STUDIES ON THE PHYTOPLANKTON OF THE
WEST COAST OF INDIA . : -

Part I Quantitative and Qualitative Fluctuation of the Total Phytoplankton -
Crop, The Zooplankton Crop and Their Interrelationship, with Remarks
on the Magnitude of the Standing Crop and Production of Matter _

and Their Relationship to Fish Landings* =~

By R. SUBRAHMANYAN, F.A.Sc.
(Central Marine Fisheries Research Substation, Cdlicut——b"i)i"

Received March 13, 1958

' CONTENTS

. Pace

I INTRODUCTION . i s

II. PHYSICAL AND METEOROLOGICAL FEATURES OF THE WEST

Coast oF INDIA: |

1. Physical Features .. L o o117

2. Meteorological Features =~ = .. S L0118

(a) Seasons .. .. .. .. 118

(b) Wind Force .. .. .. .. 118

(¢) Rainfall o e e .. 118

(d) Air Temperature and Humidity . : .. 120

| TII. THE Sea FLOOR, MUD BANKS AND C»ILJRREVI\‘IV.TS_:‘

| 1. Sea Floor .. .. | - ..o 121
2. Mud Banks .. oL ‘1"&22

3. Ocean Currents .. - o0 CU0S0 Tog

o Published with the permission of the Chief Research Oﬁ‘icer Central Marine Fisheries
Research Station, Mandapam Camp, S. India. P , i

T Present Address: Central Mzume Flshenes Research Umt Un1vers1ty Bu11d1ngs, Chepauk
Madras-5. . ‘ ST

Bl ' : 113




114 R. SUBRAHMANYAN
PAGE
IV. MetHODS .. .. .. - - .o 125
V. SEASONAL FLUCTUATION IN THE QUANTITY OF PHYTO-
PLANKTON
1. Results of Enumeration . .. 126
2. Results of Plant Pigment Analyses .. .. 128
VI. QUANTITATIVE ASSESSMENT OF THE STANDING CROP OF
PHYTOPLANKTON AND ZOOPLANKTON IN A UNIT VOLUME |
OF WATER COMPARED WITH EARLIER OBSERVATIONS: P
1. Phytoplankton .. . .. .. 131 \
2. Zooplankton .. . .. .. 134 \
VII. MAGNITUDE OF THE STANDING CROP IN TERMS OF CARBON f
PER METRE SQUARE OF SEA SURFACE .. .. .. 135
VIII. SEASONAL FLUCTUATION IN THE QUANTITY OF TOTAL ;
PLANKTON—DRY WEIGHT . . . .. .. 149 !
IX. HORIZONTAL DISTRIBUTION OF THE PHYTOPLANKTON .. 151
X. VERTICAL DISTRIBUTION OF PLANKTON ELEMENTS .. 153
XI. SEASONAL FLUCTUATION IN THE QUANTITY OF THE MAIN a
CLASSES OF ORGANISMS IN THE PLANKTON :
1. General Remarks .. .. .. .. 154 |
2. Diatomacez .. .. . .. .. 156
3. Dinophycez .. .. . - .. 156
4. Other Algz .. . . . .. 158 |
5. Zooplankton .. e .. 158
XII. THE PHENOMENON OF DISCOLOURED WATER - .. 159
XIII. SEASONAL FLUCTUATION OF THE PHYTOPLANKTON AND
ZOOPLANKTON COMPARED WITH EARLIER OBSERVATIONS:
1. Phytoplankton .. - .. .. 160
2. Zooplankton .. .. S .. 163

XIV. PHYTOPLANKTON-ZOOPLANKTON RELATIONSHIP .. .. 164




The Phytopla nkton of the West Coast of India—I 115

PAGE
XV. RELATIONSHIP BETWEEN PLANKTON PRODUCTION AND .
FISHERIES .. .. .. .. .. .. 171
XVI. MAGNITUDE OF FisH PRODUCTION IN COMPARISON WITH
PHYTOPLANKTON PRODUCTION AND THE PROSPECTS OF
FUTURE HARVESTS FROM THE SEA ON THE WEST COAST 179
XVII. SumMMARY .. .. .. .. .. .. 184

I. INTRODUCTION

1N the temperate and polar waters considerable v ork has been done on the

qualitative and quantitative fluctuation of the phytoplankton as well as on
their production and rate of production of other organic matter by them;
and, consequently, we have a good knowledge of the fertility of these waters.
On the other hand, our knowledge about these aspects of the tropical and
sub-tropical zones of the world is very meagre indeed, and all our knowledge
about these regions until very recently was derived from the reports of Expedi-
tions (the Challenger, Valdivia, Meteor, Michel Sars, Carniegie, John Murray,
Dana and so on) and as has been pointed out with emphasis by Dakin and
Colefax (1940) these reports are often misleading as to the true conditions
and give one an erroneous picture of the plankton conditions of the warmer
regions, mainly because the conclusions are based on casual and disconti-
nuous observations made during off-seasons while passing through the
tropical regions to reach the temperate zones at or during the favourable
season there.

Further, it is generally held that tropical waters are not so productive
as compared with the colder seas. Some of the investigations in recent times
have shown, however, that when all facts are taken into consideration,—the
increased metabolic rate in the warmer regions, the rate of turnover, and the
frequent records of heavy crops of zooplankton in certain areas—tropical
and sub-tropical waters also are to be considered productive when compared
with the colder regions (Russel, 1934 »; Russel and Coleman, 1934; Allen,
1924, 1934 and 1939; Seiwell, 19354; Gilson, 1937; Dakin and Colefax,
1940; Riley, 1938, 1939, 1944 ; Riley, Stommel and Bumpus, 1949; Graham,
1941 a; and King and Demond, 1953 ; ¢f. however Steemann Nielsen, 1951 q,
1952, 1954). Again, certain areas near the shore in the warmer regions are
known to support a heavy crop of plankton such as the west coast of Africa
(Hentschel and Wattenberg, 1930) and the west coast of S. America (Gunther,
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1936). According to Graham (1941 @) plankton production is not a function
of lattitude but depends upon presence of “‘new water” high in nutrient salts.
He found greater production of total plankton in the tropics between 20° N.
and 11°S. than between 20° and 34° N. in the Pacific.

Data relating to phytoplankton of the warmer seas in particular are very
meagre. Marshall (1933) has indicated that production of phytoplankton
in the Great Barrier Reef region is not poor when compared with certain
temperate regions like the English Channel. Gilson (1937, p. 59) after a
study of the northern part of the Indian Ocean, including stations in the
Arabian Sea, states that “Whatever the value of comparison, it is probably
safe to say that the productivity of the tropical upwelling areas exceeds that
of any temperate sea, while the open tropical ocean is by no means as barren
as has commonly been supposed, and is indeed comparable in this respect
with a region such as the English Channel”. Allen (1939) has recorded heavy
production of phytoplankton in the Panama region. Kow (1953, p. 41)
states that the standing crop in the Singapore Straits is not very much lower
than that in the English Channel. There are a few accounts by Japanese
workers dealing with the plankton of the tropical regions in the Pacific
(Aikawa, 1942; Kitou, 1952; Motoda, 1940 and 1941; Tokioka, 1942 a,
1942 b; and Haneda, 1942). The results of Haneda and Tokioka show higher
volumes of plankton nearer the Equator.

In India there have been several attempts in the past to study the marine
plankton of both the east and west coasts of the Peninsula (Hornell and
Nayudu, 1923; Menon, 1931; Aiyar, Menon and Menon, 1936; Menon,
1945; Chacko, 1950; Chidambaram and Menon, 1945; George, 1953 a;
Gonzalves, 1947; Prasad, 1954 ¢ and 1956; Ganapati and Murthy, 1955;
Ganapati and Rao, 1953; and Ramamurthy, 19535). All these accounts
are of a general nature and the duration of the investigations varies from a
few months to about three years only. They are, further, all of a qualitative
nature with indications of the peak period of plankton production and of the
seasonal cycle (Panikkar, 1950). None of the accounts appear to give a
quantitative assessment of the crop of plankton in the sea, least of all phyto-
plankton, the prime synthesizers of food. Most of the accounts, further,

claim to be of a preliminary nature and, therefore, do not allow of any definite
conclusions to be drawn.

It may be mentioned here that in India in the past, investigations on the
phytoplankton in particular appear to have suffered due to the want of a
taxonomical appraisal of the constituents of the flora; this may be true of
many other regions also. This has been remedied to some extent by the
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account of Subrahmanyan (1946) for the Diatomacee, the group which consti-
tutes the bulk of the plankton flora.

The writer studied the phytoplankton from all aspects in the scheme of
fisheries research recently initiated in India; and, since 1949, he has been
engaged in this work. In the present paper, which forms the first part, an
account is given of the seasonal fluctuation of the total quantity of the phyto-
plankton crop and the main groups constituting the same, the total zoo-

. plankton crop, the magnitude of the standing crop compared with other

regions, the interrelationship between phyto- and zoo-plankton crops, and
the results are discussed with reference to fish landings and also compared
with those from other geographical areas. Being the first paper from this
country on such an aspect of quantitative study on plankton, some pertinent
literature has also been reviewed for comparison and relative assessment of
the fertility of the waters. This investigation covers a period of over five
years and it was extended to such a long period as it was the desire to report,
as far as possible, definite and reliable conclusions in the interests of future
applied research. In the second part the physical and chemical factors
involved in the production of phytoplankton and the relationship of some
of the former to fish landings are dealt with.

II. PHYSICAL AND METEOROLOGICAL FEATURES OF THE
WEST CoAST OF INDIA

For a clear appreciation of the results presented in the following pages
and the ecological relationships, a knowledge of the physical features and
meteorological conditions of the area is necessary. Particulars given in this
section have been drawn from Admiralty (1950) publication, Hornell and
Nayudu (1923), Bristow (1938) and Du Cane er al. (1938). The meteorologi-
cal data were obtained through the courtesy of the Director, Regional Meteo-
rological Centre, Madras.

1. Physical Features

The west coast of Peninsular India forms a narrow belt of low land,
geologically of laterite formation, lying between the sea and the Western
Ghats which extend the whole length of the Peninsula varying in width from
20 to 100 miles inland. There is a large number of short rivers many of
which discharge into backwaters of varying breadth occurring parallel to the
coast. There are two rivers nearer to the present area of investigation—the
Kallai on the south and Elathur on the north, both of which open into the
sea (Text-Fig. 3). :
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The coast-line (Bristow, 1938) north of Calicut up to Mount Delli is
fringed with low cliffs alternating with reaches of sand; and denuded head-
lands and bays hollowed out by the waves on their southward side betray
the action of the ocean current. At Calicut and southwards the shore is one
unbroken stretch of sand partly thrown up by the waves, partly formed by
alluvial deposits brought down by the rivers and backwaters.

2. Meteorological Features

(2) Seasons.—The climate of the west coast of India in particular is domi-
nated by the monsoons and four seasons could be distinguished*:

(1) A wet season (May-June to September): The onset of the south-
west monsoon is the beginning of the rainy season for most of the region.
It commences in May or early in June, exceptionally later in some years by
the end of June, at the southern end of Peninsula and advances northwards
striking the coast of Sind (Pakistan) in about three weeks.

(2) A short transition period, comprising the end of September and
October, hot, steamy, fairly dry season occurs before the north-east monsoon
sets in.

(3) The north-east monsoon normally begins earlier in the north than
in the south where it becomes well established by December. It continues
until about March in which month it becomes unsteady in the south. During
this season, there is practically no rainfall on the west coast.

(4) A hot dry season, March and April, characterised by calm weather
with light breezes from north north-west and north-west. In May, conditions
again become unsettled indicating the onset of the south-west monsoon.

(b) Wind force.—The wind force at Calicut in the months prior to the
outbreak of the south-west monsoon proper is rather high owing to the high
temperature and consequent low pressure over the region. With the out-
break of the monsoon proper, the wind force tends to diminish, rises slightly
in October (the transition month to the north-east monsoon), falls again a
little but increases steadily from January onwards. The data relating to wind
force at Calicut are shown in Table I.

(¢) Rainfall—The annual rainfall is high over the region varying from
60-130 inches. Most of it falls during the south-west monsoon season.
North of 20° rainfall is somewhat less. During the north-east monsoon
season, there is very little rainfall over the region.

* More details may be had from Admiralty (1950) publication.
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. TEXT-F1G, 1. Seasonal fluctuation of the temperature of air (maximum and minimum),
of water, humidity and total rainfall..

At Calicut, the mean annual rainfall is over 100 inches; over 50% of it
falls in the month of June and July of the south-west monsoon season. The
total rainfall was, 138-4 inches in 1949; it declined during the succeeding
years to 92-16 inches-in 1952; then rose to 95-7 inches in 1953 and 143-20
inches in 1954 (Text-Fig. 1). The records of rainfall for over several decades
(1864-1937) at Cochin (9-58° N., 76-17° E.), south of Calicut, indicate two
outstanding peaks, one in 1882 and the second in 1924 and a fairly average
succession of medium, high and low intensity during the years in-between
(Bristow, 1938). A possibility of a similar cyclical occurrence of rainfall is
indicated at Calicut also by the data collected here.

The rainfall at sea about 20 miles from the Malabar and Konkan coasts
is believed to be considerably less than on the coast. .

(d) Air temperature and humidity.—The temperature is high over most
of the region. The maximum temperature varies from 27:7° C. to 33-3°C.
The mean temperature in the hottest month, which is generally just before the
onset of the south-west monsoon, is nearly the same over most of the places,
but the mean of the coolest month differs considerably.

" d
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The temperature of air at Calicut is fairly high (Text-Fig. 1). The highest
value for the maximum lies in April (1952-55) or May (1951) and the lowest
in July (1953 and 1954) or August (1951 and 1952). The highest value for
the minimum temperature also occurs in April or May but the lowest mini-
mum temperature is recorded in December or January. The range between
the maximum and minimum is highest in January (average 10-2° C.) and is
least during the south-west monsoon months of June and July (average
4-8°C.). A double oscillation in the fluctuation of the temperature of air
is evident, clearly expressed when the average daily temperatures are
reckoned. The main maximum occurs in April or May and with the onset
of the south-west monsoon, the temperature falls till July or August when the
difference between the maximum and the minimum is least; then, the
temperature rises again and shows a minor peak in October or November
(transition months to the north-east monsoon season) after which there is a
slight fall in the maximum, but a much greater fall in the minimum value,
when the daily range between the two is greatest (December or January),
the winter or cold season of the region. (The temperature of the sea surface
at Calicut is given and discussed in Part II.)

The humidity over the area is very high. It varies from 80-909; during
the south-west monsoon months and 65-75% during the north-east monsoon
months,

The humidity at Calicut (Text-Fig. 1) during the years of investigation
varied from 68); (March 1952) to 94% (June 1954). The mean variation
(average of 5 years) at Calicut during the south-west monsoon period is from
79-93%,; from May it increases up to July and falls subsequently. During
the north-east monsoon season it varies from 72-78%, the lowest value being
in March. Humidity increases as rainfall increases and temperature falls.
The north-east monsoon is not very active on the western side of the Ghats
and there is no appreciable rain after October, the transition month between
the monsoons. The humidity, therefore, registers a fall and begins to rise
again when the pre-monsoon rains fall in the April following.

From the marine biological aspect, the year may be divided into two
periods: (1) the south-west monsoon period from May to September-—
October and (2) the north-east monsoon period, October-November to April.

III. TeE SEA FLOOR, MUD BANKS AND CURRENTS

1. Sea Floor

The Continental shelf (Brown in Du Cane ef al., 1938) on the west coast
of India extends outward to an average depth of 100 fathoms and at about
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70° N. latitude is widest, being over 120 miles and narrows to the south until,
off Cape Comorin, it is only 30 miles wide. The 100 fathom contour line
has well marked indentations, one north of Cochin and another south of
Quilon where the shelf is constricted to about 25 miles or less. The sea floor
slopes gradually to a depth of 100 fathoms along the Malabar Coast and
makes a steep descent to great depths. Off Mangalore-Cochin section, the
sea floor slopes very gradually to about 65 fathoms; beyond, the bottom
plunges to the 1,000 fathom line. At about Quilon, south of Calicut, the
shelf first slopes to as much as 190 fathoms and then rises to 170 fathoms
before falling away steeply in'the Continental slope.

The sea bottom, according to Hornell (1910) “from about a mile from
shore out to 30 fathoms, from Ponnani northwards to Mangalore, is com-
posed of soft grey mud with small dead shells, etc.”. It is believed (Du
Cane et al., 1938) that the mud deposits are terrigeneous in character and
largely derived from the laterite and alluvial belt of the coast which originated
from the disintegration of gneissic rocks of the interior. Mud of both sea
bed and mud banks (mentioned below) are thought to be brought down by
the present and past rivers.

