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INTRODUCTION

The picophytoplankton (<2 µm) is composed of 3
groups, including the cyanoba cteria Prochlorococcus

spp. and Synechococcus spp. and small eukaryotic
algae. Together, they contribute substantially to both
phytoplankton biomass and production in marine
ecosystems. They are the dominant primary producers
in oligotrophic warm waters, where they may account
for up to 90% of the photosynthetic biomass and car-
bon production (e.g. Li et al. 1983, Campbell et al.
1994). Because their rapid growth rates are closely
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ABSTRACT: We studied picoplankton community structures in the subarctic Pacific Ocean and the
Bering Sea during summer 1999 using flow cytometric analysis. The picoplankton community in the
studied area was comprised of Synechococcus spp., eukaryotic ultraplankton and heterotrophic bac-
teria. Prochlorococcus spp. were not detected at any station. Abundances of Synechococcus and
eukaryotic ultraplankton were at approximately the same level of 103 to 104 cells ml–1 within the
upper euphotic layer in the subarctic gyres. An abundance of Synechococcus spp. higher than 5 ×
104 cells ml–1 was found at the surface to 40 m depth in the northern Gulf of Alaska, whereas low
Synechococcus spp. abundance (about 500 cells ml–1) was found in the upper euphotic layer in the
Bering Sea. Abundances of heterotrophic bacteria were about 2 orders of magnitude higher than
those of Synechococcus spp. and eukaryotic ultraplankton, with higher abundance generally occur-
ring in the area of high autotrophic biomass. Although Synechococcus spp. and eukaryotic ultra-
plankton occurred at comparable abundance, the latter contributed significantly more to photosyn-
thetic carbon biomass, except in the northern Gulf of Alaska, where the biomass of Synechococcus
spp. and eukaryotic ultraplankton were approximately equal. Cellular red fluorescence for Synecho-
coccus spp. and eukaryotic ultraplankton increased by an average 4- and 2-fold, respectively, from
the surface to the bottom of the euphotic layer, with the smallest increase occurring in the Bering Sea.
Both the red fluorescence and forward light scatter (FSC, related mainly to cell size) per cell varied
more than 2-fold spatially, with the highest value occurring in the Bering Sea. These variations were
probably caused by differences in physiological conditions and species compositions. Overall, pico-
phytoplankton was the dominant contributor to total autotrophic biomass in the subarctic North
Pacific, but contributed only a small fraction to total autotrophic biomass in the Bering Sea. The West-
ern Gyre (WG) and the Alaskan Gyre (AG) possess both similarities and differences in biogeochem-
ical processes and microbial food-web dynamics. The slightly higher phytoplankton biomass, photo-
synthetic efficiencies and growth rates in WG than AG suggests less severe iron limitation in the WG.
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matched by mortality losses due to grazing by micro-
zooplankton, they play an important role in nutrient
regeneration and cycling in the ocean.

During the last decade, a large number of studies
have been conducted on the geographical and vertical
distributions, as well as diel, seasonal and inter-annual
variations of Synechococcus spp. and Prochlorococcus
spp. in the world oceans (see review by Partensky et al.
1999). In contrast, there are few studies on the dynam-
ics of small eukaryotic algae. Several studies have
found that small eukaryotic algae are very important in
both biomass and carbon production in the world
oceans. For example, Li (1995) found that, although
Prochlorococcus spp. were the most abundant ultra-
phytoplankton (<5 µm, sensu Murphy & Haugen
1985), more than two-thirds of the ultraplankton bio-
mass and productivity could be attributed to eukary-
otic cells in the central North Atlantic. This is also true
for most parts of the Arabian Sea (Campbell et al.
1998). However, few studies have been carried out
in high-latitude regions such as the subartcic Pacific
Ocean.

