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THEORETICAL ANALYSIS OF SEASONAL CHANGES IN 
THE PHYTOPLANKTON OF HUSAN HARBOR, KOREA 

BY 
GORDON A. RILEY AND RUTH VONARX 

Woods Hole Oceanographic Institution 1 

INTRODUCTION 

It has been shown (Riley, 1946, 1947) that seasonal changes in total 
phytoplankton populations can be depicted with a reasonable degree 
of accuracy by a simple theoretical construction in which the rate of 
change of the population is described in terms of physiological proc-
esses that increase or decrease its organic content (photosynthesis, 
respiration, grazing), and in which the rates of the individual proc-
esses are quantitatively predictable by reference to a few environ-
mental factors. In the papers cited, an examination was made of 
the seasonal cycles of phytoplankton in the Georges Bank area of the 
Gulf of Maine and in coastal waters south of New England. The 
cycles were markedly different, but the same equation was applicable 
in each case, suggesting that variations in the cycles were attributable 
to simple environmental differences in the two areas. 

These papers fall far short of a definitive treatment of the prob-
lems of plankton variatio,i. The general principles appear to be 
sound, but the details of the application are greatly over-simplified. 
Improvements in method will require more complete laboratory and 
field data, but the success of these future investigations will be more 
secure if the problems are further clarified by continuing the exami-
nation of existing data. One phase of the problem that has been 
studied recently is the regional distribution of plankton (Riley, 
Stommel and Bumpus, 1949). Another phase, to be investigated 
here, is the ecological basis for differences that occur in plankton 
cycles from one year to the next. The chief requirement for such a 
study is a very complete set of data on both the plankton and its 
environment. A survey of Husan Harbor, Korea, was found to be 
particularly suitable for the purpose. 

MATERIAL 

A survey of the neritic plankton of Japanese waters was summa-
rized by Kokubo (1940) and published more extensively (in Japanese) 

1 Contribution No. 472 from the Woods Hole Oceanographic Institution. 

(60) 
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in a series of papers in the Plankton Journal. The survey was spon-
sored by the National Research Council of Japan on the recommend-
ation of a conference of some of the leading marine biologists of that 
country. H. Marukawa, F. Fugita, S. Suzuki, and other investiga-
tors cooperated with Kokubo in a program resulting in the collection 
and examination of some 450 samples at 16 stations lying between 
25° and 47° North and covering the period from 1931 to 1933. Col-
lections consisted of 10 1. of surface water taken approximately one 
mile off shore, usually with accompanying data on temperature, 
specific gravity, transparency, and water color. The collections were 
allowed to stand 24 hours after preservation with formalin, and the 
volume of sediment and numbers of organisms were then determined. 

Fig. 1 shows Kokubo's observations in Husan Harbor. They were 
ably supplemented by a survey conducted by the Imperial Fisheries 
Experiment Station of Korea during 1932 and 1933, the results of 
which were published in tabular form in the annual reports of that 
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Figure 1. Seasonal cycles in Husan Harbor, Korea. Phytoplankton, thousands ?f cells 
per liter; zooplankton, number of organisms per liter; temperature, degrees Centigrade; 
transparency, Sacchi disc reading in meters (Kolrubo, 1940). 
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institution. Their data on nutrient salts and hours of sunshine per 
month, reproduced in Fig. 2, will form an important part of the 
analysis. 

QUALITATIVE DISCUSSION 

The phytoplankton data in Fig. 1 show rather large differences 
from one year to the next in the relative magnitude of spring and 
summer-autumn flowerings, the size and duration of the flowerings, 
and the degree of depletion following them. Differences are also 
apparent in zooplankton and in physical and chemical factors of the 
environment. Inspection of the data reveals some slight evidence of 
causality in these variations. The zooplankton curve suggests an 
inverse relation between the size and duration of the summer maxi-
mum in zooplankton and the size of the summer-autumn phyto-
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Figure 2. Seasonal cycles In Husan Harbor, Korea. Milligram-atoms of nitrate-N and 
phosphate-P perm•; number of hours of sunshine per month (Annual Report of the Imperial 
Fisheries Experiment Station of Korea, 1932, 1933). 
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plankton flowering, and therefore zooplankton grazing may be im-
portant in controlling the size of the summer phytoplankton popu-
lation. Comparison with Fig. 2 shows that near-depletion of phos-
phate and absence of nitrate were accompanied by a decline in the 
phytoplankton population; in 1933, when there was no phytoplankton 
flowering until midautumn, the nitrate concentration was considerably 
lower than in 1932, when there was a large summer flowering. The 
beginning of each summer and autumn flowering-July and October 
1932 and September 1933-occurred during months when the amount 
of sunshine was above average. 