2 Mud Banks (Bristow, 1938; Du Cane et al., 1938)

There are four well-known mud banks off the south-west coast of India,
one at Alleppey, one at Cochin, and two at or near Calicut. Mud banks of
a less intense nature occur at Quilandy, Tellicherry and a few other places.
These banks are formed by fine mud which is in an unconsolidated state and
the banks shift from place to place under certain influences which are not
clearly understood. Earthquakes and underwater cataclysmic changes and
cyclones as also ocean currents have been known to affect the movement of
the mud banks at Cochin. Further, the intensity of rainfall is supposed to
affect the silting at the approaches in Cochin and the movement of the
Narakkal mud bank nearby. '

The mud banks at Calicut also are known to shift from place to place
and appear or disappear probably depending on the intensity of rainfall and
coastal currents. Generally, they become visible during the south-west
monsoon season and occur slightly submerged or well visible out of the water
at a little distance from the shore. One characteristic feature, when they are
present here as well as elsewhere, is that the sea in their environs remains
extremely calm even when the roughest weather prevails and the water is
very stormy in the surrounding areas. In the region of the mud banks, the
water surface has been found to be oily (the oil has similarity to petroleum);




The Phytoplankton of the West Coast of India—I 123

this was believed to effect the calm conditions (Bristow, 1938) ; however,
this effect is supposed to be due to the suspension of fine matter increasing the
viscosity of the water which helps break up the force of the waves (Keen
in Du Cane et al., 1938, pp. 52-54).

The mud banks appear to play an important part in the biology and
chemistry of the sea-water in these parts, details of which will be referred to
in the appropriate sections.

About 200 miles westward of the coast, a chain of coral islands, the

Laccadives, is present extending north-south and the portion of the sea

between these islands and the mainland is known as the Laccadive Sea. At
Calicut itself (Admiralty, 1950) there are a few reefs present which remain
submerged. They are situated about 2-3 miles south of the sampling stations
of the present investigation.

3. Ocean Currents (Admiralty, 1950; Sewell, 1929; Moller, 1929) ;
(Text-Fig. 2)

In the northern part of the Indian Ocean, the monsoons develop seasonal
surface currents in opposite directions, according to the time of the year.
The east-going Equatorial Countercurrent, however, though lying mainly
south of the Equator extending a few degrees north of the Equator, is not
reversed.

During the south-west monsoon, the coastal current in the Arabian Sea
and Bay of Bengal sets in a clockwise direction owing to the coastal con-
formation;  and in a counterclockwise direction from November to January,
during the height of the north-east monsoon. In the more open parts of the
seas, the current takes the direction of a drift current due to the monsoon
blowing at the time. This direction is easterly during the south-west monsoon
and westerly during the north-east monsoon.

- From February to April when the north-east monsoon is weakening,
the current circulation of the Arabian Sea and Bay of Bengal has a special
character differing from the two main monsoon periods. The south-west
monsoon circulation obtains from May to September; October is a month
of transition. From November to January, off the west coast of the Indian
Peninsula, the predominant direction of the current to about 20° N. is north
north-westerly; then north-westerly becoming west north-westerly along the
Makkram coast. Off the Arabian coast it is south-westerly.

From February to April, the predominant flow in the open waters is
westerly or north-westerly. About the end of January, the counterclockwise
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TexT-Fi1G. 2. Planfshowing currents and prevailing winds. M = Margalore; Ca = Calicut;
Co = Cochin; and Q = Quilon. Winds shown thus ¥ (Arabian Sea) and thus J (West
coast). Currents shown thus —. Winds changing thus O. In Nov. O = Winds all round
(Adapted from Bristow in Du Cane et al., 1938).

circulation of November to January ceases, and a coastal current in the
opposite direction (clockwise) is gradually established; thus, the coastal
circulation is reversed while the north-east monsoon is still blowing. The
monsoon begins to wane from the beginning of March.

The reversal of the coastal current is simultaneous along all parts of the
sea. This reversal, in the Arabian Sea, during the latter part of the north-
‘east monsoon, is attributed to the formation of a gradient current, caused by
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temperature differences. By April, before the gradient current diminishes
from diminishing temperature difference, the south-west monsoon begins and
strengthens the clockwise coastal circulation as a normal current resulting
from wind. This resulting coastal current is in continuity with the East
‘African coastal current and this clockwise circulation obtains from May to
September. Though there are often variations in the monsoonal drifts, the
clockwise coastal circulation during the south-west monsoon is the most
constant.

It may be mentioned here that an arm of the Cold Antarctic Flow
surfaces in the Arabian Sea (Carpenter, 1887; Sewell, 1925, pp. 47-48) and
further, the waters of the Antarctic Intermediate Currents, which rise from
great depths towards the surface as they move along the East African coast,
also enter the current circulation of the Arabian Sea (Mohamed, 1940,
p. 193). , '

IV. METHODS

Collections of plankton were obtained from four fixed stations in the
Laccadive Sea off Calicut coast. These stations were situated from 2-12

20 L
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TexT-F16. 3. Map of Calicut coast showing area of investigation. The numbers represent
depth in fathoms (Adapted from Marine Survey of India Map. Figure by courtesy of
Shri M. P. Laxman). )
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miles from the shore and the depth there varied from 4 fathoms (7-5 metres) i
to 20 fathoms (38 metres); station A at 8 fathoms, B at 4 fathoms, C at
10 fathoms and D at 20 fathoms (Text-Fig. 3). The last could not be worked
during the height of the south-west monsoon season owing to inclement
weather. It may be mentioned here that most of the commercial fishing
along this coast is carried out within this area.

For a relative quantitative assessment of the fluctuation of the plankton,
vertical hauls of plankton with a half-metre bolting silk (No. 16) net from a
known depth to the surface, was used. This net was similar to the Harvey
net (Harvey, 1934a) in construction but with no meter attached. The
employment of vertical hauls for quantitative work appears to be reliable
(Gardiner, 1931; Russel and Coleman, 1931, 1934) and the values are roughly
comparable to the true value of the standing crop (Hart, 1942, p. 277) and
the estimate of the standing crop is more accurate than that made with a hori-
zontal or an oblique net (Cushing, 1955, p. 11). Surface and oblique hauls
with a 2 metre net made of Organdie cloth have also been studied from the
qualitative and taxonomical points of view.

Water samples were also collected from different stations and depths
for a detailed and accurate assessment of the quantity of plankton; this also
provided a reliable standard for comparison of the magnitude of the standing
crop of different geographical regions where similar work had been done.

The quantity of phytoplankton was estimated by enumeration using a
Sedgwick-Rafter counting cell and also by the extraction of the plant pig-
ments with acetone according to Harvey’s (1934 ) method. Other special
techniques employed are mentioned in the appropriate sections.

It may be mentioned here that this appears to be the first time that such
a quantitative assessment of the plankton, particularly phytoplankton, has
been attempted in a tropical environment over a good length of time employ-
ing standard methods.

Simultaneously with the study of the plankton, the physical and chemical
properties of the sea-water were also under observation. The results of these
studies will be reported in a later account. o

V. SEASONAL FLUCTUATION IN THE QUANTITY OF PHYTOPLANKTON
1. Results of Enumeration
With the signs of the oncoming south-west monsoon, the pre-monsoon

thundershowers, the number of phytoplankton elements in the sea begin to
increase (Table II). The peak of the bloom, judged by numbers, is attained
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either in June (1949, 1951) or July (1950, 1952, 1953 and 1954) when the
monsoon is most active. In some years, 1950 and 1952, the monsoon peak
finds expression as a bifid one owing to the drop in the number of phyto-
plankton elements in August and a rise in September. As the season
advances, the number of phytoplankton elements decreases somewhat, parti-
cularly the Diatoms, and those of the other elements increase a little; at the
same time, there is a fall in the total number of plankton also.

During the period of maxima, the Diatoms constitute 97-999, the Dino-
phycez 0-5-1-5%, the other phytoplankton elements (Silicoflagellatez,
Coccolithinez, Cyanophycez, etc.) 0-5); and the zooplankton 0-4-0-8%
of the total number of organisms in the plankton.* The bulk of the plank-
ton at this time is quite obviously the phytoplankton with the Diatoms domi-
nating the same. .

By October-November, the north-east monsoon begins, most of this
early period being a transition one. During this season also, the' phyto-
plankton attains one (January 1951; April 1953; and January 1954) or two
(December 1949 and March 1950; December 1951 and February 1952)
peaks but of a lesser magnitude compared with those during the south-west
monsoon season. During the period, at times other than those of peaks of
phytoplankton development and generally during the season, the bulk of the
plankton is contributed by the zooplankton elements. The composition in
terms of number, however, is as follows: Diatoms, 92-97%; Dinophycz,
1-5%;; other alge 0-3-0-8);; and zooplankton 1-1-5%. The elements
other than the Diatoms show an increase over the previous season by 11-6
times, 2-11 times and 2-4 times respectively taking the whole period of
investigation under report into consideration.

The phytoplankton content during September to April, 1953-54, was
very poor compared with the corresponding periods in the earlier years.
This is probably due to the grazing effect on Fragilaria oceanica Cleve and
other phytoplankton elements by the large shoals of the oil-sardine (see
below). The fishery of the oil-sardine during that year was one of the best
for over a quarter century (Nair and Subrahmanyan, 1955).

2. Results of Plant Pigment Analyses

The fluctuation in the quantity of phytoplankton in terms of Plant
Pigment Units or Harvey Units follows generally the pattern shown by their

* In the estimation of the number, the total number of cells have been reckoned; in the case
of the colonial forms also the number of cells have been determined except in the case of the pal-
melloid Crysophycean alga, which, however, was not of common occurrence.
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numbers; a direct proportional relationship could not, however; be estab-
lished as the size of the cell and the pigment content of the floral constituents
of the plankton vary considerably. The results are shown in Text-
Fig. 4.

The main peak of development of phytoplankton occurs in July during
the south-west monsoon season. In 1950 and 1952, the main peak may be
said to be bifid, there being a fall in August and a rise in September, similarly
noticed in the estimation in terms of number also. After August or Septem-
ber, the pigment value falls and later in the north-east monsoon period, the
value oscillates and peaks of lesser magnitude occur. There is no constancy as
to the time of occurrence of this secondary maximum; this may occur any
time after the first principal peak between the following January and April.
Secondary blooms were noticed in January 1951, March 1952, April 1953,
February 1954 and January and March 1955 during the years of investiga-
tion.

During this season, the pigment extract, on some occasions, was not of
its characteristic green colour and did not match well with the standards

-

5 14 G0 STATION A
........ -  STATION B

. RS — -«  StaTion C

ALL X008 HMARVEY UNITS
s

T T
PIFMAMY
w0

TEXT-F1G. 4. Seasonal fluctuation in the quantity of phytoplankton in terms of Harvéy Units
(plant pigment units) at Stations A, B and C (Explanation in text). - R
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unlike those during the earlier south-west monsoon season. This is very
probably due to the contamination caused by the pigments of zooplankton
elements, especially those of Copepods, which form the major portion of the
zooplankton bulk during the season.

The trend of fluctuation during the course of several years (Text-Fig. 4)
shows a rhythm in the seasonal production of phytoplankton in the water
which is very striking when the peaks of production during the south-west
monsoon season are considered. The main peaks of the alternate years,
1949, 1951 and 1953, are of a similar type. The bifid peaks in 1950 and 1952
resemble each other more than those of the earlier mentioned years. These
resemblances are better brought out when the pigment values are considered
than in terms of number. It is clear from the data on hand extending over
five years that there is a variation in the intensity of the main peak of produc.
tion of phytoplankton from year to year. A similar feature is evident in the
plankton production between the Yorkshire coast and Dogger Bank
(Wimpenny, 1944).

A study of the quantitative fluctuation of the different constituent
elements of the plankton (unpublished) has shown that this variation is due
to the blooming and dominance of different species of Diatoms during the
period concerned, no two years being identical in this regard; further, the
factors governing the blooming of the species themselves are internal and
concern the life-history of the forms concerned. Some points about this
aspect will be dealt with when dealing with the factors influencing phyto-
plankton production.

The enumeration method in quantitative studies is the most widely
employed method and the oldest. The pigment extraction method is 2 more
recent one and while this has been extensively employed in Europe and
America, there are only a few similar accounts for the warmer waters of the
world. Gilson (1937) appears to be the first to make use of this method in
a warmer region; but his results, unfortunately, are not strictly comparable
as they are based on samples taken at different stations during a cruise.
Ramamurthy (1953 b) employed Harvey’s method at Madras for the period
1951-52, but as he has not made use of a standard haul for collections (sur-
face horizontal hauls have been used) his results are not comparable with the
present investigation. Kow (1953) estimated successfully the phytoplankton
of the Singapore Straits for two years (1948 and 1949—almost the same time
when the present investigation was on here) in terms of Harvey Units. The
results have similarity with those obtained by the writer, The seasonal
fluctuation recorded by Kow in terms of numbers and plgment units are
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broadly comparable, there being peaks of abundance in Aprii~-May, July-
August, October-November and sometimes in February. It seems to the
writer that attempts at correlating the pigment content with the number of
organisms is only of theoretical interest and not of any practical value as
the composition of the flora exhibits unforeseeable variations which cannot
be handled for relative assessment by two different methods. |

Pigment values of known volume of the water sample (5 litres) have also
been estimated during this period and these agree fully with the trend of the
pigment values obtained based on samples by net collection (Table X).

VI. QUANTITATIVE ASSESSMENT OF THE STANDING CROP OF
PHYTOPLANKTON AND ZOOPLANKTON IN A UNiT VOLUME OF
WATER COMPARED WITH EARLIER OBSERVATIONS

1. Phytoplankton

An attempt at assessing the magnitude of the standing crop in terms
of an internationally accepted standard can now be made to help comparison
with the other regions from where such data are available. As the standing
crop reflects the magnitude of production, a relative idea of the fertility of
the different regions may thus be obtained. ‘ , ' S

For this purpose, the method adopted was as follows: From the region
wherefrom net samples of plankton were collected, some large quantity'fo'f
water was also collected from the surface, mid-depth and nearer the bottom.
Equal known volumes of water from the three samples were filtered thirqugh
a sieve of bolting silk of the same kind used in the plankton net. The plank-
ton retained by the sieve was estimated by Harvey’s method. A volume of
the filtrate obtained after the above treatment was filtered through a_No, 40
filter-paper and the sediment extracted by acetone to estimate the pigment
content. By taking both values into consideration, the phytoplankton con-
tent in terms of Harvey Units in a metre cube of water Vwas-é_éléﬁléited,‘
assessing the water samples from the three depths as a whole, equal volumes

-~ of which had been taken for filtration. Thus water from varying depths and

distance from the shore has been analysed for sometime and the data
recorded are given in Table X.

The results of the water sample analysis show that during the south-west

~ monsoon season, the phytoplankton dominant period, the fluctuation in the

quantity of phytoplankton varies from 11,000-2,48,000 Harvey. Units per
metre cube of water. During the north-east monsoon season, the range was
between 4,000 and 50,000 Harvey Units per M3 of water. The former
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period, obviously, has high phytoplankton content. The monthly average,
during the south-west monsoon season, varied from 24,500 Harvey Units
per M3 of water in May to 92,800 Harvey Units per M2 of water in July;
during the north-east monsoon, the monthly average fluctuated between
12,714 Harvey Units per M3 of water in November to 27,750 Harvey Units
for the same quantity of water in January. It is seen that the standing crop
is at its highest in July and gradually diminishes reaching the minimum in
November, after which it increases somewhat, the quantity oscillating; in
January, a small secondary peak may be distinguished; from then on the
quantity fluctuates recording higher values gradually in alternate months.
The results obtained by the analysis of water samples for plankton fully
confirms those obtained by the employment of the net. The high phyto-
plankton content of the water obtained by the water sample method is striking
compared with the lower values for net samples where, obviously, a large
number of minute organisms escape through the meshes of the net... How-
ever, the net method is less tedious, more rapid and saves considerable time
allowing at the same time a rapid relative assessment of the standing crop
between stations or regions.

