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MEASUREMENTS OF PRODUCTION IN FERTILIZED 
SALT-WATER 1, 2 

W. T. EDMONDSON AND YVETTE H. EDMONDSON 

Biological Laboratories, Harvard University 

The present paper describes some results of several exploratory 
experiments made at the Woods Hole Oceanographic Institution in 
connection with a proposed study of organic production in salt waters. 
An attempt is made to relate the viewpoint of the present paper to the 
more outstanding aims of fertilization work. Aside from practical 
matters of aquiculture, addition of nutrients to water is a valuable tool 
for studying what has been called food-chain dynamics. Briefly 
stated, the object of the described experiments was to determine im-
mediate effects of fertilization upon the vital activities of the phyto-
plankton. 

Of the four experiments to be mentioned, two were performed in an 
outdoor concrete tank built in Woods Hole for the purpose, the others 
in Rand's Harbor near Woods Hole. The tank at Woods Hole is 
made of high quality concrete and it is divided down the middle by a 
concrete partition, making two separate compartments, each being 
5.70 x 2.74 x 1.53 meters. Notches in the wall permit insertion of 
heavy wooden partitions which divide each compartment into four 
equal sections. For purposes of these experiments, one undivided 
compartment was used. The concrete was thoroughly washed after 
setting and was leached with sea water for several weeks before use. 
No untoward effects of the concrete on the water were observed during 
the experiments; e.g., the pH did not change during soaking with sea 
water after the initial washing, although it increased as expected during 
heavy plankton growth. 

Rand's Harbor is an irregularly Y-shaped embayment of Buzzards 
Bay about ten miles from Woods Hole. The length of the larger 
branch is about 375 meters, of the smaller branch 250 meters, and of 
the foot roughly 125 meters. The end of each branch away from the 
seaward connection is a somewhat enlarged basin. The deepest part 
of the small branch is about 3.5 meters at high tide and of the large 

1 Contribution No. 414 from the Woods Hole Oceanographic Institution. 
2 One of a series of papers presented at a symposium, "Fertilization of Aquatic 

Areas," sponsored by the Limnological Society of America at Boston, 1946. 
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branch about 5 meters. The extreme range of tide is about 1.5 
meters. The opening to Buzzards Bay is about 5 meters wide and 1.8 
meters deep at high tide. Rand's Harbor was under intensive investi-
gation between March 1 and September 1, 1946. On two occasions 
fertilizer was added to the smaller arm. 

The work discussed here is part of a co-operative project initiated 
and supervised by Dr. George L. Clarke. The counts of tank plankton 
were made by Miss Mary Goffin, of the Rand's Harbor plankton by 
Dr. S. P. Chu. Miss Marion Hawes furnished much assistance in 
making chemical determinations. Other help is acknowledged 
subsequently. 

METHODS 

Oxygen. Oxygen was determined by the Winkler method as de-
scribed by Theroux (1943). The concentration of oxygen is expressed 
as milligram-atoms per liter as recommended by the International 
Association of Physical Oceanography (Sverdrup, at al., 1942: table 
34). Since oxygen is almost invariably given by limnologists as milli-
grams per liter, this mode of expression is also recorded in order to 
make values more readily comprehensible to all readers. The definite 
advantage of the former method is that the figure is proportional to 
the number of oxygen atoms rather than to the mass, which makes 
intercomparison of amounts of various elements easier in the light of 
definite chemical reactions and compounds. This is particularly 
useful with oxygen when considering photosynthetic equations and 
the amounts of carbon dioxide and carbohydrates involved. One mg. 
of 0 2 = 0.0625 mg.-at.; one mg.-at. is 16 mg. 

