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Abstract 

Orthophosphate uptake by a natural estuarine phytoplankton population was estimated 
using two methods: (I) 32p uptake experiments in which filters of different pore 
sizes were used to separate plankton size-fractions; (2) 33p autoradiography of phy- 
toplankton cells. Results of the first method showed that plankton cells larger 
than 5 ~um were responsible for 2% of the total orthophosphate uptake rate. 98% of 
the total uptake rate occurred in plankton composed mostly of bacteria, which 
passed the 5 ~m screen and were retained by the 0.45 Lum pore-size filter. There was 
no orthophosphate absorption by particulates in a biologically inhibited control 
containing iodoacetic acid. Orthophosphate uptake rates of individual phytoplankton 
species were obtained using 33p autoradiography. The sum of these individual rates 
was very close to the estimated rate of uptake by particulates larger than 5 H/n in 
the 32p labelling experiment. Generally, smaller cells were found to have a faster 
uptake rate per bm3 biomass than larger cells. Although the nannoplankton consti- 
tuted only about 21% of the total algal biomass, the rate of phosphate uptake by 
the nannoplankton was 75% of the total phytoplankton uptake rate. Results of the 
plankton autoradiography showed that the phosphate uptake rate per unit biomass is 
a power function of the surface:volume ratio of a cell; the relationship is ex- 
pressed by the equation Y = 2x70-11 xi.7, where Y is ~gP ~m-3 h-1 and x is the 
surface:volume ratio. These results lend support to the hypothesis that smaller 
cells have a competitive advantage by having faster nutrient uptake rates. 

Introdu~io. plankton has varied between cells with a 
diameter of 65 bm to those less than 3bm. 

The phytoplankton is normally an assem- However, it is clear from these studies 
blage of one-celled or multi-celled auto- and from the work of Watt (1971), who 
trophs with diverse shapes and sizes, used autoradiography to measure primary 
Hutchinson (1961) was puzzled that such production rates of individual phyto- 
diversity could exist in an isotropic en- plankton species, that the smaller cells 
vironment where competition for re- provide a large fraction of the total 
sources is supposedly occurring. 

Phytoplankton species not only dis- 
play diversity in shapes and sizes, but 
they differ in their contribution to the 
total algal biomass and metabolic activ- 
ity. Nannoplankton (very small algal 
cells) which, in the past, were over- 

primary production in the euphotic zone. 
Although nannoplankton were the most im- 
portant producers in all environments 
studied by Malone (1971a), the netplank- 
ton:nannoplankton productivity and chlo- 
rophyll ratios were higher in coastal wa- 
ters than in oceanic waters. Nannoplank- 

looked with net phytoplankton sampling, ton populations varied within a narrow 
have recently been recognized as very im- margin, but generally netplankton stand- 
portant autotrophs in the plankton com- ing crop increased in areas of upwelling 
munity, along the California Current (Malone, 

Many studies have documented the domi- 1971b). Yentsch and Ryther (1959) also 
nance of "nannoplankton" in algal stand- reported a stable nannoplankton popula- 
ing crop, chlorophyll content, and pro- tion accompanied by fluctuations in net- 
ductivity (Yentsch and Ryther, 1959; plankton standing crop. 
Malone, 1971a, b; McCarthy et al., 1974; These observations suggest that per- 
Berman, 1975). The definition of nanno- haps the nannoplankton are the best 
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adapted species of the phytoplankton com- haps competing with other cells in a 
munity in many aquatic environments. Pos- natural aquatic environment. 
sibly they represent the more opportu- 
nistic species, since they have faster 
growth and metabolic rates than larger 
species (Fogg, 1965). However, their 
ability to multiply rapidly is dependent 
upon rapid and efficient utilization of 
available resources. Do the nannoplank- 
ton have a competitive advantage in ob- 
taining the required nutrients? 

Munk and Riley (1952), who developed 
a nutrient absorption model based on 
fluid dynamics, predicted that small 
cells have a faster relative nutrient ab- 
sorption rate than large cells. They 
studied morphological and size varia- 
tions of phytoplankton cells and con- 
cluded that neither the rate of sinking 
nor nutrient absorption imposes severe 
limits upon cells of less than 20 H/n in 
size. 

Dugdale (1967) pointed out the possi- 
bility for competitive advantage of one 
phytoplankton species over another based 
upon Michaelis-Menten nutrient uptake 
kinetics. Eppley et al. (1969) obtained 
kinetic constants for a number of spe- 
cies taking up ammonia and nitrate. 
Their results showed several general 
trends: (I) large species had high K s 

values; (2) small-celled species from 
the ocean showed low K s values; (3) fast- 
growing species seemed to have lower K s 
values than slow growers. However, the 
effect of nutrient uptake rates on spe- 
cific growth rate is modified by effi- 

Materials and Methods 

This study was carried out on the Rhode 
River, a subestuary on the western shore 
of the Chesapeake Bay near Annapolis, 
Maryland, USA. The Rhode River is a shal- 
low estuary with a mean depth of 2 m. 
Fresh water enters the river from the 
Muddy Creek watershed, and saline water 
enters from the Bay. The experiments 
were performed in the fall, when water 
temperatures were dropping, soluble re- 
active phosphorus levels were declining 
after a late summer peak, and phytoplank- 
ton and bacterial numbers were decreas- 
ing. 

On October 31, 1974, a 24 1 water sam- 
ple was taken with a peristaltic pump 
from I m depth at a Rhode River station 
(Latitude 38o53'OO" N; Longitude 76032 ' 
00" W), where the depth is 4 m. The wa- 
ter was placed in glass carboys and 
transported to the Smithsonian Institu- 
tion Chesapeake Bay Center dock where 
the experiments were performed. The wa- 
ter was divided into experimental bot- 
tles which were suspended from the dock 
at I m water depth. 

