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PLANKTON STUDIES. II. THE WESTERN NORTH 
ATLANTIC, MAY-JUNE, 1939* 

BY 

GORDON A. RILEY 

Bingham Oceanographic Laboratory, Yale University 

The results of the first paper of this series, a study of the plankton in a 
tropical shallow water region in the Gulf of Mexico, suggested the desirabil-
ity of extending the observations to more typically oceanic areas in order 
to analyze productivity factors in relation to the depth of water and to 
attempt to estimate the relative productivity of northern and southern seas. 
Opportunity for such an investigation was obtained during a cruise of the 
"Atlantis" from the northern coast of Cuba to Woods Hole. Eighteen 
stations were established during the cruise, and measurements were made 
at each station of temperature, oxygen, phosphate, nitrate, and total plant 
pigments from the surface to the approximate limit of the occurrence of 
phytoplankton. In the surface waters of all stations the chlorophyll content 
was also determined, and experimental measurements were made of the 
oxygen and nitrate production and consumption in light and dark bottles. 
Finally, at five of the stations, quantitative collections of zooplankton were 
made with Clarke plankton samplers. 

I am greatly indebted to the Woods Hole Oceanographic Institution for 
providing me with the facilities for this work. I should like also to thank 
Mr. Albert E. Parr and Mr. G. Evelyn Hutchinson for examining and 
criticizing the manuscript, Dr. George L. Clarke for providing me with 
plankton samplers, and Mr. Alfred Woodcock, Dr. Henry Mahncke, and 
Mr. Dean F. Bumpus for help in the collection of materials. 

METHODS 

The methods used for the determination of total plant pigments, chloro-
phyll, and oxygen were the same as in the first paper of this series. Nitrates 
were measured by means of th~ diphenylbenzidine method of Atkins (1932). 
In testing this method it was found that analytical errors could be reduced 
by doubling the quantity of sea water and reagents used in order to mini-
mize the error involved in measuring out small volumes of fluid. Otherwise 
the method used was exactly as described by Atkins. 

* Joint contribution from Woods Hole Oceanographic Institution (No. 232) and 
Bingham Oceanographic Foundation. 
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Work by Cooper (1938) on the salt error in determinations of phosphate 
makes it necessary to specify the exact conditions of the test. The original 
Atkins-Deniges method was used, with 2 ml. of molybdate reagent per 100 
ml. of water, and the comparison was made in a Bausch and Lomb colori-
meter with 100 mm. cups. The salt error unfortunately was not determined 
for each analysis, but measurements made later on three samples of surface 
water collected during the cruise gave an average of 1.39. Since this is 
somewhat higher than the usual values, and moreover since the reagents 
were contaminated (an amount equivalent in the ordinary conditions of 
the test to a concentration of about 0.15 mg. atoms of P per m3 in sea water), 
which magnified the error in the determination of small quantities of 
phosphate, the values given should be regarded only as approximate. 

The experiments were conducted in the following way: 250 ml. bottles 
were filled with surface water in the same manner as for routine oxygen 
tests. The bottles were exposed for a period of three days. When the 
vessel was in port, the bottles were hung over the side at a depth of one 
meter in a position where they would receive direct sunlight all day. This 
included the first three stations and parts of six others. At sea it was 
necessary to adopt a makeshift procedure in which the bottles were sus-
pended in a tub on deck, and the water in the tub, surrounding the bottles, 
was changed frequently in order to maintain a normal temperature. Dupli-
cate experiments performed during the early part of the cruise showed no 
significant difference in the results of the two methods. At the end of the 
period of exposure, the bottles were shaken thoroughly before being un-
stoppered. One milliliter of water was then removed for a nitrate test, and 
the Winkler reagents were immediately added to the remainder. 

LOCATION OF STATIONS 

The positions of the stations are shown in Figure 49. Eight of the Sta-
tions, 3491 to 3512 inclusive and 3523, were in the Gulf stream. Five of 
them, 3513 to 3520, were in the Sargasso Sea. All these, and in addition 
Station 3486, off the coast of Cuba to the east of the Florida Straits, may be 
regarded as tropical waters, in the sense that they were in regions of high 
and relatively constant temperature, although the conditions were different 
from what is found in equatorial waters. The three northernmost stations 
were typical North Atlantic slope waters, and the remaining one, 3528, 
apparently was transitional, but was more nearly characteristic of northern 
than of tropical water. 

TEMPERATURE AND LIGHT 

The surface temperature in the southern areas varied from 22° to 27° the 
higher temperatures being found in the Gulf Stream and the Fl~rida 
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Straits and the lower ones in the Sargasso Sea. In the latter there was a 
decrease of three or four degrees in the first hundred meters and little 
further change in the next three hundred. In the Gulf Stream, on the other 

Figure 49. Station numbers and positions. 

hand, there was a fairly distinct thermocline lying somewhere between one 
hundred and three hundred meters below the surface. 

