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" ABSTRACT

In a highly turbid and polluted estuary the C! assimilation is nearer
to net production and the diurnal rhythm in photosynthesis is associated
with the increase and decrease in daily illumination. There is no decline
in the rate of photosynthesis at peak illumination but the difference
between forenoon and afternoon production is significant. Photo-
synthesis measured in relation to illuminations gave different light satura-
tion optima on different days probably due to highly variable nature of
phytoplankton population.

Estimates of gross and net primary production were made for the
thin euphotic zone, the latter after computing the respiratory losses
occurring during day and night which were large and inconsistent.
Seasonal changes in the production rate were not well marked and
showed only 3-4 fold increase in certain months. For most of the year,
primary production seemed non-existent at depths greater than about

4 metres.

None of the factors such as temperature and nutrients seems to be
limiting in the estuary. Monthly variations in total solar radiation are
. not sufficiently large to affect seasonal changes in production, but the
light penetration is greatly reduced which limits column production.
Seasonal variations in salinity, primarily induced by the monsoon cycle,
initiate a succession of brief pulses of bloom. The stability of the
euphotic zone is important for maintaining plant population within the
narrow zone of illumination and for favouring production. The range in
carbon assimilation to chlorophyll ratio was large which signifies that
photosynthesis and chlorophyll maxima are non-synchronous. From
the assimilation ratio determined experiméntally the estimates of pro-
duction were made from radiation and chlorophyll data.
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The interrelationship between carbon assimilation, chlorophyll and
detrital material has been discussed and the annual estimates of gross and
net production have been given. The efficiency of the environment to

" convert solar energy into chemical energy was about 0-49,. A general lack
of zooplankton grazers in the estuary leaves behind a considerable
surplus of unconsumed basic food, much of which seems to be lost by
sinking below the narrow euphotic zone.

INTRODUCTION

ALTHOUGH considerable knowledge has been gained in recent years on the
organic production of natural bodies of water (see e.g., Yentsch, 1963;
Strickland, 1965; Raymont, 1966), practically nothing is known on the
productivity of tropical estuaries, backwaters, lagoons and mangrove-
swamps. A critical examination of the literature shows that perhaps one
of the most intriguing problems of organic production today is to determine
the extent to which the environmental factors influence the productivity
rhythm. Leaving aside some of the classical controlled experiments where
natural phytoplankton populations or laboratory cultures have been used
as convenient types for specialized studies on primary production or the
theoretical approaches which could be used to predicting changes only in
such environments where extremes of hydrographical conditions seldom
exist. In this respect a tropical estuary can be considered a unique environ-
ment where changes in physical, chemical and biological properties, both
in time and space, are really extreme, and the influence of these on primary
production though very often difficult to explain, makes it an extremely
interesting environment to carry out such studies.

In attempting to present this work, despite the limitations in the know-
ledge of many environmental factors which are quite apparent, the main
emphasis has been not only to determine the daily and seasonal rates of
primary production, but to give a critical appraisal of how the observed values
arise—which as it is understood now, are because of the interaction of a
host of environmental factors (Steele, 1961). Earlier accounts on this
estuary have dealt with the estimation of plant pigments (Qasim and
Reddy, 1967) and the solar radiation wih its related aspects (Qasim
et al., 1968). '

PROCEDURE AND METHODS.

As shown in Fig. 1, four stations in the upper reaches of the estuary
were selected for initiating a programme in June 1965 on the hydrography
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and primary productivity. In choosing these stations our interest has
primarily been to work in a highly dynamic and typically estuarine condition,
rather than moving down to lower regions of the estuary, close to the rivers,
where conditions are always nearly freshwater. At these stations which
were spread over short distances apart, 3-4 km each, the salinity changes,
particularly during the monsoon months (June-September), were consi-
-derable.

2, .

ERNAKULAM 3

ARABIAN SEA

Fig. 1. Map showing the station positions in the upper reaches of the estuary (Cochin
Backwater) where data on hydrography were collected. Closed circle indicates station 2 where
measurements of primary production were made.

From all the four stations water samples at different depths and phyto-
plankton  and’ zooplankton at subsurface level were collected at fortnightly
intervals throughout the year. As part of the programme the various
estimations included the in sifu measurements of the rate of photosynthesis
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(only at station 2), the measurements of physical parameters such as tem-
perature, salinity, light penetration, seston, cte.; chemical features such as
alkalinity, pH, nutricnts and plant pigments and biological features, namely,
the phytoplankton and zooplankton standing crops. Other parts of the
same programme included studies on the microbial flora, fish and benthos.
A detailed account of the various environmental features demands more
space and will be dealt with under separate communicitions.  For the pre-
sent discussion which follows, the data relevant to organic production were
processed in a form suitable to clarify the various points.

TuE ENVIRONMENT

Some introductory remarks on the gencral features of the Cochin
Backwater have been made carlier (Qasim eral., 1968). The backwaters,
as the name implics, include a system of interconnected lagoons, bays and
swamps penctrating the mainland and enclosing many islands in between,
whose total area amounts to approximately 500 square kms. The backwater
around Cochin is located along Lat. 9°58' N and Long. 76" 15 E. The
upper reaches of this backwater are connected with the Arabian Sea by
a channel, 450 m wide (Fig. 1). These regions are relatively deeper, with
depth ranging 5-15m, and are marked with flushing of the estuary with
flood and cbb tides whose maximum range 1s about | m. The lower reaches
of the estuary are shallower (2-5m deep) with little or no tidal influence and
have a markedly low salinity. The permanent sources of freshwater in the
estuary arc the two rivers, namely, the Periyar on the north, and the Pampa
on the south, in addition to several small tributaries, irrigation channels and
innumerable drains. The estuary provides an access to all types of boats,
country-crafts, ferries, ctc., including the ocean going vessels to the Cochin
harbour which is situated ncar the channel on one of the islands called the
Willingdon Island (Fig. 1). Because of considerable influence of land and
harbour, the portion of the estuary shown in Fig. | becomes very polluted.

Table | gives some of the hydrographical features at station 2 whose
influence on organic production is discussed in a later section of this paper.
It can be scen from Table I that most of the parameters are adapted to an
annual rhythm, showing sharp changes during the monsoon months (June-
September), with the onset of rain. In the post-monsoon months (October—
January), the variations in these parameters remain still well marked, but
during the pre-monsoon months (February-May) the conditions become
relatively uniform and remain predominantly marine. The most important
feature worth noting is the high turbidity in the estuary as is evident from the
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attenuation coefficients of light (Ky,) given in Table I : The el_lphot.ic zone
as determined from the compensation depth (1), of incident illumination)

seldom exceeds 4-5 m.
RATE OF PHOTOSYNTHESIS

The rate of photosynthesis was measured by using light-dark-l?ottle
oxygen technique and the radiocarbon (C') method of Steemann Nielsen
(1952). Experiments dealing with the oxygen changes were cond‘ucted
in situ throughout the year by using a float at station 2. In each experiment
duplicate or triplicate sets of 100ml bottles were used at various depths
of the euphotic zone which was predetermined by using a submarine photo-
meter (see Qasim efal., 1968). All customary precautions were taken to
ensure maximum sensitivity of the method (Strickland, 1960). Since the
estuary was always characterised by a high phytoplankton crop, an incuba-
tion of 2 hours gave a measurable change in the oxygen concentration.
However, for all routine observations a 6-hr incubation was considered an
ideal time-interval to illustrate the change (see below). The factor for
converting the oxygen changes to carbon assimilation was (0-375/PQ), where
the value of PQ was taken as 1-2 (Strickland, 1960; Antia et al., 1963).

