinity maximum 35-34%,).

> 3550

3560 -

10— 10
3560

124 12

144 -14

16 16

18 18

20 20

Fig. 7. North-south sections based on temperatures and salinities observed by Thor.
Section IIT of Fig. 4 (stations 68, 74, 81), 7-17 June 1906; Section IV (stations 179,
178, 176, 167),-26 August—3 September, 1906. Depths in hundreds of metres.

On the north-south section ITI (Fig. 7, left), although the water at station 68
undoubtedly included a strong Gibraltar component, one cannot feel the same
confidence about the water to the north within the submarine indentation with
a salinity of 35-52-35°557,,, a temperature of 8:5-9-3° C. and a density o, of
27:51-27'63. These are compatible with a very considerable proportion of
water cascaded from the Rockall Table Mount.
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Section IV (Fig. 7, right) shows the change, essentially along section III, in
the next 3 months. There had been a marked withdrawal of the saline water at
800-1200 m., causing a decrease in salinity of 0-06-0-10%,. The shape of the
surfaces of equal density between stations 178 and 179 (not reproduced) also
suggests a south-east-going current at these depths, where the water move-
ments evidently are considerable.

THE NoORTH ATLANTIC DEEP WATER

The deep water of the eastern North Atlantic can only remotely affect the
surface water and is of importance to us only for the effect it may have on the
stratum of Gulf of Gibraltar water around 1000 m. depth, and as a component
of a current system which impoverishes the nutrient regime of the whole of
the North Atlantic compared with the other oceans (Sverdrup, Johnson &
Fleming, 1942, p. 754).

It is of interest, none the less, that the variations in temperature and salinity
of the deep water near the continental slope at the positions italicized in
Fig. 8 are quite considerable (Table III). This deep water has been formed,
according to Nansen (1912), chiefly at the surface in a limited area south-west
of Greenland and to some extent by the outflow from the Norwegian Sea
through the bottom of the Faeroe-Shetland Channel (but see Cooper, 19525).
According to Helland-Hansen (1930, p. 75) a certain amount of Gulf of
Gibraltar water appears to mix downwards to 5000 m.

For the construction of temperature-salinity diagrams in this area the deep
water may be characterized by the point D having temperature 3-9° and
salinity 34'95%,. This point is not quite the same as Jacobsen’s (1929)
point B, derived from and employed for a much wider area.

The distribution of silicate in the deep water is discussed in a separate
paper (Cooper, 19525).

PHOSPHORUS BELOW 1000 M. DEPTH

There have been very few determinations of phosphate in the deep water near
the continental slope of the Celtic Sea. On 17-19 June 1930 the Dana (Dana
Report, No. 12, 1937) worked for inorganic phosphate two stations 56 miles
south and east respectively of Discovery II station 2659 of 12 May 1950. The
Dana results (Table IV) have been multiplied by 1-35 to correct for salt error
(Cooper, 1938b). They may be compared with the Discovery II results for
total phosphorus which would be expected to be about 01 ug.-atom/1. greater.
Actually below 1200 m. depth they were about 0-2 ug.-atom/1. less, a notable
result if it is correct. The following comments may be made:

(i) Although, for reasons to be given (Appendix, p. 509), the accuracy of the
analyses made on the Discovery II samples is not very high, there is little
reason to doubt their accuracy to one decimal place as reported.
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(i) Although Dr H. Thomsen and Dr A. Fr. Bruun, the skilful observers
who made the analyses at sea on board Dana, make no high claim for the
accuracy of their inorganic phosphate analyses, an error of greater than
+ 01 pug.-atom/l. seems unlikely.

(iii) The salt error correction factor is not a true constant, but only a factor
less than 1-1 could make the deep water results consistent. Such a factor was
highly unlikely.

TaBLE IV. VERTICAL DISTRIBUTION OF PHOSPHORUS (1G.-ATOM/L.) IN
THE BAY OF BIscaY IN 1930 AND 1950. INORGANIC PHOSPHATE OR
ToTtAL PHOSPHORUS

Ship Dana Dana William Scoresby Discovery I
Station no. ... 4158 4159 963 2659
Lat. N. 46° 28’ 47° 20 50° 34 47° 24’
Long. W. ... 8° o1’ 6° 28° 11° 30" 7° 52°
Date LYV 30 I9. vi. 30 19. i. 50 12. V. 50
Depth Inorganic Inorganic Inorganic Total Total
(m.) phosphate phosphate phosphate phosphorus  phosphorus
100 057 057 055 070 05
150 06, 05, 053 — 06
200 074 05, 054 070 o6
300 06, 06, 065 — o8
400 O 7g 07s 075 093 08
500 095 095 096 = —
600 I I-05 097 1-08 10
800 11, I'I, I°13 1-26 13
900 . — — 1-13 1-33 12
1000 I'I, 11, 117 1:30 12
1100 — - 1-20 133 13
1200 I-24 — 1'19 1-33 I-2
1500 15, .- - — I'3
2000 15, _ = — I3
2500 17, — — — I4
3000 1-8, - - — 16
3500 1-8, — — — 15
3800 — — 2 e 16
4000 1-8, — e —_ —
4500 9y — - — -

(iv) The Dana results at stations 4158 and 4159 between 400 and 1200 m.
agree closely with the relatively accurate analyses for inorganic phosphate
made 20 years later on William Scoresby samples from a position about
280 miles to the north-north-west (Table IV).

(v) The Dana results of a week earlier at station 4149, 11 miles off Cape
Espichel, Portugal, below the productive zone, lie within the range of variation
of inorganic phosphate established in the neighbourhood by Boto (1945 also
in Cons. Int., Bull. Hydrogr. for 1934) on the Portuguese research vessel
Albacora 4 years later (Table V).

(vi) The Dana results in 1930 show a steady increase in inorganic phosphate
at 1000-2000 m. from the neighbourhood of Lisbon northwards to the border
of the Celtic Sea (Table VI).
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(vii) The Discovery II results between 200 and 1300 m. check well with
the more accurate analyses of total phosphorus made on William Scoresby
samples from a position about 280 miles to the north-north-west in the same
year 1950 (Table IV).

TABLE V. COMPARISON OF INORGANIC PHOSPHATE CONTENT (AS 11G.-ATOM/L. P)
AT DANA STATION 4149, I1 MILES OFF CAPE ESPICHEL (NEAR LISBON)
WITH ALBACORA STATIONS WITHIN 22 MILES OF IT, AND WITH ALBACORA
STATION 558

Ship o Albacora Albacora
—_— Dana —_— Albacora
Station no. ... 442 486 488 4149 448 556 558
Lat. N. vii 387267 38227 38° 27 38° 19’ 38° 17’ 38" 157 39° 29-5°
Long. W. ... 9"30" 928 9% 20” 9 26 9° 13’ 9° 10” 9° 37°5"
Date . 8.il.34 9.v.34 9.V.34 IL.Vi.30 9.ii.34 14.viil 34 I7.Vviil. 34
Depth (m.)
300 — 058 070 07, - 079 -
400 079 077 080 0'8; 062 o-8o 068
500 - — — 09, — 087 e
600 — 070 080 05, o-78 79
800 0-86 069 083 0'5; 055 079 0-66
1000 70 0-75% — 05, 062 — 059
1200 070 0-83* — 0-8; 062 - 068
1300 = 0'8g — - — - —
1400 — — — — — 096
1500 st — - 0-9; . - =
1600 — —_— —_ - — 096

* Interpolated with 900 m. result.

TABLE VI. INORGANIC PHOSPHATE (AS ;2G.-ATOM/L. P) at DANA
STATIONS BETWEEN 1000 AND 2000 M. DEPTH

Dana station ... 4148 4149 4156 4158 4159
Lat. N. v 370027 38" 19’ 42° 417 46° 28’ 47° 20°
Long. W. e 9% 177 9° 26° 9° 49’ 8” o1’ 67 28’
Date ... II.vi. 30 I1. vi. 30 16. vi. 30 17. vi. 30 19. vi. 30
Depth (m.)
1000 06, 057 105 i i Y II
1200 07 0-8; 10 12, -
1400 09, = - e
1500 — 095 I3, IS5 =
1600 12, — - -—
2000 —_— = I35 I'§, —

(viii) It would seem therefore that in the northern Bay of Biscay in June
1930 the phosphate content at 12002000 m. was higher than it is now in the
same area or than it was then to the southward. Variations in phosphate
content of at least 0-2 ug.-atom/l. have taken place. It may not be by chance
that the decrease in the deep water has occurred at the same time as that in
the English Channel near Plymouth.
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NoRrTH ATLANTIC CENTRAL WATER

According to Sverdrup et al. (1942, p. 668) North Atlantic Central water
characterized by a nearly straight 7-S curve between T=8° S=3510%,
and T'=19°, §=36-70%, has been found over a very large area of the North
Atlantic. In this area its presence has been masked below 10° and above
11:5° C. Below 10° its place is taken by Gulf of Gibraltar or cascade waters.
Above 11-5° we find the zone of strong seasonal variations, due to solar heating
of the surface waters in summer and of vertical mixing in winter. Between
these limits occurs water resembling the Central water but, rather surprisingly,
somewhat warmer, and needing its own T-S curve. This can be derived only
from stations where oxygen determinations are available, such as stations 7-15
of Armauer Hanszn in 1914. Those selected were:

Station AH 1914 ... 15 13 12 10 9 8 7
D;[lst)h range used 100—700 75-400 100-600 75-200 I00-400 200-500 400 only

The linear T-S curve so calculated is
S=35'505+0124(T —11). (2)

The temperature and salinity of North Atlantic Central water below 100 m.
depth brought into this area should comply with this relation (see Fig. 9).

The Upper Limit of Central Water

The upper limit of North Atlantic Central Water is the point where the 7-S
curve ceases to follow equation (2). In winter and spring the upper waters are
homogeneous, represented by a point, and in summer they are isohaline and
represented by a vertical 7-S curve. In June 1914 at the Armauer Hansen
stations the upper limit was clearly definable within 25 m. (Table VII).

TaBLE VII. THE UprPER LIMIT OF NORTH ATLANTIC CENTRAL WATER
AT ARMAUER HANSEN STATIONS 15 TO 6 IN JUNE 1914

Station e 15 14 13 12 11 10 9 8 7 6
Depth of upper 100 75 75 100 ¢75 100* I0O 200 200 Not
limit (m.) present

Temperature 12:37 1250 12°59 II'53 1II27 II'64 II02 II'I0 I0'93
CC)

Salinity (%, 3569 3569 35772 3559 3554 3557 355! 35'55 35°53
Oxygen (%) 92 93 925 96 98 94 96 95 =

* High oxygen content (104 %) shows that the 75 m. water belonged within the zone of
winter mixing, not of Central Water.

From station 15 inwards to station 9, as at many other deep Atlantic
stations, the limit of vertical mixing had been between 75 and 100 m. depth
(Fig. 9). Moreover, at the more seaward stations 15, 14 and 13, the winter
surface water had had a salinity of about 35-709%, and a temperature of 12-4-
12:6° C. Chemically it was essentially the same water as that underlying it.
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Approaching the continental slope at stations 8, 7 and 6 the apparent depth
of vertical mixing was more than twice as great (Fig. 9). Meteorological
conditions at these stations cannot have differed greatly from those farther out,
and one is forced to seek another origin for the upper 200-300 m. of water
with salinity between 35-51 and 35°55 %, and temperature between 10-9 and
11'1° C. We have to deal with a phenomenon peculiar to the neighbourhood
of the continental slope (cf. Cooper, 1952a).

The Lower Limit of Central Water

The lower limit of the North Atlantic Central water rises as the continental
slope is approached (Table VIII).

TaBLE VIII. THE LowerR LiMIT OF NORTH ATLANTIC CENTRAL WATER
AT ARMAUER HANSEN STATIONS I5 TO 6 IN JUNE 1914

Station R 14 13 12 II 10 9 8 7 6
Depth oflower 750 500 500 600  400? 4007 500 S00 400 Not
limit {m.) present

Terréperature 935 1040 I0'55 10°34 I025 1082 990 1032 1069
“G)

Salinity (%, 3533 3541 3547 3543 3545 3552 3541 3543 3547
Oxygen (%) ¢.73 84 82 85 855 865 845 81 83

It extends down to 750 m. at station 15 and only to 400 m. at station 7.
At station 6 it is not recognizable in the midst of more highly oxygenated
water. It was underlain either by a mixed water formed between itself and
Gulf of Gibraltar water as at stations 15, 14, I3, I2, 9 and 8 or by cascaded
water as at stations II, 10 and 7.

The stratum of Central water gets thinner as the slope is approached
(Figs. 9 and 11). At station 15 it was 700 m. thick, whereas it was recognizable
with certainty at station 7 only at 400 m. Evidently, in June 1914, the North
Atlantic Central water had little direct effect on the Celtic Sea.

At the upper limit the Central water has an oxygen content 92-98 %,
saturated, at the lower 81-85 9, . The high oxygen content (99 9,) at stations 6
at 400 m. shows that this was not Central but ‘capsized’ or cascaded water.
The temperature, salinity and density were appropriate to Celtic Sea water
the previous winter. The arrival of cascade water in the ocean abreast of the
slope may bring about a state of labile or metastable equilibrium to a con-
siderable depth. Winds, which can mix the waters of the open ocean only to
75—-100 m., can therefore with the same ease homogenize the waters near the
slope by a “capsizing’ process (Cooper, 1952a) to a much greater depth.

SUBMARINE VALLEYS IN THE CONTINENTAL SLOPE

In February 1949 a survey of an area around 48° N. lat., 9° 30" W. long. was
carried out in good weather by the present Hydrographer of the Navy,
Rear-Admiral A. Day, C.B.E., D.S.0., when in command of H.M. Surveying
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Ship Dalrymple. The whole survey, based on a floating beacon anchored near
the 100 fm. line and fixed by a series of star sights, was achieved by echo-
sounding checked by the lead at intervals. A portion of the resulting document
has been reproduced here (Fig. 10) by permission of the Hydrographer of the
Navy.

If the sea-level were to fall by several hundred fathoms, a ria coast of strong
relief would stand revealed. Thus the submarine valley at 48° 13" N., 9° 21' W,
cuts back for about 9 sea miles (17 km.) and sections across it show that the
maximum depth of the valley bottom below the containing spurs is about
1800 ft. (5§50 m.).

The French research vessel Président Théodore Tissier (Beaugé, 1934) has
charted the continental slope between 48° 10'N. lat., 9° 20" W. long. and
49° 00" N. lat., 11° 10’ W. long. I am much indebted to Monsieur P.
Desbrosses for presenting me with a copy of this chart. The area surveyed
was much greater and the density of soundings would seem to have been less,
possibly considerably less, than in Dalrymple’s survey so that the contoured
chart is likely to be less accurate in detail than that reproduced in Fig. 10.
However, great detail is not necessary to show that to the west-north-west
there are a number of submarine canyons of even greater size. Thus the
steep cliff shown in Fig. 10 (top left) would appear to be one jaw of a
canyon about 15 miles long and with a maximum depth between and below
the containing spurs of about 4000 ft. This canyon and others appear to
be ideally shaped to create submarine eagres whilst the broad spurs shown
in Fig. 10 and two similar ones at 48° 40' N., 10° 22" W. and 48° 35" N,,
10° 10’ W. appear likely to exacerbate the capsizing process suggested as
occurring in southerly gales all along the continental slope. Continuous and
extensive observations over these submarine canyons would be needed
before well-placed standard hydrographical stations off the continental slope
between 6 and 11° W. can be proposed.

THE VERTICAL DISTRIBUTION OF WATER MASSES

Making use of the extensive information to be gleaned from Fig. 9 and from
the sections and plots for temperature, salinity and density by Helland-Hansen
& Nansen (1927, table II and plates 14 and 32) and from those for oxygen by
Gaarder (1927, pp. 9-14, and Schnitt 14 and &), it is possible to identify the
several water masses in the Armauer Hansen section in June 1914 (Fig. 11).
It is not possible to assess the importance of internal waves in causing the
undulating boundaries, particularly of the Gulf of Gibraltar water. At
station 11 this was completely squeezed out so that the Celtic Cascade Core
(see below) and the Mixed Gibraltar-Deep water were in contact.

Station 15 was a typical and simple oceanic station with North Atlantic
Central and Gulf of Gibraltar water clearly developed.

Stations 11 and 10 exhibited marked idiosyncrasies. At 8oo m. at station IT
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and at 600 m. at station 10 was a core of highly oxygenated water (Table IX,
italicized), having properties appropriate to the north-western Celtic Sea the
previous winter. There is little doubt that it had recently cascaded and had
been forced out into the ocean as a core (cf. Cooper & Vaux, 1949), having
been canalized in a submarine valley such as those shown in Fig. 10. The
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Fig. 10. Contoured bottom topography of the continental slope of the Celtic Sea in the
neighbourhood of 48° N. lat., 9° 30" W. long., making use, by permission of the Hydro-
grapher of the Navy, of an original hydrographic survey carried out by H.M. Surveying
Ship Dalrymple (Captain, now Rear-Admiral A. Day, C.B.E., D.S.0.) in February 1949.
South of 48 N. lines of soundings are comparatively few. The contours at 250 and
1750 fm. have been added by the author. The 100 fm. contour is shown by a thick broken
line. Contours at 250 fm. intervals are shown by thick continuous lines. Intermediate
contours at 50 fm. intervals from 100 to 300 fm. and at 400 fm. are shown by thin dotted
lines. The slope between the 250 and 500 fm. contours is stippled. The positions of the
important station 6 worked by Armauer Hansen in June 1914 and of two stations worked
by the same ship in 1938 are shown. The position of station 51, worked by Thor on
20 May 1906, is marked by an open circle, together with the adjustment necessary to bring
the sounding reported by Thor into line with the chart.
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stability at the base of the core (Ac, 0'41 in 200 m.) was remarkable. The core
almost certainly originated north of the Armauer Hansen section, so that the
fact that the oxygen-rich water lay deeper at the outer station no. 11 than at
no. 10 agrees with a thesis, propounded by Sandstrém (1918, p. 241) and
confirmed by other work at Plymouth, that such currents move forward in the
northern hemisphere with a right-handed-screw motion.

The position of station 10 was within 5 miles of that of Deutschland Reihe 2
(46° 29" N., 13° 11’ W.) on 16 May 1911, the temperature-salinity relation for
which has been superimposed on Fig. 9 (Station 10) as a fine dashed and
dotted line. The nature of the water masses on the two occasions differed
greatly but, unfortunately, no depth was worked between 400 and 800 m. or
between 1000 and 1500 m.

TABLE IX. CoRE oF CELTIC SEA CASCADE WATER OBSERVED BY
ARMAUER HANSEN ON 7 JUNE 1914

Oxygen
Depth ————————— Salinity Temp. Density
(m.) (cc. /L) % (%) (G oy Nature of water
Station 11, 46° 00" N., 14° 03" W,
400 545 855 3545 10°25 27-28 North Atlantic Central
600 4:83 76 35-38 10°24 27:22 ?
Soo 548 86 3543 1017 2728 Celtic Cascade Core
1000 455 68 3550 7:95 2769 Mixed Gulf of Gibraltar and Deep
Station 10, 46° 25" N., 13° 14" W.
400 544 865 3552 1082 2723 North Atlantic Central
Ho0 601 94°5 3545 10-36 2726 Celtic Cascade Core
800 407 645 3573 10'44 2748 Gulf of Gibraltar
1000 438 675 35-68 925 2763 Gulf of Gibraltar

At station 6 against the slope, North Atlantic Central water was not recog-
nizable and only vestigially at 400 m. at station 7. Gulf of Gibraltar water was
present strongly at goo-1000 m. at station 6 and at 1200 m. at station 7.

Also at station 6 oxygenated water was banked against the slope in three
separate strata. That above 400 m. depth was largely a mixed water formed
by cascading from the continental shelf and by capsizing over the continental
slope. For the highly oxygenated water at 800 m., there may be no need to
seek an origin farther north than cascade water from the Porcupine Bank.
That at 1200 m., beneath the Gulf of Gibraltar water, may have cascaded
from the neighbourhood of the Rockall Table Mount, an event which will
be further discussed below (p. 497, and Table XVIII). To these several
water masses of very different histories but similar salinities, it is considered
very probable that some organisms may react very differently, particularly
at sensitive stages in their life histories, such as development of diatom resting
spores, fertilization and hatching of eggs and moulting of crustaceans (cf.
Wilson, 1951). Therefore, when discussing the hydrographical background of
biological events it is never sufficient to speak of ‘an influx of Atlantic Water’.
The particular kind of Atlantic water needs to be identified.
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RESULTS OF THE INTERNATIONAL GULF STREAM EXPEDITIONS 1938

In June 1938 a section with stations 20 miles apart was worked by the Danish
research vessel Dana from 51° 33" N., 10° 22" W. off Dursey Head, County
Kerry, to 53° 48’ N., 20° 21" W. (Fig. 8) (Cons. Int., Bull. Hydrogr. for 1938).
The section crossed the submarine indentation and the southern spur of the
Porcupine Bank into the deeper Eastern North Atlantic. The distribution of
properties was complex and their interpretation will be difficult. Two similar
but less complex sections were worked at the same time by the Norwegian
vessel Armauer Hansen, south-west from the English Channel towards the
Azores. No advantage is to be gained by a superficial examination of these
valuable observations. Their application to our problems, especially to the
Celtic Sea mackerel investigations in the same year, is deferred until the
Scandinavian oceanographers have published their conclusions.

THE SLoPE WATERS OFF THE CELTIC SEA IN 1950

On 18-19 January 1950, R.R.S. William Scoresby worked four stations along
the parallel 50° 34" N. between 10° 40" and 11° 30" W. (Fig. 8), where the
results of the Irish investigations at station SS (50° 34" N., 11° 17" W.) had
shown that vertical exchanges occur. Later,on 11-12 May, R.R.S. Discovery I1
worked a line of three stations (section D 11) over the slope between 48° 18’ N.,
7° 30" W. and 47° 24’ N., 7° 52" W., the deepest being sampled to 3800 m.
depth. She worked other stations on the shelf, which will be discussed in a
later paper. Cordial thanks are due to Dr G. E. R. Deacon, F.R.S., and to
Dr N. A. Mackintosh for arranging this co-operation, to Dr T. J. Hart
and Dr H. P. F. Herdman, scientists in charge of the two ships, and to
Mr R. I. Currie and Mr H. Cox, who were responsible for collecting many of
the samples, and to Mr Currie for the analyses of oxygen. The results are
presented graphically in Figs. 12-15.

The vertical variations in salinity and temperature between the surface and
1200 m. depth (Fig. 12) are smaller than in most parts of the world, but are
characteristic of the waters bathing the Western European continental slope
between Gibraltar and Western Ireland. Within this framework there is a very
marked difference in the nature of the water masses encountered on the two
cross-slope sections.

The Surface Waters

On the northern section worked by R.R.S. William Scoresby on 18-19 January
1950 vertical mixing was apparent down to 250 m., as on the Armauer Hansen
section in June 1914 (Figs. 9, 12 and 13, panel 3). Along the 33-mile long
section the distribution of density above 250 m. depth was almost uniform
(27:05—27'11 o,), indicating very sluggish water movements parallel to the
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continental slope and the results of capsizing. None the less the total phos-
phorus content showed a horizontal increase westward of about o-1 ug.-atom/1.
as the brim of the slope was crossed (Fig. 13, panel 4). Again, in spite of the
generally vertically uniform temperature distribution, there were small density
inversions which appear to be real at 20, 150 and 300 m. (Fig. 12). This
phenomenon, frequently observed in this neighbourhood, will be discussed in
another paper.

The content of nutrients at the easternmost station WSg960 (50° 34" N.,
10° 40" W.; total phosphorus 0-61-0-63, inorganic phosphate 0-48-0-53 ug.-
atom/l. P) suggested that some areas of the northern Celtic Sea were little
richer than the English Channel.

The phosphate content on 19 February 1927 at position SS, determined
by Atkins (1928), may be compared with that at the same position and depths
interpolated from stations WSg62 and 963 (Table X).

TaBLE X
Depth 19 February 18-19 January
(m.) 1927 1950
0 046 055
402 072 073
860 091 1'13

The difference between the two water masses on the sections worked by
R.R.S. William Scoresby in the north and R.R.S. Discovery II in the south
shows up most clearly on a temperature-salinity diagram (Fig. 15). At no
depth are the two waters closely related.

Along the southern (D 11) section in May there was no relict isothermal,
isopycnal layer remaining to indicate the lower limit of vertical mixing during
the winter. It is unlikely that it extended down to 300 m. The contents of
total phosphorus and of silicate-Si of the uppermost 100 m. (0-3-0-6 and
0-5—2-2 pg.-atom/l. respectively (Fig. 14, panels 4 and 5) were or had become
low. Itis probable that the relatively nutrient-rich winter surface water here
(which should have been created by the gales of the first week of February)
had been replaced by impoverished surface water from the ocean to the south
or from the Biscayan shelf. If later such water moved into the English
Channel it could bring only poor conditions with it.

In the southern section in May there was a density gradient (Fig. 14,
panel 3). Assuming only horizontal water movements, this would indicate
a weak eastbound current flowing along the edge of the slope, in agreement
with the current system already deduced for the region by Helland-Hansen
and Nansen (1927); but since vertical currents and internal waves may also
have played a part no firm conclusion is possible. At least it seems that the
impoverished warm saline surface water is more likely to have come from the
ocean to the south-west or west than from the Biscayan shelf to the south-east.
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The Deeper Waters

On the southern section in May, the salinity maximum at around 1000 m.,
characteristic of the Gulf of Gibraltar water, was well developed (Fig. 14,
panel 2). It was also recognizable on the northern section in January. It had
the properties set out in Table XI.

Determinations of silicate, in addition to those of oxygen, are likely to
assist in distinguishing deep cascaded water from Gulf of Gibraltar water.
Silicate determinations are also likely to distinguish cascaded from capsized
water.

Above the Gulf of Gibraltar water lay water of minimum salinity and having
the properties set out in Table XII.

TABLE XI. PROPERTIES OF THE GULF OF GIBRALTAR WATER IN THE
EARLY MONTHS OF 1950

Salinity 356 % Total phosphorus 1-2— I-3pg.-atom/l.
Temperature 89 -10°0° C. Phosphate phosphorus I'1— I-2pg.-atom/l.
a; 27-45-27-68 Silicate-Si 10 —II-5pg.-atom/l.

TABLE XII. PROPERTIES OF MINIMUM SALINITY WATER

Salinity 3549 %o Total phosphorus 0-6—1-0 pg.-atom/l.
Temperature 10-25-10-95° C. Silicate-Si 4-8-8-3 ug.-atom/l.
ay 27-18-27-32

TABLE XIII. SOME PREDICTED PROPERTIES OF THE SEVERAL TYPES OF WATER
MASS FOUND NEAR THE CONTINENTAL SLOPE OF THE CELTIC SEA

Total
Oxygen Silicate-Si  phosphorus ~ Temperature Salinity
(%) (pg.-atom/l.) (pg.-atom/1.) (°C. %0)
Cascaded water >85 <4 <o'7 Uniform and Uniform and
dependent on  dependent on
origin origin
Capsized water High and c. 6 c. 09 Uniform and Uniform and
uniform > 10 >35'5
Gulf of Gib- 65-69 10-11'5 1:2-1°3 9:0tos Maximal and
raltar water =355
Deeper North 65—70 > 10 >1-3 Conforming to Conforming to
Atlantic standard T-§  standard 7-§
Central water diagram diagram

The rapid increase in nutrient content through the layer of minimum
salinity is very striking.

The low-salinity component of this water can come neither from above nor
below. It can arise only by lateral mixing. Two origins are possible, either
North Atlantic Central water from much the same depth to the south-west,
or cascaded water directly from the Porcupine Bank or round by the South
Porcupine submarine promontory from the Hebridean continental shelf. At
William Scoresby station 963 on 19 January 1950 the low oxygen content
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(635 9, saturated) at the salinity minimum at §75 m. indicates surely that
then North Atlantic Central water was dominant there.

The predicted properties set out in Table XIII will certainly be modified
in detail by further knowledge. They are meant to show how, by combining
several determinations, it should become possible in this area to recognize
with certainty the several water masses and admixtures of them.