At the three northernmost stations, the surface temperature was from 
10.63° to 12.52°, and at Station 3528, designated above as transitional, it 
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was 19.67°. The thermocline probably lay at about 25 m. throughout most 
of this area. 

The normal radiation for the region studied was estimated roughly by 
interpolation of data given by Kimball (1928). The normal total radiation 
is approximately the same for the entire region during May and early June, 
the greater light intensity in the south being compensated by the longer 
day in the north, and the total estimated range being from 456 to 462 g. cal. 
per cm2 per day. Therefore, in comparing plankton conditions at different 
latitudes it is unlikely that variations can be ascribed to differences in 
radiation, unless the season was quite abnormal. 

THE STANDING CROP OF PHYTOPLANKTON 

The collection of materials for analyses of plant pigments and chlorophyll 
was made by filtering two or three liters of water through a Whatman No. 2 
filter paper. No analyses were made of net plankton. 

The analyses of surface phytoplankton in the southern waters, summar-
ized in Table I, are slightly higher but of the same order of magnitude as 
the shallow water determinations reported in the previous paper (average 

TABLE I 

PLANT PIGMENTS AND CHLOROPHYLL IN THE SURFACE WATERS 

Tro-pi,cal Northern 
Waters Waters 

(14 analyses) (4 analyses) 
Plant pigments (Harvey units per m3) 

Maximum . . .. ..... .. . .. .. . 3500 8300 
Minimum . ....... . 600 1700 
Mean.. . . . ......... .. . . . .. . .. . 1300 4100 

Chlorophyll (Mgs. per m3) 

Maximum ..... .. ........ . . .. .... . 2.5 3.6 
Minimum. . . ... . ... . 0.4 1.4 
Mean .. . . . . ... . ...... ..... .. . 1.0 2.1 

AU 
.Analyses 

8300 
600 

1900 

3.6 
0.4 
1.2 

1300 Harvey units per m3 in the_ present work, and in the Tortugas region 
924 units). The mean of the five stations in the very deep water of the 
Sargasso Sea is slightly less, 860 units. 

The maximum quantity of phytoplankton probably occurs somewhere 
between the surface and 100 m. In all but two of the analyses of tropical 
waters, the quantity of plant pigments was greater at 100 m. than at the 
surface. The maximum depth of occurrence is sometimes 400 m. or more, 
three out of five analyses at that depth yielding slight but detectable 
quantities of plant pigments. 
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The four analyses of northern surface waters yielded a mean of 4100 
Harvey units of pigments per m3 and 2.1 mgs. of chlorophyll. The plant 
pigments were three times as high as in the southern waters, and the chloro-
phyll was twice as high. The vertical distribution of plant pigments at the 
two nor_the;n ~eep_water stations is shown in Figure 50, together with the 
mean distribution m all the southern waters examined. It is evident from 
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Figure 50. Vertical distribution of plant pigments. 

the figure that not only is the northern phytoplankton concentrated in a 
much shallower stratum of water, but also that the total quantity of plant 
pigments is considerably greater in the south. The plant pigments per unit 
area were determined roughly by interpolation between successive levels, 
with the following results: mean of the four analyses of northern waters-
143,000 Harvey units per m2 ; mean of the two northern deep water sta-
tions-197,000 units; mean of the fourteen southern stations-345,000 
units. Even the most completely oceanic stations, the five analyses in the 
Sargasso Sea, showed a larger standing crop than the northern stations, the 
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mean being 310,000 units per m2 and the smallest observed value 235,000 
units. 

This result appears rather anomalous in view of the prevalent belief that 
the quantity of plankton in tropical waters is much smaller than that in 
temperate regions. Lohmann's data on centrifuge plankton (1920), con-
veniently summarized by Harvey (1928) in tabular form, show a mean 
annual crop of 500 to 600 cells per liter in the upper 400 m. in latitudes 0° 
to 30° N, 2000 cells per liter from 30° to 40°, and 6000 cells from 40° to 50°. 
Differences in the net plankton are still more marked. 

It should be pointed out that the northern waters were approaching 
summer conditions at the time the present analyses were made. A study 
of the seasonal cycle, including the spring and autumn blooms, would 
probably give a higher average for the northern waters. Nevertheless, the 
two seasonal studies that are available for direct comparison do not change 
the general picture. In the English Channel in 1934 (cf. Harvey, Cooper, 
Lebour, and Russell, 1935), the mean standing crop during the spring 
months was 1800 units per m3 in the upper 45 m., or 81,000 units per m2, 

and the largest observed crop was about 160,000 units. Thus not only was 
the spring bloom considerably smaller than the average obtained for 
tropical waters when calculated on an absolute areal basis, but also the 
mean crop per unit volume was only 1.4 times as largP-, and the mean for 
the entire year was slightly smaller. 

