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MEASUREMENT OF PLANKTON POPULATIONS 

BY TRIPHENYLTETRAZOLIUM CHLORIDE 1) 

By ANWAR ABDEL ALEEM 

Oceanography Department, Faculty of Science, Alexandria 

Introduction 

In an attempt to assess the standing crop of plankton, the method of counting has 
extensively been used by limnologists and marine biologists alike. Fluctuations in the 
number of individuals of a certain species or in whole populations have, rn.oreover, been 
correlated with fluctuations in certain physical and chemical factors in the aquatic 
environment. An improved method of counting plank.tonic organisms is due to Dr. HANS 
UTERMOHL of Plon, who allowed the organisms to settle in special glass chambers and 
counted them under the inverted microscope. More recently, Dr. WILHELM RoDHE of 
Upsala utilized a water-immersion objective for counting 'Che microflagellates in arctic 
and subarctic lakes.2) It became apparent in recent years that assessing plankton popula
tions in terms of the number of individuals has but little ecological significance as far as 
biological production and food-chains in fresh water or in the sea are concerned. This is 
mainly due to the considerable size variation among individuals of the different species 
or even among individuals belonging to the same species, and also to the fact that there 
is no consistent correlation between the size of organisms belonging to the different 
species and their organic content in terms of food value for others. For example, a single 
individual of Ceratium tripos may contain more organic matter in its chromatophores than 
a larger cell of Rhizosolenia which contains mostly cell sap ( cf. also HARVEY, 1950). 
Among plankton catches made in the Western Mediterranean during the summer, I 
found out that a single individual of Rhizosolenia calcarauis is equivalent in volume to 
about 25 ooo individuals of the diatom Nitzschia delicatissima brought up in the same catch. 
Such disparities do not justify the time taken for counting individuals, in order to arrive 
at statistically significant results. 

Measurements of populations in terms of over-all production or "biomass" give, on 
the other hand, a more reliable index in spite of the inevitable errors involved in the 
prevailing methods of estimation. The plankton organisms contained in a certain volume 
of water could be assessed either in terms of total volume of cells, in terms of dry matter 
or with reference to a certain metabolic product of the plankton cells such as protein, 
fat or chlorophyll. JOHANNES KREY and his co-workers at Kiel (1939-ff) have made 
considerable improvements in the technique of chlorophyll estimation of the phytoplank
ton as well as in the determinations of seston and protein, while KALLE (1951) at Ham
burg developed a highly sensitive technique for measuring chlorophyll by fluorescence. 

1) A paper incorporating the results obtained by this method was read by the author at the 
XII. International Congress of Limnology held at Cambridge, England, 1953. 

I wish to express my sincere thanks to Prof. G. PETIT, Director of Laboratoire Arago, Banyuls 
sur Mer, and to Prof. G. WusT, Director of the Institut fur Meereskunde, Kiel and their staff for the 
working facilities offered at both laboratories. I am indebted to the following friends and specialists 
for criticism and discussions: Dr. WALDEMAR OHLE and Dr. HANS UTERMOHL of the Hydrobiologische 
Anstalt at Plan; Dr. WILHELM RoDHE, Uppsala; Dr. BORIS RYBAK, Banyuls, Prof. HERMANN FRIEDRICH, 
Bremer haven and Prof. CLAUDE ZOBELL Dr. DENIS Fox and Dr. FRANCIS HAXO of the Scripps Institute 
at La Jolla. Dr. HANS KAY and Miss ELIZABETH KREY contributed helpful technical assistance during 
the experiments performed at Kiel. My special thanks are due to Prof. JOHANNES KREY, Kiel, for 
helpful advice and criticism, to Captain H. OHL of the "Si.idfall" (and Mechanist KuPKE) for help 
during cruises in the Baltic waters. Messrs. Schleicher and Schull, Gottingen, kindly supplied the 
author with a stock of fine grade filter paper and cella membranes for the purpose of the present 
experiments. 

2) Dr. RODHE's paper was given in the sarne Congress. 

160 



The method described below is another attempt towards an over-all estimation of 
plankton populations. It depends upon measuring a biochemical function of the plankton 
organisms (and certain parts thereof) contained in a given volume of sea water. It is an 
established fact that living plant and animal cells contain dehydrogenase enzymes. A 
measurement of the dehydrogenase activity of the living plankton cells, under certain 
conditions of temperature, should give an indication of the protoplasmic matter present 
at the time. A plankton population is thus considered as a physiologically active system 
containing zooplankton, phytoplankton, bacteria as well as active organic matter resulting 
from the decomposition or metabolic activity of the plankton. The method thus measures 
the total activity of such a system and could further throw light on the complex cycle 
of organic matter in the sea, once we are able to measure separately the activity due to 
the different components of such a system. 

The Method 

In developing this method of assessing the amount of living organic matter in fresh 
catches of plankton, I have utilized the fact that the dehydrogenase activity of physiolo
gically active systems is responsible for the reduction of redox dyes. The dehydrogenase 
activity is expressed as the rate of reduction of such dyes as methylene blue by the 
plankton organisms at a given constant temperature, in an atmosphere free from oxygen. 
From preliminary experiments made by diluting the same amount of plankton suspension 
several times with sea water, it was found out that the rate of reduction depends upon 
the number of individuals in suspension or more precisely upon the total living matter 
present. All experiments were made in Thunberg tubes. During the summer of 1951, 
I experimented largely with methylene blue. Use of this dye, however, raised several 
problems. First of all, when reduced, it is decolorized and the end point is by no means 
sharp. Errors as great as 20% in the reduction rate, may occur as a result of judging 
the decolorization of the dye by the naked eye. Besides, the methylene blue manufactured 
by different firms does not possess the same color tint or hue even when made to solutions 
of very low concentrations in sea water. 