The C* method was used concurrently with the oxygen method at all
depths. In each experiment 60ml (pyrex) light and dark bottles were
inoculated with 0-4uc C“ (4uc Danish ampoules diluted with 170 mg/1
NaHCO, solution; taking the strength of the diluting NaHCO, almost the
same as in sea-water), and incubated in situ for a period of 6 hours under
natural illumination. Trial experiments conducted earlier with various
concentrations of the ampoule showed that because of excessive particulate
matter present in the water, the accuracy in the results was greater when
the incubations were made in small bottles with ten times dilution of the
ampoules. The presence of inert material in the water increased the dark
fixation of radioactive carbon (adsorption effect). The percentage occur-
rence of dark uptake when calculated as a percentage of carbon assimilation
in about 100 experiments was found to be <17 in 7% experiments, 1-5%
in 62, experiments, >5-10% in 15%, experiments, >10-25%; in 10% experi-
ments ajmd >25-50% in 6% experiments. Since in the light bottle the
adsorption effect would be similar to that of the dark bottle (blank), this
efifc;ct will be self-cancelling when the counts are corrected. In turbid con-
ditions, another important factor to be considered is the self-absorption
as th.e thickness of the particulate matter deposited on the filters would’
contribute to this effect, To a large extent, the self-absorption could be
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minimised by using small volumes of incubating samples (40 _ml in GOdfi’g
bottles). The maximum values of seston (total suspended material) recor tl
in the backwater, only on few instances, were of the order of 100 mg;
Allowing the counting rate in 20 mg/em? thickness as 10% in terms of zero
thickness (Strickland and Parsons, 1965), the loss of activity by self-absorp-
tion in 100 mg/l will be as follows:

Filtering area = approximately 25 mm circle when
35 mm diameter filters are used
or = 5 cm.?
If seston - = 100 mg/1
and sample filtered = 40 ml/l
the seston on the filter = 4 mg or 0-8 mg/cm?®
Therefore, the loss of activity at i |
the rate of 90% per 20 mg/cm? = 3-6%.

This loss corresponds to the maximum value of suspended material.
Normally, for most of the year, the seston values range between 5-30 mg/l,
and therefore, at these concentrations the loss of activity due to self-absorp-
tion would be about 19 or less. This assumption, however, does not take
into consideration the self-scattering of B-radiation, which, according to
recent findings (Steemann Nielsen, 1965), may cause substantial error in
counting even at 0-5mg/cm? thickness.

All experiments were carried out at about the same time during the
day, 0600-1200 hours. After the completion of the incubation the samples
were filtered through Géttingen membrane filters. The filters were washed
with filtered sea-water, dried in special holders and counted using a thin
window gas flow proportional counter. The counts were corrected for
background, dark-bottle uptake and for isotope effect (factor 1-05 was
used) and the rate of photosynthesis in mgC/m?/h was calculated by the usual
method. The total activity of the ampoule was determined by scintillation
counting.

It has generally been thought that the C** method gives a measure of
net production (Ryther, 1956 a; Antia et al., 1963), at least when the incuba-
tions are prolonged (Strickland, 1960), or somewhere between gross and
net productions but nearer to net production (Steemann Nielsen, 1964), or
lower than net production (McAllister ef al., 1964). In the present investga-
tion, since the estimates of gross and net production by the O, method were
available it was considered worthwhile to compare these with the Cia values,
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Figure 2 ¢ and b show the gross and net values as a function of C“ uptake-
It can be seen from the ﬁgure that in both cases there is a considerable scatter
in the points. However, in each case the scatter is less when the production
values are low, and increases with the increase in the rate of photosynthesis.
The ratios between gross production (O,) and C* ranged from 0-17 to 8-37,
average = 1-99 with S.D. 4 1-61. The range in the ratio between O, (net)
and CY, on the other hand, was relatively less, 0-25-7-09, average = 1-86
with 8.D. -+ 1-45. This was largely because of the losses through respira-
tion or excretion, the former, as will be shown later, varied considerably
from month to month. It can therefore be concluded that the C* method
gives an estimate of production which is nearer to net than gross.
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Fic. 2. The relation between rate of photosynthesis measured by O, and cu methods
(a) gross production vs. C** uptake; (b) net production vs. C} assimilation.

INcuBaTION TIME AND DIURNAL RHYTHM

In an attempt to determine a most suitable incubation time for estimat-
mg the pnmary productlon over a day, several series of expenments were
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carried out using oxygen and C% techniques for different periods of incuba-
tion. For each series, suitable aliquots were taken from the surface water
collected in a plastic bucket during the early hours of the morning. These
were immediately inoculated and suspended in replicates from a float at
0600 hours under natural illumination. After every 2 hours the bottles
were withdrawn and analysed. The difference between two successive read-
Ings gave a two-hourly production. The results of four experiments con-
ducted in June and July 1965 are shown in Fig. 3. It can be seen from the
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Fic. 3. Diurnal variations in the photosynthetic activity in each of the four experiments ;

C14 uptake (solid lines), net O, production (broken lines). Top figure shows two extreme conditions
of diurnal illumination. '

figure that the rate of photosynthesis measured by C* and O, methods
showed wide discrepancies. The oxygen values though still measurable
were ‘inconsistent, presumably because of the lack of sensitivity inherent
in the method when the incubation time was initially kept short. The C“
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method, on the other hand, under similar conditions was found to be more
sensitive and gave consistent results. In all the four experiments, the nature
of diurnal rhythm was very similar. The values progressively increased
upto 1400 hours and then declined sharply. In Fig. 3 are also shown two
extreme conditions of daily illumination, namely, a uniformly bright day
and a uniformly dull and cloudy day. Under normal weather conditions
the daily solar radiation is generally found in between these two extremes
(for details see Qasim etal., 1968). A comparison of diurnal rhythm in
photosynthesis with daily illumination will reveal that the production rates
were strictly dependent upon the increase and decrease in the daily illumina-
tion. Maximum values of photosynthesis between 1200 and 1400 hours
corresponded to peak illumination which under normal weather conditions
invariably occurs during the early hours of the afternoon.

Earlier evidences on the daily periodicity of natural phytoplankton
populations in clear oceanic waters (Doty and Oguri, 1957; Shimada, 1958)
showed that the diurnal fluctuation was because of an endogenous photo-
synthetic rhythm. This has been found to be associated with similar
changes in chlorophyll a (Yentsch and Ryther, 1957; Shimada, 1958),
Peak values generally occurred during the forenoon and lowest during the
late afternoon. The decline in the photosynthesis has been found to be
associated with high illumination, exceeding optimal at mid-day or early
afternoon (Verduin, 1957), because of a similar decline in chlorophyll due
to photo-oxidation of pigments at increased light (Yentsch and Ryther,
1957).

In contrast to the findings noted above, no decline in the photosynthesis
was noticed at high light intensities in the backwater. This may be because
of highly turbid conditions prevailing in the estuary throughout the year
and more particularly during the monsoon months when these experiments
were conducted. The light penetration in these months is generally reduced
to less than 25 of the incident radiation within 1 m (Qasim et al., 1968)
which will be well within the range of optimal light saturation intensity (see
Table II).