These considerations suggest that phytoplankton variations from 
one year to the next might be explained reasonably in terms of en-
vironmental influences. However, the relationship seems likely to be 
a complicated one, involving a number of factors, so that conclusive 
results are not to be obtained by simple inspection. 

QUANTITATIVE ANALYSIS 

It will be assumed initially that the processes of increase and de-
crease of the phytoplankton population are accurately expressed by 
a simple equation 

dP di= P(Ph-R-G)) (1) 

in which dP' the change in the population during a unit of time, is 
dt 

equal to the initial population P times the sum of the coefficients of 
the physiological processes involved, namely photosynthesis Ph, phyto-
plankton respiration R, and grazing G. Furthermore, since growth 
of phytoplankton takes the form of a geometrical progression, an 
initial population P. will change during the time interval O to t 
according to the formula 

(2) 

provided the coefficients remain constant during this time, and the 
relation between the initial population P. and the final one P, is ex-
pressed by 

ln P, = P,.-R-G. 
P. 

(3) 

These equations assume that the plankton populations either remain 
stationary or are horizontally uniform. If lateral water movements 
change the populations, additional expressions must be included to 
account for such changes. 
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The equations acquire ecological significance if the physiological 
coefficients can be rated quantitatively according to environmental 
influences. It then becomes possible to set up equations predicting 
the population change during some small interval of time in which 
the environmental factors can be presumed to remain relatively con-
stant. Comparison of the observed with the predicted population 
changes provides a quantitative estimate of the accuracy of the 
method. If it proves to be adequate, the analysis immediately 
reveals reasons for observed differences in population growth. 

In other regions where these methods have been applied, physio-
logical experiments provided much of the necessary information for 
setting up the equations. These are lacking in the present case. It 
will be necessary to assume that the results obtained in other areas 
are sufficiently general in their applicability to warrant using them 
as a first approximation, after which statistical procedures can be 
used for any modifications that seem necessary because of local 
peculiarities or differences in observational methods. 

The environmental factors will now be examined, and an attempt 
will be made to combine them in such a way as to express the physio-
logical effects as accurately as possible. Beginning with photo-
synthesis, it is first necessary to determine the amount of light avail-
able for plankton growth and its annual fluctuations. The sunshine 
data in Fig. 2 supply only a partial answer to this problem because 
the amount of solar energy in the sunshine varies with the season 
according to the altitude of the sun and also because there is a con-
siderable amount of energy derived from sky radiation on cloudy 
days. Thus Fig. 3, which reproduces data on total radiation from 
Kimball (1928), shows a large seasonal variation that is not apparent 
in Fig. 2. 

The solid line in Fig. 3 is a generalized curve for latitude 36° N., 
approximately the latitude of Husan. The broken curve is for 36° N., 
131 °-140° E., and therefore is more precisely applicable to Husan, 
taking into account local variations in humidity and cloud cover. 
Some of the peculiarities of this curve are reflected in Fig. 2 in the 
tendency toward greater than average sunshine in midwinter and a 
low value in June. Thus the variations in Fig. 2 are in part normal 
for the area and in part random variation around the norm. Further-
more, a statistical comparison of the differences in the two figures 
can be used to estimate roughly the variations in absolute radiation 
during the two-year period. Thus a least squares fit was obtained 
between the deviation of hours of sunshinE from the average (Fig. 2) 
and the difference between the two curves in Fig. 3. The resulting 
equation stated hours of sunshine for any one month in terms of 
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Figure 3. Incident solar radiation in g. cal. per cm• per minute. Solid line, generalized 
curve for Lat. 36° N.; broken line, average for 36° N ., 131°-140° E. 

calorific deviation from the average (solid line in Fig. 3). The esti-
mated radiation so obtained is shown as the upper curve in Fig. 4. 