In the summer of 1952, use was made of 2-3-5 Triphenyltetrazolium chloride (T.T.C.). 
This dye is soluble in sea water, colorless in the oxidized state and when reduced forms 
a red compound, known as formazan, which is insoluble in water. Formazan is soluble 
in alcohol or acetone and could therefore be extracted and accurately measured either 
directly in a photoelectric colorimeter with a monochromatic light or by comparison 
with color standards. Reduction of T.T.C. by plankton suspensions involves the sum of 
a complex system of physiologically active reductases and is not due to one particular 
enzyme. The dye has in recent years received attention, especially in the United States, 
in connection with respiration of plant and animal tissues (cf. RoBERTs, 1951, BODINE 
et al., 1952). KuN and ABOOD (1949) used this dye to estimate the succinic dehydrogenase 
in animal tissue-homogenates. These workers found a straight line relationship between 
the amount of reduced tetrazolium salt (formazan) and its optical density (in low con
centrations), also between the amount of enzyme and the amount of reduced tetrazolium 
salt. jERCHEL and MoHLE (1944) had determined the redox potential of this dye as 
amounting to -0.08 Vat pH 7. Quick development of formazan takes place in alkaline 
conditions. In our plankton suspensions the pH is almost always on the alkaline side. 
Under acid conditions the development of color is much slower. Furthermore, the rate 
of reduction of T.T.C. is inhibited by a variety of enzyme depressants such as sodium 
azide, cyanide, and iodoacetate, a fact which seems to indicate that nonspecific reducing 
systems are involved in the reduction of the dye. Reduction of T.T.C. takes place in the 
light and dark alike, the reduced tetrazolium salt is heat-labile, but remains constant 
for several hours when kept at low temperatures. 
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Procedure 

Collection of Plankton 

The method was tested both on plankton samples collected in the Western Mediter
ranean off Banyuls sur Mer, at Laboratoire Arago of the University of Paris during 
1951 and 1952, and in the Baltic Sea at the Institut fur Meereskunde of the University 
of Kiel, during the summer of 1952. Plankton catches were obtained by standard tow 
nets (No. 20 or 25). Vertical and horizontal catches were made especially for experii:nents 
where a large amount of plankton in suspension was required for dilution experiments. 

All net-catches were adjusted to 1-l suspensions in sea water. The samples were well 
shaken and 5-rn ml at a time were pipetted into Thunberg tubes; into the other branch 
of the tubes I ml of 0.1-0.15% T.T.C. in sea water was introduced. The tubes were 
thoroughly cleaned with chromic acid and water before the experiments were started; 
the glass stoppers being smeared with water-soluble grease for faster cleaning. The tubes 
were connected with a vacuum pump and evacuated to about 400 mm Hg. They were 
then transferred into an incubator and kept at a temperature of 30° C. or 37° C., until 
both the dye solution and the plankton suspension attained the same temperature. 
However, since tow-net catches do not yield strictly quantitative results, certain volumes 
of water were obtained directly at different depths by Nansen or Petterson bottles and 
the samples were concentrated by filtering through fine filter paper or cella membranes. 
The paper used was No. 575, manufactured by Schleicher and Schull in Gottingen. 
This has pores of about 1.3 µ which are sufficiently fine to retain the microflagellates. 
Quick filtration was accomplished automatically with the apparatus devised by KREY 
(1950, p. 62) in which several samples of sea water could be filtered simultaneously, 
using a "Stefi" funnel. The plankton retained on the filter paper was then adjusted to 
a rn ml suspension and this was introduced into the Tunberg tubes as before. 

Production and Extraction of Formazan 

The red color, which is due to the reduced tetrazolium salt, is proportional to the 
concentration of the plankton suspension and is also a function of the temperature and 
time during which the reduction proceeds. The rate of reduction of T.T.C. could be 
assessed in one of two ways. 

1. By measuring the time required for the appearance of a certain red tint inside
the Thunberg tube, corresponding to an arbitrary color unit. 

2. By allowing the reaction to proceed in all the tubes (in the incubator) for a certain
definite period of time ( e.g. 4-6 hours), then extracting the formazan produced during 
this time and measuring its intensity in a photoelectric colorimeter. 

Although both methods were used, it was found that the latter has more advantages. 
This is mainly because comparison of colors is done photoelectrically; besides, it insures 
that all the formazan is extracted, while in the former method part of the developed 
formazan is adsorbed on the plankton cells which often settle to the bottom of the tubes. 
To get these in suspension for frequent matching with the artificial color units requires 
shaking the tubes and this interferes with the reaction. The formazan formed within 
4 or 6 hours is extracted (after filtering the plankton suspension and washing with 
distilled water) with 2 ml of acetone, then with a few ml of isoamyl alcohol and after 
repeated washing and separation in a separating funnel, the formazan is finally obtained 
in a known volume of isoamyl alcohol ( rn-20 ml according to concentration) and its 
optical density measured. 
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Estimation ef Color by Arbitrmy Units: 

The color of formazan produced at low concentrations corresponds almost exactly to 
the color produced by an aqueous solution of cobalt chloride. A solution of pure cobalt 
chloride crystals (CoC12 • 6H

2
0; M. Wt. 297. 95) in the following concentrations 

produced successively increasing color units as such: 

gm(CoC12 • 6H20)/ml: 2 X ro·3 4 X ro·3 6 X ro·3 8 X ro·3 ro·2etc. 
Color units: I II III IV V 

These arbitrary units are particularly useful in cases where a sensitive photoelectric 
colorimeter is not available or when experiments are made on board a ship during rough 
weather. In this case even the formazan extracted in isoamyl alcohol could be matched 
with these cobalt chloride units. In cases where the fonnazan color is intense, it could 
further be diluted in pure isoamyl alcohol and the result ultimately calculated in terms 
of cobalt chloride units in the same way as in chlorophyll estimations with U.P.P.units. 
In one experiment conducted in July, 1952 at Banyuls, I filtered 5 litres of sea water 
from a depth of ea 20 m. off the coast. I split the seston retained on the filter paper 
(bioseston or plankton, abioseston or detritus) into two equal portions. I dispersed one 
portion in ro ml of sea water, and mixed in a Thunberg tube with o. I% T.T.C. solution, 
according to the procedure previously described. After four hours at 37° C., the formazan 
formed was extracted in IO ml isoamyl alcohol and measured. With the other portion 
of the sample, I extracted the chlorophyll in 80% acetone and computed the total 
U.P.P. units. The latter unit, known also as Harvey unit, is produced by a standard 
containing 4.6 X ro·6 gm NiS0

4 
. 6H20 and 25 X ro-6 gm K2 Cr0

4 
(cf. HARVEY, 1950,

p. IOI). 

