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EXPERIMENTS IN THE FERTU.IZATION OF A
SALT WATER POND 1

BY
DAVID M. PRATT
Biolcgical Laboratories, Harvard Universi ty,
and
Woods Hole Oceanographic Institution

It has long been recognized that the biological productivity of the
sea depends primarily upon the nutrition of the phytoplankton. The
aim of these experiments was to study this basic process in the cycle
of production by the artificial increase of those plant nutrients most
likely to become limiting. For our purpose a body of water was required which was large enough to be representative without excessive
water exchange due to tidal action, y et small enough to permit an
adequately conclusive study. Having selected a salt pond which met
these requirements, the specific objectives were 1) to determine
whether it is feasible to raise and maintain at high levels the concentrations of phosphate and nitrate by the addition of commercial fertilizers, and 2) to observe the effects of such increases upon the standing
crop of phytoplankton.
A considerable body of evidence from laboratory culture work
(e. g., Riley, 1943) and from fresh-.water fish-pond management (e.g.,
Swingle and Smith, 1938) indicates that the con cent ra tions of several
nutrient salts may limit phytoplankton product ion simultaneously.
For this reason frequently the maximal growth cannot be produced by
supplying only one or two of the deficient elements. However, since
our primary concern was to study the effects of different nutrients
rather than to increase plankton production, we ha ve confined our
experiments to two substances, namely phospha t e and nitrate, whose
concentrations in the sea are limiting.
Compared with the work in fresh waters, fertilization of salt water
areas has been rarely attempted. Evermann (1904), Gaarder (1932),
Ga~r?er and _S parck (1932), and Gaarder and Alvsaker (1941) have
f~rt1lized partially enclosed bodies of salt water to increase the product10n of oysters. Frequent reference will be made to the work of
Gross, et al., who have improved the production of flatfishes in semienclosed sea lochs in Scotland (Gross, 1947 ; Orr, 1947 ; Marshall, 1947).
1

Contribution No. 466 from the Woods Hole Oceanographic Institution.
(36)

1949]

Pratt: Fertilization of a Salt Water Pond

37

Edmondson and Edmondson (1947) discuss salt water fertilization
experiments conducted in concrete tanks and in a natural pond.
The work of the Edmondsons and the present study form parts of
a general study of productivity in marine waters, under the direction
of George L. Clarke. Most of the plankton counts were made by
Miss Mary Goffin and Theodore R. Rice. I am also indebted to
George A. Bartholomew and Thomas F. Dolan for assistance in various
chemical determinations.
METHODS
The water samples for all determinations were generally collected
between 9 a. m. and noon, from a depth of a few inches below the
surface.

Salinity was calculated from density measured with a special hydrometer.
Hydrogen-ion concentration was determined with a Hellige comparator and corrected for salt error (Wattenberg, 1937).
Inorganic phosphate concentration, determined by the modified
Deniges-Atkins method (Wattenberg, 1937), was measured in a
Klett-Summerson photoelectric colorimeter. Factors were applied for
correction of salt error as determined by calibration. Concentrations
are expressed as microgram-atoms of phosphate phosphorus per liter
(µg.-at. P04 P/1.).
"Nitrate" was measured by Zwicker and Robinson's (1944) method,
which does not distinguish between nitrate and nitrite. The measurements were made with a Klett-Summerson photoelectric colorimeter,
using either filter no. 42 or no. 54. Concentrations are expressed as
microgram-atoms of nitrate nitrogen per liter (µg.-at. NOa N/1.).
For lack of the necessary strychnidine reagent, nitrate was not measured until late June 1947.
Zwicker and Robinson warn that inorganic reducing agents or high
concentrations of plankton or of dissolved organic matter may inhibit
color development in this test. The observed or probable presence of
all three of these factors in the pond may explain the consistently low
readings of nitrate which were obtained except during fertilization experiments. Due to these possible sources of error and to the fact that
high blanks frequently necessitated the application of large correction
factors, no great reliance should be placed on the absolute values
obtained.
Phytoplankton. For the quantitative analysis of the phytoplankton,
two different procedures were employed. In 1946 water samples were
preserved with 3% formalin, the plankton counted after settling and
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centrifuging. From the numbers and mean dimensions of the ~ells of
each species present, the total cell volume of the phytoplankton m each
sample was computed.
However, this method proved so laborious that in April 1947 a different procedure was adopted. The phytoplankton was sampled by
measuring the chlorop_hyJlconcentration, with qualitative microscopic
examination to identify the organisms present and only occasional
quantitative estimation of cell numbers and. volumes. For the chlorophyll determination the plankton in a one or two liter sample was concentrated by either of two methods: 1) by filtering in a modified Seitz
filter through Whatman No. 42 paper covered with a layer of barium
sulfate (Redfield, Smith and Ketchum, 1937), or 2) by using a Foerst
continuous centrifuge, bringing the catch to dryness by filtering
through barium sulfate on Whatman no. 42. The second method
resulted in chlorophyll readings that were only about 95% as great as
those obtained by the first method, but it required far less time. The
remaining procedure for the chlorophyll determination is the same as
that followed by Edmondson and Edmondson (1947: 231), who give
the transmission spectra of the Klett filters no. 66 and no. 69 and discuss their use in chlorophyll measurements. The Klett colorimeter
and filter no. 66, with which chlorophyll concentrations in the present
work were determined, were calibrated against the instrument and
filter used by the Edmondsons. The amount of chlorophyll is expressed as milligrams of chlorophyll a per cubic meter.
The two methods of phytoplankton measurement are compared in
Fig. 1, which shows the relation between chlorophyll concentration
and calculated total cell volume in 43 pairs of duplicate samples which
were analyzed by both procedures. The least squares line has been
fitted to the data; the correlation coefficient is 0.908. This degree of
agreement is surprising when one considers that the samples were
taken during the months April-August from populations which varied
in their species composition and physiological state. The sample
showing an abnormally high chlorophyll/volume ratio (chlorophyll =
44.25 mg./m3, volume = 4.136 ml./m3 ) was collected on a day when
unusually high wave action roiled the water. On the basis of unpublished work of Denis L. Fox (in litt.) it appears likely that phaeophytin
and other chlor_ophyll derivatives, which are relatively stable and tend
to accumu_late m bott?m muds and which absorb some light at 660µ,
may have mterfered with the chlorophyll determination in this sample.
N?te that the agreement between the two methods is nearly as close
at high values as at low. This is probably due to the fact that in all
samples with a calcul:3-ted total cell volume greater than 15 ml./m3, by
far the greatest fractwn of the total volume was contributed by large