Photosynthetic Oxygen Production. The technique for measuring 
rate of photosynthesis is familiar, having been used by Manning and 
Juday (1941), Juday, Blair and Wilda (1943), Riley (1943), and others. 
In the present work, round clear glass bottles, with a volume of about 
200 ml., were filled from the tank with raw water that was strained 
through stramin in order to remove large pieces of debris which might 
have been present. For each experiment four bottles were so filled , 
two of which were wrapped with several layers of black cloth and two 
left uncovered ;3 all four bottles were suspended in the middle of the 
tank at mid-depth in such a way that they were exposed freely to the 
light. Initial oxygen, phosphate, and plankton concentration were 
measured. At the end of two or four days the bottles were retrieved. 
Oxygen was determined on one pair of bottles, light and dark, phos-
phate and plankton on the other pair. The mean rates of change of 

3 Hereafter referred to as "dark" and " light" bottles. 
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oxygen and phosphate were then calculated by dividing the change 
from initial conditions by the time of exposure. The rate of increase 
of oxygen in the light bottle represents the rate of formation of oxygen 
by photosynthesis less the rate of consumption by respiration. The 
latter is measured by the change in the dark bottle. Subtracting the 
rate in the dark bottle (a negative quantity) from the rate in the light 
bottle gives the total mean rate of production. 

The results of such determinations may be distorted by a number of 
factors which partially counterbalance each other. The phytoplank-
ton started dying in the dark bottles while increasing in the light in 
these experiments. It might be thought, therefore, that the dark 
bottles did not sufficiently estimate the rate of respiration; however, 
it is known that bacteria and nonphotosynthetic protozoa multiply 
more rapidly in the dark bottles than in the light, and their respiration 
makes up for the loss of plankton, at least in part. The errors may be 
partly minimized by keeping the time of exposure as short as possible; 
yet the time must be long enough that the change in oxygen concen-
tration is significantly larger than the error of determination. It is 
also necessary that the time of exposure of the bottle be short enough 
that the supply of carbon dioxide is not depleted. In these experi-
ments, using sea water, this is unlikely to happen. Concordant re-
sults were given by three determinations, two covering two days each, 
which coincided with a longer four-day determination. 

Hydrogen-ion Activity. The pH was determined with a Hellige 
colorimeter and the results corrected for salt error. 

Phosphate. Phosphate was determined by the Atkins-Deniges 
molybdate method except that 1 ml. of solution was used instead of 2 
ml. (Wattenberg, 1937). The intensity of the blue color was measured 
with a Klett photoelectric colorimeter which had been standardized 
with solutions of known phosphate content. Klett no. 66 filter and a 
4 cm. cell were used. All measurements were corrected for salinity. 
Since the intensity of the blue color changes with time, all determina-
tions were made during the period between five and fifteen minutes 
.after the addition of reagents. The concentration is expressed as micro-
gram-atoms of phosphate phosphorus per liter as recommended by The 
International Association of Physical Oceanography (Sverdrup, et al. , 
1942: table 34). One µg.-at. of phosphate phosphorus is equivalent 
to 30.98 µg. of phosphate phosphorus, or 94.95 µg. of phosphate. 

Chlorophyll. Two-liter samples of sea water were filtered in a modi-
fied Seitz filter _through Whatman no. 42 paper on which had been 
deposited a layer of barium sulfate as described by Redfield, Smith and 
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Ketchum (1937: 423). One liter of water was used when much plank-
ton was present. The entire filter medium was then ground with Merck 
reagent sea sand in a mortar and extracted with 80% acetone in the 
da~k for fifteen minutes. The extraction mixture was filtered through 
a smtered glass filter and the filtrate read with a Klett photoelectric 
colorimeter. 4 
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Figure 55. Absorption of li ght by chlorophyll s a and b and cbJorofucine (triangles) in ace-
tone and transmission of light by Klett filt ers no. 66 and no. 69. For purposes of comparison, 
maximllIIl transmission or absorption has been taken as 1.0 with all other values expressed as 
fractions of the maximllIIl . Data for chlorophylls a an d b. from Harris and Zscheil e (1943), 
are relative absorptions (=log 10 /I). D ata for cblorofucine from Strain and Manning (1942). 
Data for transmission by the filters are simply the percentages of peak transmission at the 
given wavelengths. 

