
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. 



PLANKTON PRODUCTION IN RELATION TO 
CHARACTER OF WATER IN THE 

OPEN PACIFIC 

HERBERTW. GRAHAM 
Carnegie I nsti tution of Washington 

and Mills College 

INTRODUCTION 

The dependence of the production of plankton upon an adequate 
supply of such inorganic salts as phosphates and nitrates in the 
photic zone is now an established planktological concept (Harvey, 
1928; Ekman, 1935; Russell and Yonge, 1936). It is also well known 
that the photic zone often becomes depleted of such essential mineral 
substances and that when this occurs any increase in the total pro-
duction of plankton will depend upon a renewal of these substances 
from some source. This source is usually the deeper water layers. 
In the open ocean the renewal must necessarily come from below. 
In high latitudes where vertical density gradients are not well devel-
oped and are eliminated in winter the renewal of the fertility of the 
photic zone is easily effected and the resultant production of plankton 
is often spectacular. 

In the tropics and warm temperate latitudes a strong stratifica-
tion of the water usually develops (Wlist, 1935, Sverdrup, 1938). 
This opposes any vertical mixing of the water so that a depletion 
or near depletion of nutrients in the photic zone results. Thus, 
the tropical plankton of the open ocean is characteristically extremely 
sparse as compared with that of the subpolar regions. 

There is, however, no continuous increase in the total plankton 
from Equator to Pole. Certain regions of the tropical open ocean 
may be the seat of greater productivity. In a transect from Equator 
to Pole the region of least productivity may be the temperate re-
gions rather than the tropical as is shown by the data presented in 
this report. This report is based on investigations made in the 
Pacific in 1929 on board the non-magnetic ship Carnegie1 during the 
latter part of its last cruise. 

1 The Carnegie was built and operated by the Department of Terrestrial Mag-
netism of Carnegie Institution of Washington. Its last cruise (1928-29) termi-
nated with destruction of the vessel by fire in Apia, Samoa, November 29, 1929. 

( 189) 
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METHODS 

The biological program of the Carnegie included the collection of 
tow-net samples at 0, 50, and 100 meters, and the collection of 
quantitative samples with a Pettersson plankton-pump at the same 
levels. To augment these collections and to obtain a more complete 
picture of the quantity of plankton throughout the whole vertical ex-
tent of the upper layers vertical hauls were started at station 131, off 
San Francisco. These collections were continued on the cruise to 
Honolulu and along an indirect course from Honolulu to Samoa as 
shown in Figure 40. A vertical haul was made at each oceanographic 
station unless conditions prevented. Samples from the last two 
stations were lost. Twenty-five samples were available for study 
taken through the months of September to November, 1929. The 
net was one half meter in diameter constructed of no. 15 silk bolting 
cloth. 

The net was dropped into the water and allowed to sink at an 
even rate of speed. About five minutes elapsed for the net to reach 
150 meters depth when it was immediately hauled in at the same 
rate at which it was lowered. The line to which the net was attached 
was weighted but the net was not. Consequently, the net fished on 
both the downward and the return trips. The net did not tow any 
appreciable length of time at its lowest level. The samples were 
preserved in formaldehyde. 

When this part of the biological program was started the vertical 
hauls were made from 150 meters depth. Later, beginning with 
station 154, the hauls were taken from 100 meters depth in order 
to restrict them to levels being investigated by other methods. A 
factor of 1.5 was applied to the plankton values for stations 154 to 
160 in order to make them more comparable to the values for the 
other stations. 

For the determination of the relative quantity of plankton in each 
catch, the samples were dried to constant weight in an oven at a 
temperature of 100° C. The dry weight was taken as an expression 
?f the relative quantity of plankton in the upper 150 meters. Weigh-
mgs were made to the nearest 10 milligrams. 