A comparison of these two determinations gave the following result:

Chlorophyll Formazan 
No. of U.P.P. units/m3 No. of CoC1

2 
color units/m3 

4800 Ca ro,ooo 
This result suggests that in this particular case each unit of chlorophyll corresponds 

roughly to two units of CoC1
2 

color. That particular sample of sea water was rich in 
benthic diatoms such as Pleurosigma, Navicula, and Nitzschia. It was taken over the muddy 
bottom, and could by no means represent the plankton population at the surface. 

Colorimetric Estimations: 

As already mentioned, some of the experiments were performed in France on Medi
terranean plankton and some on Baltic Sea plankton at Kiel. In the former case, I 
utilized a Bonnet-Murrey photoelectric colorimeter with a flash arrow. The current 
was supplied to the instrument from a battery with a constant voltage. Before use, the 
battery was charged over night and frequently checked with a voltmeter. Blank experi
ments were also made together with the sample measurements. In this instrument the 
formazan was measured at a wave length of 580 m µ. 

In the experiments at Kiel, a Pulfrich colorimeter was used; the procedure for measu
ring the chlorophyll was the same as used by Dr. KREY (length of tube= 15 cm). The 
formazan was measured at a wave length of 500-550 µ. The turbidity of the fresh 
plankton samples was measured at a wave length of 750 µ. A cuvette with 5 cm diameter 
was used for turbidity measurements. The result of the colorimetric estimation of 
formazan is expressed in terms of optical density which is equivalent to log Io/Ix. 

Comparison with Other Methods 

The results obtained from measuring the metabolic activity of plankton organisms in 
terms of formazan or cobalt chloride color units were also compared with those obtained 
by other methods as follows : 
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a. Turbidi-f:y

The turbidity of plankton samples was gauged by taking a representative sample of
the well-shaken plankton catch already made up to 1 1. The sample was allowed to stand 
for a few seconds to allow larger suspended matter to settle. An aliquot sample was then 
immediately decanted in the colorimeter and its turbidity determined. The procedure 
vvas repeated twice on fresh samples of the well-shaken plankton catch each time, and 
mean readings were thus obtained. The turbidity measurements give a fairly good idea 
of the concentration of the plankton suspension in the catch, particularly when the latter 
contains more phytoplankton than zooplankton. Difficulties were encountered when the 
plankton samples contained many copepods and other larger zooplankton organisms; 
when the tube containing the sample is allowed to stand in such cases in the colorimeter, 
the turbidity gradually falls due to sedimentation of such organisms. However, when the 
tube is shaken, the initial reading is restored. Certain catches were extremely rich in 
phytoplankton, homogeneous, and gave consistent readings in the colorimeter. One such 
sample was obtained on July 1, 1952, over the submarine canyon known as "Rech de 
Lacaza Duthier", situated some twenty miles off the coast of Banyuls sur Mer. This 
station is of a particular interest, owing to its peculiar currents and to other hydrographic 
and chemical characteristics of the water. When such samples were diluted with sea 
water, there was a linear relation between the concentration of plankton and the 
corresponding turbidity readings obtained. 

b. Dry Weight

5-1 o ml (sometimes 20 ml) samples of the original plankton catch, contained in one
litre of sea water, were filtered. The filter paper was dried at 100° C. for two to three 
hours and carefully weighed before and after filtration on a sensitive tortion balance. 
The range of difference in replicate samples was between 8-20% and in extreme cases 
was as high as 40%. The latter figure is due mostly to foreign particles in suspension, 
e.g., fine sand grains stirred up from the bottom during rough weather. From samples
brought by Nansen or Petterson bottles, a whole litre of water was filtered for dry weight
determinations. In such cases several 1 1 bottles were obtained from the same station.

c. Chlorophyll Estimation

Chlorophyll estimations were also made on 5-10 ml samples of the original catch.
Filtration was performed as in the case of dry weight. From water samples collected by 
Nansen or Petterson bottles, a litre of sea water was filtered. Pigment extraction was 
made with methanol, as described by KREY (1939). The results are expressed in terms 
of optical density and in one instance (Fig. 5) in absolute units (y). In this latter case, 
the carotenoids were determined as well as the chlorophyll. While there is some correlation 
between the readings of formazan and turbidity (Fig. 3 and 4), such correlation does not 
hold between the results of dry weight and chlorophyll of the same samples. This is to be 
expected since the turbidity method gives an over-all figure of the concentration of the 
plankton and leptopel in suspension. Likewise, the formazan indicates an over-all activity 
of the system, while the discrepancy between the dry weight figures and those of chloro-

Legen d e  zu den nebenstehenden Abbildunge n  (Taf. 7) 

Fig. r. Activity of different plankton samples as measured by the rate of reduction of methylene 
blue in Thunberg tubes at 37° C. in an atmosphere free from 02 • For explanation of the 
individual curves, see text. 

Fig. 2. Upper curve shows correlation between plankton concentration ( expressed in terms of turbidity) 
and rate of reduction of tetrazolium salt up to arbitrary color unit II. Lower part shows a 
straight line correlation between plankton concentration and reduced tetrazolium salt produced 
within 4-1 / 

2 
hours. 
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phyll could be explained as due to the varying proportions of zoo- and phytoplankton, 
as well as detritus in the different samples. In this respect the formazan method gives a 
better idea of the active organic matter in the system as a whole, which is more significant 
as far as production is concerned. 