In a study of Long Island Sound, the mean of sixty chlorophyll analyses 
during the period from September 2, 1938 to July 28, 1939 was 18.3 mgs. per 
m3 at the surface and about 370 mgs. per m2• The chlorophyll at the four-
teen stations in tropical waters, estimated on the basis of the chlorophyll-
plant pigment ratio at the surface, was probably about 270 mgs. per m2, 

and thus was only slightly less than the crop in Long Island Sound. 
While the data presented here are hardly sufficient to permit definite 

conclusions, it is evident that the generalizations that have previously been 
made about the regional aspects of plankton and productivity are open to 
suspicion. More detailed work is needed, for the discrepancies noted here 
might easily be accounted for on the basis of differences in nutrient supply 
dependent on seasonal and local variations in physical conditions. 

NUTRIENTS 

The distribution of nitrate and phosphate is summarized in Figure 51. 
The vertical distribution of nitrate shows a close inverse relation with the 
quantity of plant pigments. The minimum is at 100 m. in the southern 
waters and at the surface in the north, where the maximum quantities of 
phytoplankton occur, and the increase in nitrate becomes marked at the 
point of extinction of plant pigments, except in the two northern deep 
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water stations, where _th~ nitrate remains relatively low at 100 m. in spite 
of the fact that there is l~ttl~ phytoplankton there. But the slightly higher 
temperatures at 100 m. md1cate that there are disturbing physical factors, 
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Figure 51. Vertical distribution of nitrate and phosphate. 
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probably intrusion of southern water. The inverse relation of phosphate 
with plant pigments is discernible but not particularly striking. 

The mean N:P ratios of all the southern stations approach the normal 
value of 15 : I (Cooper, 1938). In the Sargasso Sea, however, the phos-
phates were very low, sometimes undetectable. In the northern waters, on 
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the other hand, the nitrates were relatively low, with a strong negative 
anomaly of nearly 14 at the surface, decreasing to 3 at 300 m. This may 
have been a seasonal phenomenon, due to the fact that the phosphate 
generally is regenerated more quickly than nitrate after the spring bloom. 

OXYGEN AND NITRATE EXPERIMENTS 

The experimental values for oxygen and nitrate production and con-
sumption are shown in Table II. 

TABLE II 

OXYGEN AND NITRATE EXPERIMENTS 

Oxygen Oxygen Nitrate Decrease in N De1,7ease in N 

Station production consumption consumption Light bottle Dark bottle 

3486. .04 .12 .05 .25 .20 
3491 .. .20 .23 .00 .43 .43 
3492. .09 .17 .00 .13 .13 
34-98. .07 .16 .03 - .40 -.43 
3500. .03 .03 .00 .20 .20 
3510. .21 .18 .00 .03 .03 
3511 . .15 .09 .07 - .27 - .20 
3512. .07 - .01 .16 .34 .50 
3513. .16 .17 .08 .49 - .57 
3514 . .. .03 .06 .06 .56 .50 
3515. .04 .04 .12 .09 - .03 
3517. .05 .14 .00 1.00 1.00 
3520. .09 .14 .02 .18 .16 
3523 . . .05 .13 .05 .20 .15 
3528 .. .12 . 10 - .55 -.60 -.05 
3532. .33 .32 .00 .00 .00 
3535 ... .12 .14 1.10 .15 - .95 
3537 .. ... . .15 .05 - .05 .05 .10 

Oxygen production and consumption recorded as mgs. per liter per day; nitrate as 
mg. atoms of N per m3 per day. 

The mean oxygen production-the difference between the oxygen content 
of light and dark bottles at the end of the experiment-was 0.111 mg. per 
liter per day. At the four stations in northern waters the mean was 0.180 
mg.; in the southern waters it was 0.091 mg. Thus the ratio for oxygen 
production in the two areas is about the same as the chlorophyll ratio. 

The mean of all the analyses of the Tortugas region, described in the 
first paper of this series, was 0.187 mg. per liter per day, and the average 
for Station 2, which gave more reliable results, was 0.131 mg. This sug-
gests that the production per unit volume at the surface is somewhat 
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greater in _the tropical shallows than in areas of greater depth, but the 
difference 1s not very marked. It is apparently considerably greater in 
northern shallows. Gran (1927) estimated that the mean production in 
the coastal waters off Bergen was 0.37 mg. per liter per day during the 
spring bloom of 1922, and Marshall and Orr obtained a value of 0.43 mg. 
in Loch Striven in April, 1926. The mean of sixty analyses in Long Island 
Sound between September, 1938, and July, 1939, was 0.461 mg. per liter 
per day. 

