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Abstract 

In order to assess the relative importance of the pico- and 
nanoplankton fractions, the composition of entire phy- 
toplankton communities at Weathership Station P (50~ 
145~ and at 53~ 145~ were studied in May and 
August, 1984, using epifluorescence, scanning electron, and 
inverted light microscopy. The biomass of major taxa 
within five size classes was estimated from cell volume and 
cell concentration. For both months, approximately two- 
thirds of the total phytoplankton carbon were contributed 
by cells < 5 #m. In May, 16% of plant biomass was contrib- 
uted by cells < 2/~m, and in August 39%. (In both months 
90% of plant carbon < 2 Arm was contributed by the blue- 
green coccoid Synechococcus spp.) Cells 2 to 5/~m contrib- 
uted about 39% to total plant carbon; they were mostly 
flagellates in May and nonmotile coccoids in August. The 
remaining one-third of algal carbon was composed of dino- 
flagellates, cryptomonads, other flagellates and diatoms, all 
> 5 k~m. Very little difference between taxa was observed 
with respect to vertical stratification. Small taxonomic 
changes were observed in the community between May 
and August, and within each month. 

Introduction 

With the discovery of the importance in oceanic waters of 
nanophytoplankton (Lohmann 1920, McAUister etal. 
1960) and picophytoplankton (Johnson and Sieburth 1979, 
Waterbury et al. 1979), it became apparent that the struc- 
ture of oceanic phytoplankton communities had been in- 
completely described. The reasons are methodological: 
when investigators had attempted to include the entire 
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plant community (as opposed to a portion such as diatoms) 
using visible-light microscopy (e.g. Hasle 1959, Beers et al. 
1975, 1982, Fryxell etal. 1979, Booth 1981, Taylor and 
Waters 1982), the results were biased by inclusion of het- 
erotrophic nanoflagellates < 5 ktm (which in most cases 
could not be differentiated from autophototrophic flagel- 
lates) and the omission of cells < 2 ~ m  (picoplankton, 
which are difficult to distinguish from inorganic particles). 
Furuya and Marumo (1983) supplemented enumerations 
of larger cells from light microscopy with estimates of 
nanophytoplankton derived from the serial-dilution cul- 
ture-method (most probable number), but they did not in- 
clude coccoid cyanobacterial picoplankton. Epifluo- 
rescence microscopy is a powerful tool for analyzing oce- 
anic phytoplankton communities (Booth 1987), because 
heterotrophs can be distinguished from photoautotrophs 
and picophytoplankton can be enumerated (Furuya et al. 
1986, Joint and Pomroy 1986). 

The subarctic Pacific is a balanced ecosystem, as 
evidenced by constant phytoplankton stock year-round 
(McAllister et al. 1960, Clemons and Miller 1984, Sam- 
brotto and Lorenzen 1986, Frost 1987). Nutrients are abun- 
dant throughout the year (Anderson et al. 1977), yet phy- 
toplankton stock is low (McAllister et al. 1960). The phy- 
toplankton cells are small (75% of chlorophyll a passed a 
10 ~m filter in June and August of 1959: McAllister et al. 
1960), and are hypothesized to be kept in constant check 
by grazing of zooplankters (McAllister et al. 1960, Heinrich 
1962). As part of Project SUPER (Subarctic Pacific Eco- 
system Research), the structure of the phytoplankton com- 
munity has been examined in detail in order to determine 
the biomass of the various size fractions available as a food 
source for different sizes of zooplankton. Epifluorescence 
microscopy, supplemented by scanning electron mi- 
croscopy (SEM) and inverted light microscopy, was chosen 
as a tool for investigating the relative biomass of pico-, 
nano-, and net phytoplankton during spring and summer 
cruises to two subarctic locations (50~ 145~ and 
53~ 145~ ]'he results are reported in the present paper. 
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Even though conversions from microscopically determined 
cell volume to carbon, using factors presently available, are 
far from perfect (especially for cells smaller than 5 #m), the 
results are expressed in terms of carbon, because com- 
munity structure is best understood through biomass not 
cell concentrations. 

Materials and methods 

Samples were collected during two cruises to the northeast 
Pacific Ocean in 1984. Station P, 50~ 145~ was oc- 
Cupied from 1-21 May and from 2-12 August, and a more 
northerly location, 53~ 145~ from 13-23 August. In- 
cident light was measured using a LI-COR PAR quantum 
meter, and water-column attenuation using a LI-COR 
PAR submersible quantum meter. Temperature and salini- 
ty were measured using a CTD, nutrients using an 
autoanalyzer, chlorophyll a by the fluorometric method 
(Lorenzen 1966). Uptake of 14carbon was estimated at ten 
depths using an in-situ array from midnight to midnight, 
and integrated for the water column. 