RESULTS 

A. Preliminary Experiments with Methylene Blue

Fig 1 shows the results of some of the earlier experiments made at Banyuls in an
attempt to measure the dehydrogenase activity of plankton organisms with methylene 
blue. In all cases 8 ml of plankton suspensions were put in one side of the Thunberg 
tube, while the other side contained I ml of 0.01 % methylene blue in sea water. The 
tubes were then evacuated to a reduced pressure of a 400 mm Hg. The rate of decolori
zation of the dye after mixing with the plankton suspension in the Thunberg tubes, at a 
constant temperature of 37° C., was taken as indicative of the dehydrogenase activity of 
the system or, in other words, of the richness of samples in plankton suspension. For 
this purpose the turbidity of each sample was also measured. The curves show a corre
lation between the amount of plankton suspended in each tube and its dehydrogenase 
activity. Curve I in the above figure shows results of catches made on 14 August, 1951, 
at different stations off Banyuls by the m/v De Lacaze Duthier. Some of these catches 
represent vertical hauls from 50 m., while others represent horizontal catches made by 
No. 20 net during a period of 10 minutes, at a constant low speed of the boat, and from 
distances ranging between two and ten miles off the coast. Curves II and III represent 
the results ·of dilution experiments of one and the same sample in each case so as to give 
the following ratios of plankton concentration: 

Curve II 1 : 1/2 : 1/4 
Curve III ·= 1 : 1/2 : 1/6 

As previously mentioned an error in time of decolorization up to 20% was encountered. 
One interesting result out of all these experiments is the fact that when the sample was boiled, no 

decolorization of the dye took place; the enzymes having presumably been destroyed. 

B. Experiments with T. T.C. on Mediterranean Plankton

Table I and Figure 2 show the result of an experiment cai-ried out at Banyuls on
plankton catches made from that region on the 1st of July, 1952. In this experiment 
three plankton samples ( 1, 2 and 3a) were obtained from stations situated at 4, 10, and 
20 miles off the coast, with No. 20 net during a ten-minute interval of time. Each sample 
was adjusted to 1 1 as usual and 8 ml samples were taken into Thunberg tubes. Sample 3a, 
which was the richest of all in phytoplankton, had the following composition of species: 
(d = dominant; c = common; f = frequent; r = relatively poor). 

Rhizosolenia alata ( d) ; R. hebetata ( c) ; R. calcar-avis ( c) ; Chaetoceros lorenzianus ( d) ; 
Ch. lauderia ( c); Bacteriastrum delicatulum ( d) ; B. elegans ( d) ; Thalassiothrix frauenfeldii ( d) ; 
Guinardia blavyana ( c) ; Hemiaulus hauckii ( c) ; Ceratium tripos ( c) ; C. massiliense ( f) ; C. tricho
ceros (f); C. pentagonum (r); C. fusus (r); C. furca (f); Peridinium depressum (f); Goniaulux 
digitale (r). 

Legende zu den  nebenstehenden A bbi ldungen (Taf. 8) 

Fig. 3. Comparison between plankton activity (measured as reduced T.T.C. in 6 hours at 30° ± 1 C.), 
dry weight and chlorophyll content of six plankton catches made in the Kieler-Flensburg area 
(Stations III, IV and V) during August, 1952. The black areas represent calculated volume 
of water filtered by the net. 

Fig. 4. Plankton activity (measured as reduced T.T.C. in 12 hours at 30° ± 1 C., matched with 
CoC1

2 
units), dry weight and chlorophyll content of 6 more vertical hauls of plankton from 

the Kieler-Flensburg area (Stations VI, VII and VIII) during August, 1952. 
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Sample 3a was further diluted with pure sea water so as to give the following relative 
concentrations of plankton: 

Sample No. 3a 3b 3c 3d 
Cone. I 3 / 4 l / 2 1 / 4

In each case 8 ml sample was taken in the Thunberg tube; the reduction of the dye 
was allowed to proceed in the incubator at 37° C. 

Rate of Reduction of T. T.C. by the Different Plankton Suspensions 

The activity of the different plankton samples, above mentioned, was measured in 
two ways. 

1. By measuring the time taken until a certain red color of formazan corresponding
to the arbitrary color unit. No. II of Cobalt Chloride was attained in each Thunberg 
tube. Such time was plotted against the corresponding turbidity of each plankton sample 
(upper curve in Figure 2). 

TABLE I 
Activity of plankton catches off Banyuls on .July 1, 1952; turbidity and formazan 

expressed in divisions of the colorimeter scale 

Sample Nr. l 2 3a 3b 3c 3d 

a. Time taken until a formazan
color corresponding to color
unit II of Cobalt Chloride is
developed . 48 ± 5 63 ± 5 32 ± 5 ? 48 ± 5 go± IO 

min. min. min. min. min. 

b. Turbidity at 750 n1 (J, 82 ± 5 58 ± 5 145 ± 5 IIO ± 5 78 ± 5 50 ± 5 

c. Forrnazan at 580 m µ, deve-
loped after 41/

2 
hrs. at 37° C.; 

extract in 7 ml isoamyl al-
cohol . 65 48 125 95 60 47 

N. B. Blank for turbidity = 43 divisions. 

2. By allowing the reduction of T.T.C. to proceed for a period of 41/2 hours at 37° C.
and then extracting the resulting formazan and measuring its concentration. Such a 
period of time was deemed sufficient for a maximum reduction of the dye by the active 
plankton system in the tubes. A linear correlation between the concentration of plankton 
samples as assessed by the turbidity measurement and the amount of formazan produced 
by each sample is shown (lower part in Figure 2). 

