
Journal of Marine Research, Sears Foundation for Marine Research, Yale University 
PO Box 208118, New Haven, CT 06520-8118 USA 

(203) 432-3154    fax (203) 432-5872    jmr@yale.edu    www.journalofmarineresearch.org

The Journal of Marine Research is an online peer-reviewed journal that publishes original 

research on a broad array of topics in physical, biological, and chemical oceanography.  

In publication since 1937, it is one of the oldest journals in American marine science and 

occupies a unique niche within the ocean sciences, with a rich tradition and distinguished 

history as part of the Sears Foundation for Marine Research at Yale University. 

Past and current issues are available at journalofmarineresearch.org. 

Yale University provides access to these materials for educational and research purposes only. 
Copyright or other proprietary rights to content contained in this document may be held by 

individuals or entities other than, or in addition to, Yale University. You are solely responsible for 
determining the ownership of the copyright, and for obtaining permission for your intended use. 

Yale University makes no warranty that your distribution, reproduction, or other use of these 
materials will not infringe the rights of third parties. 

This work is licensed under the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International License. To view a copy of this 
license, visit http://creativecommons.org/licenses/by-nc-sa/4.0/  
or send a letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA. 



SEARS FOUNDATION FOR MARINE RESEARCH 
BINGHAM OCEANOGRAPHIC LABORATORY, YALE UNIVERSITY 

JOURNAL OF 
MARINE RESEARCH 

VOLUME 15 1956 NUMBER 3 

DISTRIBUTION OF PHOSPHORUS IN 
GREAT POND, MASSACHUSETTS1 

BY 

EDWARD M. HULBURT 

ABSTRACT 
Inorganic phosphate and total phosphorus were determined during 1950 in Great 

Pond, Massachusetts. Except in deeper water during summer, the concentration of 
inorganic phosphate was less in Great Pond than in its sources of fresh and salt 
waters. In summer the total phosphorus concentration was greater in the Pond 
than in the Sound or River, this being particularly so in deep water of the Pond. 
During the remainder of the year concentrations were about the same in Sound, 
Pond, and River. Up to 92% of the total phosphorus within the Pond was organic 
phosphorus. The summer accumulation of phosphorus is explained as being the 
result of increased photosynthesis, the products of which settle from the surface to 
the deeper waters which return them up-pond in the countercurrent. 

INTRODUCTION 
Studies of the plankton ecology of coastal bays appear to show a 

greater productivity within these embayments than in the open 
ocean. For instance, Riley (1952) described a ten-fold increase in 
plant pigments in Long Island Sound when compared to the ocean 
beyond the eastern entrance. Tully (1949) showed greater oxygen 
saturation in the surface waters of Alberni Inlet than in the river 
feeding it or in the ocean at its mouth. Hutchinson and Lucas (1931) 
described much the same sort of situation at the mouth of the Fraser 

1 Contribution No. 748 from Woods Hole Oceanographic Institution. 
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River. In Oslo fjord, phytoplankton appeared to be greater in the 
inner reaches of the fjord (Braarud and Bursa, 1939). It would 
be of interest to know on what factors such enhanced productivity 
depends and how it is related to the hydrography, to the form of the 
basin, and to the land drainage. 

Greater productivity within embaymentsz'.could~be!thefresult of a 
locally enhanced rate of conversion of inorganic nutrients to organic 
substance without any increase in the quantity of nutrient elements 
present. Greater productivity could also result from contributions 
of nutrient substances by land drainage. Braarud and Bursa (1939) 
attribute the greater productivity in the surface waters of the inner 
portion of Oslo fjord to pollution from the city of Oslo. Finally, 
greater productivity could be produced by a suitable combination 
of hydrographic and biological factors such that the quantity of 
the nutrient element would be greater in the embayment than in 
the source waters, fresh and salt. Characterization of the organic 
content and of the processes that determine its production should 
lead to an understanding of features of phytoplankton growth that 
are indigenous and yet of general importance. 

THE EMBAYMENT 

Great Pond, a small estuary near Falmouth, Massachusetts, proved 
to be a convenient embayment in which to study features suggested 
by the foregoing considerations. Its hydrography has been well 
studied and reported by Barlow (1956). Fig. 1, which shows the shape 
and depth of Great Pond, reveals clearly its division into a wide 
portion, the main pond, and a narrow portion, the arm; it is 1.5 miles 
long, does not exceed 9 feet in depth at highest tide, and has a localized 
fresh and salt water inflow. Stations where samples were taken 
are numbered so that those with lower numbers are seaward, those 
with higher numbers landward. 