Unfortunate circumstances prevented attempts to measure oxygen 
production throughout the entire euphotic zone. But in view of the scar-
city of evidence on oceanic plankton production, it seems desirable to 
attempt a rough estimate of production in the areas examined, even though 
the error of such an estimate may be rather large. 

The curve for oxygen production against depth may be characterized as 
increasing slightly from the surface to the point of optimum light intensity 
and then decreasing exponentially to the limit of photosynthetic activity, 
which is generally located where the light is about 0.5 to 1 % of the incident 
radiation. In northern waters the optimum light intensity is at about 
5 m. (Jenkin, 1937, and others). In the Sargasso Sea, Clarke (1936) 
found that the optimum for a culture of Nitzschia closterium was 80 m. The 
optimum for the normal Sargasso plankton is probably higher, for in the 
Tortugas region, in which the water is only slightly less transparent (cf. 
Taylor, 1928, and Darby, Johnson, and Barnes, 1937), it was found to be 
between 10 and 15 m. The limit of photosynthesis is probably about 50 m. 
in the northern waters and 150 m. in the south, these figures being in ac-
cordance with the data on light penetration and such evidence as is available 
for photosynthetic activity (Clarke, 1936; Clarke and Oster, 1934). 

Curves for the sixteen deep water stations were drawn by extending the 
known surface value downward (since the real maximum is unknown) to a 
depth of 5 m. at the northern stations and 15 m. at the southern ones, with 
an exponential decrease thereafter to 1 % of the surface value at 50 and 150 
m. respectively. At Station 3537, with a depth of 38 m., the limit was 
placed at that depth, and at station 3500 the production was assumed to be 
uniform from surface to bottom (17 m.). The curves were integrated plani-
metrically, and the mean for the thirteen southern deep water stations was 
found to be 0.42 mg. of oxygen per cm2 per day. The average for all the 
southern stations was 0.39 mg. At Station 3537 the estimated production 
was 0.16 mg., and the mean for the other three northern stations was 0.25, 
giving a general average of 0.23 mg. This would be equivalent to a pro-
duction of 0.142 g. of oxygen per cm2 per year in the southern waters and 
0.084 g. in the north, representing an annual fixation of 0.053 and 0.032 g. 
of carbon respectively. Although such estimates can be regarded as 
little better than .guesses, it is interesting to note that they are of the same 
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order of magnitude as the estimate of 0.0278 g. of carbon which Seiwell 
(1935) obtained by measuring the oxgyen deficit of the western Atlantic 
between 3° and 13° N. 

In comparing the oxygen production of northern and southern waters, 
the conclusion appears to be about the same as that which was reached in 
the comparison of the standing crops. The production at the surface is 
slightly greater in the north, but the euphotic zone is undoubtedly thicker 
in the south. The total production per unit area was probably somewhat 
greater in the southern waters during the particular time the analyses were 
made. Inclusion of bloom periods would lessen the difference, but even 
with six months of bloom conditions, with values of about 0.4 mg. of 
oxygen per liter per day, which ~eem to be normal for temperate regions, 
the annual production in the northern area probably would not be signifi-
cantly greater than in the south. 

Obviously such estimates cannot be regarded as critical evidence until 
much more is known about the variations of photosynthetic activity with 
depth. Nevertheless, the available data tend toward confirmation of 
Seiwell's contention, in the paper referred to above, that the tropical 
waters are not relatively unproductive. 

The correlation of oxygen production with chlorophyll is .514, and with 
total plant pigments it is .614. These correlations are statistically signifi-
cant, and the variations in the standing crop account for about 55% of the 
variations in the gross production of glucose. None of the other factors 
examined-temperature, nitrate, or phosphate-appear to be significant, 
but there are complications in the statistical treatment which make it 
appear that the result is due not to a lack of relationships but to complex 
inter-relationships that cannot be evaluated properly at the present time. 

The mean oxygen consumption was 0.118 mg. per liter in the tropical 
waters and 0.152 mg. at the northern stations. Th~ average of all the 
analyses was 0.126 mg. per liter. Such large values, particularly in the 
southern waters where the mean consumption was greater than the produc-
tion, make it appear unlikely that the values have much significance. It 
is probable that the well known phenomenon of the multiplication of 
bacteria in stored seawater (ZoBell and Anderson, 1936, and others) causes 
a consumption of oxygen that is greater than normal. This viewpoint is 
supported by the fact that the relationship between plant pigments or 
chlorophyll and oxygen consumption is slight. The regression equation for 
all the analyses in southern waters, calculated according to the products 
moments method, is 

X = 0.0088Y + 107 

where Y is Harvey units of plant pigments per m3 and Xis milligrams of 
oxygen consumed per m3 per day. The equation gives a mean value for 
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oxygen consumption by phytoplankton of 11 mgs. per day, or 9% of the 
total. But according to the probable error of the relationship, the constant 
for Y may have a variation of ± 0.0064, so that the statistical estimate lies 
somewhere between 1 % and 17% of the total consumption. 