Phytoplankton samples for the seven days reported 
here were collected close to midnight using either 10-liter 
Niskin bottles on a rosette or 5-liter Niskin bottles attached 
in series to a hydrographic wire. Water samples (100 ml) 
were collected from the water bottles as soon as they were 
on deck and in close sequence with samples for chlorophyll 
a and ~4C-uptake studies. At the same time, 250 ml ali- 
quots were collected from the water bottle and fixed with 
0.2% (final concentration) formalin. The formalin samples 
were stored in the dark until examination. The 100 ml sam- 
ples were stored in well-used polyethylene bottles on ice in 
the dark and filtered within 4 h: 50 ml was prepared for 
epifluorescence microscopy (EFM) and 50 ml for scanning 
electron microscopy (SEM). Samples for SEM were pre- 
pared as described in Booth et al. (1982). 

Samples for epifluorescence microscopy were fixed and 
filtered at sea (details in Booth, 1987) and examined 
ashore. The samples were fixed in dim light with glu- 
taraldehyde (2.5% final concentration) for 20 rain in the 
filter funnel over the filter. The filter apparatus had an ef- 
fective filter diameter of 13 ram, a stainless steel filter sup- 
port, a 0.4pro Nuclepore filter which had been stained 
with Irgalan black and a Millipore HA backing filter. The 
sample was filtered at 15 mmHg until the slide was just dry 
and then mounted on a glass slide between two drops of 
immersion oil (Cargille Type B, non-fluorescent). Filters 
were stored in the dark at 4~ for a few days, then in a 
-20 ~ freezer until examination. In selected replicate filters 
examined under green light (Zeiss filter set 48 77 14), 
counts of Synechococcus spp. were the same as counts 
made under blue light (Booth 1987). 

The filters were examined within 3 mo of collection un- 
der blue light (Zeiss filter set 48 77 09, reflector 510 nm, 
excitation 450 to 490 rim, barrier filter at 520 nm) using a 
50 W mercury light source. Cells of Syneehoeoccus spp. 
autofluoresced yellow, eukaryotic photoautotrophs red, 
and some cryptomonads orange. Separate counts were 

made, in the following order, for: Synechococcus spp. 
(enough fields using 40 x objective until at least 300 cells 
had been counted), eukaryote cells < 2/,tin (20 fields using 
oil immersion 100x objective), 2 to 10pro photoauto- 
trophs (1 transect using 40• objective) and > 1 0 p m  
photoautotrophs (1 to 5 transects using 16 • objective). In 
transects using the 40 x objective, from 100 to 500 cells for 
each size (1 Mm increments) were counted. Each cell was 
measured to the closest 1 pm and assigned to one of the 
following groups: Synechococcus, dinoflagellate, cryp- 
tomonad, miscellaneous coccoid and flagellate, or diatom. 
Dinoflagellates were further divided into spherical, 
normal (length/width=2) and slender (length/width=3) 
categories in each size range. Cryptomonads were grouped 
into normal and slender categories. The entire slide was 
scanned for large diatoms and dinoflagellates using a 16 • 
or 10 • objective, or separate counts of cells > 20 pm were 
made from formalin (0.2%)-preserved samples examined 
using an inverted light microscope. Diatoms were grouped 
by eleven shapes. 

Enumerations were converted to cells per liter, cell vol- 
ume per liter and cell carbon per liter, using the following 
conversions from volume to biomass: Synechococcus spp., 
0.294pg C cell -1 (Cuhel and Waterbury 1984); cells 
< 4 ~tm (other than Synechococcus spp.), 0.22 pg C pm -3 
(Mullin et al. 1966); cells >4~tm, equations from Strath- 
mann (1967) for converting cell volume (not plasma vol- 
ume) to cell carbon. Different equations were used for dia- 
toms than for other taxa. Cell volumes in EFM data were 
not corrected for shrinkage caused by fixation because, 
although corrections were available for some phy- 
toflagellates 2 to 15/~m (14% of linear dimensions, 33% of 
volume: Booth 1987), there are no correction factors avail- 
able for the entire size range of phytoplankton. Therefore, 
total phytoplankton biomass may be underestimated 
throughout this study. 