METHODS 

Measurements of inorganic phosphate and total phosphorus con-
centrations in the pond water were made along the axis of Great 
Pond at various times throughout 1950. At the same time phyto-
plankton cell counts and turbidity determinations were made. Water 
samples were taken from a rowboat within a space of several hours 
except during February and March, when they were taken from the 
shore. Water samples were obtained within several inches of the 
surface and approximately ten inches above the bottom. 

Inorganic phosphate was determined by the Atkins-Deniges method, 
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total phosphorus by the Harvey method (1948). The difference 
between total phosphorus and inorganic phosphate was considered 
to be organic phosphorus. No attempt was made to separate the 
soluble and particulate fractions of organic phosphorus. The phyto-
plankton concentration was determined by counting all living cells 
under high magnification (X440) after filtration through a porcelain 
filter manufactured by the Selas Corporation. Turbidity determina-
tions were the values of absorption of red light (0.66 µ) in a four 
centimeter thickness of sampled water. Measurements of the fraction 
of light removed by representative samples were made with a photo-
electric cell that was sensitive to all wave lengths of visible light. 
Thus, absorption values could be converted to extinction coefficients. 

RESULTS 

Distribution of Inorganic Phosphate. Table I gives an extract 
of the basic data. Table I and Fig. 2 show that the concentration 
of inorganic phosphate in surface waters was least in the midreaches 
of the Pond and that there was usually an increasing concentration 
of phosphate from midpond to the Sound and from midpond to the 
River. At times the gradient was relatively uniform but at other 
times it increased abruptly at the mouth of the River. In bottom 
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waters the inorganic phosphate concentration was variable; at times 
it was negligible and at other times it was higher than that in the 
Sound or River. 

The changing concentrations of phosphate follow different seasonal 
cycles in the Sound, Pond, and River (see Fig. 3). In the Sound, 
concentrations were consistently high from late summer to the end 
of winter; during spring they fell to a minimum in May, and during 
summer they rose to a maximum on August 23. In the surface 
waters of midpond the values were low throughout the year, February 

TABLE I. l NOHGANIC PHOSPHATE, µg-at P/L 

Surface Bottom 
Sts. 1 4 5a 6 4 5a 

January 30 0.37 0 .07 0 .65 
March 26 0.36 0.20 0 .15 0.50 
May 25 0.10 0 .07 0 .20 0.30 0 .10 0 .10 
June 30 0.30 0 .00 0.05 0 .15 0 .00 
August 23 0.47 0 .02 0 .05 0.20 0 .35 1.07 
October 20 0.55 0 .07 0. 13 0 .30 0 .05 0.05 
December 7 0.30 0 .10 0 .04 0 .63 0 . 13 0 .05 

Total Phosphorus, µg-at P/L 

Sts. 1 4 5a 6 4 5a 
May 25 0 .90 0.90 1.05 0.60 1.10 1.50 
June 30 0.85 0.90 0 !)5 1. 70 1.20 
July 22 0 .80 1.60 2 .70 0.70 2.40 3 .20 
August 23 1.20 1. 55 2.85 1.00 1. 75 7.00 
October 20 1.20 0.85 0.50 0.35 1.4.0 1.00 
December 7 1.00 0 .50 1. 25 1.00 0.70 1.40 
January 10 1.00 0.60 0..10 0 .70 0 .50 0.80 

25, March 6, and July 22 being the only exceptions. Comparison 
of the concentrations at Sts. 1 and 4 shows large gradients in fall and 
winter and slight gradients in late spring and early summer (see Fig. 
7). In the River, concentrations were higher in winter and lower 
in summer. The seasonal cycles at Sts. 1 and 6 were roughly similar, 
except that the maximum and minimum of the River were later by 
two to four months than those of the Sound. Inorganic phosphate 
in the bottom water of the Pond, represented by Sts. 4 and 5a, was 
low in the fall, at the end of May, and during June, resembling the 
surface concentrations. During July and August it rose to high 
values. At St. 4, values were higher in July than in August, while 
farther up-pond at St. 5a the reverse was observed. 
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Distribution of Total Phosphorus. In summer, total phosphorus 
concentrations were usually considerably higher within the Pond 
than in the Sound or River (see Table I, Fig. 4) and were much greater 
in the bottom water of the Pond than at its surface. Thus, the 
chief total phosphorus gradients were negative from Pond toward 
Sound or River. During the remainder of the year, total phosphorus 
within the Pond was approximately the same as or slightly lower 
than that in the Sound or River. 