Heterotrophic bacterioplankton plays an important
role in elemental cycling and trophic dynamics in the
sea (Azam et al. 1983). Studies suggest that bacteria
can consume about 50% of oceanic primary production
daily (see review by Ducklow & Carlson 1992). On the
other hand, bacteria are consumed by heterotrophic
flagellates and small ciliates (Fenchel 1984, Sherr &
Sherr 1987). Previous study revealed that bacterial
biomass was about equal to phytoplankton biomass in
the subarctic Pacific, but that bacteria consumed only
10 to 24% of primary production in the euphotic zone
due to low bacterial growth rates (Kirchman et al. 1993).

The 2 gyre systems in the subarctic Pacific Ocean,
the Alaskan Gyre (AG) in the east and the Western
Gyre (WG) in the west, display distinctive differences
in oceanographic and biogeochemical processes as
well as microbial food-web dynamics. A comparative
review of the factors controlling phytoplankton pro-
ductivity in AG and WG has recently been conducted
by Harrison et al. (1999). Despite the extensive studies
on the community dynamics of picophytoplankton in
the past few decades, their composition and distribu-
tion in the vast subarctic North Pacific, especially the
WG, remain unstudied.

The AG is 1 of the 3 so-called high nutrient-low
chlorophyll (HNLC) regions, where high levels of the
major phytoplankton nutrients persist throughout the
year but where substantial phytoplankton blooms are
not observed (Miller et al. 1991). Chlorophyll a con-
centration in the euphotic zone is low (~0.4 mg m–3)
throughout the year (e.g. Wong et al. 1995), and phyto-
plankton biomass and primary production are domi-
nated by pico- and nanophytoplankton (Booth 1988,

Booth et al. 1993, Welschmeyer et al. 1993, Boyd et al.
1995a,b). There have been fewer studies of the WG.
Phytoplankton blooms have been reported to occur in
late spring and early summer, but mostly along the
boundary of the gyre (e.g. Odate 1988-1989). During
other periods, the WG has a higher chlorophyll a con-
centration but comparable primary production to the
AG, indicating a lower chlorophyll-specific productiv-
ity (Shiomoto et al. 1998). Chlorophyll biomass in the
WG is also dominated by small-sized cells (Odate
1996), although the composition of the picophyto-
plankton community has never been characterized.
Here we report the first flow-cytometric study of pico-
plankton community structure in the subarctic North
Pacific during a cross-basin investigation in summer
1999.

MATERIALS AND METHODS

Samples were collected at 15 stations in the subarc-
tic North Pacific and Bering Sea during Cruise KH99-3
aboard the RV ‘Hakuho Maru’ in the early summer
(June 25 to July 22) of 1999 (Fig. 1). The stations oc-
cupied during the cruise included the Japan JGOFS
time-series station KNOT (Stn 1 in our study: 44° N,
155° E) and the Canadian ocean time-series station P
(Stn 13 in our study: 50° N, 145° W). Seawater was
collected from 8 depths within the upper 100 m water
column using Niskin bottles attached to a CTD rosette
system. Sub-samples (1 ml) were preserved with
paraformaldehyde (0.2% final concentration), snap-
frozen in liquid nitrogen, and stored at –80°C until
analysis (Vaulot et al. 1989).

A FACSCalibur flow cytometer equipped with a
15 mW laser exciting at 488 nm and the standard filter
setup was used to enumerate the picoplankton. Sam-
ples were injected by an online infusion system with a
controlled flow rate between 20 and 45 µl min–1 to
keep the counting rate relatively constant. The analyt-
ical volume was determined by the rate and time of
injection for each sample. At least 10 000 events
were counted for each sample. Forward and right
angle light scatters (FSC and SSC) and green (515 to
545 nm), orange (564 to 606 nm) and red (>650 nm)
fluorescence were collected, saved, and analyzed
with CYTOWIN software (Vaulot 1989). All signals
were normalized to that of 0.5 µm Fluoresbrite YG
beads (Polysciences) that were added to each sample.
Two major groups of picophytoplankton, Synecho-
coccus spp. and eukaryotic ultraplankton, were distin-
guished based on their autofluorescence properties
(Fig. 2). Synechococcus spp. were distinguishable from
the eukaryotic ultraplankton primarily by their strong
orange fluorescence from phycoerythrin. In this paper,
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we use the term ‘eukaryotic ultraplankton’ for the
population of small eukaryotes, which displays a
highly variable size distribution, reflecting the taxo-
nomic and morphological diversity of its component
species. Most of these cells have equivalent spherical
diameters around 1.2 and 2 µm (Shalapyonok et al.
2001), but a small number of cells in the sizerange of
nanoplankton was also included. Heterotrophic bacte-
ria were enumerated in a separate subsample stained
with the nucleic acid stain SYBR Green I (Marie et al.
1997). Working stocks of SYBR Green I (10–3 of the
commercial solution) were freshly prepared on the
day of analysis: 10% of the SYBR Green I working
stock (vol:vol) was added to the samples, which were
stored in the dark at room temperature for 30 min
before analysis.

