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SEASONAL FLUCTUATIONS OF THE PHYTOPLANKTON
POPULATION IN NEW ENGLAND COASTAL WATERS 1

GORDON

A.

RILEY

Woods Hole Oceanographic Institution
and
Bingham Oceanographic Laboratory

An analysis of the seasonal phytoplankton cycle of the Georges
Bank area of the Gulf of Maine (Riley, 1946) has shown that fluctuations in the population are largely controlled by the seasonal variations of a few environmental factors. An equation was developed in
which the rate of change of the population in respect to time was
equal to the photosynthetic rate minus the respiratory rate minus the
rate of removal of the population by grazing. These rates were in
turn evaluated in terms of incident solar radiation, transparency of
the water, the depth of the mixed surface layer, the quantity of phosphate, temperature, and the amount of zooplankton .
This type of analysis, introduced by Fleming (1939) and slaborated
in the paper referred to above, can be made to serve a variety of purposes in marine biology.
It can be applied to zooplankton populations (Riley, 1947) or other ecologically homogeneous groups of organisms. It may also be used to study regional variations in plankton
cycles. An appPoach to t his problem is made in the present paper.
Bigelow (1926), Bigelow, Lillick and Sears (1940), and others have
noted the considerable differences in seasonal phytoplankton cycles
that occur in the waters off the New England coast. The spring
flowering is likely to begin any time between January and early March
in the shallow coastal waters, in late March or early April on the offshore banks, and in April or May in the continental slope waters and
the deep basins of the Gulf of Maine. The spring diatom burst
tends to be smaller in coastal areas than in deep water and may be
overshadowed by sporadic flowerings in the late summer and autumn.
Autumn flowerings are small or nonexistent in the deeper water.
And finally , the total variation between maximum and minimum
populations is greater in deep water.
The causes of these differences are not immediately apparent.
The basic environment is much the same throughout the area, although
1
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there are small differences that are largely related to the depth of
water-differences in transparency, thermal structure, and in the
amount and presumably in the availability of nutrient salts. Perhaps
these differences are enough to account for the observed variations
in phytoplankton cycles, or perhaps species differences or some environmental factors, which are as yet unmeasured, must be considered.
The type of analysis that was made of the Georges Bank plankton
provides a mode of attack on this problem. If plankton growth in the
various parts of the region is largely dependent on a few commonly
measured environmental factors, then an equation that predicts
growth in terms of these factors should be equally applicable in any
area. If it is not applicable, either the equation is not properly constructed or there is a certain amount of species variability that cannot
be analyzed mathematically.
PHYTOPLANKTON OF THE WOODS HOLE AREA
Lillick (1937) published an account of phytoplankton collections
made near the western entrance of Vineyard Sound (Lat. 41 ° 17' 35"
N., Long. 71 ° 00' 00" W.) during the period from July 1935 to August
1936. The total cell counts shown in Fig. 32 demonstrate a seasonal
cycle which is in general typical of New England coastal waters. The
phytoplankton studies were accompanied by determinations of temperature, salinity, phosphate, and nitrate, and i.n addition zooplankton
collections were made (Clarke and Zinn, 1937), and the transparency
of the water was measured during the period from November 1935 to
September 1936 (Clarke, 1938). Altogether it is the most complete
survey that has been made in these waters and is in most respects
suitable for comparison with the Georges Bank seasonal cycle.
On Georges Bank it was found (Riley, 1946) that the seasonal change
in the size of the total population could be determined with a fair
degree of accuracy by the equation
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in which:
P = phytoplankton population measured as grams of carbon per m 2 ;