The experimental flask for autoradiog- 
raphy consisted of a 12 1 spherical 
flask which had been acid-washed and 
equipped with a stopper and a wire har- 
ness, with float and weight attached. 
The flask was suspended in the water on 

ciency of light utilization of the phyto- the southern side of the dock at I m 
plankton species. Parsons and Takahashi depth. The stopper was pierced by 3 
(1973) have developed a model which pre- tubes: I from a peristaltic pump, I from 
dicts that small cells will outgrow larg- a small air pump, and I for the exit for 
er cells in all environments except air. For the duration of the experiment, 
those where nutrient levels and light in- air was bubbled gently through the flask 
tensities are high. in order to prevent the plankton from 

The work cited above has included settling. 200 ~Ci of 33p as H3P04 was in- 
either laboratory studies of nutrient up- jected into the flask through a large 
take kinetics with algal cultures under syringe needle. At timed intervals, 1 1 
presumably ideal conditions, or models 
using kinetic data to predict which 
cells will have competitive advantage in 
certain environments. The purpose of the 
following study was to observe total and 
individual nutrient absorption rates of 
a diverse group of phytoplankton cells 

samples were pumped from the flask into 
bottles containing buffered fixative 
(final concentration : 0.5% gluteralde- 
hyde and O.01M potassium phosphate buf- 
fer at pH 7.0). One ml of each sample 
was also placed in a scintillation vial 
for counting at the same time. After 

under natural conditions. This was accom- each sample was taken, the pump was re- 
plished by means of 32p uptake experi- 
ments employing filters to separate 
plankton sizes and by 33p autoradiogra- 
phy of plankton organisms. The latter 
technique enables the researcher to mea- 
sure the rate of a metabolic function in 
an individual organism or species. Thus, 
we can determine whether small cells do 
have a competitive advantage in nutrient 
uptake when they are coexisting and per- 

versed in order to clear the pump lines 
of water until the next sample was taken. 
One ml of water was taken at the begin- 
ning and at the end of the experiment 
for counting to check for leaks in the 
apparatus. 

Total phosphorus uptake by the plank- 
ton was measured according to the method 
of Faust and Correll (1976), in three 
250 ml bottles: light, dark, and one con- 
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taining the biological inhibitor, iodo- 
acetic acid. In each experiment, 2 ~Ci 
of carrier-free 32p as orthophosphate 
was added at time zero. The bottles were 
submerged at I m depth and, at timed in- 
tervals, the bottles were retrieved and 
a subsample was removed. Particulates in 
this subsample were then separated ac- 
cording to size with a 5 ~um pore-sized 

these were counted. This procedure was 
repeated until all grains above the cell 
were out of focus. Since 33p is a moder- 
ately high energy emitter which is like- 
ly to produce grains at points which do 
not lie directly over the point of emis- 
sion, some image-spreading due to "cross- 
fire" is to be expected (Perry, 1964). 
This was taken into account very roughly 

Nitex screen and a 0.45 bun Millipore mem- by counting grains within 5 ~m of the 
brane. The filters and I ml of filtrate 
which had passed the 0.45 Lum membrane 
were placed in scintillation vials for 
counting. 

Autora di ograph y 

Fixed plankton samples were centrifuged 
in the laboratory for 30 min at 5000 x g 
at 5oc. The pellet was washed three 
times with 15 ml of 0.002 N HCI at 3000 
x g and resuspended in I ml of distilled 
water. In order to separate clumped 
cells, each cell suspension was soni- 
cated for 10 sec (Model W 140 C, Heat 
System Co., at 60 W output) and filtered 
via gravity through 8 ~m pore-size 
Nuclepore filters. The cells were rinsed 

cell margins. Grain counts were made for 
at least 20 cells of each species on 
each autoradiogram, i.e., at each time 
interval of the experiment. Background 
grains were counted for areas which had 
no cells, until the standard deviation 
of grains per unit area was within ~ 30% 
of the mean for each autoradiogram. For 
each time point, the number of back- 
ground grains in the area occupied by 
each type of phytoplankton cell was cal- 
culated and subtracted from the mean num- 
ber of grains per cell. 

Analyses for dissolved phosphorus 
were performed on water samples which 
had been filtered through a 0.45 ~un pore- 
sized Millipore filter. Inorganic phos- 
phorus was determined colorimetrically 

off the filters and resuspended in 2.2 ml on whole and filtered samples by reac- 
of distilled water, tion with ammonium molybdate and reduc- 

tion with stannous chloride (American Liquid-emulsion autoradiograms were 
prepared according to the method of Public Health Association, 1971). Total 
Bogoroch (1972), somewhat modified as de- phosphorus was analyzed by the same meth- 
scribed by Correll et ai.(1975). Each od after digestion with perchloric acid 

cell suspension was sonicated for 15 sec 
and 3 drops were spread on a gelatin- 
coated glass slide. Slides of the 8 ~um 
filtrate were also made. The slides were 
air-dried for 24 to 48 h. 

and neutralization (King, 1932). Methods 
for radioisotope counting were as de- 
scribed by Faust and Correll (1976). 
Physical parameters were monitored dur- 
ing the experiments with recording in- 
struments at the Chesapeake Bay Center 

In a dark room, the photographicNTB-2 dock. 
emulsion was diluted 1:1 with distilled 
water and brought to 44oc in a water 
bath. Two drops of emulsion were placed 
on each slide and then spread to an even 
thickness with a stainless steel raclette 
(Bogoroch, 1972). The slides were al- 
lowed to dry for I h at room temperature 
(ca. 23oc), and were then placed in 
black light-tight, desiccated slide box- 
es and incubated at 4oc for a 3-day ex- 
posure period. The slides were developed 
in Dektol at 15oc for 2 min, rinsed for 
10 sec, and fixed in acid fixer for 5 to 
10 min, then rinsed in running tap water 
for 30 min. The slides were cleared for 
I h in methyl salicylate, and coverslips 
were mounted with Permount. 

Grain counts were made using a Zeiss 
microscope at 1OOO X magnification under 
phase-contrast optics. The microscope 
was focused on the top of a cell and the 
grains in focus were counted. Then the 
microscope was focused down until the 
next set of grains was in focus and 

The population of algal species was 
estimated in a I 1 sample of water by 
the direct-count procedure of Campbell 
(1973). The fixed cells were concentrated 
to I ml by centrifugation at 5000 x g for 
30 min, sonicated for 10 sec, and 0.03 ml 
was placed on a microscope slide. A 
2.5 cm square coverslip was placed over 
the liquid and the number of cells of 
each species in a number of microscope 
fields was counted under 1OOO X magnifi- 
cation. Except for the rarer species, 
1OO cells of each species were counted 
in order to estimate cell numbers within 

20% with a confidence coefficient of 
95% (Lund et al., 1958). Volume and sur- 
face area of phytoplankton cells were 
calculated from length and width measure- 
ments using standard formulas for either 
a rod, a sphere, or oblate spheroid. 
Most of the dinoflagellates were assumed 
to be oblate spheroid, with an eccentric- 
ity of 0.9. 
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Calculations 

The total rate of phosphate uptake by 
the plankton was calculated from the 
rate of 32p disappearance from the fil- 
trate. According to the equation for a 
first-order reaction, the rate constant, 
k, was obtained from tracer measurements: 

-kt 
log Co/C - 2.303 ' 

where c is the dissolved 32p radioactiv- 
ity, c O is the activity at time zero, 
and t is time. The slope of a linear re- 
gression through the data plotted as 
log c versus t was used to obtain k. The 
steady state rate of disappearance of 
orthophosphate from solution was then ob- 
tained as follows: 

P disappearance rate (~gPl -I h -l) k C o 
S 

where s is the specific activity of the 
phosphate ion (CPM ~g p-l) at t = O. 