The seasonal cycle is shown in Fig. 5. In the Sound a slight increase 
in total phosphorus during summer was followed by a decrease there-
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FIGURE 2. The distribution of Inorganic phosphate in time and space. 
are expressed in µg-at P/L. 
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after. The surface waters of midpond had about the same cycle as 
the Sound. On several dates during summer, values in midpond were 
slightly higher than those in the Sound or River, and during the latter 
part of the year, values were slightly lower than those in the Sound 
or River. In the River there was little seasonal change. 

Bottom samples contrasted sharply with surface samples in that 
total phosphorus increased to much higher concentrations during 
summer. Both Figs. 4 and 5 show these conditions. It is clear 
that the increases were larger and later at up-pond St. 5a than at mid-
pond St. 4. 

In the Sound, 71 % of the total phosphorus was organic, on the 
annual average; at the surface in the arm, 91.5% was organic phos-
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phorus. These values spanned values at other locations. Therefore, 
the distribution of organic phosphorus was similar to that of total 
phosphorus, with the exception that throughout summer there was a 
distinct negative gradient in the surface water from the arm to the 
Sound. As for total phosphorus, the concentrations in the bottom 
water increased during summer to much higher values at up-pond St. 
5a than at midpond St. 4 (see Fig. 5). At St. 5a this increase occurred 
later in the summer than the lesser increase at St. 4. 

Relation of Organic Phosphorus to Phytoplankton and Turbidity. 
Data on phytoplankton and turbidity are summarized in Table II. 
Phytoplankton showed greater concentrations during summer within 
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FIGURE 3. 'The seasonal cycle of inorganic phosphate. 

the Pond than in the source salt water; these large summer concentra-
tions were greater than any concentrations during the remainder of 
the year. A similar situation existed for turbidity, amounts within 
the Pond in summer being greater than those of the source salt and 
fresh waters and exceeding values anywhere at other seasons. Surface 
and bottom concentrations of phytoplankton were approximately 
the same; much greater turbidity was present in deep water than 
at the surface, particularly in summer. Fig. 6 shows the relation 
of phytoplankton and turbidity at two bottom stations. During 
summer, phytoplankton increases were roughly paralleled by in-
creases in turbidity; this is particularly well shown by the correlation 
of the monthly means of phytoplankton concentration and turbidity. 
It is noteworthy that at up-pond St. 5a a greater amount of turbidity 
is associated with phytoplankton concentration than at St. 5. The 
changes in phytoplankton concentration througho'it summer were 
erratic, whereas turbidity showed somewhat smoother changes. 
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Thus, in water of the same turbidity the quantity of phytoplankton 
was low on one date but high on another. These features suggest 
that the large concentrations of organic phosphorus in summer could 
by attributed, in part, to the large concentrations of phytoplankton 
and particulate matter that cause turbidity. Since turbidity and 
phytoplankton were related in a general way by monthly averages, 
this particulate matter would appear to be derived from phyto-
plankton. Since, however, the ratio of turbidity to plankton fluctuat-

TABLE II . SEASONAL AVERAGES OF PHYTOPLANKTON AND T U RBIDITY 

PHYTOPLANKTON 

Summer Surface Bottom 
Sts. 1 2 3 4 5 5a 5b 6 4 5 5a 
Cells/I x 10' 1. 8 5 . 9 13.6 17. 8 25. 5 22. 9 22.4 16. 4 26. 0 20. 9 

F all, Win ter, 
Sprinq Surface Bottom 

Sts. 1 2 3 4 5 5a 5b 6 4 5 5a 
C ell s/I X IO• 5 . 7 8 . 3 7 . 9 6 . 5 8.4 9 .0 4 . 0 7 . 1 11 . 3 12.0 

TURBIDITY 

Summer Surface Bottom 
Sts. 1 2 3 4 5 5a 5b 6 4 5 Sa 
k* 0 .37 0 .44 0.55 0 . 95 1.15 1.09 1.32 0 . 69 1.68 2 . 17 2. 51 

Fa.II, Winter , 
Sprinq Surface Bottom 

St.s. 1 2 3 4 5 5a 5b 6 4 5 Sa 

k* 1. 91 0 .72 0 .53 0.67 0 .76 0.93 0 .67 0.63 1.04 0 .90 1.13 

* k is the extinct.ion coefficient in tile equation, I,= I 0e-1c•, wterc 1. and 1, are respectively 
light intensities at the sea surface and at d epth z (in meters). 

ed greatly from time to time, the turbidity did not appear to be 
related directly to plankton numbers. One is led to believe that 
the accumulated remnants of dead phytoplankton cells persisted, 
thus causing turbidity in the pond water and accentuating its organic 
content. 