Of course this is radiation at the surface of the sea. The amount 
obtained by the plankton at any depth depends on both the incident 
radiation and the transparency of the water. It is asumed at this 
point that the shallow water (average depth 7.7 m.) where collections 
were obtained was mixed thoroughly enough so that there would be 
no serious error in stating the effective radiation as the average light 
intensity in the whole water column. This is obtained by integrating 
the radiation from surface to bottom and dividing by the depth of 
water, namely 

-I = ____L_ (1 - e-7.7K) 
7.7K ' 

where I is average radiation in the whole water column in g. cal. per 
cm2 per minute, lo is incident solar radiation (Fig. 4), and K is the 
absorption coefficient, estimated as 1. 7 divided by the Secchi disc 
reading in meters (Fig. 1). The average radiation so obtained is the 
solid line in the middle graph in Fig. 4. 

The effectiveness with which phytoplankton uses the available 
radiation in photosynthesis depends in part on the availability of 
nutrient salts. In experimental studies of the photosynthesis and 
growth of pure diatom cultures and of natural populations of the 
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Figure 4. Upper curve, estimated incident solar radiation in g, cal. per cm' per minute; 

for details of calculation see text. Middle graph, solid line shows estimated average radia-
tion in a column of water 7.7 m . deep in Husan Harbor, based on incident radiation and 
transparency data. Broken line shows reduction in the potential photosynthetic effect of 
radiation that is believed to result from depletion of nitrate or phosphate . Dotted line is 
a similar type of reduction estimated from phosphate alone, during a period when no nitrate 
data were available. Lower graph shows the relative variation in physiological rates result-
ing from seasonal temperature changes, on the assumption that these rates are doubled by 
a ten-degree increase in temperature. 

western North Atlantic, it has been demonstrated that phosphate 
depletion has a limiting effect when the concentration falls below 
about 0.5 mg.-at. of P per m3 (Riley, Stommel and Bumpus, 1949). 
Severe nitrogen depletion also reduces photosynthesis and growth, 
but the quantitative relationship has not been worked out adequately. 
At this point, a few physiological experiments with the Husan plankton 
would have helped the analysis. Lacking them, it is possible only to 
make what seem like reasonable assumptions -about nutrient effects 
and then test them statistically. By a process of trial and error, 
various combinations of assumptions about phosphate and nitrate 
effects were fitted into the general plankton equation (the remainder 
of which will be described in due course) and statistically compared 
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with observed plankton changes. Since the only criterion was em-
pirical agreement, and since the whole procedure was somewhat com-
plicated, there is no assurance that the results are entirely correct. 
However, they are more or less in accord with experimental data 
obtained elsewhere. By these methods it was found that a likely 
nutrient effect was: (a) a reduction of photosynthesis proportional to 
phosphate depletion when the latter fell below 0.3 mg.-at. of P per m3 

(for example, with a concentration of 0.15 mg.-at., the photosynthetic 
rate would be 50% of the maximum permitted by physical conditions 
prevailing at the moment); (b) reduction of photosynthesis to zero 
with zero nitrate concentration, but otherwise no effect. In the middle 
graph in Fig. 4, the broken curve shows reductions from the basic radi-
ation curve, indicating the decrease in potential photosynthesis that 
results from depletion of either phosphate or nitrii.te. From January to 
May 1932 there were no nitrate observations, and reductions during this 
period, based on phosphate alone, are shown as a dotted line. 

Temperature affects nearly every physiological process. Its sim-
plest manifestation is an approximate doubling of the rate of any 
given process with a ten-degree increase in temperature, so that the 
rate rr of any process at temperature T is expressed by 

rT = r. e-069T ' 

in which r0 is the rate at 0° C. This is a great over-simplification of 
the real situation, but the empirical method does not permit greater 
refinement. The lower part of Fig. 4 shows this basic temperature 
effect (e-069T), which can be used in various ways in the equation. 
The best statistical agreement was obtained by using the temperature 
coefficient as an estimate of relative changes in phytoplankton respi-
ration and also by including it with the other factors involved in 
photosynthesis.2 There was no evidence that the grazing factor was 
improved by postulating a temperature effect. 