1949]

Pratt: Fertilization of a Salt Water Pond

39

10,----------------------- -~
60

50
0
0

0

40

"'
"'

0

C>

30

01

-'
-'
>-

r 20

0..

0

0
0:

Oo

3
r

u

0

0
0

10

• 0

p

't qo
0

0

0

10

20

30

40

50

60

70

80

90

10 0

TOTAL CE LL VOLUM E , ML/t.f'

Figure 1. The relation between concentration of chlorophyll a and calculated total cell
volume in 43 pairs of duplicate phytoplankton samples.
X's = samples preserved in 3 % formalin before enumeration and measurement of cells.
Circles = samples in which cells were counted and measured in the fresh state.

cells which probably belonged to the same species (genus Peridinium).
The same predominance of apparently the same species of Peridinium
in all other samples with a total cell volume greater than 15 ml./m 3
makes it fairly safe to conclude that had these samples been tested for
chlorophyll they would have shown approximately the same volume
to chlorophyll relationship as is illustrated in Fig. 1. This relationship
is chlorophyll a (mg./m 3 ) = 5.035 + 0.6647 X volume (ml./m 3). In
view of the high correlation between the two methods of plankton
measurement and the desirability of presenting all the data in common
units for the sake of intercomparison, all volumetric measurements
will be expressed in terms of their chlorophyll equivalents, as calculated
by this equation. Due to the quantity 5.035 in the equation, such a
transliteration produces an artificial absence of chlorophyll values less
than that number. But this distortion is not considered serious, since
it affects only the lower and consequently less interesting range of
values where the percentage of error is probably highest.

Journal of Marine Research

40

[VIII, 1

HYDROGRAPHY AND PHYTOPLANKTON
Little Harbor, an arm of the sea situated in Cohasset, !'1assachusetts,
is connected with the open ocean by a narrow neck at its eastern end,
as shown in Fig. 2. The northwest portion of Littl~ Harbor, enlarged
in Fig. 3 1 is the pond with which the present study 1s concerned.

Figure 2.

Little Harbor, Cohasset, Massachusetts (traced from aertal photograph).

The narrow southern extremity, which is the pond's only connection with the main body of Little Harbor, is closed by a dam. The
dam is provided with a check gate about ten feet long and three feet
deep, which is suspended from a hinge in such a way that it is pushed
inward and raised by the rising tide, admitting the inflowing water
rapidly. The ebbing tide holds the check gate closed while pouring
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out over the top of it ; this continues only as long as the water level
of the pond is higher than the top of the dam. As a result, the tide
flows in for only about two hours and out for about ten hours. The
average difference between high and low tide levels in the pond is
only 0.22 m., while in other parts of Little Harbor this difference is
nearly 3 m.
The area of the pond is 19.5 acres, or eight hectares. At low tide
the mean depth is 0.54 m. and the volume about 42,000 m 3 ; on the
mean high tide the mean depth is 0.75 m. and the volume about
59,000 m 3 • Thus the water lost from the pond following a mean high
tide is 30% of the high tide volume. At spring tides this proportion
may be as high as 65% ; during neap tides it is reduced to zero.
Although a thorough hydrographic study was not attempted, a number of observations indicated that the flood tide water generally
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tended to move in at all levels, pushing the old water back, so t hat
the degree of mixing and exchange in the upper arms of the pond
was not as great as the above figures would imply.
The two fresh-water streams which empty into the pond are both
tidal, and at low tide the volume of water entering the pond from
each of these is represented by a very slow-moving stream of about
1 ft 2 in cross-section. Thus the volume of water which they contribute
to the pond is negligible as compared with that which enters with
the tide. The bottom of the pond is covered for the most part with
a thick layer of fine black mud which supports a heavy growth of
Widgeon Grass (Ruppia maritima).
Temperatures, salinity and hydrogen-ion concentration were measured at least twice weekly from March to September 1946 and from
March to September 1947, and at longer intervals from September
1946 to March 1947. The pond was covered with ice from midDecember to mid-February. Spring and summer temperatures were
quite similar in 1946 and 1947 (T able I).
TABLE

I.