- However, such diurnal fluctuations in the rate of photosynthesis will
undoubtedly affect the estimates of day-primary-production. The order
of magnitude of these fluctuations was estimated as follows: Table II shows
the day-production values based on 2-hourly readings, as indicated in Fig. 3,
in relation to the time of the day. It is clear from Table II that the differ-
ences in the estimates based on the time of the day were very large. The lower
half of Table II shows the day-production determined from the duration




Organic Production in a Tropical Estuary 61

TABLE II

Primary production computed over a day from two-hourly readings of C*
uptake and from periods of incubation lasting 2-12 hours

Day Time of day
production
mgC/m? 0600- 0800~ 1000- 1200- 1400- 1600~

0800 1000 1200 1400 1600 1800

Experiment 1 A 412 451 635 631 522
2 .. 317 535 499 798 593 442
3 ..o 32 178 329 357 331 187
4 .. 297 388 772 1378 912 676

Periods of incubation

Day 0600- 0600— 0600— 0600— 0600~ 0600~
production 0800 1000 1200 1400 1600 1800
mgC/m? 2h  4h 6h 8h 10h  12h

Experiment 1 ce e 503 486 523 545 541
2 317 426 450 537 548 531
3 32 105 140 194 221 215
4 297 342 486 709 749 737

of the incubation. From these data it is clear that while the two-hourly-
incubation between 0600 and 0800 hours gave consistently low values, the
differences between 4, 6, 8, 10 and 12 hours were progressively reduced when
the incubation time was prolonged. However, if the forenoon production
(6 hours) is compared with that of a similar time-interval in the afternoon
(Table III), it would appear that the latter was always greater than the former.
The consistency of these values—for both C** and O, methods gave similar
results (Table III)—shows that these differences are significant and do not
arise merely as an artifact. It is therefore important that the magnitude of
these variations must be appreciated and accounted for while calculating
daily and seasonal production rates.
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TasLE III

1 7 14
Differences obtained between forenoon and afternoon production in C
and oxygen experiments

Fore- After F.N. Calculated Diﬁ'er/«
Date noon noon +A.N. from F.N. ence %,
6h. 6h 12h 12h

Production (mgC/m3) C

4-6-1965 .. 243 298 541 486 11
8-6-1965 o225 305 530 450 18
22-6-1965 . 70 115 185 140 32
7-7-1965 .. 243 494 737 486 52

Production (mgC/m3) O,

8-6-1965 .. 202 228 430 404 6
22-6-1965 . 126 208 334 252 33
10-5-1967 .. 20 30 50 40 25

5-6-1967 .. 614 817 1433 1228 17

The summed values of forenoon and afternoon which give the actual
12-hours day-production are shown in Table III. Also included in the
same table are the values computed from the forenoon production alone. The
difference between the two fell within a range of 11-52%; in C experiments
(mean = 28%) and 6-33% for O, method—average of the two — 24%,. 1t
is therefore evident that the day-production based on doubling the values
of forenoon will be underestimated by about 24%, and similarly from the
afternoon values it will be overestimated by about the same magnitude.
Since all our incubations were made in the forenoon (0600-1200 bours),
to account for this difference it was thought best to calculate the day-pro-
duction for 14 hours instead of 12 hours, This seemed a reasonable assump-
tion not only because it compensated for the afternoon difference of about
207, but it gave a more realistic picture of the length of a tropical day-which
from the annual sunrise angd sunset records showed little deviation (about
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o mnutes) om the [2-hour averape. But when the sky radiation before
s o tal dewr and atter sunset (at dusk s considered it will amount to
PA TS hours o das throughout the vear, o oassumie, therefure, s 18 custo-
mary e the Dtcvature that photosyothesss will tehe place only from sunrise
to sunset, but tothoo belore or atterwards in the shyvlighto even at the surface.

would be more umealte for the trapies than to assume o uniformly  Td-hour

dav and Tochow apht For these yeasons all our ostimates of daily - produc-
tot tates, unles ofherwee sbated. e based on Td-hour-day.

PHOTOSYSTHESIS AS A FUNcion oF HTUMINATION

Vay diect obsenvations on the me of photosynthesis of temperate
phytoplankton, yenerally moa light mcubator under varying mtensities of
heht, artiticm] o natural, have shown that at low alluminations the iercise
m the rate ot photosnthests s hinear. This s followed by a less rapid
prereise upto 4 saturiation poit Ul from s here the s aset of optimum photo-
synthests at hpht situration occurs. Al high lluminations there is a progres-
Jve mmhibition m o the rate of photosynthests (Currie, 1962). Farlier experi-
ments leive shown that different hight optirga are required by different groups
of phytoplankton to reach saturation sntensity (Ryther, 1956 ¢y Thus, the
plankton ocvurrme at or neur the surfuce, bomg adapted to high tdlumina-
tops, oxhibit eun vharactermbies T and those rom deeper Tavers behave hike
“hade plankton” iSteemann Naelsen and Hanseno 19590 Yentsch, 1963,
Such i behavow of plant organisas to light has been attributed to differences
in their chlorophadl content (Ryvther and Menzel, 1959)0 These feutures,
however, e of s transent nature, Tor one form of plankton can adapt to
chunging, condittons of Tight fairly rapidly (Steemann Nielsen, 19620 Stee-
mann Niclsen and Park, 19641 According to Steemuann Nielsen (1963) the
light saturation mtensty of tropical und subtropical phytoplankton organisms
is about 20,000 lux.

The results of some of the experiments conducted on freshly colleeted
surfuce phytoplankton fram the backwiter by using €' techinigue have been
chown in Fig. 4. These experiments were carried out in a light incubator,
very similur to what has been described by Steemann Nielsen (1963). It
had a4 revelving dise placed inoa large glass tank with running water.  The
dise had 10 equal compartments to accommuodate bottles and pre-calibrated
neutral density filters, bach experiment was conducted for a duration of
I hours, between W and 12 Noon. on sunny days, using sunhight as a
womree of tunimation. The meubator was kept at an angle to allow full
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exposure to sunlight. Before each experiment, the illuminations in various
compartments, with or without filters, were checked by a lux-meter (Dr. B.
Lange, Type II). The first three experiments were conducted on such days
(see dates, Fig. 4), when the incident radiation outside the incubator ranged
between 50-60 kilolux, but the influence of water in the container and the
bottle-chambers reduced it to about 40-45 kilolux. Similarly on March
24th when the fourth experiment was being conducted, at the start of the
experiment the incident radiation was about 80 kilolux, but within half-an-
hour because of some cloudiness, it was reduced to about 50 kilolux.
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RELATIVE PHOTOSYNTHESIS

24-3-66

L 11
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FiG. 4, The relation between photosynthesis and light intensities in surface phytoplankton.
Each curve refers to a different experiment.

It can be seen from Fig. 4 that each experiment gave an entirely
different result. In the first experiment the increase in the photosynthesis
upto nearly 40 kilolux was almost linear. No further increase in the rate
occurred after about 45 kilolux which probably indicates that the Ij lies
somewhere near this point. In the second experiment the light saturation
intensity was reached at about 30 kilolux, but in the third and very clearly
in the fourth experiment, the light saturation occurred at about 18-20
kilolux. Such differences in the light saturation optima could not have
arisen unless in each experiment a different composition of phytoplankton
population was investigated. Tt is interesting to note that though the time-
gap between the first three experiments was only a few days, it does not
warrant a consistent and homogeneous picture. It can therefore be con-
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cluded that at any given time, even from day to day, a heterogeneity rather
than uniformity in the phytoplankton population seems to be the rule.

From these experiments it can also be deduced that within the range
of illumination investigated, the light saturation intensity continued until
about 50 kilolux and that the surface plankton of the estuary exhibits all
characteristics of “sun plankton”. It has been reported earlier that on
very bright days the- total solar radiation may reach approximately 625 g
cal/cm?/day (Qasim eral, 1968). On such days the intensity at about
midday exceeds 100 kilolux. It is therefore less surprising to find the
saturation intensity of mixed phytoplankton population of the estuary reach-
ing 50 kilolux. In January and March when these experiments were con-
ducted the euphotic zone in the- estuary was at its maximum, about 5Sm
(see Table I). In other months it is much reduced and during the monsoon
period it is only about 3m. It would be interesting to know whether in
highly turbid conditions the phytoplankton occurring at the base of the
euphotic zone, being adapted to much reduced light, will possess character-
istics somewhat different from those of the surface plankton. If so, the
differences obtained in the light saturation intensity on different days would
be easy to explain, for if they were to approach ° shade characteristics ”’
these would be constantly mixed due to wind action and tidal influence and
therefore the results of any experiment would indicate the relative pre-
dominance of one type or the other.