Aliquots prepared for scanning electron microscopy 
(SEM) were critical-point dried from FREON and exam- 
ined using a JEOL U3 SEM. The relative abundance of five 
cell types was determined: uniflagellate, biflagellate, green 
coccoid (wrinkled cell wall in SEM), blue-green coccoid 
(smooth cell wall in SEM), and miscellaneous coccoids. 
The assignment of coccoid cells to an algal class was based 
on comparisons to scanning electron micrographs of cul- 
tured species. The size of the living cell was estimated by 
correcting for the considerable shrinkage resulting from 
critical-point drying (ca. 42%: see Booth 1987). Estimations 
of the biomass of each cell type were then made by apply- 
ing the ratios from SEM enumerations to the total biomass 
in the 2 to 5 #m size class derived from EFM. For this esti- 
mation it was necessary to assume that any heterotrophic 
cells viewed in SEM had been equally divided between the 
five cell types. 

Since some phytoplankton samples were collected be- 
fore midnight and some after, I have arbitrarily chosen the 
date after midnight to label all the figures so that they will 
correspond with dates of productivity measurements car- 
ried out using subsamples from the same bottles. 
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Table 1. Environmental data from two locations in subarctic Pacific Ocean, in May and August 1984. Data from the mixed layer= T: 
temperature (~ S: salinity (%o); P: PO4 ~mol 1-1); N: NO~ +NO3 (~mol 1-1); Si: SIO3 ~mol  1-1); Zm: depth of mixed layer (m); IR: 
incident radiation (E m -2 d -'). Data from the water column = IPP: integrated primary productivity (rag C m-2 d-t); 1%: 1% light depth 
(m); Z~: depth of chlorophyll maximum (m); Chlmax: maximum chlorophyll a (fig 1 -~). 3, 12, 17 May and 4, 9 August: 50 ~ 145 ~ 15, 
20 August: 53~ 145~ 

Date T" S ~ p b N b Sib Zm ~ IR~ IPP ~ 1% ~ Z c  c C h l m a x  ~ 

May 3 6.5 32.6 1.2 12.5 20 36 47.2 270 84 70 0.42 
May 12 7.0 32.6 1.0 11.2 19 34 18.5 298 77 40 0.52 
May 17 6,9 32.6 1.1 11.0 21 34 27.9 654 70 30 0.96 

Aug. 4 12.1 32.4 0.9 7.7 16 10 40.1 353 71 70 0.33 
Aug. 9 12.6 32.4 0.9 7.7 17 15 16.2 297 68 80 0.32 
Aug. 15 13.4 32.4 1.0 7.9 16 15 26.8 451 69 70 0.29 
Aug. 20 13.2 32,5 1.2 11.0 18 20 28.3 65 20 0.38 

Data collected by C. Miller 
b Data collected by P. Wheeler 
c Data collected by C. Lorenzen and N. Welschmeyer 

Resul ts  

Environmental data 

Selected environmental data collected by other investiga- 
tors in SUPER is summarized in Table 1. By 3 May the 
seasonal thermocline was weakly developed around 35 m 
(Table 1). It deepened to 50 m by 21 May as a result of  a 
storm on 14 May followed by strong winds and high seas 
from 16 May to 20 May (Denman and Gargett in press)i 
In August, the mixed layer (the isothermal water above the 
seasonal thermocline, Zm) was 10 to 20 m deep. Winds 
were light in August except during a storm on 18 August. 
The permanent halocline was between 80 and 100 m in 
both months and nutrients were never limiting. Maximum 
concentrations of  chlorophyll a in the water column 
(chlrnax) ranged from 0.29 to 0.96 #g 1-1. 

Phytoplankton biomass 

Total phytoplankton biomass is presented for the months 
of May (Fig. 1) and August (Fig. 2). 

Maxima of  total phytoplankton biomass (as carbon) 
were within the seasonal thermocline in May (with the ex- 
ception of  3 May) and below it in August (Figs. 3 a - c  and 
4a-d) .  These maxima were well above the 1% light depth 
in May and at or just above it in August. However, there 
was considerable algal biomass below the 1% light depth 
(usually 10 to 26%; 41% on 20 August), and in some cases 
secondary maxima caused primarily by large diatoms (20 
August). 