A back calculation taking into account the pigment values obtained by
straining a known quantity of water through the silk sieve of the same kind
used in the net, and the values obtained by vertical net hauls shows that the
quantity of water filtered by the net varies from 24-460 litres (the extremes),
the lower value (rare) obtaining during the season of high phytoplankton
content and when the elements of the plankton are such as to cause clogging
of the net. The average quantity of water strained by the net during a single
haul works out to 120 litres of water. So, if the net values are multiplied
by, say, 8%, we get approximately the value for one cubic metre of water
strained. It may be mentioned that the volume of water passing through
Harvey’s metred net when hauled vertically from 50 metres to the surface
is approximately only 1 metre cube of water (Harvey et al., 1935). This
would show that the figure arrived at by calculation for a vertical haul from
15 metres to the surface may generally be accepted for comparisons on a
broad basis. Any error present is likely to be one of an underestimation
only. '

The mean variation (5 years’ average) of phytoplankton content of net
samples in Harvey Units is between 1,412 in November to 8,002 in July at
Station A; 1,202 in October to 8,064 in July at Station B; and, 1,092 in April
to 10,970 in July at Station C (Text-Fig. 4). In Table III, the calculated
quantity of phytoplankton in terms of Harvey Units is shown for the net
samples from Station A (the values from other stations are comparable).
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It may be seen that the values are of a high order (the calculations are based
on the overall five years’ average figures). The lowest value recorded here is
comparable to those recorded from some of the highly productive regions
of the world as will be shown later. The pigment content ranges from over
10,000 to over 65,000 Harvey Units per metre cube of water. In the case of
the water sample data, the monthly average varies from 12,700-92,800 Harvey
Units per metre cube of water. The value by both methods are almost com-
parable. The higher values obtained in the analyses of water samples are
due to the more efficient method of filtration employed. It becomes quite
evident that a large number of organisms escape through the meshes of the
net and is not estimated in the ordinary hauls.

In connexion with the assessment of the standing crop made above,
some of the data obtained in investigations in other parts of the world may
be compared as these would indicate the relative fertility of the waters con-
cerned. InTablesIV and V,the data from several geographical areas in
terms of plant pigment units, and in Tables VI, VII, VIII and IX, in terms of
numbers of organisms, total as well as for constituent classes, are presented
along with those recorded from the present area on the west coast of India.
It may be seen from the tables that the values recorded here are of a very
high order, comparable to those from some of the highly productive areas of
the world.

It may be mentioned here that the season of the year when phytoplankton
bloom occurs in the different regions in relation to the calendar months
varies, i.e., during summer in the northern hemisphere, it is winter in the
southern hemisphere, and this fact needs to be borne in mind in the study
of the data presented in the tables. In the tropics, however, such seasonal
changes as occurring in the temperate and Arctic regions are not so well pro-
nounced. The period of the main bloom of phytoplankton in the temperate
and cold regions is in the spring and may be followed by a second bloom
late in the summer or autumn. In the present area, in the tropics, the main
bloom occurs in the summer, in June-July, the south-west monsoon season;
and, a second bloom may occur during the north-east monsoon season, this
falling either in “winter’ or “spring” months for the northern hemisphere.
In general, here, only a dry and wet season are distinguishable.

2. Zooplankton

In connexion with the assessment of the magnitude of the standing crop,
it may be interesting to mention here for comparison a few observations

‘on the zooplankton also, from other areas. Unfortunately, there are not
‘many accounts that are directly comparable as either the methods employed
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are different, or the values expressed are in terms of g different standard or
the zooplankton is treated as groups instead of as a whole.

As in the case of phytoplankton, considerable work has been done in
the temperate and cold regions on the qualitative and quantitative aspects
of the zooplankton. For the tropical and sub-tropical regions, there are
only some papers (Graham, 1941 a; Kriimer, 1906; Jespersen, 1935;
Matsuya, 1937; Motoda, 1940; Haneda, 1942; Tokioka, 1942 a) and reports
of some of the expeditions (Challenger, Albatross, Meteor and so on); the
results of most are not based on continuous work in any one region but on
samples taken at intervals of time and distance, latitude- and longitude-war;
most contain only qualitative data.

In Table XI, the data from several accounts are summarised for com-
parison with results obtained here. It may be seen from the table that the
values recorded at Calicut are of a very high order indicating a high produc-
tivity as in the instance of phytoplankton. Again, that the zooplankton
content of the water here could be fairly high may also be seen from the
comparison with the quantity (number) of zooplankton recorded here with
some accounts relating to areas where continuous work has been done.
Table XII shows the data as number of organisms in 100 litres of water from
the English Channel, Kiel Bay (Harvey ef al., 1935, p. 424) and Calicut, the
present area (¢f. also Table ITI). It may be seen that the standing crop of
zooplankton at Calicut is very high as was the case with the phytoplankton,
The sea off the west coast of India, may, therefore, be regarded as highly
fertile.

VII. MAGNITUDE OF THE STANDING CROP IN TERMS OF CARBON
PER METRE SQUARE OF SEA SURFACE

The ratio among Phosphate-P, Nitrate-N and Silicate-Si is 1: 15: 20
on the west coast of India as obtaining in the temperate regions (Subrah-
manyan, Part II). From the constancy of these elements (N, P and Si) and
the ratio at which they are present in the water and plankton, Fleming (1940)
has worked out equivalents from which one could, based on one datum,
evaluate the same in terms of some other factor. Thus one pigment unit of
plankton represents 3-3 X 10-3 milligrams of carbon; so, the standing crop
of phytoplankton here can also be evaluated in terms of carbon. Table X
shows carbon values calculated in this manner from the pigment content
of the water samples, in order, the values may be compared with the data
from other areas. As may be seen, the standing crop in terms of carbon
varies from 0-0627 gram to 12-280 grams over a metre square area of sea
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TABLE

Comparison of the magnitude

[Figures in thousand ; figures within brackets

Area Year January | February March April
1 South-west coast of India 1049-55 | 159 (20) | 189 (20) | 171 (20) 171 (20)
Net plankton at 15 metres | (Average of
depth off Calicut shore 5 years
(Calculated values) observations)
2 * do.  water samples off 1955-56 | 413 (8) , 253 (8) 365 (9) 297 (9)
area at 15 metre depth %
3  Gulf of Maine . 1939 . . .
1940 85 (1) . 310 (1) 620 (1)
1941 820 (1) 820 (1) 690 (1)
4 Georges Bank .. 1939 .
‘ 1940 110 (8) 1040 (13) | 2250 (15)
1941 350 (29) | 1390 (31)
‘5 Coastal water . 1939
’6 Cape Cod-Montauk Point .- 1947 460 (3) .
7 Slope water . 1939
1940 250 (2) . 470 (1) 3800 (1)
1941 890 (1) 3540 (2)
8 Sargasso Sea : 1947 ’ 370 (D)
North-west Bermuda . 1939 . . .
1947 . .
Bermuda to Azores 1947 .
9 Gulf Streain .System:‘ 1948 o ”
Florida Straits . 1937 . .
1939 o . . .
Carolinas . 1939 .
Off Montauk Point 1939 . . o
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of the standing crop

indicate number of observations]
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May June July August September | October | November | December
275 (20) 460 (15) 1000 (12) 472 (20) 377 (20) | 202 (20) | 176 (20) | 189 (20)
367 (8) 900 (4) 1392 (6) | 1373 (10) | 835 (8) | 589 (8) | 191 (7) | 222 (10)
. . .. . 560 (2) . .. .
12306 (2) 490 (2) . . . .
. . . . 560 (22) . .
860 (20) | 500 (28) . . .
1280 (29) 330 (29) - . .
90 (2) . . .. . . .
. . . .- .- 200 (3)
220 (2) .e 380 (2) . . .
1180 (1) 250 (2) . . . .. .
270 (2) 340 (1) . . o .
. . . . 300 (1)
310 (5) . . .
. . . . . .. . 410 (2)
. o . 50 (5) . . . . 420 (1)
. 100 (3) . . .
- . 100 (1) . . .
480 (5) . . . . . . :
370 (2) | . . . . . . _’;
00 (1) | . . . . ..
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TABLE X

Standing crop of phytoplankton as estimated Jrom water samples by Harvey
method and in terms of carbon per Square metre of sea surface

Number of  Number of
Sampling  Number of Harvey Units grams carbon Monthly
Date ~station-  Harvey Units  under one under one average
depth in bermetre-  metre-square metre-square HU. /M3
metres  cube of water of sea of sea
4- 7-1955 15 160,000 2,400,000 7-920
7- 7-1955 19 20,000 380,000 1-254
7- 7-1955 0 (4,000) 76,000 0-251
8- 7-1955 11-25 15,000 168,750 0-557
11- 7-1955 19 20,000 380,000 1-254
22— 7-1955 3-75 80,000 300,000 0-990
(Quilandy)
28- 7-1955 15 248,000 3,720,000 12-280 92,800
1- 8-1955 15 110,000 1,650,000 5-445
4- 8-1955 19 28,000 532,000 1-756
8- 8-1955 19 100,000 1,900,000 9-017
10- 8-1955 22-5 47,000 1,057,500 3-489
11- 8-1955 33-75 24,000 810,000 2-673
16- 8-1955 19 76,000 1,444,000 4:765
17- 8-1955 11-25 216,000 .2,430,000  8:166
18- 8-1955 33-75 32,000 1,080,000 3-565
22— 8-1955 19 172,000 3,268,000 10-780
25- 8-1955 - 33:75 110,000 3’,712,000( 12-260 91,500
1- 9-1955 28 180,000 2,240,000 7-392 ‘“
5- 9-1955 19 55,000 1,045,000 3-449
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TABLE X (Contd.)

Number of  Number of
Sampling Number of Harvey Units grams carbon Monthly

i : Date station- Harvey Units  under one under one  average
R depth in per metre- metre-square metre-square H.U./M3
metres  cube of water of sea of sea
8 9-1955 30 90,000 2,700,000 8-910
12— 9-1955 19 80,000 1,520,000 5-017
15— 9-1955 33-75 43,000 1,451,000 4-788
20- 9-1955 19 68,000 1,292,000 4-264
22— 9-19355 33-75 13,500 455,500 1:503
26— 9-1955 19 16,000 304,000 1-003 55,688
3-10-1955 19 23,000 437,000 1-442
6-10-1955 33-75 40,000 1,350,000 4-454
10-10-1955 19 65,000 1,235,000 4-076
13-10-1955 33-75 46,000 1,552,000 4-069
17-10-1955 19 34,000 646,000 2:132
20-10-1955 22-5 41,000 922,600 3-832
27-10-1955 19 21,000 399,000 1-317
31-10-1955 19 44,000 836,000 2-759 39,250
3-11-1955 32 7,000 224,000 0-739
7-11-19535 19 27,000 513,000 1-693
10-11-1955 32 13,000 416,000 . 1-373
17-11-1955 19 10,000 190,000 0-627
21-11-1955 19 4,000 76,000 0-0627
24-11-1955 34 16,000 544,000 2-061

28-11-1955 19 12,000 228,000 0-7525 12,714
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TABLE X (Contd.)

Number of  Number of
Sampling  Number of Harvey Units grams carbon Monthly

Date station-  Harvey Units  under one under one average
depth in per metre-  metre-square metre-square HU. M3
metres  cube of water of sea of sea
1-12-1955 34 4,000 136,000 0-4488 Ce-i
5-12-1955 19 14,000 266,000 0-8778 BC R
8-12-1955 38 24,000 912,000 3-005
12-12-1955 19 16,000 304,000 1-003 :
13-12-1955 11 18,000 198,000 0-6534
15-12-1955 38 10,000 380,000 1-254
19-12-1955 - 19 8,000 152,000 0:5017
22-12-1955 38 13,000 494,000 1630
26-12-1955 19 23,000 437,000 1-442 _
29-12-1955 38 18,000 684,000 2-257 14,800
2- 1-1956 19 45,000 855,000 2-821
5- 1-1956 34 11,400 387,600 1-279
9- 1-1956 19 36,000 684,000 2-257
12- 1-1956 38 4,000 72,000 0-5017
16- 1-1956 19 18,000 342,000 1-129
19- 1-1956 38 8,000 304,000 1-0034
23~ 1-1956 19 48,000 912,000 3-009 . -
30~ 1-1956 19 50,000 950,000 3135 . 27,550
2~ 2-1956 32 3,000 96,000 0-3135
6— 2-1956 19 29,000 551,000 1-8190
9- 2-1956 34 11,000 374,000 1-234
[3- 2-1956 19 18,000 342,000 1-219
16—~ 2-1956 34 18,000 612,000 2-019
'0- 2-1956 19 25,000 475,000 1-568
3- 2-1956 38 4,000 + 72,000 0-5017 S
77— 2-1956 19 27,000 513,000 1-693 16,875
1- 3-1956 34 - 16,500 561,000 1-851

B3
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TABLE X (Conid.)

Number of  Number of
Sampling Number of Harvey Units grams carbon Monthly

Date station- Harvey Units  under one under one  average
depth in per metre-  metre-square metre-square H.U./M?
metres  cube of water of sea -+ of sea

5- 3-1956 19 47,000 893,000  2-947

8- 3-1956 38 28,000 1,064,000 3-512

12~ 3-1956 19 38,000 722,000 2-383

15—~ 3-1956 34 32,500 1,105,000 3-647

19- 3-1956 19 27,000 513,000 1-693
22~ 3-1956 34 14,000 476,000 1-570
26— 3-1956 19 13,000 247,000 0-8151
29~ 3-1956 38 4,000 132,000 0-5017 24,556
2~ 4-1956 19 13,500 256,500 0-8465

5- 4-1956 2 32,000 1,024,000 3-378

9- 4-1956 19 37,000 703,000 2-320

12- 4-1956 32 20,000 640,000 2-112

16— 4-1956 19 10,000 190,000 0-627

19- 4-1956 34 18,000 612,000 2-019

23~ 4-1956 19 19,000 361,000 1-191
26— 4-1956 30 13,000 390,000 1-286 :
30- 4-1956 19 16,000 304,000 1-003 19,833
3- 5-1956 30 11,000 330,000 1-089

7- 5-1956 19 23,000 437,000 1-442

10- 5-1956 34 11,000 374,000 1-234

14— 5-1956 19 19,000 361,000 1-191
29- 5-1956 15 36,000 540,000 1-782
31- 5-1956 6 47,000 282,000 0-9307 24,500
4- 6-1956 11 17,000 187,000 0-6175

11- 6-1956 11 63,000 693,000 2-287

14— 6-1956 11 102,000 1,122,000 3-702

18- 6-1956 15 58,000 870,000 2-871 60,000
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TABLE XI
Comparison of plankton abundance In various areas of the world
Plankton values Mesh apperture of :
Area Number/volume in c.c. neflljlsed Rgference ‘ Remarks
*PACIFIC AREA—
Samoa to the Marshalls | 0.4 to 095 c.c./m3 0-33 mm. Krémer (1906)
wia the Equator
Java Sea Avg.=0-83 c.c./mS 0:33 mm. Delsman (1939)
Open Sea Palau Is. 110 to 530 no./m3 | 0.33 mm. Motoda (1940)
Bikini, just outside reef ..| 26.93 1o 62:20 no./m%| 0:37 mm. Johnson (1949) |
West coast, U.S, 0-016 to 0-129 c.c./m3| 0+65 mm. California Prog. Reept. -
(offshore stations) Avg.=0-057 c.c./m3 (1950) Lo
Central Pacific -+| & to 109 no./m3, 065 mm. This report (King: and
Avg.=35; 0-002 to Demond, 1953) , -
0102 c.c./m8 , '
Avg.=0-027 c.c./m?
*ATLANTIC AREA— ‘ .
Baltic Sea -1 19 to 11-0 c.c./m? 0-33 mm. Krimer (1906)
Gulf of Maine (10 to | 0-12 to 4:30 c.c./m® | 1-25 mm., front ; Bigelow (1928)
100 metres depth) 0+8 mm., middle : » .
and rear ;
North Atlantic (Coastal | Avg.=0-5 to 0-8 c.c. | 29+38 meshes/in., Bigelow and Sears (1939)
water) [m3 front ; 4854 o
meshes/in. rear
Florida Strait -+| 0:02 c.c./m®)
Gulf Stream, off (F}lorida el 005 c.c.;m: |
Gulf Stream, off eorgia ..| 0-07 c.c./m3 ! . .
North Atlantic continental | 4.3 c.C./m3 l} 0:158 mm. Riley (1939)
slope i
North Atlantic, coastal .. 81 cc./m® )
North Atlantic, coastal Avg. =0-54 C'C'§m2)1 ,
Max. =15-5 c.c./m
North Atlantic, offshore ..| Avg. =0-40 c.c. jms [ | 10 strands/cm. Clarke (1940)
Max. =850 c.c./m® | ;
Sargasso Sea Avg.=0-045 g./m8 c
Gulf Stream 1 sta.=0-137 g,/m3 0-158 mm. Riley and Gorgy (1948)
Slope water 2 sta.=0+14 and 1-6
g./m® ;
OTHER DATA—
Near Equator 0:5 to 5 cc./? ? Tokioka (1942 ) Vertical haul
: from 50 to 0 m.
30° N, latitude «+1 025 to 1.75 cc./? ? Haneda (1942) L
Hawaiian waters 20-0 to 40-0 c.c. 0:65 mm. King and Hida (1954) Oblique tow from
o ‘ 200 to 0 m.
Block Island Sound Less than 2 ¢ c./m3 No. 10 net Deevy (1952 3) :
English Channel ++1 0:1 to 4 c.c./m3 ? Harvey ez al, (1935)
New South Wales coast ..| Ay, 76 cc. ) in
Var. 1-98 wc. | 1643 ? Sheard (1949)
Avg. 117 cc. | in
: Var. 2-41 c.c. | 1944
South-east coast of India Up to 40 c.c.; avg. Organdy net, ca. 36 | Prasad (1954 «, 19586) Oblique hauls ca.
much less str./cm. ) 10 to 0 m.
West coast of India. Calicut 11+75 to 325 c.c. do. George (1953 2 ) 01b511que0hauls ca.
: to 0 m,
do. 20 c.c./m® max. No. 16 net Present account Vertical hauls

from 16 to O m.