Rates of phosphorus uptake by the two 
particulate sizes were calculated from 
the slopes of linear regression equa- 
tions of the first portions of the two 
appearance curves as follows: 

&c/At 
P uptake rate (#g P I-[ h -I) = S ' 

where &C/At is the slope representing 
the change in the 32p activity on each 
of the filters with time. 

Obtaining phosphorus uptake rates of 
individual phytoplankton species from 
autoradiography requires a known rela- 
tionship between grain counts and a spe- 
cific amount of radioactivity. No at- 
tempt was made to quantify the grain 
yield of 33p on Kodak NTB-2 emulsion. In- 
stead, a yield of 1.8 grains per emitted 
B particle was chosen from literature 
values for isotopes with similar energy 
levels and on films of similar sensitiv- 
ity (Herz, 1959; Perry, 1964; Pelc, 1972; 
Prescott, 1964). Grain counts were first 
corrected for radioactive decay to the 
day of the experiment. The mean number 
of grains per cell was corrected for 
the loss of acid-soluble 33p during 
acid washing. An acid-soluble fraction 
of 17% of total cell P, as found in 
Chlorella pyrenoidosa by Baker and Schmidt 
(1964), was used. The (corrected) mean 
number of grains per cell was then con- 
verted to counts per minute (cpm) per 
liter for each species as follows: 

Mean grains/cell x no. of cells/l 
cpm/l = 1.8 grains/count x 4320 rain exposure time" 

Specific activity of dissolved ortho- 

concentration. The specific activity of 
33p04 during the time course was calcu- 
lated from specific activity of 32pO4 
using a ratio of the counts at the begin- 
ning of the 33p and 32p experiments. 
(The dissolved orthophosphate concentra- 
tion remained constant.) 

The rate of P uptake during each time 
interval was then calculated for each 
algal species as follows: 

A cpm 
iAt 

- ~g P/iAt or ~g P i-i min-l- 
cpm/~g P 

The P uptake rates were then averaged 
over all time intervals for which there 
was a slope, and a mean rate of phospho- 
rus uptake for each species of phyto- 
plankton was obtained. 

Results 

Values for physical and chemical param- 
eters during the experiments are pre- 
sented in Table I. The plankton label- 
ling experiments were carried out from 
approximately 10.00 to 16.OO hrs, and 
the autoradiography experiment was from 
09.30 to 15.30 hrs. The largest changes 
in solar radiation and temperature took 
place in the later stages of the experi- 
ments. The soluble reactive phosphorus 
concentration was low at 4 ~g 1-I, and 
approximately 50% of the total dissolved 
P was organic. Most phosphorus fractions 
remained constant throughout the experi- 
ments, except for an increase in total 
reactive phosphorus. Turbidity remained 
at 18 Jackson units throughout the day. 

32p Tracer Experiments 

32p uptake was estimated by measuring 
(I) the rate of 32p disappearance from 
the dissolved orthophosphate pool in the 
filtrate, and (2) the rate of 32p appear- 
ance in the particulate fraction. The re- 
sults of these experiments are shown in 
Figs. I and 2. Very little uptake oc- 
curred in the bottle containing iodo- 
acetic acid (IAA), where biological up- 
take of phosphorus was inhibited. Checks 
of total radioactivity at the beginning 
and at the end of each bottle experiment 
confirmed that no 32p was lost to the 
sides of the bottle or by leakage. 32po 4 
disappeared rapidly from the water in 
the dark bottle. Since this uptake was 
low with IAA present, it was assumed to 
be due to biological activity. The light 

phosphate at each time point in the bottle was lost during the experiment. 
first 2 h was calculated from radioactiv- However, the uptake in light and dark 
ity in the filtrate of the 32p uptake ex- bottles has rarely differed significant- 
periment and the dissolved orthophosphate ly in experiments of this kind performed 
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Table i. Physical and chemical parameters during 32p plankton labelling 
and 33p autoradiography experiments, October 31, 1974 

Time Solar Water Reactive phosphorus Total phosphorus 
(hrs) radiation temper- (~g p i-i) (~g P 1-1 ) 

(g-cal ature Total Dissolved a Total Dissolved 
cm-2 min-1) (oc) 

8.OO 0.24 15.2 
9.OO 0.50 15.2 6 4 49 10 
iO.O0 0.70 15.3 
ii.00 0.78 15.5 
12.00 0.80 15.7 
13.00 0.76 16.O 
14.O0 0.64 16.4 
15.00 0.40 17.0 16 4 45 7 
16.00 0.20 17.2 

aAlthough much has been written about other phosphorus compounds which 
might react with molybdate if they are present in natural waters, we 
assume for our purposes that dissolved reactive phosphorus and dis- 
solved orthophosphate are synonymous. 
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Fig. i. Disappearance of 32p from the filtrate 
in dark bottle (circles) and bottle containing 
the metabolic inhibitor iodoacetic acid, IAA 
(triangles). The bottles were incubated in the 
Rhode River at I m depth for 4 h 
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Fig. 2. Appearance of 32p in particulates. Cir- 
cles: 32p radioactivity on 5 and 0.45 ~m pore- 
sized filters in dark bottle; triangles: 32p 
radioactivity on 0.45 ~m pore-sized filter in 
IAA bottle 

in the Rhode River (Correll et al., 1975; 
Faust and Correll, 1976). 

The appearance of 32p in size frac- 
tions of particulates is shown in Fig. 2. 
In the IAA bottle, there was no P uptake 
by either size fraction. The majority of 

dark-bottle uptake was by organisms 
passing the 5 ~m screen and retained on 
the 0.45 ~m membrane. 

