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QUANTITATIVE STUDIES OF SUMMER PLANKTON 
POPULATIONS OF THE WESTERN NORTH ATLANTIC 

GORDON A. RILEY AND SAMY GORGY 

Woods Hole Oceanographic I nstitution1 

and 

Bingham Oceanographic Laboratory 

The following is an account of plankton measurements obtained 
during a cruise2 of the research vessel "Atlantis" to the Mid-Atlantic 
Ridge between July and September 1947. It is primarily a study of 
plankton in the great central Atlantic eddy known as the Sargasso Sea. 
For comparative purposes, a small amount of material was obtained 
from New England coastal waters, the so-called slope water area lying 
off the edge of the Continental Shelf, and the Gulf Stream. An 
August cruise by the "Balanus" assisted in gathering this subsidiary 
data. The material to be described consists of phytoplankton assays 
by the plant pigment method of Harvey (1934), measurements of 
zooplankton collected by means of Clarke-Bumpus (1940) samplers, 
and experimental estimates of phytoplankton photosynthesis and 
zooplankton respiration. The plankton work was accompanied by 
physical and chemical measurements that will be mentioned briefly 
here and will be described more fully in another publication. 

Before this cruise there has been little information available on the 
quantitative distribution of plankton in the Sargasso Sea in summer. 
Phytoplankton studies, consisting of cell counts (Lohmann, 1920) and 
pigment analyses (Riley, 1939), were available only for the May-June 
period. Zooplankton collections by Jesperson (1935), Leavitt (1935, 
1938), and Clarke (1940) provided a fairly adequate picture of rela-
tive regional abundance,and the last author mentionedobtainedenough 
tows at different times of the year to conclude that seasonal variations of 
zooplankton in the Sargasso Sea were small or nonexistent. However, 
all these collections were made by means of "standard" tows with 
unmetered nets, and the results were not readily convertible into 
strictly quantitative terms. It was therefore desirable to obtain a 
few measurements that would be more directly comparable with the 

1 Contribution No. 441 from the Woods Hole Oceanographic Institution. 
2 Jointly sponsored by the National Geographic Society, Columbia University, and 

the Woods Hole Oceanographic Institution. 
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larger body of available information on the zooplankton of the New 
England coastal waters and offshore banks. In addition, a first 
attempt has been made to learn something of the organic content and 
metabolic requirements of the Sargasso Sea zooplankton. 

THE PHYSICAL AND CHEMICAL ENVIRONMENT 

Environmental data and plankton measurements are listed in the 
APPENDIX. The observations were obtained near the peak of the 
seasonal temperature progression, of which the annual range is about 
10° C in the Sargasso Sea and 20° or more in the coastal water. 

Nutrients were low everywhere in the surface waters. Some of the 
nitrate readings were lower than the best "nitrate-free" seawater 
blanks that could be obtained. Probably there is a seasonal diminu-
tion in nitrate in the Sargasso Sea, since previous analyses (mostly 
between January and June in the western part of the area) have 
yielded readily measurable values of 1 to 2 mg-at per m3• Phosphate 
in the surface water was very slightly higher than most of the winter and 
spring determinations. However, one series of phosphates obtained 
in November and December 1931 (Seiwell, 1935) was of the order of 
0.15 mg-at of P per m3• Thus there is some slight evidence of 
seasonal changes in the nutrient concentration in Sargasso Sea surface 
waters, but they could hardly be more than a tenth or a twentieth of 
the seasonal variations in temperate waters. 

Minimum concentrations of nutrients generally were found at 
depths of 25 m to 100 m rather than at the surface, suggesting a 
superior rate of phytoplankton production at subsurface levels and 
even implying that regeneration might exceed production in the im-
mediate surface layer. This matter will be discussed more in detail 
later. 

PHYTOPLANKTON 

Plant pigment analyses were made by filtering one to four liters of 
water through fine filter paper, treating the residue with acetone, and 
comparing the acetone solution colorimetrically with the Harvey 
(1934) standard. 

Fig. 15 shows the surface concentration of plant pigments at twenty 
stations. At five Sargasso Sea stations there were sufficient analyses 
at other depths to estimate the total phytoplankton crop in terms of 
Harvey units per m2 of sea surface, and these figures are shown in 
parentheses immediately below the surface values. 

Analyses of coastal water ranging from 4,000 to 18,000 Harvey units 
per m3 are in accord with previous studies of coastal and offshore bank 
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waters during the summer season. The slope water value of 11,000 
units is higher than previous summer records. It suggests that the 
sporadic summer flowerings often noted in the coastal zone are not 
entirely limited to inshore waters. · 

In the Sargasso Sea, the following averages were obtained for the 
depth distribution of plant pigments: surface, 140 units; 100 m, 220 
units; 200 m, 120; and 300 m, 60. The mean total population mea~-
ured 49,000 units per m2 of sea surface. All averages were approxi-
mately one-sixth the mean values obtained in May 1939, the only 
other time the method had been used in this region. It remains to be 
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Figure 15. Phytoplankton pigment analyses. Surface concentration in Harvey units 
perm•; in parenthesis, total quantity in Harvey units per m2 of sea surface. 

seen whether this represents a normal seasonal trend or is indicative of 
atypical conditions at one time or the other. However, it is apparent 
that there was a decline during the period of the cruise, since the mean 
surface concentration was 180 units at stations before August 15 and 
110 units after that date. 

Experimental estimates of the photosynthesis of surface water 
phytoplankton were obtained by suspending light and dark bottles of 
surface water in a tub of water on deck for twenty-four hours and then 
measuring the differences in their oxygen content. The same method 
was previously used in studying a part of this area in May-June 1939 
and in several cruises to Georges Bank, of which the ones in September 
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1939 and June 1940 are most nearly comparable from the seasonal 
standpoint with the present survey (cf. Riley, 1939, 1941). 