* From King and Demond (1953).

+ By writer.
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surface, the depth of the sampling stations not exceeding 40 metres. Highest
values occur during the south-west monsoon season.

It may be mentioned in this connexion, that a very rich catch of plankton
in the English Channel (Harvey, 1945, p. 143) showed 1-5 grams of carbon
beneath one metre square of sea surface. In the Gulf of Maine, during the
richest period, one metre-square of sea surface contained 2 grams of carbon
(Riley, 1941). 1In the Antarctic (which is one of the most fertile seas of the
world) 7-2 grams of carbon for a similar water column has been calculated
(Hart, 1942). The richest catch on the west coast of India for a water
column of 15 metres depth represented 12-28 grams of carbon per metre-
square. It may be reliably stated that the west coast of India is one of the
highly productive regions of the world in general and the tropics in particular.
This is borne out by all aspects of study—enumeration of plankton content,
estimation of plant pigments and of carbon content. Further, it is seen

that throughout the year there is a high standing crop, the intensity of which
shows clear seasonal fluctuation. ‘

VIIT. SEASONAL FLUCTUATION IN THE QUANTITY OF
ToTAL PLANKTON—DRrY WEIGHT

The dry weight was estimated as follows: the whole sample of plankton
(vertical haul) was filtered through a No. 40 Whatman filter-paper, dried at
60° C. to constant weight. The method employed for collection and for
drying, etc., are almost similar to that employed by Graham (19414). In

this method both phyto- and zoo-plankton are included.

In Text-Fig. 5 is shown the fluctuation of the total plankton content
of the catch in terms of dry weight, on the basis of monthly average for a
period of three years, at Stations B and C. It may be seen that only on a
very few occasions has the quantity per haul fallen below 100 milligrams,
At Station B, the monthly overall average for the three years was 148, 259
and 160 milligrams and at Station C, 135, 239 and 275 milligrams respectively
for the three years 1952-53, 1953-54 and 1954-55. Such sharp oscillations seen
in terms of number and of Harvey Units is absent in this instance and there

. is also not much difference in the dry weight of plankton during the two main

seasons, though the bulk of the plankton is phytoplankton during the south-
west monsoon period and zooplankton during the north-east monsoon
season. ‘Two interesting points stand out here, namely, that in those years
when the plankton bulk is poor during the south-west monsoon season,
there is a fall during the north-east monsoon season also; secondly, the ratio

b

of the quantity of plankton in terms of dry weight, that of the south-west
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monsoon season to that of the north-east monsoon season (totals of May
to October and November to April respectively) shows a striking relationship,
the values being 1:1-2, 1:0-7, 1:0-8 at Station B and1:0-9,1:1, 1:0-8
at Station C for the years 1952-53, 1953-54 and 1954-55 respectively. The
overall average of the three years at Stations B and Cis the same, viz., 1:0-9.
Perhaps. the slight difference noticed might represent unsampled forms of
life in the sea. This relationship is probably an indication that the water
‘,_cblumn at a particular period (six-month season) is able only to support a
more or less fixed amount of life, biomass (whether floral or faunal matter)
which is somewhat analogous to the equilibrium of some of the constituent
él'ement‘s in the sea-water, e.g., Nitrogen, Silicon and Phosphorus (Sverdrup
et al., 1942; Subrahmanyan, Part II). This relationhsip is worth investigat-
ing at other centres also.

sTATION C

X 100 MILLIGRANS

sTATiON B

-3

mtaAalmnm T 7 A k-3 Q N

Text-F1G. 5. Seasonal fluctuation in the quantity of plankton in terms of dry weight at
Stations B and C (Explanation in text).

Graham (1941 @) studied the plankton in the Pacific between 40° N.
and 20° S. latitude during a cruise on the Carniegie. He showed that there
was greater production of plankton in the tropics than in the more northern
latitudes. Apart from the fact that the production on the west coast of India
is even higher than at the Pacific stations, the striking similarity of the results

R e
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obtained from these two investigations is worth noting; however, there is
one difference in that the main constituents of Graham’s collections appear
to be zooplankton, whereas here the collections are of a mixed type. Never-
theless, in view of the close approximation in the ratio of the dry weights
between the predominantly phytoplankton period and the later zooplankton
period, the present results are definitely comparable with those from the
Pacific.

Riley and Gorgy (1948) recorded an average plankton content of 45 milli-
grams per M2 of water in the Sargasso Sea, 137 milligrams per M2 in the Gulf
Stream and 140 and 1,600 milligrams at two stations respectively on slope
water. All vertical hauls have an average monthly value exceeding 1,000
milligrams per metre cube of water at both Stations, B and C, during all the
years of the present investigation. This indicates a very high standing crop
for the west coast of India and thus a high fertility for the area.

In a critical review of the utility of the pigment values in quantitative
determination of phytoplankton, Margalef (1954) states that the quantity of
pigment in the cells is influenced by various factors and, therefore, he believes,
that the pigment value alone is not a sound index whether of the standing
crop or of productivity, but that the same together with dry weight estima-
tions is able to show most interesting features of the dynamics of production.
Estimations of plankton by dry weight in the present investigation have simi-
larly revealed some interesting facts about production of matter in the sea not
brought out either by the pigment extraction method or enumeration method.

IX. HORIZONTAL DISTRIBUTION OF PHYTOPLANKTON

As already mentioned, samples of plankton from four stations A, B, C
and D, varying in distance from the shore, have been studied; for the
first three, data are available for over five years; but, for D the data is con-
siderably interrupted as this station could not be worked during the south-
west monsoon season owing to inclement weather. Only pigment values
have been taken into consideration. The enumeration data are complete
only for Station A; as the results of two years’ enumeration for B and C
showed more or less the same trend in the fluctuation as at A, this method
was discontinued.

Text-Figure 4 shows the fluctuation in the quantity of the standing crop
of phytoplankton at these stations. It may be seen that, in general, the trend
of fluctuation is the same at all stations, that at A and C, stations farther out,
being closely identical. At Station B also the trend in the fluctuation of the
quantity of phytoplankton is similar except for some minor differences.
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“At Station B, in 1951-52, the north-east monsoon bloom in March was
of a higher order than the south-west monsoon bloom in July. In 1952-53,
the north-east monsoon peak was bifid, there being a small peak of produc-
tion in January and an intense one in March. It may also be noticed that
closer the station is to the shore, greater the frequency in the number of
oscillations in the quantity of the standing crop. This is probably due to
the inshore environment where wind plays a rble in the mixing up of the
water layers more thoroughly than at stations farther off-shore and the con-
sequent increase of certain nutrients from the bottom mud enabling an
increased multiplication of the floral elements. A similar feature brought

about by wind action has been noticed by Marshall (1933) in the Great Barrier
Reef region.

Further, certain differences in the intensity of the bloom of phytoplank-
ton at these stations (as far as it could be judged though there was no means
by which the quantity of water strained through the net could be measured
directly) were met with frequently. During the south-west monsoon season,
at the beginning, the bloom of phytoplankton is of a high order at stations
farther away from the shore than at places nearer; later, when the weather
conditions become stabilised, the bloom over the whole aréa is more or less of
the same intensity, and the flora also is similar. The differences early in the
season may be due to the very low salinity of the shore water. Too low a
salinity appears to be injurious to the floral elements.

While there appears to be some uniformity in the composition of the
flora during the south-west monsoon season, often striking differences are
noticeable during the north-east monsoon in the constituent elements from
the different stations. These differences may be due to the fact that currents
are unsettled during the early part of the season (October to December)
leading to patchy distribution of the plankton organisms. Later in the
season, when conditions become more stable and the main south-to-north
current establishes itself bringing water from the Bay of Bengal also, the
differences noticed earlier tend to disappear. The secondary maxima may

also be due to the effect of the influx of new water into the Arabian Sea in
this ‘current.

Samples of plankton obtained from Quilandy Bay, 17 miles north of
Calicut, was found to be very similar and comparable in general to those of
Calicut, as also a few samples examined from Karwar* farther north and
Vizhingam™* far south. It would appear that the microvegetation of the sea

-* Through the courtesy of Mr. S. Ramamurthy and Dr. V. Balakrishnan respectively.
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during the south-west monsoon period is more or less uniform in composi-
tion over a great extent of the west coast of the Indian Peninsula. There

may be some difference as to the time of outburst of the flora depending on
the advance of the monsoon from south to north.

X. VERTICAL DISTRIBUTION OF THE PLANKTON ELEMENTS

No detailed work on this aspect could be undertaken however, some
analyses of water samples from known depths taken in a vertical plane (sur-
face, mid-depth and bottom) were carried out and the distribution shown by
the Diatomacez, Dinophycez and the Zooplankton is shown in Text-Fig. 6.
Most of the samples relate to the south-west monsoon period.

29-7-5¢ 2- 8- 54 23-8-54 30- 8-54 1-9- 54 43054 31-30- 54
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TexT-F1G. 6. Vertical distribution of Diatomaces (Bacﬂlariophyceae), Dinophycez and
Zooplankton in the water (Explanation in text).

&
#’
a,

@

©
e

[#
ZOOPLANKT ON w

During this period, the Diatoms appear to show a preference to the
bottom layers, probably due to the very low salinity obtaining at times at
the surface owing to heavy rainfall, either as a reaction to it or to the fall in
the specific gravity of the water or both. In the following season, north-
east monsoon period, they show a tendency to be distributed in the upper
layers. The Dinophycez generally seem to prefer the middle layers. It is
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also known that the vertical distribution of the Diatomace® and Dinophycee
may be related to their reaction to varying light intensities (Harvey, 1939;
Steemann Nielsen, 1939; ¢f. also Phifer, 1934).

The zooplankton is confined to the mid-depths and bottom layers pre-
sumably due to their well-known characteristic reaction to light intensity
(Russel, 1925, 1926, 1927, 1934 a, 1936 ¢; Clarke, 1933; Hardy, 1951;
Hardy and Bainbridge, 1954; and Wiborg, 1955). No collections were made
after sunset; the above results are based on collections made in the forenoon.

XI. SEASONAL FLUCTUATION IN THE QUANTITY OF THE
MaiN CrAsses OF ORGANISMS IN THE PLANKTON

1. General Remarks

For studying the fluctuation of the different classes of organisms and of
individual species only enumeration data are useful. The Diatoms dominate
the flora, followed by the Dinophycez and some minor classes of alge.
Under the last, Cyanophyce, Silicoflagellatze, Coccolithinez and Chryso-
phyce are all included as, either together or separately, they do not contri-
bute to the bulk of the plankton except the Cyanophycean elements, species
of Trichodesmium, on some occasions during the warmer months, February
to April.

The number of species of phytoplankton occurring at a time in any one
collection varies from 12-74 and the majority of them are of the Diatoms.
The Dinophyce® constitute the bulk when Noctiluca miliaris Sur. happens
to occur in large numbers. Nearly 360 species of microscopic plants occur
in the plankton on the west coast of India (Subrahmanyan, 1958). The
pattern of the flora keeps on changing at varying intervals as also the numbers
of the different species. Greatest variety is seen when the plankton content
isalso higher, but only a few species go to make up the bulk of the flora
during the peak periods, sometimes one alone. Further, it is not the same

* species that contributes to the bulk in all the years or in any two of the years

nor is there any constancy in the species contributing to the peaks during the
year. A cursory analysis indicates a' possible association of certain species
during their occurrence similar to the associations seen in the case of land
plants and larger benthic sea-weed vegetation. It is likely that there is a
sort of mutual antagonism owing to excretion of external metabolites or a
conditioning of the medium (Lucas, 1947, 1949, 1955; Rice, 1954) the resul-
ant flora depending on the mutual interaction of the excretions and the
degree of tolerance of the organisms to them. The occurrence of different
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species in succession also suggests, as mentioned by McCombie (1953, p. 279)
in connexion with the lakes of North America, that there is a cyclical
succession of pulses of different phytoplankton species throughout the years.

It may be mentioned here, that generally in the inland waters, the phyto-
plankton organisms inhabiting them—Volvocales, Desmids, and so on,
and even some Diatoms—have more or less an annual life-cycle, a period of
vegetative phase and then sexual reproduction at the end of which the zygotes
formed hibernate for tiding over unfavourable periods such as drought in
the warmer parts of the world and severe winter conditions in the temperate
and cold regions. The Diatoms—the major constituent of the phyto-
plankton in all the seas—however, have a life-cycle known to extend over
one or more years, even up to 15 years (Hustedt, 1930), but generally a
two-to-four-year cycle may be the most usual (Wimpenny, 1936 5; 1946,
1956; writer, unpublished). It is proposed to give details of the succession
of the species and their peaks, etc., in another paper of this series; however,
one instance may be mentioned here, viz., that of Fragilaria oceanica Cl. as
its fluctuation is referred to in another section. This Diatom, like any other
species, multiplies by vegetative division, the cells getting diminished in size
after each such division as is characteristic of Diatoms. When the minimum
characteristic size (Iyengar and Subrahmanyan, 1944; Subrahmanyan,
1947) for the species is attained, the cells form auxospores, preceded by a
sexual process; and, after this, the Zygote grows into a large cell (a period
of hibernation is not so far known in Diatoms) and thus the characteristic
upper limit for the species is attained. This process of auxospore-formation
gives the stimulus for renewed rapid multiplication, the rate of which
gradually diminishes as the population ages. In the present instance, of
Fragilaria, it has been inferred from the presence in large numbers of chains
composed of large cells approximately every four years or so, that the Diatom
has a four-year life-cycle and attains its highest peak of development during
those years of auxospore-formation.

The variations in the intensity of the different peaks in the occurrence
of phytoplankton are very possibly due to such pulses in the life-history of
one or more organisms in the plankton.

Cushing (1956, p. 7) after an evaluation of the density of phytoplankton
in the catches made by Savage and Hardy (1935) and Savage and Wimpenny
(1936), particularly in relation to Rhizosolenia styliformis, for the years
1921-34, found that the conditions that produced very high densities in the
concentration of the plankton occurred thrice in twelve years. When this
Is compared with the observations of Wimpenny on Rhizosolenia styliformig
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(1936 b, 1946) and Biddulphia sinensis (1956) where he has found a three- to
four-year cycle in auxospore-formation, it is quite evident that these intense
pulses mentioned by Cushing (I.c.) are a result of auxospore-formation and
subsequent intense vegetative multiplication of the species as suggested here
for Fragilaria oceanica by the writer.

2. Diatomacee

As the Diatoms constitute the main bulk of the phytoplankton, over
90% by number generally, their seasonal fluctuation resembles that for the
total phytoplankton (Fig. 7; compare Table II). They attain the main
peak in their occurrence during the south-west monsoon season (June or
July) and a secondary peak of occurrence is reached during the north-east
monsoon season. In some years there may be one or more subsidiary peaks
during both the seasons. The south-west monsoon season appears to be the
most favourable one for their growth. During the years of study, the poorest
month for Diatoms was March 1951 and the richest, July 1953. In general,
the Diatom content of the water was richest in 1953-54, followed by 1949-50,
1951-52, 1952-53 and 1950-51. There appears to be a cyclical change in
the intensity of the blooms as was already indicated when dealing with the
total phytoplankton, alternate years being somewhat richer than the inter-
vening ones. Further, very intense blooms occur farther apart, after a lapse
of a few years of lesser intensity, e.g., 1949-50 and 1953-54. This may (as
was seen for Fragilaria oceanica) be attributed to the life-history factor of
one or more species occurring in bloem in the years concerned. Briefly,
the most important genera whose species contribute at times to the bulk
production of the phytoplankton are: Fragilaria, Chetoceros, Rhizosolenia,

Coscinodiscus, Asterionella, Nitzschia, Bacteriastrum, Thallassiothrix, Thallas-
siosira, Actinoptychus.