< 2/~m (picoplankton) 

Cells under 2/~m averaged 16% of  plant carbon in May 
and 39% in August (Figs. 3 a - c  and 4 a-d) .  
Photoautotrophic eukaryotes (PAE) <2/~m contributed 
from 0 to 34% (mean 13% May, 9% August) to pi- 
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Fig. 1. Phytoplankton carbon (#g C 1-1) at Station P in May 1984. 
Contour intervals = 2.5 #g C 1-1 

AUGUST 

0 5 10  15 20 

I :7.5 C. , , \ -  / r" - - - ,  
" . .  10.0 ~ 

[ �9 /------~ \ 

4C - . . I  I X ~-" 

? 5! "1~176 1 

o ( Z ) / 1 0 . 0  . . . . .  - . . . .  - ~  " 

Fig. 2. Phytoplankton carbon Q~g C 1-1) in August 1984.3-13 Au- 
gust: Station P, 50~ 145~ 14-22 August: 53~ 145~ Con- 
tour intervals = 2.5/~g C 1-1 

coplankton biomass; the remainder was contributed by 
species of  Synechococcus spp. (Figs. 3 d - f  and 4 e -h ;  note 
that the abscissas differ from those of  Figs. 3 a - c  and 
4a-d) .  The biomass maxima of  picoplanktonic PAE 
(< 2 ym) and Synechococcus spp. usually occurred at the 
same depth or within 10 m. 

In both May and the first half  of  August, the biomass 
maximum of  Synechococcus spp. occurred at the same 
depth as those of  2 to 5 ffm cells and total plant carbon 
(Figs. 3 a - c  and 4 a-d) .  In early May and the first half  of  
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August, these maxima  occurred at, or just  above, the 1% 
light depth whereas later in May they occurred at the bot- 
tom of  the mixed layer while i l luminat ion varied from 2 to 
7 E d -1 or ca. 10 to 14% of  surface i l lumination.  On 20 Au- 
gust, when sampling occurred at 53~ 145~ max imum 

Synechococcus spp. biomass occurred at 50 to 60 m, well 
below the peak of  2 to 5 / i ra  cells at 20 m, the bot tom of  the 

mixed layer. 
In general, Syneehococcus spp. were more abundan t  in 

August than in May. 
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2 to 5/~m photoautotrophs 

The 2 to 5 y m  size class made up about 40% of the plant 
biomass in May and 37% in August, and biomass maxima 
coincided with maxima of plant carbon (Figs. 3 a - c  and 
4 a-d).  Substantial biomass of 2 to 5 #m cells was observed 

below 80 m whereas biomass of autotrophs < 2 #m (mostly 
Synechococcus spp.) decreased sharply below this depth 
(Figs. 3c and 4a-d) ,  especially in August. The maximum 
biomass in the 2 to 5 um size class occurred in the mixed 
tayer in May and below it in August. 
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Flagellates dominated this size class in May: bi- 
flagellates on 12 May and uniflagellates on 17 May 
(Fig. 3 g-i;  note change in abscissas). In August, the pre- 
dominant forms were coccoid cells (Fig. 4i-1), probably 
species of Chlorophyceae, based on SEM observations 
from our culture collection. On 4 August at 50 and 70 m, an- 
other type of coccoid cell predominated. These cells were 
probably cyanobacteria, again based on comparison with 
SEM observations of  blue-greens from culture. 

5 to 10 #m photoautotrophs 

On 12 May, 5 to 10/zm cells averaged 16% of plant bio- 
mass in the upper 40 m, with various types of flagellates 
dominant (Figs. 5a-c ,  6a-d) .  On 17 May, this size class 
averaged 25% of plant biomass (Fig. 3c), and the pre- 
dominant forms were uniflagellates and two small diatoms: 
Nitzschia c#lindroformis Hasle and, in lesser numbers, 
Cylindrotheca cf.fusiformis Reimann and Lewin. These two 
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diatoms were present throughout May. Changes in bio- 
mass of cells 5 to 10/~m (e.g. 12, 17 May) occurred at the 
same depths as those of the 2 to 5/~m size class. The 5 to 
10 #m size class represented a very small percentage of the 
total algal biomass in August; flagellates predominated. 
Cryptomonads and dinoflagellates, 5 to 10 #m, were insig- 
nificant in both months. 

10 to 20/~m photoautotrophs 

The contribution of cells in the 10 to 20/~m size class was 
small in both months, and biomass in this size class did not 
vary widely (Figs. 3a-c ,  4a-d) .  In May, dinoflagellates 
and other flagellates dominated, whereas in August dino- 
flagellates and cryptomonads were the most important 
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contributors (Figs. 5 d-f,  6 e-h). A change in cryptomonad 
biomass was apparent in August. 