C. Experiments on Baltic Sea Plankton

A trip to Kiel during the month of August, 1952, was made available through an
invitation extended by Prof. A. REMANE and Dr. ERICH ScHULZ and through the generous 
facilities offered at the Institut f-Li.r Meereskunde of the University of Kiel. The purpose 
of this trip was to compare the plankton production in the Baltic with that in the Western 
Mediterranean by the T.T.C. procedure. The Baltic Sea was far richer in plankton than 
the Mediterranean at that time for, while it was necessary to filter at least 5 I of water 
in the Mediterranean to obtain a plankton sample adequate for chlorophyll estimation 
or for measuring the dehydrogenase activity, one litre or less was sufficient in the Baltic, 
which was also richer in detritus. On board the institute's ship, "Si.idfall", Dr. J. KREY 
and I made two cruises in the Baltic, a longer one for two days, during which we explored 
the Kiel-Flensburg waters and a shorter one in the Bay of Kiel. 

The following are the results obtained during these trips: 
Kiel-Flensburg cruise (August 20-21, 1952) 
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List of samples and stations 

Station 
Depth 

No. 
Position of water 

m 

III 1) Flensburg light vessel 28 
Flensburg light vessel 28 

IV Holnis 
Flensburger Forde 20 

v2) Kleiner Belt 35 
Kleiner Belt 35 

VI lat. 54° 41.8' N 
long. 10° 13.8' E 

VII lat. 54° 34.7' N 20 
long. 10° 13.5' E 

VIII Kiel light vessel 18 

1) Sky clear, sea moderate wind NE 4-6 m/s.
2) t0 surface= 17.38° ; t0 34 m = 8.0°. 

Sample 
Time 

No. 

14.00 l 
14.00 2 

16.15 3 
4 

10.30 5 
10.30 6 

7 

l I ·53 8 
9 

10 

13.05 II 
12 
13 

14.30 14 
15 
16 

Description 

vertical haul 27-0 m 
vertical haul 10-0 m 

vertical haul 19-0 m 
vertical haul 10-0 m 

vertical haul 35-0 m 
vertical haul 5-0 m 
1 1 from 10 m (excluded) 

vertical haul 23-0 m 
vertical haul 5-o m 
r 1 from 10 m (excluded) 

vertical haul rg-o ill 
vertical haul 5-0 ill 
1 1 from 10 m (excluded) 

1 1 from 10 m (excluded) 
vertical haul 17-0 m 
vertical haul 5-0 m 

With the exception of the samples collected directly by Nansen bottles, all the above 
catches were made by filtering columns of water with the standard net No. 20. Although 
there was no means of measuring the exact volume of water filtered, the latter was 
estimated from knowledge of the dimensions of the net; no allowance was, however, 
made for errors resulting from drift by currents, since that was not very appreciable. 
Although such volumes do not represent strictly quantitative data, they were included 
in Figs. 3 and 4 since the conditions under which the hauls are made were similar. On 
board the ship, each plankton catch was adjusted to a r 1 suspension in sea water, and 
stored in a cold room. In the laboratory, the contents were thoroughly shaken and the 
following amounts from each catch, unless otherwise stated, were used: 

a. 5 ml for dehydrogenase activity
b. 5 ml for dry weight
c. 5 ml for chlorophyll extraction

In most cases, duplicate experiments were made. For measuring the activity of the 
first six samples (Fig. 3) (Stations III, IV, and V), the reduction of T.T.C. by the 
plankton suspension was allowed to proceed for six hours at a constant temperature of 
30 ± 1 ° C. The red formazan formed was extracted finally in 20 ml of isoamyl alcohol 
and measured; the diameter of the cuvette in this case being 5 cm. The figure obtained 
for sample ( r) is below the real value, since a small part of the formazan solution was 
lost during filtration. 

A comparison of the formazan developed by the above six plankton samples, together 
with their chlorophyll content and dry weight is shown in Fig. 3. While the formazan 
readings bear a certain relation to the dry weight, the values for chlorophyll deviate 
considerably. An explanation for this may be sought in the composition of the different 
samples. Microscopic examination of these revealed that sample (2) contains much 
detritus and very little phytoplankton. On the other hand, sample ( r) was relatively 
rich in phytoplankton, the following species being abundant: 

Ceratium tripos v. atlanticum; C. trigonum; C. fusus; Rhizosolenia alata; R. setacea. 
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Sample (3) contained more of the larger zooplankton than any of the rest of the samples. 
It was particularly rich in polychaete larvae, larvae of molluscs and Calanus, together 
with benthic forms of plankton as well as some benthic diatoms such as Nitzschia and 
Pleurosigma. This is probably because the sample was taken near a rich bottom. Sample (4) 
was rich both in peridinians and diatoms, but by no means in zooplankton. In sharp 
contrast to sample (3), the larger zooplankton such as polychaete larvae and copepods 
were almost absent in this sample. In addition, this sample was also rich in detritus. 
Sample (5) contained much more peridinians and diatoms than zooplankton. It was 
particularly rich in Ceratium spp. (about 7 different types), while copepods were scarce. 
Besides, this sample contained less detritus than any of the others. It could fairly be 
considered as representing a locality exlusively rich in phytoplankton, especially in 
Ceratium at that time. As for sample (6), it contained small numbers of nauplian larvae 
which were the most conspicuous among the zooplankton, apart from a few diatoms and 
peridinians. A comparison between the results obtained by the different methods for 
samples (3) and (5) in Fig. 3 thus becomes of a particular interest in the light of micros
copic examination just mentioned. Thus, while an apparently larger volume ·of water 
was filtered in sample (5), almost equivalent to twice as much as that filtered in sample 
(3), yet the dry matter obtained in sample (3) is higher. This is clue to the preponderance 
of zooplankton in the latter sample which also explains its relative poverty in chlorophyll. 
The slightly higher value of formazan in sample (3) could also be explained as due to 
higher activity of the plankton suspension in this sample than in sample (5) on account 
of the zooplankton. The relatively high dry weight figure for sample (4) could also be 
due to its richness in detritus and suspended inorganic matter, including fine sand 
particles. The data for samples (8-16) of the same cruise are represented in Fig. 4. 
The plankton activity of these samples was determined as follows: The T.T.C. reduction 
was allowed to proceed for 12 hours at 30 ± 1° C. after which period the formazan was 
extracted in 20 ml. of isoamyl alcohol. The color obtained in the different samples was 
matched with the arbitrary units of cobalt chloride solution kept in sealed tubes and 
this is illustrated on the above figure. Both the dry weight and chlorophyll were also 
determined in the same way as before. These results (Table II) are more consistent than 
those on Fig. 3; they also agree with the fluctuations in formazan. 