Hydrographic and nutrient data were obtained from
the cruise report (Ocean Research Institute, University
of Tokyo). Chlorophyll a concentrations were mea-
sured fluorometrically by filtering 200 ml seawater
onto 25 mm Whatman GF/F glass-fiber filters, extract-
ing in 6 ml of DMF for 24 h at –20°C, and then analyz-
ing with a Turner Design fluorometer (Suzuki &
Ishimaru 1990).

In the literature, various carbon conversion factors
have been derived by different approaches and
employed for different geographic regions, but we
found no reports of direct measurements of cell sizes
and carbon content for picoplankton in the subarctic
Pacific. We chose the factors 11, 175 and 1500 fgC
cell–1 for heterotrophic bacteria (Garrison et al. 2000),
Synechococcus spp. (Veldhuis et al. 1997) and eukary-
otic ultraplankton (Zubkov et al. 1998), respectively.
The bacterial carbon content of 11 fgC cell–1 we
adopted is based on bacteria size measurements from
the Arabian Sea (Ducklow et al. 2001) and a carbon per

volume factor of 380 fgC µm–3 (Lee &
Fuhrman 1987). This value is very close
to the bacterial carbon content directly
determined in various oceanic regions
(12.4 ± 6.3 fgC cell–1; mean ± SD)
(Fukuda et al. 1998). Conversion fac-
tors for Synechococcus spp. in recent
studies vary between 103 fgC cell–1

(Zubkov et al. 1998) and 400 fgC cell–1

(Burkhill et al. 1993). Our conversion
factor is consistent with those used
in other recent JGOFS studies (i.e.
Campbell et al. 1998, Brown et al.
1999). It is very difficult to obtain a
conversion factor for eukaryotic ultra-
plankton without accurate measure-
ments of cell size, since this plankton
category is made up of many taxa and
its composition varies spatially and

temporally. We based our value of 1500 fgC cell–1 on
cell size measurements of samples collected along a
meridional transect in the Atlantic Ocean (Zubkov et
al. 1998) and a carbon density factor of 0.22 pg C µm–3

(Booth 1988). This latter value is intermediate among
many others and is similar to recent estimates for the
equatorial Pacific Ocean (Blanchot et al. 2001).

RESULTS

Hydrographic data

The sea surface temperature at Stn 1 was 6.8°C, de-
creasing to around 6°C toward the Bering Sea; it then
increased gradually to 10.5°C at the last station
(Stn 14) (Table 1). The mixed-layer depth was shallow
throughout the surveyed area, occurring at 20 m in the
WG and increasing slightly to 30–40 m in the AG.
Concentrations of macronutrients were high along the
cruise track, with few exceptions (Table 1). Nitrate
concentration was below the detection limit within the
upper 20 m at Stn 7b, the only shallow water station on
the continental shelf of Alaska, where silicate concen-
tration was also low (1.5 µM). Lower nitrate concentra-
tions (<0.5 µM) also occurred at Stns 8 and 10 along
the Aleutian Trench. A near-zero (0.02 µM) silicate
concentration was found at Stn 5 in the Bering Sea,
indicating that a diatom bloom could have occurred
earlier in this region.