Two coastal water stations of August 6 yielded values of 0.51 and 
0.56 ml of oxygen produced per liter per day. These were higher than 
the mean (0.10) of two stations at nearly the same positions in early 
June 1939, but they fell within the general range of values (0.04 to 
0.83 ml) obtained in the part of Georges Bank that lies between the 
30 and 100 fm. curves. 

A value of 0.19 ml per liter per day was found at the slope water 
station of August 7, as compared with a mean of 0.16 ml in two 1939 
experiments and a range of 0.03 to 0.51 ml in the slope water south of 
Georges Bank. 

Sixteen experiments in the Sargasso Sea between July 25 and Sep-
tember 10, 1947 ranged from -0.13 to 0.06, with a mean of -0.02. 
The average of previous work in May 1939 was 0.05 at five stations. 
It is unlikely that the mean of the recent data differs significantly from 
zero. However, there is little doubt that consumption exceeded 
production at the sea surface. The average surface water oxygen 
concentration was slightly undersaturated. The concentration in-
creased between the surface and a depth of 25 m. Thus the surface 
content would tend to be increased both by interchange with the 
atmosphere and by vertical turbulence. Undersaturation could persist 
only under the circumstance that oxygen utilization in situ exceeded 
production. 

Stations with analyses at depths of 1, 25, 50, and 100 m invariably 
showed an oxygen maximum at 50 m, both in absolute content and in 
percentage saturation (102 to 106%). At the depth of maximum 
concentration, which is conveniently called 50 m but might actually lie 
anywhere between 25 m and 100 m, vertical turbulence must con-
tinually tend to lower the oxygen concentration by mixing with 
undersaturated water from both greater and lesser depths. Therefore, 
the continued existence of a slight supersaturation at this intermediate 
depth must mean that oxygen production by photosynthesis exceeded 
the biologial utilization of oxygen. 

Comparison of the Sargasso Sea stations made early in the cruise 
(4606, July 26; 4610, August 7) with later ones (4615, August 31, to 
4617, September 4) shows no consistent trend, either seasonal or 
regional, in oxygen content. It therefore seems likely that a more or 
less steady state existed over a wide area in which the rate of increase 
of oxygen by phytoplankton production was approximately equal to 
the decrease that resulted from vertical turbulence. This can be 
written in the form of a simplified equation (for a more complete 
treatment of the problem see Sverdrup, 1938) 
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A, a20 
R=- - · -

P az2 ' 

[VII , 2 

(1) 

in which R is the net rate of production of oxygen by biological proc-
esses, A, is the coefficient of verti cal eddy diff usivity , p is the density 
of sea water, 0 is oxygen content, and z is depth. The vertical oxygen 
gradients and their change with depth can be estimated roughly from 
the oxygen determinations at 25, 50, and 100 m. The unknowns in 
the equation therefore are R and A ,. The latter can be determined 
by examining the change occurring during the same period in a con-
servative property such as temperature. The equation for the tem-
perature change is 

a{} A. a2{} 

at = -; · az2 ' 

in which t is time and {} is temperature. 

(2) 

TABLE I-AVERAGES OF T EMPERATURE, OXYGEN, PHOSPHATE, AND N ITRATE AT 
STATIONS 4606, 4610, 4615, 4616, AND 4617. VALUES IDENTIFIED BY (a) 

ARE AVERAGES OF THE FIRST Two STATIONS, (b) THE LAST 
THREE AND (c) ALL FIVE 

Depth in meters 25 
Temperature (a) . . . . . . . . . . . . . . 24. 8 
Temperature (b) . . . . . . . . . . . . . . 28. 0 
Oxygen(c).. . . . . . . . ... . . .. . . . 4 .66 
Phosphate (a)*. . .. . . . . . . . . . . . 0 .05 
Phosphate (b)..... . . .. . . ..... 0.020 
Phosphate (c) . . . . . . . . . . . . . . . . 0 . 028 
Nitrate (a) . . . . . . . . . . . . . . . . . . . 1. 95 
Nitrate (b).. . . . . . . .. . . . . ... . 0 .55 
Nitrate (c). . . . . . . . . . . . . . . . . . . 1 .11 

* Data available only for station 4610. 

50 
22.0 

5 .20 
0 .02 
0 .023 
0 .023 
0.40 
0 .57 
0 .52 

100 
19.5 
20.9 
4 .91 
0.16 
0.047 
0 .075 
1.15 
0 .70 
0.88 

Table I shows the basic data required for estimating production in 
the Sargasso Sea according to these equations. Phosphate and nitrate 
averages are included, since they will be used later for similar calcu-
lations. 

The numerical approximation to equation (2) is 

2.3 A. l ( -2.5 -2.8 ) 
2.77 X 106 = -; . 37.5 X 102 50 X 102 - 25 X 102 • 

The mean temperature increase between groups (a) and (b) is 2.3°, and 
this divided by the difference in seconds between the median times of 
the two sets of observations is the time change in temperature. The 
temperature gradients are expressed as the difference between the 100 
m and 50 m temperatures and the 50 m and 25 m ones, each divided by 
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the depth of the stratum in centimeters. The gradients must be 
expressed as the mean of stations 4606 and 4610, since 50 m tempera-
tures were not obtained at the last three stations. The second 
derivative is the difference between the two gradients divided by the 
vertical distance between the midpoints of the two strata, namely 
37.5 m. The numerical solution is A,/p = 0.19 g per cm per second. 