When the equation is applied to the entire vertical column, the estimate 
for total phytoplankton respiration is 0.30 ± 0.22 mg. per cm2 per day. 
This is a maximal value because the equation is not strictly applicable to 
respiration at the reduced temperatures found in the lower part of the 
column. Even so, it appears to be somewhat less than the estimate for 
total production, which was 0.42 mg. A smaller value is to be expected 
since the production is theoretically equivalent to respiration plus the 
oxygen equivalent of organic matter lost from the phytoplankton crop 
(animal consumption, sinking, etc.). 

The number of analyses of northern waters is not sufficient for statistical 
treatment. Nor is it considered valid to attempt an indirect estimate by 
treating all the data together, because the wide variation of other factors-
temperature, animals, and perhaps bacteria-introduce complex inter-
relationships that cannot be analyzed accurately with the data available. 

The nitrates were determined in the experimental bottles because it was 
believed that they would provide valuable supplementary evidence on 
plankton growth. Theoretically, the nitrate consumption-i.e., the differ-
ence between the nitrate in the light and dark bottles-can be used to 
measure production in the same way as the oxygen content, although it is 
a minimal estimate because there are other forms of nitrogen available, and 
the results of the two determinations are not quite analogous because the 
nitrate consumption is obviously a measurement of the formation of protein 
and other nitrogenous substances rather than glucose. 

The results of the experiments, however, are difficult to interpret. There 
was generally a decrease in the light bottles, averaging 0.10 mg. atom per 
m3 per day, but in the dark bottles there was also a decrease, amounting to 
0.06 mg. atom. The mean difference between the two-the so-called 
nitrate consumption-was 0.038 mg. atom. 

Without determining the cause of the decrease of nitrate in twelve of the 
eighteen dark bottles, it is impossible to progress very far with the evalua-
tion of the results. If it were caused by bacterial activity, which might be 
expected to proceed at an equal rate in both light and dark bottles, the 
value of 0.038 mg. atom would represent the activity of the phytoplankton. 
If, on the other hand, the decrease were caused by phytoplankton absorp-
tion in the dark, which is known to occur in experiments with pure cultures, 
with the removal of both nitrate (Ketchum, 1939) and phosphate (Harvey, 
1933· Ketchum 1939) the decrease in the light bottle would be a better 
esti~ate of the ~otal ulilization by phytoplankton, but it would be minimal 
because it would take no account of normal bacterial regeneration. 
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Regardless of which estimate is preferred, there appears to be a dis-
crepancy between the results of the nitrate and oxygen experiments. A 
nitrate consumption of 0.038 to 0.10 mg. atom per m3 per day would repre-
sent a daily plankton production of 7.6 to 20 mgs. of organic matter with a 
normal nitrogen content of about 7%. With a mean oxygen production of 
0.111 mg. per liter per day, 104 rugs. of glucose would be produced per m3• 

About ten percent appears to be used up in normal respiratory processes, 
and the remainder, 94 mgs., is available for transformation into plankton. 
This would constitute a daily production of 75 mgs. of organic matter with 
the usual carbon content of about 50%. The phytoplankton production as 
measured by the nitrate consumption is therefore only 10% to 27% as 
great as the oxygen production would suggest. 

Such a discrepancy might be due to errors in the experimental technique 
or variations in the factors involved in the estimates. On the other hand, it 
might be caused by the failure of the phytoplankton to utilize murh of the 
carbon produced, with a resultant accumulation of large stores of foodstuffs. 
The experimental evidence is not complete enough to throw any light on 
the matter; however, the work on Long Island Sound, referred to above, is 
of interest in this respect, for although it neither confirms nor rejects the 
first possibility, it helps to clarify the second. 