.THE HYDROGRAPHY OF THE SUBMARINE INDENTATION SOUTH OF THE
PORCUPINE BANK AND SOUTH-WEST OF COUNTY KERRY

On twenty-seven occasions the Irish Fisheries Service, under the direction
of the late Mr G. P. Farran, has made observations at the station SS (50”34’ N.,
11° 17" W. approximately) on the eastern side of the submarine indentation

TaBLE XIV. OBSERVATIONS AT THE IRISH STATION SS§, 50° 34" N.,
11° 17" W. APPROXIMATELY

Depth to
Lat. Long. bottom  Depth of samples taken
Station no. 50° N.+ 11°W.+ Date (m.) below 601 m.
SR 992 34’ 29" 9. viii. 10 1452 713, 1225
SR 1098 374’ 16” IIf12. il II 1006 700, 956
SR1158 33’ 21’ I5. V. II 1234-1478 731, 1234
SR1228 36’ 19’ 10. viii. 11 1167 823, 1097"
SR1379 31’ 16° II. V. I2 977 731, 914
SR 1439 27’ 20’ 14. viii, 12 951 640, 914
SR1613 2q9’ 22" 15. V. I3 960 640, 914
SR1677 35’ 18’ 14. viii. 13 1072 731, 987
SR 1824 33° 23’ 14. V. 14 1379 914, 1280
SR2158 34’ 17’ 14. V. 25 1037 1000
SR2173 34’ L7’ 24. xi. 25 I152 1097
SR2221 34" 17’ 17. viil. 26 797 768
SR2244 34" 17 19. ii. 27 906 860
SR2270 34’ 17’ 10. V. 27 1004 966
SR2290 34" i 27. Xi. 27 1049 1024
SR2311 34" 16 14. iv. 28 906 878
SR2353 34’ 167 21. il 29 1016 986
SR2382 35" 12’ 3. Vi. 29 843 800
SRz2404 36" 157 12. viii. 29 873 840
SR2420 34’ 16 I. Xii. 29 1027 750, 978
SR 2487 37’ 19° 26. V. 31 856 695
SRz2509 34’ 14’ 17. viii. 31 767 750
SR2533 38’ 14’ 3.1l 32 769 720
Challenger 1 25° 15° 26. vi. 32 815 750, 795
R2585 41" 17’ 8. viii. 32 989 700, 800, 950
SR 2648 =114 16° 17:'V..33 1016 700, 800, 969
SR 2664 35" 167 8. viii, 33 1073 700, 800, 1042
SR2725 34’ 15’ 12. vi. 34 847 700, 800
WSg62 34" 10’ 18. 1. 50 922 780, 880
WSg63 34’ 30’ 19. 1. 50 1311 660, 750, 800, 850,
930, 970, 1010, 1065,
1170, 1270

(Table XIV). The results for the years 1910-14 have been read from Mr D. J.
Matthews’s record cards, now in the writer’s possession, and those for later
years have been extracted from the Bulletins Atlantiques and Bulletins Hydro-
graphiques published by the International Council for the Exploration of the
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Sea. The series has been supplemented by one by H.M.S. Challenger in
1932 (Cons. Int., Bull. Hydrogr. for 1932) and by interpolated results from
the two outermost William Scoresby stations in 1950 (Cons. Int., Bull. Hydrogr.
for 1950). Depths observed ranged from 767 to 1478 m.

Mean temperatures, salinities and densities have been evaluated (Table XV),
by interpolation where necessary, for standard depths at intervals of 100 m.
from 100 to 1000 m. Down to 600 m., the sampling intervals were small
enough to make interpolation safe except on 17 August 1931. Below 601 m.
in many years only one depth was sampled so that interpolation may have
caused error. The curves have been slightly adjusted so that salinity, tempera-
ture and density are consistent. Moreover, on some occasions, bottom was
found above 800 m. Although the assessment of mean values at 800-1000 m.
must be subject to greater error than in the upper waters, the error of the
temperature mean appears not to exceed +0-02° C. Standard deviations of
the means are also included in Table XV.

TABLE XV. MEAN TEMPERATURES, SALINITIES AND DENSITIES AT STANDARD
DEPTHS AT OR NEAR THE IRISH STATION SS (50° 34’ N., 11° 17" W.) FOR
TWENTY-NINE OCCASIONS, WITH STANDARD DEVIATIONS

Depth Temperature Salinity Density
(m.) ¢Cc) J00) (o1)

100 1102 +0'43 35°52 1004y 27'19 + 008,
200 1074 + 026 35-52 + 006, 27-24 1005,
300 1062 + 022 35'52+ 005, 2726 +003;
400 10°50 + 019 3551 + 006, 27-28 +0°03;
500 1031+ 0'14 35-50+£ 004, 27-30 £ 0034
600 1009 +0°14 35°50+ 0055 27°34+ 004,
700 9-83+ 020 35°51+ 0045 2740 + 0045
800 9°54 £0°27 35°54 004 2747 £0045
900 928 £0°31 35°55+0°04; 27'521005,
1000 8:92+ 043 3554+ 004 27:57 £ 006,

Vertical mixing would seem to proceed at all depths on a considerable scale
(Cooper, 19524, fig. 2). Although the water at 1000 m. is commonly of very
different origin from thatat 100 m., the uniformity in salinity from top to bottom
is notable. The result illustrates the futility of treating all high-salinity waters
in the Celtic Sea as carrying uniform chemical and biological properties.

The stratum of most constant temperature lies between 500 and 600 m.,
that of most constant density between 300 and 500 m. The deepest water at
1000 m. shows a greater range of temperature and of density than any other
stratum below 150 m. A similar result has been found in the open Atlantic
at 44° 36" N., 20° 00" W. (Fig. 2). The relatively large standard deviation of
the density at 1000 m. must mean that the currents there are of the same
order of magnitude as those at 100 m. These deep currents will affect all
attempts at dynamic computation of surface currents. The reference level of
assumed no motion in the Eastern North Atlantic needs to be taken very
deep. Moreover, the strong slope of deep geopotential topographies should
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have a very pronounced effect, possibly a controlling effect, on surface currents.
It may explain, in part, the great difficulty in assessing surface currents in the
Atlantic near the continental slope of the Celtic Sea.

Variations in the Gulf of Gibraltar and ‘Rockall Cascade’ Waters at Station SS

The strength of the tongue of Gulf of Gibraltar water varies much from
time to time. The largest changes between successive observations are given
in Table XVI. Between May and August 1911 water entered between 700 and
at least 820 m. depth which was both much warmer and more saline; it was
undoubtedly Gulf of Gibraltar water. Between the same months in 1933,
the converse happened, the Gulf of Gibraltar water was pushed out by colder
and less saline water. This is the more usual occurrence.

TasLe XVI
Increase in salinity (%,) Increase in temperature (° C.)
b ia S e . N
Dates 800 m. 9oom., I0com. 800 m. Q00 m.  I00O0 m.
(a) Salinity and temperature increased or decreased together
15. V.—I0. Viii. II +009 — = +0:63 +0:69 +0:70
17. v.—8. viii. 33 —007 —0'09 —0-09 —0°30 —0°40 —0°52
(b) Salinity and temperature moved in opposite phase
27. xi. 27-14. iv. 28 + 006 +0-08 —_ —0-62 —0'78 —
I4. viil. I2-13. v. 13 — 006 —0-06 - +023 +021 —

During the winter of 1927-8 between November and April at about
880 m. water about 0-08 )/, more saline but half a degree colder came in;
yet in the winter of 1912-13 at about 9oo m. water 0-06 %, less saline and
0-20° C. warmer entered. These last events cannot be correlated with changes
in the Gulf of Gibraltar component. A detailed study of variations in salinity
on the lines of the analysis of temperature to follow has not revealed any
rhythmic change in the distribution of salinity.

There are striking variations in temperature at 800-1000 m. depth, but
owing to the heterogeneous nature of the data they are not presentable in
a simple form. They may be most surely shown by the following procedure.

(i) The temperatures at 100 m. intervals from 100 to 1000 m. were tabulated,
when necessary interpolating graphically and checking that temperatures,
salinity and density are mutually consistent. (ii) The mean temperature at each
standard depth for all observations at station SS was then evaluated. (iii) At
800, at 9oo and at 1000 m., the deviations of each observed or interpolated
temperature from the mean for the depth was worked out. (iv) The deviations
at 8oo m. and, when available, at 9oo and 1000 m., were then averaged to give
the best assessment possible of the mean deviation of the temperature of the
800-1000 m. stratum from its overall average. (v) The changes in these mean
deviations as measured on cruises a quarter or half year apart were then
computed (Table XVII).
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The result is no more than a measure of the changes in the temperature of
the 800-1000 m. stratum considered as a whole. The summer of 1911 was
exceptional (p. 495), and all results involving it are enclosed in square
brackets and omitted from the means.

There is a seasonal change in temperature with a range of about 0'5° C.
The water at 800-1000 m. has been warmest in November and coldest in
August. Nearly all the warming up occurs between August and November.

TaBLE XVII. CHANGES IN THE MEAN TEMPERATURE OF THE 800-1000 M.
STRATUM AT STATION SS BETWEEN CRUISES A QUARTER AND A HALF-YEAR

APART
Quarterly intervals

1911 1927 1929* Mean

Feb-May [—o048] — 060 —0'17 —0°39
1911 1912 1913 1929 193271 1933

May-Aug. [+068] —0-14 — 004 —0'04 —022 —0°40 —017
1929

Aug.—Nov. +o028 4028

Nov.-Feb.  No pairs of observations available ) —

Half-yearly intervals

1927/8 Mean
Nov.-Apr. —078 — o078
I9II 1929
Feb.—~Aug. [+0-20] —025 —025
1925 1927 1929

May-Nov. + 001 +1-16 + 024 + o047
1910/11  1926/27
Aug-~Feb. +o12 +0°44 +0-28
Also

I9I0/II IQII/I2 I9I2(I3 I19I3/14 1926/27 1931/32% 1932/33 1933/34 Mean
Aug.-May [—o0-36] [+023] +022 +008 —016" +042 +05I +031 +0°23

* 21 Feb.—3 June. T 26 June (Challenger Station 1)-8 Aug.
1 17 Aug. 1931-26 June 1932. :

Analysis of the observations by other methods has shown that the extent of
the cooling between May and August has been somewhat exaggerated; most
of the cooling occurs between February and May, the season of cascading of
shelf water (Cooper & Vaux, 1949), which undoubtedly may affect the water
down to 1000 m. depth.

Water in the Celtic Sea never becomes heavy enough to sink so far and it
is doubtful if Porcupine Bank water could either. Water of sufficient density
could only be found at the surface still farther north. None the less, north
of 60° N. and also over the Rosemary Knoll* the salinity is almost always too
low. Over the extensive Rockall Table Mount! water of appropriate density,

1 Name in accordance with the recommendations of the British National Subcommittee
on Nomenclature of Ocean Bottom Features.
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salinity and temperature often occurs. I am much indebted to Lt.-Cmdr. J. R.
Lumby, R.N., for providing me from his card index with a complete set of
surface hydrographical observations for the months of January to April over
the Rockall Table Mount between 56° 30" and 58° 15" N. lat. and 13° and
15° W. long. From them the mean surface density there has been computed
for each month (Table XVIII); 219, of these observations show a surface
salinity of 35-45 %, or more. During passage south the salinity of Rockall
cascade water would be expected to increase somewhat, due to lateral mixing.

Considering only the statics of the system, heavy saline water formed in
winter over the Rockall Table Mount could account for the fairly regular
seasonal fluctuation of the water at 8co-1000 m. depth at station SS (cf. also
Nansen, 1912). However, the dynamics of a north-south section across the
North Atlantic Drift requires a density distribution in this sense with heavy
surface water on the left or north and light water on the right or south. Even

TaBLE XVIII
Depth at station
SS at which
Mean density of surface water such a mean
over Rockall Table Mount density is
. A S recorded; from
No. of Table XV
Month observations a; (m.)
January 12 2746 790
February 12 27°57 1000
March 26 - 2750 860
April 33 2744 750

so, if a cold winter produces a sudden increase in the density of the water
overlying the shallow Rockall Table Mount, then the steady state of the drift
would be upset. Either its speed towards the east or north-east must increase
to carry a greater volume of saline water into the northern North Sea, or the
heavy water must cascade towards the south, undercutting the North Atlantic
Drift. Both may probably happen to different degrees in different years.
Tait (1951) has remarked that in the northern North Sea the predominance
of oceanic influence is in most years at a maximum in spring and early summer
and at a minimum in autumn and winter, and that these seasonal variations
are subject to annual fluctuations in their magnitude and incidence. This,
qualitatively, is the effect which increase in density during cold weather in
February and March over the shallow Rockall Table Mount and the neigh-
bouring banks or knolls would produce. The evidence from station SS and
from Armauer Hansen station 1914/6 is that this heavy water may also cascade
and then flow southwards along the continental slope in some winters for over
500 miles.

Although incursions of Gulf of Gibraltar water will lead to warming up
at any season, it seems clear that only in the summer of 1911 was it dominant
over the seasonal oscillation due to the ‘Rockall cascade’ current. The greatest
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498 L. H. . N. COOPER

changes in density occurred: (i) August 1910-February—-May 1911 when the
overall increase much exceeded 0-10 o~unit; (ii) February-May 1927 when
the density increased by 0-09 o,-unit due entirely to a fall in temperature of
0'5° C. On the latter occasion the salinity scarcely changed. The phenomenon
was probably associated with cascading from the continental shelf of water
having salinity 3555 %,, temperature 8-2-9-2° C. and density 27-54-27-68
o,unit. Such water cannot have originated in the Celtic Sea and can only
have come from farther north. On 1 February 1927 water having salinity
3548 %, temperature 8-2° C. and ¢, 27-65 was reported (Cons. Int., Bull.
Hydrogr. for 1927) on the Danish line of surface stations between Copenhagen
and New York at 59° 02’ N., 11° 00’ W. It is likely, therefore, that the chilled
water at station SS (50° 34’ N., 11° 17" W.) had been formed by cooling and

TaBLE XIX
Depth  Temp. Salinity Density Oxygen
Date Lat. N. Long. W. (m.) G (%) (o) (%)
Over Rockall Table Mount
15. 1. 34 58° 09"  14° 21 o 87 35'40 27°50 =
4. ii. 34 57° 48 13° o4’ o 91 35'46 27-48 =
12. iil. 34 58”03 13”09 o 87 35'52 27°59 =
25. iii. 34 58° 05" 13° 03/ o 92 3548 2748 =
16. iv. 34 57° 39 13° 37 o 9'6 3559 2749
Station SS
12. Vi. 34 50° 34° 11° 15° 600 9-81 35°57 2745 —
700 9-81 35°55 2743 =
800 9'41 35°57 27'52 =
Also Armauer Hansen station 1914/6
5.vi. 14 47° 57° 9° 42"  8oo 994 3553 27'39 90
1200 851 35°52 2762 89

cascading of the water in the North Atlantic Drift passing over the Rockall
Table Mount. North Atlantic Central water carried towards Rockall is likely,
whilst on passage around and over the Table Mount, to be modified by
capsizing against the island slope during high winds. If the Rockall Table
Mount was indeed its origin it had subsequently moved south at the rate of
about 5 miles a day. The year 1934 showed the effect particularly clearly
(Table XIX).

There is little doubt that at station SS in June 1934 there was a large
northern component at 600-800 m. Similarly, the highly oxygenated waters
reported from the Armauer Hansen expedition in 1914 by Gaarder (1927) at
station 6 at 800 and 1200 m., sandwiching oxygen-depleted water (72 and
77's% saturated) at 9oo and 1000 m., would seem certainly to have been of
northern surface origin.

Ability to cascade from north to south depends not on any absolute but on
relative values of density. Thus ten observations of computed surface density
by Ocean Weather ships over the Rockall Table Mount in February-April
1950 revealed a somewhat low mean density of 27:41 o,. Nevertheless, the
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waters at station SS in the ‘South Porcupine submarine indentation’ in
January 1950, also light relative to earlier years, could have subsequently
accommodated such water down to goom. Considerable north-south cascading
was possible.

The dynamics of such a descending mid-water current of cascade origin,
hugging the continental slope on its left, needs attention. It is clear that
immediately west of the British Isles in spring and summer geopotential
topographies (for definition see Sverdrup et al. (1942, p. 404)), suggesting
surface currents to the north and north-east, need to be interpreted with
especial care. A mid-water descending current in the opposite direction and
of considerable magnitude is always likely. It is now realized that such a
curient system would contribute to the difficulty experienced in interpreting
the Dana section across it in June 1938. This has not been re-examined.

In March and April and even perhaps in May, severe gales from between
south-west and north-west would, by causing capsizing, destroy this de-
scending mid-water cascade current during its passage along the western
fringe of the British Isles. Northern cascade water would not then reach
south-west Ireland in an identifiable form.

The winter and spring of 1927 was a period of strong cascading (Cooper &
Vaux, 1949). The low inorganic phosphate found that year by Atkins at
860 m. at station SS (Table X, and compare Cooper 19524, fig. 2) suggests
that by mid-February little water from the south was present. During the
spring cascading from the Celtic Sea continued strongly, followed during
the summer and autumn by a very strong recession of cascade water. By
November the water at 1000 m. had warmed up by 11° C. and had become
lighter than any water recorded there between 1910 and 1934. By April 1928
this warm light water had again been displaced by a dense, saline water of
intermediate temperature (35'61%,, 9:0-9-4° C. and o, 27-58-27-61), this
water having a strong Gulf of Gibraltar component. It is clear that during
1927, as a whole, water movements around 800-1000 m. were on a scale
greater than in any other year for which we have sufficient records (Table XIV).
Quite apart from vertical exchanges, the resulting alterations of deep geo-
potential topographies must have had a very considerable effect on those at
the surface. Unusual surface currents above the continental slope of the
western Celtic Sea were likely in that year.

Seasonal Variations at Station SS in the 200-400 m. Water Stratum

The seasonal variations for the 200-400 m. stratum have been worked out
in the same way as those at 8co—-1000 m. (Table XX). The scarcity of observa-
tions in November has made difficult the distribution of changes as between
autumn and early winter. Most surprising was that the changes in temperature
from season to season at 200-400 m. were on an average less than one-fifth of
those at 800-1000 m. The remaining conclusions are tabulated in Table XXI.

33-2



500

L. H. N. COOPER

TaABLE XX. CHANGES IN THE MEAN SALINITY AND TEMPERATURE OF THE
200-400 M. STRATUM AT STATION SS BETWEEN CRUISES A QUARTER

+0-04

Mean
omitting
1932
— 0409
Nil

+ o018

Mean

OR A HALF-YEAR APART
Salinity
Quarterly intervals
I9II 1927 1929* 1932 Mean
Feb.—May +005 —0'10 +0II +00I +0-02
I9II 1912 1913 1929 1931 19321 1933
May-Aug. —003 —00I —00I —00§ —0I3 —00I —005 —004
1929
Aug.-Nov. —o0-05 — 005
Nov.—Feb. No pairs of observations available e
Half-yearly intervals
1927/28 Mean
Nov.-Apr. +0-04 +004
: 1911 1929 1932
Feb.-Aug. +002 4006 o000 4003
1925 1927 1929
May-Nov. —o004 +005 =006 =002
191011 1926/27 1931/32
Aug.~Feb. 4001 <4007 +40II <4006
Also
I9IO/II IQII[I2 19I2/I3 I9I3/14 1926/27 1931/321 1932/33 1933/34 Mean
Aug.—May 4006 o000 4001 —003 4007 4ol 4003 4005
Temperature
Quarterly intervals
1911 1927 1929% 1932 Mean
Feb.-May —008 —o013 —007 —061 —0-22
IQII 1912 1913 1929 1931 19327 1933
May-Aug. 4006 +008 —o012 <4008 —009 4002 -—001 Nil
1929
Aug.-Nov. +o018 + 018
Nov.-Feb. No pairs of observations available —
Half-yearly intervals
Mean
omitiing
1927/28 Mean 1932
Nov.-Apr. —o0I7 . =017 =017
1911 1929 1932
Feb.-Aug. —0'02 +00I —0'59 —020 Nil
1925 1927 1929
May-Nov. 4013 4033 4026 H024 Ho24
I9I0/II 1926/27 1931/32
Aug.-Feb. +o004 —003 4068 +023 Nil
Also
IQIO/II I9II/I2 191213 I9I3/14 1926/27 193I/32% 1932/33 1933/34
Aug.—May —004 —006 —003 4006 —0I16 +007 +01I2 —003

* 21 February-3 June.

T 26 June (Challenger Station 1)-8 August.

f 17 August 1931-26 June 1932.

— 001
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TaBLE XXI. SEASONAL VARIATIONS AT STATION SS IN THE 200-400 M.
WATER STRATUM

Temperature Salinity
Feb.-May Average decrease of at least Variable. Average increase of merely
0-09” C. Very marked de- 002%,. In 1927, a year of strong
crease (0'6°) in 1932 cascading of shelf water, there was a

decrease of o'10%,. For 1930, pro-
bably a year of strong cascading, no
observations are available

May—Aug. Little change Decrease in every year, average decrease
004+ (s.0.) 004 %,. (The statistical
distribution is not ‘normal’.)

May-Nov. Average increase of 0-2°, Little regular change

mostly between August
and November

Aug.—Feb. Net slight overall tendency Average increase of about 0-06%,

to increase; very strong
warming (0+7°) in autumn
of 1931-32

N.B. Owing to the nature of the distribution of the observations in time, the positive and
negative assessments cannot be expected exactly to cancel.

Density
Feb.—May Average increase of about 0-06 o,-unit
May—Aug. Average decrease of about 0-03 o,-unit

Aug.~Nov.  Average decrease of about 0-03 o,-unit
Nov.-Feb.  Little change

Recent Warming up of the Upper layers at Station SS

For the twenty-nine sets of observations at and near station SS the
departures from the mean temperature of the 200-400 m. stratum are pre-
sented in Table XXII. Positive departures are stressed by italic type. In
the years 1910-14 and again from May 1925 to May 1927 the water was
consistently colder than the average by 0-2° C. No records are available for
the exceptionally warm autumn of 1921 (cf. Harvey, 1923).

During the summer of 1927 markedly warmer water arrived and remained
with minor recessions until the end of the Irish observations in 1934.

When the position was next examined on 18-19 January 1950 by R.R.S.
William Scoresby, the stratum was found to be o-7° C. warmer as compared
with 1910-14 and 1925 (cf. Helland-Hansen, 1949).

Smed (1949a,b, 1950) has found that there has been a warming up since
about 1932 of the surface waters in the north-eastern North Atlantic in his
areas I, H and L (between 55 and 67° N. lat. and between 10 and 20° W. long.),
in area J (between 60 and 64° N. and between o and 10° W.), and in area K
(between 58 and 60° N. and between 3 and 10° W.). It would seem from his
reports that the marked warming up first appeared in the north about 1927
and that it is spreading towards the south and south-west. His findings seem
to be compatible not with an increased transport of heat by the North
Atlantic Drift but rather with reduced abstraction in the north of the heat
transported. If this has been so, winter cascading from the more northern
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shallow areas, such as the Rockall Table Mount, will have been affected and
the rate of formation of the North Atlantic Deep water still farther north
may have been reduced (see also Cooper, 19525).

On the other side of the Atlantic, Lauzier (1950) has reported that from
April to October 1949 the surface temperatures at St Andrews (mouth of the
Bay of Fundy) and at Halifax (Nova Scotia) Lightvessel were much higher
than usual, indeed the highest ever recorded.

TaBLE XXII. WARMING UP OF UPPER WATERS (200-400 M.) AT STATION SS
BETWEEN IQIO AND 1950, SHOWN BY DEPARTURES FROM MEAN TEMPERA-

URES :
T (Positive departures in italic type.)
Year February May August November Period average
1910 - =2 —020 -
1911 —0'16 —024 —0°I8 -—
1912 — —024 —016 -
1913 — —0'19 —031 —
1914 — —0-25 — —
Mean 191014 —o0'16 —023 —o021 — —0o'18
1924 — —030 i —0°17
1926 - — 000 —
1927 —003 —0'16 — —
Mean 1925- - — — — —0°13
May 1927
1927 == - — +o-17
1928 — 000 — —~
1929 +0:20 4013 +0-11 +0°39
1930 =¥ - - -
1931 — 4002 —0-07 —
1932 +0-48 +o0-04 + 002 —
1933 o +014 4013 _
1934 = +o010 — —
Mean November +o0-34 +o-07 +0-08 +0-28 +0419
1927-May 1934
1950 +0-52 = = . (+0°52)

(January)

These events reflect the general warming up of the North Atlantic. One
result is that the temperature-salinity relationships, epitomized in equations (1)
and (2) (pp. 467 and 479) and drawn in Figs. 9 and 15, now refer to an age
that is past. They need to be re-determined from fresh observations.

DiscussioN

The purpose of this paper has been twofold: first, by achieving a better
understanding of the exchanges of water with the Atlantic, to assist the pre-
paration of papers to follow on the hydrography of the Celtic Sea and English
Channel; and, secondly, to enable future investigations over the continental
slope to be better directed to the solution of defined problems. It is a con-
tribution to ‘experimental oceanography’.
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There is clearly a need for repeated observations at fixed points in deep
water off the slope to keep track of the very considerable fluctuations which
occur at all depths above 1500 m.

The theory of ‘capsizing’ water masses over the continental slope seems
plausible. If capsizing can be shown to be dynamically sound and can be
demonstrated by clear-cut observations, it provides a mechanism of great
power for enriching the surface waters of the sea with deep nutrients.

It seems probable that, in general terms, winds of a given strength will
prove very much more effective in producing extensive capsizing if preceding
conditions have been optimal. Many variations of circumstances can be
visualized. Thus, if strong winds have blown from between north and east
for some time, as they did in February 1947, some degree of upwelling by the
classical mechanism would occur. If then the wind veered quickly to the
south, reaching gale force and producing severe capsizing while nutrient-rich
water stood banked high against the slope, there would arise very favourable
conditions for surface enrichment of a kind which would occur only a few
times in a century.

It is necessary also to follow the conflict at 8co-1000 m. depth between
Gulf of Gibraltar water and cascade water from the north and to learn more
of their properties. The Irish station SS, already worked twenty-seven times,
is an obvious choice. It lies on the edge of the ‘ South Porcupine submarine
indentation’ which may act like an electrical choke, ironing out short-period
fluctuations appearing in the water outside the indentation. On occasion, as
on 14 May 1925 and 19 February 1927 (Cooper, 19524, fig. 2), the compres-
sion of the temperature-salinity diagram suggests that vertical exchanges may
become very large (cf. Atkins’s determination (Table X) of inorganic phos-
phate at 860 m. at station SS on 19 February 1927, which was surprisingly
low for such a depth). For purposes of comparison the 7-S relationship
found immediately south of the Celtic Sea at Armauer Hansen station 1914/6
(Figs. 8 and 9) and at Armauer Hansen station 1914/15 in the open Atlantic are
included.

In such a submarine indentation, internal waves probably resonate strongly,
causing great turbulence and vertical mixing and, by so doing, destroying
themselves. Combined studies of cascading, capsizing, internal waves and
resonance in this indentation will be necessary. Capsizing against either wall
of the indentation should itself induce deep internal waves which would be
expected to resonate strongly.

An additional Irish station has been worked three times, at 50° 00" N.,
13° 0o’ W. The observations there have been consistent with those at
station SS. It is in a strategic position north of the ‘Sole submarine
promontory’ which seems sometimes to be a water parting.

Cascaded shelf-waters play an important part. It will be necessary to
substantiate that the deeper cascade waters, do, in fact, come from the north,
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probably from the Rockall Table Mount. A solution will require (i) a know-
ledge of the frequency of occurrence over the Rockall Table Mount, and over
the other elevations of the sea-bed towards the east and north-east, of suitable
water sufficiently heavy and in sufficient amount to cascade to the south and
to undercut the main North Atlantic Drift; (ii) establishment of a descending
current in late spring and summer along the continental slope west of the
British Isles; (iii) determination of oxygen contents throughout the whole
area, since waters from the Gulf of Gibraltar and the Atlantic to the south-
west at around 1000 m. would be expected to have an oxygen content between
65 and 70 9, saturated, whereas recently cascaded water should exceed 85 %,
saturated; (iv) a study of silicate distribution, which is likely to help; (v) a
satisfactory account of the dynamics of a mid-water current gliding downbhill
towards the south with the continental slope on its left.