SEASONAL VARIATIONS IN MORNING SURFACE TEMPERATURES (IN

~
March-April~
St. Mean
Min .
Max.
A
E

K

~
May-June----Max.
Mean
Min .
1946

10 . 0
9.7
9 .9

6 .5
6.0
6.4

14.0
15.0
14 . 5

15 . 5
16 . 4
16.0

9.2
9.8
8.0

3.5
3.1
3 .3

17.1
17.5
15 . 2

15 . 2
15 . 6
15.2

10.3
11.6
12.6

~

°C.)

July-Sept.~
Mean
Min . Max.

19.4
19 . 2
19.8

21.6
21.9
21.1

16.1
16.9
16.8

26.2
26 .4
25.8

27.8
29.8
26.1

23.8
24 . 6
23.3

20 . 5
20.5
20 . 9

27.6
28 . 3
26.8

1947
A
E

K

7.4
7.3
7 .1

Between March and September (both years) there were no marked
seasonal variations in the salinity, which :fluctuated irregularly depending upon the amount of rainfall and the rate of evaporation.
The normal range of this variation was 26.00 to 36.00 °loo, rarely
dropping to 20.00 °loo or slightly lower and occasionally rising to
nearly 40.00 ¼ 0 •
'
At Station K, near the dam, the pH generally ranged between 7.8
and 8.2 with little perceptible seasonal change. In the upper arms
of the pond the pH ra1:1ge was considerably wider, most readings falling
between 7.8 and 8.6 with extremes of 7.1 and 9.1. From July through
September the pH averaged about 0.5 unit higher than in the spring
months.
In a study ~f the biological productivity of an aquatic area, obviously t~e qua_hty as well as the quantity of the phytoplankton produced is an important consideration. Aside from the question of
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noxious species such as those responsible for "red water," the different
phytoplankton species doubtless vary in their nutritive value for the
herbivores subsisting upon them, both in respect to chemical composition and to cell size. In our present state of ignorance regarding
comparative nutritive values, a mere listing (Table II) of the plankTABLE

11.-PBOTOSYNTEETIC ORGANISMS IDENTIFIED FROM THE POND,

1946

AND

1947.

(Numbers in parentheses indicate the order of frequency in which organisms occurred in
the samples, e. g . Natricula was identified from a greater number of samples than was any
other genus .)
Du.TOMB

Amphiprora (6)
Chaetoceros (10)
Natricula (1)
Nitzschia (3)
Pleurosigma (4)
Skeletonema (9)
Amphora
Asterionella
Biddulphia
Cocconeis
Coscinodiscus
Cyclotella

Du.TOMS-Cont.

Distephanum
Fra(lillaria
Guinardia
G11rosioma
Lichmophora

Melosira
Paralia
Rhizosolenia
Striatella
Surirella

Thalassiosira
Thalassiothrix

FLAGELLATES

Eutreptia (7)
Exutriella (6)
Peridinium (2)
Prorocentrum (8)
Ceratium
Ebria
E,uulena

CBLOROPBYCEAE

Carteria
Pyramimonas
Scenedesmus
XANTBOPBYCEAE

Olisthodiscus

H11menomonas
Kephyrion
Lepocinclis
Mallomonas
Ochromonas

tonic algae and colored flagellates identified from the pond will suffice
for the purpose of this report. The ten genera most often represented
are numbered in the order of the frequency of their occurrence in the
samples.
In neither year was an early spring flowering observed, although it
is possible that undetected blooms occurred before frequent sampling
was begun in mid-March. In terms of volumes and chlorophyll concentrations, minor blooms occurred in April, May and June, but in
both years the major blooms came in August and early September.
Peridinium contributed usually four-fifths or more of the total cell
volume in these latter blooms. In terms of volume this genus was
the most important single fraction of the population throughout the
year, except in the late spring blooms when it was largely replaced
by small unidentified flagellates.
EXPERIMENTS
Six experiments, differing in design as to types of fertilizers used
and number of applications, were conducted during the two years'
work. Fertilizers were applied only during periods when the tidal
exchange was small. The method of fertilizing consisted in broadcasting commercial fertilizers from a boat which was being rowed
about in that part of the eastern arm of the pond which is north of
the dotted line in Fig. 2. This section was designated the "fertiliza-
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tion area." In the 1947 experiments, following each application, the
boat was rowed about for half an hour to aid in the distribution of the
fertilizers. The extreme northern part of the pond, represented by
Station A, was termed the "control area." The nitrate fertilizers
dissolved readily, whereas the superphosphate apparently sank to the
bottom and went into solution slowly. The amounts and ratios in
which the fertilizers were used were determined by various theoretical
and practical considerations, and by the dictates of experience as the
work progressed. It seemed desirable to increase the nutrient concentrations to values well above the maxima found in the sea (about
3 µ.g.-at. PO 4 P and 43 µ.g.-at. NO3 N per liter ; Sverdrup, Johnson
and Fleming, 1942), while it was neither feasible nor desirable to
approximate the concentrations employed in culture media for marine
diatoms, such as 56 µ.g.-at. P and 1,100 µ.g.-at. N per liter in Ketchum
and Redfield's (1938) modification of Miquel's solution. When nitrate
and phosphate were applied simultaneously they were added in proportions intended to yield nitrate nitrogen and phosphate phosphorus
in solution in the 16 : 1 atomic ratio in which they are taken up, on the
average, in the open ocean (Sverdrup, Johnson and Fleming, 1942).
It should be added, however, that the prefertilization ratio in the
pond water varied between 0.48 : 1 and 45 : 1; the mean ratio was only
7.8: 1.
In Table III the experiments are listed and briefly described. The
last column of the table gives, for each application, the calculated
increase in concentration of nutrients which theoretically should have
resulted from that application
A. EFFECTS OF ADDED FERTILIZERS UPON PHOSPHATE AND NITRATE
CONTENT OF THE WATER