3. Dinophycec

Though the total number of species of Dinophycez, recorded as plankton,

armoured and naked forms, are nearly as many as those of the Diatomacez
(Subrahmanyan, 1958) yet, generally, quantitatively they contribute to the
bulk of plankton far less than the Diatomacez (¢f. Tables VII, IX and III)
except on very rare occasions. '

The fluctuation in the quantity of the Dinophyce® (Text-Fig. 7) is more
irregular. This appears to be due to the varied and differing composition
of the group, pigmented and unpigmented, armoured and naked, forms
occurring at different times, probably governed by different factors. For
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TexT-F1G. 7. Seasonal fuctuation in the quantity (numbers) of Diatomacez, Dinophycez,
Cyanophycee, etc., and zocplankton on log. scale (Explanation in text).

example, Ceratium spp. are known to react sharply to salinity changes
(Graham, 1941 b, Graham and Bronikovsky, 1944 ; Nordli, 1953) and simi-
larly such factors may be active here also. The relationship of some species
to environmental factors will be discussed in a later account.

During the south-west monsoon period, the Dinophycez occur in large
numbers and attain a peak either in June (1951, 1953, 1954) or July (1949,
1950, 1952). At this time, the predominant elements are composed of un-
armoured species, pigmented (several species of Gymnodinium, Prorocentrum,
etc.) and unpigmented (species of Gymmnodinium, Gyrodinium, Noctiluca, etc.).
Among the armoured forms occurring during this season Dinophysis spp.

‘and Ceratium spp. may be mentioned. Noctiluca sometimes constitutes the

bulk of the plankton during the season (refer also section of this paper under
discoloured water). The armoured forms attain their best development
towards the end of the south-west monsoon season or during the following
season and one or more peaks of varying intensity occur, at times even sur-
passing those of the former season (November 1951, October, 1954; Text-

Fig. 7). Several species of Ceratium, Peridinium, Ornithocercus, Dinophysis,
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etc., are noticed during these months. On one occasion, in November 1951,
Ornithocercus magnificus Stein contributed all the bulk and number of the
plankton; but such instances are of infrequent occurrence.

4. Other Alga

Among the other plankton elements met with in the water are species
of Silicoflagellatze, Coccolithinee, Cyanophycez and Chrysophycez, very
rarely Chlorophyce® and Euglenine. As these occur in very small numbers
and infrequently, they have all been combined here and their fluctuation is
shown in Text-Fig. 7 and Table III. During certain periods, none of these
groups may be present, e.g., August and October 1949, July 1951, August
to November 1952, November 1953 and August to October 1954.

During the south-west monsoon season, the Silicoflagellate and Chryso-
phycez occur; on some occasions a few of the Coccolithine and some of
the Cyanophycex (Katagnymene sp., Anabena sp.) were also present. The
. same groups are noticed often during the early part of the north-east mon-
“soon months also. From December onwards, species of Cyanophycez,
chiefly, Trichodesmium erythreeum, T. thiebautii, etc., begin to occur attain-
ing the peak during the warmer months, in February, March or April. These

Cyanophyce® are the only alge other than Diatoms occurring in noticeable
bulk, floating on the surface of the water. '

5. Zooplankton

Along with the enumeration of the phytoplankton, the faunal elements
were also reckoned in the vertical hauls of plankton, primarily to see if there
are any relationships present between the two groups. The macro-zooplank-
ton, such as the Medusz, Salps, etc., are not included, for they are seldom
caught in the vertical hauls in appreciable numbers, though at times small
Medusz, Chetognaths and Pteropods occur in such hauls in plenty. The
data relate to the total number of all micro-elements, Copepods, larvae and

so on (Text-Fig. 7). George (1953 a) has dealt with in some detail the zoo-
plankton of the same region, group-war.

It may be seen that the main peak in the numbers of the zooplankton

occur during the south-west monsoon season, in August, immediately after
that of the phytoplankton (as seen clearly from the overall average of five
years’ data). There are one or two more pulses of development taking place
in the north-east monsoon season also. In the latter season, though their
number is considerably less, their total bulk is very high and the size of the
‘individual organisms constituting the bulk also is far larger. Thus, it is seen
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that there is a seasonal fluctuation in the occurrence of zooplankton also,

as in the case of the phytoplankton, different groups of organisms occurring
in succession.

The total number of the zooplankton is considerably less than the Diato-
macez but approaches the Dinophycea as regards abundance in terms of
number. During the south-west monsoon period, usually the smaller ele-
ments predominate in large numbers, small Copepods, Cladocerans,
Tintinnids, and larve of several groups; and, during the following season,
larger Copepoda, Pteropoda, Polychete larve, Salps, Chatognatha, Meduss
and so on contribute to the bulk, fewer numbers of larger individuals.

XII. THE PHENOMENON OF DiscoLourep WATER

In this phenomenon, only one species is generally involved. The species
involved may also vary from year to year or even seasonally. Thus Nocti-
luca miliaris on certain occasions, during June to September, causes a pink
discoloration of the sea-water by its high concentration (see also Bhimachar
and George, 1950); a green discoloration is caused by “ green-Noctiluca *
(Noctiluca with a green euglenoid symbiont Protoeuglena noctiluce Subrah-
manyan, 1954 @) when occurring in enormous numbers as it happened in
December 1952 and March 1953; Hornellia marina Subrahmanyan (1954 b)
caused a green discoloration in August and November 1949, September 1952
and September and October 1953; and, a yellow discoloration was caused
by a new (unnamed) palmelloid Chrysophycez in March 1955. Such
occurrences are not a normal feature, Similar phenomena have been
recorded from various parts of the world (refer Hays and Austin, 1951 for
bibliography; Feinstein ef al., 1955; Howell, 1953; Ingle er de Sylva, 1955;
Margalef, 1956) and on a few occasions elsewhere in India also (Carter, 1858
Hornell, 1917; Subrahmanyan on Gymnodimium, unpublished).

It is known that some instances of such outbursts of organisms bring
about certain changes in the hydrological conditions (Chew, 1953; Subrah-
manyan, 1954 a, Prasad and Jayaraman, 1954 ; Slobodkin, 1953; Ketchum
and Keen, 1948 ; Long, 1953) and sometimes also mortality among organisms
in the water including fish due to effect of toxins, presumably liberated into
the water (Galtsoff, 1948 4, 1948 b, 1949; Gunther, 1947; Gunther et al.,
1947, 1948; Otterstrém and Steemann Nielsen, 1939; Stephens, 1948 ;
Shelubsky, 1951; Shilo and Aschner, 1953 ; Shilo, Aschner and Shilo, 1953;

Sommer and Clark, 1946; Sproston, 1946 ; Subrahmanyan, 1954 b, Takano,
1956).

Generally, during the outbursts of these organisms in high concentra-
tion, the normal constituents of the plankton are found to be absent or
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scarce. It is very likely that this may be due to some deleterious effect pro-
duced by their excretions (some visible evidence is available in the case of
Hornellin (Subrahmanyan, 1954 b, pp. 197-98) which resemble ““ antibiotics ™’
in their action (Lucas, 1949, p. 344; Kylin, 1949). The same explanation
may hold good in some instances for the phenomenon of * animal exclusion ”’
postulated by Hardy (19355, 1936 a). More evidence for the antagonistic
influence of one organism on another has been recently adduced by Rice
(1954; see also Pratt, 1943) by culture experiments on Chlorella and
Nitzschia; he concludes that such influences will determine the seasonal fluc-
tuation in the total phytoplankton numbers and of each species, as well as
causation of a definite succession of species. Lefevre er al. (1949, 1952)
have also obtained similar results as those of Rice (¢f. also Davis, 1954 b).

XIII. SEASONAL FLUCTUATION OF THE PHYTOPLANKTON AND
ZOOPLANKTON COMPARED WITH EARLIER OBSERVATIONS

1. Phytoplankton

It is well established that in all the temperate and colder regions of the
world, there is a rthythm both in the qualitative and quantitative distribution
of the plankton which is repeated every year though with slight variation in
some years. Generally, there occurs a main bloom in the spring and another
of lesser intensity in the autumn. This has been found to be so both in the
northern and southern hemispheres.t There are reports of several expedi-
tions and cruises which give particulars relating to plankton conditions in
these waters, lending support to the general picture obtained by the other
individual investigations. According to Allen (1934) the seasonal fluctuation
is not so marked at stations in southern California waters as they are in those
farther north. Perhaps, in the lower latitudes, the seasons lose their entities
and hence such sharp fluctuations characteristic of higher latitudes are not
evident nearer the Equator. Unfortunately, as mentioned already in the
beginning, we have only very little information for areas in the warmer regions
of the world and even these cover only short periods permitting no definite
conclusions; a few of them, however, throw some light on the relative stand-
ing crops of the regions in the temperate and tropical zones (Allen and Cupp,
1935; Allen, 1924, 1939; Gilson, 1937; Graham, 1941 4, Riley, 1938, 1939;
Riley, Stommel and Bumpus, 1949).

The accounts for the warmer parts of the world, where there have been
some continuity of observations, may be briefly cited here. '

+ Owing to paucity of space, a list of references on this aspect is omitted here.
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One of the earliest attempts to study this aspect in a warmer region of
the world appears to be by Hornell and Nayudu (1923) who studied the plank-
ton on the west coast of India at Calicut in connexion with their work on the
life-history of the Indian oil-sardine, Sardinella longiceps Cuv. et Val. They
speak of an outburst of Diatom bloom in May, which fell somewhat in June
and reached the maximum in July, and fell off again to a minimum in Decem-
ber. There were small pulses of abundance in January and February, a fall
in March and a rise in April.

According to Menon (1945), on the Trivandrum coast, farther south of
Calicut, the Diatoms gradually increase from January to a maximum in May
and there is no clear secondary maximum. More work continuously for
a number of years is needed here for a clear elucidation of the cycle.

In the Bombay harbour, one year’s investigation indicated that phyto-
plankton was scarce from May till August after which there was an increase
till the maximum was reached in January or February (Gonzalves, 1947).
The cycle noted here is, very probably, influenced by the peculiar environment
of a harbour; it is possible, that the cycle of phytoplankton bloom in the
sea off Bombay beyond the harbour pollution might be more in line with
that described by the writer in this account.

At Calicut, according to Chidambaram and Menon (1945), who had
no data for the crucial south-west monsoon months of June, July and August,
the volume of plankton was at its maximum in Séptember; there was a fall
in October and November, a slight rise in December, and scarcity in January
following. From February to May, Plankton production was more or less
steady with minor fluctuations occasionally.

George (1953 @) made a general study of the plankton at Calicut for
about three years. He found the occurrence of the peak period for phyto-
plankton in the south-west monsoon months. A second peak may occur
in December or January. In general our observations are in agreement.

Coming to the east coast of India, Menon (1931), who investigated the
plankton for two years at Madras, found that the Diatom maximum Occurs
in April-May. There is a slight fall in June, a rise in July and a rapid fall
thereafter. A secondary maximum occurs in December. Further, accord-
ing to him (lc., pp. 493-94) the general maximum is a culmination of a
regular and constant Diatom increase beginning in September unlike the
European waters where it is a sudden rise beginning in March. The Peri-
diniales also attain their maximum in May. .
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Ramamurthy (1953 b) who made study of the plankton at Madras over
20 years after Menon, for about 14 months, noticed a difference in that while
August-September were months of scarcity for Diatoms in Menon’s records,
they were not so in his records. According to him, February, April, May,
August, September, November and December were rich months while Janu-
ary, March, June, July and October were poor months.

At Waltair (farther north of Madras) Ganapaii and Rao (1953) and
Ganapati and Murthy (1955), in studies lasting for a year in each instance,
report a spring maximum extending from February to April and an autumn
maximum from October to December (Ganapati and Rao) and November
(Ganapati and Murthy).

On the south-east coast of the Indian Peninsula, at Krusadai in the Gulf
of Mannar, Chacko (1950) states that the Diatom maximum is usually from
June to November. In the same Gulf, in a study covering two years, 1950
and 1951, according to Prasad (1954 a) the phytoplankton cycle shows more
than one maximum during the year; a peak in February-March due to local
flowering of a single species and a summer, August-November, peak consti-
tuted by several species of Diatoms. In his further study, extending from
July 1951 to June 1953, the same author (Prasad, 1956) found at a Gulf of
Mannar Station, three distinét blooms of phytoplankton, in January, April-
May and October-November. In the Palk Bay station, the magnitude of
the crop was of a higher order and two peaks of production occutred, one
single prominent one during the summer months April-June, and another
in October-November.

There are some accounts available from other warmer areas of the
world which may be of interest here. In the Great Barrier Reef region,
Marshall (1933) could not establish a real seasonal fluctuation for the phyto-
plankton; moreover, the period of investigation extended only for a year
there.

Haneda (1942) found in Palau Island in the tropical Pacific periods of
maximum and minimum in the plankton content of water.

Kow (1953) found in the Singapore Straits, almost on the Equator, the
main bloom of phytoplankton occurring in April or May; and there were
peaks, one or more, of varying intensity at other times of the year.

The results of the present investigation at Calicut on the west coast of
India, covering a period of over 5 years, clearly shows that there is a seasonal
variation in the abundance and occurrence of the phytoplankton organisms
which recurs year after year, though with slight variation in the intensity of

-




The Phytoplankton of the West Coast of India—I 163

the bloom and its time of occurrence, even as has been observed in the tem-
perate and colder seas. The maxima occur during the south-west monsoon
- period, in June or July. In some years there is a sharp fall in the quantity
of phytoplankton in August, very probably due to the grazing effect of the
zooplankton which attain their primary maxima about that-time. The phyto-
plankton is poorest generally in the month of November and one or more
pulses of production occur during the north-east monsoon months, between
December and April. Thus, in the Indian waters also, it may be stated with
certainty that there is a double or bimodal oscillation in the fluctuation of
the standing crop of phytoplankton; however, the period of occurrence of
the bloom varies from place to place somewhat and there is no general uni-
formity as seen in the temperate regions. The factors responsible for the
production of phytoplankton and for the variation in the timing of the bloom
will be discussed elsewhere (Part II). '

2. Zooplankton

As in the case of phytoplankton, the fluctuation in the abundance of

zooplankton has been thoroughly investigated in the temperate and colder

séas both in the northern and southern hemispheres. It has been found
that there is a pronounced maximunt in late spring or summer and a minimum
in the winter and occasional pulses of abundance sometimes at other periods
in between (e.g., Harvey et al., 1935; Russel, 1936 ¢; Johnstone, Scott and
Chadwick, 1924; Wiborg, 1944, 1954; Deevy, 1952 a, b; Dakin Colefax,
1940; Sheard, 1949). " Data for the tropical and sub-tropical regions of the
world are indeed few as there have been no continuous investigations in these
regions. The accounts that are available confirm the presence of a seasonal
fluctuation reported in the present account.

Menon (1931) found the period of abundance of the zooplankton in the
Madras waters between November and February. On the Trivandrum
coast (Menon, 1945) the data for zooplankton show no clear peaks of abund-
ance, though December to February in 1938-39 and February to May in

1939-40 may be considered as having a high- zooplankton content; in the

former year, the zooplankton content was of a higher order. In the Gulf
of Mannar near Mandapam, in a study covering 1950 and 1951, Prasad
(1954 @) found a bimodal cycle for the zooplankton, with one peak in
February-April and the maximum peak in October, with a minimum in July.
In a later account the same author (Prasad, 1956) found a bimodal cycle both
in the Gulf of Mannar and the Palk Bay, the two stations, however, differing
in the pattern of the cycle; while one station showed abundance, in the other
the zooplankton was poor and vice versa. ‘
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In the Great Barrier Reef, Russel and Coleman (1934) could find no
sharp fluctuation in the abundance of the zooplankton as in the temperate
regions; but, the quantity did show a fluctuation at different seasons and as
the period of study was only one year, it could not be stated whether the cycle
would repeat itself. King and Demond (1953) and King and Hida (1954)
were able to find a seasonal abundance in the zooplankton content of the
water in the Central Pacific and Hawaiian waters respectively. Kow’s
(1953) data for the Singapore Straits suggest a possible seasonal fluctuation
as shown by the abundance of the Copepods which form over 709% of the zoo-
plankton population.