Cascading and capsizing are very different processes which may produce
in our waters markedly similar distributions of salinity, temperature and
oxygen. Often they may combine to give a large mass of water of composite
origin. They should be distinguishable and the degree of admixture of the
two waters or processes should be assessable in terms of the content of
nutrients, especially silicate. Capsized water should be the richer.

Fraser (1950) states that the Scottish fisheries research vessels have found
biological indications of two water masses approaching Faeroe from the south-
west. One, the ‘Lusitanian’ stream, has travelled via the west coasts of
Ireland and Scotland and will have been influenced by any vertical exchanges
over and along the continental slope; the other, the Atlantic stream, travels
farther west. The two streams, at least in the middle and late summer, are
said to be very distinct but mix along the line of meeting. Such biological
distinctions probably indicate chemical differences in the waters which may
persist awhile. It would be desirable to know which of these waters bathes
the Rockall Table Mount and other areas of formation in winter of cascaded
water.

May one ask whether the ‘Lusitanian’ water may be identifiable with a
‘capsized and cascaded water’ similar to that at stations 6-8 of Fig. 11? Such
water should exist all along the west European continental slope and for
75-150 miles to seaward. The  Atlantic’ water of the Scottish workers would
then be identifiable with the ‘North Atlantic Central” water of stations 9-15
and its winter-mixed surface skin.

The North Atlantic Drift carries warm-water plankton organisms ever
northwards and eastwards into colder regions unsuitable for their repro-
duction. Any mechanism for returning part of the stock to the south should
assist its survival. If therefore there are any organisms, not only animals but
perhaps diatoms as resting spores, which can avail themselves of the deeper
return current of cascade origin, their survival should be favoured. Diatom
resting spores could only profit if they complete their travels by being brought
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up to illuminated surface waters by some form of upwelling such as capsizing.
Cascade water, formed as it is in winter, will start by being reasonably rich
in nutrients and will become further enriched by lateral exchange or capsizing
with richer deep North Atlantic Central or Gulf of Gibraltar water. Resting
spores brought up in such water to illuminated levels would be able
immediately to initiate rapid cell division. In their new home they would be
considered to be more northern species. If this cyclical process can be firmly
established as occurring it provides not only the nutrients required for growth
but the seeds of life itself.

The mid-water cascade current will take time on its journey south. It will
sink in the north mostly in February and March and will not reach its southern
limit until late in the spring. Species of plants and animals which may be said
to be characteristic of the waters around 58-60° N., 12-15° W., and would
there start their seasonal reproductive cycle in, say, March, would not reach
more southern waters until later in the spring.

Again, since the intensity of cascading will be related to air and sea tempera-
tures in the more northern area, after warm ‘northern’ winters the ‘seed’
stock of northern species of phyto- and zooplankton abreast of the Celtic Sea
should be poor, while after cold ‘northern’ winters it should be relatively
rich. It should therefore be worth while to seek a correlation between
abundance of ‘more northern’ species in May and June between 48 and
50° N. with air and sea temperatures in February and March between 58
and 60° N. Intensity of cascading should not be related so much to deviations
of temperature from all-time means but to deviations from short-period
average conditions. Therefore, such a correlation should be sought not in
terms of all-time but in terms of immediately preceding decade means.

South of the Celtic Sea only one position has ever been exactly repeated,
viz. 46° 28’ N. lat., 8° o1’ W. long. (Dana stations 1387 on 25 June 1922, and
4158 on 17 June 1930). Choice of standard stations will not be much re-
stricted by history but will depend much more upon the position of submarine
valleys and spurs in the neighbouring continental slope.

SUMMARY

The properties of  Mediterranean’ water reaching the threshold of the Celtic
Sea are outlined. This water may be recognized not only by its relatively high
temperature and salinity but by an oxygen content between 65 and 69 Y%,
saturated. The name ‘ Gulf of Gibraltar’ water is preferred.

Due to admixture of nutrient-rich North Atlantic Central water, the
Gulf of Gibraltar water in the neighbourhood of the Celtic Sea is fairly rich
in nutrients, and the large ‘anomaly of the nitrate-N-phosphate-P ratio
found in its region of origin has largely disappeared.

The extension of the Gulf of Gibraltar water into the eastern North Atlantic
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is very variable both in space and time and, at a given position, very large
changes in temperature and salinity may occur in a few months.

The Thor investigations in 1906 revealed that the Gulf of Gibraltar water
may be held into the right against the continental slope of the west European
coast and not extend very far to seaward. Between 1000 and 2000 m. depth
south of the Celtic Sea variations in phosphate-P content of at least 0-2 ug.-
atom/l. seem to have occurred.

The properties and upper and lower limits of North Atlantic Central water
in the area have been examined. Well away from the continental slope the
upper limit of Central water, conforming to its 7-S relation, and the lower
limit of winter mixing have lain between 75 and 100 m. depth. Approaching
the slope the apparent depth of vertical mixing becomes more than twice as
great. This effect is attributed to cooled cascade water from the continental
shelf which, by bringing about a state of labile equilibrium, assists mixing
to a greater depth by wind and by processes such as capsizing of water masses
peculiar to the continental slope.

Part of a survey of a section of the continental slope by H.M. surveying
ship Dalrymple revealing a rugged topography is reproduced (Fig. 10).

It is possible to identify the several water masses in the vertical section worked
south-west of the Celtic Sea in June 1914 by the Norwegian research vessel
Armauer Hansen (Fig. 11), viz. (i) North Atlantic Deep water below approxi-
mately 2000 m.; (ii) between 1200 and 2000 m. water formed by mixing of
Deep water and Gulf of Gibraltar water and conforming well to the 7-S
relation given as equation (I); (iii) between 800 and 1200 m. depth Gulf of
Gibraltar water showing a salinity maximum and oxygen minimum, and warm
(iv) North Atlantic Central water conforming to equation (2), 700 m. thick
at Armauer Hansen station 15 (Figs. 8 and 9) and thinning out towards the
shelf which it did not reach; (v) an intermediate region of mixed Central and
Gibraltar water; (vi-viii) three layers of cascaded waters lying against the
continental slope, the uppermost one extending from the surface down to
400 m. depth and derived largely from the Celtic Sea and further mixed by
capsizing processes, and two others at about 800 and at 1200 m. depth of
northern origin: the Porcupine Bank and the Rockall Table Mount are
tentatively suggested as the sources of these; and lastly (ix) at stations 10
and 11, 200 miles off the continental slope, a core of highly oxygenated water
(86-94 9, saturated) and having temperature and salinity appropriate to the
Celtic sea the preceding winter. This core is considered to be a cascade
phenomenon whose understanding demands further knowledge of the topo-
graphy and oceanography of the continental slope.

It is considered probable that these water masses of very different physical
and biological histories will have acquired different contents of chemical
micro-constituents. These may affect organisms for good or ill at sensitive
stages in their life histories, e.g. development of diatom-resting spores,
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fertilization and hatching of eggs and moulting of crustaceans. When ¢ Atlantic’
water enters the Celtic Sea and English Channel, the particular kind needs to
be identified.

On 18-19 January, 1950, R.R.S. William Scoresbhy worked four stations over
the western continental slope of the Celtic Sea along the parallel 50° 34" N.
and on 11-12 May, R.R.S. Discovery II worked three over the southern slope
in about 7° 40" W. (Fig. 8). At no depth were the two sections closely related.

On the northern January section vertical mixing had extended to 250 m.
and there was little horizontal difference in temperature or density. Total
phosphorus and inorganic phosphate increased westward by o-I pg.-atom/l.
in 30 miles. Along the southern section in May there was no relict isothermal,
isopycnal layer from the winter.

The twenty-seven sets of observations made by the Irish Fisheries Service
at their position ‘SS’, 50° 34" N., 11° 17" W., have been submitted to stati-
stical examination. Mean temperatures, salinities and densities are set out in
Table XV, together with standard deviations. The water there at 800-1000 m.
depth and also at similar depths in the open Atlantic at 44° 36" N., 20° 00" W.
shows a greater standard deviation and range of temperature and density than
any other strata below 150 m. Currents there must be of the same order of
magnitude as at 100 m. depth.

The conflict south-west of Ireland between Gulf of Gibraltar water and
cascaded waters from the north is described. It is suggested, but not proved,
that much of the northern cascaded water has been created over the Rockall
Table Mount and flows south at about § miles a day. At station SS there is
at 800o-1000 m. depth a seasonal change in tempetature with a range of about
o5° C.

Immediately west of the British Isles in spring and summer geopotential
topographies, derived from the distribution of density, suggesting surface
currents to the north and north-east need to be interpreted with especial care.
A mid-water descending current in the opposite direction and of considerable
magnitude is always likely. The effect upon the survival of diatoms and of
animal plankton of a cyclical process involving this mid-water return current
1s examined.

During 1927 as a whole, water movements around 800-1000 m. were on
a scale larger than in any other year for which we have sufficient records.

At 200-400 m. depth the average seasonal changes in temperature were only
one-fitth of those at 8oo-1000 m. Since 1927 the stratum of water between
200 and 400 m. has become warmer. In January 1950 it was 0-5° C. warmer
than the mean of all observations. The relevance of these results to the widely
held view that the Northern Hemisphere is warming up is discussed.
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APPENDIX

METHODS USED IN THE 1950 INVESTIGATIONS

The Nansen-Pettersson insulating water-bottle was used down to 400 m. at
R.R.S. William Scoresby stations on 18-19 January and R.R.S. Discovery I
stations on 11-12 May 1950, except at station WSg62 (to 200 m.) and
Discovery II station 2658 (to 150 m.). Discovery pattern reversing bottles
were used at greater depths. All temperatures are appropriately corrected to
give temperatures in situ. All salinities were determined by the Government
Chemist.

The analyses of oxygen samples collected on R.R.S. William Scoresby were
completed by Dr T. J. Hart and Mr R. I. Currie on 26 January in the ship’s
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laboratory whilst lying at Devonport. Analyses of inorganic phosphate were
made by the present Plymouth procedure (Harvey, 1948) by Mr F. A. J.
Armstrong between 21 and 23 January. Total phosphorus analyses were made
on 24 January by him using Harvey’s method.

All R.R.S. Discovery II samples were taken on to Malta whence they were
sent back by sea. Unfortunately, they were delayed in transit and did not
arrive at Plymouth until the end of July. The samples in glass bottles for
analysis of salinity by the Government Chemist and in polythene bottles for
silicate analyses by Armstrong’s own method (1951) were in good condition.
Analyses of the inorganic phosphate samples, preserved though they had been,
were not attempted. Since the samples for total phosphorus analysis in baited
polythene bottles had evidently stood upside down for some time and the
accuracy which may be read into them has proved of much importance, it
becomes necessary to quote Mr Armstrong’s detailed comments on his
analyses:

The volume of each sample was measured before autoclaving. It should have been
69 ml. (67 ml. of sea water +2 ml. reagents). In every case it was less. After auto-
claving the volume was adjusted to 68 ml. by adding distilled water and the analysis
completed.

Fifty of the 59 samples showed deficiencies in volume of 2-8 ml., 8 of 9-14 ml.
and one (Station 2655, 10 m.) of 25 ml. Deficient volume was assumed to be the result
of evaporation or spillage and it seemed likely that both had occurred. Leakage of
salt water from some bottles was evident because incrusted salt was seen around the
stoppers and on the underside of the lid of the box. Loss by evaporation alone would
not matter since it would be made up after autoclaving, during which evaporation
occurs anyway.

If the samples were homogeneous, spillage could be allowed for in calculation.
The variable salinity of the samples, which might be expected to introduce small and
variable ‘salterrors’ into the analyses, does not matter since salt errors are compensated
by the ‘subsequent addition of phosphate’ technique of Harvey (1948, p. 351). Loss
of sample can be allowed for by multiplying the first result found by the ratio
unspilt volume/volume found, where ‘unspilt volume’ is the original volume of
69 ml. less that volume lost by evaporation. Since it was impracticable to find out
what proportion of the losses in each sample was due to evaporation, it was assumed
arbitrarily that each sample had lost 2 ml. in this way, and the unspilt volume was
taken to be 67 ml. A

However, the samples were not homogeneous, since they contained a Th(CO,),
suspension likely to occlude or adsorb phosphorus so that another unknown error,
difficult to estimate, is involved. The results have therefore been given to the nearest
01 pg.-atom/l. The true value of a result reported as, say, 0-7 is believed to lie between
065 and 0'75.
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FACTORS AFFECTING THE DISTRIBUTION OF

SILICATE IN THE NORTH ATLANTIC OCEAN

AND THE FORMATION OF NORTH ATLANTIC
DEEP WATER

By L. H. N. Cooper, D.Sc., F.R.I.C.

Chemist at the Plymouth Laboratory
(Text-figs. 1-2)

In the deep water of the eastern North Atlantic below 2000 m. the
variations with depth of salinity, temperature, density, oxygen, phosphorus
compounds and nitrate are quite small. By contrast the silicate content is
doubled in a descent from 2000 to 4000 m.

The distinctive behaviour of silicate is revealed by diagrams (Fig. 1)
relating it to salinity, temperature, density and total phosphorus at station
2659 worked by R.R.S. Discovery II on 12 May 1950 (Armstrong, 1951;
Cooper 1952, Table IV). The temperature-salinity diagram (Cooper, 1952,
fig. 15, to 1500 m. only) suggests that between 1200 and 2000 m. we have to
deal with simple mixing of the mean Gulf of Gibraltar and North Atlantic
Deep waters. If silicate concentration were subject only to mixing processes
the curves in Fig. 1 between these depths would be straight lines. They are
not—consequently it would seem that solution of either particulate silica or
of aluminosilicates may be occurring. As yet, clear interpretation is not
possible. At least five hypotheses may be erected to explain, in whole or in
part, the observed distribution: (i) solution of bottom deposits; (ii) solution
of “clay’ and of silica in suspension; (iii) concentration by vertical partition;
(iv) tundra drainage; (v) sinking of surface water. These are examined in
turn.

SoLUTION OF BoTTOM DEPOSITS

Discovery station 2659 was near the continental slope, solution from which
could have occurred. The results of Wattenberg (1937) and Koczy (1950),
however, suggest that the converse process occurs, adsorption or chemical
combination of silicate from the water into the material of the bottom or into
hexactinellid sponges.

SOLUTION OF ‘CLAY’ AND OF SILICA IN SUSPENSION

The distribution may have come about by solution of minerals of terrigeneous
origin. If this were so the content of aluminium should increase with depth
in much the same way as does silicate, and a diagram relating silica in
solution to aluminium in solution should approach a straight line.
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The distribution may also have come about by re-solution of the skeletons
of diatoms and radiolarians and the faeces of herbivores feeding on these.
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Fig. 1. Diagrams relating the vertical distribution of silicate to salinity, temperature, density,
and total phosphorus at Discovery II station 2659 on 12 May 1950. Since the results
for total phosphorus are less accurate than the rest, its curve has been smoothed.
Silicate-silicon (Si) and total phosphorus (P) in pg.-atom/l. The figures against the thin
vertical lines represent depths (in metres).

As the particles dissolve, whether they be of mineral or biological origin,
they become smaller, sink more slowly, and expose to the action of the water
a greater surface area relative to volume, which favours solution. Wattenberg
(1937), who found a similar distribution of silicate in the neighbourhood of
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the Cape Verde Islands, explained it in this way, whilst Clowes (1938) has
produced cogent evidence for the process in the Antarctic. King (1938) stated
that most of the reported figures for the solubility of silica in water vary
between 700 and 2300 ug.-atom/1. Correns (1940) measured the variation with
pH of the solubility of silica in terms of the fraction able to pass a membrane
filter (Fig. 2). By interpolation at pH 8-15, the content of silica in solution was
about 5 mg.-atom/1. Si. Natural sea water should never be saturated with silica.
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Fig. 2. Dependence of the solubility of silica (SiO,) in water on pH (after Correns, 1940).
Silica expressed as mg.-atom/l. silicon (left) and as mg./l. silica (right).

Hart (1934, pp. 1I and 185-6; 1942, pp. 322-39) has marshalled much
evidence, circumstantial but strongly supporting the view that re-solution of
diatomaceous silica is a speedy process in the sea. He examined (1942, p. 327
and private communication) the stomach contents of Euphausia superba and
other planktonic animals, and found that the diatom species identifiable were
those most strongly silicified, the same that remain recognizable in bottom
deposits and in bird guano, such as Fragilariopsis, Discoidea (including
Thalassiosira and also Coscinodiscus and Actinocyclus spp.), spines of the
most robust of all chaetocerids, Chaetoceros criophilum, terminal spines of
Rhizosolenia spp., etc. The more typically oceanic, exceedingly numerous
but less strongly silicified forms, including most Chaetoceros species, are
probably quite as important as food for the planktonic herbivores but are
digested too thoroughly to be identified in the stomach contents. These less
strongly silicified forms (p. 338) are also very rarely recognizable in the bottom
deposits. It is therefore of interest that Wailes (1929) found that the silica

JOURN. MAR. BIOL, ASSOC, vol, XXX, 1952 34
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content of a collection consisting mostly of small species of Chaetoceros was
only 40 9%,, whereas a collection mostly composed of large Coscinodiscus
contained 75 %, on the dry weight.

Again Hart (1942, p. 334) has discussed the removal of phosphate and
silicate from Antarctic water by phytoplankton, largely diatoms. He con-
siders that the same process of rapid re-solution of silica is going on there as
was proposed for the English Channel (Cooper, 1933, p. 744). There the
much lower production of phytoplankton computed from fall in silicate was
attributed by the writer to the rapid return and immediate re-use of silica
from the previous crop. It is suggestive that the shorter the time interval
between sampling and re-sampling at the Antarctic stations the more nearly
the crop of phytoplankton calculated from decrease in silicate approached
that calculated from decrease in phosphate. Hart also pointed out (pp. 324-6)
that in the northern zone of the Antarctic (i.e. immediately south of the
Antarctic Convergence) as the silicate content of the upper waters decreases
with the advance of spring so does the solenoid diatom Corethron criophilum
change from a large strongly silicified spinose phase to a less strongly silicified,
usually spineless, inerme phase.

There is evidence for the insolubility of the silica in diatoms, the result of
direct experiment. Diatomaceous ooze is found on the floor of the oceans
where the skeletons of strongly silicified species retain through geological
ages the delicate markings of the living cell. According to Rogall (1939), the
skeletons of marine and fresh-water diatoms consist of pure silicic acid
(Kieselsaiire) shown by chemical analysis and X-ray crystallography. The
preparation of most of the samples would have removed any organic material
which would protect silica against solution. None the less, the recent,
chemically untreated sample of the marine diatom Coscinodiscus concinnus
gave X-ray photographs by the technique of Debye and Scherrer which
showed no diffraction rings but only some scattering of X-radiation around
the point of penetration of the main beam. This suggests that in geologically
recent diatoms no ‘crystallites’ of significant size are present. In geologically
older material annular scattering is to be seen, becoming fairly strong in
Miocene diatomaceous earth. As diatomaceous earths age part of the ‘sub-
colloidal’ silica becomes transformed by inner metamorphosis to a micro-
crystalline crystal lattice which indicates progressive formation of an opal
structure. Such a change would affect solubility.

Atkins and Miss F. A. Stanbury (Atkins, 1945) found evidence for the
insolubility of diatom skeletons in sea water even at pH 8 and up to 10-6.
Miss Stanbury’s earlier observations to the contrary (1931) were based on an
error of observation due to the difficulty of seeing nearly transparent diatom
skeletons in sea water. Addition of safranin to the water allowed the
uncoloured skeletons to be seen. Conger (1941) stated that although diatom
shells present a great amount of thin surface to possible solution, the purity
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of the hydrated silica (also Rogall, 1939) appears to render them resistant to
such solution. Diatom shells, once formed, are said to be practically a
permanent deposition or fixation of silica. Coupin (1922) studied the fresh-
water diatom, Nitzschia linearis, cultured in Knop agar medium with various
sources of silica. Washed sand, gelatinous silica, and alkaline silicates led to
no increased growth, whereas in presence of kaolin, felspar and pure clay
the cultures flourished. Atkins (1927) has shown the readiness with which
soils and disintegrating rocks part with silicate to water; he concludes that
solution of silicate most likely takes place from dispersed clay and that the
rate of solution of diatom skeletons is too slow to matter. Consequently, he
(1945) interprets Cooper’s calculation of an apparently low phytoplankton crop
from silicate consumption as due not to re-use of silica but to the production
of autotrophic flagellates which require no silica and are more abundant than
had been previously realized.

There is thus a direct conflict of much well-attested evidence. Is there an
unrecognized factor which would allow this apparent conflict to be resolved ?
In this paper by “dissolved silicate’ we have meant no more than that form
of dissolved hydrated silica sufficiently dispersed in sea water to react
quantitatively with the standard reagents to form molybdosilicate. This
presumably—but only presumably—is identical with the material which
diatoms are able to withdraw from the sea to build their skeletons. Much
has been written on the nature of ‘ dissolved silicate’, but few clear unassailable
conclusions have been drawn. One of the clearest expositions is that of
Carman (1940). The metasilicate ion, SiO,2-, almost certainly does not exist.
The simplest silicate ion is probably orthosilicate, SiO,*-, or more often
H,Si0,' "=, In all silica compounds the central building bricks are SiO,
tetrahedra linked through oxygen bonds. In vitreous silica, such as exists in
colloidal silicates and in diatom skeletons, the tetrahedra are linked to
produce a random three-dimensional network.

When sodium silicate is acidified, monosilicic acid is first formed. Molecular
weight determinations by several workers have given values between 60 and
150. The lower figure would require that (mono)orthosilicic acid should be
60 9, dissociated. The low-molecular silicic acid is believed to condense to
long chains of polysilicic acid. The structure which results is heavily hydrated
and holds fluid by capillarity and, no doubt, foreign ions also. Treadwell
(1935) found that the molecular weight between 149 and 1015 increased at
the rate of 22-2 per hour. Tourky (1939, 1942) found that the rate of increase
depended upon pH; at pH 11-7 there is no polymerization, but this occurs
at pH 10-85 and the rate of polymerization reaches a maximum between
pH 6 and 7. The rate and extent fall to a minimum at pH 2-3 in a region
much used for the development of yellow molybdosilicate for analytical
purposes. In more strongly acid solutions polymerization again becomes
more rapid and extensive. At pH 832, near that of sea water, 28 9, of newly

34-2
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formed silicic acid becomes in 1 hr. unable to pass an ultrafine membrane
filter having a time constant of 200-300 min. Hurd & Merz (1946) found that
the amount of silica capable of diffusing from a hydrosol through a membrane
appears to approach a constant value. They explain this unexpected result
as follows. The process of setting a silicic acid gel, whatever it may be, does
not run entirely to completion but comprises a series of equilibria very much
displaced towards the more complex side. Dialysis removes the simpler
particles with a shift in the equilibrium towards the simpler materials. If
correct this conclusion has great significance in oceanography if, instead of
“dialysis’, we read ‘removal of silica by diatoms’. A similar displacement of
equilibrium would be achieved under the analytical conditions of determina-
tion of silicate in sea water (Hurd, 1938; Correns, 1940).

Tourky & Bangham (1936) recorded that nearly all the silica in Nile and
Egyptian well waters and in dilute (20 pg.-atom/l. silicate-Si) Graham sols
was held back by ultra-filters, but that sea water appears to exert a ‘ peptizing’
action akin to that of alkali. Thus, known volumes of a dilute Graham sol of
known silica content were added to silica-poor sea water, the quantities being
such as to correspond to a silica-rich sea water. After addition of alkali,
colorimetric determination returned the correct silicate content. Without
addition of alkali 25-100 %, of this was found, depending on the age of the
solution when the molybdate reagent was added.

Kargin & Rabinovitch (1935) prepared a very pure SiO, sol by oxidizing
silane, SiH,, by ozone in water. This sol was electrochemically neutral, had
a pH near to 7, no acidic properties and only a small quantity of compensating
ions (Gegenionen) in the outer component of the double layer. Thus very
pure hydrated silica dispersed in water is not an acid in the sense that
hydrochloric acid, boric acid, or even phenol are acids.

Sols prepared by methods employing electrolytes—and these have been
the subject of most investigations and correspond better to the process of
solution of silica in sea water—seem always to retain ions of strong electrolytes
either tightly bound as part of an electrical double layer or as components
of interstitial fluids. The dissociation constants of so-called silicic acid derived
from such systems are functions rather of these associated ions of strong
electrolytes and vary much from experiment to experiment. Indeed it needs
to be proved that orthosilicate ions can persist at the pH of natural sea water.

Carman (1940) described a method of hydration of colloidal silica which
would set free hydrogen ions giving the surface of the colloid a negative
charge, i.e. converting it into a large anion. The anionic character of such
a colloid will depend on size, i.e. on the ratio of surface to volume. A solution
of hydrated silica may contain aggregates or particles of every size ranging
from an odd orthosilicate ion through Si;O¢*~ to a large diatom skeleton.
Viewed in this way attempts to classify silicate in sea water, either in terms
of ions all alike, or as all crystalloidal or all colloidal, become meaningless.
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The practical problems are: (I) to establish what ranges of colloid particle
size down to orthosilicate ion allow ‘dissolved silicate’ to react quickly to
form molybdosilicate under analytical conditions; (2) what ranges are suitable
for use by diatoms, radiolarians and sponges; and (3) how the solution or
dispersion of large particles to smaller takes place.

Observations by Briscoe, Holt, Matthews & Sanderson (1937) and Kitto &
Patterson (1942) are relevant. They established that freshly fractured surfaces
of quartz and some mineral silicates are in a highly reactive state and readily
yield “soluble silica’ on contact with water. In the sea much the commonest
way of exposing fresh silica surfaces by fracturing will occur in the guts of
herbivores which grind or triturate their food. During grinding the structure
of the surface is disturbed and a layer of more irregular structure, possibly
a Beilby layer, is formed. Such a Beilby layer, if formed, would increase
with the amount of grinding to become many angstroms thick and would be
likely to have a higher solubility than the underlying material. One may
visualize the process of solution in the herbivore gut not as like the solution
of sugar or common salt, but as one of mechanical attrition by which ever
more reactive surfaces may become exposed and by which smaller pieces of
colloidal silica, necessarily further hydrated by the process, may be torn
from larger ones.

Dr T. J. Hart has made the following comment: ‘At depths more than
a few hundred metres below the photic zone herbivores cannot be feeding
as such. Yet the bathypelagic fauna is very considerable. Obviously it cannot
consist entirely of carnivores and their parasites. Detritus feeders ultimately
dependent on the rain from above must here be the “key industry” forms.
Hence my emphasis on the probability that most diatom skeletons pass
through several stomachs on their way down.’

To sum up, the following assertions seem valid. (i) The phrase ‘sea water
saturated with silica or silicate’ has little meaning. (ii) More silica or silicate
could be ‘dissolved’ or held in sea water than is ever present in nature.
(iii) Aluminium silicates or ‘clay’ are concerned in the silica system in sea
water. (iv) Hydrated silica in equilibrium in sea water consists of particles
of very varying size some of which can penetrate membrane filters and some
of which cannot. (v) Aggregated hydrated silica is in the main electro-
chemically neutral and the acidic properties attributed to it are due to anions
held in interstitial fluid, or to electrochemical charges on the surface, or to
an electrical double layer arising from the distribution in space of SiO,
tetrahedra and of unsatisfied valencies produced as the result of the process
of hydration. Thus the term ‘silicate’ which suggests the anion of an acid
or salt, whilst appropriate at pH > 12, is of doubtful validity at the pH of
natural sea water: ‘dispersed hydrated silica’ or ‘dispersed silica’ may be
more fitting terms than ‘dissolved silicate’. (vi) If the equilibrium system is
disturbed by removal of the simpler particles by dialysis in the laboratory
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or by diatoms in the sea, more complex particles will slowly yield simpler
ones in order to restore the equilibrium. (vii) Polymerization is least in
the range of pH commonly used for the development of the yellow molybdo-
silicate complex in analytical practice. (viii) The chemical constitution of
the silica in diatom skeletons is similar to that of hydrated silica dispersed
in water. (ix) In spite of this, the skeletons of many but not all species of
diatoms are resistant to solution and for all practical purposes are insoluble
whilst intact. (x) This insolubility is difficult to understand unless the
surfaces of the skeletons are in some way protected against solution by an
organic skin. Such a skin has never been demonstrated by chemical or
X-ray analysis. Since it would be sufficient to satisfy the residual valencies
of the SiO, tetrahedra in the boundary surface more strongly than does
water, a protective layer only a few molecules thick and undetectable

chemically would suffice. Postulation of a siloxane bond —Si-—O—(ll—,
I

never yet found in nature,' would assist the formulation of such a protective
coating. (xi) Freshly fractured surfaces of silica are highly reactive and
soluble. (xii) The skeletons of diatoms, particularly thin fragile ones, are
likely to be so fractured in the guts of herbivores browsing on them. Herbi-
vores and detritus feeders are likely to be responsible for the greater part of
the redispersion of hydrated silica frequently reported in the upper layers of
sea. (xiii) In surface waters in which diatoms and radiolarians grow and are
eaten a true equilibrium involving dissolved or dispersed hydrated silica may
never be reached. (xiv) Sea water containing dispersed silica completely
in equilibrium is likely to be found only in the ocean abyss. Only abyssal
water may be suitable for a study of silica equilibria.