Disappearance of 32p from the water 
appeared to follow a pseudo first-order 
reaction. In Fig. I, it can be seen that 
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Table 2. Estimates of population numbers and biomass of phytoplankton 
species from Rhode River station at i m depth on October 31, 1974 

Species Size Volume Cells 1 -I Biomass % total 
(~m) (~m 3) (x iO3) (mm 3 1-1) biomass 

Peridineum 
trochoideum 25 x 28 10300 4.9 O.O5[ 2.5 

Gymnodinium sp. 2 25 x 18 5890 [40.0 0.825 41.8 

Gymnodinium 
gracilentum 20 x iO 2090 72.3 O.151 7.6 

Gymnodinium sp. 1 15 x 11 1300 68.3 0.0~9 4.5 

Gyrodinium 
mundulum 15 x iO 1180 22.3 0.026 1.3 

Gymnodinium 
galesianum ~5 x 15 i170 a 42.7 0.050 2.5 

Gymnodinium 
subroseum 11 x 8 546 33.4 O.018 0.9 

Flagellate IO x IO 523 50.0 0.050 2.5 

Euglena ascus 20 x 5 392 117 0.046 2.3 

Katodinium 
rotundatum 10-15 x 3-10 19oa ],300 0.247 12.5 

Nannoplankton <5 34 12,400 0.422 21.4 

Total 14,3OO 1.98 

avalues from Campbell (1973). 

the log 32p in solution decreases linear- dinoflagellates. Phytoplankton popula- 
ly for approximately the first 2 h. It 
then levels off to an equilibrium value 
when 32p release into the water by 
planktonic organisms has begun. 

As in any first-order reaction, the 
appearance of the "product" (i.e., 32p 
in particulates) is a curved line. Al- 
though the rate of phosphate uptake is 
constant, the rate of appearance of 32p 
in particulates decreases as the specif- 
ic activity of orthophosphate decreases. 
The first portion of the curve is fitted 
to a straight line. 

The total P uptake rate calculated 
from the disappearance of 32P0 4 from so- 
lution is 1.07 bg P 1 -I h-1. Uptake 
rates calculated from the rate of 32p 

tion numbers and biomass are given in 
Table 2. Only one species, Katodinium rotun- 
datum, numbered over one million cells 
per liter. The nannoplankton, which was 
composed of many small flagellates, 
chrysophytes, and green algae, was most 
abundant. Small diatoms were quite numer- 
ous, but most of the cells appeared to 
be senescent. It can be seen from Table 2 
that Gymnodinium species 2, K. rotundatum, 
and the nannoplankton made up the larg- 
est portions of the algal biomass: 41.8, 
21.4, and 12.5%, respectively. 

33p Autoradiography 

appearance in particulates on the 5 and Fig. 3 shows the appearance of 33p in 
0.45 Lum filters are 2% (0.024 ug p 1-I h -I) fixed, acid-washed cells (concentrated 
and 98% (1.O6 ~g P 1 -I h-l), respective- from I i of water by centrifugation and 

ly, of the total P uptake rate. 

Phytoplankton Population 

The phytoplankton in the Rhode River on 
the day of the experiments was not as 
abundant as during the warmer months of 
the year, but the species composition 
was quite diverse. Ten major species of 
algae were observed, of which most were 

later used for autoradiography) with 
time. The rate of phosphorus incorpora- 
tion into acid-insoluble compounds in- 
side plankton cells (including bacteria) 
was calculated from Fig. 3 as 0.768 ~g 
P I-I h-l, which is approximately 75% of 
the total uptake rate obtained in the 
32p uptake experiment. 

We observed that autoradiograms of 
the Rhode River samples contained a 
greater number of background grains than 
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was found in plankton preparations by 
Brock and Brock (1968)�9 This problem was 
attributed to the large number of bac- 
teria present in estuarine waters �9 Auto- 
radiograms of plankton at the first time- 
points were relatively free of background 
counts, but the number of background 
grains increased steadily with time dur- 
ing the first 2 h; the number then re- 
mained constant during the remainder of 
the experiment. Therefore, it was neces- 
sary to subtract background grains at K 
each time-point as described in "Materi- 
als and Methods" 

Fig 4 illustrates the increase in �9 

the mean number of grains per cell with O 
time for one din �9 species. 
Generally, the standard deviation of 
grain counts for a species at one time 
point was within ~ 30% of the mean. The 
increase in grains was rapid at first 
and then leveled off when the specific 
activity of the orthophosphate pool in 
the water had decreased �9 Similar curves 
were obtained for all 10 species of phy- 
toplankton. All curves had shapes simi- 
lar to the one shown, with the absolute 
number of grains and the slope differing 
for each species. 

Rates of phosphorus uptake for all 
phytoplankton species were computed, as 
described in the "Materials and Methods" 
section, from the increase in grain 
counts per cell over time. These uptake 
rates are presented in Table 3, with 
several parameters of cell dimensions �9 
Uptake rate per cell is largest for 
large cells; however, it is obvious from 
the data in the fifth column of Table 3 
that the phosphorus uptake rate per ~m 3 
cell volume is highest for smaller cells. 
The relationship between size and uptake 
rate is illustrated more clearly in 
Fig. 5. A plot of log P uptake per cell 
mass against log surface:volume ratio ~150 
for the various phytoplankton species is 
linear. The line represents the best fit 
(r 2 = 0.93) of the linear regression 
equation, log Y = (-10 7) + (I 7 log x) ~I00 
where Y is uptake in ug P per ~un 3 cell 
volume per hour for a species and x is z 
the surface:volume ratio�9 Taking the ~ 50 
antilogarithm, the equation becomes Y = 
(2 x 10-11) x 1.7, and we can see that P 
uptake of these algal cells is a power 0 
function of their surface:volume ratio�9 

To test whether the observed relation- 0 
ship between uptake and surface:volume 
ratio is true for other Rhode River phy- 
toplankton populations rather than just 
for the one, we analyzed the 33p auto- 
radiography data of July 9, 1973 from 
Correll et al. (1975) in the same way. 
Their data shows a similar correlation 
between grain density per bm3 cell vol- 
ume per hour and surface:volume ratio 
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Fig. 3. Autoradiography experiment. Appearance 
of 33p in acid-washed plankton cells and parti- 
culates with time. Rhode River water was in- 
cubated with 33p in 12 1 bottle in the light at 
i m depth. Each I 1 subsample was fixed, centri- 
fuged, and washed with dilute HCI. Solid line 
represents a least-squares regression equation 
giving best fit of first 7 data points; broken 
line is arbitrarily drawn 
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Fig. 4. Gymnodinium species i. Mean number of 
grains per cell with time. Whole water samples 
containing this species were incubated with 
33PO4 in the Rhode River at i m depth for 6 h. 
Solid line gives best-fit linear regression of 
first 5 data points; broken line is arbitrarily 
drawn 