In the present area, the main peak in the numbers of zooplankton occurs
during the south-west monsoon season, in August, immediately after that
of the phytoplankton (as reckoned from the average of 5 years’ data).
There are one or more pulses of development during the following north-east
monsoon season. As already mentioned, the zooplankton exceeds the
phytoplankton in bulk on most of the occasions in the latter season though
numerically fewer. As in the case of the phytoplankton, although the results
of all the investigations agree in the record of a seasonal abundance in all
the places investigated, differences occur relating to the time of their peak
development and the intensity of the crop.

XIV. PHYTOPLANKTON-ZOOPLANKTON RELATIONSHIP

It is well known that zooplankters depend on phytoplankton for food,
and naturally, some relationship is to be expected between them and their
respective distribution. This relationship has been dealt with and reviewed
by many workers in the past, mostly based on work in the temperate and
polar waters (Harvey, 19345; Harvey et al., 1935; Bigelow, Lillick and
Sears, 1940; Mare, 1940; Hart, 1942; Gauld, 1950; Marshall, Nicolls
and Orr, 1934; Marshall and Orr, 1952; Marshall, 1949; Barnes and
Barnes, 1956; Wimpenny, 1936 @; Hardy, 19355; Lucas, 1936 a; 1947,
1949 and 1955; Steemann Nielsen, 1937 a; King and Demond, 1953; King
and Hida, 1954; Clarke, 1939; Riley, 1946; Fleming, 1939 and Bainbridge,
1953). The substance of these investigations indicates that an abundance
of phytoplankton leads to an increased development of zooplankton and the
relationship between them is direct and the inverse relationship at times
recorded is caused by the grazing down of the phytoplankton population
by the zooplankton. Further, it was also held that the inverse relationship
was brought about by the animals avoiding areas rich in phytoplankton
(Hardy, 19350; Lucas, 1936 a) presumably owing to the effect of external
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metabolites of the plant population which adversely condition the medium
(Lucas, 1947, 1949 and 1955).

In the following brief account some of the relevant facts emerging from
the foregoing investigations are discussed with reference to observations
made here, besides referring to one or two recent papers.

An extensive experimental study of the relationship between phyto-
and zooplankton by Bainbridge (1953) has shown that the inverse distribu-
tion met with may be accounted for by a combination of migration and
grazing and the exclusion mechanism as a means of producing the inverse
relationship is operative only in instances of monospecific blooms of toxic
flagellates, such as Gomyaulax.

Kow (1953) found a direct relation between phytoplankton and Cope-
pods in that their peak of occurrence coincided.

In the Indian waters, Prasad (1956) found at a station in the Gulf of
Mannar that the relation between phytoplankton and zooplankton was
inverse, whereas at a station in the Palk Bay, the relationship was direct.
The Copepod-Diatom relationship was of a similar nature at the respective
stations (see also Prasad, 1954 b).

The present investigation indicates that in the study of phyto-zoo-
plankton relationhsips, the time factor or seasonal factor, has also to be taken
into consideration. It was pointed out earlier that in terms of the bulk of
the standing crop, the biological year shows two clear periods, (i) the pre-
dominantly phytoplankton period, the south-west monsoon season, May
to September-October, and (ii) the predominantly zooplankton period, the
north-east monsoon months, October-November to April following.

The data collected during the period of five years show that the number
of zooplankton elements tends to increase gradually with the increase of the
phytoplankton elements (number and pigment units) from the beginning of
the south-west monsoon season. This may be seen from a casual examina-
tion of Table XIII, in which the five years’ data are averaged (¢f. also Tables
II and TIT; and also Text-Fig. 7). The zooplankton (in terms of number)
attains its peak of development at the same time as or immediately following
the peak in the phytoplankton production. The trend of increase of both
indicating a ““ direct > relationship is unmistakable though study of individual
samples may not show a “ proportionate > increase between them, this being
due to the changes in the composition of the flora and fauna alike. On
certain occasions, when the phytoplankton is composed of mainly setoid
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forms like Cheatoceros spp., Bacteriastrum Spp., Rhizosolenia spp., etc., a fall
in the number of zooplankton, somewhat proportionate, becomes evident
which might be interpreted according to Hardy as ““ animal exclusion » owing
to a deleterious influence exercised by these forms on the faunal elements
leading to a patchy distribution of the plankton. Plenty of examples of
patchy distribution are also available from the Antarctic and the seas around
the British Isles (Lucas, 1936 b, 1940; Lucas and Macnae, 1941; Hardy,
1935a, b; 1936 a, b; 1955; Hart, 1934 ; Savage, 1930; Savage and Hardy,
1935; Savage and Wimpenny, 1936; Wimpenny, 1936 2; Rae and Fraser,
1941). In contrast, when the plant forms involved are non-setoid, e.g.,
species of Coscinodiscus, Thalassiosira, Fragilaria, and so on, a proportionate
increase of animals is noticed. In general, during this season, the relation-
ship between phyto- and zoo-plankton appears to be the same as recorded
by Marshall, Nicolls and Orr (1934) and Steemann Nielsen (1937 a), viz.,
a direct one. This is supported by the presence in the plankton samples
of developmental stages of many groups of animals in considerable numbers.
In terms of total bulk, the zooplankton during this season is no match to
the phytoplankton bulk, the conditions for the production of the latter being
at its optimum. Most of the animals are small-sized forms; nevertheless,
the trend of their increase shows that they feed and reproduce on account
of the increased availability of plant food. Among the zooplankton
organisms met with during the season are Foraminifera, Radiolaria, Tintin-
nids, Polychate larve, larval Bivalves, Cladocerans, small Copepods, Nauplii,
Amphipods, Lamellibranch larve and towards the end of the period, Salps,
Tunicates and Prawn larve, also (see also George, 1953 a).

During the north-east monsoon season, the general picture of the stand-
ing crop is very different. Except on a few occasions, when the phytoplank-
ton bloom is at its second peak of production, zooplankton is seen prima
facie to dominate the bulk of the standing crop. The majority of the zoo-
plankton forms are larger in size compared with those of the earlier season ;
and it may be stated here that the Copepod element is the dominant faunal
form in the plankton and of utmost importance in the economy of the sea
as it is elsewhere also. Besides the Copepods, the forms occurring include
Salps, Medusz of varying sizes, Ctenophores, Chztognaths, Decapod and
Molluscan larva and so on (cf. also George, 1953 4). However, the relation-
ship seen in terms of number, direct increase in the number of zooplankton
elements with an increase in the number of phytoplankton, is also seen during
this season except on a few rare occasions as on November 7th, 1949, March
12th and 19th, 1951, and April 2nd, 1951, when even the number of zoo-
plankters were above or equal to that of the phytoplankton, which obviously
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indicates that the production rate of phytoplankton has declined and/or
grazing rate has increased, resulting in an inverse relationship such as that
mentioned by Steemann Nielsen (/.c.). Such a situation lends support to
the view propounded by Fleming (1939) also. Moreover, it is seen that the
rate of fall in the production of phytoplankton during the north-east monsoon
season as noticed in terms of the magnitude of the standing crop is of a higher
order than the rate of fall in the number of zooplankton during the same
period; on the other hand, the quantity of animal matter has increased con-
siderably, obviously at the expense of the phytoplankton. The conspicuous
fall in the quantity of phytoplankton in November generally (Text-Fig. 4)
is very probably due to the heavy grazing by the increasing number of larger
zooplankton organisms and this accords with the suggestion of Harvey
(1934 b) and Harvey et al. (1935) for the English Channel.

Data relating to the dry weight estimations of the standing crop, the
biomass, throw some interesting light on the interrelationships of the phyto-
and zoo-plankton community. It was pointed out earlier that the sharp
fluctuation seen, when the standing crop is reckoned in terms of number and
pigment units, is not seen when the same is viewed with data relating to dry
weight estimations; and, further, the overall ratio of the crop between the
two seasons, a predominantly phytoplankton one and the following pre-
dominantly zooplankton one, shows a close approximation indicating a balance
in the biological content of the water as between plant and animal life. This
seems to indicate that the relationship between these two forms of life, animal
and plant, in the sea, is not one that can be ascertained by the present
methods of the estimations of the standing crop. The relationship is one
that involves a large number of factors, the rate of increase of plant matter,
the rate of grazing by animals, the quality of food consumed by the animals,
mode of feeding—indiscriminate or selective—and hydrological conditions
affecting the biological elements. The qualitative nature of the flora and
fauna changes frequently; it is possible that certain animals are associated
with a particular type of vegetation and so on. Too much emphasis appears
to have been placed on the number factor in judging the relationship of the
phyto- and zoo-plankton in the past, of course for want of a better method.
The bulk also needs to be considered as may be seen from the present investi-
gation. Further, in experimental investigations, the species employed,
particularly phytoplankton ones, are those that grow easily under labo-
ratory conditions; these forms are not found generally in quantity in
nature. Inability to reckon all these may, to some extent, explain the slight
variations in the interpretations put forward of observations from nature,
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The relationship between phyto- and zoo-plankton as it obtains here,
therefore, may be generally considered to be direct in terms of number of
organisms and bulk during the south-west monsoon season; and direct in
terms of number but inverse in terms of bulk during most of the north-east
monsoon season. It is not possible to say how exactly this relationship is
brought about in these waters in the absence of information on several
aspects; it is possibly brought about both by the vertical and horizontal
migration  of the faunal elements as suggested by Bainbridge (1953) and,
from the presence of developmental stages, it may be stated that a good
number grows and thrives i situ also among the same plankton environment,
even in dense patches of phytoplankton.

Sometimes, during the south-west monsoon season, when there is heavy
production of phytoplankton, surface plankton catches were found to consist
of mainly zooplankton—Copepods and Cladocerans predominantly—while
bottom samples of plankton were mainly of phytoplankton with some zoo-
plankton. On such occasions, it has been noticed that the salinity of the
surface water was very low, even below 207, whereas water at the depth of
15 metres showed a salinity of circa 30%,. Further, on many such occa-
sions, the phytoplankton also was composed mainly of setoid forms; mention
of the possibility of such a reaction of the fauna to such floral elements has
already been referred to. Tt is possible that salinity also may have a relation
connected with this reaction; the Diatoms may have sunk owing to the very
low specific gravity of the surface water and, as their concentrations may
have increased so much in the bottom layers, some zooplankton may have
mrigrated and aggregated at the surface as they could, probably, tolerate a
much lower salinity. Obviously, the phytoplankton could not, for the speci-
mens seen at the surface were mostly dead.

Before concluding this section, the * animal exclusion ” hypothesis of
Hardy, mentioned earlier, may be examined in relation to the occurrences
here. According to Bainbridge (1953) this operates in areas where there
are monospecific blooms of a toxic flagellate. Some observations on the
plankton of the west coast of India lend support to this view of Bainbridge.
Sometimes blooms of green Noctiluca (Noctiluca with the symbiont Proto-
euglena noctiluce Subrahmanyan, 1954 a) occur in the waters here and also
on the south-east coast of India (Prasad, 1953; Prasad and Jayaraman, 1954).
On the west coast, whenever the concentration of this form was so high as
to discolour the water, it was found that virtually no other organisms were
present in the water, whether Diatoms or zooplankton. This has been
observed on the east coast also, where, in addition, it was noticed that the
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“ Choodai” (Sardinella spp.) become scarce when this Noctiluca occurred
there (Prasad, 1953). Again, during the occurrence in high concentration
of this Noctiluca certain changes in the hydrological conditions have been
observed, particularly related to the silicate content of the water (Subrah-
manyan, 1954 a; Prasad and Jayaraman, 1954). This aspect is discussed
by the writer later below (Part IT). It may be mentioned here that elsewhere
also hydrological changes have been noticed connected with such blooms,
e.g., the “Red Tide” on the Florida coast (Chew, 1953; Slobodkin,
1953; Ketchum and Keen, 1948; Long, 1953).

The writer would like to point out here that no deleterious effect appears
on the plankton organisms or fishes when the common pink Noctiluca mili-
aris Sur. occurs, even in high concentrations, discolouring the water pink.
Often this takes place during the south-west monsoon season on the west
coast of India and at such times large quantities of phytoplankton as well
as zooplankton also occur along with it. However, it may be mentioned
here that Aiyar (1936) has reported mortality of fishes on the Madras coast,
and Bhimachar and George (1950) also report a set-back to the fishery on
the west coast during the occurrence of this Noctiluca (cf. however Subrah-
manyan, 1954 b, pp. 188-97).

Again, on the west coast, Hornellia marina Subrahmanyan, a Chloro-
monadine flagellate, when occurring in sufficiently large quantities as to dis-
colour the water green, appears to have a deleterious effect on all other plank-
ton organisms and often causes fish mortality (Subrahmanyan, 1954 5). The
extrusion of a certain substance seen in this form at times (Subrahmanyan,

l.c., p. 197) presumably brings about a toxic condition in the water for other
organisms.

The other instance of a monospecific bloom was when an unnamed
Chrysophycean palmelloid alga (Subrahmanyan, unpublished) occurred here
discolouring the sea-water somewhat yellow. Most of the usual organisms
in the plankton were absent except an odd Diatom here and there.

In a series of articles, Lucas (1936 a, 1947, 1949, 1955) has discussed and
pointed out the possibility of a non-predatory relationship between the phyto-
and zoo-plankton, especially, brought about by ectocrines (external meta-
bolites having important environmental significance) which range from

- toxinsto vitamins and hormones in their ecologyand which might lead to a bio-
logical conditioning of the water by the organism or organisms which precede.
It is very possible that this type of relationship becomes pronounced only
when a monospecific bloom occurs. These observations made on the west
coast of India would appear to lend some support to the statements of Lucas
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mentioned above and of Rice (1954) explaining mutual antagonisms between
certain organisms. ’

In the literature, one finds mostly some peridinians—Gymnodinium spp.,
Gonyaulax spp., etc., associated with the type of phenomena described
above (Hays and Austin, 1951; Galstoff, 1948 o, b, 1949; Davis, 1948;
Allen, 1933, 1940, 1942 a, 1942 b, 1943, 1946 ; Santos-Pinto, 1949 ; Hornell,
1917). So far, the organisms described here have not been reported and,
therefore, are of special interest. '

The researches in the North Sea on the Diatom and zooplankton patches
and the relationship of the same to the herring are of interest in this connexion
(Pearcy, 1885; Bullen, 1908; Hardy, 1924; 1926, 1936 a, b; Savage
and Hardy, 1935; Savage, 1930, 1932; Savage and Wimpenny, 1936;
Lucas, 1936 5, 1940, 1942; Lucas and Macnae, 1941 ; Lucas, Marshall and
Rees, 1942; Henderson, Lucas and Fraser, 1936; Henderson, 1936). How-
ever, in a recent contribution, Cushing (1956), after special observations
on this aspect of exclusion, comes to the conclusion that these instances of
“exclusion ” in the North Sea are not of general occurrence at the con-
centrations of the Diatoms in the patches met with and the earlier conclusions
of the authors were due to some discrepancies in the timing of the investiga-
tions. Much higher concentration would be required to produce such an
“exclusion ”. Bainbridge’s (1953) conclusion on such occurrences, as also
that of the writer already cited, would appear to support Cushing’s view.

XV. RELATIONSHIP BETWEEN PLANKTON PRODUCTION AND FISHERIES

The object of fishery research is mainly to devise a method for the fore-
casting and controlling of future fish supplies. As the phytoplankton ele-
ments, the main synthesizers of food in the sea, fluctuate in relation to so
many environmental factors, they form an important and convenient basis
in assessing the fluctuations of the stock of edible fish. It is well known
that a rich phytoplankton crop leads to a rich zooplankton crop and good
survival of young fish (Russel, 1936 5; Harvey, 1950). Delsman (1939)
states: “ Where no rich plankton develops, no rich macrofauna, no abundant
fish population can either be expected.” Hesse ef al. (1951) state that “ the
dependence of various elements of the food chain on a preceding one condi-
tions the distribution of the larger forms”. By means of experiments carried
out by application of inorganic fertilizers to ponds, Smith and Swingle (1939)
have clearly demonstrated that increased plankton production increases fish
production and a direct relationship between average production of plankton
and production of fish exists, though no direct relationship was evident
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- between zooplankton alone and fish production (¢f. also Tal and Shelubsky,
1952). The experiments carried out for marine fish cultivation also by arti-
ficial fertilization of sea lochs in Scotland bring out the rdle of plankton in
the production of fish; the growth of fish was greater owing to increased
supply of food consequent on increased production of plankton (Gross et al.,
1944, 1946; Gross, 1947, a, b, 1949; 1949 (50), @, b; Raymont, 1947, a, b,
1949, 1950; Marshall, 1947; Marshall and Orr, 1948 ; Orr, 1947; Gauld,
1950). As Lewis (1929, p. 156) has observed by learning the relation of
the fish to its food environment, it may become possible by examinations of
fluctuations in the quantity of fish food, to evaluate the significance of one
of those factors that determine in advance the relative abundance of fish
for certain year classes. It may also become possible to determine the cause
for the apparent migration of certain fish”.