At each oceanographic station water samples were analyzed for 
salinity, dissolved oxygen, and phosphate. In the upper levels sam-
ples were collected at approximately 0, 5, 25, 50, and 100 meters. 
Temperatures were taken at the same levels. The values used in the 
present study represent means for the column of water extending 
from the surface to 100 meters computed from the formula 

M = ( a + 2b + 2c + 2d + e) / 8 
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Figure 40. Distribution of Carnegie vertical-haul stations. Small numbers indicate station num-
ber. L arge italicized numbers give dry weight of sample in milligrams. Dotted line joins' sta-
tions used in graphs of Figure 41! Arrows indicate direction and magnitude of currents for the 
100-meter level, relative to assumed zero current at a depth of 2,000 met ers according to Carnegie 
dynamic computations. 

where a, b, c, etc., are values for 25-meter intervals from the sur-
face to 100 meters scaled from graphs of the data. Means for the 
100 meter rather than the 150 meter column were used since it is 
probable that the characteristics of the upper 100 meters are much 
more important m total plankton production than conditions below 
that level. 
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RESULTS 

The plankton weights and the means for various physical and 
chemical factors for the upper 100 meters are shown in Table I for 
all the Carnegie stations at which vertical hauls were made. The 
results for stations in a more or less direct line from San Francisco to 

TABLE I-DRY WEIGHTS OF VERTICAirHAUL PLANKTON SAMPLES AND MEAN VALUES 

OF TEMPERATURE, SALINITY, PHOSPHATE, ANO. DISSOLVED OXYGEN FOR 

Station 
No. 

130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
146 
147 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 

THE UPPER 100 METERS, Carnegie STATIONS 130 TO 160 

Dry weight 
of sample• 
milligrams 

400 
60 
70 
90 
80 
70 

120 
100 
90 

140 
70 
60 

170 
110 
90 

170 

570 
290 
130 
160 
520 

450 
270 
330 
180 

D epth of 
haul 

meters 

150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 

150 
150 
150 
100 
100 

100 
100 
100 
100 

T emperature 
oc 

12.30 
15.04 
17.74 
20.75 
20.37 
21.57 
21. 79 
23 .91 
24.69 
25.30 
26.71 
23.95 
20.86 
22.02 
21.98 
22 .20 
22.52 
22.86 
18.39 
16.61 
27.06 
27.79 
27 .58 
27 .03 
27.03 
28.08 
28.45 
28 .47 

Salinity 
per mille 

33.51 
33.31 
33.70 
34.74 
34.61 
35.06 
35.19 
35.01 
34.79 
34.93 
35.00 
35. 18 
34. 70 
34.76 
35.20 
35.07 
35.02 
34.68 
34.44 
34.48 
34.45 
34.40 
34.96 
35.04 
35.28 
35.64 
35.74 
35.64 

Phosphate Oxygen 
PO, saturation 

mgfm' per cent 

97 86 
100 

16 101 
7 100 
6 100 
5 106 
3 100 
4 99 
4 96 
6 98 
7 96 
5 99 
6 100 
6 99 
6 100 

97 
6 99 

10 96 
63 

53 36 
12 90 

9 92 
32 94 
42 95 
59 94 
48 75 
16 89 
14 87 

1 Values for statfons 154 to 160 have been adjusted by factor 1. 5. 

Samoa are presented m graphs m Figure 41. These stations are 
joined by a dotted line in Figure 40. 

At station 131 there was a heavy production of diatoms. The 
sample consisted almost entirely of Rhizosolenia semispina Hensen. 
None of the other samples showed any indication of blooms or swarms 
of any organism such as occurs in pulses in northern waters in the 
spring and fall. The samples contained both plants and animals 
mostly diatoms, copepods, and chaetognaths. ' 
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The weights of the 150-meter hauls varied from 60 to 570 milli-
grams; of the 100-meter hauls from 110 to 350 milligrams. The 
adjusted weights for the latter varied from 160 to 520 milligrams. 
The sample from station 151 was not quite comparable as it con-
tained a large colony of salps. That this colony was not representa-
tive is indicated by the fact that no salps were taken with the tow 
nets at that station. Omitting that sample the largest value obtained 
was from station 155 with an adjusted weight of 520 milligrams. 
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Figure 41. Graphs showing weights of plankton samples and mean values of phosphate, oxygen, 
temperature, and salinity between San Francisco and Samoa. 