> 20/xm photoautotrophs 

Diatoms dominated the > 20 ktm fraction in terms of bio- 
mass in both months, except on 17 May when dino- 
flagellates were predominant (Figs. 5g-i, 6i-1). At this 
time, as well as on 15 August, cryptomonads also made a 
contribution. Large, unidentified flagellates occasionally 
contributed to this fraction (3, 12 May and 20 August). 
Although other diatoms were also present, Rhizosolenia 
spp. were significant in August; they showed high biomass 
at the surface on 9 August and at 10 and 90 m on 20 Au- 
gust. 

Discussion 

The present study demonstrates the significance of eukary- 
otic algae in the lower range of the nanoplankton size class 
to the phytoplankton community of the open subarctic Pa- 
cific. These algae, which measure roughly 2 to 5 ktm, oc- 
curred throughout the water column in both months 
sampled in 1984. They reached maximum biomass in the 
mixed layer in May- 1984, but generally peaked below it in 
August. Together with the picoplankton (the fraction 
< 2 ~m) the total biomass of cells < 5 ktm averaged 67% of 
phytoplankton biomass at Station P in 1984. A similar ob- 
servation was made by McAllister et al. (1960) in July and 
August, 1959, at Station P, when 75% of measured chloro- 
phyll a passed through a 10 #m mesh filter. 

In addition to fitting in with past observations at Sta- 
tion P, the fact that about 56 to 80% of the plant popula- 
tion was < 5/~m in May and August 1984, appears to agree 
with observations in other temperature and even subtropi- 
cal oceans (see Table 2). Because live cells are more flex- 
ible and can squeeze through smaller filter holes than more 
rigid preserved cells (Glover et al. 1986a), cells measuring 
2 to 5 ktm in the fixed state probably are equivalent in size 
to living cells which pass alive through a filter with 3 ktm 
holes. Thus, the North Atlantic appears to have the same 
structure as the subarctic Pacific (Table 2: Glover et al. 
1985 b). This generalization is broadened if one can assume 
that fractionated 1%arbon-uptake represents the size struc- 
ture of the plant community as well as do other methods 
such as microscopic analysis and chlorophyll a fraction- 
ations. In the cases where both chlorophyll a and 14C-up- 
take fractionations have been made (Glover et al. 1985 b, 
Li et al. 1983, Takahashi and Bienfang 1983) this seems to 
be true; as an example, in the Celtic Sea in December, 
1983 (Joint and Pomroy 1986), partitioning of chlorophyll 
a and 14C-uptake was almost identical for the size fractions 
< 1 ktm, 1 to 5 #m, and > 5 ktm. Again, the subarctic Pacific 
and the North Atlantic (see primary production values in 
Table 2) are similar in the size structure of plant biomass: 
in the Celtic Sea 20 to 30% 14C was taken up by the < 1 ~m 

fraction, 35 to 40% by cells l to 5/~m, and 15 to 20% by 
ceils > 5/~m in summer months (Joint and Pomroy 1983), 
percentages very similar to those obtained in the present 
study through microscopic analysis. Tropic waters may 
have a different structure (Table 2) with a higher percent- 
age of picoplankton (Li et al. 1983), especially in nitrate-de- 
pleted waters (Herbland et al. 1985). These are very broad 
generalizations, expected to have many exceptions. For in- 
stance, Joint et al. (1986) found a distinct annual difference 
in fractionated 14C-uptake in the Celtic Sea. In the present 
study, as well, although Synechococcus spp. contributed on 
the average 16% to plant carbon in May and 40% in Au- 
gust, the range in the separate samples collected in August 
was from 4 to 96.7%. 

On 16 May 1984, phytoplankton carbon at Station P 
reached 16.2/~g C 1-1 at 30 m and the chlorophyll a con- 
centration was 0.96/~g 1-1 (Table 1), more than double the 
mean value recorded between 1958 and 1974 (Anderson 
et al. 1977). The highest chlorophyll a concentration re- 
corded from surface waters at Station P was 2.08 ~tg 1-1(An - 
derson et al. 1977). One common assumption is that such 
brief chlorophyll increases are caused by growth of micro- 
plankton (cells > 20 gm), diatoms in particular. Such an 
assumption is invalidated by the present data in which 
high chlorophyll a concentrations were associated with 
nanoplankton populations dominated by flagellates and 
coccoids, not diatoms. 