The net result of the investigation at this point is the hypothesis 
that each of the physiological coefficients in equations (1) to (3) is 
proportional to certain measured factors in the environment. Thus 
the photosynthetic coefficient is expressed by 

P ___b_ (1 _ e-7-7K) N e-o69T 
h-7.7K . ' 

2 Previous studies of this type (Riley, 1946, 1947) have not utilized a photosynthetic 
temperature coefficient, but examination of broad, regional variations in the oxygen 
production of surface phytoplankton (Riley, Stommel and Bumpus, 1949) indicates 
that temperature is an important factor and ought to be included. 
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in which N is the nutrient effect described above; the other factors 
have already been specifi cally identified. The phytoplankton respi-
ratory coefficient is assessed in terms of temperature, 

R::: e-o&9T , 

and it is reasonable to suppose that the grazing coefficient varies 
with the size of the zooplankton population Z: 

G:::Z. 

Therefore it should be possible with appropriate constants to com-
bine all the factors into an equation that would express their net 
effect on the rate of phytoplankton growth. In developing these 
constants, there are the alternatives (a) to depend entirely on statistical 
fitting, or (b) to use the same constants that were developed in the 
theoretical analyses of other areas. The second alternative was 
chosen since it seemed to be of some interest to determine the degree 
of general applicability of physiological constants; however, it so 
happens that both methods lead to nearly the same results. Two 
corrections in the numerical values of constants were necessitated by 
differences in method. First, the inclusion of a temperature factor 
in photosynthesis must be allowed for. Thus the previous photo-
synthetic constant, with a numerical value of 2.5, was divided by the 
mean value of e·069T, and the new value became 0.85. Second, zoo-
plankton had been rated previously in terms of volume, and it now 
becomes necessary to express the factor as numbers of organisms. A 
statistical analysis of Kokuho's data on numbers of zooplankton and 
volume of total plankton was used to establish an average conversion 
factor. 

Equation (3), rewritten in terms of environmental factors, can now 
be stated 

l P, 0.851. (I 77 ) n P. = 7.7K -e--K N.e·D69T_0.0175e-o69T_O.OOOI36Z, 

. hi h h · Pt m w c t e rat10 - represents the relative change in the population 
P. 

during a period of one day. On the basis of this equation it is now 
possible to construct a theoretical population curve by applying it to 
the observed numerical values of the various environmental factors 
integrating successive short intervals (two-week periods) through th~ 
two years' observations. When this was done it was found that one 
additional factor must be taken into account. Instead of maintain-
ing the same general level, the theoretical population at the end of 
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two years was much larger than it had been in the beginning. It was 
apparent that either the theoretical photosynthetic coefficient was 
too high, or some factor not properly accounted for was reducing the 
population. Statistical analyses indicated that the first alternative 
probably was not correct. Instead, realistic results were best ob-
tained by subtracting a constant from the physiological terms, so 
that the equation became 

ln :: = ~~5
[

0 
(1 - e-7·7K) N. e·08

~T - 0.0175e·0&aT - 0.000136Z - 0.0393. (4) 

Application of this equation yields relative population changes 
during the two-year period, and for comparison with the observed 
phytoplankton concentrations, the theoretical ratios can be converted 
to absolute concentrations by means of equation (2). The integra-
tion constant P. is arbitrarily chosen. Hence, in the theoretical curve 
shown in Fig. 5, absolute concentrations have no fundamental mean-
ing; it is only relative variations that are significant. 
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Figure 5. Phytoplankton, thousands of cells per liter. Solid line Is the observed popu-
lation. Broken line Is a theoretical curve derived from environmental factors according to 
equations (2) and (4). 
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DISCUSSION 

The agreement berween the observed and calculated populations 
in Fig. 5 is by no means perfect; however, it is apparent that the 
major objective has been accomplished, since the observed differences 
from one year to the next in the relative size of the populations and 
in the relative magnitude of individual flowerings are more or less 
preserved in the theoretical treatment. Therefore, by examining the 
environmental data step by step with respect to the way in which 
the component factors fit together in the equation, it becomes possible 
to discuss the environmental influences in the Husan area with a 
deeper insight into the principles of phytoplankton growth than would 
be possible simply by inspection of the primary data. The conclu-
sions are summarized as follo;ys: 