This figure can now be applied to equation (1) with the result that 
-0.19 ( -0.29 0.54 ) 

R = ---- ---- - ---- = l.4 X 10-s ml of oxygen 
37.5 X 102 50 X 102 25 X 101 

per liter per second. 
The net daily oxygen production thus is estimated to have been 

0.0012 ml per liter per day in the 25 m to 100 m stratum, equivalent to 
a carbohydrate carbon production of 0.64 mg per m3 per day. Allow-
ing what appears at present to be a normal phytoplankton carbon con-
tent of 17 mg per 1000 Harvey units of pigments, the estimated pro-
duction represents a daily phytoplankton increase of 20% within the 
d~pth range specified. Since this depth range probably constituted 
nearly all of the stratum in which production exceeded consumption, it 
seems fair to estimate that the net total production was of the order of 
48 mg of carbon per m2 of sea surface per day, or about 6% of the total 
population. 

No high degree of accuracy can be claimed for these results. In 
addition to the usual analytical and sampling errors, there is an error 
of unknown magnitude resulting from the exclusion of current trans-
port and lateral mixing from the calculation. Nevertheless, in two 
respects the results seem reasonable. It will be shown later that the 
food requirements of the zooplankton appear to be slightly larger than 
the estimated plant production, and this is a necessary concomitant 
of the observation that the phytoplankton was decreasing slowly 
during the period of investigation. In the second place, the calculated 
production coefficient is of the same order of magnitude as the one 
previously estimated for the May 1939 data. At that time it was 
calculated from field experiments that photosynthetic activity pro-
duced about 4.2 g of carbon per m2 per day, and phytoplankton 
respiration utilized perhaps 3.0 g. The difference of 1.2 g, or 450 
mg of carbohydrate carbon per m2 per day, which theoretically repre-
sents phytoplankton growth, is estimated to be equivalent to a growth 
coefficient of 8.5% of the total population per day. 

Table I shows nitrate and phosphate minima at 50 m, or gradients 
increasing with depth. Both types of distribution are indicative of 
transport of these substances into the 25 m to 100m stratum. The data 
are not entirely suitable for calculations of nutrient utilization according 
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to the principles of equation (1), since the gradients changed between 
the early and later part of the cruise. Therefore the existence of a 
steady state is questionable, and while the calculations are included 
for the sake of completeness, no attempt will be made to interpret 
their meaning. 

Estimates based on the three sets of average gradients in Table I, 
(a), (b), and (c), show an apparent variation in both nitrate and 
phosphate utilization of greater than ten-fold magnitude. Thus, net 
phosphate consumption is found to range from 0.0005 mg of P per m3 

per day (b) to 0.0055 mg (a), and nitrate from 0.0035 mg of N per m3 

per day (b) to 0.047 mg (a). Even the largest estimates are smaller 
than would be required to give the phytoplankton a "normal" carbon : 
nitrogen : phosphorus ratio. Data by Fleming (1940) indicated an 
average C : N : P ratio in temperate water plankton of 41 : 7.2 : 1. 
The nearest approach to this that can be postulated with the present 
set of data is 130 : 8.5 : 1. _ It is fruitless to speculate on whether 
this implies actual nutrient deficiency in the Sargasso Sea phyto-
plankton or simply results from vagaries of the method. 

ZOO PLANKTON 

Zooplankton was collected by small, quantitative plankton samplers 
of the type described by Clarke and Bumpus (1940), which contain 
current meters to measure the volume of water strained. Oblique 
tows were made at approximately 2 knots for a half hour period, using 
nets of no. 10 silk. Usually two samplers were used at the same time, 
one with O to 400 m of wire out, the other from 400 m to 800 m of wire. 
In some cases only the upper sampler was used, or the lower one 
failed to open properly at depth. In coastal waters a single sampler 
was used, towing from the surface to as near the bottom as practicable. 

The amount of water strained during a tow averaged about 8 m3, 
with a total variation of 3 to 25 m3• The smallest value was in coastal 
water where some clogging occurred. The largest was obtained from 
the deep sampler at a Gulf Stream station, where presumably the 
vertical current velocity pattern was such that the sampler towed faster 
than 2 kt. These are extreme cases, but they illustrate the difficulty . 
of comparing so-called "standard" tows made with unmetered nets. 

The Sargasso Sea collections generally had a volume of only a few 
tenths of a cubic centimeter, which was not considered adequate for 
volume measurements of the kind used by most previous investigators. 
It was desirable to use a method that would obtain greater accuracy 
with small samples and at the same time to maintain continuity with 
previous work. Therefore the samples were first prepared as for 
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mea~ure~ents of displacement volume by draining thoroughly on a 
boltmg silk filter after two washings with distilled water. The 
samples were then weighed. In a few cases where the quantity of 
materiaJ was sufficient for comparison of volume determinations with 
weights (1 to 14 cc), the volume in cubic centimeters did not differ 
by more than 10% from the wet weight in grams. After this the 
samples were dried and weighed, ignited, and weighed again. Thus 
the fundamental measurements obtained were wet weight (or volume) 
of plankton containing a small amount of trapped water, dry weight 

. . ' an approx1mat10n of the weight of organic matter, and the weight of 
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Figure 16. Zooplankton weight determinations. Wet weight in grams perm•; collections 
obtained by oblique tows in approximately the upper 400 m in deep water. and surface to 
near bottom in the coastal zone. 

ash plus any sea salt that remained entrapped between the animals 
after the washing process. Clearly this is a compromise between the 
desire to obtain measurements comparable with the older work and 
the need for the development of more adequate quantitative methods. 