The identity of many of the cells in the 2 to 10 #m size 
classes remains to be worked out. Reports of oceanic flagel- 
lates in this size range are few (Booth et al. 1982, Taylor 
and Waters 1982, Furuya and Marumo~198); Murphy and 
Haugen 1985, Joint and Pomroy 1986), and taxonomic 
studies fewer (Estup et al. 1984); more taxonomic work has 
been done on coastal forms (e.g. Moestrup 1979; Hal- 
legraeff 1983). Some species, e.g. cells with loricae or 
scales, are best identified using TEM, and some, e.g. cryp- 
tomonads, using SEM; others must be observed live. In ad- 
dition to the inherent difficulties of working with live or- 
ganisms in the nanoplankton size range at sea, many of  
these species probably will not grow in cultures: Murphy 
and Haugen (1985) obtained only eight clones of oceanic 
phytoplankton. For these reasons, oceanic species of nano- 
plankton, and even larger cells such as naked dino- 
flagellates and many pennate diatoms, are poorly studied; 
many are undescribed. A combination, therefore, of EFM, 
SEM and TEM used on samples prepared at sea may be 
more successful for analyzing communities of oceanic 
nanophytoplankton than attempts to obtain cultures. 

Many of the cells in the dominant 2 to 5 #m size class of 
phytoplankton were unidentified coccoid cells, most prob- 
ably belonging to the Chlorophyceae. In addition to re- 
ports of considerable chlorophyll b in some oceans (e.g. 
Jeffrey 1976, Lorenzen 1981, Gieskes and Kraay 1986, 
Trees et al. 1986, Burkill et al. 1987), a number of qualita- 
tive accounts of chlorophycean cocci (similar to Nano- 
ehloris spp.) from oceanic waters has appeared (Silver and 
Alldredge 1981, Silver and Bruland 1981, Johnson and Sie- 
burth 1982, Brady 1984, Joint and Pipe 1984; Takahashi 
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Table 2. Fractionation of phytoplankton in neritic and oceanic waters; Syn: Synechococcus spp. Data column shows chl. a: chlorophyll a; 
p. prod.: primary production estimated by 1"C-uptake; cell nos: cell concentration; biomass: biomass as carbon from cell volume deter- 
mined microscopically. Su: summer; F: fall; W: winter; Sp: spring 

Area, cell size (pm) % Data Season Comments Source 

Subarctic Pacific 

Station P 
< 10 75 chl. a Su 50~ 145~ 
< 2 28 biomass Sp Su 

2-5 39 
Transition zone 

< 5 < 35 p. prod. W Sp Su F slope waters 

North Atlantic 

Celtic Sea 
< 1 20-30 p. prod. Su ('80) shelf waters 

l -5  35-40 
< 1 10-11 p. prod. Sp ('83-84) slope waters 

1-5 7-15 
Gulf of Maine 

< 3 70 chl. a Su shelf waters 
64-69 p. prod. 

N.-W. Atlantic 
< 3 84 cell nos Sp Su F oceanic 
< 0.8 75 

Subtropical Pacific 

Kuroshio 
< 4 9 biomass Su - 

Kuroshio, Oyashio 
Syn. 5-47 chl. a Su - 
< 3 42-77 

China Sea 
< 3 72-93 chl. a F neritic 

Off Hawaii 
< 3 80 chl. a F W neritic 
< 3 > 80 p. prod. 
< 3 50-85 chl. a W Sp Su F - 

North Pacific Gyre 
Syn. 45-80 p. prod. ? 35~ 128~ 

Subtropical Atlantic 
Gulf Stream 

< 3 82 chl, a Su ('83) warm-core ring 
< 3 61-79 p. prod, 

I -5  36 chL a Su ('84) warm-core ring 
< 5 72 p. prod. 

Tropical Pacific 

Costa Rica Dome 
< 1 20-70 chl. a Sp upwelling area 
< 1 20-75 p. prod. 

10~ 93~ 
< 1 50-90 chl. a Sp non-upwelling 
< 1 18-90 p. prod. 

Tropical Atlantic 

West of Azores 
< 1 40-50 chl. a Su chl. a max. only 
< 1 60 p. prod. 