It is possible that, during summer, turbidity was accentuated by 
silt from river water or by stirring of bottom mud. However, this 
possibility appears to be minimal, since the river water (St. 6) was 
relatively clear and since winds and tidal action were less in summer 
than in fall or winter. 
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THE EFFECT OF UPWELLING ON THE 
PHOSPHORUS DISTRIBUTIONS 

(15, 3 

During summer the surface water of the arm usually had a salinity 
of less than 15%o while the bottom water there had a salinity greater 
than 25 %o- However, on July 22 the surface waters of the arm had 
salinities in the neighborhood of 25 %o as a result of a north wind 
blowing surface water downpond with consequent upwelling of deep 
water to the surface. Both inorganic and total phosphorus con-
centrations in the surf ace of the arm were much higher on this day 
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FIGURE 4. The distribution of total phos-
phorus in time and sp3ce. Concentrations are FIGURE 5. The seasonal cycle of total 
expressed in ,.g-at P/L. phogphorus (solid line) and organic phospho-

rus (dashed line). 

than on previous days in the summer and they were rather similar 
to the concentrations in the bottom water (see Figs. 2 and 4). 

When bottom concentrations of total phosphorus were the same 
as those in the main pond or River, upwelling caused no discernible 
change in the pattern of distribution, as can be seen by comparing 
data of December 7, a day of upwelling, with data of May 25, a normal 
day. When bottom concentrations of inorganic phosphate were 
negligible (fall and winter), the data for days of upwelling (September 
18, October 20) showed that there were negligible concentrations 
at all surface stations in the arm, an abrupt increase occurring at 
the mouth of the River. Normal days, such as May 25, showed 
usually intermediate values between those in the River and those 
at midpond. 
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CHARACTERISTICS OF THE PHOSPHORUS GRADIENTS 

In general, the concentration of inorganic phosphate decreases 
from the Sound and from the River toward the midreaches of the 
Pond. At the surface the gradient, is always present (see Fig. 7). 
Only between waters of the Sound and the bottom water of the Pond 
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FrnuRE 6. The relation o! phytoplankton and turbidity in the bottom water. In the 
upper two graphs the dashed line represents phytoplankton a.nd the solid line turbidity. In 
the lower graph unencircled points are monthly means for May through August at St. 5; 
encircled points are those at St. 5a. Turbidity is expressed as the extinction coefficient, k 
(see Table II). 

or between water of the River and the bottom water of the Pond, 
during July and August, is this gradient reversed. When the dif-
ference between the water of the Sound and the average of surface 
and bottom water in midpond is plotted for the year, as in Fig. 7, 
this inward gradient is almost always present. This indicates that 
inorganic phosphate is being consumed in the synthesis of organic 
matter to a greater extent within the Pond than in the Sound or River. 
It also indicates that tidal mixing along the Pond is perpetually 
transporting inorganic phosphate into the Pond. 
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Fwun>e 7. Til e clitfer0ncc in pl,osphorus throughout the year; upper graph, St. 4 minus 
St. I; lower graph, St. 1 minus St. 4. Dashed lines represent the use of the surface value 
at St .. 4 and solid lines represent the use of the average of surface and bottom at St . 4. 

The gradient in organic phosphorus between the Pond and the 
Sound is shown as the difference between its concentrations at Sts. 
4 and 1 from May 25 to January 10 (Fig. 7) . The gradient is large 
during summer only. Elaboration of organic phosphorus appears 
to occur to a greater extent within the Pond than in the Sound or 
River, where the mean amount is even less than that in the Sound. 

DISCUSSION 

At the end of May, total phosphorus is essentially uniform. During 
summer it increases two to six times in various parts of the Pond, 
this increase being greatest in deep water. During fall and winter, 
total phosphorus is again uniformly distributed. The gradient of 
inorganic phosphate is inward at all times and upward in summer. 
The gradient of organic phosphorus is outward and upward. 