GRroOss AND NET PRODUCTION

As has already been pointed out the available evidence shows that the
C'" method of estimating primary production gives a value which is nearer
to net than gross. The reason for discrepancy between gross and net is
owing to the fact that plant cells lose an appreciable portion of their assimi-
lated C™ through respiration and excretion (Ryther, 1956 a; Fogg et al.,
1965). It has however been suggested by Steemann Nielsen (1955) that in
experiments involving a short duration, 50-70%; of the labelled CO, produced
by respiration is again photosynthesised, thereby making the respiratory
loss, on an average, to about 89 (Steemann Nielsen and Hansen, 1959).
On the other hand, “in experiments with duration of 24 hours or more the
C* technique must measure net production ” (Steemann Nielsen, 1964).
Perhaps a serious limitation in the radiocarbon technique is that it does not
give any information on the amount of material respired or excreted (Fogg
et al., 1965). Steemann Nielsen and Hansen (1959) developed a method of
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estimating the rate of respiration from the C' technique by extrapolating
the curve of C* uptake as a function of light intensity to a point of inter-
section along the carbon assimilation axis and multiplying this negative
value by a factor 10/6 (Steemann Nielsen, 1963), to allow for a dispropor-
tionate absorption of respired CO,. To obtain theoretically both net and
gross productions, Steemann Nielsen (1964) applied 0-96 and 1-06 as correc-
tion factors, assuming that the rate of respiration is approximately 1/10 of
the maximum photosynthesis. Ryther (1956 ), however, considers it un-
likely that}the ratios between photosynthesis and respiration (PS: R) would
remain constant from season to season because of differences in the avail-
ability of light and nutrients.

In the present investigation the values of CY assimilation havc been
taken as net production (Table IV). This seemed a reasonable assumption,
for the discrepancies between net production obtained from the oxygen
experiments were less with C* assimilation than with gross production (see
Fig. 2). For comparison the average net and gross values obtained from
the oxygen experiments are also included in Table 1V. Thus an estimate
of net production for the day was obtained both by the O, and C** methods.
However, in order to determine the potential source of organic matter which
is transferred to the next trophic level we must know the 24-hour net primary
production. This has been computed as below.

The average values of respiration over a day determined from the
oxygen decrease in the dark-bottle during concurrent oxygen and C%
experiments at various depths of the euphotic zone have been given in Table IV
as their carbon equivalents. These have been taken as the respiratory loss
occurring during the carbon assimilation, which when added to the C* (net)
values gave another estimate of gross production—called here as adjusted
gross (Table 1V). This method of estimating the respiratory loss had to
be based on the usual assumption that the respiration occurring in the dark
is the same as that during the corresponding period of light in conjunction
with photosynthesis. Brown (1953) using isotopically enriched oxygen
(0*®) has shown that the respiration is the same in the light as that in the
dark. It can be seen from Table IV that the respiratory loss is highly
variable from month to month and therefore as pointed out by Ryther
(1956 b) cannot be corrected by a common factor. Total respiration (day)
as a percentage of gross was in no case less than 20% and in one month it
reached 457;. Taking the respiration as a process quite independent of
photosynthesis and assuming that it occurs at the same rate throughout day
and night, the values for the respiratory loss occurring during the night
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TasBLe IV

Net and gross primary production in the euphotic zone determined from
oxygen evolution and C* assimilation. The latter when corrected
Jor respiration gave adjusted gross. Estimates of 24-hours
net primary production were made by assuming the
respiration to be at the same rate throughout
day and night. Net: gross ratios of each
pair have also been includzd

. Adjusted
O, production C% prtake cert g : Net : Gross
X . L Respiration| net production .
2 ! « ~\ 1 4 .
mgC/m2/d (14 h} P espiration Re‘pgatlc.n mgC/m?/d (14 h) night mgC/m*/d (24h) ratio (14 h)
mgC/m*/d o% ( assumetzi)
Net  Gross (14 h) gross | Net  Gross r?%‘g;‘ 0, Cit O, Cie
i (adjusted)
1966 |
January .. 658 829 171 206 647 818 122 536 528 0-79 0-79
February 72 1,127 355 31:5 375 730 254 518 121 0+68 0-51
March ..| 658 908 250 27.5 442 692 179 479 263 0-72 0-64
April ..| 1,211 1,851 €40 34:6 883 1,523 457 754 426 065 0-58
May .. 485 855 370 433 434 804 264 221 170 0-87 054
June ..| 5897 789 192 24-3 343 536 137 460 206 076 0-64
July .. 296 543 247 45-5 741 988 176 120 565 0:55 0e75
1965
August .. 393 556 163 29.3 490 663 116 277 274 071 0-75
September] 632 1,012 380 37-8 485 865 271 361 214 G-62 0-56
October..| 390 538 148 275 692 840 108 284 586 0-72 0.82
November| 232 311 79 255 270 349 56 178 214 0:75 0-77
December 233 n 138 37-3 l 266 404 99 134 167 0-63 0-66

(10 hours) have also been indicated in Table IV. These when subtracted
from the day-net production, C** or O, values, gave an estimate of 24-hours

net primary production, which has been termed here as adjusted net
(Table 1V).

1

Gilmartin (1964) while estimating the 24-hours net primary production
of a British Columbia Fjord gives a measure of day and night respiration
separately. However, from his data, if the ratios between day and night
respiration are calculated, these fall within a range 0-45-2-1, average of

B3
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10 values = 1. Therefore the assumption here that the rate of respiration
during the night is the same as ‘during the day does not seem unrealistic,
although the respiratory losses during day or night do mot precludc the
respiration contributed by zooplankton and bacteria and thercfore may
not strictly conform to the phytoplankton respiration aione. The Og dark
load, because of high microbial population in the backwater (Santhahumary,
1966) would also include the bacterial respiration and this would cbviously
underestimate the net primary productivity both for the day and x4 hours
by a high and variable amount. This probably explains the wide discrepancy
in the estimates obtained from the O, and C* methods (compare pairs in
Table IV, column 1 with 5; 2 with 6 and 8 with 9).

The most interesting feature, however, which emerges from the analyses
of these data is the ratio of net: gross production. These have also been
included in Table IV for the production rates determined from the O, and
CYmethods. It can be seen from Table IV that the two scts of ratios obtuined
by the two different methods agree very closely except for some months which
probably may be due to some experimental error. This provides a further
evidence that the radiocarbon technique measures net production. Ketchum
et al. (1958) have pointed out that the ratio of net: gross photosynthesis
in a healthy population should approach unity if respiration is 5-109; of
the total photosynthesis. It also indicates the physiological state of phyto-
plagkton organisms arising due to nutrient deficiency. In such cases the
ratio would be nearer to zero.

In the I?agkwater the respiration being 20-45% of gross (Table IV), the
ratios fall within 2 range of 0-55-0-75 in one set and 0-51-0-77 in the ozher.
Thex.r fluctuation within such a limited range probably signifies that the
nﬂt‘ﬂems do not act as a limiting factor. I—IoWever, the somewhat lower
;?(;losbi;ound I some months may be because the backwater receives a con-
. crable amount of organic matter from land. Since its decomposition
wﬁ;“gs;fisf: ;stggen it v&i'ould enhance the values of respiration which in turn
bution of or agicow {cltet. gross ratio. Probably, a disproportionate distri-
ey % matler may be yet another factor which gives rise to dis-

pancy in the estimates obtained by the O, and C1 methods (Table 1V).

tsl‘ll:ifgﬁgdg::n; Sare z;lw%l}’s to be expec:ted in turbid and polluted water and
supports the con?ear;'y m the results in itsclf is quite suggestive. It only
in their analyticaln ;on that the two methods, widely different as they are
adverse envir pproach, are affected differently under particularly

onmental conditions prevailing in the estuary, and these effects
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would not have been possible to appreciate if one method were to be used
in isolation with the other.