TABLE II 
Quantitative estimation of 6 plankton catches from Stations VI, VII and VIII 

in the Kiel-Flens burg area on August 21, 1952 
Experiments made on 5 ml. samples 

Sample Dry ,vt. Chlorophyll Formazan in 
No. 

pH 
inmg. (log I

0
/Ix) CoCI

2 
units 

8 7,4 9.37 0,22 IV 

9 7.6 2.84 0.02 I 
11 7.2 6.49 0.12 VI 
12 7.7 2.58 0.01 I 
15 7.3 4.33 0.11 IV 
16 7,4 1.64 0.03 II 

In the above table, samples (g), (ui) and (16) represent catches made by filtering 
columns of water from 5 m. depth to the surface at nearby stations. The total dry matter 
obtained in such catches is equivalent to 568, 516 and 328 mg. respectively. This gives 
a mean value of about 6. 11 gm. of dry matter per cubic meter of water for the area in 
question. The values for chlorophyll seem to agree well with the dry matter estimations, 
except perhaps for sample ( I 5) which seems to contain more phyto- than zooplankton. 
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In the above table, the pH of the stock samples of plankton kept in 1 1 jars was also 
measured prior to activity measurements. 

Kiel Bay Cruise on 28th August, 1952 

List of stations and samples. 

Station Depth 

No. Position of water Time 
m 

P) 54° 23' N 16.5 9.30 
10° 

l 1.8' E 
II2) 45° 27.5' N 20.5 10.30 

100 14.5' E 
III2) 54° 30.4' N 28 12.15 

10° oo' E 

1) Air temp. 16°, barometer 1005 mb, wind W 8 m.
2) Air temp. 15°, barometer 1004 mb, wind WNW 4 m.
3) Air temp. 15°, barometer 1006 mb, wind W 14 m.

Sample 
No. 

l 

2 
3 
4 
5 
6 

Description 

vertical haul 1 6-o m 
vertical haul 1 o-o m 
vertical haul 20-0 m 
vertical haul 1 o-o m 
vertical haul 27-0 m 
vertical haul 10-0 m 

The above samples were collected with a standard net No. 20; the volume of water 
filtered in each case was calculated as before. The plankton catches were made into a 
suspension in 1 1 in sea water as usual. 

In the labotatory, a 25 ml sample of each catch was filtered both for dry matter and 
chlorophyll estimations, since the above samples were apparently poor in plankton. The 
T.T.C. reduction was made on ro ml samples instead of 5 ml at a temperature of 
30 ± 1 ° C. for a period of 4.5 hr.; the formazan formed was finally extracted in ro ml 
isoamyl alcohol. The total chlorophyll content and dry matter of each catch were 
calculated from the results of the 25 ml samples. The turbidity of these catches was also 
measured. The results of this experiment are illustrated in Fig. 5 and Table III. As 
shown from the figure, the fluctuations in formazan, dry matter, chlorophyll, and 
carotenoids correspond with the plankton concentration in samples 3, 4, 5, and 6, while 
the difference are greater for samples 1 and 2. It should be noted that the formazan 
reading for sample ( 1) is higher than the real value since in that sample the formazan 
solution was slightly turbid. Such turbidity was difficult to get rid of on further filtration. 
The anomaly of this sample is demonstrated on Fig. 6 in which the concentration of the 
six plankton samples in question as measured by turbidity at 750 m µ is plotted against 

TABLE III 

Quantitative estimation of 6 plankton catches from the Bqy of Kiel on 28 August, 195.z 

Total dry Total Optical Calculated 

Sample No. matter per -- Carotenoids density of Turbidity vol. of Calculated Calculated 

and depth catch Ek/1 formazan wa'ter seston chlorophyll per at 750 mµ filtered 
(in mg.) (in y) at 500 IDµ (in L.) y/L y/L 

( l) 16-0 m. 65.6 260 40.6 0.42 0.43 246 300 I. l
(2) 10-om. 84.4 304 49.8 0.32 0.52 154 550 2,0 
(3) 20-om. 106.4 156 21.8 0.30 0.55 308 345 0.5 
(4) 10-0 m. 60.0 II6 16.4 0.16 0.35 154 389 o.8 
(5) 2.7-o m. II5,2 124 24.0 0.36 0.63 416 277 0.3 
(6) 10-om. 34.0 56 10.9 o. 12 0.30 154 221 0.4 

mean= 347 1/L 0.85 1/L 
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their corresponding dehydrogenase activity. Otherwise, Fig. 6 shows a straight line corres
lation between the plankton concentration and the formazan produced. The slope of 
this curve is a function of the time during which the T.T.C. reduction proceeds. That 
the Kiel Bay water is poorer in plankton during August than March is also demonstrated 
by the calculated values of seston and chlorophyll per litre. Such values (Table III) 
were obtained by dividing the values of chlorophyll and dry matter over the calculated 
volume of water filtered. This gives a mean figure of 34 7 -y of dry matter/ L & 0.85 -y 
chlorophyll / L. KREY ( I 952, p. I 6 7) gives I 500 -y / L & I 6 70 -y / L of seston respectively for 
the upper and lower layers of water in Kiel and Flensburg and 3.7 -y/L and r.9 -y/L. 
chlorophyll during the Spring maximum in March, I 95 I. 