Confronted with the same body of evidence Atkins and the author have on
some issues drawn opposed conclusions. The author’s opinion is that the
conflict is apparent and not real and arises from some condition of the intact
diatom skeleton which is not understood. The conflicting lines of argument
are presented to stimulate further study of the process of solution of siliceous
matter in deep waters, especially in North Polar waters, the Norwegian Sea
and the north-western North Atlantic,

* The following information has since been received by the Department of Scientific and
Industrial Research in answer to their Unanswered Question 67: ‘Is there any authentic
case of organic silicon compounds having been isolated or detected in living organisms?’
(1) T. Takeuchi (Bull. Coll. Agric., Tokyo,Vol. 7, pp. 929-31; Chem. Abs., 1907, Vol. 1, p. 2620)
reported detecting an organic silicon compound in hay. (2) E. Drechsel (Chem. Zentrallblatt,
1897, Vol. 2, p. 666) reported a substance Si(OC;H;,0), which appears to have been an
ester of silicic acid. This compound was, it is understood, isolated from duck feathers and
may originate in the oily gland at the base of the tail and be transferred to the feathers during
preening. Thus the possible presence of 8i—0O—C linkages in diatoms may not be without
precedent in other living organisms.
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It remains for the future to show how great is the effect of solution of
silica from siliceous matter compared with the processes to be described.

CONCENTRATION BY VERTICAL PARTITION

The enormous concentration of silicate in Antarctic waters is much assisted
by the vertical circulation (Clowes, 1938). The Antarctic surface water flows
towards the north. The water goes on to sink at the Antarctic Convergence
but much of the silicate remains behind. It has been removed by diatoms
which get eaten by herbivores who need no silica. Siliceous faeces and dead
broken frustules sink into the Intermediate Water beneath which, enriched
in the writer’s view by re-solution, returns to the Antarctic. In the North
Atlantic there is a similar Intermediate Water (Wiist, 1936, p. 176). Com-
paratively it is rudimentary and its progress difficult to follow. The Polar
front associated with it makes a seasonal migration of 500-1000 km. None
the less, this Intermediate Water working against the Irminger Current
above would seem capable of some degree of concentration of silicate. It
needs to be shown whether this happens on a scale that matters, and whether
the enriched water moves into the region where Nansen (1912) believed
the North Atlantic bottom water may be formed in winter.

TUNDRA DRAINAGE

The North Polar Sea receives much drainage from the tundra areas of
Siberia, northern Canada and Alaska. Under a tundra climate the subsoil
is permanently frozen. In summer this stops the normal downward per-
colation of subsurface water derived from thawing of the soil above and from
precipitation (Flint, 1947, p. 459). As a result the thawed mantle becomes
saturated with water and flows bodily downbhill, a process known as ‘solifluction’.
Such a climate with hard freezing, shallow thawing, bad drainage, and much
solifluction is likely to lead to rapid weathering and comminution of rock
particles. Moreover, poor development of humus will hinder the development
of a stable soil. Conditions should be very favourable for solution of silica
and its transport by summer drainage into the surface waters of the North
Polar Sea from which it may escape in the East Greenland Current. This in
turn contributes to the mixing areas south-east and south-west of Greenland
in which the North Atlantic deep water may be formed. Although the pure
Polar water which escapes as the East Greenland Current is, according to
Kiilerich (1945, p. §6), poor in nutrients, no silicate analyses have to the
writer’s knowledge ever been made on it. There is a strong probability that
the silicate content will prove to be very high (at least 50 ug.-atom/1. Si0,-Si).
Thus it would seem that a full knowledge of the distribution of silicate in
the North Polar Sea, in the East Greenland Current, the north-western
Atlantic generally, and in the deeper water of the Norwegian Sea, will be
needed for interpretation of deep-water results elsewhere.
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Dr H. U. Sverdrup (private communication) has suggested that Antarctic
waters should also receive much dispersed silica formed by comminution of
rock beneath the very large glaciers of the Antarctic continent.

SINKING OF SURFACE WATER

Though Nansen’s view (1912) that much of the bottom water of the North
Atlantic is formed in an area south-east of Greenland around 59-62° N.,
38-48° W., has gained wide currency, it has never been finally proved. The
observations which he used were not his own and some of them may be
suspect. In March 1933 and March 1935, the German research ship Meteor
ran sections across the area (Defant, Bohnecke & Wattenberg, 1936). The
densest surface water (temp. 4-07° C.; sal. 34:96%,; o;, 27:76) was found at
station 79 (59°38'N., 4°42-5"W.), but water at least 1° colder and o-10 o ~unit
heavier was needed to provide satisfactory proof of Nansen’s hypothesis.
Defant (1936) had stated that a main objective of the Meteor cruises was to
test Nansen’s hypothesis but in the end he has nothing to say on the matter.
He would seem to feel that the hypothesis remains unproven. Von Schubert
(1935, pp. 35-7) examined the stability at Mefeor station 76 (29 March 1933;
60° 56" N., 41° 28' W.). Down to 800 m. there was no obstacle to vertical
mixing, but he also considers that the formation of bottom water there
remains an open question.

The extent of formation of bottom water will depend upon the coldness of
the winter. Smed (1947, 1948) has recently published monthly anomalies of
the surface temperatures in areas of the North Atlantic from 1876 to 1939
(i.e. departures from Ryder’s area monthly means for the years 1876-1915).
Nansen’s postulated region of formation of bottom water lies close to the
point of union of Smed’s areas B, C and D and mostly within areas B and D.
The observations used by Nansen (1912, p. 25) were mostly collected in
April 1906, which Smed’s tables show to have been very cold (Table I),
whereas the Meteor worked in years (March 1933 and March 1935) when the
water temperatures were o-5° above the long-term mean. It is therefore
probable that temperatures in the late winter and early spring of 1906 were
between I and 2° lower than in 1933 and 1935. In Table II the densities
found by the Meteor have been adjusted for conditions 1 and 2° colder than
in 1933. Thus, in 1906, the surface water may well have been heavy enough
to sink right to the bottom of the Atlantic, and Nansen’s conclusion for that
year was correct, whereas in 1933 and also 1935 it could not have sunk much
below 8oo m. Only in 1907, 1918 and 1921 have comparable cold conditions
recurred so that formation of North Atlantic bottom water south-east of
Greenland may now have become a rare event.

Nansen (1912) showed quite clearly that in the years 1903 and 1910 cold
heavy water from the Norwegian Sea flowed into the Eastern Basin of the
North Atlantic over the sill of the Faeroe-Iceland ridge at about 64° N.,
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13° W., a result substantiated in 1938 by the Dana (Cons. Perm. Int. Explor.
Mer, 1944, p. 119, stations 5954-5957). He also definitely established a
similar outflow over the Iceland-Greenland ridge into the Western Basin.
Although he considered neither of these outflows adequate to account for
the great volume of the cold bottom water of the Atlantic, that over the
Faeroe-Iceland Ridge may be locally important for the hydrography of the
waters bathing western Europe. The Meteor, on 21 March 1933, also found
a small area of heavy water (temp. 3-66° C.; sal. 3499 %5 o;, 27-82) on the

TaBLE I. MONTHLY ANOMALIES OF TEMPERATURE OF PART OF
NORTH ATLANTIC

Departures from Ryder’s ‘area monthly means® for the years 1876-1915 of the sea surface temperature
(? C.) in three areas south-east of Greenland in March and April in years studied by Nansen and by the
Meteor expeditions; n is the number of observations averaged; from Smed (1947, 1948).

Area B Area C Area D

Latitude range... 55° N. to coast 60-66° N. 55-60° N. Arithmetic
of Greenland Mean of mean of all

Longitude range... 4o0-50° W. 30—-40° W. 30—40° W. area observations
—— - & 3 4 ~ \ means —r—

Mean anomalies n i - n . 0 n *C. L o En “C.
March 1906 4 —07 6 405 13 00 —o'I 23 00
April 1906 64 —II 2 —22 34 —1I'3 —-I5 100 —I2
March 1933 13 —0I 5 +14 25 +07 407 43 405
April 1933 82 00 22 +1°0 53 +07 +06 157 +04
March 1935 19 +03 3 409 15 +02 +05 37 +03
April 1935 76 +10 21 +o0I 29 +o'5 405 126 +0'5

TaABLE II. CoMPUTED DENSITIES FOR APRIL 1906

Probable densities of the waters south-east of Greenland in April 1906 computed from
Meteor observations in March 1933 and assuming that surface water temperatures were
1 or 2° C. colder.

«, if temperature

Observed lowered by
Station  Latitude Longitude tempera- Observed Actual —r—
no. W. ture salinity a; ) i 2
76 60° 56° 41° 28° 467 3500 2772 27-85 2794
78 60° 12°5° 41° 52°57 421 3491 27-69 27-82 2791
79 59° 38’ 40° 42'5" 407 3496 2777 2786 2795

West Icelandic island shelf at 65° 17" N., 25° 30" W. heavy enough to
cascade to a great depth. Jacobsen (1943), in his account of the water
movements through the Faeroe-Shetland Channel, makes no mention of
any outflow over that sill into the Atlantic, and no evidence for it was found
by the Explorer in 1933 and 1935 (Cons. Perm. Int. Explor. Mer, 1934,
p. 675 1935, p. 69).

Smith, Soule & Olav Mosby (1937; see also Dunbar, 1951) suspect that
the bottom water of the Labrador Sea is formed in winter in a restricted
area of that sea centred on 60° N., 55° W., and discuss its rather complex
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origin in so far as this can be surmised from summer observations. They
point out that ‘our deep water which evidently drains out of the Labrador
Basin into the North Atlantic embraces what Wiist (1936) has designated
as North Atlantic deep water’. Wiist himself (1936) also leaves the origin of
the North Atlantic bottom water as unsolved. It would seem that only in
one year in ten are temperatures low enough to produce water heavy enough
to sink to the bottom of the Atlantic, and that attention would be better
focused on the Labrador Sea rather than on the waters south-east of
Greenland.

Since direct winter observations in these uncharitable waters are hard to
come by, an alternative means of search for the origin of the North Atlantic
bottom water should be welcome. This may well be provided by determina-
tions of silicate by the quick and accurate method now available (Armstrong,
1951). For reasons already given, the postulated high silicate content of the
fresh waters draining from the tundras should mark in turn the East Green-
land Current, the Labrador Current and the waters of the Labrador Sea
with distinctive contents of silicate. The deeper water of the Norwegian Sea
may also acquire a high and characteristic content of silicate. In all these,
except in surface water above the thermocline, content of silicate may be
reasonably assessed in summer.

To enter the basin of the Eastern North Atlantic directly, heavy water
from either south-east of Greenland or from the Labrador Sea would need
to cross the mid-Atlantic Ridge in a region where its depth is about 3000 m.
According to Wiist’s charts (1936, Beilage LVI, LVII, LXXI and LXXII)
the temperature there exceeds 2-9° (potential temperature 2:64°) and the
salinity exceeds 34:96%,, whereas the water abreast of the English Channel
between 3000 and 4ooo m. has a lower temperature, 2-5-2-7° (potential
temperature 2-15-2°45°) and a lower salinity of 34-90-3492 %,. There is no
obvious passage north of 24° N. for bottom water from the north-western
Atlantic to cross the Ridge into the Eastern Basin so that such water must
needs approach Europe from the south. The water which the Dana observed
entering the Atlantic from the Norwegian Sea across the Faeroe-Iceland
Ridge in 1938 was cold enough but was 0-08 %, too saline. Consequently,
the origin of the bottom water west of Europe is still uncertain.

The Antarctic bottom water extends well north of the Equator. Wiist
(1936, Abl. 16) pictures it as extending to 40° N. in the Western Basin and to
25° N. in the Eastern. His conclusion is based largely on an apparent density
inversion widely recorded below 4500 m. Since a true inversion is very
unlikely, he attributes the phenomenon to a breakdown in Knudsen’s equation,
S =0'030 x 1-8050 Cl, when applied to the bottom water of the Atlantic.

Sverdrup (1929, p. 129) had shown that the brine which becomes enclosed
in sea-ice when it freezes retains relatively more chloride than other salts
leaving the unfrozen water relatively deficient by about 0-02 %, Cl. The true
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density of this water measured directly is about 0-03 o-unit heavier than that
computed from salinity and temperature by Knudsen’s tables. When such
water becomes admixed with Atlantic water to form North Atlantic deep
water this anomalous property will become incorporated. The Antarctic
bottom water arising more directly by a similar freezing-out process in the
Weddell Sea (Deacon, 1937) would seem, according to Wiist, to have
acquired an even greater chlorinity-density anomaly. The result is that in
the deep water of large areas of the Atlantic, water of slightly greater
computed density overlies lighter. When this occurs Wiist suggests that
North Atlantic deep water overlies Antarctic bottom water.

There is abundant evidence that the Northern Hemisphere is warming
up (inter alia, Helland-Hansen, 1949; Defant & Helland-Hansen, 1939;
Cooper, 1952, p. 50I), a state of affairs which in the area south-east and
south-west of Greenland in winter should slow down the rate of formation
of the North Atlantic deep water. Less should be sinking to the ocean abyss
than in years past. Much less is known about any similar warming up in the
Antarctic and Southern Oceans, but the huge reserves of ice there should
slow down the process. Consequently, in a struggle between North Atlantic
and Antarctic bottom waters, victory would be expected to go to the Antarctic
water. There should to-day be a marked tendency for Antarctic bottom water
to spread northwards in the Atlantic and to fill the Eastern basin to a greater
depth. At Discovery II station 2659 the water at 3800 m. (salinity 35:87 %,
computed density o, 27-84, computed potential density o 27-87) is apparently
lighter than the water at 3400 m. by 003 o, -unit. Error in any single result
is always likely but, at least, the need is indicated for fresh deep observations
in the Eastern North Atlantic. Since the presence of Antarctic water is in
question, determinations of silicate may be of much value.

Locally down to 1200 m. near the continental slope of the eastern North
Atlantic the distribution of silicate will be affected by cascading in winter
and by capsizing of water masses, processes which are under investigation.

Thanks are due to the National Institute of Oceanography and to Dr H. P. F.
Herdman and his colleagues of R.R.S. Discovery II, who obtained the water
samples and to Mr F. A. J. Armstrong, who made the analyses.

SUMMARY

The distribution of silicate at the deep Discovery II station No. 2659 west of
Ushant between 1200 and 2000 m. cannot be attributed to simple mixing of
¢ Gulf of Gibraltar’ water and North Atlantic Deep water as can the distribu-
tion of some other constituents. Moreover, between 2000 and 4000 m. the
concentration of silicate is doubled. Five hypotheses have been examined
which may bear on the distribution of silicate.
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The chemistry of silicate dispersed in water has been examined with respect
to the possible solution of aluminosilicates and of intact and fractured diatom
skeletons in sea water. Conclusions have been summarized.

Solution of silicate from, and removal by, the sea bottom and concentration
within the sea by vertical partition are severally discussed.

Reasons are presented for believing that drainage from the tundras of the
Northern Hemisphere should yield very large amounts of silicate to the
North Polar Sea. From this initial hypothesis further oceanographical
deductions have been drawn.

The evidence for the formation of North Atlantic Bottom Water at the sea
surface south-east of Greenland, first proposed by Nansen, has been
re-examined in relation to the movement of dissolved silicate. It is suggested
that in the cold spring of 1906, from which year Nansen drew most of his
data, his conclusion was probably sound, but that in most years sufficiently
cold surface conditions are not attained.

The probable effect of the warming up of the Northern Hemisphere in
recent years on the deep circulation of the Atlantic is reviewed.

It is suggested that the great variations which occur in the concentration
of silicate in the sea should be of use in interpreting the nature and move-
ments of the major ocean water masses.
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ON THE BIOLOGY OF CALANUS FINMAR-
CHICUS. VII. FACTORS AFFECTING
EGG PRODUCTION

By S. M. Marshall and A. P. Orr

The Marine Station, Millport
(Plate I and Text-figs. 1-5)

Comparatively little is known about the factors affecting egg-laying in Calanus.
Deductions from work in the field have been made by Nicholls (1933 a, b) and
Marshall, Nicholls & Orr (1934), and experimental work in the laboratory
has been done by Raymont & Gross (1942).

EGG-LAYING IN CALANUS

The anatomy of the reproductive system has been described in detail by
Lowe (1935). In the female there is a pair of diverticula extending from the
proximal end of the oviduct into the head region, and into this the developing
eggs pass. Each diverticulum has a dorsal and a ventral channel, and the eggs
pass from the dorsal into the ventral channel and then into the oviduct
proper. The oviduct rises from the forward end of the ovary and crosses the
body laterally and ventrally so that a short part of it can be clearly seen.

The state of development of the eggs can be seen in the living Calanus, and
four stages have been described by Marshall et al. (1934); these are, early,
medium (Pl. Ia), mature and spent. It has been found convenient to make
a further division between the medium and the mature, namely the semi-ripe.
In the immature female the ovary is small and in the oviduct there is only one
row of small eggs. As the ovary enlarges the two diverticula also enlarge and
become filled with eggs. In the medium state the dorsal channels of the
diverticula are filled with enlarging eggs, and the eggs in the oviducts also
increase in size and number. The diverticula gradually fill up until the whole
of the space in the head is full of enlarging eggs; this may be called the semi-
ripe stage. In the mature female (Pl. IB) the most ventral rows of eggs are
larger than those in the rest of the diverticula, and similar large eggs are also
seen in the oviducts which have now developed secondary pockets projecting
towards the body wall (Lowe, 1935). Before laying (sometimes as much as
48 hr. before) these large eggs swell still further, become granular in appearance
and turn slightly orange-pink in colour. Just before laying the pink colour
usually deepens, the nucleus disappears and the eggs are then squeezed out
through the genital aperture as a string of roughly pear-shaped masses which
separate and round off within a minute or two (Pl. ID-F).
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Raymont & Gross (1942) state that ‘the ova which were extremely small
in the narrow oviduct were seen to swell almost instantaneously after extrusion
to form oval or slightly irregular shaped eggs of very much greater volume;
in fact each egg attained a volume greater than that of all the 30—40 eggs
inside the oviduct, obviously by a rapid imbibition of water’. Lowndes (1943)
also states that whereas the diameter of the largest eggs in the oviducts is
61'5u, the diameter of eggs 18 hr. after extrusion is 171 . PL Ic, however,
shows the oviduct in a ripe Calanus with large eggs almost ready for spawning,
and it will be seen that they are much the same size as those being laid (P1. ID).
Several other stages in egg-laying are also shown. In a ripe female the
pressure in the diverticula and oviducts causes the eggs to assume an
irregular shape, often almost square in side view, and it is impossible to
measure the volume accurately. Approximate measurements made on about
a dozen eggs from several ripe females gave a volume very much the same
as the shed eggs. Thus § eggs from a single ripe female had volumes
ranging from 1-12 X 10°® to 1-45 X 10%u?, whereas the same batch of eggs,
when measured after they had been laid about half an hour later, had
an average volume of 1-59 x 10°u® (diameter 145u). It is probable that
Lowndes was measuring unripe eggs. The size he gives (1711 diameter)
is that of C. helgolandicus, which is the predominant form at Plymouth
(Russell, 1951). The process of laying a batch of eggs which may consist of
anything up to 150 (though usually 20-60) occupies quite a short time—
usually under a quarter of an hour and sometimes only a few minutes. In the
laboratory a batch of eggs was usually found in one clump which indicates that
the Calanus remains passive during the process. After laying, the appearance
of the Calanus may go back to the semi-ripe state again if all the large eggs
have been extruded.

Occasionally eggs were laid which were abnormal. Sometimes they went
opaque at once, sometimes they appeared to have no membrane and at
a touch collapsed into a viscous drop of protoplasm; sometimes they extruded
part of their substance as a very small droplet. These small spheres were
observed by Raymont & Gross (1942), who took them for newly laid eggs.
Occasionally, also, in a batch of eggs one will be twice or three times as
large as the rest. These large eggs may begin to develop but never hatch.
J. P. Harding’s observations (personal communication) suggest that they are
diploid or polyploid eggs. After Calanus has been kept in the laboratory for
some time the laying of abnormal eggs becomes more frequent.

A number of females were found in which the reproductive organs were in
the same state as in the ordinary Stage V. Occasionally a Stage V is seen with
a large ovary and well-developed eggs in the diverticula, but as a rule the
gonad is very small, no diverticula are visible and the genital ducts are thin
cords with no eggs in them. Some of these very immature females may
have been newly moulted, but this category also contains the infertile, the
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parasitized and the abnormal. They are often characterized by an unusually
marked development of red pigment at the posterior end of the cephalothorax.
Thirty-eight of them were kept and fed to see if they would eventually
produce eggs, but most of them died without doing so. In some the ovaries
became obviously abnormal and in several a nematode became visible in the
body cavity after a few days. Twelve reached maturity and laid eggs, one in
7 days, two in 9, one each in 15 and 16, two in 17, one each in 18 and 19 and
three in 20 days.

In view of Rees’s (1949) discovery that two forms of Calanus were present
in the North Sea, those in our hauls in the Clyde sea area were examined. It
was found that there were usually a few helgolandicus, but the proportion
was never more than 5-10 9. In the course of egg-laying experiments it was
observed that some females were laying eggs decidedly larger than the

TABLE I. S1ze oF EGGS IN CALANUS FINMARCHICUS AND
C. HELGOLANDICUS

finmarchicus helgolandicus
‘ Size () No. of eggs ) ' Size (p) No. of eggs

138-142 2 159-163 o
142-146 13 163-168 I
I146-151 8 168-172 10
151-155 2 172-176 10
155-159 o 176—181 3

181-185 I

majority, and on examination these females were found to be helgolandicus.
The difference in size extends also to the nauplius. The result of a measure-
ment of 25 of each type of egg laid on 14 March 1950 is shown in Table I.
There is a certain variation in size even in the eggs laid by finmarchicus, but
there is usually a clear difference between the two types. Occasionally,
however, eggs of intermediate size were seen and these were laid by finmar-
chicus. No experiments on interbreeding were made, but Rees has suggested
that it may take place and if so an intermediate size of egg might be one result.
Of 683 females of the over-wintering stock laying eggs in our experiments
419, were helgolandicus. No helgolandicus were seen among the first
generation females.

The Calanus for experiment were usually obtained in the afternoon off
Garroch Head at a depth of 50-100 m. in a coarse silk tow-net. They were
sorted shortly after capture and the selected females kept singly in small
crystallizing dishes of 25 ml. capacity. The volume of water used was about
20 ml. They were usually kept in ultra-filtered water or ultra-filtered water
with culture added. The sea water was collected off Keppel Pier and filtered
through a ‘Gradocol’ membrane of average pore diameter o-Qu. Calanus
kept in this without addition were considered to be starved. The medium
was changed every second day and in these conditions the Calanus lived well

JOURN. MAR. BIOL. ASSOC. vol. XXX 1952 is
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and if suitably fed, sometimes for months. After a long time, those kept in
culture tended to develop surface growths in the form of a dense mat of
minute unidentified organisms, probably largely bacterial. Sometimes the
growth would envelop the whole of the cephalothorax and the Calanus might
live like this for some weeks, although it would become very sluggish. Only
healthy specimens were used but, when the required type was rare, rigorous
selection was not possible and specimens therefore often lacked caudal
furcae, or the tips of their antennae, and sometimes lacked spines or even
joints on some of the pleopods. They lived well in spite of these injuries and,
indeed, it is surprising how much a Calanus will endure.

When set up in small dishes in the evening practically all the ‘mature’
Calanus had laid by the next morning (see p. 536), although Harding (Harding,
Marshall & Orr, 1951) observed that few mature females fixed during the day
contained completely ripe eggs. His criterion of ripeness was the reaching of
the full metaphase of the first reduction division, which is the stage reached

TABLE II. DIurNAL EGG PRODUCTION 19—20 MARCH 1951.
TOW-NETTING TAKEN 4 P.M., 19 MARCH. 104 CALANUS

Time No. of Total egg Time No. of Total egg
(hr. Calanus produc-  Av. no. (hr. Calanus produc-  Av. no.
G.M.T.) laying tion eggs/batch G.M.T.) laying tion eggs/batch
19 o [s] e 4 14 583 416
20 o o - 5 4* 120 400
21 ] ] — 6 2 33 165
22 o ] o 7 I 28 280
23 1 36 36-0 9 2 70 350
24 2 79 400 12 o e} —
I 24% 817 371 15 o o —
2 27% 1165 44-8 18 0 o -
3 20 911 434 21 I 15 15-0

* One laid whose eggs were not counted.
Numbers below § not included in average.

when the eggs are laid. It was therefore decided to examine Calanus hourly
to see if there was a restricted time for egg-laying. One hundred and four
ripe female Calanus picked out from a tow-netting taken at 4 p.m. off Garroch
Head between 50 and 100 m. (with 75 fathoms of warp out) were set up about
6 p.m. each in a separate dish of ultra-filtered sea water. They were kept in
a cool aquarium and examined at hourly intervals throughout the night. No
attempt was made to keep them entirely in the dark. The production of eggs
is shown in Table II. Only three had spawned by midnight, 68 %, spawned
between 12 midnight and 3 a.m. and most of the remainder before 4 o’clock.
Of the total only five did not lay. The number of eggs laid per Calanus was
remarkably constant, the average being about 4o.

These rather surprising results rmght have been caused by the disturbance
of capture and examination or else, since they were caught at a considerable
depth, by the sudden decrease in pressure. Another tow-netting was there-
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fore taken at the same place but slightly nearer the surface (with only
50 fathoms of warp out) at 4 a.m., fifty ripe females were picked out into
separate dishes and these were examined every 3 hr. Although a smaller
total number of eggs was laid and the peak of production was not so marked,
spawning again took place mainly during the early morning (Table III).
Thirteen of the fifty did not lay. The smaller number of eggs laid may be
caused by the longer period of starvation in ultra-filtered water. It will be
shown later (see Table VI) that starvation may have a marked effect on egg
production even as early as the second day.

Each Calanus was discarded after it had laid unless the number of eggs was
very small. Several laid small numbers in consecutive hours (e.g. 6+8 + 10
and 5+ 18), but one laid 28 and 34 with an interval of 18 hr. between. The
great majority, however, are unlikely to have laid again before the following
night.

TasLE III. DIURNAL EGG PRODUCTION 20-21 MARCH 1951.
TOW-NETTING TAKEN 4 A.M., 20 MARCH. FIFTY CALANUS

Time No. of Total egg Time No. of Total egg
(hr. Calanus produc-  Av. no. (hr. Calanus produc-  Av. no.
G.M.T.) laying tion eggs/batch G.M.T.) laying tion eggs/batch

9 2 103 51'5 3 9 275 300

12 2 49 24'5 6 12 304 307

15 2 33 165 9 3 143 35°8

18 o o — 12 I 58 58-0

21 2 94 470 15 o o e

24 4 137 393

Numbers below 5 not included in the average.

In an experiment in February 1950 on the feeding of Calanus throughout
24 hr., six out of ten unselected females laid as follows: one between midnight
and 2 a.m., four between 2 and 4 a.m. and one between 4 and 6 a.m., thus
confirming the more detailed experiments of 1951. Mesopodopsis and Squilla
have also been found to lay only during the night (Nair, 1939, 1941).