Fig. 16 shows the distribution of zooplankton plotted as wet weight 
in grams per m3 of water in the upper stratum sampled. In most 
cases it is the average of slightly less than 400 m of water, the depth 
depending on the wire angle, but it also includes one slope water 
station where a single tow was made to 600 m, as well as a coastal 
water station where the total depth was 40 m, and the wire was let 
out 35 m. 
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The mean concentration in the nine Sargasso Sea hauls was 0.045 g 
per m3• The Gulf Stream station had a value about three times as 
high as the Sargasso Sea average. The two slope water stations had 
concentrations of 0.14 and 1.6 g per m3, respectively. Salps bulked 
large in the slope water collections. The nontunicate population was 
0.025 and 0.035 g per m3, respectively. The coastal water station had 
a value of 0.84 g per m3, about the same as the mean of the slope 
water stations and nearly twenty times as much as in the Sargasso Sea. 

Seven tows were made in the deeper stratum, with 400 m to 800 m 
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Figure 17. Zooplankton weight determinations. Rough estimate of the wet weight in 
grams of the total population underlying a m2 of sea surface. 

of wire out. Five collections in the Sargasso Sea ranged from 0.008 to 
0.026 g per m3

, with a mean of 0.014 g. The Gulf Stream station 
yielded 0.029 g per m3, and one tow in the slope water contained 0.861 
g per m3

• Thus in different parts of the region examined, the quantity 
of plankton in the deeper stratum was one-fifth to one-half the con-
centration nearer the surface. 

The quantities that have been li sted do not constitute the total 
zooplankton population, first because presumably some of the larger 
and more active animals can avoid capture by small nets, and second 
because Jesperson (1935) and Leavitt (1935, 1938) showed that in the 
slope water, in the Gulf Stream, and in the Sargasso Sea some plankton 
can be found to depths of 2,000 m or more. However, it was not 
practicable to attempt studies of the whole population, and the part 
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sampled is believed to be the most important from the standpoint of 
phytoplankton-zooplankton relations, which was the main object of 
the study. Therefore it seems worthwhile to examine the areal dis-
tribution of zooplankton (wet weight in g per m2 of sea surface) 
obtained by the simple process of multiplying the mean concentrations 
by the depth towed. In this calculation the dubious correction for 
wire angle is not attempted in view of other errors that are unavoidable. 

Fig. 17 shows the results. It is apparent that the total zooplankton 
was nearly the same in the coastal water and in the Sargasso Sea, 
while in the Gulf Stream and slope water it was considerably higher. 

By way of comparison with previous work, Bigelow and Sears (1939) 
estimated that coastal water plankton in this area averages 0.5 to 0.8 
cc per m3• Clarke (1940) obtained an average of 0.54 cc per m3 in 37 
plankton sampler tows. He also made sampler tows in the slope 
water and Sargasso Sea, but the measurements were not listed in a 
way that permits precise comparison with present material. How-
ever, he described a series of scrim net hauls that yield an estimate of 
relative abundance. It was found that the mean annual ratio of 
plankton concentration in three areas-coastal water, slope water, and 
Sargasso Sea-was 16 : 4 : 1 for total zooplankton and 7 : 2.5 : 1 for 
the crustacean fraction. 

These ratios and absolute values are more or less in accord with the 
more recent data. Calculations of total plankton are also of the same 
order of magnitude. Clarke's coastal water average of about 0.5 cc 
per m3 was obtained in water of 40 m to 200 m depth, so that the total 
population is estimated to range from 20 cc to 100 cc per m2 of sea 
surface. His estimate that the volume of the Sargasso Sea zooplank-
ton is one-sixteenth to one-seventh the volume of the coastal crop 
would suggest in the former region an absolute volume of perhaps 0.03 
to 0.08 cc per m3• These are averaged over a depth range of about 
900 m, indicating a total population of about 27 cc to 72 cc per m2

• 

Returning to the more recent observations, rather different results 
were obtained on examination of the distribution of zooplankton 
organic matter. Fig. 18 shows that the coastal water was richer than 
the Sargasso Sea by a factor of three or four to one, and the Gulf 
Stream and the mean of the slope water stations were intermediate. 
These differences in distribution result from marked regional varia-
tions in the percentage of organic matter in the organisms. In the 
sample of coastal water plankton, the difference on ignition was 16.2% 
of the wet weight. By contrast, the slope water samples, consisting 
chiefly of salps, averaged 0.7%. The nontunicate fraction of the 
slope water population had an organic content of 5.8%, and in the 
Gulf Stream and Sargasso Sea it was respectively 5.1 % and 4.8%. 
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The value obtained in coastal water falls within the rather large 
range of published values for zooplankton organic content. For 
example, Nakai (1942) found a range of 11 % to 24% in analyses of nine 
species of crustacea, while Bogorov (1934) and Marshall, Nicholls, 
and Orr (1934) reported that the dry weight of Calanus finmarchicus 
varied from 15% to 50% of the wet weight. 

The figures obtained from the slope water, Gulf Stream, and Sargasso 
Sea collections all were so much lower that they warranted further 
investigation. Material from qualitative surface tows was used for 
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Figure 18. Zooplankton weight determinations. Estimated organic content of the total 

zooplankton population in grams per m• of sea surface. 

analysis. First there was the question of the degree of compaction of ,, 
the small Sargasso Sea samples and the amount of extraneous water 
that was entrapped with the animals in the so-called wet weight 
measurements. Four plankton suspensions of varying concentration 
were prepared in the usual way. Their wet weights were determined, 
and the general range was from 0.05 to 1.5 g. The samples were then 
blotted on filter paper and weighed again. The loss ranged from 20% 
to 30%. The organic matter averaged 7.1 % of the second wet 
weight measurements, which still was considerably less than the 
published values. 

Next, a few of the major constituents were measured separately. 
Salps, sagittae, euphausids, and large copepods were picked out 
individually. Nearly pure samples of pteropods were obtained by 
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decanting the rest of the catch. By pouring a plankton suspension 
through no. 2 silk and then through no. 10, a sample was caught on the 
no. 10 filter that consisted almost entirely of small copepods and 
juvenile crustacea. Again the excess water was removed by rolling 
the animals on filter paper, and the samples were then treated in the 
usual way, with the results shown in Table II. 