Table 3. Surface areas, surface:volume ratios, and phosphorus uptake rates for Rhode River phyto- 
plankton species, October 31, ~974. Uptake rates were computed from grain counts of autoradiograms. 
For phytoplankton cell counts and biomass estimates, see Table 2 

Species Surface area Surface: uptake rate Uptake rate Uptake rate % Total phyto- 
(~m 2 cell-l) volume (~g P cell -I (~g P ~m -3 (~g P 1 -I plankton uptake 

ratio h-i x 10-9) h-i x 10 -12 ) h-i x 10 -3 ) rate per liter 

Peri dineum 
trochoi deum 1927 

Gymnodinium sp. 2 981 

Gymnodinium 
gracilentum 739 

Gymnodinium sp. i 490 

Gyrodinium 
mundulum 464 

Gymnodinium 

galesianum 707 

Gymnodinium 
subroseum 261 

Flagellate 314 

Euglena ascus 314 

Katodinium 
rotundatum 266 

Nannoplankton 50 

Total uptake rate 

O. 188 1 i. 84 1 . 15 0.058 O. 15 

O. 167 7.74 i . 31 1.084 2.84 

O. 353 8.52 4.O7 0.616 1.62 

O. 378 3.63 2 . 80 O.248 0.65 

O. 394 2.60 2.21 0.058 O. 15 

0.604 6.28 5 . 37 0.268 0.69 

O.512 4.43 8.76 0.148 0.38 

0.600 3.48 6.65 O. 174 O. 45 

O. 801 5.92 15.1 0.692 I . 81 

1 . 400 5.02 26.4 6.539 17.14 

i . 480 2.30 67.7 28.52 74.75 

38.41 = 0.038 ~gPl-lh -I 
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Fig. 5. Relationship between phosphorus uptake 

(uptake rates were not available). The 
regression equation is Y = O.17 x 2.4 
(r 2 = 0.99). The conversion from grains 
to uptake in ~g P involves several con- 
stants which account for the difference 
between the coefficients of x in the 
equations for the 1973 and 1974 data. 
However, the similarity between expo- 
nents of x (1.7 for our data, and 2.4 
for the 1973 data) is interesting. 

The data in the sixth and seventh col- 
umns in Table 3 shows that nannoplankton 
were responsible for the largest part of 
the phosphorus uptake by the phytoplank- 
ton in the Rhode River at this time of 
year. Other species which showed signifi- 
cant P uptake are Katodinium rotundatum, 
Gymnodinium graciientum, Gymnodinium species 2, 
and Euglena ascus. These species, which 
comprise the largest portions of the phy- 
toplankton biomass because of either 
large numbers of cells or large cell 
size, are also responsible for the great- 
est part of the total phosphorus uptake 
per liter. However, no clear-cut rela- 
tionship between the total biomass and 
the rate of phosphate uptake by each spe- 

cies is indicated. 
With the correlation in Fig. 5 in 

mind, an examination of the relationship 
between total cell surface area for a 

per ~m 3 cell volume per hour for various phyto- species and its P uptake per liter is 
plankton species and their surface:volume ratios, more enlightening. Nannoplankton and Kato- 
Line drawn is linear regression of data: log Y = dinium rotundatum had the highest surface: 
(-1o.7) + 1.7 log x (r 2 = 0.93) volume ratios (1.48 and 1.4) and highest 
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cell numbers; these organisms were re- fractionation by this method is not per- 
sponsible for 75 and 17% respectively, fect by any means, however. Sheldon and 
of the total phytoplankton P uptake rate. Sutcliffe (1969) have studied the accu- 
In contrast, species with low surface: 
volume ratios, such as Gyrodinium mundulum 
(0.394) and Peridineumtrochoideum (O.188) 
and relatively low cell numbers, had P 
uptake rates which were O.15% of the to- 
tal. Thus, we found that in the water 
column, the P uptake rate by a species 
is correlated with its total surface 
area. The equation Y = (-1.4 x 10-3) + 
(4.15 x 10-5 x), where x = surface area 
in mm -2 1-I for a species and Y = P up- 
take in ~g P 1-I h-1 for that species, 
is the linear regression of the data, 
with r 2 = 0.90. 

The sum of individual phytoplankton P 
uptake rates as given in Table 3 is 
0.038 ~g P 1-I h-1. The rates were cal- 
culated assuming that acid-soluble P was 
17% of total cell P. If the acid-soluble 
P fraction were assumed to be 50% as it 
is in some diatoms, the total uptake 
rate would be 0.063 ~g P 1-I h-1. The 
sum of the rates of individual species 
obtained from autoradiography is in very 
good agreement with the rate of 0.024 ~g 
P 1 -I h -I for plankton cells "larger than 
5 %~m" obtained in the 32p uptake experi- 
ments. 

Discussionand ~nclusions 

The experiments presented here were de- 

racy of size separation of plastic par- 
ticles with different types and pore 
sizes of filters. Their results show 
that many particles with a diameter less 
than the stated pore size of the filter 
are retained due to clogging of pores 
and obstruction of particle path through 
the filters. The type of filter used, as 
well as its pore size, determined the 
quality of separation obtained; screens 
rather than membrane filters gave the 
best separation. In our experiment, par- 
ticles smaller than 5 ~m (including the 
nannoplankton) were probably retained by 
the 5 ~m screen. Bacteria are notorious 
for attaching to surfaces, including 
suspended sediments and other plankton 
cells. This phenomenon might lead to 
overestimation of phosphate uptake by 
plankton "larger than 5 H/n" in size. 