In the Clyde sea area Calanus of the first generation are found close to the
surface in May (Marshall ef al., 1934), and since this change of habit may make
a difference in their egg-laying behaviour a similar experiment was done on
30 April to 1 May 1951 when the first generation had reached maturity. The
results are shown in Table IV, and it will be seen that in contrast to the over-
wintering stock this generation laid throughout the 24 hr. Some Calarnus are
found also in deep water at this time, and the experiment was repeated using
fifty ripe females from deep water (below 50 m.) and fifty from the top 2 m.
Both lots behaved in the same way, laying throughout the 24 hr.

Another difference between the winter and the first-generation females is
that far more (29%) of the May females laid second batches of eggs within
24 hr. and five even laid a third batch. The average number of eggs laid in the
first batch was 61-3, in the second 41°7, and in the third 28-0. In the majority

35-2
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the second batch was laid within 10-15 hr. after the first. This difference may
have been caused by the fact that during May the sea was very rich in diatoms.

In 1950, to find the total number of eggs which can be produced by a female,
those carrying spermatophores (which, since fertilization takes place scon
after moulting, may be assumed not to have laid any eggs) were kept in separate
dishes in a refrigerator at about 5° C., fed regularly and examined daily. In
all of them the spermatophore was lost after the first day or two. One or two laid
also within the first day or two, and, since females normally take a week or two
to mature the eggs, these must have been fertilized late when the eggs were
almost mature. Most remained for 1 or 2 weeks without laying. This in itself

TaBLE IV. DrurNAL EGG PRODUCTION 30 APRIL-1 MAY 1951.
TOW-NETTING TAKEN IT A.M. NINETY-NINE CALANUS

Time No. of Total egg Time No. of Total egg
(hr. Calanus produc-  Av. no. (hr. Calanus produc-  Av. no.
G.M.T.) laying tion eggs/batch G.M.T.) laying tion eggs/batch

15 15 916 611 3 [¢] o —
16 6 387 645 4 [¢] o —
17 I 78 78-0 5 4 307 768
18 14 881 62'9 6 2 93 46°5
19 6 373 622 7 o 0 -
20 6 430 717 9 4 240 600
21 8 512 640 10 3 144 630
22 6 406 677 II 3 211 70°3
23 5 340 680 13 2 129 625
24 2 69 34°5 14 2 118 590

I 3 162 54'0 15 o] [s] —

2 2 109 545 16 o o —

Numbers under 5 not included in the average.

was a disadvantage, for conditions in the laboratory were presumably not so
Jhealthy as in the sea. From June onwards, therefore, to avoid delay in egg
production, they were kept in an aquarium room at a temperature of about
16° C.

The results given by those which laid most are shown in Text-fig. 1. The
majority laid several hundred eggs over periods up to 8o days. The most
prolific was brought in on 16 June, laid 586 eggs over a period of 74 days and
was still alive on the 93rd day. From the diagram it is readily seen that egg
production often takes place in a series of bursts lasting about a week. These
bursts tend to occur at intervals of about 2 weeks and it seemed possible that
they might be related to the phases of the moon. In some of the Calanus the
egg-laying periods do seem to begin 2 or 3 days after new and full moon, but
in others no relation can be made out. The number laid each day varies from
I up to about 70, but after about the 4oth day the numbers both of eggs and of
days on which laying occurs decrease. The eggs were usually kept for a day or
two and, although at the beginning they were all normal and produced
healthy nauplii, as the experiment went on the number of abnormal or
unhealthy eggs increased. However, eggs produced after as much as 68 days
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in the laboratory did hatch, showing that one fertilization is enough for the
whole period of egg production by a female.

It is of course impossible to say how far this pattern is natural for the sea.
In the laboratory they had a continuous ample supply of food, whereas in the
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Text-fig. 1. Total number of eggs laid by individual Calanus. A: 5.v.50; B: I3.Vi. 50;
C—F: IS5. Vi. 50; G: 16. Vi. 50; H, 1: 27. Vi. §0; J: 7. Vil. 50; K, L: 26. vii. 50.

sea the amount would be much less and probably sporadic (see, however,
p- 543)- In the sea, on the other hand, Calanus has many enemies at each
stage, and few females will survive to lay all their eggs.
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THE EFFECT OF FoOD ON EGG-LAYING

Many workers have discussed the connexion between maxima of phyto-
plankton and zooplankton. Marshall et al. (1934) suggested that broods of
C. finmarchicus depended for their survival on the presence of diatoms at the
time the young brood was growing up. Wimpenny (1937) concluded  that
phytoplankton-rich water served as a breeding and nursery ground, although
adults apparently avoided it. Ussmg (1938) showed that in East Greenland,
where there is only one diatom increase in the year, copepod reproduction
was entirely dependent on it. More recently Wiborg (1940) found a possible
connexion between spawning of Calanus and an abundant phytoplankton.
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Text-fig. 2. Egg-laying in starved and fed Calanus.

During 1950 and 1951, when females were laying eggs freely, it was thought
of interest to see whether they would lay better when fed than when starved.
A number (thirty-two) of female Calanus were taken from the sea at the end
of April 1950, put singly into the usual small dishes and examined daily for
egg production. To avoid the effect of fluctuating temperature they were kept
in a refrigerator at about 5° C. Half were starved by keeping them in ultra-
filtered sea water and half were kept in ultra-filtered sea water enriched by
Chlamydomonas. The experiment lasted for 35 days, butafter 15 days the starved
Calanus were divided into two lots; seven of them were now fed and the
remaining six continued starved. After the 3oth day conditions deteriorated
rapidly, and the majority of the Calanus died. At the end only four survived
in the fed, four in the starved then fed, and two in those starved all the time.
The results are given in Text-fig. 2, where the total number of eggs laid per
living Calanus is shown. There was a large production of eggs on the first and
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second days, and for reasons stated later (p. 536) these have been ignored in
the calculations. Thereafter the production of eggs by the fed was always
greater than that by the starved; indeed after a week few of the starved were
laying at all. The production of eggs in the fed Calanus fell away considerably
after 2 weeks, and after the 25th day only two of them were still laying. The
average number of eggs produced per fed Calanus (ignoring the first 2 days)
was 109-8. In the starved Calanus it was 23-7, and only one egg was produced
after the division into two batches on the 15th day. On the other hand,
the starved Calanus which were given food produced a total of 92-6 eggs per
Calanus of which 69-0 were laid after they were fed. Thus, in spite of the
deteriorating conditions, feeding the starved Calanus resulted in an egg
production not much below that of those fed all the time. It looks as if the
eggs had been retained until feeding conditions were favourable.

A similar experiment lasting 36 days and giving similar results was done at
the same time, keeping however three Calanus in each of twenty larger dishes
which held about 50 ml. of water. In this the average number of eggs per
Calanus was: in the fed 106'5; in the starved 20-1 (only three per Calanus
were laid after the 15th day when the starved were divided into two lots
as before); in the starved and then fed, 17-1 before and 40-2 after feeding. The
condition of the gonads was examined at the end of this experiment. In the
fed the majority still had large eggs in the oviducts, although in one or two the
ducts had shrunk. In the starved all had shrunken oviducts, but in those
starved then fed all except one had large eggs.

These two experiments were made with females which may or may not
have laid before they were caught. One or two indeed, which did not lay
during the experiment, may already have completed their egg-laying, and
this may account for the smaller total numbers laid when compared with the
females of Text-fig. 1.

One interesting fact is that even the starved Calanus retained fat up to the
end of the experiment. Most Calanus have a store of fat (Lowe, 1935) in
a sac which lies along the gut. Sometimes, especially in Stage V, this is
a large bolster-like mass, sometimes only a small globule restricted to the
hind end of the gut. Female Calanus on the whole carry less fat than Stage V,
that in the anterior part of the sac usually disappearing gradually as the eggs
develop. When mature, however, and under starvation conditions, the fat
evidently does not go towards making more eggs but is retained by the animal.

The effect on egg-laying of food in general and of different kinds of food
was investigated. The following organisms were used: Coscinodiscus centralis
Ehrenberg, Lauderia borealis Gran, Skeletonema costatum (Greville), Rhizo-
solenia delicatula Cleve, Ditylum brightwelli (West.), Chlamydomonas sp.
(Dr Parke’s Chlamydomonas 1), Hemiselmis rufescens Parke, Dicrateria
inornata Parke, Syracosphaera carterae Braarud, Gymnodinium sp., Peridinium
trochoideum (Stein) Lemm., and Chlorella stigmatophora Butcher.
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As a standard food a culture of Chlamydomonas was used; some animals
were also starved in ultra-filtered sea water.

In January and part of February 1951 the females obtained were almost
all immature or medium stage and these were used for feeding experiments.
Apart from a few specimens (which were probably wrongly diagnosed as
immature) most of the immature when fed did not lay until about the
4th day, after which egg production gradually increased. The starved laid no
eggs at all. :

In a typical experiment lasting from 9 to 16 February the egg production
of twenty immature Calanus was 17, 0, 0, 69, 144, 141, 179 on successive days,
whereas twenty starved produced no eggs over the same period.

A number of experiments were also done about the same time on medium-
stage and semi-ripe Calanus. These probably included quite a range of
degrees of ripeness. Usually one or two laid eggs on the first day, and the
number of eggs and of laying females increased from then on. In a typical
experiment lasting for 7 days the egg production by twenty fed Calanus on
successive days was 26, 72, 149, 193, 178, 155 and 66, a total of 839. In
twenty starved it was 26, 17, 2, 19, 13, I, I4, a total of 92.

From the middle of February onwards, ripe females became more abundant
and were used for a long series of experiments using different kinds of
food.

On the morning after an experiment had been set up there was always
a large number of eggs in nearly all the dishes whether the Calanus had been
fed or not. Apparently the shock of capture and examination stimulates a ripe
female to lay. The first day’s results are therefore not taken into account in
the calculations of the average numbers produced with different foods. The
great majority of the Calanus in the experiments did lay some eggs, and those
which were given suitable food both laid more often and produced more eggs
than the starved. Some of the cultures used as food were as good as Chlamy-
domonas, and in others the Calanus produced no more eggs than when starved.
The organisms are of different size and no attempt was made to equate the
volume of food given, but the concentration was always very much richer than
anything the Calanus would find under natural conditions.

Table V shows a typical experiment comparing the eggs produced by
Calanus fed on Chlamydomonas, Hemiselmis, Syracosphaera and Ditylum with
starved Calanus. Itis apparent that (omitting egg production on the first day)
Ditylum, Chlamydomonas and Syracosphaera are all effective foods, whereas
giving Hemiselmis is little better than starvation. In it they produced fewer
faecal pellets than with Chlamydomonas. With the starved Calanus only one
or two faecal pellets were produced and these were very small and almost
transparent. With Chlamydomonas they were well compacted and dark, with
Ditylum (as with all diatoms tested) and with Syracosphaera they were larger
and paler.
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It will be seen that there are individual variations in the Calanus and that
with suitable food some lay every day and some most days. Raymont & Gross
(1942) assumed that when a Calanus laid on two successive days, one period
of egg-laying had been interrupted. Table V and Text-fig. 1 show, however,
that with suitable food laying on several days running is quite normal (see
also p. 532). The batches laid on succeeding days are often quite large but

TaABLE V. EGG PRODUCTION IN INDIVIDUAL CALANUS USING DIFFERENT
Foops. 22-29 MARCH 1951

(Experiments run simultaneously with fifteen animals in most.)

Calanus
Food I II III v v VI VII VIII IX X XI  XIT XIII XIV XV
Chlamydomonas 25 72 17 16 26 3 22 14 17 0% o 3o 63 o 41
36 =] a o I 31 o 28 2 17* o o 1 o 24
40 [+] 31 29 ] 35 19 30 Q 4* B8 6 44 27 26
56 5T o o 36 I o 16 o 3% o 7 o 19 o
19 44 24 o T a 23 8 o o* 32 1 [} o 20
10 [+] 8 30 4 1 25 18 o 3* o] 50 o 18 17
g o 18 2] M. ] I ] s] o* o o 20 o] L7
Total 195 167 98 75 68 7 90 114 19 47 120 94 128 64 145
Hemiselmis 32 25 32 8o 5T 10 12 27 30 74 o 2 41 39 —
a I o a o 4 1 o o o o o 1 2 —_
o o o o o o 15 o -] o o -] o o —
o o o -] o -] o 4 1 <] o o o 5 —
30 I o 15 24 4 o o o o D. 2] o o —
] D. o] a o ] 7 ] =] ] — D. s} 9 ywe:
o] —_ 2 o o o a o o o — —_ o o —
Total 62 27 34 95 75 15 35 31 41 74 o 2 42 55—
Svracosphaera I3 19 o o 12 39 31 o 19 28 29 o o 34 53
36 41 o 22 26 o I 38 36 10 27 o 34 -] o
26 20 o o 19 30 45 o 32 50 <] 39 a 37 58
o =] II =] o o o 30 <] I 27 o 19 o -]
o -] 1 o o 33 o o 23 13 -] o o o o
45 23 ] D o o o 6 24 15 o o D. 33 40
o 10 o —_ o 33 o I o o -] 1 — o
Total 120 113 12 22 57 135 77 75 134 117 83 40 53 104 ISI
Ditylum 23 o 27 24 24 19* 3 5I 23 28 26 12 23 19 26
36 o 3I 32 23 30* 10 a 23 2 26% 42 32 34 8
15 [¢] 20 43 o 29* I 21 34 41 29% 25 23 26 40
33 7 o o o -] o 22 31 o* ) o 16 o
27 o 23 21 19 —_ M. T z 16 14* o 18 21 19
22 34 18 37 23 — 7 42 50 27 12% 16 14 35 29
2 6 7 7 I —_ M. 39 I 6 14% 4 o 2 I
Total 158 47 126 164 90 78 21 154 I55 ISI  I2I 99 110 163 123
Starved 32 50 26 43 38 43 11 8 — —_ —_ —_ — —_ -
o Q o <] o o o 28 — — e e b — —
[-] o o =] o o o -] — — —_ — — — —_
o o o o o o o o — — — —_ — — -
o o o o o =] o =] — — — —_ —_ —_ —
o D. 3 o o o D. o — — — — — — —
o — o o 3 o — =] — — — — — —_ —
Total 32 50 29 43 41 43 11 36 — — — — — — —
* helgolandicus. M. =moribund; D.=dead; K. =killed.

occasionally a small number appears, often only one or two. A number of
eggs ripen together in the oviduct, but possibly for some reason they are not
all laid at once and the few remaining are extruded later. For this reason
numbers under five are omitted in calculating the number per batch.

Table VI shows the summarized results of all feeding experiments.

In a culture of Chlorella as rich as the Chlamydomonas used, the egg pro-
duction was extremely low, even lower than in the starved. The faecal pellets

Total
356

1293

328
329

1750



TABLE VI. COMPARISON OF THE EFFECT OF DIFFERENT Foops oN EGG PRODUCTION

Omitting first day

. S, N —_—
Total no. of eggs laid on day Eggs per
No. of - A -\ No. Totalno. Eggs per Calanus
Date begun Calanus Food 1 2 3 4 5 6 7 laying  of eggs  batch* per day
29.1. 51 11 Chlamvydomonas 49 28 140 76 157 - — 9 401 2074 9'I
8 Starved 146 4 o 17 9 — — 3 30 125 09
2I1.ii. 51 20 Chlamydomonas 245 66 189 203 304 77 — 18 839 214 88
20 Starved 266 32 I7 15 o o — 6 64 124 o8
27.il. 51 15 Chlamydomonas 312 174 375 214 177 105 138 14 1183 230 154
15 Coscinodiscus 258 17 74 35 26 53 56 13 261 11°5 30
15 Skeletonema 217 142 177 97 231 113 27 14 787 19'5 94
15 Starved 236 32 3 o 1I 31 T 9 84 89 1-0
6. 1il. 51 15 Chlamydomonas 1697 406 358 230 70 82 — 14 1146 290 164
15 Peridinium 3311t 132 313 86 213 111 = 15 865 248 11°5
15 Rhizosolenia 514 105 98 51 69 50 — 12 463 226 66
8 Starved 6371 49 32 o o 1 == 5 81 154 23
12. iii. 51 15 Chlamydomonas 581 204 555 309 279 142 77 15 1566 30°5 174
15 Dicrateria 547 16 I 102 37 26 18 11 200 168 25
15 Chlorella 639 63 I [¢] [¢] 5 2 7 7L 153 o8
15 Indian Ink 359 48 38 42 4 14 12 I1 158 16°3 -8
8 Starved 208 50 3 2 28 o 22 6 105 19-8 22
22. iil. §1 15 Chlamydomonas 356 140 379 199 172 184 65 15 1139 266 12-8
13 Hemiselmis 455 6 15 20 74 16 2 10 133 145 17
15 Svracosphaera 277 271 356 88 70 186 45 15 1016 289 I1-8
T8 Dityvium 328 329 347 109 181 366 g0 15 1422 242 167
8 Starved 251 28 o o o 3 3 2 34 280 o8
23.1v. 51 13 Chlamydomonas 311 479 310 204 337 141 78 13 1549 32'1 207
15 Lauderia 581 477 103 105 207 437 450 15 1779 334 212
15 Gymnodinium 417 224 346 224 256 540 384 15 1974 299 219
II Starved 209 35 59 32 39 [s] 17 7 182 16°2 2-8

* Numbers below 5 omitted.
+ Those of Chlamydomonas and ‘starved’ and three of those with Peridinium had been in the laboratory overnight and had probably laid their
first batch of eggs.
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consisted of a mass of Chlorella cells apparently unchanged. Dicrateria and,
as already mentioned, Hemiselmis were both used but neither was a good food.
The coccolithophore Syracosphaera was readily taken and egg production was
high. This was true also of the dinoflagellate Peridinium trochoideum. The five
diatom species used all gave a positive result, although some were apparently
better than others. Production in Coscinodiscus, for instance, was only a little
higher than in the starved, but the cells were large and lay almost entirely on
the bottom of the dish where they may not have been so readily available.
Only Peridinium trochoideum, Gymnodinium, Syracosphaera, Ditylum and
Lauderia were as good as Chlamydomonas, although Skeletonema (whose cells
were mostly on the bottom) was nearly as good.

One inert substance was used, a very dilute suspension of Indian ink. With
this the Calanus produced faeces, but the egg production was no higher than
in the starved. Thus egg-laying is not caused by the mere passage of material
through the gut. In order to test whether the high pH value or some other
factor accompanying a phytoplankton increase had any effect, female Calanus
were kept in sea water whose pH value had been raised to about 8-2, and also
in sea water to which cell-free filtrate from a rich Chlamydomonas culture had
been added. Neither showed any effect on egg production.

The results show that even although they may be freely taken into the gut,
not all the organisms available in the sea are of equal value for egg production.
If, as seems probable, the food taken is used in the formation of the eggs laid,
then its metabolism must be very rapid. The experiments suggest that egg
production by ripe Calanus can be used to test the nutritive value of different
food organisms. It is a simpler and quicker method than feeding copepodites
through one or more moults, during which development may also be affected
by factors other than food.

An attempt was made to measure the relation between increase in food
and increase in egg production. The Calanus were kept in Chlamydomonas
cultures varying in concentration from o to about 250 cells/mm.? and the
medium changed every other day. The results are shown in Table VII and
Text-figs. 3 and 4. With concentrations as low as 7-8 cells/mm.?, the egg
production is practically the same as with the starved Calanus. It then
increases rapidly with increase in food up to about 40 cells/mm.?, after which
the curve flattens off. Although in the richer concentrations some of the
Chlamydomonas cells sank to the bottom and were thus less available, it may
be concluded that beyond a certain point more food will not lead to greater
egg production. If a Chlamydomonas cell is considered to be of equal food
value to a Skeletonema cell (being of about equal size), the lowest figures
which gave an increase in egg production are less than those of a normal
spring diatom increase in the Clyde sea area.

Some experiments in the spring of 1950 had suggested that the presence of
food might act as a trigger to set off egg-laying. This was not confirmed in



TaBLE VII. EFFECT ON EGG PRODUCTION OF FEEDING WITH INCREASING CONCENTRATION OF CULTURE. 3-10 MAY 1951
Omitting first day

s Bl

Strength of Total no. of eggs laid per Calanus up to day No. of Eggs per

No. of culture v — - No. eggs per Calanus

Calanus  (cells/mm.®) 2 3 4 5 6 7 laying batch* per day
15 200-250 383 T4'2 957 1085 117°0 1194 14 340 212
15 7080 387 619 83'5 931 989 1065 IS 29'5 187
15 34—40 360 61'5 71-2 824 871 88-7 14 322 151
15 ) 14-16 235 314 378 395 408 422 15 250 72
15 7-8 13'9 19-8 217 24'1 259 264 15 185 46
15 o 129 196 197 214 21°¢4 21'5 10 282 36

* Numbers below § omitted.

TaBLE IX. EGG PRODUCTION OF RIPE FEMALES KEPT IN UNFILTERED SEA WATER, 1951

Omitting first day

FrAE— R

Total no. of eggs laid on day Eggs per

No. of A .~ No. Eggs per Calanues

Date begun Calanus 1 2 3 4 5 6 7 laying Total no. batch* per day
21. ii. 51 20 270 7 2 33 20 7 —_ 7 69 200 07
297,11, 81 3 I5 273 14 1 o o 8 o 8 23 80 o3
6. iii. 51 15 366 156 63 3I 10 5 - 14 265 206 36
12, iii. 51 15 499 31 82 25 12 8 25 9 183 17'8 2-2
22, iil. §1 13 367 I 19 0 44 II 3 5 78 185 I'I
23. 1v. 51 15 512 77 62 160 44 66 72 14 481 177 57

3. V.51

Ist week 14 681 156 552 214 187 138 III 14 1358 31-3 162
2nd week 14 61 84 274 317 259 91 194 13 1280 247 139
3rd week 11 117 82 157 27 51 25 47 10 506 255 69
Three weeks — — — - — — - — — 3144 274 126

* Numbers below 5 omitted.
In the experiment beginning on 3 May the first day is not omitted in the calculations for the second and third week.
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1951 : the shock of capture and examination seems to be enough. The presence
or absence of food has no effect on the number of eggs or the number of
females laying immediately after capture.

200-250 cells/mm.’

// 78-80
00 / ©
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s x
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/"’_‘ e
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Total no. of eggs laid per Calanus
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-
~ -
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Text-fig. 3. Effect on egg production of feeding Calanus on Chlamydomonas
cultures of different concentrations.
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No. Chlamydomonas cells/mm.!

No. eggs/Calanus/day

Text-fig. 4. Average number of eggs laid per day by Calanus fed on
Chlamydomonas cultures of different concentrations.

The average number of eggs laid by a ‘ripe’ Calanus on the first night
after being brought into the laboratory increased from January to March, as
is shown in Text-fig. 5§ and Table VIIIL. The increase was at first slow, but in
both 1950 and 1951 there was a steep rise in March and a subsequent fall.
In 1950 the maximum number (44-4) on 14 March can be related to a normal
increase of Skeletonema, which by then had reached a figure of 340 cells/ml.
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In 1951 the maximum egg number (41) was not quite so high and corresponded
to a much smaller increase of Chaetoceros and Coscinodiscus. After this the
number laid per batch fell and it is possible that this is because the females
were now laying in the sea. Calanus eggs were scarce in the sea on 2 March,
there were a few on 14 March and considerable numbers were present on
20 March. The results suggest that until the middle of March the female is
enlarging the eggs gradually but not necessarily laying them in the sea.

40

Lt
(=

B
o

No. of eggs per Calanus

=
o
]

0 | ] [0 LI o (e (O ) PO S L B |
T I
Jan. Feb. Mar.
Text-fig. 5. Number of eggs per batch produced by Calanus
during the spring. O, 1950; @, 1951.

TaABLE VIII. AVERAGE NUMBER OF EGGs IN FIRST LAY oF RIPE CALANUS

(Numbers under 5 omitted.)

No. of Average no. No. of Average no.
Date Calanus of eggs Date Calanus of eggs
22, ii. 50 5 204 21, ii. 51 41 190
10, iii. 50 25 392 27,11 §I 60 214
14. iii. 50 46 441 6. iii. 51 29 352
21. iil. 50 16 343 13, iil. 51 69 39°4
24.1. 51 7 139 20. iii. 51 94 410
30.1. 51 II I7°1 22, iii. 51 69 296

When the first generation reaches maturity the average number of eggs per
batch rises again, and on 30 April-1 May was 64-2.

During the experiments on different foods a number of ripe females was
also kept in unfiltered sea water in the hope of finding out whether the sea
during the spring diatom increase would become a medium as effective as the
cultures used. Unfortunately the spring of 1951 was quite abnormal, and the
enormous numbers of Skeletonema which usually appear in March did not
come until May. Instead there was about the middle of March a much smaller
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increase in the numbers of Chaetoceros and Coscinodiscus and this was
apparently sufficient to let the breeding of Calanus go on as usual.

In the laboratory the number of eggs laid in sea water (Table IX) was very
low in February, rose a little in March and April but did not equal the cultures
used until the first-generation females were laying during the Skeletonema
increase in May. Until May the low numbers may have been caused partly
by the small volume in which the Calanus were kept — 20 ml. changed every
second day. Gauld (1951) has shown that a Stage V Calanus can filter an
average of about 70 ml. per day.

In May, therefore, fourteen Calanus were kept each in 50 ml. of water
which was changed daily, and in the 21 days during which they were kept the
egg production per Calanus varied from 187 to 422. Towards the end of the
3 weeks egg production fell off considerably, although diatoms were still
numerous in the sea water. In spite of this the females when examined on
the 21st day mostly contained a number of large eggs apparently ready to lay.
One of them is shown in P1. Ic. The egg production per Calanus per day was
162 for the first week and 12-6 for the whole time, thus approaching the
production by Calanus kept in Chlamydomonas culture.

The high egg production in these females (nine of the 11 surviving laid over
250 eggs in the 21 days) shows that the figures given for the spermatophore-
bearing females (Text-fig. 1) may well be equalled or exceeded by Calanus in
the sea.

DISCUSSION

It is interesting to consider the relation of these results to events in the sea.

When the over-wintering stock of Stage V comes to moult in the beginning
of the year it does so with a good store of fat, in spite of having spent several
months in diatom-poor water. It may be that the Calanus can find more food
in winter than is supposed, or that its metabolism in winter is lower than
during the rest of the year. That a lowered metabolism in winter may be an
important factor is indicated by the results of several experiments comparing
the food taken in by Stage V and female Calanus in the same culture of
Chlamydomonas. On 10 January, judging from the number of faecal pellets
produced, the Stage V were eating less than half the amount that the females
were. The experiment was repeated with the same results on 23 January and
on 13 March; by 9 April, however, the new generation had appeared and
Stage V was eating as much as, or more than, the females.

In 1950 the over-wintering Stage V Calanus began to moult in the end of
December, and by the middle of February 1951 most of the population
consisted of adult females. On 1 February 539, of the females were immature
and only 49, ripe, but the proportion of ripe increased gradually until on
5 March 19, was immature and 949, were ripe. Calanus eggs were scarce in
the sea on 2 March, but considerable numbers of both eggs and nauplii were
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present on 20 March and the new generation grew up during the rest of March
and April. Adult females of the new brood appeared on 12 April as immature
and gradually replaced the over-wintering stock.

Nicholls (1933 a) estimated from field work that a female after moulting
takes about a month before the eggs are ready to lay. The egg-laying experi-
ments, however, have shown that the time taken will depend very much on
the food present in the sea. When given a plentiful supply an ‘immature’
female can lay eggs in 4 or 5 days and a “semi-ripe’ one in 2 or 3, but the
experiments with the females carrying spermatophores indicate that they do
not often lay within a week after fertilization. The time taken from moulting
up to this stage is uncertain and must depend partly on the stage of maturity
at moult. The results with very immature females (p. 529) indicate a lapse of
2-3 weeks, but the fact that the proportion of immature females found in
tow-nettings is low makes it more likely that the time is usually shorter. The
fluctuating food conditions in the sea make it certain that the period from
moulting to maturity will be longer than in the laboratory, and the dates
given above for the increase in ripe females from 4 to 94 9, confirm Nicholls’s
estimate of about a month. The experiments also indicate that the life of
a female may be considerably longer than has been hitherto supposed, for
besides the 4 weeks or so taken to mature it may live at least another month
laying successive batches of eggs.