TABLE II-WET 4-ND DRY WEIGHT, ORGANIC MATTER, AND ASH OF 
REPRESENTATIVE PLANKTON GROUPS. TUNICATES COLLECTED IN 

SLOPE w ATER, OTHERS IN SARGASSO SEA 

Tunicates 
Pteropods 
Euphausids 
Sagittae 
Copepods 
Misc. small crustacea 

~-Weight of sample in grams-~ % of wet weight~ 

Wet Dry Org. M. Ash Dry Org. M. Ash 
17.3678 0 .2936 0 .1092 0.1844 1 .7 0.6 1 .1 
1 .4496· 0.5590 0 .0969 0.4621 38.6 6 .7 31.9 
0.1403 0.0150 0.0130 0.0020 10.7 9 .3 1.4 
0 .0469 0.0063 0.0046 0.0017 13.4 9.8 3 .6 
0 .1058 0 .0184 0 .0156 0 .0028 17.3 14.7 2 .6 
0.4219 0.0404 0 .0310 0 .0094 9 .5 7 .3 i .2 

Clearly it is not possible to ascribe the generally low organic content 
of the subtropical plankton to a preponderance of soft-bodied and 
watery animals such as salps and medusae. Of all the groups meas-
ured, only the large copepods had what has been considered to be a 
normal organic content. The reasons for this situation have not been 
investigated further, but the data by Nakai (1942) on the chemical 
composition of nine species of crustacea (seven copepods, one euphau-
sid, one amphipod) suggest a simple solution. He found that the fat 
content of the crustacea was highly variable, ranging from 0.4% to 
12.3% of the wet weight. The nonlipoid organic matter varied from 
7.8% to 14.7% of the wet weight, and it will be noted that this is 
approximately the range of the total organic content of the Sargasso 
Sea crustacea. Nakai's collections were made in various locations in 
the Japan Sea between 32° and 42° N and 128° to 135° E. The 
southern, warm water animals generally had less fat than the northern 
ones. Thus the fat content of five samples taken between 32° and 35° 
N ranged from 0.4% to 3.0% of the wet weight, with a mean of 1.3%, 
while eight samples from 38° to 42° N ranged from 2.1 % to 12.3%, 
with a mean of 6.9%. There was no overlapping of species in the 
regional groups, and hence no assurance that the observed differences 
were not simply peculiarities of the species in question. Nevertheless, 
there is a logical inference awaiting further proof that the scarcity of 
phytoplankton in the southern Japan Sea and the Sargasso Sea does 
not favor the accumulation of fatty reserves by the zooplankton and 
that this is responsible for the low content of organic matter. 
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ZOOPLANKTON RESPIRATION 

A measurement was made of the oxygen consumption of coastal 
water zooplankton, using a part of the plankton sampler catch men-
tioned above. In the Sargasso Sea, eleven similar experiments were 
performed with material obtained from qualitative surface tows. 
The general method was to stir the plankton collection vigorously 
and remove for experimental purposes a sample of 10 to 30 ml, the 
size depending on the density of the catch. The sample was then put 
in a 350 ml oxygen bottle, and the bottle was filled with surface water 
and suspended in a tub of water on deck for twenty-four hours, after 
which the oxygen was measured and compared with the initial content 
of the surface water. In most cases there was also a control bottle of 
surface water exposed during the same period, permitting a correction 
for the respiration of organisms in the water added. The zooplankton 
not used for experimental purposes was preserved for later study. 

In one respect, the coastal water and Sargasso Sea experiments were 
not strictly comparable. The former was done in the dark, the latter 
in clear glass bottles. According to the work on Calanus finmarchicus 
by Marshall, Nicholls, and Orr (1935), daylight approximately doubled 
respiration. However, this is not necessarily true of Sargasso Sea 
zooplankton. Several light and dark bottle experiments were per-
formed with no. 20 net catches. They were originally intended as 
measurements of phytoplankton photosynthesis, but the quantity of 
net phytoplankton was so small that essentially they were experiments 
on zooplankton respiration. In this series the oxygen consumption 
in the light bottle averaged only 16% higher than in the dark. 

TABLE III-OxYGEN CONSUMPTION BY SARGASSO SEA ZooPLANKTON 
Date Oxygen ~ml per li ter~ MgC ~Zooplankton -Carbon consumed-

0 hrs. 24 hrs. Dijf. Con- consumed weight~ % of % of 
trol per day (in mg) W etwt. Org. M. 

Wet Org. M. 
30 VII 4.31 2 .04 2.27 - .05 0 .292 102 1.98 0 .29 14.8 
7 VIII 4.56 3 .38 1.18 -.09 0.143 84 5.11 0 .17 2.8 
9 VIII 4.54 3.24 1.20 - .15 0.138 30 0 .93 0.46 14.8 

15 VIII 4.61 4 .17 0.44 - .08 0 .047 13 0.43 0 .37 10.9 
22 VIII 4.65 1. 75 2.90 0.354 105 3 .82 0.34 9.3 
24 VIII 4.64 3 .91 0 .73 - .31 0 .055 18 0.68 0 .31 8 .1 
26 VIII 4.61 2 .96 1. 65 - .20 0 .190 36 1.09 0 .53 17.4 
1 IX 4.21 2.24 1.97 - .10 0 .245 25 1.43 0 .97 17.1 
2 IX 4.29 2.95 1.34 - .10 0.162 20 0 .97 0 .81 16.7 
4 IX 4.17 2.48 1.69 0 .210 87 5 .27 0.24 4.0 

10 IX 4.44 1.64 2.80 - .07 0 .358 41 2.24 0.86 16.0 

Details of the Sargasso Sea experiments are presented in Table III. 
They are listed only by date, but this is sufficient to identify the posi-
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tion of the collection and correlated data by reference to the material 
in the APPENDIX. The first two columns show the initial concen-
tration of oxygen in the experimental bottles and the concentration at 
the end of the twenty-four hour period. The difference, shown in the 
next column, is first corrected according to the control reading and 
then converted to an estimate of milligrams of carbon consumed per 
day by the zooplankton sample, assuming a respiratory quotient of 
unity. Zooplankton weights are listed as the quantities estimated to 
have been present in the experimental bottles. The actual quantities 
weighed were ten to fifty times these figures. Finally, the estimated 
respiratory requirements (carbon consumption) are calculated as 
percentages of the wet weight and organic content of the zooplankton. 