1. Immediate Effect

a. Phosphate. In the five experiments in which superphosphate
was used, the initial application theoretically should have increased
the phosphate phosphorus concentration in the fertilization area by
25 µ.g.-at./1. Prior to the first application of fertilizers the mean
concentration in that area had been 0.38 µ.g.-at./1. The highest
values recorded following initial applications occurred between one
and seven hours after fertilizing. In these experiments the mean
increase in the fertilization area ranged from 3.0 to 11.2 µ.g.-at./1.;
the -~rand average_ of inc:ease was 7.1 µ.g.-at./1. Since the pond was
fertilized only d~rmg periods of reduced tidal exchange, the difference
between theoretical and observed values cannot be attributed to tidal
action. The probable explanation for this difference is that the
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TABLE 111.-SuMMABY OF FERTILIZATIONS BY DATE, FERTILIZERS ADDED, AND
THEORETICAL INCREASES OF p AND N CONCENTRATIONS IN THE
FERTILIZATION AREA
Ezpt .
Date
Fertilizers Added

1
2

3

4

5

1946
Aug. 13
Aug. 26
Sept. 2

1947
Apr. 28
Apr. 30
May 2
May 5
May 7
May9
July 21
July 23

6

July 25
July 28
July 30
Aug. 1
Aug. 4
Aug. 6
Aug. 22
Aug. 25
Aug. 27
Aug. 29
Sept. 1

Theoretical Increase,
(see text)

71 lbs. 20 % superphosphate
132 lbs. NH,NO,
71 lbs. 20 % superphosphate
71 lbs. NH,NO,
61 lbs. NaNO,

25 µg .-at. PO,P/1.
194 µg .-at. NOaN /1 .
25 µg.-at . PO,P/1. and
194 µg .-a~. NO,N /1.

30 lbs. 47% superphosphate
15 lbs. 47 % superphosphate
ditto
ditto
ditto
ditto
30 lbs. 47% superphosphate
54 lbs. NaNO,
15 lbs. 47% superphosphate
54 lbs. NaNO,
ditto
ditto
ditto
ditto
54 lbs. NaNO,
ditto
30 lbs. 47 % superphosphate
54 lbs. NaNO,
15 lbs. 47% superphosphate
54 lbs. NaNO,
ditto
ditto
ditto

25 µg .-at. PO,P/1.
12.5 µg.-at. PO,P /1.
ditto
ditto
ditto
ditto
25 µg .-at. PO,P /1. and
80 µg .-at. NO,N /1 .
12.5 µg .-at. PO,P/1 . and
80 µg .-at. NO,N /1 .
ditto
ditto
ditto
ditto
80 µg .-at. NO,N /J.
ditto
25 µg.-at. PO,P/1. and
80 µg .-at. NO,N /1 .
12.5 µg.-at . PO,P/1. and
80 µg .-at. NOaN /1.
ditto
ditto
ditto

phosphate did not dissolve immediately from the fertilizer, although
it is also possible that it went into solution only to be absorbed immediately on the bottom or taken up by the phytoplankton. These
three possible explanations are not mutually exclusive, but the experience of Gross, et al. (1946) would seem to favor the first. Following their fertilization of Caol Scotnish with undissolved superphosphate
(the technique employed at Cohasset), they estimated that not more
than one-fourth of the phosphate in the fertilizer dissolved immediately at fertilization, but that some of the phosphate which sank to
the bottom went into solution later. However, when these same
investigators dissolved the superphosphate before applying it to
Loch Craiglin, they detected much higher proportions of the theoretically expected values; indeed some of their readings exceeded the
theoretical (Orr, 1947).
b. Nitrate. Nitrate was not measured in Experiments 2 and 3.
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As will be seen below, however, the repeated applicat~on of nitrate
(Experiments 5 and 6) had no cumulative effect upon its concentration in the open water. Therefore, each application in these experiments had an effect comparable to a single fertilization . The mean
value for the fertilization area prior to Experiment 5 had been 3.4
µ.g.-at. N0 3N/l. In the 13 applications in Experiments 5 and 6, the
average increase in concentration two hours later ranged from 24.6
to 123 µ.g.-at. N /l.; the grand average of increase was 80.5, which
was the theoretically predicted increase. These results are comparable to those reported by Orr ( 1947). Thus the correspondence
of the actual to the theoretical increase in nitrate concentration was,
albeit irregular, closer than in the case of phosphate. This no doubt
reflects the greater solubility of the nitrate fertilizer.
2. Duration of Effect
a. Phosphate. Because of the obvious risks in fertilizing a body of
water subject to any degree of tidal exchange, the duration of the
effects of fertilization is of great practical importance. Let us consider first the fate of added phosphorus following single applications
of fertilizers. This was studied in Experiments 1 and 3 (Fig. 4). The
time of fertilization is indicated by an arrow on the baseline. In
each of these experiments the resulting phosphate maxima at the two
stations within the fertilization area (D and E) differed widely; doubtless this was the result of imperfect distribution of the fertilizer. In
both experiments phosphate at the various stations was affected in
the order of their proximity to the fertilization area, in regard to both
the intensity of the effect and its immediacy. At the control station
(A), phosphate values during these experiments remained well within
the limits observed prior to fertilization.
In Experiment 1, the effect of fertilization upon the phosphate
content of the water lasted only one day; in Experiment 3 it lasted
about one week. This difference cannot be laid to a difference in
the rate of phosphate absorption by the phytoplankton, since the
amounts of plankton present in the fertilization area during these
experiments were very nearly identical. Moreover, in Experiment 3
the presence of added nitrate should have allowed a greater rate of
phosphate absorption by the phytoplankton, for it is known that the
rate of phosphate absorption depends upon the nitrate as well as the
p~osphate concentration (Ketchum, 1939a). Possibly the more rapid
disappearance of phosphate from the water in the first experiment
was due to a greater degree of adsorption by the bottom. The mud
was thus saturated to the extent that when phosphate was again