The facts that the number of enlarging eggs in the female (judging from
the numbers laid per batch) increases over a period of some weeks, and that
during that time the eggs are scarce in the plankton indicate that the female
does not need to lay eggs once they have matured but can retain them until
the conditions are favourable. Unless food is present Calanus will lay only
a few eggs in the sea; a large egg production will occur only with a diatom
increase lasting some time. The actual stimulus to egg-laying and to the
completion of the first maturation division which immediately precedes it is
unknown. Food does not act as the immediate stimulus, but when available
it seems to be rapidly digested and used for egg production.

The production of viable eggs after as much as 68 days by an isolated female
Calanus is interesting in that it shows that a single fertilization is sufficient.
In the sea males reach their peak of abundance before females and the
percentage of females bearing spermatophores is highest early in the develop-
ment of a generation. Only on rare occasions do the majority of females
bear spermatophores. This is understandable when we remember that the
spermatophore is carried for only 1 or 2 days, after which it drops off. When
females are caught in the sea they are almost invariably fertilized, that is,
the spermathecae are dark in colour and full of sperm. A few females were
found with empty spermathecae, and some of these were kept in a dish with
males but fertilization did not take place. Males do not live in captivity so
well as females and copulation was never seen.
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The maximum total number of eggs laid by a single female (586) is much
above the only previous estimate, over 112, which is that of Raymont & Gross
(1942). However, their Calanus may have laid before their observations
began.

Not all feeding experiments resulted in egg production. With the possible
exception of Coscinodiscus all the diatoms tried gave positive results. Other
organisms were also successful, but perhaps more surprising is the complete
failure of Hemiselmis and Chlorella. Chlorella is known to be difficult to attack
because of its cellulose membrane, but on the same grounds it might have
been expected that Chlamydomonas, which in fact gave very good results, -
would be difficult to digest. Raymont & Gross (1942) found that Nitzschia
closterium var. minutissima and Chaetoceros pseudocrinitus as well as several
flagellates were eaten, although the Calanus survived better with the diatoms.
The present observations extend and amplify their findings.

Nicholls (19335) suggested that Calanus spawns at night, since eggs and
young stages are always found above 30 m., and this has now been confirmed
for the over-wintering generation. The eggs are heavier than sea water, and
the rate of sinking is given by Gross & Raymont (1942) as 36 m. in 24 hr.
Since the minimum time of hatching is about 24 hr. the greatest depth at
which the eggs will be found should be about 36 m. In the results of Nicholls
(1933a) and of Marshall ef al. (1934) the vertical hauls were divided at
30 and 10 m. respectively. When summed over the year the number of
nauplii above and below 10 m. was approximately the same, but very few
were found below 30 m. The young copepodites do not show diurnal vertical
migration (Nicholls, 19335) and are confined to the surface layer so that the
nauplii must swim up towards the surface. Since females showa marked diurnal
vertical migration, the fact that the eggs are laid during the night ensures that
they will be laid fairly near the surface. The first generation, which becomes
adult towards the end of April and in May, is found near the surface during
the day and lays throughout the 24 hr. However, those females of the first
generation which live in deep water also lay throughout the 24 hr., and this
is more difficult to understand. For if nauplii hatch below 50 m. they will have
a much longer way to swim up to the surface layers.

The suggestion that successive broods of Calanus depend on outbursts of
- diatom growth is supported by the evidence given here of the dependence
of egg-laying on food. Although the experimental results show that food and
egg-laying are closely connected, it does not follow that a food which will
induce egg-laying will also be suitable for the feeding and development of
the nauplii and early copepodite stages. Some preliminary work has shown,
however, that even as large a diatom as Coscinodiscus centralis can be broken
up and ingested by Copepodite Stage I1I, and that Peridinium trochoideum
(25 x 19 ) can be eaten by at least Nauplius VI.

The production of broods by some of the smaller copepods also seems to
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depend on diatom outbursts (Marshall, 1949), and it may therefore be expected
that these will show a similar effect of feeding on egg-laying.

We have pleasure in acknowledging the help given throughout the work by
the staff of the Marine Station. We are very grateful to Dr Mary Parke of the
Plymouth Laboratory for sending us cultures of all the organisms used.

SUMMARY

A description is given of female Calanus at different stages of maturity and
of the process of egg-laying.

It has been observed that the eggs of the two forms of Calanus differ in
size, those of helgolandicus being larger than those of finmarchicus. The
former was scarce, about 49, in the over-wintering stock.

The females of the over-wintering stock of Calanus lay their eggs early in
the morning, mainly between midnight and 3 a.m.; those of the first genera-
tion, which come to maturity in May, lay throughout the 24 hr.

The total egg production of individual females kept in the laboratory and
fed has been found. The maximum was 586 eggs. Egg-laying may be spread
over as much as 74 days and tends to occur in a series of bursts, each burst
lasting for about a week. A single fertilization is enough for the whole of the
egg-laying.

Egg production is largely dependent on the food available. When females
are starved egg-laying ceases, but if they are fed again egg production begins
too and is eventually not much less than in Calanus fed continuously.

A number of different cultures of diatoms and flagellates were tested as food,
but it was found that not all of them resulted in egg production. All diatoms
tested were successful. Inorganic material or a change in the reaction of the
medium had no effect on egg production.

Calanus when kept in natural sea water produced only small numbers of
eggs unless the water was rich in diatoms.

When brought into the laboratory ripe Calanus usually lay eggs overnight.
The number thus laid was low in January and February and increased
rapidly in March to a maximum of about 40 per batch. With the first-
generation females much higher numbers were obtained.

The relation of these results to events in the sea is discussed. Itis suggested
that even when ripe a female Calanus can defer egg-laying until a suitable
food supply is available. The spawning of Calanus in the sea should therefore
coincide with diatom increases.
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EXPLANATION OF PLATE I

A. Female Calanus with ovary in medium state. The diverticula from the genital ducts fill
only part of the head end. B. Female Calanus with ovary in ripe state. Large eggs are
seen filling the diverticula in the head end and along the course of the oviducts.
c. Female Calanus with ovary in ripe state. This Calanus has already laid many eggs and
they are not so crowded as in B, but one row of large eggs is visible. D. Calanus in the
process of laying eggs which have not yet begun to round off. E. The same Calanus
slightly later. The same groups of eggs can be traced and the earlier laid are rounding
off. F. A later stage in egg-laying. Some of the eggs are now spherical.
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CONTRIBUTIONS TO THE BIOLOGY OF THE
MACKEREL, SCOMBER SCOMBRUS L.
III. AGE AND GROWTH

By G. A. Steven', B S, E RS E;

Zoologist at the Plymouth Lahoratory

(Plate I and Text-figs. 1—-4)

INTRODUCTION

The first serious attempt to determine the age and growth rate of the common
mackerel (Scomber scombrus L.) appears to have been made by Captain Atwood -
in 1856 (quoted by Brown Goode, 1884, p. 116) in the Massachusetts Bay area
of northern North America. Small fish caught by Atwood in October of that
year measuring 63—7 in. in length (16-5-17-5 cm.) he believed to be the young
of the year (i.e. they belonged to the O-group). Mackerel belonging to this
group he calls ‘spikes’. “Blinks’, ‘tinkers’ and ‘second size’ fish he assigns
to the I-, IT- and III-year age groups respectively, but unfortunately gives
no data as to the sizes of those categories, merely stating that everyone well
acquainted with mackerel makes the same groupings ‘as there seems to be
a line of demarkation between the different kinds which stands out promi-
nently’. Sixteen years later, on 27 July 1872, Malm (1877, p. 409) observed
large numbers of small mackerel close inshore in the Gullmarfjord near
Christineberg. Several tons of those mackerel were enclosed in a seine, but
only ten specimens were retained as all the others escaped through the meshes.
These ten fish ranged in length from 67 to 100 mm. and Malm surmised their
age to be 13 months. Collett (1880, p. 18) stated that on the coast of Norway
1-year-old mackerel are ‘fingerlang’. To fish of 20 cm., taken at the end of
August, he ascribed (without supporting data) an age of 2 years, with sexual
maturity supervening at 3 years at an unspecified length. Marion (1889,
p. 86) studied the same species of mackerel in the Mediterranean. In catches
obtained at Nice between 2 and 9 May 1888 he found small individuals from
6 to 11 cm. in length, which he considered to be derived from eggs spawned
during the preceding January to March, the range of size being attributed
to a spread of spawning activity over those 3 months. Inthe Gulfof Marseilles,
too, at the end of May, Marion obtained mackerel of 11 cm. which he con-
sidered to be the young of the year. At the end of the year fish of 15-18 cm.
were common. Still later, at the beginning of February, both at Marseilles
and farther west, Marion noted the presence of mackerel measuring 20-24 cm.
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These he considered to be derived from the previous year’s spawning—
i.e. they were the survivors of the brood that in May, 9 months earlier,
were 6-II cm. long.

Along the shores of the Mediterranean mixed fish fry is a readily marketable
commodity which commonly includes mackerel. On certain dates in 1891
Gourret (1891, p. 57) recorded the following quantities and sizes landed by
a small shore fishery near Marseilles:

kg. cm.
17-23 April 70 4-8-5
10-13 May 30 2~3
I1, 12, 14, 17 May 31 34
23, 26 May 6 3-5
29, 31 May 25 3-6

The April fry Gourret believed to be derived from the earliest spawning of
that year, perhaps in January. The various May fry he ascribed to spawning
in February (5-6 cm.); March (4—5 cm.) and even April (2-3 cm.).

In 1892 (pp. 232-3) and again in 1896 (p. 314) Cunningham expressed the
belief that mackerel of from 22-2 to 23-5 cm. in length, caught on 10 June,
must be more or less exactly 1 year old. Others taken on 23 June having a
length range of 29-5-32:8 cm. he regarded as precisely 2 years old. Still
others of 1621 cm., taken in November, were assumed to be 16 months old.
This discrepancy Cunningham attributed to individual variation in size, but
was greatly perplexed by a single specimen of 13'8 cm. taken in September
‘which could not have reached that length in 2 or 3 months and must have
been an unusually small specimen at 14 months’. Cunningham’s age estima-
tions were based on the erroneous belief that in all the mackerel of the region
spawning is ‘approximately simultaneous’, proceeds very rapidly when once
begun, and is limited definitely to one short period of the year extending from
about the beginning of June to mid-July (Cunningham, 1889, p. 25; 1896,
p. 313: cf. Steven, 1949, p. 565).

Matthias Dunn (1893, pp. 4-5) expressed the firm opinion that in the
western end of the English Channel young mackerel 5-6 in. long (12-7-
15-2 cm.) at the end of August, are derived from that year’s spring spawning.
According to Dunn, these small fish stayed inshore for a further 2 months
or so, growing meanwhile at the rate of about 1} in. (3:2 cm.) per month.
By about the end of October when 73-8% in. long (19-21-6 cm.) they dis-
appeared from Dunn’s ken until about the beginning of the following June,
by which time they had attained a length of from 9 to 11 in. (22-9-27'9 cm.).
Ehrenbaum (1923, p. 21) records that Knut Dahl caught 311 specimens of
small mackerel ranging in length from 6 to 9 cm. in a seine net on 19 July
1905. This total was made up as follows:

Length (cm.) 6 i 8 9  (mean 7-8)
No. of fish 5§ 102 162 42
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Ehrenbaum considers all these fish to have been in their first year of life.
Young mackerel of similar sizes have also been taken in small numbers, by
other observers elsewhere from time to time without their ages having been
determined or surmised. These various records are collected by Ehrenbaum
(1923, pp. 12-26), who reaches the conclusion that, in general, the growth of
the mackerel (Scomber scombrus) during the first year of life ‘does not seem
to amount to much over 10 cm.” (p. 22). Towards the end of their second
summer Ehrenbaum considers the average length to be 20-22 cm., and
27—28 cm. in the third summer (p. 39).

Nilsson (1914, pp. I-59) was the first investigator to make any real attempt
to determine the age and growth rate of mackerel after the first year of life.
Age determination in this fish is a matter of great difficulty. No bone has
been found which reveals distinctive growth markings either with or without
special treatment. Visible and readable markings are present on certain
scales, but there is great difficulty in collecting them. They are so small as
to be easily rubbed off and transferred from one fish to another in all samples
collected by ordinary methods. For scales to be used reliably mackerel must
be caught individually, e.g. by hook and line, and each fish kept by itself in
a separate container—conditions that cannot easily be met if adequate
numbers are to be dealt with. Otoliths are less clearly marked, but with
practice readings can be obtained from a high proportion of them in the
younger year classes—up to about 6 years. In my experience otoliths from
older fish are seldom readable.

Nilsson (1914, p. 20) used scale readings checked against a few otolith
determinations for age assessment of 208 specimens. From this somewhat
scanty material he gives the following lengths reached by mackerel at the
end of each year of growth up to and including 6-year-old fish (lengths
measured to tip of tail):

End of 1 year Maximum recorded length  22:9 cm.
»» 2 years 23-5-30'6 cm.
s 3 years 3I-1-33-9 cm.
» 4years  344-361 cm.
5§ years 36-7-38:5 cm.
»» 6 years 39:1-403 cm.
»» 7 years 40°9-?

Nilsson’s findings are in agreement, therefore, with those who ascribe to
the mackerel a growth of 20 cm. or more in the first year of life, as against
those who consider fish of this size to be at or near the end of their second
year of life.

This divergence of opinion as to the growth rate of the mackerel, at any
rate in its early years, has persisted. As late as 1939 Le Gall (p. 14) gives the
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following figures based on length frequencies (not given) and the distribution
throughout the year of mackerel shoals comprising fish of different sizes.

End of 1 year 8-11 cm.
»» 2 years 18—21 cm.
» 3 years 26—28 cm.
» 4 years 30-32 cm.
» 5 years 35 cm.

At the same time, Steven and Corbin (1939, p. 18) made considerably
different tentative assessments of age and growth rate based on scale and
otolith readings. These were:

End of 1 year ?
»» 2 years Up to 27 cm.
» 3 years 5 3I'5cm.
s 4 years » 335cm.
» 5 years » 350 cm.
L] 6 years 2 355 cm.
5 7 years 5 36:0 cm.

According to Sette (1943, p. 154), on the American side of the North
Atlantic the fry of the common mackerel reach a length of about 50 mm. in
about 70 days after hatching—i.e. by about the end of July for the majority
of them. Subsequently, Sette (1950, p. 312) states, without supporting data,
that these July fingerlings reach a length of 8 in. (i.e. just over 20 cm.) by
September; and that they range, in their second year of life, from 25 cm. in
early summer to 32 cm. by fall.

Recently, Le Gall (1950) has repeated his 1938 figures concerning age and
growth of mackerel, again without supporting data, but with the accompanying
remark that ‘la présence, en quantités parfois trés abondantes de la mi-Juin
a la fin de Septembre, de jeunes maqueraux de 7 & 11 centimétres, confirment
’opinion que nous avons deja émise sur la croissance de ce poisson’.

The two schools of thought on mackerel growth are at variance mainly in
their conclusions concerning rate of growth in the first year of life, one school
placing the first year’s increment at 10 cm., or a little over, while the second
attributes a length of 20 cm. or more at the end of the first year. Ehrenbaum,
of the first school, supports his view by saying that the mackerel is hardly
likely to grow faster than cod and haddock, which at the end of their first
summer measure only about 14 cm. (1923, p. 23).

Striking confirmation of rapid growth by mackerel in their first year of life
has recently been provided by Dannevig (1947, p. 93; 1948, p. 219), who has
been able to make direct observations on the growth of young mackerel in
his fish-hatchery basins at Flodevigen, Norway. On 6 August 1939, a number
of young mackerel, 8 cm. in length, appeared in the leads between the basins
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and the lobster hatchery. One was caught and placed in an aquarium where
there were large quantities of small Crustacea, and throve remarkably. Later
it could be provided with only dead food which did not agree with it, and it
died on 1 September being then 10-5 cm. long. The fish had grown 2-5 cm.
in 25 days. Later, on 14 September, about twenty small mackerel were
observed in the oyster basins. Their lengths were approximately 15 cm. The
basins had been emptied in the spring and those small mackerel must have
entered as eggs contained in the water pumped into the basin in May-June
of the same year. Dannevig states that young fish could not have passed
through the centrifugal pump and lived. He is therefore in no doubt that
those mackerel were young fish of the current year and that they had reached
a length of 15 cm. in about 4 months. This agrees closely with Dunn’s
figures of 12-7-15'2 cm. length at the end of August in the English Channel.
There can be now no doubt that mackerel may reach a length of 20 cm. or
more in the course of their first year of life.

METHODS

Investigations by the present author into the life history and biology of
mackerel in the English Channel and Celtic Sea have included researches into
ages and growth rates. Otoliths have been collected from a total of 8422 fishes,
of which 6261 (74:3%,) have been readable and 2161 (257 %), mainly in the
higher length groups, have been unreadable. In addition, scales from 1364 fish
were collected, but scale reading was discontinued when it was found that
a sufficient proportion of otoliths could be read to give reasonably satisfactory
results.

The otoliths were collected from each fish by cutting transversely through
the head behind the eye at a point immediately in front of the small cavities
in which the otoliths lie. There are two otoliths on each side, but the smaller
one is useless for age determination. After the cut is made the brain is
removed from the remaining posterior part of the cranium. The large otoliths
can then be removed, one at a time, by probing for them with a weakly-sprung
sharp-pointed forceps. At first this may present some difficulty, but with
a little practice the operation becomes both simple and speedy.

As thus obtained, each otolith is covered with soft tissues that must be
completely removed before drying. This cannot conveniently be done im-
mediately, as too much time would be taken up in disposing of the sample of
fish. The otoliths are therefore stored under water until they can be cleaned.
This is best done by making shallow holes in a block of hard, close-grained
wood about 9 in. square. One hundred such holes, preferably § in. in diameter
and % in. deep, can conveniently be made in such a block. They should be
arranged in regular rows of 10 x 10. Above the uppermost hole in each vertical
row the numerals 1-10 are clearly marked. The whole upper surface of the
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block, including the shallow holes, should then be painted black with a
waterproof paint that will retain the water with which the holes have to be
filled. A specially made block of black plastic material would be even more
suitable. On removal from the fish the otoliths are placed in the appropriate
hole which is filled with water to keep them wet.

As soon as possible after the sample has been dealt with the otoliths must °
be divested of all soft tissues adhering to them and placed in numbered
containers. Envelopes are unsuitable as the otoliths are so small and brittle
that they become lodged in the corners, are hard to see, and often get broken.
The best method is to glue small cardboard pillboxes by their bottoms on
a square piece of cardboard—r100 boxes arranged in rows of 10 x 10 to each
piece of board.

To clean the otoliths two pieces of cane about 3 mm. in diameter and 15 cm.
long are used. Before use each piece is sharply pointed at one end and the
points worked gently backwards and forwards on a piece of glass. This breaks
up the single fine point and releases the fibres so that a tiny brush of just the
right stiffness is formed. With two brushes thus prepared the otoliths can be
easily and completely cleaned in water in a solid watch-glass, preferably of
black glass, under the low power of a dissecting microscope.

Mackerel scales are very small and easily rubbed off. Special precautions
had therefore to be taken to ensure that the scales removed from a fish really
belonged to it. Nilsson’s method of using hooked fish for scale-reading
purposes was therefore adopted. Each fish, on removal from the water
carefully suspended from its hook so as not to touch anything, was lowered
tail first into a clean, grease-proof paper bag. Both bag and fish were then
held firmly in the left hand while the hook was removed. By adopting this
method, very few scales actually became dislodged from the fish, and any
that were rubbed off were inside that fish’s own bag.

For age determination, scales from the anterior part of the body just below
and slightly behind the pectoral fin have invariably been used. A scraping in
this position is made with a scalpel and the small mass of scales so collected
is washed off into a small specimen tube (1} x £ in.) almost filled with clean
water. The tube is then corked. Groups of 100 tubes are used, fitted into
a 10 x 10 arrangement of holes in a block of wood, the holes smaller and deeper
than those made for the reception of otoliths.

The scales are collected and stored in tubes because they are too small to
be removed individually with a pair of forceps, followed by dipping in water,
cleaning between the thumb and first finger of the left hand, and mounting
on a microscope slide—as can be done with herring and pilchard scales, for
example. In their tubes they can be left for an indefinite period before
eventual cleaning and mounting. If left for more than a few days the contents
of the tube will smell strongly, but this does no harm; indeed it is an advantage
because the scales are more easily cleaned after the organic matter covering
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them has decomposed. In a normal scraping anything up to 500 scales may
be present. From amongst these at least three scales should be selected for
mounting. In most samples, scales of many shapes and sizes will be found
of which only a few will be readable. Most kinds are well illustrated by
Nilsson (1914, plate I, figs. 1-13). The clearest and most consistent zoning and
ringing are found on those shaped as in Nilsson’s figs. 8 and 11. At least three
scales of this type should be looked for amongst the mass of others, and re-
moved to a second watch-glass. There they must be cleaned, in water, under
a binocular dissecting microscope, using brushes made from pieces of cane
in the way described above. Three such scales are shown in PL I, figs. 1-3.

AGE AND GROWTH

In this investigation scales from each of 1364 fish were mounted on microscope
slides previously smeared very lightly with prepared egg albumen. All these
scales were separately ‘read’, and it was found that in 1343 out of the 1364 fish
(98-5 %,) the readings of all three scales were in agreement. In the remainder,
the three scale readings did not all agree. This degree of discordance is not
excessive and gives good grounds for assuming that the readings are reliable.
Even more confidence can be placed in them when comparison is made with
otolith readings from the same fishes. Omitting those fishes that gave dis-
cordant scale readings, it is found that in only fifteen out of a total of 1343
individuals (11 9,) did the scale readings differ from those of the otoliths.
Difficulty in reading the otoliths can very easily account for this discrepancy.
These results are shown in detail in Table I.

In consequence of this satisfactory agreement between scale and otolith
readings, the collection of scales was discontinued and only otoliths were
taken from later samples. In this connexion it must be emphasized that a high
proportion of otoliths were rejected as unreadable. Included in this group
are all otoliths whose readings were to any appreciable extent doubtful. It is
believed to be better to reject completely a doubtful reading than to include
it in any group to which it ‘probably’ belongs.

In the mackerel there are two otoliths on each side—a larger and a smaller
one. The latter, flat and somewhat irregularly crescent-shaped in outline, is
generally almost completely transparent and never exhibits readable ‘ringing’
and ‘zoning’ (Nilsson, 1914, plate I, fig. 16). The larger otolith is thickest and
widest at its posterior end, tapering towards its anterior end where it terminates
in two points of unequal length. Nilsson (p. 23) states that this otolith ‘can
at times have fairly distinct annual rings, especially on the longer of the two
points’. In the present investigations reliable readings have been more easily
obtained at the blunt posterior end of the otolith.? While it is true that

1 In Nilsson’s own figures (plate I) the markings are clearest at the blunt ends of the
otoliths shown.
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markings are often most distinct on the longer point, secondary markings
are often so much in evidence that interpretation is difficult or impossible.

Reading is best carried out in a solid watch-glass made of jet-black glass.
The otoliths are viewed under water or alcohol by direct illumination.! Thus
examined, the central part of the otolith shows up as opaque chalky white.
In fish of more than 1 year the dense central portion is surrounded by a dark,
narrow ‘ring’. With increasing age further zones and rings are formed (see
PL I, figs. 4-6).

TaBLE I Percentage of
All scales in fish with all
No. of fish  agreement but scales and
Serial no. with discordant differing from otoliths in
of sample Total fish scale readings otoliths agreement
134 100 6 I 93
15 61 4 I 92
24 g6 [} s} 100
29 93 0 o 100
31 7I o 5 93
32 99 o o 100
37 13 o 2 85
39 49 o o 100
41 100 10 I 89
44 20 o o 100
45 40 o o 100
46 50 o o 100
47 41 o o 100
48 39 o ] 100
49 51 o o 100
50 40 o] o] 100
52 58 o] I 98
54 45 o o 100
55 48 o 2 96
56 50 ] o] 100
57 100 o 2 98
58 100 I o] 99
Total 1364 21 15 974

The central zone is first laid down. This is followed by the first ring which,
although formed in winter, does not generally become clearly defined until
late spring or early summer when the new season’s zone, now forming outside
it, serves to show it up. This applies also to all the dark transparent winter
rings that are laid down in subsequent years.

Unlike a ring, a zone is recognizable while growing, long before the next
ring is laid down demarking its final limit. Thus a 2-zoned fish is one in which
a fully developed central zone is surrounded by a fully formed ring, and a
second zone, the latter being either partly formed or completed.

New zones, narrow and obviously of recent origin, begin to show up in late
spring and early summer. Thus a fish in its second year, caught say in
September, will have a distinct second zone clearly noticeable. Its otolith
reading will therefore be ‘2 zones 1 ring’, recorded as ‘2-1’°. The same fish

1 Otoliths that have been stored dry for a long time float in water; alcohol must then be
used.
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will continue to have a reading of ‘2—-1° until next May or June when a third
zone, newly forming, will show up the second winter ring. Readings of ‘1-1°,
¢2-2’, “3-3” have therefore seldom been made; for by the time that the new
zone has shown up the immediately preceding winter ring clearly, it has
become itself recognizable and must be recorded. It will be convenient,
therefore, to discuss otolith readings in terms of zone numbers. An otolith
with two zones will obviously have a winter ring between them; a three-zoned
otolith will have two intervening rings; and so on.

Since new growth begins about May and continues rapidly throughout the
summer and autumn, distinction must be made between fish caught at or
near the beginning of the growing season and those caught at or near the end
of it. In the early part of the year, before the new seasons’s growth has got
well under way, a fish whose otoliths record two zones will have completed
2 full years’ growth, and really should read ‘2 zones—2 rings’. By the time the
second ring becomes definitely recognizable, the third zone will also be showing
up and that fish becomes ‘3-2’. In late summer and autumn, a fish recording
two zones is really aged only 1+ ; i.e. the second full year’s growth is not
completed: similarly a three-zoned fish will be 2+, and so on.

Otoliths from a total of 8422 fish, obtained over the years 193640 and 1948,
have been examined. Of these, readings have been possible from 6261 fish,
and 2161 (257 %), mainly from individuals over 6 years of age, have been
unreadable.

It has been found convenient to group the 6261 fish that gave otolith
readings into two groups, ‘A’ and ‘B’, the former having 1 September and
the latter 1 May as their ‘approximate mean date’ of capture. Fish included
in group A, having the same otolith reading as those of group B, will therefore
have a lesser mean length than the latter by the amount of growth that has
taken place in the 8 months September to April inclusive.

The mean lengths measured to the nearest centimetre below and suitably
corrected, obtained for fishes of different zone readings grouped in this way
are given in Table II.

In Text-fig. 1 the lengths of the May fish are plotted against the numbers of
otolith zones which, at that time of year, represent fairly exactly the numbers
of completed years of growth. A curve has been fitted empirically to those
points. The lengths of the September fish can be plotted on the same graph.
On inspection it is found that if, in doing so, the number of years’ growth
recorded in column 2 of Table Il as 1+, 2+, ..., be taken to read 11, 2%, ...,
then the points (large on the graph) conform remarkably closely to the curve
already drawn for the May fish. This means that September fish with () zones
on their otoliths have completed (n— %) annual increments of growth; that is
to say, that half the total growth increment for the year is completed during
the 4 months of May-August inclusive, while the other half is spread over the
months September—April inclusive.
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TaBLE II. MEeAN LENGTHS OF FIsH OF DIFFERENT ZONE READINGS
(uP TO 6) IN SEPTEMBER AND MAY

Mean date, ¢. 1 September

Mean date, ¢. 1 May

s
No. of zones No. of years’

N

Mean length

2;7
3;“_1
333
34'6

359

on otoliths growth
I <I
2 I+
3 2+
4 3+
5 4+
6 5+
35+
301
— 25 B
£ !
=
i =4
5o
3
~ 20}
151
L1
1
71
Text-fig.