The stations north of 20° north generally had less plankton 
than those south of that• latitude. The average weight of the 16 
samples in the north was 120 milligrams (Table II). Only 7 of the 
samples weighed over 100 milligrams and only one over 200 milli-
grams. The average weight of 8 samples taken in the tropics was 
291 milligrams. All tropical samples were over 100 milligrams and 
6 were over 200 milligrams. Thus, there was a distinctly greater 
production of plankton in the tropics than at the more northern 
latitudes. This picture of greater productivity in the tropics does 
not depend upon the adjustment of the 100 meter values 'for sta-
tions 154 to 160. The mean of the uncorrected values is 210 milli-
grams, 90 milligrams above the mean for the more northern stations. 



194 SEARS FOUNDATION [IV, 3 

The difference in productivity of the two regions is correlated with 
differences in phosphate concentration. This is in accord with the 
results of most planktological investigations. The more northern st_a-
tions, 131 to 149, were in water rather depleted of phosphate while 
the southern stations, 150 to 160, were in much richer water (Table 
I). The mean of phosphate values for the 14 northern stations for 
which there are data was 6 milligrams while for the 10 southern 
stations the mean was 30 milligrams (Table II) . 

TABLE II-MEAN WEIGHTS OF PLANKTON IN THE UPPER 150 METERS AND 

ENVIRONMENTAL CONDITIONS IN THE UPPER 100 METERS 

Dry weight 
of plankton Phosphate Oxygen 

samples Temperature Salinity PO, saturation 

milligrams oc per mille mg/m' per cent 

Sixteen stations 120 21.96 34.76 6 99 
north of 20° north 

Eleven stations 291 23.10 34.98 30 83 
south of 20° north 

The correlation between plankton and temperature is also inter-
esting. Planktologists are accustomed to associating plankton rich 
(eutrophic) water with cold water (Peters, 1934; Ekman, 1935). 
The mean temperature for the 16 Carnegie stations north of 20° 
north was 21.96° C. while for the tropical stations 23.10° C. The 
most productive of the two general regions, then, was the warmer 
one. However, as is pointed out below, this correlation is reversed 
in a station to station comparison of results. 

A comparison of the oxygen concentrations in the two regions shows 
that the northern waters which have lower temperatures and less 
phosphate are more nearly saturated with dissolved oxygen (Table 
II). The mean for 16 northern stations was 99 per cent of satura-
tion while for 11 tropical stations 83 per cent. 

Variations in salinity show no correlation with variations in plank-
ton content. The average salinity of 16 northern stations was 34.76; 
of 11 tropical stations 34.98%0 • 

The greater productivity of the tropical regions of the open ocean 
as compared with latitudes between 20° and 34° in the North Pacific 
~s probably a result of_ disturbed hydrographic conditions in the trop-
!ca~ w~ters. The _reg10n of the equatorial currents is marked by 
md1cat10ns of vertical water movements (Sverdrup, et al; in press; 
chap. 15). 

T~ie ~hove data suggest that plankton production in the open 
Pacific 1s dependent upon unstable dynamic conditions. Sverdrup and 
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Allen (1940) stressed the importance of the "age" of the different 
water masses supporting plankton populations off the coast of south-
ern California. In connection with the ability of the water to sup-
port plankton, the terms "old water" and "new water" may be useful 
in describing the different water masses of the open Pacific. The warm 
Pacific characteristically has "old water" at the surface; water which 
supports a sparse plankton population. However, where there are 
diverging currents, such as the Equatorial and California Currents, 
upwelling subsurface water is brought to the surface. The resultant 
surface water is relatively new or eutrophic water and supports a 
heavier plankton production. 