In the first place, on numerous occasions a significant increase in chloro-
phyll has been observed in the dark bottles (this is in accord with the 
results of Harvey, who found an increase in both plant pigments and cells; 
Ketchum has not detected an increase). In the Sound, this phenomenon 
may occur during periods when the quantity of nutrients has suddenly 
risen after having been at a low level for some time, and it is also common in 
the winter when the nutrient content is fairly high but the temperature is 
low. Such an increase is generally accompanied by a diminution or reversal 
of the normal processes of regeneration of N and Pin the dark bottles. It 
is therefore evident that in the natural plankton association, as well as in 
laboratory experiments with pure cultures, the fixation of carbon and its 
conversion to protoplasmic substances are not necessarily coincident proc-
esses. The second may lag behind the first when physical or chemical 
conditions are not favorable for conversion. It is therefore hardly to be 
expected that the results of experiments on oxygen production and nitrogen 
consumption should coincide. When the Long Island Sound data on phyto-
plankton production are calculated in the way described above, the ratio of 
nitrate consumption to oxygen production varies from a negative value to 
about 110%, and the mean is 38%. The higher average here suggests that 
the Sound, with its greater concentration of nutrients, is less conducive to 
such phenomena than oceanic areas. 

It is obvious that there is a limit to the amount of stored foodstuffs that 
a plant can accumulate. But if, as the calculations suggest, active photo-
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synthesis at the surface for one day supplies the normal respiratory require-
ment~ for te? days, the p~enomenon is likely to be important, for not only 
does 1t provide a mechamsm for carrying the plant through periods of un-
favorable ?u~rit~ve conditions, but also it permits a lengthy existence as 
well as ass1m1lat10n and growth below the euphotic zone. The latter would 
permit util ization of nutrients throughout a much longer column of water 
than is generall y supposed, but whether this would increase or decrease the 
total productivity of the region would depend on the amount of turbulence. 
This and other ramifications of the theory suggest that it is a profitable 
subject for investigation. 

ZOO PLANK TON 

The zooplankton was collected in nets of No. 10 bolting silk, and the use 
of Clarke plankton samplers permitted the quantitative measurement of 
the amount of water strained. The results of the measurements are shown 
in Table III. 

TABLE III 

Zoo PLANKTON 

Nauplii and 
Volume copepodites Copepods Misc. Total Total 

Station Depth cc/m3 No./m3 No./m3 No./m3 No./m3 No./m2 

31,86 0-150 0 .02 130 230 20 380 116000 
150-300 0.02 160 200 30 390 

31,92 0-100 0.05 160 700 90 950 95000 
3511 0-150 0.07 240 760 50 1050 257000 

150-300 0.02 220 380 60 660 
3535 0-50 4.3 19000 29300 1500 49800 2490000 
3537 0-25 8 .1 5090 4580 2700 12370 309300 

The counts are probably a more accurate estimate of the quantity of 
zooplankton than the volumes. The latter are distorted by the presence 
of enormous numbers of Ceratium and peridinians in the northern waters. 
The counts are also somewhat distorted, due to the usual qualitative varia-
tions. The miscellaneous groups in the southern waters, chiefly Sagitta, 
medusae, and decapod crustacean larvae, bulk larger than their number 
would indicate, but this is at least partly compensated by the larger average 
size of the northern copepod fauna, of which Calanus was a common con-
stituent. When such small quantities of data are involved, such errors as 
these are generally of less importance than the sampling errors, and elabo-
rate calculations of volume are not justified. 

The number of animals per unit volume in the southern waters was about 
half as great as in the shallow waters of the Tortugas region. The latter 
were surface water determinations, and with more adequate sampling the 



158 SEARS FOUNDATION [II, 2 

difference might be more marked. But since the plankton in the deeper 
water occupies a long vertical column, showing little diminution down to 
the 300 m. level, there is little doubt that the total crop of zooplankton is 
much greater in the open ocean than in the shallow areas. 

The number of animals per unit volume in the southern waters was from 
0.8% to 8.5% as great as in the northern shallows, represented by stations 
3535 and 3537. The total crop per unit area, down to the limit of sampling, 
was 3.8 to 83% as great. It therefore appears that the northern waters, in 
which the total standing crop of phytoplankton and the total productivity 
are less than in the south, and in which the crop per unit volume is only two 
or three times as great, may support a considerably larger fauna. It is 
impossible to say whether such a conclusion is rational. It depends on the 
food requirements at different temperatures, feeding efficiency with different 
concentrations of food in the medium, and other matters too poorly under-
stood at present to permit quantitative expression. Qualitatively, however, 
it may be stated a priori that the food requirements are greater in tropical 
waters, so that a larger crop of phytoplankton is needed to support a given 
number of animals. Moreover, the rate of turnover may be faster, in which 
case the comparison of relative abundance would not be an accurate state-
ment of the zooplankton productivity. 

Finally, it is of interest to note that Harvey, Cooper, Lebour, and Russell 
(1935) found in the English Channel an annual mean of between 2000 and 
3000 animals per m3 in the upper 45 m., and Russell (1934) reported that 
the number of animals in the Great Barrier Reef lagoon is approximately 
equal to the crop in the North Sea and the English Channel. The figures 
listed by Harvey and his associates give a total crop of 90,000 to 135,000 
animals per m2, which is of the same order of magnitude as the number 
found in the southern waters in the present work. It therefore is possible 
that the zooplankton content of these waters was not relatively low, but 
rather that the quantity in the northern shallows was unusually large, 
either because of high productivity or perhaps because the samples were 
taken during a peak period. 