Anderson (1965) reported experiments 
with size fractionation of plankton off 
the Oregon Coast. He found that large 
fractions of phytoplankton passed through 
a 5 Lum filter, while very little passed 
through a 0.8 ~m filter. Berman (1975), 
working in the Gulf of California, found 
13 to 83% of total carbon fixation of 
natural phytoplankton populations was 
associated with organisms passing a 3 ~m 
Nuclepore filter. The results of these 
size fractionation experiments depend, 
of course, upon the size distribution of 

signed to measure the phosphorus uptake natural phytoplankton populations. While 
of a natural estuarine phytoplankton com- these two studies were carried out in 
munity under natural conditions. Environ- open marine waters, size fractionation 
mental variables in these experiments 
such as solar radiation, water tempera- 
ture, salinity, and nutrient levels, 
were those occurring naturally in the 
Rhode River. Therefore, the nutrient up- 
take rates observed in this study are 
likely to be those which occur when a 

experiments with plankton from a shallow 
east-coast estuary showed most algal 
cells to be retained by a 5 ~m Nitex 
screen (Faust and Correll, 1976). Also, 
autoradiograms of the filtrate of our 
cell suspensions filtered via gravity 
through an 8 ~m Nuclepore filter con- 

diverse group of algae is present and ex- tained few phytoplankton cells. Although 
cess nutrients are not available. 

The rate of transfer of phosphorus 
from the dissolved orthophosphate pool 
into plankton organisms was measured by 
(I) tracing the movement of 32p04 into 
size fractions of particulates, and (2) 
by following the movement of 33po 4 into 
individual species of phytoplankton. 
Using the first method, the total phos- 
phorus uptake rate of the plankton was 
determined to be approximately I ~g P 
1-I h-1. A control experiment with bio- 
logical inhibitor showed very little ad- 
sorption of the radioactive tracer to 
non-living particles. Plankton cells re- 
tained on the 5 ~m screen were responsi- 
ble for about 2% of the uptake (0.024 ~g 
P 1-I h-l), while those passing the 5 ~um 
screen displayed 98% of the uptake. Size 

microscopic examination of the filters 
was not made in this study, it is as- 
sumed that the majority of phytoplankton 
was retained by the 5 ~m screen as shown 
by previous studies in the same estuary 
(Faust and Correll, 1976). 

Although there are no results from 
the light bottle, we have found that to- 
tal P uptake and uptake by different par- 
ticulate sizes generally do not vary sig- 
nificantly between light and dark bot- 
tles in 32p tracer experiments on the 
Rhode River (Correll et al., 1975; Faust 
and Correll, 1976). Taft et al. (1975) 
also obtained identical results with 
light and dark bottles in 32p tracer ex- 
periments with plankton of Chesapeake 
Bay. Thus, it appears that the observed 
P uptake does not require light and is 
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not directly driven by photosynthesis~ The second consideration was the ef- 
this uptake also is not inhibited notice- fect of cell size and shape upon grain 
ably by light. 

The majority of uptake is by small 
organisms which include few algae; light 
or the absence of light has little ef- 
fect upon their P uptake. Therefore, 
most of the phosphate uptake must be at- 
tributed to bacteria. Many laboratory 
studies have established the rapid up- 
take of inorganic phospherus by bacteria 
(Rigler, 1956; Harris, 1957; Johannes, 
1964; Rhee, 1972; Beuchler and Dillon, 
1974). We have less knowledge of this 

density. For a point source of radioac- 
tivity located at the center of a disc, 
the number of grains resulting from the 
emitted ~ particle which are counted 
over a large disc will be higher than 
those counted over a small disc. However, 
this effect is greatly reduced by count- 
ing grains at the margins and several 
micrometers beyond. The data presented 
by Knoechel and Kalff (1976) shows that 
the grain counting efficiency over a 
cell 10 Lum in diameter, when counting is 

process occurring in nature. Rigler's ex- extended 5 Lum beyond cell margins, is 
periments (1956) with lake plankton in- 
dicated a high phosphate uptake by bac- 
teria. Taft (1974) and Taft et el. (1975) 
argue that bacteria are not important 
consumers of inorganic phosphate in es- 
tuarine waters. They note that particu- 
lates absorbing phosphate in their stud- 
ies had N and P to chlorophyll a ratios 
which are close to those of most algal 
cells. In contrast, Faust and Correll 
(1976) have shown a high correlation be- 
tween phosphate uptake rates by particu- 
lates smaller than 5 Lun and bacterial 
biomass in estuarine waters at various 
times of the year. 

Only 2% of the phosphate uptake was 
by organisms retained on the 5 %um screen, 
presumably algae. Although the algal ab- 
sorption rate seems a remarkably small 
part of the total uptake, it is con- 
firmed by the sum of individual species 
rates obtained from autoradiography. The 
phytoplankton rate from the filtration 
technique is 0.024 ~g P 1-I h-l, as com- 
pared with 0.038 to 0.063 ~g P 1-I h-1 
from autoradiography, depending upon the 
value used for the acid-soluble P con- 
tent of the phytoplankton cells. 

The technique of autoradiography was 
used to compare the phosphorus uptake 
rates of individual species of phyto- 
plankton. Knoechel and Kalff (1976) have 
critically reviewed the use of grain- 
density autoradiography for comparison 
of metabolic activity in plankton spe- 
cies. They submit that errors result 
from several sources: (I) inadequate 
cell preparation; (2) failure to con- 
sider the effect of cell size and geom- 
etry on grain density; (3) inadequate 
methods of determining grain yield. 

In this study, the method of cell 
preparation was not detrimental to the 
cells, as no acetone, harsh fixatives, 
heat, or high centrifuge speeds were 
used. Fixation was complete: Frotargol 
staining of the gluteraldehyde-fixed 
cells several months later showed excel- 
lent fixation and no deterioration of 
cell organelles. 

75%. Thus, since grain counting was ex- 
tended that far in this study, the effi- 
ciency was reduced very little. Also, 
since our cells were within a narrow 
size range, any reduction in efficiency 
would be nearly constant for all the 
cells. The authors also note that self- 
absorption of radiation by the cells may 
cause error. However, self-absorption is 
greater in large cells; since most of 
our cells were less than 20 Lum in diam- 
eter, this effect would reduce actual 
grain counts by 15% at most, according 
to estimates by Knoechel and Kalff (1976). 
For the smallest cells, self-absorption 
would result in a reduction in grain 
counts of only a few percent. 