1949]

Pratt: Fertilization of a Salt Water Pond

47

applied 20 days later (Experiment 3) a greater amount of it remained
in solution until removed by other agencies.
The increased phosphate concentrations resulting from single applications of superphosphate to Loch Craiglin by Gross and his coworkers usually lasted less than a week (Orr, 1947). In most of the
experiments described in detail, added phosphate had largely disappeared in three or four days, although in the only experiment thus
described which produced nutrient concentrations as great as those
6
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DAYS AFTER FERTILIZATION

Inorganic phosphate concentration in the water following a single application

of superphosphate fertilizer (Experiment 3).

produced at Cohasset, appreciable quantities of the added phosphate
were detected about a week after fertilizing but had disappeared at
the end of another week.
After applying the fertilizers in Experiment 3, phosphate readings
were taken at least twice daily at about 9 :30 a. m. and 3 :30 p. m.
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The vertical guide-lines in Fig. 4, spaced at 24-hour intervals, indicate
midnight. It is evident that, following the fertilization, there was a
diurnal fluctuation in phosphate values, with high readings in the
morning and low readings in the afternoon. This was especially
pronounced and persistent at the stations in the fertilization area,
although at Station D the effect was somewhat obscured by the fact
that on three afternoons the water level at this station was so low
that it was impossible to get a sample. The degree of fluctuation can
be expressed quantitatively as the ratio of the morning reading to
the afternoon reading of the same day. The mean of these ratios for
each station then provides a basis for comparison between stations.
Expressed as factors, these averages are as follows: Station D, 7X;
E, 3 X; C, 1.5 X; K, L3 X. At Station A in the control area the
factor is - 0.07 X, indicating no significant fluctuation whatever. Thus
the degree of fluctuation is consistently correlated with proximity to
the fertilization area.
Newcombe (1940) has reported a somewhat similar diurnal phosphate pulse in the (unfertilized) waters of the Chesapeake Bay. The
diurnal differences which he observed were of the order of 0.5 µ.g.-at.
P/1., or about one-half as great as the diurnal differences discussed
above. To account for this fluctuation Newcombe postulated a
diurnal change in the phosphate metabolism of the phytoplankton,
wherein phosphate is supposed to be released in large quantities by
the plants during the night and reabsorbed during the day.
Since in the present work the diurnal pulse was correlated with
proximity to the fertilization area, the facts here reported can be
explained more easily on a different basis. It is suggested that the
phosphate in the fertilizer, rather than dissolving immediately and
all at one time, went into solution gradually over a period of several
days. Presumably this occurred at a rate independent of the light
intensity. While it is not known whether the phytoplankton was
phosphorus deficient before the fertilization, Ketchum (1939b) has
shown that only phosphorus deficient cells will take up phosphate in
the dark, and his data make it seem nearly certain that if such a
deficiency existed it would have been restored during the first day
after fertilization. Assuming, then, no phosphorus deficiency after
the fertilization, the more or less constant rate of solution of the fertilizer would allow a high phosphate concentration to accumulate
during
hours of_ darkness when the phytoplankton was not photosynthes1zmg. Durmg the day this concentration was then reduced
by the activity of the plants. If suitable data were available on the
rates of phosphate absorption in laboratory cultures, one might judge
whether the phytoplankton would be capable of bringing about the
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daily reduction in phosphate values, as proposed in this theory. The
only published information on rates of phosphorus uptake appears
to be that of Ketchum (1939a). Unfortunately, his Nitzschia closterium cells were so much smaller than the Peridinium cells which
formed the bulk of the pond phytoplankton that one cannot predict
the rate of absorption by P eridinium from Ketchum's data. However,
there is some evidence to support the proposed explanation of the
phosphate pulse. Throughout the period in which the pulse was
observed, the total phytoplankton volume at Station D was very
much greater than that at Station E (Fig. 7). While the phosphate
record for Station Dis admittedly incomplete, in so far as it goes, it indicates a considerably greater degree of diurnal fluctuation than that
observed at Station E. This correlation between phytoplankton concentration and phosphate fluctuation is in accord with the above interpretation of the phosphate pulse.
However, in comparing Station E with the station in the control
area one finds a negative correlation between phytoplankton concentration and phosphate pulse. At Station E phytoplankton volume
was low and phosphate fluctuated greatly; at Station A the phytoplankton concentration was many times greater, yet no phosphate
pulse was observed. This is explained by the much higher phosphate
concentrations at Station E, which should increase the rate of phosphate absorption by the phytoplankton (Ketchum, 1939a).
If the phosphate pulse in the fertilization area results from the
interaction of continuous supply and discontinuous consumption, the
normal regeneration of phosphate in the control area and its absorption by the phytoplankton might be expected to produce a diurnal
pulse of greatly reduced amplitude. That no pulse was observed
indicates that either the amounts of phosphate regenerated nightly
and absorbed daily were too small to produce a detectable diurnal
variation, or that the phytoplankton, known to be extremely dense,
was phosphorus deficient and therefore absorbed phosphate by night
as well as by day.
In view of the rapid disappearance of phosphate following single
applications, in the second year's experiments (Nos. 4, 5 and 6) the
attempt was made to maintain nutrient levels of the order of 5 µg.-at.
P/1. and (in the last two experiments) 80 µg.-at. N/1. by the repeated
application of fertilizers. The results of Experiments 4 and 5 are
shown in Figs. 5 and 6. Fertilizations are indicated by arrows, and
for the sake of clarity the readings at Stations E, P and Q in the
fertilization area have been averaged. Except in Experiment 4, the
area represented by Station A appears to have served as a fairly
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Figure 5. Inorganic phosphate concentration in the water during and following the
repeated application of superphosphate fertilizer (Experiment 4) . Arrows at bottom of
ftgure indicate applications of fertilizer. Squares = Station K, triangles = Station A,
X's = Station C, circles = mean of Stations E, P and Q.