SEASONAL CHANGES IN PRODUCTION RATES

Monthly values of gross and net production rates at various depths,
0-3m, have been shown in Fig. 5. As can be seen from Fig. 5 there
is a seasonal cycle in production. High values are recorded from April
to August and low values from September to March. The discrepancy bet-
ween gross and net production is greater at Om and 0-5m than at deeper
layers. However, despite the seasonal rhythm in production rates the
fluctuations hardly exceed 3-4 times. In this respect the backwater behaves
very similar to other tropical areas where preduction has been reported to
go on at a moderate level throughout the year with little seasonal increase
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(Hulbert ef al., 1960; Menzel and Ryther, 1961 a; Prasad and Nair, 1963')‘
This feature, however, is in contrast to higher latitudes where the scasona
amplitude in production during spring and summer may be 50 times or mort
of the autumn or winter (Raymont, 1966).

Figure 6 shows the production with depths after pooling the values fo
the entire period of observation into three seasons. Since the changes from
month to month were small, each season included 4 months, June-September
(monsoon), October-January (post-monsoon) and February-May (pre-
monsoon). This division, though arbitrary, fits in well with the changes in
light penetration (Qasim efal., 1968). It can be scen from Fig. 6 that
nearly 90% of the total production is confined to a narrow zonec of 0-1-5 m.
During the monsoon and pre-monsoon months when the turbidity is very

PRODUCTION (mgC/min)

cross (03 )
20 40 60 80

-

® MONSOON MONTHS.

DEPTH(™M)

+ POST-MONSOON MONTHS.
o PRE- MONSOON MONTHS -

T

Fi6. 6. Gross and net primary production in three seasons in relation to depth.
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values of production rates would reveal that the peaks in the production
cycle are independent of high or low illuminations. The peaks occur in
April, July and October when the values of illumination are very different.
Evidently, the monthly variations in total radiation are never a limiting factor
for maximum photosynthesis. Steemann Nielsen (1963) made similar
remarks on the solar radiation of the tropics. The opacity of water, on the
other hand, reduces the light penetration considerably. During the mon-
soon months, the underwater illumination is reduced to about 209, of the
incident radiation within 1m and 1% at 3m. Similarly, during the post-
and pre-monsoon months the reduction in light is about 3077 at 1 m and 17
at 4m (Qasim et al., 1968). With such limitations in the light penetration
it seems unlikely that, despite the adaptations in increasing the photosynthetic
efficiency under subdued light, such as are known in phytoplankton organisms
(see Ryther, 1962), the primary production will exist at depths greater than
- 4m. If at all, it would only be in January-March, during which period
the euphotic zone extends as far as Sm. It can therefore be concluded that
while the solar radiation falling on the water surface remains unlimited, the
underwater illumination acts as a serious limiting factor for maximum photo-
synthesis in the estuary.

Temperature.—Seasonal changes in the surface temperature are not well
marked in the estuary (Fig. 7 ¢). These hardly exceed 3-4° C and generally
fall within a range of 28-31°C. There seems no direct effect of temperature
on organic production, except that the uniformly high temperature will
affect the rate of metabolism of the organisms and thus will induce a rapid
turnover and increased respiration. The net producticn much lower than
the gross, as has been found in the estuary, may be because of the overall
effect of higher tropical temperature in conjunction with other parameters.

Salinity.—Among the physical factors salinity is yet another important
factor to be considered in the estuary. Figure 7d shows the variation in
salinity at different depths. It is clear from Fig. 7d that from June-Decem-
ber, typically brackish water occupies the entire euphotic zone. A com-
parison of the annual cycle of production with the salinity changes will
indicate that except for April, prcductivity peaks occurred during a period
when the surface salinity was very nearly minimum, approximately 2-20%,
within the euphotic zone. This obviously calls for a mechanism in plant
organisms not only to be sufficiently euryhaline, but also to have their fange
of photosynthesis, very nearly optimum, at low salinities. The predominant
phytoplankton crop in the estuary consists of diatoms and dinoflagellates
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in addition to numerous unidentified nanoplankton organisms very similar
to the “small forms™, described by Ryther (1954), which bloom intensely in
certain months. Several earlier studies have shown that some diatoms and
dinoflagellates have wide limits of salinity tolerance. Thus with Skelefonema,
optimum photosynthesis occurs at salinities ranging from 15 to 20%, (Cur]
and McLeod, 1961) while many dinoflagellates reproduce faster at low
salinities and have their optimum range of photosynthesis in between 8-12%,
(Braarud, 1961; Provasoli and McLaughlin, 1963). In addition to these,
the “small forms” seem to thrive in brackish water, for they are well adjusted
to low salinities (Ryther, 1954; Prakash, 1967). The sharp fall in salinity
and its corresponding gradual rise thereafter may therefore introduce what
bas been referred to in the literature as ““ species succession * in phytoplankton
(Strickland, 1965; Raymont, 1966). This probably explains the abundance
and flowering of many phytoplankton organisms at low salinities.

Stability.—As has been shown earlier due to high turbidity, primary
production exists only in a narrow water column near the surface. It would
therefore to a large extent be dependent on the amount of plant population
which is maintained at this favourable zone of illuminaiion. While a con-
siderably large portion of the plant life is constantly removed from this layer
due to turbulence, the stability of this water column is important for favour-
ing primary production in certain months. Figure 7/ shows the seasonal
changes in the stability of water column 0-4m. A comparison of the
stability curve with the seasonal production rate will reveal that while the
production peak in April occurred when the water was well mixed and was
probably initiated due to some such factors as sudden influx of nutrients,
the other two peaks in July and October coincided with a period of greater
stability. The reduced salinity during July-November was the main factor
involved in increasing the stability in these months. In an oceanic environ-
ment prolonged stratification is known to restrict the vertical movement
of nutrients to the euphotic zone, where because of continued photosynthesis,
these become a limiting factor (Steele, 1958). In the shallow backwater
where the nutrient supply seems to be largely dependent on external sources
(rivers, land runoff, tidal infiuence, etc.), such a limitation would not arise.

Nutrients.—Average monthly values of the concentrations of two
important nutrients, nitrate and phosphate have been shown in Fig. 7 e for
the euphotic zone. Silicate in the estuary was always excessive (Table I)
and seems to be associated with the freshwater influx and land runoff. The
N: P ratios by atoms were found to be highly variable from ‘the normal
ratio of 16:1. During the monsoon months the ratios were rem arkably
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high reaching 40:1 in July. In other months they were extremely low, the
minimum being in December (0-53:1). Ketchum .etal. (1958) recorded
similar variations in the N:P ratios from the tropical North Atlantic.
Similarly Jeffries (1962) reported highly erratic ratios from an estuary despite
the fact that the phytoplankton organisms showed remarkable consistency.
A close examination of Fig. 7 ¢ and f will reveal that while there is a close
correlation between the cycles of phosphorus and organic production in
the backwater, the nitrogen cycle is completely unconnected with the pro-
ductivity rhythm, for most of the year there is little or no nitrate-N. In
April when the carbon assimilation reaches its maximum, the N:P ratio
was 0-92:1. Similarly the highest ratio in July (40: 1) did not lead to any
abnormal rise in the carbon assimilation. Currie (1958) found no significant
increase in the rate of photosynthesis when the water samples were enriched
with inorganic nitrogen and phosphorus.