/

p = a photosynthetic constant = g. of carbon produced per g. of phytoplankton carbon per day per average rate of solar radiation;
= average daily rate of incident solar radiation in g. cal. per cm2 per
minute;
k = extinction coefficient for light transmission;
0
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z, = maximum depth of the euphotic zone, defined as the depth at which the
light intensity is 0.0015 g. cal. per cm' per minute;
(1 - N ) = reduction in photosynetic rate caused by nutrient depletion, defined as
phosphate concentration at the surface in mg.-at. of P per m 3 divided by
0.55 when the concentration is less than 0.55 ;
(1 - V ) = reduction in photosynthetic rate caused by dilution of the population by
vertical turbulence, defined as the ratio of z, to the depth of the mixed
layer when the latter is greater than z,;
Ro = phytoplankton respira tory rate at 0° C;
r = rate of change of the respiratory rate with t emperature, the value of r
being set so that the rate is doubled by a ten degree increase in temperature;
T = temperature in degrees Centigrade ;
g = rate of reduction of phytoplankton by the grazing of a unit quantity of
zooplankton (one gram of zooplankton carbon) ;
Z = total quantity of zooplankton in grams of carbon per m 2 •
Numerical values for the constants, obtained from various experimental observations, were as follows: p = 2.5, Ro = 0.0175, r = 0.069, and g = 0.0075.

Seasonal variations in environmental factors are shown graphically
in the papers by Lillick (1937), Clarke and Zinn (1937) and Clarke
(1938). Numerical values were read from the curves to be applied to
the equation. In several respects the data differed from the Georges
Bank survey, occasionally necessitating changes in the method of
calculation.
Probably the most significant difference is the fact that the Georges
Bank calculation is based on cruise averages and the one for Woods
Hole on individual station analyses. Therefore the latter, while it
appears to give a very complete picture of the seasonal cycle, undoubtedly contains a certain amount of variation which is not truly
seasonal but rather is the result of horizontal movements of variable
water masses.
In the second place, the phytoplankton was measured by counting
cells rather than by chemical analysis as in the Georges Bank survey.
This does not invalidate the application of the equation, since the
latter deals with rates of change rather than with absolute quantities.
However, the inherent assumption that cell counts are proportional
to the total size of the population irrespective of species composition
is not fully justified.
In the Georges Bank survey an average seasonal curve was used to
obtain radiation values. Clarke (1938) obtained measurements from
the Blue Hill observatory, and these are used in preference to the
average curve for the area. Clarke also used photometers to measure
the extinction coefficient k, which was of course superior to the Secchi
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disc measurements made on Georges Bank. These values for I O and k
were used to estimate the depth of the euphotic zone z1, defined as
ln 0.0015
lnl
O

-

k

(2)

In a good many cases, however, z1 was greater than the actual depth of
water at the station (30m.) . Therefore, it was necessary to modify the
definition of the euphotic zone as follows: z1 = the depth at which the
light intensity is 0.0015 g. cal. per cm 2 per minute, or the t,otal depth
of water if the latter is less than the former.
Data on temperature and salinity (Clarke, 1938) show that November and early December was the only time in the year when the waters
were mixed to a depth greater than that of the euphotic zone. The
correction factor 1 - V is therefore relatively unimportant.
Evaluation of the nutrient factor 1 - N is based on the average
phosphate concentration in the upper 15 m. (mean of analyses at 2 m.
and 15 m. ). This is preferable to using only surface values, since there
appears to be considerable vari~bility at the two levels, which is due
to water movements rather than to seasonal fluctuation.
The factors considered up to the present-radiation, transparency,
the depth of the euphotic zone, vertical turbulence, and phosphateare combined in the way indicated in equation (1). The result is the
estimated photosynthetic rate of the Woods Hole plankton, shown in
'the appendix under the heading Ph, The remaining terms in the
equation each have a single variable. The respiratory rate varies
according to the temperature T. The grazing rate depends on the
quantity of zooplankton Z. The latter was collected and measured by
methods that are not exactly comparable with those of the Georges
Bank survey. On Georges Bank, the zooplankton was caught in a
quantitative plankton sampler (Clarke and Bumpus, 1940) using a
No. 2 net (22 threads to the cm.), and the volume of plankton was
measured by the displacement method. In the Woods Hole area,
thirty-minute oblique hauls were made with a 1.5 m. scrim net, and
the volume of the catch was measured after settling one month.
The scrim net had only ten threads per cm., but the threads were
large, so that the pores were not much different from those of the No.
2 net. The efficiency of the net was determined by comparison of the
catch with samples taken with a pump. Thus the total quantity of
large zooplankton is known with some accuracy, but many forms
smaller than Stage IV Calanus were lost through the meshes of the net.
The amount lost was probably large, since the authors state that the
area produces enormous quantities of young Pseudocalanus minutus,
particularly during the spring months, and evidence of such an in-
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crease does not appear in the scrim net catches. Thus there are two
incongruities in the comparison: (a) the Woods Hole survey secured a
different and probably smaller fraction of the total zooplankton population, and (b) the volume of plankton was measured by a different
method. According to Redfield (1941 ), settling volumes are three to
seven times larger than the displacement volume of the same catch.
The two errors appear to work in the opposite directions, but how
nearly they balance each other cannot be determined from the available data. As a first approximation it will be assumed that they do,
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Figure 32. Circles and dotted lines show the sea sona l cycle of phy topla nkton (millions
of cells per m •) in the waters off Woods Hole. Solid line is a theoretical population curve
calculated from environmental factors according to equation (1) in t ext.