The results are seen to vary widely. The average figures for daily 
carbon consumption are 0.49% of the wet weight and 12% of the 
organic matter. At the coastal station the carbon consumption was 
found to be 0.6% of the wet weight and 4% of the organic matter. 
Thus the respiratory rate per unit of zooplankton organic matter ap-
pears to be lower in the coastal water than in the Sargasso Sea, but 
with respect to wet weight the situation is reversed. The lack of 
agreement in the two kinds of measurements results from differences in 
the organic content of the two populations. 

In view of the observed variability of the Sargasso Sea experiments, 
not much reliance can be placed on a single coastal water observation. 
However, the published data on Calanus finmarchicus provide an 
estimate of metabolic requirements that is probably more or less 
applicable to temperate water plankton in general. Marshall, 
Nicholls, and Orr (1935) estimated on the basis of oxygen consumption 
experiments that the food requirements of Calanus in summer were of 
the order of 2.5% to 7.6% of their organic content. Clarke and 
Bonnet (1939) obtained results that averaged considerably higher, 
although the range of variation of individual experiments overlapped 
considerably. In terms of daily carbon consumption, the values 
established by the two groups of investigators probably lie between 
1.3% and 6.7% of the organic content of the animals. The single 
experiment on the mixed coastal water population falls approximately 
in the middle of this range, but the general level of the Sargasso Sea 
experiments is much higher. On the other hand, the food requirement 
per unit of wet weight (or volume) would appear to be more or less the 
same in both regions. 
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PHYTOPLANKTON-ZOOPLANKTON RELATIONSHIP 

The data that have been presented on zooplankton organic content 
and metabolic requirements provide a means for instructive specula-
tion on food problems. In the Sargasso Sea, with an average content 
of 2.2 mg of zooplankton organic matter per m3

, the average food re-
quirement is estimated to be 0.26 mg of carbon per m3 per day.• This 
probably is equivalent to about 15 Harvey units, which amounts to a 
daily consumption of 8% of the surface phytoplankton population, 
and the total zooplankton population would require 20% of the total 
phytoplankton crop. In order to obtain the required amount of food, 
the daily filtration of a quantity of zooplankton containing 1 mg of 
organic matter (assuming 100% removal of phytoplankton) would be 
2.2 liters. In the coastal zone, an average estimate of the zooplankton 
carbon requirement is 5.3 mg per m3 per day, or 6% of the surface crop 
of phytoplankton. In order to meet its metabolic demands, a quantity 
of zooplankton equivalent to 1 mg of organic matter would need to 
filter only 70 ml of water per day, or about one thirtieth as much as the 
Sargasso Sea zooplankton. Thus either the latter feeds at a much 
faster rate, or, if the rates are more nearly equal, the coastal water 
zooplankton obtains far more food than is needed to satisfy its im-
mediate demands. 

This difference in what might be called the apparent minimum 
filtration coefficient may not actually be as large as it appears. In 
every respect the conditions of the Sargasso Sea investigation would 
be expected to lead to maximal results. The experiments lasted only 
a short time, and they were done in the light and at approximately 
surface water temperatures. At most they are applicable to im-
mediate surface conditions, and the mean metabolic requirement for 
the whole population might be only a half or a third as much (7% to 
10% of the phytoplankton population per day). Such a correction 
probably would bring the filtration coefficient down approximately to 
the level of the maximum feeding rates observed by Harvey (1937) 
in experiments with Calanus finmarchicus. 

Supposing that gross activity, including feeding, varies more or less 
in accordance with the metabolic rate (Zeuthen, 1947, has presented 
some evidence favoring this view), there must be a great discrepancy 
in the food-gathering capacity of the two populations. Judging by 
the experiments on oxygen consumption and the ecological considera-
tions presented above, the feeding rates may be about the same in the 
two areas, and at most they average three times as high in the Sargasso 
Sea. If the latter population was obtaining just enough food to permit 
survival, it seems likely that the coastal water zooplankton was con-
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suming ten to thirty times as .much food as it needed to satisfy its 
minimum requirements. Thus its apparent superiority in fatty 
reserves would be accounted for readily, but the differences in food 
gathering capacity are so large that it would also be necessary to 
postulate a vastly superior rate of herbivore reproduction in the 
coastal zone. According to the principles of dynamic balance, this 
would also imply a correspondingly higher rate of predation by the 
larger members of the food chain. 

Admittedly there is some danger in attempting to arrive at broad 
conclusions without examining more of the seasonal cycle. A program 
of investigation is now underway which will provide more critical and 
comprehensive data on the plankton populations of the western North 
Atlantic. 

SUMMARY 

1. The material presented includes measurements of temperature 
and nutrient salts, analyses of phytoplankton pigments, wet weight 
and organic content of quantitative zooplankton collections, and 
experimental determinations of phytoplankton photosynthesis and 
zooplankton respiration. The observations were obtained at various 
positions in the western North Atlantic between New England and the 
Azores during the period of July to September, 1947. 