A direct plot of nitrate-N by atoms against carbon assimilation as has
been shown in Fig. 8 a further revealed no correlation (‘r’ = — 0-17).
Similarly no significant rclationship was obtained between nitrate-N and
carbon assimilation [Fig. 8 b (‘r’ = 0-41)]. On the contrary, the relation-
ship between phosphorus and carbon assimilation (Fig. 8 ¢) was somewhat
more definite (‘ r° = 0-79). This signifies that there must be an alternative
source of nitrogen (e.g., ammonia) to be utilized by the plants. Probably
like temperature and salinity the changing ratios of N: P may also introduce
a succession of organisms which are adapted to a particular range of the
ratios, for it is known that the basic nutrient recuirement of all organisms
would not be the same (Ryther, 1954) and the growth of diatoms will not
decrease immediately even when the nutrients have been exhausted (Spencer,
1954). Probably the explanation given by Ryther and Guillard (1959) for
the Sargasso Sea that in warmer waters the Instantaneous concentration of
nutrients is not as important in affecting productivity as the rate with which
these elements are regenerated and absorbed in forms other than the inorganic
salts, seems to be true for the estuary. o

Carbon assimilation: chlorophyll ratio.—Photosynthesis to chlorophyll a
ratios were determined in three different ways: (1) from the average monthly
values of carbon assimilation and chlorophyll a taken from different water

samples on different days; (2) from the chlorophyll content of the same water .

sample which was used for estimating the rate of photosynthesis by C* ; and
(3) from the chlorophyll concentrations before and after 6 hours of exposure
to in situ natural 111um1nat10n, concurrent w1th C14 ﬁxa,,tlon.

S it s o e B e T T T T
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different days of the year. Net and gross valyeg refer to C14 uptake
uncorrected and corrected Jor respiration

Assimilation ratio
mgC/mg Chi/hr
Date of €xperiment

Net Gross
8-11-1965 4.5 6-7
17-11-19¢5 35 3-6
1-12-1965 1-8 2-9
19~ 1-1966 . 3:4 55
2~ 2-1966 7-9 —_—
6- 3-1966 4.1 6.2
17- 3-1966 4.1 5.8
6~ 5-1966 22 2-9
19~ 5-1966 3.9 4-4
7- 6-1966 2-5 2.7
29— 6-1966 2:5 27
22— 8-1966 8-2 10-7
do. 7.6 9.0
do. 2.5 5-8
13- 9-1966 5.4 71
30~ 9-1966 3.4 58
18-10-1966 22 3.2
29-10-1966 27 5-4
18-11-1966 16 2-1
29~11-1966 1-1 1-2
15-12-1966 3.4 6-8

30-12-1966 1-0 2.1
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In the first case the range in the ratio obtained was considerable, 0:6-15
between net assimilation and chlorophyll ¢ (Fig. 7g). This gives a further
evidence that the phytoplankton populations are highly variable and that
no constancy in the ratio under varying hydrographical conditions is to be
expected. Seasonal fluctuations in the ratio very often fell in accordance
with a similar rise and fall in the production rates, but in some months
these were quite independent of carbon assimilation. It is therefore apparent
that the variability in the ratio cannot be explained in terms of changes in
the nutrient supply, for there was no close correspondence between the
seasonal changes in production rates and the N:P ratios (Fig. 7 e and f).

In the second case the ratios of 22 experiments ranged between 2-7-10-7
(mean = 4-89) for gross production and 2-4-7-9 (mean = 3-66) for net
production (Table V).

In the third situation the range in the ratio, as given in Table VI, was
fairly limited, 3-3-7-36 for gross assimilation (mean = 5-56) and 2-09-
3-56 for net assimilation {mean = 2-86).

TABLE VI

Assimilation ratios determined from increase in chlorophyll after 6 hours of
exposure to in situ illumination

initial Final C14 agsi- Assimilation
Date chlorophyll chlorophyll milation ratio
mg/m3 after 6 hr mgC/m3/hr mgC/mg chl/hr
mg/m?
Net Gross Net Gross
(adjusted)

18-10-1966 1-40 2:90 3-14 4-54  2-09 3-03

20-10-1966 2:20 3-82 5-93 11-93 3-66 7-36

29-11-1966 5-70 8-40 5-76 18-76  2-13 6-95

30-12-1966 1-60 8-50 24-64  33-84 3-56 4-90

Several earlier authors have found the carbon assimilation: chlorophyll
ratios to vary seasonally and these have generally been attributed to nutrient
deficiency (Anderson, 1964; Curl and Small, 1965). Steele and Baird




78 S. Z. QASIM AND OTHERS

(1961), however, do not consider that fluctuations in the ratio cc?ulc.i.qn:%e
because of nutrient deficiency alone. In the back.water the variability in
the ratio may largely be due to the fact that the entire observed chlorophyll
may not be photosynthetically active. It may also depend upon the p}?y.sxo-
logical state of the plankton organisms which d_ue to changing condxtlpns
in the estuary may not have their photosynthesis and chlorophyll optima
phased at the same time.

ESTIMATION OF PRODUCTION FROM RADIATION AND CHLOROPHYLL

Based on the general principle that when the rate of photosynthesis. of
a phytoplankton population is a function of light intensity, the concentration
of chlorophyll at optimum light should give a close approximation of carbon
assimilation, Ryther and Yentsch (1957) formulated a new method of esti-
mating gross production from radiation and chlorophyll. This method,
simple as it is, has found a fairly important place in the literature. For
calculating the production rates, Ryther and Yentsch give a working ratio
of carbon assimilation: chlorophyll as 3-7 gC/hr/g chl. This value was
determined from their own measurements of gross photosynthesis by using
light-dark-bcttle oxygen technique and from the evidences collected from
the literature. 1In a recent communication, however, Curl and Small (1965)
while giving a critical appraisal of the ratio 3-7 have found, in waters off the
Oregon coast, the average met carbon assimilation: chlorophyll ratio as
§-6, which they used for computing production rates from light and chloro-
phyll. They also suggest that for such calculations an empirically deter-

mined assimilation ratio, specific to the environment in question, should
be used.

It is however not clear from the literatyre whether gross or net carbon
assimilation: chlorophyll ratio should form a basis of calculating production
rates from the light and chlorophyll method which is essentially intended to
give a measure of cross production (see Ryther and Yentsch, 1958 ; Menzel
and Ryther, 1961 ¢). This may not be important in such areas where losses
through respiration are small, but in the backwater where respiration is
high this may lead to large discrepancies. As can be seen from Table VII
the estimates mece by using 4-89 as gross-assimilation ratio and 3-66 as
net-asszn«fﬂgﬁ@ ratz’o_ (see above) were somewhat different. In general, the
gross-asszmﬁagon»ratio'ga_ve estimates which were somewhat ComparabI; to
gross precduction and similarly the estimates obtained from net-assimilation
ratio gave an.approximation of net production rates. The variability bet-
ween each pair of observed and Computed values as given in Table VII
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TaBLE VII

Production rates computed from: radiation and chlorophyll data by using
different assimilation ratios and the measured values by C* assimilation

-

Production mgC/m?/d

Calculated Observed
Net Gross Net Gross
1966—
January 368 495 647 818
February 232 313 375 730
March 330 444 442 692
April 274 370 883 1,523
May 633 - 853 434 804
June 293 394 343 535
July 1,684 2,269 741 988
1965—

August 289 389 490 653
September 629 847 485 865
October 172 232 692 840
November 774 1,043 270 349
December . 931 1,254 266 404

appears to be large and random. Probably the uncertainty in the photo™
synthesis-chlorophyll ratio or some error in the determination of attenuation

coefficients of highly turbid waters may be the reason of discrepancies in the
estimates.

PRODUCTIVITY IN RELATION TO PARTICULATE MATTER

As has been pointed out earlier the estuary is always characterised
by large quantities of particulate matter. These include living organism .
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plus considerable quantities of dead or detrital matter whose composition
and proportion vary from time to time and from one part of the estuary to
the other. Besides large quantities of suspended solids (sand, gravel, etc.)
brought to the estuary by the rivers and land runoff, it may also include
decomposition products of plants, wastes and refuse of all type: from the
adjacent land and harbour. Since a chemical analysis of the dead material
seems difficult to make, the other possible method would be to show the
interrelationship of some such parameters which have a direct bearing on
productivity.