but it will be seen later that the assumption is responsible for considerable uncertainty in the final result.
The appendix shows the estimated zooplankton crop and the derived
values for grazing rates. The final steps in the calculation are (a) the
determination of the rate of change of the population by subtracting
the respiratory and grazing rates from the photosynthetic rate, and
(b) the integration of the rate of change of the population in order to
obtain the seasonal population curve. This operation is carried out
in accordance with methods previously described (Riley, 1946).
The result is shown in Fig. 32, in which the calcula ted population is
represented by a solid line, and the observed number of cells by
circles and dotted lines.
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DISCUSSION
Fig. 32 shows that a fair degree of success is attained in applying
the Georges Bank equation to the Woods Hole survey. Although the
agreement between the calculated and observed populations is by no
means perfect, the equation properly delineates the major points of
difference between the phytoplankton cycles in the two areas. The
reasons for these differences will be understood more clearly by
examination of Fig. 33, which shows a detailed comparison of the
various parts of the two calculations. It is apparent from the figure
that no one factor is responsible for the results.
During the midwinter lull in plankton production on Georges Bank
there is a long period when a close balance exists between accumulation and dissipation of phytoplankton carbon. This period comes to
an end when the establishment of vertical stability increases the
photosynthetic rate, and the spring diatom flowering follows. In the
waters off Woods Hole, where coastal drainage maintains stability,
there tends to be an excess of production over consumption as soon as
the vernal increase in radiation begins. Probably a flowering may be
expected any time after the first of January and is most likely to occur
during a period of bright weather.
The quick cessation of the flowering in both areas is a grazing effect.
The lack of subsequent spring flowerings of any size in the Woods
Hole area is largely the result of nutrient depletion. Differences in
the two seasonal cycles appear to be controlled to a considerable
extent by the relative availability of nutrients. The deeper water
offshore serves as a reservoir of nutrients that are gradually made
available to the surface layer by vertical turbulence during the winter
and spring months. Hence the total growth in these waters is greater
than it is near shore. On the other hand, in the summertime nutrients
regenerated on or near the bottom are from time to time returned to
the surface layer in the coastal area, leading to sporadic flowerings
during the summer and early autumn, while farther offshore the
vertical distribution of nutrients seems to be largely confined to the
autumn months when increasing turbulence and d(;lcreasing light
intensity tend to inhibit a flowering.
A serious objection might be raised to the treatment of the nutrient
problem in the Woods Hole area in that phosphate is the only factor
considered in the equation. Lillick (1937) believed that nitrate was
more important than phosphate in controlling phytoplankton production. This conclusion was based on two observations-first, that the
seasonal trend of the nitrate curve was more closely correlated with
phytoplankton than was the phosphate curve, and second, that the
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Figure 33. Comparison of environmenta l factors and phytoplankton gr owth processes
o n Georges Ba nk (solid line) a n d the Woods Hole a rea (broken line). A . The estimated