The accumulation of organic phosphorus in summer may be ex-
plained in the following manner. Inorganic phosphate is transported 
inward from the Sound and from the River by tidal mixing; evidence 
for this is found in the gradient. Inorganic phosphate is converted 
to organic phosphorus by photosynthesis, the high phytoplankton 
concentration within the Pond being indicative of photosynthetic 
conversion. Organic phosphorus accumulates in the bottom water 
due to the sinking of photosynthetic products, evidence for which 
is found in the vertical stratification of turbidity but not of phyto-
plankton. Organic phosphorus is transported seaward due to its 
gradient. Thus, losses of organic phosphorus from surface waters 
are in two directions, outward and downward. As indicated by the 
salinity distribution (Barlow, 1956), the deep water has a net drift 
upstream and carries with it the organic phosphorus lost from the 
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surface by sinking. This feature accounts for the fact that the 
greatest accumulation is found at St. 5a, well up the arm, and explains 
why the turbidity-phytoplankton ratio is greater at St. 5a than at 
St. 5. Surface accumulation of organic phosphorus at Sts. 4 and 5 
is due to renewal of surface water by deep water through mixing and 
upwelling. It is apparent that the accumulation of phosphorus 
during summer depends on an enhanced photosynthetic activity 
whereas during fall and winter photosynthesis is lessened and the 
accumulated phosphorus is removed from the pond water. 

Unsolved is the problem as to what extent summer accumulation 
of organic phosphorus depends on the hypothetical mechanism just 
described, which involves simple hydrography primarily, and to what 
extent it depends on exchanges with the bottom sediment. Phos-
phorus exchange between water and sediment has been well demon-
strated in a lake (Mortimer, 1941) and in an estuary (Miller, 1952). 
Part of the summer accumulation may become entrapped in the bottom 
mud, to be released again the following summer. During fall and 
winter organic phosphorus may settle to the bottom, to remain until 
the enhanced regenerative processes of summer release it again. 
Evidence for the latter process is found in the slightly lower surface 
values of total phosphorus within the Pond than in the source fresh 
and salt waters in fall and winter. 

Greater productivity within embayments than in the ocean may 
result in three ways: by enhanced conversion of inorganic nutrients, 
by contributions of nutrients from land drainage, and by accumulation 
of nutrients. It is concluded that the exceptional productivity of 
Great Pond is an example of the third way, wherein a combination 
of hydrographic and biological factors cause the nutrients to ac-
cumulate in greater concentrations than are present in the sources 
of fresh and salt water. 

ACKNOWLEDGMENTS 

The author wishes to express his gratitude to Dr. A. C. Redfield 
and Dr. W. R. Taylor for their help during this study, to Dr. J. P. 
Barlow for the pleasantest association during many trips to Great 
Pond and for use of salinity data prepared by him, to Mr. Harry Turner 
for use of the chart of Great Pond prepared by him, and to many 
others on the staff of the Woods Hole Oceanographic Institution who 
extended aid during the pleasant stay there. 



192 Journal of Marine Research 

REFERENCES 

[15, 3 

BARLOW, J . P. 
1956. Effect of wind on salinity distribution in an estuary. J. mar. Res., 15 (3) : 

193-203. 
BRAARUD, T. AND A. BURSA 

1939. The phytoplankton of the Oslo fjord, 1933- 34. Hvalrad. Skr., 19: 1- 63. 
HARVEY, H. w. 

1948. The estimation of phosphate and of total phosphorus in sea waters. J . 
Mar. biol. Assoc. U. K., 27 (2): 334- 359. 

H UTCHI NSON, A. H., AN O C. C. LU CAS 

1931. The epithalassa of the Strait of Georgia; salinity, temperature, pH and 
phytopl:inkton. Canad. J . Res., 5 (2): 231- 284. 

MILLER, s. M. 
1952. Phosphorus exchange in a subtropical marine basin. Bull. mar. Sci. 

Gulf Carib., 1 (4) : 257- 265. 
MORTIMER, C. H. 

1941. The exchange of dissolved substances between mud and water in lakes. 
J. Ecol., 29 (2) : 280- 329. 

ilIL E Y, G. A. 
1952. Hydrographic and biological studies of Block I sland Sound. Phyto-

plankton of Block Island Sound, 1949. Bull. Bingham oceanogr. Coll., 
13 (3) : 40- 64. 

TULLY, J . P. 
1949. Oceanography and prediction of pulp mill pollution m Albcrni Inlet. 

Bull. Fish Res. Bd., Canad., 83: 3- 169. 