Figure 8 d gives therelationship between seston and phytoplankton counts.
It can be seen from Fig. 8 that there is no relationship between the two
(‘r’=—0-16). In other words, the phytoplankton organisms which
form a small fraction of the particulate matter, occur quite independently of
the other suspended matter. Figure 8 e shows the relationship between the
phytoplankton counts and chlorophyll a. It is evident from Fig. 8 that
despite much scatter in the points, it is possible to conclude that there is
some relationship between the two (¥’ = 0-45). This indicates that chloro-
phyll largely comes from the phytoplankton organisms. However, if no chloro-
phyll is contributed from particulate matter other than plant organisms,
one would expect no relationship between seston and chlorophyll. On the
contrary, a plot of chlorophyll against seston (Fig. 8 f) gives some evidence
that an increase in seston is followed by a corresponding increase in chloro-
phyll. A considerable scatter in the points and a low correlation coefficient
value (‘r’ =0-25) are probably because the figures includes data of all
seasons. If these were to be plotted on a seasonal basis as has been done
in the case of chlorophyll to particulate carbon (Steele and Baird, 1961)
or between particulate carbon, nitrogen and phosphorus (Menzel and Ryther,
1964), the slope of the regression which may be different in different seasons,
would have probably shown better. From this relationship it seems likely
that some chlorophyll does come from the non-living material. This pro-
bably confirms the findings reported earlier from the Cochin Backwater
(Qasim and Reddy, 1967). Moreover, some evidence towards the amount
of dead or inactive chlorophyll present in the samples can also be obtained
by plotting the rate of photosynthesis against chlorophyll a. These have
been shown within the limits of available data, for three different seasons
in Fig. 9a, b and c¢. It can be seen from Fig. 9 that the slope of the
regression is different in the three seasons. The regression for January-
March intercepts very near the origin whereas those related to May-June
and August-December extrapolate to positive values of chlorophyll. In
the first case the relationship suggests that the proportion between carbon
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assimilation and chlorophyll is very nearly the same and that practically
all chlorophyll present took part in the photosynthesis. Inthe other two
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cases the intercepts of carbon assimilation suggest the presence of some
detrital chlorophyll during these seasons (see Steele and Baird, 1961).

60 {g) o .
280~ (d)
. : o |m
i 2g O 3
—~200 o +5m
[5ed 6
%4
40 & o T ©
Gom
[ y
4 i 0‘2 % L4 e
F{ < o0
o~ R - @ %
;ﬁ f:;u.m M ‘.‘,25 ? *
" 20 ©} g e
S~ P )
» oo Q6
Qr; -5."3'!,.:3,,_ © s %0 &‘
(‘_;':‘A 5.:‘..! P v o o
E o . @ R
f:_;vf G 2 » 0 * j
0 J_MO 2 ' fi \
80 Lo
2 ra °®
3 ¥
b3 A8 e / {c)
= b
240 £
{‘qg 230 -
<< = <
o« o S
- )
o a0 4
‘._O o
A,
E20h ®
=) o ,»gﬁ -,
0 10 o e ; ( :
20 O 5 10 5 20

CHLOGRCPEVLL n, {mg/m3)

Fi6. 9. The relation between C!* assimilation and chlorophyll a obtained by grouping the
values given in Table V into three seasons (a, b and ¢). Ratio of phosphorus per chlorophyll a
as a function of chlorophyll a (d).

If this evidence is to be accepted it would appear from Fig. 9 that
the quantity of inactive chlorophyll was somewhat larger in May-June when
the suspended matter in the estuary was maximum and the light penetration
minimum. It continued to occur from August-December in smaller pro-
portions until practically no dead chlorophyll was left during January—March
when the light penetration was maximum. P1obably the inactive chlorophyll
was in the form of phaeophytin whose formation in darkness has recently
been demonstrated (Yeéntsch, 1965 a) ‘The change in the slope of regression
in the three seasons gives the relation of carbon assimilation to chlorophyll
as 8' 1 in August—December, 4' 1 in January——March and 2 2' 1 in May~June.

syntthIS and’ chlorophyll synthesw may not have their maximi at” the same
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time. Some valid explanation of the two processes very often being non-
synchronous has been given by Yentsch (1965 b).

In oceanic waters from the regression analysis of chlorophyll and rhos-
phorus on nitrogen and carbon, Menzel and Ryther (1964) deduced that
chlorophyll and organic phosphorus compounds are quickly decomposed
and denatured leaving behind the detrital residue composed mainly of carbon
and nitrogen. It seems certainly true of oceanic waters where the detritus
primarily includes dead material of plants and more particularly of animal
origin (Parsons and Strickland, 1960), which, at greater depths remains more
or less constant at any one time of the year in what hasbeen termed as “old
waters”.

In an environment like the backwater where the water masses are con-
stantly renewed, there is probably a rapid turnover of cellular material.
The decomposition of chlorophyll and its regeneration therefore becomes
a continuous process. Due to high turbidity the transformation of chloro-
phyll into phaeophytin also seems a process of simultaneous occurrence.
The denaturing of chlorophyll and its removal from the scene may therefore
occur at a much later stage. The fate of phosphorus, on the other hand,
seems easier to explain. The relationship of phosphorus per chlorophyll a
as a function of chlorophyll a (Fig. 9 d) was very similar to what has been
previously shown by Ketchum etal. (1958). At low chlorophyll concen-
trations the ratio was very large (40-250) but at high chlorophyll concentra-
tions it ranged between 20-40 pg-at-P/mg chl a. The explanation given by
Ketchum et al., that ¢ the pigment is quickly decomposed as the cells die,
but the phosphorus remains bound, for some time afterwards, to the
organic detrital material,” seems to be applicable to the backwater.

ANNUAL PRODUCTION

The estimated annual production of the estuary by different methods
is given in Table VIIL. It is clear from Te blc? V_III that all the methods gave
agreeable results. The gross production fell within a range 272-293 gC/m?/yr
(average = 281 gC/m2/yr). Similarly the net production for days ranged
from 184 to 202 gC/m?/yr (average =195 gC/m?/yr) and the average for days
and nights (24 hours) is approximately. 124 gC/m®/yr. The estimated net
24 hours production indicates the potential source of organic matter which

is available to the next trophic level.

The annual production of the backwater agrees wit.h those of other
estuarine environments reported from different geographical regions of the

B3
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TABLE VIIT

Annual estimates of gross and net primary production by different methods

Annual production gC/m?

Method Net
Gross —_

day 24 hr

0O, .. 293 198 130

Cu .. 279 184 117

Light and chloro- 272 202
phyll

Average .. 281 195 124

world. Thus for the Long Island Sound, the annual gross production is
470 gC/m? (Riley and Conover, 1956) and for the Georges Bank and the
Gulf of Maine it ig 309 and 270 gC/m? respectively (Riley er al., 1949 ; Riley,
1941). In a British Columbia Fjord, the annual gross and net production
rates are approximately 650 and 450 gC/m? respectively (Gilmartin, 1964)
and for Isefjord the gross production is 175 gC/m?(Steemann Nielsen, 1951).

as compared to the oceanic waters of different regions, the annual produc-
tion of backwater is much higher. Ryther (1963) gives the annual estimates
of gross production of the temperate and sub-polar waters as 70-120 gC/m?
and for tropical oceans (e.g., Sargasso Sea) as 18-50 gC/m? reaching 77
gC/m? off Bermuda. In the Western Indian Ocean the average annual pro-
duction is 127 gC/m? (Ryther ez al., 1966) and fo: the Antarctic and Arctic
Oceans the estimates are 100 and 1 gC/m? respectively.

matter was determined from the total monthly readings of the solar radiation
and the gross production valyes. The carbon assimilation valyes were con-
verted into light energies by using the factor 3-5 kcal/gO, (Odum and
~ Hoskin, 1957) in terms of carbon  equivalents (11-2  keal/gC). Th
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percentage efficiency in each month was calculated from the formula given
by Copeland and Dorris (1964) which states

. 11,200C
F = 10000 "~ 100

where
F is the per cent efficiency.
C is the gross photosynthesis in gC/m?/day.