de pth of the eupbotic zone (z ,) based on sola r radiation a nd transparen cy. B . Red u ction in
photos ynthetic rate by vertical t urb ulen ce (1 - V). C. R edu ction in p hotosyn thetic rate
by nutrient depletion (1 - N). D . The calculated photosynthetic rate (P h). E. T he calcula t ed grazing rate (G). F. T he estimated rate of change of the population (Ph - R - G) .
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nitrate to phosphate ratio was lower than is the normal ratio found
in the open oceans. If Lillick's argument is correct, the introduction
of a nitrate factor will decrease the average rate of photosynthesis and
will therefore change the form of the seasonal cycle. Unfortunately
there is no very good quantitative information on the effect of nitrate
on the photosynthetic rate. It appeared to be of little significance in
the Georges Bank area; moreover, Ketchum (1939) found that 47 mgs.
per m 3, the minimum concentration used in his experiments on Nitzschia closteriurn, did not reduce the growth rate. On the other hand
Harvey (1933) found a difference in photosynthetic rate between
cultures that were very deficient in nitrogen and others which had been
enriched to the extent of 60 mgs. per m 3•
This fragmentary information does not lead to the formulation
of a precise theory. Suppose, by way of experimentation, that the
nutrient factor shall be the lower one of the following ratios: (a) the
ratio of the phosphate concentration to 0.55 mg.-atom per m3, or (b)
the ratio of the nitrate concentration to a similar sort of maximum
value for the limiting effect of nitrate. The largest value that can be
postulated for this limiting effect is 47 mgs. of N per m 3• It will have
the effect of reducing the average photosynthetic rate to 56 per cent of
its previous value. The effect on the seasonal cycle of the phytoplankton population is shown in Fig. 34, in which the solid line is the
crop as previously determined, and the broken line shows the effect of
introducing a maximum nitrate factor . If the limiting nitrate concentration were reduced from 47 mgs., the effect on the photosynthetic
rate would also be decreased, and at 20 mgs. there would no longer be
a nitrate effect. It is evident, therefore, that depending on whatever
assumption is made about nitrate limitation, the curves will fall
somewhere between the limits drawn. It is also apparent that although
the various assumptions alter the goodness of fit of the population
curve, it is a skewing effect rather than a change in its essential features.
There remains a rapid decrease from an autumn maximum, a late
winter flowering, and no spring flowering of any consequence.
Although the original equation is a better fit for the data than the
modification that includes a nitrate factor, it would be unfair on this
basis alone to discount Lillick's theory of nitrate limitation. There
remains the uncertainty of the evaluation of the grazing effect. Perhaps the assumptions on this subject over-rated the importance of small
animals that escaped the scrim net. If this were true the estimate of
the grazing rate should possibly be reduced to one-third or one-fifth
the assigned value. This again skews the phytoplankton population
curve and in extreme cases invalidates the comparison. A wide
variety of results can be obtained by combining various assumptions
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Figure 34. Comparison of different m ethods of calculating the theoretical population
curves. Solid line. direct application of the Georges Bank equation . Broken line, introduction of a factor expressing the maximum possible effect of nitrate d epletion . Dotted line,
nitrate factor and reduction of grazing factor to one-third