Equatorial 
< 1 25 chl. a W Su nitrate-rich waters 
< 1 71 nitrate-deplete waters 
< 1 50 top ofnitrMine 

Eastern Tropical Atlantic 
< 1 8-67 chl. a F Sp - 

1-3 18-54 
< 1 8-60 p. prod. - 

1-3 12-18 

McAllister et al. (1960) and 
present study 

Anderson (1965) 

Joint and Pomroy (1983) 

Joint and Pomroy (1986) 

Glover et al. (1985b) 

Murphy and Haugen (1985) 

Furuya et al. (1986) 

Takahashi et al. (1985) 

Takahashi and Hori (1984) 

Takahashi and Bienfang (1983) 

Bienfang et al. (1984) 

Iturriaga and Mitchell (1986) 

Glover et al. (1985b) 

Glover et al. (1986a) 

Li et al. (1983) 

Platt et al. (1983) 

Herbland et al. (1985) 

Gieskes and Kraay (1986) 
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and Hori 1984, Murphy and Haugen 1985; Thinh and Grif- 
fiths, 1985). Coccoid cells similar to those observed in 1984 
(present study) were also present throughout the year in 
samples collected at Station P from January 1980 through 
March 1981 and analyzed using only SEM (Booth, unpub- 
lished data); they were the predominant organisms (in 
terms of carbon) in August and September 1980. 

On the days sampled during the present study, cells of 
Synechococcus spp. occurred throughout the water column, 
with maxima in the mixed layer well above the 1% light 
depth in May (except on 3 May when the maximum was at 
70 m close to the 1% light depth) and below the mixed 
depth close to the 1% light depth in August. A major con- 
clusion of the present study is that Synechococcus spp. can 
be abundant in the upper euphoric zone (a conclusion also 
reached by Joint and Pomroy 1986) as well as in deeper 
waters near the bottom of the euphotic zone (Glover et al. 
1985a). Especially in August (Fig. 4a-d) ,  it is also clear 
that some autotrophic eukaryotes of 2 to 5/~m are abun- 
dant even deeper than Synechococcus spp., as described by 
Glover et al. (1986 b). 

Photoautotrophic eukaryotes < 2 #m never contributed 
more than 34% (mean = 12% in May, 9% in August) to pi- 
coplankton biomass, and therefore made negligible contri- 
butions to total plant carbon at Station P in May and Au- 
gust 1984. Previous predictions of the importance of this 
group of plants were based on cell concentrations of 
5 X 105 cells 1-1 of Micromonas pusilla (Butch.) Manton 
and Parke in the North Sea (Knight-Jones and Walne 
1951) and 106 to 107 cells 1-1 of a non-motile prasiuophyte 
over the Grand Banks (Johnson and Sieburth 1982). 
Although similar concentrations were observed at Station P 
(maxima for eukaryotes < 2 ktm in both May and August 
were 5 x 106 cells 1-1), conversion of cell counts to biomass 
diminished their apparent importance. M. pusilla is hardy 
in culture (Knight-Jones and Walne, 1951); it is well pre- 
served in glutaraldehyde (Booth 1987). Yet in samples pre- 
pared as whole mounts at Station P in 1980, 1983 and 1984, 
and viewed using transmission electron microscopy (TEM), 
only eight specimens of M. pusilla were seen. Similarly, no 
scaled spheroids, 0.5 to h0 ktm, similar to those described 
by Johnson and Sieburth (1982) were seen. It may be that 
both these forms are more common in coastal than in oce- 
anic waters, as observed by Knight-Jones and Walne 
(1951) and Johnson and Sieburth (1982). In summary, the 
photoautotrophic eukaryotes smaller than 2 r in the sub- 
arctic Pacific could not be identified; they were not very 
important in terms of carbon in 1984 and, when abundant, 
occurred close to the 1% light depth. 

There is no evidence in the present data for a two-lay- 
ered system (i.e., differences between depths in species as- 
semblages) within the phytoplankton community. It is pos- 
sible that phytoplankton species occurred in distinct layers 
but that these layers were not apparent in the analysis of 
genera and size classes. Such layers, however, would be dif- 
ficult to observe given the difficulty of identifying species 
of oceanic nanoplankton. Layered systems have been de- 
scribed with species that can be identified using light mi- 

croscopy (e.g. Venrick 1982, Furuya and Marumo 1983). 
Furuya and Marumo also analyzed the nanoplankton com- 
munity (fragile cells only) using serial-dilution cultures. 
Although they concluded that the nanoplankton genera in 
the deep layer were different from those in surface waters, 
this conclusion seems to be based on insufficient evidence 
given the low cell counts. In conclusion, differences be- 
tween depths in the species assemblages ofpico- and nano- 
plankton forms (60% of oceanic phytoplankton biomass in 
this study) have not been demonstrated, and such demon- 
stration will be very difficult to achieve. 

In general in 1984 at Station P, flagellates dominated 
the 5 to 10 ~m size class, flagellates and dinoflagellates the 
10 to 20/~m size class, and diatoms the > 20 gm size class. 
In May, diatoms 5 to 10#m were co-dominant with the 
flagellates, whereas in August they were not. The diatoms 
in this group were dominated by one species, Nitzschia 
cylindroformis Hasle, a form observed so far only from the 
subarctic Pacific and often present in large numbers (Hasle 
and Booth 1984). 