The dependence of plankton production upon disturbed hydro-
graphic conditions in the regions investigated is brought out further 
if we examine the Carnegie data along a line from San Francisco 
to Samoa (Figure 41). At station 130 off California there was a 
very high phosphate content accompanied by low temperature and 
salinity. These conditions are characteristic of the California Cur-
rent in which the station was located. Unfortunately no vertical haul 
was made at this station. At station 131 the phosphate content was 
still high and the temperature and salinity low, probably due to the 
influence of the California Current. The plankton sample from this 
station weighed 400 milligrams and consisted mostly of diatoms. The 
oxygen content at this station was higher than that in the California 
Current. This probably was due to the activity of the rich phyto-
rlankton which resulted from the rich nutrients in the water derived 
from the above current. 

From stations 132 to 149 inclusive there was evidently little mix-
ing between waters of the surface layers and those below; the sur-
face layer was composed of "old water." The phosphate content 
was low and oxygen concentration high; temperatures and salinities 
were high. Plankton production was low; sample weights were all 
under 200 milligrams. 

Stations 150 to 152 inclusive were in the North and Counter Equa-
torial Currents. The hydrographic conditions there indicate strong 
vertical water movements (Sverdrup, et al). The upper layers have 
characteristics of "new water." The mean phosphate content of the 
upper 100 meters was remarkably high while the oxygen, tempera-
ture, and salinity were definitely lower. The plankton values were 
higher than farther northward, namely, 290 milligrams (not con-
sidering station 151 with 570 milligrams). This higher production 
of plankton occurred in spite of a surface layer of light water 75 
meters deep which did not have any deep-water characteristics and 
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was depleted of nutrients. This stratification is not brought out in 
the 100 meter means but is evident in the vertical curves for the 
various factors (unpublished Carnegie data). Most of the produc-
tion in this region probably occurred just below the 75 meter level. 

At stations 153 and 154, in the Counter Equatorial Current, there 
was a return to "old water" conditions in the upper 100 meters and the 
plankton weights dropped to 130 and 160 milligrams. 

From stations 155 to 158 inclusive, mostly in the South Equatorial 
Current, the 100 meter layer was again characterized by conditions 
which indicate mixing with deeper water although not of such a de-
cided character as in the North Equatorial Current. The phosphate 
values were high and the oxygen low. The means for temperature 
and salinity do not show any appreciable indication of the influence 
of deeper water, but this, again, is brought out in the curves of 
the vertical distribution of these factors. In this region the weights 
of the samples were comparatively high, between 270 and 520 milli-
grams. 

Stations 159 and 160 probably represent a transition to another 
region of more stable conditions with high oxygen and low phosphate 
concentrations. The weights of the samples were 330 and 180 milli-
grams. 

SUMMARY 

1. In the open Pacific Ocean from September to November, 1929 
there was a greater production of total plankton in the tropics be-
tween latitudes 20° north and 11 ° south than between latitudes 
20° and 34° north. 

2. There was a positive correlation between the density of plankton 
in the upper 150 meters and the phosphate content of the water in 
the upper 100 meters. 

3. The water richer in phosphate and plankton occurred in regions 
where there were indications that some form of vertical circulation 
was transporting phosphate from the reservoirs below to the upper 
layers. These regions were in (a) the California Current and its 
outflow, (b) the North Equatorial Current and northern edge of the 
Counter Equatorial Current, and (c) the northern part of the South 
Equatorial Current. 

4. Plankton production is not a function of latitude but depends 
upon the. p~esence _of "ne':" water" high in nutrient salts. Although 
charact~nstic ?f high latitudes, "new water" may form in regions 
of relatively high temperature as well and result in increased plank-
ton production. 
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