2. The phytoplankton populations of the coastal and slope waters 
yielded pigment concentrations of 4,000 to 18,000 Harvey units per m3, 
which is more or less normal for this season. In the Sargasso Sea the 
mean surface concentration was 140 units, and the total quantity 
averaged 49,000 units per m2 of sea surface. Both figures are approxi-
mately one-sixth of the only previous measurements in this region, in 
May 1939. 

3. Experimental measurements of the photosynthesis of surface 
water phytoplankton yielded values of 0.19 to 0.56 ml of oxygen per 
liter per day in the coastal zone and slope water. Oxygen changes in 
Sargasso Sea surface water were not significantly different from zero. 

4. The observed vertical distribution of oxygen in the Sargasso Sea 
was such as to indicate that biological oxygen consumption exceeded 
production in the immediate surface layer and that production was 
dominant at a depth of around 50 m. By standard physical oceano-
graphic methods it was estimated that there existed during the period 
of the investigation an average net oxygen production of 0.0012 ml per 
liter per day in the depth range between 25 m and 100 m. On the 
basis of these figures, a phytoplankton growth rate of 20% per day was 
postulated for the depth range specified, and the average growth rate 
for the whole population was estimated to be 6% per day. 
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5. Similar calculations based on the vertical gradients of nitrate and 
phosphate indicated what appeared to be relatively lower values for 
the utilization of these substances. It is pointed out that published 
data show a normal carbon-nitrogen-phosphorus ratio of 41 : 7.2 : 1 
in plankton. The present calculations lead to an analogous estimate 
of the ratio of carbon production to nitrate utilization to phosphate 
utilization, but the closest approach to the published ratio that can be 
attained is 130 : 8.5 : 1. Certain ambiguities in the data are dis-
cussed. It remains undecided whether the results indicate actual 
nutrient deficiency or errors in the assumptions on which the calcula-
tion are based. 

6. The average wet weight of zooplankton in the upper 400 m of 
water (or surface to near bottom in coastal water) was 0.84 g per m3 in 
the coastal area, about the same in the slope water, 0.15 gin the Gulf 
Stream, and 0.045 g in the Sargasso Sea. In a deeper stratum of 
about 400 m to 800 m (uncorrected for wire angle) the quantity of 
zooplankton varied in different parts of the region from one-fifth to 
one-half the surface concentration. The averages for total zooplank-
ton were of the order of 30 g wet weight per m2 of sea surface in the 
coastal zone and Sargasso Sea, 70 g in the Gulf Stream, and upwards 
of 80 gin the slope water area. 

7. The percentage of organic matter in the zooplankton catches 
varied widely from a maximum of 16.2 in the coastal collection to 0.7% 
in the slope water, the low value in the latter being due largely to the 
predominance of salps. The Sargasso Sea collections averaged 4.8% 
organic matter. Because of these differences, the regional distribution 
of zooplankton organic matter was quite different from that of wet 
weight, with a maximum of 4.8 g per m 1 of sea surface in the coastal 
water, 1.4 g in the Sargasso Sea, and intermediate values in the Gulf 
Stream and slope water. Indirect evidence suggests that these 
regional variations in organic content are largely due to differences in 
the quantity of stored lipoids (except for a few special cases such as the 
slope water salps), and this in turn is probably dependent on the 
concentration of phytoplankton. 

8. Experiments on the metabolic rate of Sargasso Sea zooplankton 
yielded a wide range of results. The average, expressed in terms of 
daily carbon consumption, was 0.49% of the wet weight and 12% of 
the zooplankton organic content. A single experiment on coastal 
water zooplankton gave a value for carbon consumption of 0.6% of 
the wet weight and 4% of the organic matter per day, and these 
results are in good agreement with published data on the metabolic 
rate of Calanus finmarchicus. 

9. A speculative discussion is presented of zooplankton food prob-
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lems. It is estimated that in order to obtain its minimum food re-
quirements, the Sargasso Sea zooplankton population would have to 
eat somewhere between 7% and 20% of the phytoplankton crop per 
day, and the coastal water zooplankton would have to eat 6% of the 
plant population. However, other considerations suggest that the 
actual consumption in the coastal zone is much greater. It is tenta-
tively concluded that the zooplankton of the coastal zone is better fed 
than the Sargasso Sea population, which tends to account for its 
higher organic content and also suggests that it has a higher repro-
ductive rate. 
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APPENDIX 
STATION* AND MISCELLANEOUS SURFACE ANALYSES. TEMPERATURE IN °C, 

PHOSPHATE AS MG-AT OF p PER M3, NITRATE AND NITRITE AS MG-AT 
N PER M3

, PLANT PIGMENTS AS HARVEY UNITS PER M8 

Station Depth Temp. p NOa N02 Plant 
Date (meters) (OC) pigments 

N Lat. 
W Long. 

4603 1 23.8 1. 7 .09 
17 VII 100 14.0 6.3 .12 
39-12 200 11.9 1.0 .02 
70- 29 300 9.1 .00 

400 7.1 6.5 .05 
4604 1 26.2 .4 .00 
20 VII 25 25.7 .7 .00 
34- 56 50 22.8 .6 
65- 34 100 22.1 1.3 .08 

150 19.1 2 .2 .00 
200 18.8 2.2 .23 
300 18.4 2 .4 .00 
400 17.8 4.1 .00 

4605 1 27.7 .9 .06 
25 VII 100 18.9 3.1 .02 
33-30 200 18.9 2.3 .08 
62-48 300 18.3 2.7 .05 

400 17.8 6.0 .15 

4606 1 27.6 1.1 .07 
26 VII 25 24.1 3.7 .07 
35--04 50 21.3 .7 .10 
60-36 100 19.2 2.3 .23 

150 18.8 2.5 .16 
200 18.4 4 .6 .09 
300 18.1 2.6 .10 
400 17.5 5.2 .07 

4607 1 26.3 .03 .0 .00 280 
30 VII 100 20.3 .12 .0 .07 360 
37-15 200 18.5 .10 1. 9 .04 300 
50-21 300 18.2 .11 2.3 .00 170 