SUMMARY 

1. Measurements were made of temperature, oxygen, plant pigments, 
phosphate and nitrate at eighteen stations in the western North Atlantic 
between the northern coast of Cuba and Woods Hole during May and the 
early part of June, 1939. In the surface water of all stations the chlorophyll 
content was determined, and analyses were made of the oxygen and nitrate 
production and consumption in experimental light and dark bottles. 

2. The quantity of plant pigments at the four northernmost stations was 
greatest at the surface, and the maximum depth of occurrence was 100 m. or 
less. At the southern stations they occurred to a depth of 300 to 400 m. or 
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more, and the maximum observed values were at 100 m. The quantity of 
plant pigments in the surface water was three times as great in the north as 
in the south, and the amount of chlorophyll was twice as great. But the 
total crop in the entire vertical column was considerably greater in the 
southern waters. 

3. The mean oxygen production in the northern waters was 0.180 mg. per 
liter per day, about half as much as the values recorded by previous workers 
for temperate shallow-water regions during the spring bloom. In the tropi-
cal waters the average was 0.091 mg. Fifty-five percent of the variations in 
oxygen production can be accounted for on the basis of differences in the 
quantity of the standing crop. Other factors-temperature, light, and 
nutrients-did not appear to have a significant effect. Although the gross 
productivity (glucose production) of the southern surface waters is only 
half as great as in the north, it is suggested that because of the greater 
transparency of the water, the maximum depth of photosynthesis is about 
three times as great, and the total productivity per unit area may be equal 
to or greater than that of temperate regions. Nitrate consumption was 
relatively much less than oxygen production, and rough estimates indicate 
that only 10 to 27% of the glucose produced was transformed into nitro-
genous material during the course of the experiments. The theoretical 
biological implications of this phenomenon are discussed. 

4. Quantitative measurements of zooplankton were made at five stations. 
The total number of animals was less in the tropical waters than at the 
northern stations but was about equal to the annual mean for certain other 
temperate regions, the English Channel and the North Sea, as well as the 
tropical waters of the Great Barrier Reef lagoon. 
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TABLE IV 

STATION LIST AND ANALYSES 

Plant 
p N pigments Chiaro-

Oxygen Oxygen mo. at. mg. at. Harvey phyll 
Depth Temp. cc.fl. % sat. perm• perm• unitsfm• mgs./m' 

Station 3486 
5/11 /39 1 26.63 4 .68 99 0 .18 1.00 3500 2.5 
!3° 13' N, 81° 22' w 100 25.87 4 .56 95 0 .09 0.50 3400 
D epth 722 m. 200 20.64 4.40 84 0 .44 2.21 1800 
Station 3491 1 26.93 4 .72 100 0 .03 1. 70 2000 1.5 
5/15/39 100 25.37 4.43 92 0.06 0 .31 1200 
23° 44' N, 81° 46' W 200 19.26 3 .54 66 0 .29 0.93 900 
D epth 1719 m. 300 16.82 3 .78 67 0 .59 14. 3 600 
Station 3492 1 26 .77 4 .66 99 0 .06 0.62 1400 0 .9 
5/16/39 48 24.41 4 .88 100 0 .05 0 .62 1700 
25• 14' N, s o• 05' w 97 21.14 4.63 89 0 .08 1.18 2900 
D epth 230 m. 184 10.40 2.90 46 1.82 18.2 700 
Station 3498 1 26.67 4 .67 99 0 .16 0.57 1700 1.3 
5/21 /39 98 25.26 4.45 92 0.09 0 .36 2100 
25° 49' N, 79° 35' W 197 18.19 3 .60 66 0 .45 1.65 1600 
Depth 777 m. 296 14.27 2.91 50 1.08 9.1 1300 
Station 3 5 00 1 26.66 4 .63 98 0 .14 2 .00 1900 1.6 
5/21/39 
25° 33' N, 79° 19' W 
Depth 17 m. 
Station 3 510 1 26.38 4 .67 98 0.04 0.10 900 0.9 
5/23/39 94 22.31 4.78 96 0 .00 0 .00 2000 
26° 48' N, 79° 47' W 188 12.48 3.17 52 1.45 6.5 900 
Depth 357 m. 282 7 .96 2.90 44 1.93 23 .4 700 

Station 3 511 1 26.31 4.60 97 0.16 1.80 800 0 . 7 

5/24/39 87 24.06 4 .42 90 0.17 1.34 2500 
31•ovN,79°1B' w 113 20.18 3.41 65 0 .61 2.52 700 
Depth 732 m. 260 16.87 3.45 62 0.90 3 .86 100 