Readings were always taken with Klett filters no. 66 and no. 69, 
since at the time it was uncertain which was most suitable. Subse-
quently the authors determined the transmission spectrum of the 
filters using a Beckman spectrophotometer. The results of these 
measurements are compared with the absorption spectra of chloro-
phylls a · and b in Fig. 55. For the filters, the maximum percentage 
transmission was taken as 1, and the transmissions at various wave-
lengths calculated as fractions of the maximum. The curves for chlo-

• The instrument had been calibrated by Dr. Harold Haskin, using samples of pure 
chlorophylls a and b kindly supplied by Dr. Richard Goodwin of Connecticut College. 
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rophylls are derived from graphs published by Harris and Zscheile 
(1943). The maximum relative absorption in the red was similarly 
taken as 1 and relative absorptions at the various wavelengths ex-
pressed as fractions of the maximum. The graph indicates that Filter 
no. 66 is the better for measuring concentration of chlorophyll a, 
although there could be some interference from chlorophyll b. The 
calibration data showed that Filter no. 69 was relatively insensitive to 
both chlorophylls. There is no chlorophyll b in the diatoms which 
made up most of the plankton in this work. Chlorofucin may also 
interfere to some extent, but it is felt that this is a minor effect. Chlo-
rofucin evidently is a normal component of diatoms (Strain and 
Manning, 1938). 

Plankton. A 100 ml. sample of water was treated with six drops of 
Lugol's solution and allowed to settle overnight. The supernatant 
water was carefully poured off. The numbers of organisms were re-
corded, usually to genera, although in some cases species could be 
recorded and in other cases only families. The counting was done by 
the method described by Chu (1942). The period of settling should be 
much longer when small flagellates are present, but with the plankton 
present in the tanks, this period gave a sufficiently accurate estima-
tion of the important elements of the phytoplankton. 

In order to estimate somewhat better the actual amount of material 
present, the volume of each type of organism was estimated from 
mean size and the total volume of phytoplankton present calculated. 
Much reliance should not be placed on these volumes, since the mean 
sizes used are not precise. 

RESULTS 

EXPERIMENT 1 

Only one of the experiments is to be described at length here. On 
the morning of August 20, 1946, the concrete tank at Woods Hole was 
filled with 15,000 1. of sea water pumped in from the adjacent harbor. 
The water was passed through a very large net of no. 10 bolting silk 
to remove the copepods and fish, reducing the larger zooplankton to a 
negligible number. Bottles were immediately filled for photosynthe-
sis determination, using the raw sea water. Thereupon 100.5 g. of 
Reagent NaNO3 dissolved in a small quantity of distilled ·water was 
poured into the tank and the water vigorously stirred to assure com-
plete mixing. A second set of bottles was filled for another photosyn-
thesis determination, using this nitrate fertilized water. Finally, 10.2 
g. of Reagent KH2PO4 was similarly added, the tank stirred, and 
another set of bottles filled. Thus three determinations were run 
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concurrently for four days: one without fertilizer to serve as control 
(Fig. 56a), one with nitrate (Fig. 56b), and one with both nitrate and 
phosphate (Fig. 56c). Since only one tank was available at the time 
a full control (a tank full of unfertilized water) was not possible. Th~ 
amount of phosphate added was calculated to increase the concentra-
tion by 5.0 mg.-at. of phosphorus per liter. The initial concentration 
in the water was 0.93, and that measured after fertilization 5.82. The 
nitrate added was calculated to make the proportion of nitrogen to 
phosphorous 7.1 by weight or 15.6 by number of atoms. This is the 
average ratio in marine plankton (Sverdrup, et al., 1942: 236). 

Each day during the thirteen day period of the experiment, after 
the water was mixed by stirring, measurements were made of phos-

-- -- •-1----- -

20 21 22 23 24 25 2S 27 28 29 30 31 

AUGUST SEPT. 