effective control, in that the fertilizations influenced only slightly the
nutrient concentrations in that area.
Experiment 6 was cut short by an unusually heavy rain on September 2 which lowered the salinity from about 34 °loo to values
ranging from 7 to 16 °loo on September 3. Since the phytoplankton
(chiefly Peridinium) was almost completely wiped out, it was decided
to terminate the experiment.
In Experiments 4 and 5 a cumulative effect of repeated fertilizations upon phosphate values was clearly evident. Following the last
application in Experiment 4, concentrations remained substantially
above 1 µg.-at. P/1. at all stations for six weeks; in Experiment 5 the
concentration in the fertilization area remained above that level for
two weeks after the last application. This effect is believed to be
due to the accumulation of phosphate reserves in the mud which were
then given off gradually.
The more rapid disappearance of phosphate in Experiment 5 (also
Experiment 6, not figured) than in Experiment 4 is probably related
to its rate of absorption by the phytoplankton. Not only was the
phytoplankton population denser in Experiments 5 and 6 than in
Experiment 4 but, for three reasons, it seems likely that the net rate
of assimilation was higher in these later experiments: 1) for the most
part the weather was clear, whereas during Experiment 4 it had been
consistently overcast; 2) the mean temperature was approximately
10° higher; and 3) the presence of added nitrate (lacking in Experime~t _4) ~hould have further stimulated photosynthesis and phosphate
ass1ffillat10n.
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Figure 6. Concentrations of inorganic phosphate and nitratp during and following the
repeated application of superphosphate and sodium nitrate fertilizers (Experiment 5) .
Arrows at top of figure indicate applications of superphosphate; arrows at bottom indicate
nitrate applications . Squares = Station K, triangles = Station A, X's = Station C, circles
= ·mean of Stations E, P and Q.

The diurnal phosphate pulse in the fertilization area was measured
once in Experiment 4 (Fig. 5). Readings were made at 1 p. m. and
at 4 p. m. on May 16 and again the following morning at 9, producing
the sharp notch observed in the curve, which gives some idea of the
magnitude of diurnal fluctuation. (The measurements on other days
were made in middle or late morning, except for those following an
application of fertilizers; these were made in midafternoon.)
b. Nitrate. The duration of effect of nitrate fertilizers upon nitrate
concentrations in the water was observed in Experiments 5 and 6.
Although the highly soluble sodium nitrate produced the theoretically
predicted increase, it is clear from Fig. 6 that this high value could
not be maintained, even when fertilizer was applied as often as eight
times in 17 days. Only once was nitrate measured the day after a
fertilization (Aug. 7, Fig. 6); on this occasion almost all the added
nitrate had disappeared in 24 hours. The fate of this nitrate is
not known. No doubt some of it was taken up by the phytoplankton,
but the detection of hydrogen sulphide in the bottom mud suggests
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that much of the nitrate may have undergone chemical reduction.
The distribution of added nitrate was well "controlled," in that it
did not affect the concentrations at Stations A and K except toward
the end of Experiment 6.

B.