Station 3512 1 26.53 4.54 96 0 .00 2 .42 900 0.6 

5/25/39 100 24.31 4.06 82 0.12 2.21 2300 
33° 10' N, 76° 34' W 200 19.48 4.35 81 0.22 4.88 900 

D epth 704 m. 300 17.79 4 .58 83 2.05 5.70 300 

Station 3513 1 23.98 5.00 101 0.02 0.67 700 0 .5 

5/26/39 100 20.68 5.02 96 0.05 0 .15 1800 

34° 15' N, 73° 11' W 200 18.99 4 .76 88 0.00 0 .46 1000 

Depth 4471 m. 300 18.09 4.73 86 0.17 0.21 300 

Station 3514 1 21.99 5.22 102 0 .00 2.00 1300 0. 8 

5/27 /39 97 18.12 5.19 95 0 .00 2.11 2200 

34° 48' N, 69° 53' W 193 17. 96 5.13 94 0.02 3 .96 1300 

Depth 5276 m. 290 17.82 5 .03 91 0 .05 2 .83 400 

386 17.42 4 .59 83 0 .29 7 . 0 <100 

Station 3515 1 22. 90 5.10 101 0 .01 0 .87 800 0 . 6 

5/28/39 97 19.67 5 .09 95 0.01 0 .98 1500 

35° 10' N, 66° 50' W 193 18.39 5.13 94 0.01 1.28 200 

D epth 5148 m. 290 18.09 5 .17 94 0 .04 4 .57 200 

386 18.11 5.19 95 0 .08 1.64 100 

Station 3517 1 22.05 5.22 102 0 .00 3.44 600 0 .4 

5/29/39 100 18.32 5.12 94 0 .07 1.80 1500 

35° 54' N, 67° 34' W 201 18.02 5.06 92 0.04 2.05 400 

Depth> 4000 301 17.67 4 .92 89 0 .12 4.57 200 

402 17.18 4 .72 85 0 .24 2.42 <100 



162 SEARS FOUNDATION [II, 2 

TABLE IV-Continued 

STATION LIST AND ANALYS ES 

Plant 
p N pl(lments Chiaro-

Oxygen Oxygen mg. at. mg. at. Harvey phyll 
Depth Temp. cc./l . % sat. perm• perm• units/m' mos./m' 

Station 3520 1 23.14 5 .02 100 0.04 0 .67 900 0 .7 
5/30/39 100 19.40 5.04 94 0 .00 1.03 1500 
37° 02' N, 68° 113' W 201 18.23 5.16 94 0.04 0 .77 500 
Depth >4000 301 18 .10 5.18 94 0.00 0 .82 400 

402 17.81 4 .87 88 0.10 3 .24 100 
Station 3523 1 25.10 4 .90 101 0 .03 0 .46 800 0 . 6 
5/31/39 102 21.47 4 .44 86 0 .07 1.44 1200 
37° 49' N, 69° 18' W 203 18.47 4 .37 80 0 .10 0 .67 1000 
Depth >4000 305 17. 13 4 .17 75 0 .20 1.13 300 

407 14.84 3.72 64 1.01 8.8 100 
Station 3528 1 19.67 5 .53 102 0 .05 0 .10 3200 1.4 
6/1/39 45 14.35 5.54 94 0 .12 0.46 2300 
38° 51' N, 70° 04' W 91 14.47 5.26 89 0 .29 0 .62 200 
Depth 2963 m. 181 13.08 4 .32 71 1.17 8.6 < 100 

272 10.69 3 .24 51 1.62 18.8 <100 
Station 3532 1 11.95 6.86 111 0 .25 0.10 8300 3 .6 
6/2/39 23 10.20 6 .15 96 0.45 0 .41 3100 
39° 51' N, 70° 53' W 45 11.45 5 .87 94 0.40 0 .31 300 
Depth 969 m . 91 11.90 5 .35 86 0.53 1.28 <100 

181 11.41 5 .30 58 1.35 10.8 <100 
Station 3535 1 10.63 7.05 111 0 . 15 0.26 1700 1 .2 
6/2/39 25 8 .55 7.65 115 0 . 18 0.15 2700 
40° 22' N, 71° 21' W 50 6.64 6 .53 95 0.57 0.87 700 
Depth 82 m. 
Stat.ion 3537 1 12.52 6 .63 108 0.20 0 .31 3300 2 .0 
6/3/39 10 10.61 7.23 114 0.13 0.41 3300 
40° 52' N, 71° 50' W 25 5 .84 6 .01 86 0 .80 0 .41 3200 
Depth 38 m. 