Figure 56. Plan of Experiment 1 in tank from August 20 to September 1. 1946. The 
horizontal lines represent the duration of exposure of bottles in determina,ion of rates of 
photosynthesis. In subsequent fi gures, data are plotted at the midpoints of the periods. 
Three determinations were started on August 20 as described in text. The determination of 
photosynthesis during the period August 28-September 1 was unsatisfactory. 

phate, temperature and pH. Salinity was measured on the first day 
and on several subsequent days. On some days measurements were 
made again in the afternoon; this was always true of temperature and 
pH, frequently of phosphate. The water temperature during the 
experiment v?,ried between 20° and 22° C. Every second day chloro-
phyll was determined, and bottles were filled for starting a new photo-
synthesis determination. During the first part of the period these ran 
for four days, but starting on August 26 additional determinations were 
started which ran for but two days. Thus, during the latter part of 
the period two experiments were run concurrently. The plan is shown 
schematically in Fig. 56, which also serves as key to other figures, 
where values for mean rates determined are plotted at the midpoint 
of the experimental periods. 

Changes in the standing crop of living phytoplankton in the tank 
are shown in Figs. 57 and 58 and of phosphate and oxygen in Fig. 59. 
At the beginning of the experiment the principal organisms in the 
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Figure 57. Numbers of phytoplankton cells (photosynthetic) and of nonphotosynthetic 
unicellular organisms during Experiment 1. Chlorophyll as mgm,/1. X 100 is read on left 
scale. 

phytoplankton were the diatoms Corethron and Leptocylindricus. By 
the end of the experimental period Leptocylindricus had disappeared 
and the diatom Amphiprora had become the dominant form. In addi-
tion, the dinofl.agellate Protocentrum micans increased in numbers until 
August 29, after which it suffered a sharp decline. The population, as 
measured by number of cells) grew rapidly, reaching a peak on August 
24 and then declining as rapidly. The rapidity of fall is notable but is 
nearly matched by some of Riley's (1943) experiments with Nitzschia, 
A smaller peak occurred on August 30. The relative rate of change of 
size of the population was calculated as follows: a smooth curve was 
drawn through the points, and from this was read the number of 
organisms present at the beginning of each day. The daily ch9,nge, 
increase or decrease, was divided by the mean number present during 
the day. The value for August 20 was adjusted to allow for the fact 
that the experiment was started during the morning. The result of 
the calculations shows that after a period of acceleration the popula-
tion was most actively growing on August 22, although the maximum 
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Figure 58. Phytoplankton volume during Experiment 1 as =• of cells per milliliter of 
water. R elative ra te of change shown by broken line. 

number was not achieved for two more days. The second peak was 
the result of considerably slower multiplication. The relative rate of 
population growth is the reproductive rate less the death rate. Since 
predation may be regarded as negligible here, the figures, during 
periods of increase, approximate the reproductive rates. 

The initial stages of growth in volume of the phytoplankton were 
very similar, although the later stages were different (Fig. 58). The 
relative insignificance of the second peak, which occurred later than the 
peak in numbers, is accounted for by the fact that there were fewer of 
the largest diatoms, Corethron and Rhizosolenia; this difference reduced 
the volume more than the numbers of cells. 

The chlorophyll content increased rather less rapidly, reaching its 
maximum value on August 26; there may possibly have been more on 
August 25 when no determination was made. The curves in Fig. 57 
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Figure 59. Concentration of phosphate-phosphorus and oxygen in the water of the tank 
during Experiment 1. 

give the impression that the plankton was growing more rapidly than 
it was making chlorophyll. The second increase in plankton was not 
matched by chlorophyll. 

The data on rate of photosynthesis are of greater interest, since they 
should be a measure of the rate of production of organic matter by the 
plankton. The immediate effect of the fertilizer is exhibited by the 
three measurements which were started on the first day (Table I). 

TABLE I. RATE OF OXYGEN CHANGES IN THE THREE INITIAL DETERMINATIONS OF 

EXPERIMENT 1 SHOWING THE EFFECT OF ADDED NUTRIMENT. RATES OF 

CHANGE OF OXYGEN CONCENTRATION J:N LIGHT AND DARK BOTTLES 

AND TOTAL RATE OF PRODUCTION (LIGHT-DARK) ARE GIVEN 

IN Two DIFFERENT UNITS. THE UPPER FIGURES ARE 

THE RATES AS MILLIGRAM-ATOMS PER LITER PER 

DAY, THE LOWER FIGURES IN PARENTHESES 

ARE THE RATES AS lVlILLIGRAMS PER 

Raw sea water 
(control) . .... .... . 