about the nitrate factor and the grazing effect. One is shown by a
dotted line in Fig. 34, in which is assumed (a) maximum nitrate limitation, and (b) reduction of the grazing rate to one-third. It is a good
fit for the data except that it postulates a secondary spring flowering
in May which is almost as large as the February population. However,
this may not be a very significant difference, since the calculation does
not make allowance for grazing by the large spring crop of microcalanoids.
The results demonstrate the need for standard methods in regional
surveys. Small differences in method may be of little importance in
qualitative descriptions, but they assume major proportions as soon
as quantitative comparisons are attempted. In the present case
differences in methods of measuring the zooplankton in the two
surveys are sufficient to prevent exact comparison. The assumptions
that are made about this comparison of data determine to a large
degree how accurately the Georges Bank equation fits the Woods
Hole data. Nevertheless, changing the assumptions tends only to
distort the curves rather than to destroy their distinguishing features .
In no case does the curve resemble the Georges Bank seasonal cycle.
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Therefore the results lend considerable credance to the view that
differences in the seasonal cycles in the two areas are caused by rather
small variations in the same basic group of six environmental factors.
There is no evidence that the New England coastal populations must
be explained by special phenomena such as species differences or the
influence of land drainage.

SUMMARY
1. Previous studies of the phytoplankton in New England water;
have shown that the seasonal cycle in coastal waters differs from that
of the offshore banks in respect to the size of the spring flowering and
its time of inception, the relative importance of summer and autumn
flowerings , and the difference between maximum and minimum
populations.
2. The reasons for these differences are investigated by comparing
the seasonal cycles of Georges Bank and the coastal waters off Woods
Hole. It had been found that the Georges Bank population was susceptible to a mathematical treatment such that seasonal variations in
radiation, transparency, depth of the isothermal surface layer, the
quantity of phosphate, temperature, and the amount of zooplankton
could be combined in an equation which accurately predicted the
phytoplankton cycle. The same equation is now applied to the Woods
Hole data with a fair degree cf succes3.
3. Certain difficulties are encountered in comparing the two populations because the methods used in the two surveys were not exactly
the same. Assumptions must be made about how to convert the two
sets of data into comparable terms, and this prevents precise application of the equation. Thus a variety of results is obtained, but in
most of them a fair degree of success is obtained in fitting the equation
·
to the data.
4. It is therefore probable that the differences between the observed
populations in New England coastal waters and the offshore banks are
the result of differences in simple environmental factors-transparency,
stability, phosphate, etc .
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APPENDIX
NUMERI CAL VALUES USED TO CALCULATE THE RATE OF CHANGE OF THB WooDS
HOLE PHYTOPLANKTON POPULATION. FOR EXPLANATION OF SYMBOLS
SEE EQUATION (1) IN TEXT

Io

Date
Nov.
Dec.
J a n.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.

1
15
1
15
1
15
1
15
1
15
1
15
1
15
1
15
1
15
1
15
1

. 132
.035
.094
.070
.122
. 125
. 191
. 104
.205
. 188
.243
.205
.333
.382
.312
. 229
.354
.320
.350
.343
.274

k

.26
.33
.36
.24
. 14
.24
.30
. 18
.14
. 18
. 18
. 12

. l?
. 13
.13
. 14
. 16
. 13
. 14
. 14
. 14

z, 1 - V, 1- N

19
11

12
18
30
20
17
25
30
29
30 ·
30
30
30
30
30
30
30
30
30
30

.63
.37
.40
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1. 00
1.00
1.00
1.00
1.00
1 00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1. 00
1.00
.95
1.00
1.00
.87
.62
.33
.26
.40
.36
.40
.44
.47
.47
. 82
.89

Ph

.043
.009
.021
.041
.072
.065
.087
.056
. 120
.078
.069
.047
.055
.096
.082
.055
.077
.094
.097
. 165
.143

R

z

.048 6 .3
.039 5 .2
.032 4 . 7
.027 4 . 7
.024 4. 7
4.7
.021
.019 5.3
.018 21.4
.018 22 .2
.021
6 .0
.4
.023
.023 2 .3
.029 3 . 7
.036 3 . 6
.046 7. 5
.058 6.4
.049 3 . 6
.061
2.0
.060 4 .0
.068 4 .0
.064 4 .0

gZ

.047
.039
.035
.035
.035
.035
.040
. 161
. 167
.045
.003
.017
.028
.027
.056
.048
.027
.015
.030
.030
.030

P,,- R - G

-

.052
.069
.046
.021
.013
.009
.028
-.123
- .065
.012
.043
.007
- .002
.033
- .020
- .051
.001
.018
.007
.067
.049
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