S is the visible solar radiation in g cal/cm?/day and 10,000 is a
facto (for converting cm? to m?).

Since only 50% of the incident radiation is photosynthetically active
(Ryther, 1959), only one-half of the light energy was taken into considera-
tion. The calculated efficiencies in various months have been shown in
Fig. 10 along with the average monthly radiation values. The efficiencies
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FiG. 10. Average solar radiation falling on the surface in each month and efficiency of
fixation of usable light energy by the phytoplankton communities.

range from 0-2t0 0-7%. At low illuminations the photosynthetic efficiency
was relatively more than at high illuminations. This probably suggests that
excessive solar radiation beyond a certain range does not contribute to the
photosynthetic efficiency. A comparison of the efficiency of the backwater
with those of the other environments, as given by Ryther (1962), shows that
the backwater has an efficiency (0-4%) which agrees very closely to the average
for coastal and inshore waters (0-5%). The various factors affecting the
photosynthetic efficiency of different marine environments have been dis-
cussed by Ryther (1962). Of these, what appears to be the most relevant
factor with reference to the backwater, is the absorption of a very large
raction of light by non-planktonic particulate and "dissolved matter (see
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Qasim et al., 1968), which leaves behind only a small fraction, perhaps less
than the minimal figure of 27% given by Ryther (1962), to be absorbed by
the plants.

PRODUCTIVITY IN RELATION TO ZOOPLANKTON

The zooplankton and phytoplankton crops have been shown in Fig,
11 a in terms of their carbon equivalents, using the conversion factors,
96 mgC for each m! of zooplankton by displacement (Cushing et al., 1958),
and 1-4 mgC for each ml of settled phytoplankton (Sverdrup et al., 1942).
The zooplankton abundance in the estuary was predominantly associated
with changes in the salinity and thus could be related to the annual monsoon
cycle. Maximum zooplankton both in volume and diversity occurred during
the period of high salinity (January-March), when its composition was very
similar to that of the inshore waters of the Arabian Sea. Besides a variety
of crustaceans and molluscan veligers which occurred in varying proportions
throughout the year, typically maring forms such as hydromedusae, cteno-
phores and chaetognaths were also abundant during this season. The follow-
ing summary which is largely based on the published work of George (1958)
will indicate the seasonal abundance of zooplankton in the backwater:

Organisms occurring throughout the year
Copepoda :
(Acartia sp.; Schmackeria tollingeri)
Cirripedia :
(Barnacle nauplii and cyprids)
Mysidacea :
(Mesopodopsis orientalis)
Amphipoda:
(Corophium trienonyx; Photis longicaudata)

Decapoda:
(Post-larvae of Metapenaeus monoceros, larvae of Caridae—Peri-
climenes sp.; Palaemon sp.; brachyuran zoea)
Oyster larvae and gastropod veligers:
(Thais sp. and Neretina sp.)

Polychaeta:
- (Pelagic polychaetes—2 species).
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Organisms occurring during monsoon and post-monsoon months
Cladocera:
(Evadne tergestina)

Ostracoda:
(Several species)

Copepoda:
(Apseudes sp.; Halicyclops sp.; Acartia gravelyi).
Oyster - larvae and gastropod velige:s

Organisms occurring during pre-monsoon rionths

Hydromedusae:
(Fairly large numbers)

Ctenophora:
(Pleurobrachia globosa)

Chaetognatha:
(Sagitta enflata; S. bedoti; S. robusta)

Copepoda:

(Paracalanus aculeatus; Labidocera pectinata; Labidocera kroyeri
var. gallensis; Acrocalanus monachus;  Eucalanus crassus,
Canthocalanus pauper; Centropages Sp.)

Cumacea:
(Eocuma sp.; Paradiastylis culicoides)

Isopoda:
(Sphaeroma sp.)

Amphipoda:
(Perioculodes longimanus; Grandidierella sp.; Hyperia sp.)

Decapoda: | .
(Post-larvae of Metapenaeus dobsoni; Penaeus indicus; P. cc.zrz.natus;
adults of Lucifer hanseni; Ogyrides striaticauda; Periclimenes
indicus) '
Stomatopoda:
(Larvae of Alima sp.)

B4
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Figure 11 b gives the production coefficient which is the ratio of the gro;s
photosynthesis to the carbon content of the phytoplankton (Riley et c;ﬁ
1949). As can be scen from Fig. 11 the range in the production coeffi-
cient is very large (3-7-119) which suggests that the phytoplankton crop
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Fig. 11. (a) Relation between phytoplankton (P) and zooplankton (Z) taken from parallel
hauls on the same day. (b) Relation between zooplankton: phytoplankton ratio (Z/P) and pro-
daction coeflicient (Photosynthesis: carbon content of phytoplankton). (c) Relation between
metabolic requirement of zooplankton and gross and net (24 hrs) primary production.
The lower portion shows the approximate consumption of primary production by zooplankton
herbivores; the middle portion shows the approximate surplus of basic food and the upper
portion hows the average respiration (24 hrs).
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sampled by the plankton net comprised only 1 28 of the total carbon
assimilation. In certain months when the ratios were  high, the crop  was
dominated by nanoplankton organisms. From November March when  the
ratios were low the net sampled nearly one-fourth of the total standing crop
consisting mainly of large marine diatoms and dinoflagellates.

Seasonal changes in the ratio of zooplankton to phytoplankton, 7 P
have been shown in Fig. 11 A, The striking correlation between 7P and
the production coeflicient suggests that the seasonal variation of the zooplank-
ton population is largely dependent on the type of phytoplankton bloom
available in the estuary. Probably the bloom of different organisms at
different times of the yvear fullils the specific food requirements of the herbi-
vores. An increase in the production (especially at the surface) corresponds
to the decrease in zooplankton and to the change from large to small forms.
In other words, during the pre-monsoon months the low turbidity is asso-
ciated with a high zooplankton crop but in the monswon the reverse seems
to be truc, with intermediate conditions during the post-monsoon months,
This is clearly shown by the fact that although surfuce preductivity (Big. §)
shows a marked scasonal change, the column production (Fig. 7 ¢) shows
a very small range.

Assuming the daily metabolic requirement of zooplankton in terms of
carbon as 12% of its dry weight as deduced by Menzel und Ryther (1961 &)
from the Sargasso Sea, which would perhaps be the nearest for any tropical
zooplankton population, the monthly rates of consumption of the primary
production by the zooplankton in the estuary have been computed.  These
have been shown in Fig. 11 ¢, along with gross and net production estimates
obtained by the C'* uptake for the cuphotic zone (see Table IV).,  The average
rate of consumption from the daily net production works out as 10% of the
production by the plants during the monsoon months, 207, during the post-
monsoon months and 467, during the pre-monscon months. In terms of
the estimated annual net production of 124 gC'ym* given carlier, the total
annual consumption by the zooplankton is only about 30 gC,m? Evidently,
a large surplus of primary production left in the estuary significs that there
is no efficient utilization of the basic food. The lack of zooplankton herbivores
in relation to the algal bloom is by no means a rare phenomenon in the
tropics. It has been reported in nutrient rich areas of the Western Arabian
Sea where sinking of the unconsumed phytoplankton crop below the euphotic
zone produces anaerobic conditions (Ryther and Menzel, 1965).

In all probability zooplankton organisms are not the only consumers
of the basic food in the estuary. There are always an appreciable numbers
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of herbivorous fishes (mullets) and shrimps which are directly dependent
on the primary production. Since no estimates have been made of these
alternate pathways in the trophic chain, it is difficult to determine quantita-
tively how much from the surplus crop would be utilized by these consumers.
However, from the casual observations made on the gut contents of the
mullets it can be inferred that their consumption would be quite substantial.
However, the main control of the bloom comes from the small depth of the
euphotic zone which increases the sinking rate of a very large proportion of
phytoplankton bloom to the bottom, where part of it is probably utilized
by the benthic animal communities.
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