Fertilized with NO, . . . 

Fertilized with NO3 

and PO •. . . 

LITER PER DAY 

Tot,al oxygen 
production 

Change in 
light bottle 

Change in 
dark bottle 

. . 0.030 ......... . ... 0.014 .. .. . ...... . -0.016 
(0.48) . . . ..... . .. . (0.22) ....... . .. . ( -0.26) 

.. 0.046. . . . . . . 0.030 .. .. . . . . : ... -0.016 
(0.74) .. . ... . . . . . . (0.48) ......... .. ( -0.26) 

. . 0.067. . . . . . . . . . . . 0.047 ........... . -0.020 
(1.07) . . . . . . . . . . (0.75) .. . ...... .. (-0.32) 
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Figure 60. Rates of change of oxygen concent-ration m ll ght ancJ dark bot tles and of tota l 
oxygen production (light--dark) in E xperiment 1. T he rat e. of oxygen production per milli-
gram of chlorophyll ( X 0 .01) is shown by the thick solid line and dots. Chlorophyll values 
used were mean s of concentrati on s in tank at beginning and end of the det ermination . The 
black band at t op represents relative degree of cloudiness in qualit ative units shown a t left . 

Addition of fert iliz er had relati vely littl e effect on respiration but 
increased the rate of production greatly. Additi on of nitrate alone 
made an increase of about 50%, while further addition of phosphate 
more than doubled the rate in raw sea water. This seems to imply 
that the populati on before fertiliz ati on had suboptimal quantities of 
both nutrient subst ances. 

The rate of photosynthesis during the follo wing period varied 
greatly. The maximum rate of production occurred during the 
period August 22- 28, which includes the date on which the population 
was increasing the most rapidly and on which chlorophyll concentra-
ti on was greatest . The minimum rate of producti on occurred during 
the peri od August 26-28, which includes the day during which the 
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Figure 61. Rate of change of phosphate-phosphorus concentration in light and dark 
bottles and total consumption ilight-dark). 

population was decreasing most rapidly. These same rates of oxygen 
production were recalculated on the basis of the amount of chlorophyll 
by dividing by the mean amount of chlorophyll in the tank plankton 
during the period the bottles were exposed. The results, demon-
strated by a ·curve in Fig. 60, show that during the first half of the 
experiment the rate of production per milli gram of chlorophyll was 
rather uniform. It was very low during the period August 26- 28, 
subsequently increased to a level slightly above the original values, 
and was very high during August 30-September 1. These large 
fluctuations are evidently due to variation in the amount of sunli ght. 
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l.!nfortu~ately there are no actual measurements of light, but qualita-
tive estimates of the degree of cloudiness were obtained.5 These 
estimates are symbolized by the black band at the top of Fig. 60, 
where thicker bands correspond to more clouds and less light. Cloud 
and heavy rain during Augm;t 27, with moderate clouds before and 
after, are no doubt responsible for the very low rate of production 
during August 26-28, while very bright sunshine during August 30-
September 1 greatly increased the rate of production per milligram of 
chlorophyll, although the absolute rate, per liter of water, was not so 
greatly increased, since there was less chlorophyll. The changes of 
phosphate and oxygen in the tank (Fig. 59) reflect the changes in 
production. 

In the dark bottles the amount of phosphate always increased. 
In the light bottles the phosphate decreased, evidently being taken up 
in the processes leading to formation of new organic material. These 
changes were calculated as rates and handled exactly as were the 
oxygen data. This procedure involves assumptions not necessary 
when considering oxygen. Nevertheless, as seen by comparing Fig. 
61 with Fig. 60, there is a very close relation between the utilization of 
phosphorus and the liberation of oxygen. This relationship is very 
clearly shown in Fig. 62, where the rates of oxygen production are 
plotted against the corresponding rates of phosphorus uptake. A line, 
fitted by eye to pass through the origin, shows that one atom of 
phosphorus was required under these conditions in the processes which 
resulted in liberation of about 90 molecules of oxygen, and, of course, 
fixation of that number of carbon dioxide molecules in carbohydrate. 
The correlation coefficient was not calculated for these few points, but 
it obviously would be high. 