In the 10 to 20gin size class, cryptomonads were co- 
dominant with dinoflagellates in August, but were less im- 
portant in May. Although cryptomonads can successfully 
utilize very low light levels (Stewart and Wetzel 1986), in 
August 1984 their maximum biomass was at the surface at 
Station P. Their biomass may have been underestimated in 
this study due to loss of fluorescence during collection (Ex- 
ton et al. 1983) or upon fixation (see Booth 1987). Because 
of their general fragility upon fixation with formalin 
(Booth 1987), the occurrence of cryptomonads in oceanic 
waters has probably been underestimated. A limited num- 
ber of cryptomonad species (those that are preserved in 
formalin) have been reported by Hasle (1959) from Antarc- 
tic waters and by Beers et al. (1975, 1982) from the Central 
Pacific. More species are reported from samples observed 
live (Throndsen 1976) or fixed in Lugol's (Taylor and 
Waters 1982) or glutaraldehyde (Booth et al. 1982). 

Small flagellates (including "monads") and non-thecate 
dinoflagellates comprised the major portion (45% and 24 to 
32%, respectively) of plant carbon in the North Pacific cen- 
tral gyre in June, 1973 (Beers et al. 1975) and larger por- 
tions in other seasons (Beers et al. 1982). It is difficult to 
compare these data with mine because both phototrophic 
and heterotrophic flagellates were included in the data 
from the central gyre and because cells of Synechoeoccus 
spp. were not enumerated, but it would appear that the 
phytoplankton community in the North Pacific central 
gyre may include more non-thecate dinoflagellates (see 
also Fryxell et al. 1979) than that of the subarctic Pacific. 

Because the present study is based on a new way of de- 
termining phytoplankton biomass, it is important to em- 
phasize the essential parts of the technique. The prep- 
aration of slides for epifluorescence was performed at sea, 
and fixed, not live, cells were filtered to minimize cell loss 
on contact with the filter. The cells were fixed over the fil- 
ter just before filtration to minimize loss to container walls 
and aggregation of cells resulting from mucus secretion 
(Booth et al. 1982). Stainless steel filter supports were faster 
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than sintered glass supports. A mercury light source pro- 
duced the intense beam necessary to maximize autofluor- 
escence after storage of  the slides (Booth 1987). 

The accuracy of  the biomass estimates based on EFM 
enumerations has been discussed elsewhere (Booth, 1987). 
One additional source of  error could be the factors used for 
conversion of  cell volume to cell carbon. Experimental de- 
terminations of  the carbon content of  Synechococcus spp. 
cells (0.40 pg C/~m-3:  Takahashi et al. 1985; 0.294 pg C 
celt 1 = 0 , 5 6 p g  C /~m -3 for cell 1/~m in diameter: 
Cuhel and Waterbury 1984) show larger values than would 
be expected from theoretical considerations (0.121 pg C 
/zm-3: Watson et al. 1977, Itturiaga and Mitchell 1986). I 
used the factor of  Cuhel and Waterbury because o f  its 
demonstrated reliability; very likely it overestimates Sy- 
nechococcus spp. biomass. For the porposes of  this paper 
such an overestimate only more strongly emphasizes the 
greater ecological importance o f  small photoautotrophic 
eukaryotes, 2 to 5/~m, relative to prokaryotic picoplankton. 

Conversions from volume to biomass for small cells are 
presently based on very few data: the smallest cell used in 
developing the Strathmann equations (1967) was 3.0/~m in 
diameter (Emiliania huxleyi). When these equations are ex- 
trapolated to cells < 3 / z m ,  the carbon:volume ratios in- 
crease rapidly (e.g. 4/~m, C:vol = 22%; 3 ~tm, 
C:vol = 24%; 2/~m, C:vol = 29%; 1 #m, C:vol = 38%). 
Therefore, for cells < 4 # m  (other than Synechocoecus spp. 
cells) I used a constant conversion factor of  C:vol -- 0.22 
which is the Strathmann ratio for a 4 p m  cell (suggested by 
F. Reid, personal communication,  also see Mullin et al. 
1966 and Borsheim and Bratbak 1987). There is now a real 
need for more extensive determinations of  the carbon con- 
tent of  phytoplankton cells, both eukaryotes and pro- 
karyotes, under 4/~m in diameter. 
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