L
i

!
213154
Age (years)

i

rNo. of years’
growth Mean length
No records
I 238
2 306
3 330
4 341
5 355
6 36:2
P o
| O S |
i
576

1. Growth of mackerel up to 6 years.
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Small mackerel of less than 15 cm. in length are seldom caught in this area.
Occasionally, however, they put in an appearance in shallow water (Steven,
1948, p. 536). Ford (unpublished data) obtained a few small mackerel in
Plymouth Sound in August 1926 having a mean length of 15-3 cm.; and again
in August 1927 he caught about fifty similar fish in a sprat seine having a mean
length of 13:6 cm. (range 12-§-15-2 cm.). In 1937 very large numbers of small
mackerel appeared in and around Newlyn harbour, in Cornwall, and in the
first days of August the present writer caught 273 of them having a mean
length of 12'7 cm. (range 8-0-16-4 cm.). At the end of the same month

el ./.

Log length

-

-
.
5]

11

18 00 02 04 06 08
Log age
Text-fig. 2. Length and age of mackerel—logarithmic plotting.

84 more small fish were taken having a mean length of 16-9 cm. (range
I4:0-17°9 cm.). Assuming that half a full year’s growth takes place, on the
average, in May—August inclusive, the fish caught in the first week of August
1937 may be assumed to have made about three-eighths of a full year’s growth.
The small fish taken at the end of the month would have completed approxi-
mately half a year’s growth. These points are also plotted (in circles) on the
graph in Text-fig. 1 and appear to conform to the curve derived from plotting
the age-length relationships of older fish.

In Text-fig. 2 the same age-length data are plotted on a double logarithmic
scale. When this is done it is found that for fish of 2 years and upwards the
points. fall on or near the straight line CD and that those appertaining to
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younger fish fall on or near another straight line AB, with the exception of
the early August fish which do not quite conform. On the assumption that
they have grown about three-eighths of their full year’s increment, the mean
length of these fish should have been 14-6 cm. to fall on the line AB, a figure
that lies well within the length range of the 273 fish from which the mean
was derived and may be accepted as being in reasonable agreement for all
practical purposes. On the other hand, an adjustment of 3 weeks in their
assumed age is all that is necessary to obtain agreement.

There can be little doubt therefore that in the young fish up to about
2 years of age the growth gradient conformed to that indicated by the line A B,
which provides the expression

LAY jle. A oc L2
where L =length in cm., and 4 =age in years.

In older fish the growth gradient conformed to that indicated by the line
CD, which provides the expression

Eoc A% 16, A.cel?™.

The two lines AB and CD intersect at a point representing the logarithms of
length 29-3 cm. (limits 28:6-29-5) and age 1-6 years.

It seems likely that this point of discontinuity in the growth gradient
represents the approximate length and age at which the onset of active sexual
development takes place in the majority of individuals, i.e. that the onset of
sexual maturity takes place at a length of about 29 cm. in the second year of
life. This means that fish hatched in the spring of any year will begin to
“fill up’ in the late autumn of the following year and will spawn for the first
time during the subsequent spawning season when approximately 2 full years
of age. This is in agreement with Nilsson’s statement (1914, p. 4I) that
‘maturity is reached at the age of 2 years’ if by this is meant that the fish
arrive at first spawning when they are approximately 2 full years old. Con-
firmation of these results has been obtained from simultaneous observations
on gonad development. Le Gall (1950, p. 71I) also states that the onset of
first maturity takes place at or over a length of 26-28 cm., but ascribes an
age of 3 years to such fish.

ONSET OF SEXUAL MATURITY

Data bearing on the onset of sexual maturity in the mackerel of this region
have been obtained by examination of 9334 fish in which sex and gonad
condition have been determined. The determinations were made by naked-eye
observation. Young individuals in which the sex could not be decided by this
means have been recorded as immature fish. The later stages of development
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of the sexual organs have been classified according to a scheme similar to
that used internationally for the herring and other clupeoids (see Jensen,
1950, p. 6), but suitably modified for the somewhat special characteristics
exhibited by the mackerel.

Stage O. Immature juveniles. Sex not ascertainable by naked-eye examination.

Stage I. Virgin individuals. Sexual organs very small but sex ascertainable by
naked eye. Ovaries rich wine colour and very slender torpedo shape; individual eggs
indistinguishable. Testes much paler in colour than the ovaries; also thinner and more
blade-like.

Stage II. Maturing virgins (maiden fish) and recovering spents. In virgin fish the
ovaries are slightly larger now than in stage I and individual eggs begin to be distin-
guishable. Testes also enlarging; paler in colour than ovaries. In recovering spents,
at this stage, both ovaries and testes are also quite small but flabbier than in virgin
fish and generally somewhat bloodshot.

Stage III. Sexual organs considerably larger and occupying about half of the
ventral cavity. Differences between virgin fish and recovering spents now scarcely
distinguishable. .

Stage IV. Sexual organs still growing. Ovaries becoming a pronounced orange-
yellow colour with conspicuous opaque eggs. Testes becoming a clear creamy or milky
colour.

Stage V. Sexual organs now filling ventral cavity. In the ovary superficial blood-
vessels have become large and conspicuous. No transparent eggs. Testes assuming a
fairly uniform milky whiteness.

Stage VI. Testes—Ilarge, firm and clean milky white. Small amount of ripe milt
can be expelled from them on slight pressure.

Ovaries. In the female stage VI has been subdivided into two stages:

Stage () VI A. Ripe translucent eggs scattered throughout unripe eggs giving rise
to a ‘plum pudding”’ appearance (see Steven, 1949, p. 565 and plate I). No ripe eggs
free in the lumen.

Stage (?) VI B. Ripe eggs present in the lumen of the ovary which generally must
be opened to find them. Externally, the ovary may appear to be in stage V or VI A,
but the presence of ripe eggs free in the lumen indicates that one or more batches of
eggs have already been spawned. After several batches have been shed the ovary
becomes progressively more flabby and bloodshot, especially posteriorly.

Stage VII. Spent fish. Ovaries slack with only residual eggs. Very bloodshot.
Testes also small, flabby and bloodshot.

A stage VIII as used for herring (Jensen, 1950, p. 6) has not been separately
distinguished.

The 9334 fish examined for sex comprised 995 immature juveniles whose
sex was not evident from naked-eye observation. The remainder comprised
4031 males and 4308 females. Of these 803 males and 681 females were in
maturity stage I—i.e. were virgin fish in which signs of rapid gonad develop-
ment towards ripening are still absent though the sex is determinable by
naked-eye observation. Some females whose lengths ranged from 22 to
28 cm. had ovaries of quite small size that nevertheless exhibited a typically
shotten appearance, but which, after the most careful examination, always
failed to reveal any residual ripe eggs in the lumen. The explanation appears

JOURN, MAR. BIOL. ASSOC. vol. XXX, 1952 kird
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to be that, in those fish, the gonads had progressed a considerable way towards
ripeness and then assumed a spent appearance without any ripe eggs having
been actually produced and shed. Similar precocity was detectable also in
some males over a length range of 24-28 cm. Since these fish—designated
“false stage VII’—had not spawned, they have been grouped with stages O
and I as maiden fish which had not yet reached first maturity.

In Table III the total numbers of fish at the various stages of gonad develop-
ment have been entered against the length in cm. From this table it will be
seen that all fish under 18 cm. in total length were in those stages of immaturity
in which the sex was not determinable by naked-eye examination. Fishes in
this stage were not uncommon up to a length of 22 cm. after which their
numbers diminished and they were almost totally absent in all sizes exceeding
29 cm. Fishes in stage I begin to appear in small numbers at lengths of from
18 to 20 cm. and remain common up to lengths of just over 30 cm. Fishes
at stage II, which includes maiden fish with gonads in the very early stages
of active ripening, and recovering spents in which the gonads have gone far
towards resuming their original appearance in maiden fish, begin to appear
at 21 cm. and become plentiful at lengths of 27 cm. and upwards. The later
stages, up to and including stage VI, do not appear in any numbers until
lengths of 30 cm. and upwards are reached. The table further reveals that
spent fish may be at times noticeable in the catches at smaller sizes than fully
ripe fish. There are probably two explanations for such apparently anomalous
occurrences: (i) that fish in a state of precocious maturity and giving a false
appearance of ‘spentness’ have been mistaken for true spents; and (ii) that,
by some vagaries of the fisheries or of sampling, spent fish on occasion were
obtained for examination from schools of smallish fish from which no samples
were collected when they were in the spawning state.

In further reference to Table III it will be seen that the immature fish of
stages O and I and precocious stage VII are chiefly confined to fish of less than
29 cm. in total length—i.e. they are grouped on the left of the line AB drawn
through the table—and that stages III-VII are comprised mainly of fish of
30 cm. and upwards, i.e. they are grouped on the right of the line AB.
Stage II may be regarded as a transition phase in which the ripening process
is actively beginning but has not yet reached the state of very rapid gonad
development associated with stage IIT onwards.

This grouping of the fish in Table III on either side of a line falling between
lengths of 29 cm. and 30 cm. agrees well with the figure of 29-3 cm. as the
point of discontinuity in the curve of growth derived from plotting log length
against log age. There can be little doubt, therefore, that the change in the
growth gradient in respect of the age-length relationship is very closely
associated with the onset of first sexual maturity. This is further borne out
by the fact that if the percentage of fish exhibiting gonad stages II-VII
inclusive (Table III) is plotted against length, the derived sigmoid curve



TaBLE III. LENGTH DISTRIBUTION OF THE VARIOUS REPRODUCTIVE STAGES
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has its point of inflexion at a length of 28-8 cm. (limits 28-4—29-2) (Text-
fig. 3).
WEIGHT-LENGTH RELATIONSHIP

Weights to the nearest gram of a number of fish covering the whole range
of available lengths have been determined. For this purpose fish under
20 cm. in length are arranged in } cm. size-groups, measured to the nearest
% cm. below. Fish over 20 cm. are placed in 1 cm. size-groups, measured to
the nearest cm. below. A correction of half a group unit has been added to
all mean lengths. The weight-length data so obtained are shown in Table IV.
When plotted logarithmically (Text-fig. 4) a definite discontinuity is manifest
in the weight-length relationship at 27-9 cm. mean length (with rather wide
limits of ¢. 25-7-31'6) and 13§ g. mean weight.

100} _ame—s—e—e-
80

%
40

20~

20 22 24 26 28 30 32 34 36
Length (cm.)

Text-fig. 3. Percentage of all fish examined showing gonad stages I1-VII inclusive: in
centimetre length-groups.

From 28 cm. down to 10 cm. (the smallest fish weighed) the weight-length
relationship is expressed by Woc L*%. From 28 cm. upwards the weight
increases much more rapidly in relation to length and conforms to the ex-
pression W oc L%, This applies only to fish in the early part of the year when
they have recovered from the spent condition and are again actively ripening;
comparative figures for newly spent fish have not been obtained.

A change in the weight-length relationship of growing fish appears to
manifest itself at a slightly earlier stage than the change in the length-age
relationship, but the difference is doubtfully significant, and anyhow the two
critical mean lengths are sufficiently close to suggest that both changes may
be initiated simultaneously at the onset of first sexual maturity.

Age determination by direct methods has not been possible beyond 6 years.
Further researches and improved techniques may increase the range of direct
readings—from otoliths, scales or other body structures—by a few years;
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Text-fig. 4. Weight-length relationship of mackerel: logarithmic plotting.

TABLE IV. WEIGHT-LENGTH RELATIONSHIP

Length Mean Length Mean
group No. of weight group No. of weight
(em.) fish (g.) (cm.) fish (g.) @
1025 7 7 21°§ I1 62 47
1075 10 9 22°5 17 72 68
1125 22 10 235 25 81 7-8
1175 21 I1 24'5 33 95 80
12-25 32 12 255 26 105 129
1275 32 14 265 18 115 86
1325 38 16 275 26 129 93
1375 25 17 285 39 146 170
14:25 26 20 29'5 49 169 120
1475 32 22 305 49 194 143
1525 20 24 315 54 217 16:2
1575 10 25 32°5 6o 241 177
16-25 14 30 335 72 271 236
1675 12 31 345 96 300 25'0
17-25 2 37 355 77 331 317
17°75 5 37 365 100 354 359
18-25 I 42 37°s 88 392 44°5
18-75 3 43 385 67 430 470
19-25 — = 39'5 43 481 344
19°75 = = 40°5 24 542 558
205 6 58 415 8 584 291
42°5 6 669 243
434* 3 782 S
46-11 I 851 —

Specimens up to 20 cm. in length were weighed all together in their length groups and
the mean obtained by a single calculation: ¢ was therefore not obtained.

* Actual mean (without correction) of fish measured to nearest mm.

1 Actual measurement to nearest mm.
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but such determinations are unlikely in the foreseeable future to cover the
entire life span. It is worth while, therefore, to use the data already available
to calculate approximate theoretical mean lengths and mean weights attained
by fish in each year of life until a length of 43 cm. is reached—this being the
maximum length recorded in this investigation, except for a single fish of
46-1 cm. total length weighing 851 g.

TABLE V. LENGTH AND WEIGHT OF MACKEREL AT DIFFERENT AGES UP TO
20 YEARS: UP TO 6 YEARS FROM DIRECT OBSERVATION, THENCE RBY
CALCULATION

Age (years) &y O 2 3 4 5 6 7 8 9 10

Approximate mean length 238 306 330 341 355 362 371 378 385 391

(cm.) .

Approximate mean weight 8o 188 247 278 322 345 381 410 436 462

(g.)
Age (years) S I 12 13 14 15 16 17 18 19 20
Approximate mean length 397 402 407 4I'I 41'5 41'9 423 427 430 434
(cm.)
Approximate mean weight 486 509 532 553 574 594 6I4 633 651 669
(g2

According to these calculations the single 46-1 cm. fish obtained during these investigations
would be 30 years old and should weigh approximately 832 g.
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SUMMARY

Owing to the difficulty of age-determination in mackerel, the age and growth
rate of these fish had not previously been satisfactorily determined.

Two schools of thought arose, one attributing a length of little over 10 cm.
at the end of the first year of life, while the other ascribed lengths of up to
about 25 cm. to 1-year-old fish.

The present investigation supports the second school. Direct age-readings
from scales and otoliths have been made of fish up to 6 years of age, and the
probable sizes at greater ages have been calculated.

There appears to be a critical change in growth characteristics at a mean
length of about 29 cm., coinciding with the first ripening of the genital
products.
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EXPLANATION OF PLATE I

Fig. 1. Mackerel scale showing one ring and two zones: x §5. From a fish 28 em. in length,
9 October 1936.

Fig. 2. Mackerel scale showing two rings and three zones: x 44-3. From a fish 33 cm. in
length, 8 June 1937.

Fig. 3. Mackerel scale showing three rings and four zones: x48-5. From a fish 34cm. in
length, 24 September 1936.

Fig. 4. Otolith showing one ring and two zones: x12:8. From a fish 29 cm. in length,
22 September 1936.

Fig. 5. Otolith showing two rings and three zones: x 12-4. From a fish 33 cm. in length,
23 July 1936.

Fig. 6. Otolith showing three rings and four zones: x 12-05. From a fish 34 cm. in length,
22 September 1936.

The illustrations in this plate are all from un-retouched photographs.
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THE BIOLOGY OF ASTERIAS RUBENS L.
III. CAROTENOID PIGMENTS IN THE
INTEGUMENT

By H. G. Vevers, M.A., D.Phil.

Zoologist at the Plymouth Laboratory

In the Plymouth area there is often a marked and consistent difference in
coloration of starfishes (Asterias rubens) from different populations. Starfish
from populations to the south of Plymouth Breakwater are red-brown or
occasionally pale yellow-brown in colour, whereas those from a population
living well within Plymouth Sound have been found to be consistently bright
red or brick red in colour (Vevers, 1949). In the present work analysis has
been made of the integumentary carotenoids of dark red-brown A. rubens taken
from the trawling grounds between Plymouth Breakwater and the Eddystone.

The asteroids are usually richly coloured, and investigation of a number
of species has shown the almost universal occurrence of carotenoid pigments
in the integument. In addition to the carotenoids, MacMunn (1886), working
at the Plymouth Laboratory, extracted a porphyrin pigment which he
identified as haematoporphyrin from the integument of A. rubens. It is now
known that haematoporphyrin does not occur in nature, and a re-examination
of the porphyrin pigments of this species is in course of preparation (Kennedy
& Vevers).

Cuénot (1887) observed that the integument of starfishes consists of three
distinct layers: the internal epithelium, which lines the general body cavity
and which is not concerned with the external pigmentation of the animal,
a median conjunctive layer, in the outer part of which the calcareous plates
are deposited, and an external epithelium of tall, elongated cells, covered by
a cuticle, through which the cilia protrude. The external epithelial cells with
the cuticle make up the epidermis. The majority of the epidermal cells are
narrow and columnar, with their inner ends resting on a basement membrane
which divides the epidermis from the median conjunctive layer (Ludwig &
Hamann, 18g9). Scattered among these more generalized epidermal cells are
two types of more specialized cells, the mucus gland cells, which are particu-
larly frequent in A. rubens, and the mulberry cells, first described by Cuénot
(1887) and of unknown function.

Ludwig & Hamann (1899) stated that, in general, the integumentary pig-
ments of starfishes are deposited in the epidermal layer. Cuénot (1887) found
that in Echinaster sepositus a red pigment was deposited in the epidermis, and
in the present work it was found that most of the carotenoid pigment of the
integument is contained in the unspecialized columnar epithelial cells. There
are no special chromatophores.



570 H. G. VEVERS

CAROTENOID PIGMENTS IN THE INTEGUMENT

Abeloos (1926) observed that the carotenoids in the integument of Asterias
rubens were sometimes present in the form of complexes produced by the
conjugation of a carotenoid with a protein radical. Lonnberg (1931, 1933, 1934)
extracted carotenoids from a large number of marine invertebrates, including
A. rubens. In most he was able to partition the crude extracts into an epiphase
(in petroleum ether) and a hypophase (in 9o %, methanol). He did not,
however, use any chromatographic adsorption technique for the separation
of the pigments, and in general his results only indicated that at least one
and probably two carotenoid pigments were present in the integument of
A. rubens.

Von Euler & Hellstrém (1934) isolated a carotenoid acid from the aboral
integument of 4. rubens, which they named ‘Asterinsiure’. Karrer and Riibel
(Karrer & Jucker, 1948, p. 351) subsequently obtained a yield of astacene
from this species, and Karrer & Jucker (1948, p. 351) now consider that
¢ Asterinsdure’ is probably identical with astacene (or astaxanthin).

Experimental

In the present work on the separation of the integumentary carotenoids
. only dark red-brown specimens of A. rubens were used. For analysis by
Methods 1 and 2, aboral integument was finely chopped and ground up with
dry acid-washed silver sand (the sand was washed with HCI, and then with
three changes of water before being dried). The integument was then extracted
with successive portions of acetone, until no further colour appeared in the
extract. Petroleum ether (b.p. 40-60° C.) was added to the acetone extract,
and the volume of the whole extract was doubled by addition of distilled
water. After gentle shaking, the pigment passed from the acetone-water
fraction to the petroleum ether, which was dried by shaking with anhydrous
sodium sulphate. The petroleum-ether extract of the total carotenoids was
then divided into two parts for further analysis by either Method 1 or
Method 2.

Method 1. The petroleum-ether extract was chromatographed on bone meal
(B.D.H. bone meal for carotene estimations). Continued elution with petroleum
ether removed Fraction 1a, which was then passed through a column of
alumina (B.D.H. aluminium oxide for chromatographic adsorption analysis)
on which it formed two bands. The lower band was removed by elution with
more petroleum ether and collected separately as Fraction 15, and the upper
band, which was the richest in colour, was eluted by petroleum ether con-
taining 5 %, (v/v) of acetone to give Fraction 1c. The pigment remaining on
the bone meal column was eluted by acetone and collected as a pale straw-
yellow solution (Fraction 1d).

Fraction 16 was divided into two parts and each was separately evaporated
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almost to dryness over a water-bath, the final traces of liquid being removed
in a stream of carbon dioxide. The residues were dissolved in carbon di-
sulphide and petroleum ether respectively. Absorption spectra (Table I) of
each of these solutions were recorded with a ‘Unicam S.P. 500 Quartz
Spectrophotometer’. The absorption maximum obtained for the solution in
carbon disulphide is identical with that recorded by Karrer & Jucker (1948)
for B-carotene. The absorption maximum for the solution in petroleum ether
is very close to that obtained for B-carotene by Morton & Rosen (1949).

In order to confirm that Fraction 15 was S-carotene a mixed chromatogram
was used. The petroleum-ether solution of the pigment was mixed with
a solution of known S-carotene in the same solvent and the mixture chromato-
graphed on a long column (15 x T cm.) of alumina. A single band was formed
which did not split on slow elution with petroleum ether.

TaBLE 1. ABSORPTION MAXIMA OF CAROTENOID FRACTIONS IN Mpu

Carbon Petroleum
Fraction disulphide Pyridine ether
b 485 — 449
Ic 503 489 —
2b 485 — 449
2¢ 509 497-502 —

Fraction 1¢, which was also epiphasic, was divided into two parts, each of
which was evaporated to dryness and the residues dissolved in carbon di-
sulphide and pyridine respectively. This fraction gave strong, well-coloured
solutions, and spectrophotometer readings gave the absorption maxima
recorded in Table I.

These maxima agree very closely with those given by Goodwin & Srisukh
(1949) for esterified astaxanthin. This agreement, together with the fact that
Fraction 1c¢ was always epiphasic when shaken with a mixture of petroleum
ether and 9o %, methanol, leaves no doubt that the pigment in this fraction
was esterified astaxanthin. It should be noted that the esterified astaxanthin
(Fraction 1¢) originally formed part of Fraction 1a, which was eluted from
the bone-meal column with petroleum ether. This elution is similar to the
experience of Morton & Rosen (1949), who found that esterified ‘xanthophyll’
was sometimes carried through a bone-meal column with light petroleum.

Fraction 1d was collected from the bone-meal column by elution with
acetone. It was taken into petroleum ether and partitioned between this
solvent and 9o 9, methanol. The pigment was found to be entirely hypophasic,
suggesting the free forms of xanthophylls. From this solution it was taken
back into petroleum ether, evaporated to dryness and dissolved in benzene.
The benzene solution was chromatographed on zinc carbonate, and a single
band formed which was eluted with ether containing 3 %, methanol (v/v).
The yield from this fraction was never sufficient to give a good sample for
spectrophotometric measurement, but its behaviour on phase partition and
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chromatography suggested that it contained one pigment only of the free
xanthophyll type, possibly lutein or zeaxanthin.

Method 2. The remainder of the total carotenoid extract was partitioned
between petroleum ether and 90 %, methanol to give an epiphasic fraction
(2a) and a hypophasic fraction (2d) respectively. Fraction 2a contained
nearly all the pigment. It was evaporated to dryness slowly on a water-bath,
the final traces of solvent being removed in a stream of CO,. To the residue
were added 2 ml. ethanol and 1 ml. of KOH (concentration of 160 g. KOH in
106 ml. H,0), and this saponification mixture was heated and kept just bubbling
for 3 min. The residue was cooled by adding distilled water and then extracted
with ethyl ether. Some of the pigment passed into the ether but most remained
in the lower layer of aqueous ethanolic KOH. On addition of a few drops of
glacial acetic acid, followed by gentle shaking, all the pigment passed into the
ether. (It is characteristic of astacene that it remains hypophasic in alkaline
solution, even in the presence of excess water.) The ether extract was then
evaporated to dryness and dissolved in petroleum ether. On addition of an
equal volume of 9o 9%, methanol partition took place to give an epiphase
(Fraction 2b) and a hypophase (Fraction 2¢).

Fraction 2b was dried over anhydrous sodium sulphate, and chromato-
graphed on a column of alumina. Slow elution with the solvent failed to split
the single band of pigment which was finally collected in a flask. This fraction
was then examined in the spectrophotometer in CS, and in petroleum ether,
and the maxima recorded were the same as those for 3-carotene in Fraction 15
above.

Fraction 2¢ was taken from 9o 9%, methanol into petroleum ether, and
divided into two parts each of which was evaporated to dryness over a water-
bath. The residues were dissolved in CS, and pyridine respectively and
recordings made of the absorption spectra (Table I).

The positions of these maxima (cf. Karrer & Jucker, 1948, p. 242) and the
behaviour of this fraction after saponification suggest that the pigment was
astacene. Kuhn & Sorensen (1938) have shown that astacene does not occur
naturally, but is produced in the course of saponification by the oxidation of
astaxanthin. As the fraction from which the present yield of astacene was
derived was originally epiphasic, it is probable that it was present in the
integument in the form of esterified astaxanthin. This would agree with the
finding of esterified astaxanthin in Fraction 1c.

Fraction 2d was very faint in colour. It was treated in the same way as
Fraction 1d, and behaved the same way on chromatography. It probably
represents the small amount of free xanthophyll found in Fraction 1d.

As a further check on the identity of the carotenoid pigments, and in order
to test for the existence of a carotenoid-protein complex, a third system of
extraction was used (Method 3).

Method 3. The integument was ground up with silver sand and extracted
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in the first place with n-hexane to remove all the carotenoids which were not
bound to a protein. This gave Fraction 3a. The residue of tissue was then
extracted with acetone to give Fraction 3.

Fraction 3a was relatively pale in colour. By means of phase partition and
chromatography it gave weak solutions of B-carotene, esterified astaxanthin,
and a free xanthophyll.

Fraction 35 was strong in colour and contained the greater part of the
integumentary carotenoid pigment. It was entirely epiphasic and was found
to contain esterified astaxanthin only. There was no evidence that S-carotene
occurred in this fraction.

I am indebted to Dr W. R. G. Atkins, F.R.S., and Dr C. F. A. Pantin,
F.R.S., for reading and criticizing the manuscript.

DiscussioN

It is probable that the carotenoid pigments extracted from A. rubens by
Lonnberg were not always fully separated into their constituents prior to
spectroscopic determination. The presence of astaxanthin in this species was
first noted by Karrer and Riibel. This has been confirmed in the present work,
and it has also been found that in the integument it is present in the esterified
form. The astaxanthin found in A. rubens is very closely comparable with that
extracted from the hypodermis of Homarus vulgaris and Nephrops norvegicus
by Goodwin & Srisukh (1949), and there is no doubt that, from the point
of view of colour production, it is the most important of the integumentary
carotenoids in A. rubens. In the dark-brown specimens of A. rubens used
in the present investigation the greater part of the esterified astaxanthin
is linked with a protein. This is similar to the condition found in the carapace
and eggs of Astacus gammarus by Kuhn & Sérensen (1938). Carotenoids
have also been extracted from a number of Pacific Coast echinoderms,
including four species of asteroids, by Fox & Scheer (1941), but the yields
were usually from the whole body, and so are not strictly comparable with
the present results. They did, however, find that one of the predominant
carotenoids in the asteroids was astaxanthin, but they did not record any
protein linkage.

SUMMARY

A preliminary analysis of the integument of dark-brown specimens of
Astertas rubens has shown that the carotenoid pigments present are asta-
xanthin, S-carotene and a free xanthophyll. The last two occur only in small
amounts. The astaxanthin is present in the esterified form, and represents the
greater part of the total carotenoids.

Most of the astaxanthin is present in the form of an astaxanthin-protein
complex, which is coloured brown or dark brown in the living animal.
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TRACE ELEMENTS IN THE COMMON BROWN
ALGAE AND IN SEA WATER

By W. A. P. Black, B.Sc., Ph.D., F.R.I.C.

Institute of Seaweed Research, Musselburgh
and

B. L. Michell, B5c, FhD., FR.LE.

The Macaulay Institute for Soil Research, Aberdeen

INTRODUCTION

Sea water probably contains all the chemical elements, although a number of
them have not yet been detected. Considerable information is available on
the occurrence of various elements in marine plants and animals, but it is
far from complete for any one biological group. Except for recent work by
Spooner (1949), on the absorption of radioactive strontium and yttrium by
marine algae, no detailed study of the trace elements in the brown algae, nor
any attempt to correlate the trace elements in sea water with those in the
algae, appears to have been carried out. The following is a brief résumé of
the work that has been done in this field.

The distribution and concentration of iodine in the sea have received a great
deal of attention because of their important roles in the physiology of man and
terrestrial animals. The form in which iodine occurs in sea water is not clearly
understood, but part of it is present as iodide and iodate. It is concentrated
to a marked degree by the marine algae, and for many years the Phaecophyceae
were used as a commercial source of iodine. The concentration of iodine and
its seasonal variation in the brown marine algae have already been reported
(Black, 19484, b, 1949).