These figures give information about the ratio in which elements 
were used by the phytoplankton. The ratio of carbon to phosphorus 
contained in marine plankton may be taken as 106 : 1 by number of 
atoms as an average. Assuming that two atoms of oxygen are re-
leased for every carbon fixed, this ratio is 1. 15 times that for the utiliza-
tion by tank plankton. However, since only the oxygen that appears 
in the light bottle represents carbon permanently fixed in the plankton, 
it may be more reasonable to use the rates of increase of oxygen in the 
light bottle in the comparison. If this is done, it is found that the 
ratio in marine plankton is about 1.43 that of utilization. This is 
quite reasonable considering the nature of the compared figures, and 
the fact that the tank plankton had ample opportunity to restore any 

6 Kindly furnished by Mr. Norman T. Allen of the Woods Hole Oceanographic 
Institution. 
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phosphorus deficiencies during the initial stages of the experiment. 
Since data are not available on the utilization of phosphorus within the 
cells it is not possible to make a more exact calculation. 

It was necessary to terminate the work on oxygen production by 
September 1, although certain observations were continued until 
November 29, when the tank was emptied. Twice a week tempera-
ture and phosphate were measured and plankton counted. The 
number of cells continued to increase, with large fluctuations, until 
November 7, when there were 19,000 cell s/ml., whereupon the number 
fell to 1,800 cells/ml. on November 15. The population recovered 
somewhat by the time of the last coll ection. Despite the greater 
number of cell s present during September, October and November as 
compared to August, the volume of phytoplankton remained small, 
fluctuating irregularly about a level of 0.03 mm3/ml. This discrepancy 
is explained by a change in the flora which took place during September, 
when all the large diatoms and flagellates disappeared, leaving only 
small species of N avicula, N itzschia and Prorocentrum. 

This experiment forms the chief basis foi; the following discussion, 
but three others should be mentioned as furnishing additional informa-
tion on the immediate effect of fertilization. The results are given in 
Table II. 

TABLE II . RATE OF OXYGEN CHANGES IN EXPERIMENTS 2, 3, AND 4, SHOWING THE 

EFFECT OF ADDED NUTRIMENT, RATES OF CHANGE OF OXYGEN CONCENTRA-

TION IN LIGHT AND DARK BOTTLES AND TOTAL RATE OF PRODUCTION 

(LIGHT -DARK ) ARE GIVEN AS MILLIGRAM-ATOMS PER LITER PER 

DAY. FURTHER EXPLANATION Is GIVEN IN TEXT 

Experiment Location 
- number 

Depth 
(meters) 

2. . . . .. Tank. . . . . 0.5. 

3 . . . . .. . Rand's. . . 1.5. 
Harbor .. 

4 ..... .. Rand's . ..... 1.5. 
Harbor. 

B Pfore or 
after fer-
tilization 

Oxygen Production 

Total 
produc-

tion 

Change in 
Light Dark 

.. B .. .. ... 0.031. 0.013 . .. -0.Dl8 
A ... . ... 0.161.. .0.141. . .. -0.020 

.. B ....... 0.026 ..... 0.005 .... -0.021 

. .A . ... .. 0.064 ..... 0.044 ... . -0.020 
. .. B ... .. . 0.010 ... -0.001. ... -0.011 
. . A ....... 0.031 . . . . 0.015 ... . -0.016 

Experiment 2 

The tank was filled on July 10 in the manner previously described, 
and on July 11 the water was fertilized with an amount of commercial 
superphosphate calculated to increase the concentration by 5 µ.g.-at./1. 
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The highest concentration actually observed was 4.46. By July 15 
the concentration of phosphorus was 2.62 µ.g.-at./1. On this day 
92.7 g. of C. P. NH4NO3 were added, theoretically increasing the 
concentration of nitrogen by 154 µ.g.-at./1. Photosynthesis determina-
tions were started just before and just after nitrate fertilization, and 
allowed to run four days. During this period the phytoplankton in 
the tank, mostly Leptocyl1.ndricus, Nitzschia and Skeletonema increased 
from 187 to 3,046 cells/ml. 