D. Experiments on Homogenized and Non-homogenized Plankton

For the purpose of these experiments, I 1 samples of water brought up by Nansen
bottles at a depth of IO m. in the Bay of Kiel were simultaneously filtered in the laboratory 
on fine-pore filter paper. The plankton retained on the filter paper was homogenized in 
one sample, remained untreated in another, and used for chlorophyll extract in the third. 
The latter gave a value of about I -y chlorophyll L. The homogenate was made in IO ml. 
sea water previously filtered with 0.5-1.311.-pore filter paper so as to eliminate as much 
as possible the effect of bacteria. A similarly treated quantity of water was used for the 
non-homogenized sample. To test the influence of bacteria alone, a IO ml. plankton-free 
sea water previously stored for some days at room temperature in the laboratory was 
used for comparison. The samples were put in Thunberg tubes for T.T.C. reduction 
and kept in an incubator at 30 ± 1° C. for 24 hours. Two additional tubes containing 
both homogenized and non-homogenized plankton, but previously boiled, were also 
similarly treated and kept in the incubator along with the others. 

TABLE IV 

Optical density at 500 mµ (d = 15 cm.) offormazanproduced in 24 hours at 30 ± 1° C. extracted 

in I o ml. isoamyl alcohol 

a. In non-homogenized plankton 0.58 
b. In homogenized plankton o.35
c. Due to bacterial activity alone O.IO 

d. Boiled samples o.o

The results (Table IV) show that the non-homogenized plankton gives a higher 
activity than the homogenized one, while in boiled samples no activity was obtained 
during the 24 hour period of the experiment. Activity due to bacteria alone amounted 
to about 1/6 of that due to non-homogenized plankton. It must be assumed that the
amount of bacteria at the end of the experiment must have been greater than at the 
beginning, so that the figure for bacteria does not necessarily represent the amount 
normally found in sea water. The difference in activity between homogenized and non
homogenized plankton also agrees with the results obtained by ROBERTS ( 1951) for 
plant tissues. The following assumptions may be considered to account for this result: 
( 1) It may be that homogenization results in loss of the enzyme system, (2) or increase

Legende z u  den n ebenstehenden Abbi l dungen (Taf. g) 

Fig. 5. Plankton activity (reduced T.T.C. in 4.5 ho urs at 30 ± 1° C.), dry weight, chlorophyll and 
carotenoids of six plankton samples obtained in the Bay of Kiel during A ugust, 1952. 

Fig. 6. Straight line correlation between plankton concentration and corresponding reduced tetra
zoli um salt for vertical hauls obtained in the Bay of Kiel . 
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in the activity of oxydases, (3) or it may be that homogenization results in activating 
some bactericidal substance in the system, or (4) it may be that homogenization alters 
the general redox level of the system. 

DISCUSSION 

ROBERTS (1. c.) summarized the factors responsible for the reduction of tetrazolium 
chloride in plant meristems and suggested that no one reductase system is responsible 
for the characteristic reduction in plant tissues and that it also seems more likely that a 
general redox potential level, maintained by the operation of several physiologically 
active reductases, brings about the reduction of tetrazolium. BODINE et al. (1. c.) arrived 
at similar conclusions with regard to animal tissues. That the reduction of T.T.C. is 
closely connected with living or physiologically active systems has been demonstrated in 
the present experiments by heating the plankton system to a lethal temperature, where
upon such activity is lost through the destruction of the enzyme system. KRETOVICH ( I 946) 
has also observed a close correlation between loss of dehydrogenase activity of seed 
embryos and loss of vitality and that the dehydrogenase system of wheat embryo is 
activated by hexose di- and monophosphate, among other hydrogen donors. DuFRENOY 
and PRATT ( 1948) report that the sites of reduction of tetrazolium were also sites of 
reactions for phosphate ion. The fact that T.T.C. indicates an over-all dehydrogenase 
activity makes this dye highly favorable for work with suspensions of marine plankton 
which comprise both zoo- and phytoplankton, together with bacteria and other metabolic 
products in solution. No buffering of such a system is required since the sea water itself 
acts as a buffer and the pH is always on the alkaline side. Homogenization of plankton 
suspension results in a loss of the dehydrogenase activity and RoBERTS noted a similar 
effect with higher plant tissues. The same seems also true with regard to animal tissues. 
The work of KRETOVICH (1. c.) using the selenite test and that of DuFRENOY and 
PRATT (1. c.) using tetrazolium salt in localizing the sites of reaction for phosphate ions 
in plant tissues is of particular importance with regard to the plankton. The latter 
authors noted also that microscopic study of plant tissues stained with tetrazolium showed 
that the sites of reduction generally coincided with the location of oil droplets, whether 
in the cytoplasm, near the plasmodesmata or between the starch grains within the 
amyloplasts. In this connection, the tetrazolium reaction could be utilized to indicate 
the lipidic content in plankton cells. In works dealing with organic production in the sea, 
a correlation was found between the organic matter of plankton and its phosphorus 
content. Thus HARVEY (1950) showed that analysis of mixed communities, mostly 
copepods, gave a composition of about 83% of water and 0.2% of phosphorus. The 
figures quoted by FLEMING (in HARVEY, p. 114) give a C:N:P. ratio of 40:7,4: 1 for 
zooplankton. The importance of total phosphorus in sea water has also been demonstrated 
by ARMSTRONG and HARVEY (1950, p. 161) who showed that the amount of phosphate 
"distinguishes one water mass from another, is a measure of its potential fertility, bears 
a relation to the annual production of vegetation and of zooplankton, and also bears 
a relation to the survival of post larval f ish spawned in summer". GILLBRICHT (1952) 
attempted to calculate the total annual production of phytoplankton in the Kiel Bay 
from chlorophyll content, phosphate and organic matter. He gives a figure of 58 gm 
C m2 for the area in question. 