Finally, error is introduced in esti- 
mating the grain yield of a radioactive 
isotope on a particular emulsion or film. 
Ideally, an internal standardization be- 
tween grains and disintegration should 
be made using cells with a known radio- 
activity. As stated before, no attempt 
at this was made in this study. However, 
the comparison between algal species is 
not affected by any error in the grain 
yield, as it is merely a constant used 
in calculation of all uptake rates. The 
sum of individual phosphate uptake rates, 
i.e., the total phytoplankton uptake 
rate, might reflect an error in the 
grain yield, but the grain yield used 
(1.8) would have to be underestimated by 
an order of magnitude before a signifi- 
cant difference in the total phytoplank- 
ton uptake rate would be observed. The 
sources of error which Knoechel and 
Kalff list are significant only if auto- 
radiography is used for studying large 
phytoplankton cells with a high energy 
isotope, or if one is comparing the re- 
sults of several different autoradiog- 
raphy experiments in which there are dif- 
ferences in total radioactivity. 

As noted in the results, the auto- 
radiograms contained a number of back- 
ground grains which increased with time. 
Autoradiograms of the filtrate obtained 
by filtering 33p-labelled cell suspen- 
sions through an 8 H/n pore-size filter 
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also contained grains without any visi- phate concentration because the lower 
ble cells under them, and these grains affinity for phosphate (larger K s ) of the 
also increased with time. A reasonable smaller species was offset by its great- 
source for these grains is bacteria, er surface:volume ratio. Our results of 
which are not resolved in autoradiograms the autoradiography experiment indicate 
at 1000 X magnification without staining, that the algal phosphorus uptake rate 
Certainly, adsorption of 33p to sedi- per biomass unit is roughly a function 
ments or incompleted washing of soluble 
33p is ruled out because the number of 
background grains increased with time. 
Fuhs and Canelli (1970) observed similar 
clusters of background grains in 33p 
autoradiograms. They suspected that 
clumps of bacteria were the cause, but 
they could not prove that bacterial 
cells were present. Faust and Correll 
(1977) were able to observe grains over 
bacterial cells in 33p autoradiograms by 
staining their cell preparations. As ex- 
plained in "Materials and Methods", a 
correction for background counts was 
made for each autoradiogram. However, no 
correction for the adhering and clumping 
of bacteria on phytoplankton cells could 
be made. This could result in overestima- 
tion of phosphorus uptake by plankton 
cells. 

Results from autoradiography show 
that uptake of phosphorus by the nanno- 
plankton (algal cells less than 5 ~m in 
size) accounts for almost 75% of the to- 
tal uptake by phytoplankton. The impor- 
tance of nannoplankton in the total 
primary production of many planktonic 
communities has been discussed in the "In- 
troduction". Taft (1974) showed that 
there was no difference in inorganic 
phosphate uptake rates of plankton pass- 
ing a 35 bm and a 10 V/n filter. He also 
concluded that smaller plankton cells 
(which could include bacteria) were re- 
sponsible for the majority of the phos- 
phorus uptake in Chesapeake Bay. 

The fraction of the total rate of up- 
take by the nannoplankton exceeds their 
contribution to the total phytoplankton 
biomass. Watt (1971) found this to be 
true for nannoplankton productivity in 
14C autoradiography experiments. Earlier 
33p autoradiography of Rhode River plank- 
ton was performed during a bloom of 
large dinoflagellates (Correll et al., 
1975). Although the dinoflagellates made 
up 90% of the phytoplankton biomass, the 
rate of phosphorus uptake per <un 3 of 
cell volume by the nannoplankton was 300 
to 500 times the rate of the dominant 
larger phytoplankton cells. Thus, the to- 
tal phosphate uptake rate of the nanno- 
plankton was still higher than that of 
the numerous large dinoflagellates. 

Fuhs et al. (1972) observed the effect 
of cell surface:volume ratio on nutrient 
uptake and maximum growth rate. They 
found that maximum growth rates of two 

of the square of cell surface:volume 
ratio: 

u/v ~ K' (s/v) 2. 

We may ask why this should be so. Is 
there a simple relationship between cell 
dimension or geometry and nutrient up- 
take rate underlying these results? 

Let us assume that the P uptake rate 
per cell is linear with cell radius for 
spherical cells. (There was no indica- 
tion from our data that uptake rate was 
a linear function of cell surface area.) 

U=Kr 

then for a sphere, 
Kr 

u/v = ~ / 3 ~ r 7  

and, 4~r2 
S/V- 4/3zr-~ = 3/r 

3 
r -- - -  ! 

(s/v) 

therefore, 

u/v = K =K' (S/V) 2 

Taking an average radius for each 
cell in this study, we examined the as- 
sumption of linearity between radius and 
P uptake per cell. Linear regression of 
the data gave u = -0.7 + 0.8 r with r 2 = 
O.76. The scatter in the data is proba- 
bly due to the fact that most of these 
cells are not true spheres. The relation- 
ship between axial dimension and volume 
is, of course, more complex for dino- 
flagellates than for perfect spheres. 

The model of Munk and Riley (1952) 
predicts that the time required for an 
algal cell to absorb as many grams of nu- 
trient as are already contained increases 
with increasing size. According to their 
calculations, nutrient absorption rate 
per unit mass is doubled to quadrupled 
when cell dimension is halved, depending 
upon cell shape. This is roughly con- 
firmed for spheres by our results. If 

1 K K '  
U/r ~K, and r/V = 4/3~r ,then U/V a ~ =  -~ , 

and it is obvious that when cell dimen- 
sion is halved, nutrient uptake per cell 
mass is quadrupled. 

The high rate of phosphate uptake by 
bacterial organisms would be expected 
from the observed relationship between 
uptake and surface:volume ratio. Fuhs et 

diatom species occurred at the same phos- al. (1972) showed that bacteria having 
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lower affinity for phosphate than algae 
(higher K s and lower Vma x per unit sur- 
face area) were able to outgrow the al- 
gae because of their favorable surface: 
volume ratio. However, Lewis (1976) re- 
ports that bacterial s:v ratios can be 
equaled or exceeded by algae. Unfortu- 
nately, no data on bacterial numbers and 
surface:volume ratios were obtained in 
our experiments, and the correlation 
found for algae could not be tested fur- 
ther. 