Experiment 3. 

On July 25 the smaller arm of Rand's Harbor was fertilized with 
commercial nitrate and phosphate fertilizers in amounts calculated 
(assuming no tidal mixing) to increase the phosphorus by 5 µ.g.-at/1. 
and the nitrogen in the same ratio as in Experiment 1. This assump-
tion was not seriously entertained, but it served as a basis for calcula-
tion. Just before and after fertilization, bottles for photosynthesis 
determinations were filled with water from 1.5 m. and suspended at 
that depth. The initial cqncentration of phosphorus was 0.87 µ.g.-at./1. 
before fertilization, 5.56 afterwards. The initial chlorophyll concen-
tration was 0.011 mg./1. 

Experiment 4 

Another experiment at Rand's Harbor was started on August 1. 
The smaller branch was fertilized with commercial superphosphate in 
an amount calculated to increase the phosphorus concentration by 
25.0 mg.-at./1. Because of tidal mixing and distribution, only 4.95 
was observed. The initial chlorophyll concentration was 0.010 mg./1. 
Photosynthesis determinations were made as in Experiment 3, and 
allowed to run until August 9. This long period was undesirable, but 
unavoidable, and the figures are probably not very representative of 
actual production. 

DISCUSSION 

While the main object of the experiments was to investigate the 
extent to which fertilization may increase photosynthetic activity, 
this type of work should also elucidate the relationship between photo-
synthetic activity and changes in the standing crop of phytoplankton. 
Obviously, one experiment is not sufficient to furnish data for an 
extended discussion, particularly as major changes in crop took place 
over a period of time that was short as compared to the duration of the 
photosynthesis determinations. It may be ·pointed out, however, 
that even under these conditions a fairly consistent relation held 
during the latter part of the experiment. The change in standing 
crop was calculated as the mean of the daily relative changes in 
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number during the period covered by each photosynthesis determina-
tion. Not figured here, the plotted data may be described as lying 
quite close to a straight line, except during the first part of the experi-
ment, when the population was presumably rapidly restoring defici-
encies, growing, and when phosphorus in the water was still at a high 
concentration. The significance is difficult to assess with the avail-
able data, and it is hoped that this point may be attacked in further 
work (cf. Riley, 1943). · 

The pertinence of work of the sort described here to general practices 
of fertilization needs comment. The authors undertook this work as a 
study of general problems of productivity in aquatic environments 
rather than as a study of fertilization. Nevertheless, it is obvious 
that those who fertilize ponds and saline estuaries to increase fish 
yields must believe in the reality of nutrient chains, and in order to 
have a rational basis for fertilization they need information about the 
effect of fertilization on all steps of production, including the utiliza-
tion of the added nutrients and the effect on the rate at which organic 
material is synthesized. It seems improbable that the effect of 
fertilization in actual fish ponds or natural habitats can be properly 
judged only by measuring the amount by which the crop of phyto-
plankton is increased, for the following reasons. If there is a huge 
increase of long duration in crop after fertilization, the implication is 
that phytoplankton is not being efficiently consumed, and that there-
fore inorganic fertilization was not required in the first place, or was 
insufficient alone. On the other hand, if the phytoplankton crop does 
not increase much, one is not sure whether the plants for some reason 
did not respond to the added nutrients, or whether they were kept 
grazed down by animals. Measurements of photosynthesis in con-
junction with measurements of the standing crop would seem to yield 
information on this point. Measures of the number of intermediate 
consuming organisms are not sufficient alone to indicate browsing 
activity, since the mean rate of feeding per animal can vary widely 
during the year. To be sure, it has been well-demonstrated that it is 
possible to obtain satisfying yields of fish by fertilizin.g without study-
ing intermediate steps, but in a scientific investigation of problems of 
food chains and nutrient cycles, rules of thumb devised empirically 
for practical purposes are not sufficient. 