EFFECTS OF ADDED FERTILIZERS UPON THE STANDING CROP OF
PHYTOPLANKTON

It is to be expected that the size of the phytoplankton standing
crop may vary seasonally over a wide range, and that occasional
blooms occur "spontaneously," i. e., in the absence of artificially
added nutrients. For this reason, and because in our present state
of knowledge it cannot be assumed that all the effects of increased
nutrient concentrations will be manifest immediately, it is necess'l.ry
to coordinate in a single view the events of an entire season, in order
to assess the effects of the experiments upon the phytoplankton.
Phosphate concentration and phytoplankton volume (converted and
expressed as chlorophyll a) at the stations in the fertilization area
and at Stations A and K for March-September 1946 are shown in
Fig. 7. For 1947 the variations in nitrate as well as phosphate are
given in relation to the direct measurement of chlorophyll a (Fig. 8).
The central aim of the first year's experiments was to obtain information on the rate of phosphate disappearance. The repeated application of fertilizers was not attempted in 1946, and the response of
the phytoplankton to single applications need not be discussed at any
length. In the experiment involving a single application of phosI
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Figure 7. Phytopla nkton and inorganic phosphate, 1946.
Squares = Station K; triangles = Station A ; X's = Station D ; Circles = phytoplankton
for ~tat1on E and phosphate for fertilization area (Station E , Jul y 15-August 13 ; mean of
Stations E and D, Aug. 14-Sept . 11). Chlorophyll valu es computed from total cell volumes
(seep. 39) . Phosphate record Aug. 12-15 and Sept. 2-10 as daily averages only (for details
of latter dates, see Fig. 4) . The beginning of each experiment is indicated by an arrow at
bottom of figure.
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phate only (Experiment 1), the highest phytoplankton values observed
at Station E in 1946 occurred six days after the fertilization. Values
for Station D, also in the fertilization area, were in close agreement.
However, a moderate flowering had started in the control area (Station
A) a week prior to the experiment. It is quite possible, therefore,
that the bloom in the fertilization area originated from causes affecting
both arms of the pond and was independent of the fertilization. Six
days after the single application of nitrate (Experiment 2), an intense
but very local bloom developed in the vicinity of Station D and lasted
one week. Station E was not affected, and again a presumably
spontaneous bloom occurred in the control area. The single application of phosphate and nitrate (Experiment 3), which produced
rather high phosphate values for one week in the fertilization area
and at Station K, apparently had no effect upon the phytoplankton
of the fertilization area, but may have produced the ephemeral flowering at Station K eight days later.
The 1947 experiments, involving the repeated application of fertilizers, were designed to show the effects upon the phytoplankton of
nutrient concentrations maintained at high levels. The repeated
applications of phosphate alone (Experiment 4) were made during a
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Figure 8. Phytoplankton. inorganic phosphate and nitrate, 1947.
Squares = Station K ; triangles = Station A; X's = Station P ; circles = phytoplankton
for Station E ; phosphate for fertilization area (Station E until April 26, mean of Stations
E, p and Q thereafter). Chlorophyll values : for March computed from total cell volumes,
thereafter measured directly. Phosphate record April 30-May 16, and phosphate and nitrate
July 23-Aug. 6 and Aug. 2fr.Sept. 1 as daily averages only (for details see Figs. 5 and 6).
The beginning of each experiment Is indicated by an arrow at bottom of figure.
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period of consistently cloudy weather and had no immediate influence
on the size of the standing crop. It should be noted that during and
particularly following this series of fertilizations, phosphate reached
high values in all parts of the pond, and had hardly returned to the
early spring level (approximately 0.5 µg.-at . P/1.) when Experiment
5 was started on July 21. In the first half of June there was some
increase in phytoplankton at Station E and a more sustained bloom
at Station A, which in this experiment did not serve as a control. At
the end of June the flowering spread to all areas and attained roughly
twice the magnitude of the 1946 maximum. If the increased phosphates resulting from Experiment 4 played any part in this June
blooming, other factors (e. g. light) must have been equally important,
since the bloom did not start until one month after the beginning of
the experiment.
The repeated applications of phosphate and nitrate in Experiment
5 affected nutrient concentrations in the fertilization area only. A
very heavy bloom developed there, starting 16 days after the beginning of the experiment. At the same time the populations at Stations
A and K increased to about one-third the density in the fertilization
area. The distribution of phytoplankton was then equalized again,
at a rather high concentration, by the high tides of August 11-21.
When the same fertilizers were again added in Experiment 6, the
phytoplankton at Stations A and K continued to oscillate about the
same general level, while that in the fertilization area immediately
began to bloom heavily and reached the same density attained in
Experiment 5. The experiment was cut short on the thirteenth day
(September 3) when virtually all phytoplankton, as judged by chlorophyll analyses, had disappeared from the surface layers as a result
of the rainstorm of the previous day.
DISCUSSION
The widespread flowering one month after the beginning of Experiment 4 and the bloom in the fertilization area 16 days after the start
of Experiment 5 suggest the possibility of a delayed effect of fertilization upon the growth of the phytoplankton. An "initial lag" period
preceding the increase in standing crop is a phenomenon of population growth among unicellular organisms that is as well known as it
is poorly understood. Phelps (1935) demonstrated such a lag in
laboratory populations of the ciliate Glaucoma pyriformis and compared it with the lag long known to occur in bacterial cultures. Riley
(1943) ~bserved the same phenomenon in mixed diatom populations
taken directly from the sea, and a lag lasting up to 15 days in the
growth of some of his Nitzschia closterium cultures in sea water en-
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riched with commercial fertilizers. He interprets the relatively high
proportion of senile cells and high rates of respiration and photosynthesis during the lag in his Nitzschia cultures as indicating that the
lag is a period of rapid growth and rapid death. The delayed blooming of fertilized fresh-water ponds is a problem familiar to fisheries
workers. According to Swingle (1947), the experimental ponds at
Auburn, Alabama, normally bloom within one to three days after
fertilizing with nitrogen, phosphorus, and potassium, but in some
cases the flowering is delayed for as long as one month.. During such
a lag the plankton did not respond to any of a variety of treatments,
including artificial aeration of the water, inoculation with actively