With these results in mind, the "par- 
adox of the plankton" remains. Why, if 
nannoplankton have such a distinct ad- 
vantage over large cells in absorbing 
nutrients, do larger phytoplankton cel~s 
exist? One answer is that in some en- 
vironments where all nutritional re- 
sources are plentiful, algal cells may 
not be competing for nutrients, but this 
condition is not one that occurs con- 

Parson's and Takahashi's model (1973) 
predicts that small cells will be domi- 
nant under most light and nutrient re- 
gimes. However, the kinetic constants 
used in their model were obtained with 
cultures in the laboratory, and are de- 
pendent upon many factors, including en- 
vironmental history and physiological 
state of the cells. According to obser- 
vations of Carpenter and Guillard (1971), 
algal cells are apparently able to adapt 
nutrient uptake rates to a general range 
of nutrient conditions encountered in 
their environment. 

Existing data on the relationship be- 
tween phytoplankton cell size and 
Michaelis-Menten kinetic constants is 
confusing. Eppley et ai.(1969) note a 
trend of decreasing K s for nitrogen com- 
pounds with decreasing cell size. 
Malone's (1971b) observation that nanno- 
plankton production increases rapidly at 

stantly in many environments. Second, if very low nitrate concentrations, while 
phytoplankton population numbers are low, netplankton productivity increases more 
competition for nutrients may not occur, rapidly at nitrate levels greater than 
Hurlburt (1970) followed fluctuations in 1.5 V/n, lends support to this hypothesis. 
abundance of marine phytoplankton spe- In contrast, Fuhs et al. (1972) found 
cies and calculated that the maximum that the larger of two diatom species 
nutrient-depleted zones around algal had a lower Ks for phosphate than the 
cells could not overlap at the cell den- smaller. The response of natural phyto- 
sities found in the open oceans; however, plankton populations to nutrient levels 
overlap, and thus competition for nutri- also appears to be ambiguous. MacIsaac 

ents, occurred at cell densities above 
3 x 108 cells 1-I, which are sometimes 
found in estuaries and coastal waters. 
He found that estuarine phytoplankton 
forms were significantly smaller, with 
less diversity and greater numbers. 

Another logical answer to the ques- 

and Dugdale (1969) showed that the up- 
take of nitrogen compounds by natural 
phytoplankton populations is dependent 
upon nutrient concentration at the lower 
concentrations, but that maximum uptake 
velocity is repressed at higher concen- 
trations by other limiting factors. Taft 
et al. (1975) observed typical Michaelis- 

tion posed is that other factors as well Menten kinetics of phosphate uptake by 
as nutrient absorption rate act as selec- natural phytoplankton of Chesapeake Bay. 
tive forces on the shapes and sizes of However, in their long-term study, rate 
phytoplankton cells. Lewis (1976) showed constants for phosphate uptake by natu- 
that there is conservation of s:v ratios ral phytoplankton populations fluctuated 
for the greatest axial dimension of phy- randomly throughout the year, regardless 
toplankton cells. Certainly a lower of phosphate concentration; the only pat- 
limit of the s:v ratio is understandable, tern observed was an inverse relation- 
but obviously some unknown selective ship between soluble reactive phosphorus 
pressures are producing an upper limit concentration and phosphorus uptake rate 
on the s:v ratio, constants in the winter months. 

Semina (1972) describes some interest- The relationship between Ks for dis- 
ing mutual effects of physical factors solved nutrients and cell size is thus 
on phytoplankton cell size in the oceans, complex and at this point unclear. Our 
In general, she found increasing cell results do not resolve this problem, but 
size with increasing velocity of ascend- 
ing water, and this effect was amplified 
by increasing density gradient in the 
pycnocline and increasing phosphate con- 
centration. Malone (1971b) suggests that 
increases in netplankton standing crop 
in areas of upwelling could result from 
the vertical water movement as well as 
from increases in nitrate concentration. 

Thus, certain physical factors can se- 
lect large cells having low S:V ratios. 

they do show that small cells under natu- 
ral conditions and at low nutrient lev- 
els do have much faster P uptake rates 
per cell mass than larger cells. It 
would be interesting to use autoradiog- 
raphy to observe the nutrient uptake of 
individual species at different (natural- 
ly occurring) nutrient levels; however, 
we would expect the relationship between 
uptake rate and nutrient concentration 
to be complicated by other factors, such 
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as physiological state of the phytoplank- Berman, T.: Size fractionation of natural aquat- 
ton and limiting factors repressing maxi- 
mum nutrient uptake. 

Finally, Gavis (1976) recast the Munk 
and Riley model in the light of recent 
knowledge of algal nutrient uptake kinet- 
ics and the effect of nutrient diffusion- 
limited transport (Pasciak and Gavis, 
1974). In his mathematical model, the 
dimensionless parameter P (which in- 
cludes Vma x and K s) increases with de- 
creasing cell size; as a result, the in- 
fluence of diffusion transport limita- 
tion is diminished. He suggests that 
this is why oceanic regions with low nu- 
trient levels contain cells which are 
small in size and have low Ksvalues. 

Although the euphotic zone is a some- 
what homogenous environment, we can see 

ic populations associated with autotrophic 
and heterotrophic carbon uptake. Mar. Biol. 
33, 215-220 (1975) 

Beuchler, D.G. and R.D. Dillon: Phosphorus re- 
generation in fresh water paramecia. J. Pro- 
tozool. 21, 339-343 (1974) 

Bogoroch, R.: Liquid emulsion autoradiography. 
In: Autoradiography for biologists, pp 65-94. 
Ed. by P.B. Gahan. New York: Academic Press 
1972 

Brock, M.L. and T.D. Brock: The application of 
micro-autoradiographic techniques to ecologi- 
cal studies. Mitt. int. Verein. theor, angew. 
Limnol. 15, 1-29 (1968) 

Campbell, P.H.: Studies on brackish water phyto- 
plankton, 403 pp. Sea Grant Publication UNC-SG 
73-07. Chapel Hill, North Carolina: University 
of North Carolina 1973 

from the literature that regional differ- Carpenter, E.J. and R.R.L. Guillard: Intraspecif- 
ences in light, density gradients, ver- 
tical currents, and nutrient levels do 
exist. However, each local environment 
usually supports a diverse group of phy- 
toplankton cell shapes and sizes. From 
our results, the relative nutrient ab- 
sorption rates of the cells must convey 
a competitive advantage on smaller cells, 
but other selective forces must also be 
at work to balance this metabolic ad- 
vantage of small cells. Certainly zoo- 
plankton grazing, which was not dis- 
cussed, must play a large role. More re- 
search with natural phytoplankton popula- 
tions in completely natural conditions 
is needed in order to determine the fac- 
tors most strongly influencing the types 
of phytoplankton which successfully co- 
exist. 
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