Considerable interest has recently been shown in the content of radioactive
elements in sea water. Studies by Evans, Kip & Moberg (1938), and by Foyn,
Karlik, Pettersson & Rona (1939), have shown that the radium content
measured by the radon emanation technique varies between about o-2 and
3:0x 107 ug./l. in sea water of salinity approximately 35%,. These workers
found that organisms concentrate the radium about one-hundredfold in their
soft tissues, and calcareous structures show an increase in the radium : calcium
ratio over that in the water. In a search for the radioactive precursors of
radium, Karlik analysed a number of samples from various parts of the oceans
and obtained a mean value of 1'5ug./1. for uranium (Féyn ef al. 1939).

Tables giving the trace elements which have so far been determined in
sea water have been compiled by Sverdrup, Johnson & Fleming (1942,

pp- 176-7), Harvey (1945, pp. 31-2), and Legendre (1947).
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In 1919, Cornec carried out the first spectrographic analysis of marine
plants and found the following elements: Ag, As, Co, Cu, Mn, Ni, Zn, Bi,
Sn, Ca, Mo, Au, Sb, Ti, W and U. The analysis, however, was qualitative
and the species investigated were not given.

The distribution of arsenic in marine algae has been studied by Jones
(1922), and by Williams & Whetstone (1940). Jones determined the arsenic
content of eleven varieties of British seaweeds and obtained a value of
125 mg./kg. for Laminaria digitata.

The titanium in a number of cryptogamic plants has been estimated
by Bertrand & Voronca-Spirt (1930), while Meulen (1932) determined
molybdenum in several species of algae and reported a figure of 0-16 mg.
Mo/kg. dry weight.

Webb (1937), in his studies on the ultimate composition of biological
material, carried out a spectrographic analysis of marine invertebrates and
included the three algae, Ulva lactuca (frond), Fucus serratus (receptacles)
and Saccorhiza bulbosa (stipes). Figures are given for Na, K, Ca, Mg, Sr,
Ba, B, Al, Mn, Fe, Cu and Pb.

In 1938, Igelsrud, Thompson & Zwicker found the boron content of five
marine algae to be 4-2-14-9 mg. B/kg. dry material, and Lagrange & Tchakirian
(1939) examined Lithothamnium and detected spectrographically in the ash,
apart from ordinary constituents, Ag, As, Be, Cu, Ge, Mn, Mo, Ni, Pb, Sb,
Sn, Ti, U, W and Zn. The rare earths in similar algae have been examined
by Servigne & Tchakirian (1939), who analysed the ashes of L. calcareum and
found about 5 mg./kg. of Pr, Nd and Sm.

The radium content of a number of algae has been determined by Wiesner
(1938). Seven fresh-water and sixteen salt-water algae from different localities
were examined, and the results indicated considerable accumulation of radium
by the plants.

In 1940, Oy discussed the physiological importance of iron, copper, man-
ganese and boron, and determined these elements in several species of algae.
Iron varied between 120 and 1330 mg./kg. dry matter, while Ascophyllum
nodosum contained 1-1-1-4 mg./kg. copper, Laminaria 4 mg./kg., Fucus
serratus 5-8-17-4 and F. vesiculosus 3-4-8-4 mg./kg. Manganese was present
in the Fucaceae to the extent of 100-130 mg./kg., and boron 100 mg. kg.

A spectrographic analysis of a dried seaweed meal carried out by the
Macaulay Institute for Soil Research was reported by Beharrell in 1942; and
in 1941 Wilson & Fieldes estimated spectrographically eighteen of the minor
elements of Macrocystis pyrifera. No further work appears to have been
carried out since that time.

EXPERIMENTAL

With the exception of Laminaria cfdustom', which was collected at Cullipool,
Luing Island, Argyllshire, and one sample of L. digitata from Ardencaple
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Bay, Seil Island, Argylishire, all the samples of algae were collected at
Atlantic Bridge, which joins the Island of Seil with the mainland of Scotland.

Immediately after collection the samples were air-dried at 25-30° C. for
48 hr., with every precaution taken to prevent metallic contamination and,
with the exception of the last two sets of samples, were milled in a small
porcelain-edge runner mill. With the later samples, however, the milling was
carried out in a Christy and Norris no. 8 laboratory mill.

The sea-water samples were collected 20 miles off Plymouth' at 20 m.,
and from } m. at Atlantic Bridge and Ardencaple Bay. In the first series of
experiments the samples of sea water were stored both in Pyrex and Polythene
bottles, but the analyses were identical, thereby indicating that no difference
in composition has resulted from diatoms adhering to the glass surface or
from the straight surface adsorption of trace elements on the glass. Pyrex
bottles were therefore used for the remainder of the samples.

In Table I, the washed frond of L. digitata was obtained by soaking the
whole frond in § gallons of ordinary tap water for 24 hr., prior to air-drying
and milling.

AnaryTicAL METHODS USED

The trace-element analyses reported in this paper were carried out at the
Macaulay Institute for Soil Research by a cathode layer arc spectrochemical
technique, differing only in detail from that employed for plant materials
(Mitchell, 1948). For a few elements semi-quantitative assessments only
were made, but unless specifically indicated the results were obtained by
a quantitative technique: directly on the ashed material (Farmer, 1950) for
Cu, Ba, Sr, Mn, and by a method involving chemical concentration prior to
spectrographic analysis (Mitchell & Scott, 1948) for Co, Ni, Mo, Fe, Pb, Sn,
Zn, V, Ti, Cr and Ag. Even after concentration of the 100-fold order one or
two of the elements reported, notably Sn, Ag, and in a few instances Pb, are
close to the lower limit of determination, and these results may be somewhat
less reliable than those for the other elements.

DiscussioN OF RESULTS

As with the major constituents of seaweed the results indicate that the content
of trace elements depends on the species and on the stage of development,
and that there is probably appreciable seasonal variation.

! The following determinations have been made on the 20 m. sample collected off Plymouth:

Determination Observer or analyst
Temperature 9-28° C. Mr F. A. J. Armstrong
Salinity 3512 %, Government chemist
Inorganic phosphate 16:0 ug./l. P Mr F. A. J. Armstrong
Total phosphorus 19-:2ug./l. P Mr F. A. J. Armstrong

JOURN, MAR. BIOL. ASSOC. vol. XXX, 1952 38
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No doubt some variation will occur in different habitats, where natural
deposits and land drainage may influence the trace elements in the inshore
waters where the algae are growing, but this has not been investigated.

It has already been shown (Black, 1948a, b, 1949) that iodine varies con-
siderably in the different species and even in the same species, showing a
progressive increase with the depth of immersion of the plant, increasing, for
example, from 0-03%, (dry basis) in Pelvetia canaliculata and Fucus spiralis
to over 1%, in Laminaria cloustoni. Although the seasonal variation is some-
what erratic, the iodine, which exists both in the organic and inorganic form,

TABLE I. TRACE-ELEMENT CONTENTS OF LAMINARIA FRONDS IN
MG./KG. OVEN-DRIED MATERIAL
Laminaria Laminaria Laminaria
digitata frond. digitata frond.  cloustoni frond.

Collected July Collected July Collected Oct.
1948, unwashed 1948, washed 1947, unwashed

Total ash (%, of dry matter) ... 24°2 11'8 13-8
Estimations quantitative
Co 021 0'31 021
Ni 17 1-40 09
Mo 016 021 016
Pb - 20 13
Sn 3-8 10 I0
Zn 148 93 59
N 04 1'9 I'T
Ti 3 52 21
Cr 15 1-8 09
Ag 02 02 o2
Fe 292 402 314
Estimations semi-quantitative

Cu 120 70 30
Rb 25 8o 30
Li I 4 2
Ba 80 100 30
Sr 400 800 400
Mn 12 30 I3

is generally at a maximum when the total ash and crude proteins are at a
maximum, With the trace elements the reverse is true. In general, the trace
elements are higher in May than in January and there appears to be no corre-
lation between the trace-element content and the total mineral matter. If
the phenomenon of trace-element concentration is one of ion exchange
(Wassermann, 1949), it is reasonable to find that the concentration varies
with the stage of development of the plant. The stipe which is perennial is
consequently higher in these elements than the frond. It may also be, how-
ever, that the trace elements in the frond are utilized in sporogenesis, etc.
It is interesting to find, therefore, that many of the trace elements such
as Co, Ni, Mo, Fe, etc. (Table II), which may be essential for reproduction,
are lower in a sporing than in a sterile frond.
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Soaking a fresh Laminaria frond in water, although it removes a consider-
able amount of the water soluble mineral matter presumably in solution in the
cell sap, does not remove the trace elements, which appear, therefore, to be
in an insoluble form, possibly adsorbed on the colloids present, or combined
with the polysaccharides such as alginic acid or fucoidin (Table I).

Samples of the various species collected in January 1949 (Table II) show
considerable variation in trace-element contents, and Fucus serratus appears
to be exceptional in concentrating iron to 717 mg./kg. and manganese to
800 mg./kg.

A comparison of the trace elements in a sporing and non-sporing frond of
Laminaria cloustoni shows slight differences, and it may be, therefore, that
the trace elements are utilized to some extent in reproduction.

A further set of samples taken in May 1949 shows that on the anhydrous
basis the trace elements undergo quite appreciable seasonal variation. Despite
the fact that the total ash has decreased the trace-element content shows
considerable increases (Table III), e.g. in Pelvetia canaliculata nickel increases
from 1'9, iron from 194, and titanium from 11-4 mg./kg. in January 1949, to
37, 565 and 37-8 mg./kg. respectively in May.

The samples taken in June 1950 (Table IV) differ quite appreciably from
those taken in May 1949 (Table IIT). With the exception of Fucus serratus, the
iron content, for example, is considerably higher in the 1950 samples, but
this might be due to metal contamination, as the 1950 samples were milled in
a C.and N. Mill, while the others were ground in a porcelain-edge runner mill.

The results in Table IV again show the differences which occur in the trace-
element content of different species from the same habitat, with F. spiralis
unaccountably high in most of the trace elements, for example, 308 mg./kg.
of titanium as compared with 4 mg. /kg. in Laminaria digitata frond. At this
time of the year the dry-weight content of Fucus spiralis is very low, the plant
having taken in large volumes of water preparatory to shedding its gametes.
This is further evidence of a correlation which may exist between the trace-
element content and the reproductive cycle of the plant. Even when the
results are calculated on the wet basis (Table V) F. spiralis still contains higher
concentrations of the trace elements, particularly titanium and iron, than the
Laminariaceae.

Despite the fact that one of the samples of sea water was taken in February,
20 miles off Plymouth at a depth of 20 m., and the other from inshore waters
at Ardencaple Bay and Atlantic Bridge in June, the differences in the trace
elements estimated are quite insignificant, but the contents are higher than
those recorded in the literature (Table VI).

In Table VII the concentration factor’ shows the extent to which marine
algae can concentrate the trace elements, F. spiralis containing 10,000 times
more titanium than the surrounding sea water, although the majority of the
factors are smaller.

18-z



TABLE II. TRACE-ELEMENT CONTENTS OF OVEN-DRIED SEAWEEDS (COLLECTED 12 JANUARY I049) IN MG./KG.

Total ash
Yo of dry
Sample matter) Co Ni Mo Fe Pb Sn Zn A% Tl Cr Ag Rb Li Sr Ba Mn Cu
Pelvetia canaliculata 246 037 19 034 195 4 0-8 40 12 II 06 02 100 6 >2400 7J0 70O 5
Ascophvllum nodosum 272 041 15 069 168 6 10 103 1'9 9 o7 o3 80 4 2600 50 50 4
Fucus serratus 274 047 16 0'40 717 21 1'2 79 33 9 26 06 170 6 =>2800 8o 8oo II
Laminaria digitarta 41°5 1-46 82 032 350 13 o7 99 20 20 I'1 0'4 240 8 4000 120 8O 20
frond
L. digitata stipe 397 043 32 oI5 N.d. N.d. N.d. N.d 22 16 I4 02 240 4 4000 60 100 16
L. cloustoni frond, 324 056 20 050 283 10 o7 117 13 19 12 o7 250 6 jooo 60 30 —
sterile
L. cloustoni frond, 22-4 035 I'5 024 226 26 10 136 10 20 12 05 130 4 2200 65 30 15
sporing

TaBLE III. TRACE-ELEMENT CONTENTS OF OVEN-DRIED SEAWEEDS (COLLECTED 26 MAY 1949) IN MG./KG.

Total ash

Y% of dry
Sample matter) Co Ni Mo Fe Pb Sn Zn A" Ti Cr Ag Sr Ba Mn Cu
Pelvetia canaliculata 2164 072 G 0'35 565 5 13 47 26 38 12 o2 > 700 20 22 5
Fucus spiralis 2434 1-39 60 029 638 5 1-8 62 I-9 27 09 02 > 700 19 104 6
Ascophyilum nodosum 19°49 0'73 4'4 0'29 283 4 o7 60 1'5 26 10 o2 > 700 13 27 4
F. serratus 21-77 084 32 065 375 10 I3 70 20 20 07 03 > 700 22 155 5
F. vesiculosus 2397 065 3-8 034 221 2 05 60 19 28 1'8 o2 > 700 44 116 7
Laminaria digitata frond 31-84 029 24 o019 138 2 10 64 06 5 04 03 > 700 13 9 23
L. digitata stipe — 092 39 010 293 6 17 62 03 2 04 04 > 700 15 10 5
L. cloustoni frond 32°16 025 16 014 159 12 14 76 09 10 I'5 03 > 700 31 10 14



TABLE IV. TRACE-ELEMENT CONTENTS OF OVEN-DRIED SEAWEEDS (COLLECTED 27 JUNE 1950) IN MG./KG.

Total ash
(% of dry
Sample matter) Co Ni Mo Fe Pb  Sn Zn v Ti Cr Ag Sr Ba Mn
Pelvetia canaliculata 23'3 1'30 48 055 2040 13 2:2 90 32 60 12 03 720 34 51
Fucus spiralis 228 200 93 1:32 3380 5 N.d. N.d. 119 308 37 o4 420 64 121
Ascophyllum nodosum 20'4 073 37 089 1150 4 I'1 116 28 28 1°9 o1 570 18 36
F. vesiculosus 19°5 09I 59 034 730 7 I'1 105 I 27 15 o2 730 22 102
F. serratus 18-0 063 4'5 o021 320 4 o5 63 06 7 o7 o2 520 16 120
Laminaria digitata frond 262 03I 1-8 016 400 7 o6 59 05 4 I'I o1 690 17 <30
L. digitata stipe 389 046 37 028 1260 16 2-8 92 07 8 1-8 o4 1150 28 <30
L. digitata frond, 29-7 022 21 017 410 4 o2 71 07 4 18 00 950 18 <30
Ardencaple Bay
L. digitata stipe, 378 062 57 0'34 1570 7 02 85 12 5 2:9 00 1120 20 <30
Ardencaple Bay
TABLE V. TRACE-ELEMENT CONTENTS OF WET SEAWEEDS (COLLECTED 27 JUNE 1950) IN MG./KG.
Sample Co Ni Mo Fe Pb Sn Zn A" Ti Cr Ag Sr Ba Mn
Pelvetia canaliculata - I 014 473 30 051 21 074 14 0-28 007 167 79 12
Fuicus spiralis 037 17 024 622 092 N.d. N.d. 22 57 068 007 77 12 22
Ascophyllum nodosum 017 092 022 285 1-00 027 29 069 69 047 003 141 4'5 89
F. vesiculosus o021 1:36 007 169 16 025 24 039 92 0°35 005 169 51 24
F. serratus o012 0-87 004 62 0-78 010 12 o012 14 014 004 101 31 23
Laminaria digitata frond, 0'04 025 003 56 097 008 82 007 056 o015 001 96 24 <4
Atlantic Bridge
Lﬁcgz'gimm stipe, Atlantic 006 047 0'04 160 2'0 036 117 009 1:0 023 005 146 36 <38
ridge
L. digitata frond, 0'03 036 003 7I 069 003 12:2 012 069 031 o0 163 31 <52
Ardencaple Bay
L. digitata stipe, o007 064 003 176 078 024 9'5 013 056 0'32 00 125 22 <33

Ardencaple Bay

16
31
12
10

11

21



TaBLE VI. TRACE-ELEMENT CONTENTS OF SEA WATER IN G. PER LITRE

Sample Co Ni Mo Pb Sn Zn vV Ti Cr Ag Sr Ba Mn Cu

Taken 20 miles off Plymouth  <o-3 6 12 <8 <5 9 2+4 8 12 29 N.d. N.d. N.d. N.d.
at 20m. on 22. ii. 50.Stored
in Pyrex bottle

Asin (1), but stored in Poly- <03 5 12 <8 <5 13 27 9 2'5 21 N.d. N.d. N.d. N.d.
thene bottle
Taken at Ardencaple Bay at <03 5 1z <5 <5 11 5 6 16 <0'4 10,000 < 1,000 < 3,000 < 3,000

4+ m. on 27. vi. 50. Stored
in Pyrex bottle
Taken at Atlantic Bridge at <03 1'5 16 <5 <5 21 7 6 1 <04 9,000 < 1,000 < 3,000 < 3,000
4 m. on 27. vi. 50. Stored
in Pyrex bottle

Noddack (1940)* oI o5 05 5 3 14 = — — 015 = — 3 4

Ernst & Hoermann (1936)* o1 0307 — - — 0203 — — = e = =
Atkins (1936)* — — —_ —_ — <8 — =L iy S = — 10
Haber (1928)* — A — i ik = i = 03 w g g ceo S
Goldschmidt (1937)* - — —_ — — E 50 i

* Quoted from Harvey (1945).

TaBLE VII. ‘CONCENTRATION FACTOR’, OR RATIO OF TRACE-ELEMENT CONTENT IN ALGAE (FRESH WEIGHT)
TO TRACE-ELEMENT CONTENT IN SEA WATER

Sample Ni Mo Zn v Ti Cr Sr
Pelvetia canaliculata 700 8 1,000 100 2,000 300 20
Fucus spiralis 1,000 15 — 300 10,000 300 8
Ascophvllum nodosum 600 14 1,400 100 1,000 500 16
F. vesiculosus 900 4 1,100 60 2,000 400 18
F. serratus 600 3 600 20 200 100 11
Laminaria digitata frond, Atlantic 200 2 400 10 90 200 90

Bridge

L. digitata stipe, Atlantic Bridge 300 3 600 10 200 230 16
L. digitata frond, Ardencaple Bay 200 2 1,000 20 100 200 18

L. digitata stipe, Ardencaple Bay 400 2 900 30 90 200 14
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SUMMARY

Some common Scottish Laminariaceae and Fucaceae have been analysed
spectrographically, and seventeen of the minor elements determined.

The results show that there is a seasonal variation and considerable varia-
tion in the content of these elements in different species taken from the same
habitat.

With the Laminariaceae the trace elements are more concentrated in the
perennial stipe than in the attached frond, and are generally less than in the
Fucaceae.

Samples of sea water taken off Plymouth and the West Coast of Scotland
have also been analysed spectrographically and fourteen of the minor elements
determined.

Concentration factors are given showing the extent to which marine algae
can accumulate the trace elements. Values of over 1ooo-fold concentration
are reported. Fucus spiralis, for example, contains 10,000 times more titanium
than the surrounding sea water.
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ABSTRACTS OF MEMOIRS
RECORDING WORK DONE AT THE PLYMOUTH LABORATORY

Broop CELL FORMATION IN CERTAIN TELEOST FISHES

By W. T. Catton
Fourn. Hematology, Vol. 6, 1951, pp. 39-60

The blood cells of brown trout (Salmo trutta) and common roach (Rutilus
rutilus) are described, and some comparisons are made with the blood cells of
the marine teleosts, Ctenolabrus rupestris and Trigla cuculus. Confirming
previous authors, the sites of blood-cell formation in these teleost fishes are
chiefly in the intertubular tissue of the kidneys. The structure of the inter-
tubular tissue is described as that of a ‘spongework’ of reticular cells, with
scattered endothelial elements, and enclosing in the meshes large numbers of
blood-cell precursor elements in various stages of development. Vascular
connexion with the peritubular capillaries is described. On the basis of
histological study of the primitive blood-forming cells, a monophyletic scheme
of development is proposed, in which the stem cell, derived from a reticular
cell, is regarded as a large cell of lymphoid character (‘large lymphoid haemo-
blast”). From cells of this type, the blood granulocytes develop by a process
of differentiation. Blood erythrocytes and thrombocytes develop from small
lymphoid cells of the same general character (“small lymphoid haemoblasts’).
These small lymphoid cells may be derived from the larger cells by mitotic
divisions, which are frequently seen. Alternatively, the small lymphoid cells
may be derived from endothelial elements of the haematopoietic tissues. On
this latter supposition, a close analogy may be drawn with the scheme of
blood-cell formation in mammals, according to the work of Doan, Cunningham
and Sabin. No evidence of such derivation of the small lymphoid cells
could be observed. W.T.C.

NoOTES ON SOME LARVAL DECAPODS (CRUSTACEA) FROM BERMUDA. II

By Marie V. Lebour
Proc. Zool. Soc. Lond., Vol. 120, 1951, pp. 7437

These notes add to our knowledge of the larval decapods of Bermuda. New
facts are given as regards Amphion and it is shown that a very late stage brings
it nearer to the adult form, which is probably Amphionides as Gurney has
suggested. A late larva of Anchistioides antiguensis (Schmitt) was found in
deep-water plankton, and is of great interest as only the first and second
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larvae are so far known. It is here shown that there is a first larval stage in
the hippolytid Trachycaris, which corresponds exactly with a similar stage in
most other carids, having the eyes covered and the supra-orbital spines still
under the skin. M.V.L.

GIANT AXONS AND SYNERGIC CONTRACTIONS IN BRANCHIOMMA
VESICULOSUM

By J. A. Colin Nicol
Fourn. Exp. Biol., Vol. 28, 1951, pp. 22—31

The giant axons of the sabellid worm Branchiomma wvesiculosum mediate
quick synergic contractions of the longitudinal musculature. The neuro-
muscular functioning of this system was investigated by means of electrical
stimulation (condenser discharges) and graphical recording. Single muscle-
twitches occur at stimulation frequencies up to 2 per second, above which
clonus, and finally tetanus result. At high rates of stimulation fatigue rapidly
sets in; this fatigue is reversible. Maximal tensionis developed about 255 msec.
after the beginning of contraction, and relaxation occupies about 1-8 sec. With
an isometric lever it has been shown that under repetitive stimulation maximal
tension is developed initially, and there is no evidence for the existence of
peripheral facilitation. The paper concludes with a discussion of the results
in terms of the natural habits of the animal. J.A.C.N.

ON A GIANT SQUID, OMMASTREPHES CAROLI FURTADO, STRANDED AT
LooE, CORNWALL

By W. J. Rees
Bull. Brit. Mus. (Nat. Hist.), Zool., Vol. 1, 1950, pp. 31—41

A large specimen of the giant squid, Ommastrephes caroli Furtado, was
stranded in live condition in November 1940. Standard measurements are
given, together with a detailed account of the dentition of the sucker rings.
Female specimens only are known. Most strandings occur along the east
coast of Britain, with main strandings at Scarborough, the Dunbar-North
Berwick area and at Buckie.

All authenticated records of this and other giant squids (O. pteropus and
Architeuthis spp.) have been collected and plotted on maps. It appears that
these species are oceanic forms which occasionally migrate into the North
Sea and become enfeebled by unfavourable conditions during the winter
months. The scanty evidence we now possess suggests that the adult squids
inhabit the continental slope beyond the 10o-fathom line. Two excellent
photographs by Dr D. P. Wilson are included in the report. W.J.R.
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ON THE BEHAVIOUR OF SABELLA

By G. P. Wells
Department of Zoology, University College, London
Proc. Roy. Soc., B, Vol. 138, 1951, pp. 278-99

The water currents which Sabella spallanzanii and S. pavonina drive through
their tubes vary with time according to definite and characteristic patterns.
These are described in detail, and the bearing of the results on the general
physiology of the worms is considered.

In either species, the tube consists of a stiff stem and a more flexible root,
and is open at both ends. The opening of the stem (anterior opening) is
always well above the substratum. That of the root (posterior opening) was
found to be above the surface of the substratum in S. spallanzamii but
embedded in the mud in S. pavonina. This means that the tube can easily be
irrigated in either direction in S. spallanzanii but tailwards only in S. pavonina.

Both species irrigate their tubes vigorously, whether the crown is expanded
or withdrawn. In S. spallanzanii, pauses are brief and rare; the direction and
velocity of irrigation often change and certain characteristic patterns are
constantly reproduced. In S. pavonina there may be pauses of over an hour’s
duration and irrigation is tailwards only. The fact that the former species
irrigates in either direction and the latter in one direction only is clearly
correlated with the difference in form of their tubes. As the worms were
studied under identical mechanical conditions, the behaviour difference is
inherent.

Decapitation (removal of crown, collar and part or all of the thorax) has
very little effect on the irrigation behaviour of either species. This suggests
that the crown is unimportant as a respiratory organ.

A worm may still be very active, even though its crown is withdrawn into
its tube. The suggestion is made that feeding may occur from the irrigation
current when the crown is withdrawn. G.P.W.

THE INTEGRATION OF ACTIVITY CYCLES IN THE BEHAVIOUR OF
ARENICOLA MARINA L.

By G. P. Wells and Elinor B. Albrecht
Fourn. Exp. Biol., Vol. 28, 1951, pp. 41-50

Two distinct cyclic behaviour patterns are known to be important in the
normal life of the lugworm: the feeding cycle of period about 6-7 min.,
originating in the oesophageal wall (f cycle), and the irrigation-defaecation
cycle of period usually about 40 min., and probably originating in the nerve
cord (i-d cycle). The integration of these two patterns was studied in a series
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of dissected preparations. Neither pacemaker directly affects the rhythm of
the other. The integration of the activities which they determine depends on
variation in the extent to which their influences spread through the neuro-
muscular system. They appear to compete for territory. If they happen to
discharge outbursts simultaneously, the i-d pacemaker dominates over most
of the body wall, and the f pacemaker over the proboscis and mouth region.

G.P.W.

THE ROLE OF OESOPHAGEAL RHYTHMS IN THE BEHAVIOUR OF
ARENICOLA ECAUDATA JOHNSTON

By G. P. Wells and Elinor B. Albrecht
Fourn. Exp. Biol., Vol. 28, 1951, pp. 51-6

The brainless isolated extrovert of A. ecaudata traces a continuous, or nearly
continuous, background of activity, upon which prominent spells of vigorous
rhythmic contraction appear at intervals of the order of 30-40 min. Similar
spells are sometimes shown by the corresponding preparation from A. marina,
whose characteristic f cycle can be regarded as produced by the organization
of the background activity of ecaudata into vigorous and regularly spaced
outbursts. There is little evidence of a pacemaker role of the oesophagus in
ecaudata. G.P.W.
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PREFACE

I'T is now 25 years since I produced the ‘List of Publications’ in Volume XV
of this Journal,® which brought the earlier 1913 list up to date.

Much has been published since then and there is an evident need for a
supplementary list. Accordingly, Mr N. A. Holme has prepared the following
classified list of the contents of Volumes XVI to XXIX of the Fournal of
the Marine Biological Association and of other publications recording the
results of researches carried out at the Plymouth laboratory from 1928-1950.

The last list only recorded those publications containing research carried
out under the auspices of the Marine Biological Association. Since 1927,
however, an increasing number of papers have been published in the Journal
dealing with research at other marine biological laboratories in the British
Isles. It is felt that the inclusion of such papers is valuable, not only in
supplying a complete index of contents to the Journal volumes concerned,
but as a useful bibliography to much marine biological literature.

There has been some rearrangement in this new list. Papers dealing with
general biological problems have been placed first, followed by papers on
the biology of different groups. As previously an authors’ index has been
provided, from which can be obtained the section and reference number of
any paper.

Within each section or subsection the papers have been arranged in date
order. Cross-references between sections are given, but, in Sections XII to
XXX, there are none between the various subsections of each main section.

! List of Publications recording the results of researches carried out under the auspices
of the Marine Biological Association of the United Kingdom in their laboratory at Plymouth
or on the North Sea Coast from 1886-1927. Fourn. Mar. Biol. Assoc., Vol. Xv, pp. 753—

828, 1928.
F. S. R.
March 1951
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