The growth rate of the Husan plankton is higher, with any given 
complex of light, temperature, and nutrients, than in previous studies 
of other areas. This is indicated by the necessity of including a 
negative constant in the equation in order to make the cycle balance. 
There is a simple physical reason for this result. In shallow water, 
where the light intensity is adequate for growth from surface to 
bottom, the average growth rate is expected to be higher than in 
deeper water where some part of the population is always found 
below the compensation depth. The negative constant presumably 
means that the higher growth rate is balanced by a continual drain 
on the population by the outflow of water from Husan Harbor and 
by lateral mixing with the sparser populations of deeper water. It 
is an over-simplification of the facts to assume that such losses actually 
are constant, and undoubtedly better agreement could be obtained 
between observed and calculated populations if more were known 
about the hydrography of the region. The available data on the 
subject tend to support this contention. If the probable popula-
tion loss is rated as the difference between theoretical and observed 
population changes during successive two-week periods, there is a 
small but significant correlation of the order of 0.2 between these 
values and the increase in the salinity of the water during the same 
periods. The salinity change is of course indicative, at least in part, 
of interchange with water of higher salinity off shore, but its value as 
a quantitative indicator of lateral mixing is considerably reduced by 
the fact that the salinity must also be affected by variations in the 
flow of river water into the harbor. 

The seasonal fluctuation in the mean radiation in the water column 
is relatively smaller than that of incident radiation. This results 
from high transparency of the water in midwinter and lower values 
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in late spring and summer. Since these variations in transparency 
are correlated to a considerable degree with the size of the phyto-
plankton population, the latter can be said to behave in this respect 
as a self-regulating mechanism, reducing its growth rate as the popu-
lation density increases and vice versa. Self-regulatory mechanisms 
probably also exist in the relations of phytoplankton with nutrients 
and zooplankton. Thus seasonal fluctuation in growth coefficients 
seem to be less than that of the basic physical factors. 

Each major flowering is accompanied by nutrient depletion (phos-
phate, nitrate, or both), and this is the chief factor responsible for 
its termination. The length and severity of the depletion is corre-
lated with the size of the preceding flowering and is also reflected in 
the extent of the population decline and the time required for the 
population to recover and produce the next flowering. The net result 
is that a large summer flowering tends to occur after a small spring 
one and vice versa. 

While nutrients appear to be the most important factors to be con-
sidered in connection with summer flowerings, it is apparent that 
every other factor also contributed to produce the great difference 
between the summer-autumn flowerings of 1932 and 1933. In 1932 
the nutrients recovered in late June, so that a flowering was possible 
any time thereafter, and during the next month the effective radiation 
was greater than it was during the analogous recovery period of 1933, 
which began in late July. During these periods of potential augmen-
tation, the temperature and the quantity of zooplankton were less in 
1932, so that there was less opportunity for the dissipation of organic 
matter by respiration and grazing. 

During the period from late autumn to early spring, the adverse 
influences of the summer-nutrient depletion, respiration, grazing-
were reduced to a minimum. As far as the theoretical analysis is 
concerned, the difference in the spring flowerings of 1932 and 1933 
was the result of rather small differences in the magnitude and dura-
tion of the spring radiation pulses, and the midwinter minima were 
caused by low radiation at that season. Admittedly the theoretical 
curve is not a very good fit for this part of the data, and there must 
be important undescribed factors. In particular, it seems likely that 
the inshore population is very susceptible during the early stages of 
the spring flowering to losses by lateral mixing with offshore water, 
where presumably the flowering begins later. 

SUMMARY 

1. Published data on the plankton of Husan Harbor, Korea and 
its environmental factors during 1932 and 1933 are used as the basis 
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for a theoretical investigation of the reasons for differences that occur 
from one year to the next in phytoplankton seasonal cycles. 

2. The analysis utilizes methods previously developed for the study 
of other regions, with a few slight modifications necessitated by local 
conditions and by differences in methods of measurement. A simple 
differential equation is written, in which the rate of change of the 
phytoplankton population is described in termr;; of physiological proc-
esses that increase or decrease it.s organic content (photosynthesis, 
respiration, and grazing), and in which the rates of the individual 
processes are quantitatively assessed by reference to a few environ-
mental factors-radiation, transparency, temperature, phosphate, 
nitrate, and the quantity of zooplankton. Application of these factors 
to the equation results in a theoretical phytoplankton curve that is 
essentially in agreement with observed phytoplankton concentrations. 

3. Nutrient salts appear to be the most important factors determin-
ing the time, duration, and relative magnitude of summer and autumn 
flowerings, although all the other factors have some influence. The 
midwinter minima and spring flowerings seem to be controlled 
primarily by radiation. 

4. Marked differences in seasonal cycles from one year to the next 
are depicted with sufficient accuracy by the theoretical curves to 
leave little doubt that they are largely caused by variations in the 
factors listed. 
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