The Indian oil-sardine, Sardinella longiceps Cuv. et Val., and the Indian
mackerel, Rastrilliger kanagurta Cuv., constitute the bulk of the fishery
resources of the west coast of India and quite a considerable number of the
people of the region is dependent on these fisheries for their livelihood. Nair
and Chidambaram (1951) have discussed the magnitude and importance of
the oil-sardine fishery in the economic life of the people of the west coast and
later Nair (1952) has discussed the revival of this fishery after a long period
of lean years. Pradhan (1956) has reviewed the mackerel fishery of Karwar,
the most important centre for this fish on the west coast. The other fishery
resources are contributed by prawns, white sardines, the flat fish, Cynoglossus,
etc. (¢f- also Panikkar, 1952; Rao and Panikkar, 1949). |

In Text-Fig. 8, the total landings of fish for an extent of the west coast
of India, about 150 miles of the coast-line, north of Ponnani to Mangalore
(Zone 9 of the Central Fisheries classification), is graphically shown as also
the landings of the oil-sardine and the mackerel. In the same figure, phyto-
plankton data are represented as Harvey Units, and total zooplankton data
and that for Fragilaria oceanica Cleve in numbers. The general trend of the
fluctuation of fish landings shows that the quantity landed goes up following
the bloom of phytoplankton or even, sometimes, during the height of the
bloom as in June 1953. The fish landings at Calicut also reflect the same
trend as Zone 9 mentioned above and hence is not treated separately.* A
clearer appreciation of the relationship between plankton production and
fisheries is possible only if the fishes concerned are considered in relation to
their food habits and the constituents in the plankton. Therefore, the present

* My thanks are due to Mr. P. K. Jacob for supplying me with data relating to landings of
the oil-sardine and mackerel at Calicut collected by the Madras State Fisheries Department,




The Phytoplankton of the West Coast of India—1I 173
W ;_
£
& as.] 3
47T 3
5 40 s
<
,°4' 10?\ 2
z§ 3 | “ Sg
gg o b2
i |
2 2] Li? ¢
25 -10%
G 5
Lo’ £
20.] H
15 ] <
] 105
I
; 10.] Lo
z
g et
3 54 ! ﬂAcxmAt@
sARBing .
o

J'MANJJ“DHPJInAl‘\JJAbDI)JFMAHJJAso

NDYFMaAMIYL ABOND
1950 1951

1952 1953 1954

TexT-F1G. 8. Scasonal fluctuation in the quantity of phytoplankton, zooplankton and
Fragilaria oceanica in relation to the total commercial fish landings and of the mackere] and oil-
sardine on the west coast (Explanation in text).

knowledge we have on the oil-sardine and mackerel are considered here with
reference to plankton data and compared with similar observations else-
where to explain how such relationships are brought about.

The oil-sardine fishery.—In the course of his investigation on the ojl-
sardine, Nair (1952) established that the oil-sardine is a plankton feeder,
feeds mainly on phytoplankton and shows a preference to the Diatom, Fragi-
laria oceanica Cleve. According to Subrahmanyan (unpublished), this
Diatom has a life-span of three to four years, during which the quantity of
this Diatom in the plankton fluctuates, there being outstanding peaks of
production at intervals at about 4 years or so brought about by its mode
of reproduction. Similar cycles of abundance have been recorded for Rhizo-
solenia styliformis and Biddulphia sinensis in the North Sea (Wimpenny,
1936 b, 1946, 1956; Cushing, 1956). A study of the fluctuation in the
quantity of this Diatom, Fragilaria, and the oil-sardine landings led to a short
account by Nair and Subrahmanyan (1955) in which it was pointed out that
the bloom of this Diatom could be used as an indicator of the abundance of
the oil-sardine.
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In Text-Fig. 8, the quantitative fluctuation of Fragilaria during the
years 1950-54 and also the oil-sardine landings are depicted. The oil-
sardine fishery commences with the commencement of the Fragilaria-bloom
in the waters here. It would appear that as more and more sardines invade
the waters (as evidenced by increasing landings of fish) this plankton is
grazed down and becomes apparently almost depleted. The grazing activity
would seem presumably to start at the periphery of the phytoplankton patch
during the early part of the season and then gradually extend inward until
finally the bloom is grazed down. (It may be mentioned here, that during
the early part of the season, fishing activity is very much limited because of
the inclement weather conditions and, consequently, full exploitation of the
fishery during this season does not take place. This point is referred to later
below.) Savage and Wimpenny (1936) have observed a massing of both
zooplankton and the herring on the edges of the Diatom patches in the
southern North Sea and great intensity of fishing takes place along the edge
of the phytoplankton patch. :

After the main peak of the fishery has been attained and passed following
the main bloom of Fragilaria, it has been found, on some occasions, that if
an increase of this Diatom occurred in the waters, sardine also became avail-
able and once again the Diatom is grazed down along with some other
elements. Even when Fragilaria is apparently absent in the usual plankton
catches, gut contents of sardines have shown Fragilaria in not inconsiderable
numbers; the scarcity of this Diatom in the water may, perhaps, be due to
the grazing effect on it by the fish. Therefore, it seems probable, that the
relationship seen between this phytoplankton element and the oil-sardine
is somewhat similar to that seen in the instance of phyto- and zoo-plankton
relationship, viz., a direct one to start with which becomes inverse owing to
the grazing rate exceeding the multiplication rate of the Diatom.

Obviously, this relationship leads 1o the query whether one could expect
increased oil-sardine catches based on the intensity of the monsoon bloom
of Fragilaria; in other words, could the intensity of the bloom of Fragilaria
be an indication of the prospects of the oil-sardine fishery of the following
seasons ? Nair and Subrahmanyan (1955) adduced some evidence which
indicated that an increase in the abundance of this diatom could mean
increased oil-sardine catches. Records show (Subrahmanyan) that between
the years 1949 and 1954, Fragilaria had two outstanding peaks of production,
in 1949 and 1953 and it was surmised that the bloom of 1949 helped to revive
the fishery leading to increased landings in 1951-52 compared with earlier
years, which culminated in the outstanding landings of sardines for severa
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decades in 1953, in which year Fragilaria also showed an outstanding peak of
production (Text-Fig. 8).*

The relationship mentioned above between the oil-sardine and Fragilarig
naturally raises the question of the feeding habits of this fish. The observa-
tions (Nair, 1952) show that it is not exclusively dependent on Fragilaria
but only appears to show a preference for it. Many other species of Diatoms
as well as other organisms have been reported from its gut content. In the

conclusion on this subject. However, the observations on the California
sardine are of interest here, Lewis (1929) found that Diatoms and Dino-
flagellates are used chiefly as food by this sardine though, occasionally, Cope-
pods also are eaten: a definite relation exists between numbers and species

real objects of special pursuit. Radovich (1952) after the analysis of the food
of the same sardine, Sardinops carulea, came to the conclusion that this form
is a particulate as well as a filter feeder (also Cal. Co-op. Sardine Res. Pro-
gram, 1952, p. 24). The presence in the gut of the oil-sardine here of several
other species from the plankton and the absence of Fragilaria on some occa-
sions (when this Diatom is not present in the water obviously) would indicate
that the large quantities of Fragilaria when present is due to g particulate
form of intake of food.

The mackerel Jishery.—Studies made so far on the feeding habits of the
mackerel show that the mackerel is an omnivore (John and Menon, 1942;
Chidambaram, 1944; Bhimachar and George, 1952). Zooplankton, parti-
cularly, Copepods, constitute the bulk of its food. Tt may be mentioned that
Copepods generally are the dominant elements of the zooplankton.

Discussing the correlation between mackerel food and the plankton,
Bhimachar and George (1952) state that the composition of the plankton
in the water is reflected in the gut content of the mackerel. except for certain
“non-edible ” forms like Noctiluca, Salps, Medusz and so on, and food

composition varies from season to season. A somewhat similar relationship
_ .

* The next outstanding bloom for Fragilaria was expected in 1957 south-west monsoon
(writer’s calculation); this has come true as also a very good oil-sardine fishery during the 1957-58
fishing season. ’
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has been found by Kow (1950) in his observations on the food habits of the
fishes of Singapore Straits. These accounts would indicate that the mackerel
concerned is not quite discriminate in its mode of intake of food except to
the extent of * avoiding »* certain forms (¢f. Pradhan, 1956, pp. 168-71, also).

The fluctuation of the mackerel fishery alsois shown in Text-Fig. 8.
Though no such close relationship between the mackerel and any other factor
is evident as was found between Fragilaria and oil-sardine, it may be seen that
there is, to some extent, a direct relationship to start with between phyto-
and zoo-plankton on the one hand, and mackerel on the other which, later
on, as the consumption of plankton increases, becomes inverse. It may be
seen from the figure that mackerel catches are of a higher order when the
standing crop of zooplankton is lower; in other words, zooplankton crop
never reaches a high peak when mackerel is present. Until more is known
about the feeding habits of the mackerel and of the quantitative composition
of the food ingested, and the cycle of occurrence of the several organisms
constituting its food and their relative abundance in the water, no indicator
organisms can be specifically recognized.

As there is not much information available about the food of several
other fishes of commercial importance on the west coast of India no further
attempt at correlation is possible now (cf. however Seshappa and Bhimachar,
1955). However, it may be mentioned that considerable quantities of prawn
are landed here which also form an important fishery during the months
following the main outburst of phytoplankton. The food of the prawn
also consists of considerable quantities of phytoplankton elements, parti-
cularly Fragilaria, Cascinodiscus, Pleurosigma, Navicula, Cyclotella, etc.
(Menon, 1951), on some of which the prawn feeds when the elements sink
to the bottom while others feed at the bottom. The food of Kowala coval
(Cuv.), the white sardine, also consists of plenty of phytoplankton elements
(see Nair, 1951, Table I). It may be noted that the peak of the fishing
season succeeds the main production of phytoplankton on this coast.

It may be pointed out that with the commencement of the south-west
monsoon, owing to the stormy weather, regular fishing operations are at a
standstill, till calmer conditions prevail in the sea, about August. So, absence
of fish landings during this early part of the period may not be entirely due to
the fishes being absent from the waters, but absence of fishing operations.
It may be seen from the data that good landings can be expected even during
the peak period of the monsoon as may be seen from the landings made in
June 1953, when the fish mainly caught was the oil-sardine, a phytoplankton
feeder (Text-Fig. 8). Fishing operations are possible during this season in
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some years, when mud bank formation occurs along this coast, as it did in
1953. During the occurrence of mud banks, as mentioned earlier, the sea
is calm in its environs and fishermen are able to take their canoes out; other-
wise, the strong surf near the shore during rough weather prevents them from
launching their boats. The topography and presence or absence of the mud
banks seem to influence the fishing operations here during these early south-
west monsoon months. i It is possible that during these months also good

catches of fishes can be obtained if it were possible to carry out fishing opera-
tions. :

Similar observations on the pelagic fisheries and plankton production
made elsewhere also lend support to those recorded here. In the case of
the Atlantic mackerel, Scomber scombrus, according to Sette (1950, pp. 294,
305) “mackerel catches coincided with ‘plankton concentrations to suggest
that the mackerel tended to travel or tarry in waters richest in plankton
content. However, if the feeding of the mackerel reduces a zooplankton
concentration rapidly severely, one would expect an intially positive correla-
tion between mackerel and zooplankton to become 2 negative one as feeding
proceeds ”.  After giving more details about the feeding of the mackerel,, -
Sette (l.c., p. 295) observes that “ while there is no evidence that local
mackerel and zooplankton concentrations tended to coincide with each other,
the agreement of plankton abundance and the presence of the mackerel in
general suggests that evolutionary processes have brought about a habit
pattern in which this species reaches various areas along its route of spring
migration at a time when, on the average, feeding conditions are favourable™.
It is possible that what has just been stated here about the Atlantic mackere]
may prove equally true of the oil-sardine and the mackerel of this coast of
India.

The other example concerns the Calanus-herring relationship in the
northern waters which has been studied in great detail from all aspects—
production of Calanus, abundance of same, feeding of herring on Calanus
and so on—by several workers (Bigelow, 1922, 1926 ; Bogorov, 1934;
Boldovsky, 1941; Bowers and Williamson, 1950 Cheng, 1941; Cushing,
1955; Farran, 1928; Fish, 1936; Fuller, 1937; Fuller and Clarke, 1936;
Gibbons, 1936; Hardy, 1924, 1926 ¢; Harvey, 1937 a; Henderson, 1936;
Henderson et al., 1936; Jespersen, 1928, 1932, 1936, 1944; Jgrgensen, 1924 ;
Lucas, 1936 5; Marshall, Nicolls and Orr, 1939; Marshall and Orr, 1952;
Ogilvie, 1934; Rees, 1949; Ruud, 1929; Sanders, 1952; Savage, 1926,
1931, 1937; Wimpenny, 1933, 1936 ). These investigations show that the
production of Calanus finmachichus depends on phytoplankton production,
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that the herring feed on Calanus most intensively in May and June and at
that time Culanus is present in great abundance and is available to the herring
and that the herring landings are related to the presence of Calanus. It has
been found that abundance of Calanus and good landings of herring coincide
and scarcity of Calanus portends poor landings of the fish. Savage (1937)
and Cushing (1955) have clearly brought out the relationship between herring
landings and Calanus depletion based on the former’s feeding habits. Some-
what similar relationships have been found between Calanus finmachichus
and sei whales, Balaneoptera borealis (Hjort and Ruud, 1929) and also between
Euphausia superba and the blue and fin whales in the Antarctic (Mackintosh,
1934; Hardy and Gunther, 1935).

On the west coast of India as mentioned already, the patch of phyto-
plankton consisting of mainly Fragilaria during the peak period, on most
of the occasions, is very extensive. Hence, it may be presumed that, as
observed by Cushing in the case of the herring, the oil-sardine shoals scatter
to their minimum size before or during the first stages of feeding on
Fragilaria; and as long as there is an abundance of Fragilaria (as during June
and July and sometimes August) searching within the patch will be at a mini-
mum and therefore the shoals will be small; the catches of oil-sardine during
this period also is small as in the case of the herring in the Shields area. As
Fragilaria thins out, searching within the patch, now broken into a series of
smaller patches (in the early part of the period of bloom, the content of
Fmgilaria in the water is more or less uniform and occurs on almost all days,
but later on it is seen on some days only and on other days is absent, prob-
ably a result of the breaking up of the patches due to the feeding effect)
will increase, and the shoals, no longer dispersed by continuous feeding
activity, might also increase in size. Hence, there might be a relation here
also, as in the case of the herring, between the length of time, between com-
plete aggregation and complete annihilation, and the subsequent level of the
landings. If this period is prolonged there is time for shoals to thicken up
as they ‘ mop up ’ the Fragilaria. 1t is possible that here also, the bulk of the
fishery is a feeding fishery. The level of landings, therefore, in such a fishery,
is directly related to the time for destruction of the Fragilaria patch. It may
be mentioned that the landings of the oil-sardine are of small magnitude
during the beginning of the season perhaps due to the smaller shoals en-
countered and also, on this coast, due to limitations of fishing operations
caused by inclement weather; and, as in the case of the herring, the landings
increase later on when the Fragilaria patch is almost  mopped up * and larger
shoals are encountered. The peak of the fishery is attained then when there
is apparently no Fragilarig in the water, In the period following, it has been
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found (Nair, 1952) that when Fragilaria occurred, oil-sardines were also
available on some occasions, It would appear that high landings of ojl-
sardines is related to an early and rich supply of Fragilaria as in 1953.