The determination of chlorophyll seems to the authors to be of 
critical importance in present day investigations of phytoplankton 
production. The use of chlorophyll or other plant pigments as a 
measure of the crop of phytoplankton has been frequently discussed 
(Riley, 1938; Graham, 1943; Juday, Blair and Wilda, 194~). T_he 
basis for this use of such measurements is that chlorophyll 1s a pig-
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ment characteristic of plants, not found in animals except in food or 
symbiotic algae, and that it is decomposed after the death of the cell. 
Unfortunately, the amount of chlorophyll per cell evidently can vary, 
and presumably the process of decomposition is not instantaneous; 
therefore, chlorophyll may occur to some extent in dead cells or even 
outside of cells. There appears to be no satisfactory evaluation of the 
degree to which "dead" chlorophyll can accumulate, nor of the varia-
tions in amount per cell. In view of the known sources of error in 
using cell number, cell volume, and dry weight of material as indices 
of amount of phytoplankton, one may wonder if chlorophyll may not 
yet turn out to be useful at least as a supplementary measure of phyto-
plankton population in that it is subject to less error than some other 
methods. 

Aside from all these considerations the more important significance 
of chlorophyll is that it is the gate through which practically all energy 
enters the phytoplankton, and hence the entire biotic association, 
unless there is fertilization with organic matter. Without chlorophyll, 
no amount of inorganic fertilizer would accomplish anything. It is 
therefore a measure of the synthetic potential of a plankton population. 
However, chlorophyll has certain limitations even as an index of 
photosynthetic potential, at least in comparing different localities. 
Attention has been directed at this point by Manning and his collab-
orators (Manning, Juday and Wolf, 1938; Manning and Juday, 1941), 
who discuss a number of aspects of the problem. The work of the 
Wisconsin group has been further summarized by Juday, Blair and 
Wilda (1943). These authors point out that the rate of photosyn-
thesis is a rather complicated function of light intensity, varying with 
different species of algae and the density of population. Further, 
differential absorption of colors by water adds complications. Never-
theless, a better index has not yet been discovered. The expression 
of rate of photosynthesis per unit of chlorophyll as in Fig. 60 should 
permit an evaluation of the effect of light intensity upon whatever 
particular phytoplankton assemblage is under study, with the existing 
conditions of nutrition. In the papers cited above there is little 
mention of the nutritive conditions under which the experiments 
were conducted, and it is not known if the rates of production were 
inhibited by lack of nutrients; judging by general knowledge of 
nutritional conditions in nature, it may be supposed that the rates 
were not as high as possible under the given light and chlorophyll 
conditions. 

It is to be expected that accumulation of information on the matters 
discussed here will help clarify our understanding of the effectiveness 
of various types of fertilizations. It may even become possible to 



1947] Edmondson and Edmondson: M easvrements of Production 245 

make diagnostic experiments with natural phytoplankton populations 
to determine fertilization programs in practical work. 

SUMMARY 

1. The immediate effect of fertilization with phosphate or nitrate 
and phosphate on marine phytoplankton was studied by determining 
the rate of photosynthesis of the plankton before and after the addition 
of fertilizer. Two experiments were made in a large concrete tank 
and two in a salt water bay. The rate of oxygen production was 
increased by factors of about 1.5 to 5, although respiration was usually 
affected much less. 

2. One of the tank experiments was maintained for a period of 
thirteen days, during which determinations of photosynthesis and con-
centration of chlorophyll were made every second day. Daily deter-
minations of phosphate, temperature and phytoplankton concentra-
tion were made. During the initial period of rapid growth, the popu-
lation increased more rapidly than did its chlorophyll. Rate of photo-
synthesis and growth of the plankton varied with changes in sunlight 
falling on the tank. 

3. There was a close correlation between rate of utilization of 
phosphate and production of oxygen, and the ratio of the· two is close 
to that expected on the basis of the average chemical composition of 
plankton organisms. 

4. The use of a photoelectric colorimeter in determining chlorophyll 
is discussed and data presented on the transmission spectrum of the 
light filters. 

5. The application of such studies is discussed. 
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