The results arrived at in the present experiments suggest a strong correlation between 
the amount of fresh plankton in a suspension and the amount of reduced tetrazolium salt. 
A straight line correlation was obtained particularly in experiments where one and the 
same plankton sample (mixed population) was diluted several times with sea water. 
Specific variations in the quantity and quality of dehydrogenase found in the different 
components of the plankton (e.g., in diatoms, peridinians, copepods, etc.) are likely to 
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occur but, as already indicated, we are more concerned with the over-all activity than 
with such specific variations. The tetrazolium procedure is also sensitive enough to detect 

the activity due to bacteria alone in sea water. Such experiments also suggest that other 
soluble organic substances in the system resulting from the metabolic activity of plankton 
and bacteria may play a role in accelerating the reduction of tetrazolium. Others might 
retard the reduction. In an attempt to investigate the specific enzymes responsible for 
the reduction of tetrazolium, several workers have tested the influence of various enzyme 
depressants. ROBERTS (1. c.) summarizes such substances under four categories: strong, 
medium, weak and non-inhibitory. On the other hand, substances like sodium succinate 
tend to accelerate the reduction rate. Investigations on these lines with regard to the 
plankton would undoubtedly throw light on our knowledge of the complex organic 
matter in the sea. It is assumed that in a mixed population of phyto- and zooplankton, 
the former releases lipids, sugars, and other organic substances into the water, besides 
hum.in, which is known to contain stable organic nitrogen. The zooplankton, on the 
other hand, releases particulate detritus and amino acids. Such organic compounds are 
usually unaccounted for in figures dealing with gross production in the sea, probably 
due to insufficient knowledge of methods to determine them. However, THIENEMANN 
( 1931) drew attention to this fact in his definition of production as the total organic 
matter produced by living cells inclusive of their excreta. The zooplankton feed upon 
phytoplankton and large quantities of detritus are released to the medium. The detritus 
together with dead plankton and other sea organisms are all decomposed by bacteria. 
The zooplankton may also feed upon detritus. Organic phosphorus and various other 
substances, undetermined at present, take part in this complex cycle in the sea. Whether 
the breakdown of organic phosphorus compounds in the water is due to the action of 
bacteria or to slow chemical decomposition is not yet known. In experiments dealing 
with organic production in the sea or in fresh water, most workers tend overlook or 
underestimate the role of bacteria. The organic matter consumed annually by marine 
bacteria must be of a high magnitude. If we are able, for example, to break down the 
plankton into its different ingredients by processes of fine filtration and determine the 
activity of such fractions by reduction of tetrazolium, we may arrive at a better under
standing of the role played by bacteria and active organic matter in the sea. We might 
also, through the administration of certain organic substances or through bacteriostatic 
agents, e.g. toluene, block one or the other of these active systems in the plankton in 
order to determine the activity of a certain other fraction alone. The activity due to 
phytoplankton alone (e.g. diatoms or peridinians) under certain standardized experimen
tal conditions and at a certain temperature could be assessed by experiments on pure cul
tures. A possible relation might also exist between the phosphorus content of plankton and 
its dehydrogenase activity. In the present investigation, no attemps were made to measure 
the activity of the different plankton samples in absolute units of formazan (by weight) 
nor to refer the arbitrary color units of cobalt chloride to the latter. However, this would 
form the subject of a future investigatiom in which some of the above suggested experi
ments could be undertaken. In concluding this paper, I wish to draw attention to the 
importance of the biological oxidation reduction systems in relation to problems of pro
ductivity and biomass in ecology. The more recent "energetics" approach to productivity 
has been expressed by KALLE ( 1948) and others as a substitute for "biomass". This is 
because in the marine environment, and in other environments also, the rate at which 
the food is produced and consumed varies greatly in the different species; moreover, the 
length of generations also varies considerably. Therefore the energy produced or dissi
pated in the biological system is the fundamental value in productivity. 

KALLE's definition of production as ". . . that part of the sun's energy which is 
dissipated as heat or energy of movement through the process of reduction of C0

2 
to 
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organic substances" is unfortunately incomplete. The same cnt1c1sm applies also to 
experiments by STEEMAN NIELSEN (1954) with C14 for assessing the total production 
in the ocean, since in both cases only the "autotrophic production" is considered and 
this depends on carbon assimilation through chlorophyll and radiant energy from the 
sun. In nature, however, there are several flagellates, particularly in fresh water, that 
are able to synthesize organic substances by other means. FRITSCH ( 1935, p. go and 
p. 538, for example) mentions several colorless flagellates, lacking all trace of chloroplast,
but still produce starch in abundance as well as volutin. One such organism is the
common saprophyte Pol:)1toma. In rare cases biosynthesis of cell material can occur in 
the presence of hydrogen as the sole available oxidazable material, according to ANFINSEN 
and KrnLLEY ( I 954). One such instance is furnished by Clostridium aceticum which carries
out the over-all process as follows:

nC02 + m H2 + salts ---+ CH3COOH + cell material ( 1) 

The free energy change in the formic hydrogenlyase system is : 

formic 

CHOOH +----- -

dehydrogenase 

H ydrogenase 

2H+ + 2e +------ - - - H2 

or summated: HCOOH +---- -- C02 + H2 

(3) 

(4) 

The above authors in their review of biochemical oxidations sum up the role played 
by oxidation reduction systems as such " .  . . these oxidation reduction systems are 
coupled to mechanisms which permit the accumulation of free energy released, in a 
form useful in biosynthetic processes". With this concept in view, an ideal definition 
for gross production would also include what we may call "heterotrophic" biosynthesis. The 
latter mode of synthesis mjght play a part below the euphotic zone or at the ocean bottom. 
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