It is an interesting fact that both sardines and mackere] appear earlier
in the south and slowly extend northwards and their disappearance follows
a reverse pattern (Panikkar, 1952, p. 765). It was mentioned carlier that
the south-west monsoon breaks earlier in the south and the bloom of phyto-
plankton and zooplankton also begins earlier in the south and spreads north
and the current circulation at this time is from the north to south; itis
Possible that the migration of the fishes at this time is dye both to
the increasing bloom of plankton, its food, earlier in the south and its Spread-
ing north and also their tendency to swim against the flow of current. In the
latter period, the current becomes reversed and flows from the south to the
north and the bloom of plankton during this period depends more or less
on the influx of the Bay of Bengal water into the Arabian Sea and, probably,
the intensity of the bloom is greater as one proceeds south; and, the move-
ment of the fishes and their disappearance starting from the north to the
south would appear to be correlated with the bloom of plankton and their
tendency to move against current. Therefore, the Séquence of appearance
and disappearance of these fishes may be related to the water movements
and plankton bloom; and, it is possible, as observed by Sette (1950, p. 295)
that these fishes reach various areas along their route of migration at times,
when, on the average, feeding conditions are favourable.

XVI. MAGNITUDE OF Fisu ProbpucCTION 1IN COMPARISON WITH
PHYTOPLANKTON PRODUCTION AND THE Prospects or FuTure
HARVESTS FROM THE SEA ON THE WEST COAST

In the earlier sections of this acount, the magnitude of the standing crop
and the interrelationships between phytoplankton on the one hand and
nekton on the other have been dealt with. The high fertility of the waters
on the west coast of India and the factors governing the production of phyto-
plankton will be discussed in Part IT of this paper. As man has to depend
on the fishery resources to partake of the production of organic matter in
the sea, itwould be interesting here to assess the magnitude of the tota] quantity
of phytoplankton produced annually in our waters and how jt compares
with the landings of commercial fishes. The answer should throw some light
on the intensity of exploitation going on at present, and whether there is
scope for increased exploitation in the future, or whether we are already

depleting the stock. The magnitude of plankton production in relation to

fishery resources have been reviewed by Riley (1950) and Merriman (1950)
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who also advocate culture of oysters and clams, which are found at the
bottom of the food chain, to make the best of this huge production of matter
by the minute organisms in the water (see also Clarke, 1950).

The problems concerning the fishery resources, conservation, exploita-
tion and research and so on in India have been dealt with by many (Rao
- and Panikkar, 1949; Rao, 1949; Chopra, 1951; and Panikkar, 1952).
It is generally expected that with improved technique and gear as well as
exploitation of wider areas, increased landings would result, but, as yet, we
have no scientific basis to support this expectation; however, it is interesting
to note that recent attempts at fishing with the aid of mechanized vessels off
Bombay have yielded increased output (Panikkar, 1952, pp. 743-49). The
vagaries of fish landings have led some even to believe that already we are
over-exploiting the resources. Therefore, it would be worthwhile to examine,
at present somewhat on a hypothetical basis, the extent of the fishery
resources as could be calculated from the results of the investigation of the
phytoplankton on the west coast described in this paper.

The magnitude of the production of phytoplankton in different waters
has been estimated by various methods by several authorities and, generally,
it has been found to be several times that of commercial landings of fish.
Riley (1950) states that this could be even 1,000 times the commercial catch
of fish. Several methods have been adopted in arriving at the estimation
of production of phytoplankton and organic matter in the hydrosphere,—
oxygen production during photosynthesis, utilization of carbon dioxide and
autrient salts (referred to below; ¢f. also Moore et al., 1914; Gaarder and
Gran, 1927; Gran and Thompson, 1929-31; Steemann Nielsen, 1932,
1937 b, 1951 b; Sverdrup et al., 1942, p. 938) and, recently, radioactive
carbon, C%, has been employed in the estimation of the production of organic
matter (Steemann Nielsen, 1951 a, 1952, 1954). Some of Riley’s estimations
for the American waters, particularly the Sargasso Sea (Riley, 1939) and of

Seiwell (1935 a) for the tropical western north Atlantic are considered too high

by Steemann Nielsen (l.c., ¢f. however Riley, 1953). Riley (1944) has given
an estimation of the production of organic matter for the whole world, water
and land (¢f. also Clarke, 1946; Kalle, 1948; and Krey, 1953).

~ Some of the estimations of the production of phytoplankton are given
below (1-8 from Gilson, 1937) as they are of interest in the discussion that
follows:—
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Production:
‘ grams/metre/
Author . Region Method  square/day ~
wet weight
1. Atkins (1923) .. English Channel Co, 83
Cooper (1933 b) .. English Channel Various 8-3
Marshall and Orr (1927) .. Clyde ' 0, 26-3
Gran (1927) .. Bergen 0, 6.7
Gran (1927) .. (Culture) 0, 25-0
Gran (1929 b) .. Ramsdalsfjord O, 2- 14—§~ 94
Fgyn (1929) .. Lofoten 0O, , 186
Seiwell (1935a) .. Tropical Atlantic 0, 12-7
Gilson (1937) .. ArabianSea = NO, 144

It was not possible here, owing to the limitations of equipment, etc.,
to estimate production by any of the methods mentioned above. Neverthe-
less, based on the high nutrient salt content of the water on the west coast,*
the high standing crop of plankton noticed in terms of pigment units and dry
weight and of zooplankton, etc., and a higher rate of metabolism possible
in this tropical environment, it may be assumed that the production of plank-
ton here is very much higher than in some of the temperate regions. The
bulk of the producers, the Diatoms, are very much similar in the nature of

, their composition. The ratio of P: N: Si in the waters of the present rcgion_
‘is the same, as in the temperate regions like the English Channel (Part II).

The ratio of these elements in the plankton may also be similar as also the
mode of intake and assimilation; but, the temperature conditions as well
as illumination do not appear to be limiting factors for the maxinfum produc-
tion of life in these waters. :

Gilson (1937) states that the production in the Arabian Sea calculated’
by him is of a higher order than in many temperate regions, particularly the
English Channel. 'Gilson’s estimation was during a period, as revealed by
the present investigation, after the peak of production of phytoplankton had
waned. Even then, comparison of the standing creps recorded by him and’

* This aspect is discussed in Part II of this account.
Bb
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in the present area by the writer shows that production is several times higher
at the Calicut stations during the same season. Using the C' technique,
Steemann Nielsen (1954) found that the production near the mouth of the
English Channel to be of the same order of magnitude as estimated by the
Plymouth Laboratory from the decline of phosphate values of spring to
summer (Atkins, 1923; Cooper, 1933 b); considering the period of maxi-
mum production of phytoplankton to be from March to June, the value found
was 470 milligrams C per square metre per day. In a similar manner, the
maximum production recorded by him in the Indian Ocean was 332 milli-
grams C per square metre per day in a region near the southern end of the
Indian Peninsula (Steemann Nielsen, 1952). (The time of the year is not
stated.) The above value for the Indian Ocean is stated by the author to
be low by 30% and, therefore, the corrected value comes to nearly 432 milli-
grams, not much different from that found for the Channel during the peak
season. The production, when evaluated after considering all the points
noted above, for the west coast of India over the continental shelf a wider
area of greater depth than that investigated (15 metres), a very highly fertile
region, is likely to be several times that found in the English Channel, at
least 6 times on the average.

For the English Channel, Cooper (1933 5, p. 744) has calculated the
intensity of phytoplankton production based on the utilization of phosphate,
nitrate, silicate, carbon dioxide and oxygen similar to the earlier estimations
made by Atkins (1922, 1923). The minimum production calculated by him
for an area of 82,100 square kilometres and of 72 metres depth on an average,
as per rate of production cited above, was found to be 115 million metric
tons annually. The total landings of commercial fish in the English Channel
ports in UK. and French coast in the year 1928 was 71,000 metric tons;
the fraction of fish landed to total production of phytoplankton works out
to 0-0006 or 0-069, only in an area very intensively exploited by modern
methods; probably, that is all what can be obtained as fish out of the total
production of matter. :

In a similar manner, on the basis of the higher rate of production on the
west coast of India (6 times) compared with the Channel, the phytoplankton
production may be estimated and correlated to commercial landings. The
present area fished on the west coast of India extends approximately 1,200
miles by 7 miles with depth not exceeding 40 metres. The potential fishing
area could easily be 1,200 miles by 50 miles (nearly half the width of the
continental shelf) equalling 60,000 square miles, i.e., 155,400 square kilometres
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and to a depth of 100 metres.* Therefore, the production of phytoplankton.
at the rate mentioned above in an area of 1,55,400 square kilometres amounts
to:—

Production in the English Channel = 1,400 metric tons per sq. metre
sea surface of depth 72 metres (Cooper, 1933 b).

Production of phytoplankton on the west coast of India per sq. metre

sea surface of depth 100 metres at 6 times the value of the Channel in 155,400
sq. kilometres

1,400 100 %6
= ———— X1,55,400
72

= 1,813,000,000 metric tons.

Data available from the statistics of marine fish landings in India show
an average catch of 5,61,900 metric tons annually (average of five years
landings, 1950-54, based on 'Central Marine Fisheries Research Station
Annual Report, 1955) from the Sea; of this quantity 4,55,900 metric tons,
i.e., 80% are landed, on an average, on the west coast. The probability of
the west coast being more productive has been indicated by Panikkar (1952,
p. 756).

Therefore, the proportion of fish landed on the west coast to phyto-
plankton production .

, 4,55,900
= = 0-00002515, i.e., 0-0025%;.
1,813,000,000

This low percentage would indicate that only a small fraction of fish
produced appears to be landed assuming that the same proportion of phyto-
plankton is ultimately converted into fish as in the Channel.

This aspect of the question may now be examined in the light of the
results obtained by the John Murray Expedition (Gilson, 1937, p. 59) in the
Arabian Sea. The value of phytoplankton production calculated amounted
to 14-4 grams per metre-square per day for a depth of 55 metres in the open
sea. The value was arrived at based on nitrate consumption during a period
of five months from end of September to end of February. As pointed out in
the present account, the bloom of phytoplankton during this period of the
year is far less than that during the earlier period, the south-west monsoon,

* In the North Atlantic, according to Riley (1939) phytoplankton can occur up to 400 metres
depth; so the basis of 100 metres cannot be an overestimation,




184 ' R. SUBRAHMANYAN

the period of maximum production on this coast. The production of phyto-
plankton in the region studied by the Expedition also, during the south-west
monsoon season, is definitely likely to be greater; hence, the value found by
the Expedition is a very low estimate and, even as such, as pointed out earlier,
is of a higher order. Therefore, the surmise made here that, on an average,
the production in the present area is likely to be 6 times that of the Channel,

is not far wrong, for, nearer the coast on the continental shelf the fertility of

waters is also known to be higher (Sverdrup et al., 1942, p. 944) and, on the
west' coast of India, it is more so for several reasons already dealt with (see
also Part II). Further, the record of the standing crop of phytoplankton
estimated by the Expedition is of a far lesser magnitude than that found on
this coast. Nevertheless, a comparison of the magnitude of production of
phytoplankton at the same rate observed by the Expedition and the fish
landings may be made. The production at the rate of 14-4 grams per day
per square metre for a depth of 55 metres and extent of the fishing area
assessed above of 155,400 square kilometres, works out to 820,000,000 metric
tons and the proportion of fish landed, 455,900 metric tons, to production
of phytoplankton, works out to 0-00005558 or 0-0056%.

In both instances, it is seen that the quantity of fish landed is of a lower
magnitude when compared with an intensively exploited area like the English
Channel where the percentage of landings works out to 0-06%;, nearly 10-30
times the values arrived at for the present area. It may, therefore, be stated
that on the west coast of India, a more intensive exploitation of the sea over
a wider area within the continental shelf alone is likely to increase the harvest
from the sea considerably. . *“Quite possibly 7, as Riley (1950) observes, “ the
world’s fish catch could be increased five or ten times or more”. This may
possibly apply to the west coast of India also. As Steemann Nielsen (1952,
p. 138) states, “ the Investigation of the production of matter can give

- valuable information on local possibilities of large-scale fishing”.

N XVII. SuMMmARY
1 A detailed quantitative and qualitative study of the phytoplankton,

the main groups comprising the.same and the total zooplankton, extending
over five years at a-station on the south-west coast of India, at Calicut, is
reported and the interrelationship between plankton production and fish
landings discussed. This is the first time such a detailed investigation lasting
over several years has been attempted in a tropical environment and in India
in particular. |

- 2. . The physical and climatic features of the area is given including
particylars relating to ocean currents and sea bottom. It is shown that
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‘Calicut is very much typical of a large extent of the west coast of India and is

essentially a tropical environment.

3. The biological year here may be said to commence in the middle of

April when the first signs of the oncommg south-west monsoon become
evident.

4. Standard methods have been employed in the study of the plankton.
Plankton from net samples, particularly vertical hauls, and water samples,
have been studied by enumeration, extraction of plant pigments and estima-

tion of dry weight, for making a quantitative and qualitative assessment of
the standing crop.

5. The fluctuation of the standing crop in terms of the number of
phytoplankton organisms and plant pigment units (Harvey Units) is almost
identical. The standing crop of phytoplankton is at its maximum during
the south-west monsoon months (May to September-October), attaining
the peak in July; from then on falls reaching the minimum in November.
There are one or more pulses of production during the north-east monsoon
season also (October-November to April).

6. The total quantity of phytoplankton‘ shows variations from ‘year to
year depending on the nature of the flora concerned in the blooms.

7. The standing crop during the south-west monsoon is predominantly
composed - of phytoplankton and during the north-east monsoon season,
zooplankton constitutes the bulk of the crop.

8. In terms of dry weight, the fluctuation of the quantity of plankton
is not marked by such large oscillations as seen in the former instances. A
striking point noticed was that of a close approximation between the ratio
of the standing crop during the south-west monsoon season (bulk of phyto-
plankton) and the north-east monsoon season (bulk of zooplankton). The
ratio was found to be 1:0-9, and it is surmised ‘that the quantity of living
matter that a mass of water can support, the biomass, is in equilibrium
irrespective of the nature of the constituents, plant or animal.

9. The magnitude of the standing crop in terms of the number of
organisms, plant pigment units and quantity of carbon, in a unit volume of
water, is shown and compared with similar observatlons from several regions
in the tropical, temperate and Arctic waters. It is seen that the standing crop
in the present area is of a very high order and the area is one of the most
fertile regions of the world for phytoplankton production, ‘
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10. Some particulars are given relating to the horizontal and vertical
distribution of the phyto- and zoo-plankton.

11. The phytoplankton is composed of mainly by the Bacillariophyce
(Diatoms); the Dinophycew, Cyanophycez, Silicoflagellate and Coccoli-
thines occur next in the order mentioned. The Bacillariophyce® constitute
the bulk of phytoplankton throughtout except on rare occasions when the
phenomenon of “ discoloured water ” occurs owing to the dominance of a
single organism in the water to the total exclusion of others.

12. The seasonal fluctuation of the Bacillariophycee follow closely
that of total phytoplankton outlined above as they form the bulk of the flora.

13. The Dinophycez also have a peak during the south-west monsoon
season, in June or July, and one or more peaks of production during the
north-east monsoon season.

14. The Cyanophycez (Myxophycez) attain the maximum develop-
ment during the north-east monsoon season in the warmer months. The
other groups occur sporadically during the year.

15. The total number of zooplankters increases with the increase of
the Diatoms. The zooplankton composed of smaller forms shows a peak
in August, during the south-west monsoon season, immediately after the
peak of the phytoplankton. During the next season there are one or two
pulses of development composed mainly of larger forms.

16. The phenomena of “ discoloured water” observed are described
briefly. :

17. The seasonal fluctuation of phytoplankton and zooplankton is
compared with the earlier observations in India and elsewhere and discussed.

18. The phytoplankton-zooplankton relationship observed here is
described and discussed with data from other localities.

19. The relationship between commercial fish landings, and phyto-
and zooplankton standing crop is indicated. A close relationship was
found between the standing crop of phyto- and zoo-plankton with the total
quantity of fish landed, particularly with the landings of the oil-sardine and
the Indian mackerel, which are plankton feeders. An intimate relationship
appears to exist between the oil-sardine and the Diatom Fragilaria oceanica
which occurs in large quantities during the south-west monsoon season anc{
this relationship is discussed, - | ’

= T

A

%t
"
1




The Phytoplankton of the West Coast of India—I 187 i

20. The magnitude of the phytoplankton production on the west coast
of India has been tentatively estimated and contrasted with the total landings -
of commercial fish on the west coast. It is found that the fish landed repre- |
sents only a very small fraction of the total production of phytoplankton, o
and compared with an intensively exploited area like the English Channel,
it is pointed out that there is vast scope for increased exploitation with
positive results on the west coast of India.

(Literature and Acknowledgement at the end of Part II)
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