400 17.8 .17 2 .0 .00 ca .0 

4608 1 25.0 .06 .8 .28 150 
1 VIII 100 17.7 .10 2 .6 .10 110 
34-,-52 200 16.4 .31 4 .7 .05 50 
43-29 300 15.3 .37 3 .7 .07 ca .0 

400 14.1 .47 6.4 .06 ca .0 

4609 1 25.2 .07 .7 .17 70 
3 VIII 100 17.8 .12 4.7 .15 ca .0 
32-29 200 16.7 .21 3.2 .09 ca .0 
41--00 300 15.6 .,29 4 .8 .08 ca .0 

400 15.1 .27 .7 .08 ca .0 
* Tables include only the observations considered pertinent to the plankton 

problem. Precise temperature readings, oxygen concentrations and deep water dis-
tributions will be published subsequently. 
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Station Depth Temp. p NOa N02 Pwnt 
Date (meters) (°C) pigments 

N Lat. 
WLmg. 

4610 1 25.6 .00 .5 .15 
7 VIII 25 25.4 .05 .2 .08 
30--04 50 22.7 .02 .1 .10 
42--02 100 19.8 .16 .0 . 18 

150 18.7 .10 .7 .22 
200 17.8 .18 2.8 .18 
300 17.2 .25 4 .2 .24 
400 16.0 .30 5 .3 .12 

4611 1 25.8 .10 .9 .10 190 
13 VIII 100 17.7 .00 2.6 .08 210 
32-22 200 15.9 .19 3.0 .08 160 
38-50 300 14.9 .32 4 .8 .07 

400 13.9 .44 7.0 .05 

4612 1 25.4 .08 .0 .35 200 
15 VII I 100 18.4 .01 1.0 .31 420 
34- 21 200 16.9 .23 3.8 .22 110 
33-29 300 15.4 .31 4.7 .23 110 

400 14.- 5 .37 5.8 .31 

4613 1 23.4 .04 .6 .29 
21 VIII 25 22.8 .05 .3 .32 
35--42 50 18.7 .01 .2 .21 
27--47 100 16.0 .11 1. 2 .39 

150 15.4 .21 4.0 .21 
200 14.7 .38 2 .8 .26 
300 13.5 .51 7.3 .25 
400 12.5 .61 7.0 .11 

4614 1 25.6 .06 .0 .20 
23 VIII 100 19.2 .00 .7 .17 
33- 34 200 17.3 .17 4.1 .27 
30--46 300 16.0 .25 6.5 .21 

400 15.0 .37 10.5 .20 
4615 1 28.2 .05 .0 .18 
31 VIII 25 27.0 .03 .0 .22 
29--00 50 .03 .7 .16 
48- 31 100 21.8 .09 .8 .21 

150 .09 .0 .44 
200 18.4 .16 .9 .38 
300 .26 2 .0 .22 
400 16.5 .35 5.7 .28 

4616 1 29.0 .24? .2 .25 
2 IX 25 28.2 .00 1.0 .24 
29--03 50 .04 .0 .28 
55- 18 100 20.6 .05 .0 .27 

150 .06 .9 .28 
200 18.3 .18 2.2 
300 .24 2 .7 .22 
400 16.8 .28 3 .1 .21 
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Station Depth T emp. p NOa NO2 Plant 
Date (meters) (OC) pigments 

N Lat. 
W Long. 

4617 1 29.2 .05 .0 .54 
4IX 25 28.8 .03 .7 .29 
30-22 50 .00 1.1 .33 
60-31 100 20.4 .00 1.3 .29 

150 .03 1.2 .35 
200 18.5 .04 1. 7 .28 
300 .13 2.7 .24 
400 17.6 .20 4 .0 .25 

4618 1 28.5 .02 .0 .30 
12 IX 25 28.5 .00 .0 .30 
38-21 50 .00 1.0 .27 
69-53 100 22.1 .01 .1 .26 

150 .03 .2 .29 
200 19.1 .05 .4 .33 
300 .15 1. 9 .23 
400 17.7 .19 3.2 .20 

OXYGE N CONCENTRATIONS (ml per]) USED TO COMPUTE NET PRODUCTION 

Stati on 25m 50m 100m 
4606 4 .99 5.15 4 .68 
4610 4.62 5.36 5.05 
4615 4 .57 5.01 4 .73 
4616 4 .69 5.35 5.10 
4617 4.45 5.13 5.00 

SURFACE WATER ANALYSES 

Date N.Lat. W . Long. Temp. p NOa NO2 Plant 
pigments 

6 VIII 41-17 70-59 20.8 6,000 
6 VIII 40-55 70-58 22.6 4,000 
8 VIII 40-21 70-53 23.3 18,000 
7 VIII 39-20 70-42 24.5 11,000 
7 VIII 28-55 41-19 25.2 .12 .0 .14 190 
9 VIII 32--00 42-26 25.6 .19 .0 .17 110 
22 VIII 34-33 29-18 .03 .3 .00 110 
24 VIII 33--07 32-29 25.6 .00 .0 .17 90 
26 VIII 30-49 36-25 .08 .0 .23 100 
30 VIII 29--00 44-44 .10 .0 .33 110 
1 IX 29--03 51-34 28.2 .00 .0 .20 80 
2IX 29--02 54-50 .12 .0 .25 110 
4IX 30-19 60--07 29.0 .01 .0 .22 150 
10 IX 34-17 65-55 29.2 .04 .0 .42 110 