growing algae, addition of minor nutrient elements (zinc, manganese,
iron, iodine, boron and copper) and addition of vitamins B 1 and B 6 •
Swingle attributes the lag in some cases to organic bottom deposits,
with whose associated bacterial flora the autotrophic plankton could
not compete for inorganic nutrients; other cases he assigns to a lack
of sufficient carbon dioxide. It does not seem likely that either of
these proposed explanations could be applied to the "delayed"
blooms here described. Swingle's first hypothesis requires that the
added nutrients be almost entirely consumed by the bacteria, whereas
in the present experiments an abundant supply of dissolved phosphate
remained throughout the "lag" periods. The great excess of bicarbonate present in sea water and the undetermined but presumably
high rate of carbon dioxide evolution from decomposing organic deposits would seem to preclude the possibility of a carbon dioxide
shortage.
The question naturally arises as to whether the eventual flowering
of a fertilized pond, following a lag, is or is not related to the fertilization. The magnitude of the growth which follows a lag in laboratory cultures, such as Riley's Nitzschia, is a function of the nutrient
concentration at the start of the experiment, and it is implicit in
Swingle's report on fertilized ponds that the bloom following even a
month's lag is related to the fertilization in the same manner. This
implication must depend upon the observation that the delayed
bloom is greater (in intensity, duration, or both) than spontaneous
blooms occurring in unfertilized ponds. This comparison would
appear to provide the only standard of judging whether a delayed
bloom owes its magnitude to the fertilization. Applying this criterion
to the "delayed" blooms in the Cohasset pond (June and early August
1947) one notes that the first of these endured much longer than
any ~revious bloom and that both reached maxima two times as
great as had been observed before. Therefore it seems qui~e probable
that the fertilizations of Experiments 4 and 5, respectively, ,,.,·ere
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responsible for the magnitude of these blooms. The June flowering
may well have been delayed, at least in part, by the lack of sufficient
sunlight during the cloudy month of May. To explain the 16 day
lag in Experiment 5 we must look to other causes, for the weather
was clear throughout this period. It seems likely that some undetected environmental factor affecting the entire pond was unfavorable
during this interval; a change in this factor then permitted a moderate
amount of growth at Stations A and K and a dense bloom in the area
rich in phosphorus and nitrogen.
A discussion of the immediate and delayed results of individual
experiments does not exhaust all the possible effects of fertilization
upon the standing crop of phytoplankton. Figs. 7 and 8 considered
together show that, in so far as the conversion of volumetric data
into chlorophyll equivalents is reliable, the average standing crop
was appreciably greater after May 1947 than before. It is possible
that this increase was quite independent of our manipulations, but
the enrichment of the entire pond with phosphate resulting from the
May fertilizations strongly suggests a cumulative effect of at least
the last three experiments upon the growth of the phytoplankton.
To summarize regarding the effects of fertilization upon the phytoplankton, the results of the first three experiments do not permit any
conclusions, Experiments 4 and 5 may have produced more or less
delayed effects, Experiment 6 was followed by an immediate increase,
and the second season's fertilizations collectively appear to have
raised the general level of phytoplankton abundance for the entire
summer. These results are quite similar to those obtained in the
Loch Craiglin investigations (Marshall, 1947), which involved eleven
fertilizations between August 1942 and March 1944. There is good
evidence that three of these (Dec. 30, 1942, Sept. 1 and Nov. 5, 1943)
produced immediate increases in the nannoplankton (although not in
the diatoms or dinoflagellates), and the last three fertilizations appear
to have had somewhat delayed but more lasting effects upon the
diatoms and especially the dinoflagellates. The latter were more
abundant in 1943 than in 1942 and increased further in 1944, apparently showing a cumulative effect of the successive fertilizations.
A sustained increase in the phytoplankton standing crop such as
is suggested in both the Cohasset and Loch Craiglin studi~s, would
doubtless accelerate the productivity of the area at all trophic levels
more effectively than would the same total production of phytoplankton apportioned in alternating periods of abundance and scarcity.
This is the basis, in fresh-water fish-pond management for the practice of applying fertilizers in small amounts at freq~ent intervals
(Swingle and Smith, 1938). Some idea of the possible duration of
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fertilization effects is gained from the experience of Einsele (1941).
Superphosphate fertilizations of a fresh-water lake in the summer of
1938 produced, in the summer of 1939, total phosphorus and phytoplankton concentrations considerably greater than those found in the
years prior to 1938.
In general, the rate of disappearance of added phosphate in the
Cohasset experiments appears to have been a function of the abundance of phytoplankton. Note the acceleration of its disappearance
with the plankton increase at the end of June 1947 and its much more
rapid decrease during Experiment 5 than in Experiment 4. Furthermore, the densest phytoplankton populations coincided with, or followed closely upon, periods of maximum phosphate concentration,
and the combined effects of the last three experiments appear to have
brought about a long-term increase in the standing crop.

SUMMARY
1. The application of commercial superphosphate fertilizers to a
salt water pond partially cut off from the sea raised the phosphate
content of the water by approximately one-third of the theoretically
calculated increase. Phosphate concentrations several times as high
as the prefertilization values were maintained for several weeks by
the addition of superphosphate in six applications over a period of
two weeks.
2. Following an application of superphosphate, phosphate concentration in the area fertilized exhibits a diurnal pulse, which is believed
to result from the continuous solution (day and night) of the fertilizer
phosphate combined with a discontinuous absorption (in the daylight
hours only) by the phytoplankton.
3. The application of commercial sodium nitrate raised the nitrate
concentration of the water by the theoretically calculated increase.
However, nitrate concentrations could not be maintained above the
prefertilization values for more than 24 hours, even by the repeated
application of sodium nitrate every second day.
4. The artificially increased concentrations of phosphate and nitrate
resulted in increases in the standing crop of phytoplankton to several
times the prefertilization maximum. This effect was realized within
a few days, or after an initial lag of two to four weeks. The several
fertilization experiments collectively appear to have produced a significant increase in the standing crop which lasted throughout the
second summer of fertilizing.
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