Chlorophyll a concentrations were generally below
1 mg m–3 in both the WG and the AG, but generally
higher than 1 mg m–3 in the Bering Sea (Table 1). A
very high chlorophyll a concentration (3.75 mg m–3)
was measured in the surface water at Stn 10, where
both nitrate and silicate concentrations were low (0.5

3

Fig. 1. Station locations on RV ‘Hakuho Maru’ Cruise KH99-3. KNOT: Japan 
JGOFS time-series station; P: Canadian Ocean time-series station
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and 1.35 µM, respectively), suggesting that the high
chlorophyll a concentration resulted from a diatom
bloom. A study of the chemotaxonomic pigments
showed that diatoms accounted for more than 50% of
the total chlorophyll a concentration at Stn 10 (Suzuki
et al. 2002).

Picoplankton distribution

Flow-cytometry analysis revealed that the pico-
plankton community in the studied area was com-
prised of Synechococcus spp., eukaryotic ultraplank-
ton and heterotrophic bacteria. Prochlorococcus spp.
were not detected at any station. At Stn KNOT, abun-
dances of Synechococcus spp. were about 104 cells
ml–1 in the upper 40 m of the water column, decreasing
to less than 103 cells ml–1 below 60 m (Stn 1 in Fig. 3).
Eukaryotic ultraplankton abundances were approxi-
mately twice that of Synechococcus spp., with a similar
depthwise distribution. This trend was also observed at
Stn 2. Further north (Stn 3), the abundance of eukary-
otic ultraplankton remained high whereas that of
Synechococcus spp. decreased. Abundances of Syne-
chococcus spp. and eukaryotic ultraplankton were
low in the southern Bering Sea (Stns 4 to 6). We
observed the highest eukaryotic ultraplankton density
(4 × 104 cells ml–1 at 20 m) at Stn 7a on the continental
slope of the SE Bering Sea. A subsurface maximum
of Synechococcus spp. with abundances attaining 6 to
8 × 104 cells ml–1 was observed in the northern AG
(Stns 9, 11 and 12). Stn P was characterized by low
abundances (<103 cells ml–1) and deeper distributions
of both populations.

Counts of heterotrophic bacteria were about 2 orders
of magnitude higher than those of Synechococcus spp.
and eukaryotic ultraplankton, with higher abundance
generally occurring in the area of high autotrophic bio-
mass (Fig. 4). Maximum bacterial abundance usually
occurred either at the surface or between 20 and 50 m
depths. Bacterial abundance at 100 m depth remained
high at 4 to 5 × 104 cells ml–1 throughout the cruise.

Although some of the stations were not located in
either gyre system, we nevertheless divided all stations
into 3 geographic groups, i.e. the WG (Stns 1 to 3),
Bering Sea (Stns 4 to 7b) and AG (Stns 8 to 14), for

comparison. The average depth-integrated abundance
of Synechococcus spp. was highest in the AG and low-
est in the southern Bering Sea (Table 2). Abundances
of eukaryotic ultraplankton and heterotrophic bacteria
were less variable among the 3 regions, with higher
abundances in the WG.

Biomass estimates

Although Synechococcus spp. and eukaryotic ultra-
plankton displayed comparable abundances, the latter
contributed significantly more to photosynthetic car-
bon biomass, except at Stns 11 and 12 in the northern
Gulf of Alaska, where the biomass of Synechococcus
spp. and of eukaryotic ultraplankton were approxima-
tely equal (Fig. 4b). Synechococcus spp. biomass was
especially low in the Bering Sea. The ratios of Syne-
chococcus spp. to eukaryotic ultraplankton in terms of
carbon biomass were 1:13 for the WG, 1:21 for the
southern Bering Sea, and 1:2.8 for the AG (Table 2).

Bacterial biomass was less variable than that of
Synechococcus spp. or eukaryotic ultraplankton
throughout the surveyed area and was comparable to
the biomass of autotrophic picoplankton, except in the

5

Fig. 2. Examples of flow cytometry cytograms. Data of samples taken from 20 m at Stn KNOT (a,b,c) on June 28 and Stn P (d,e,f)
on July 17, 1999. (a,d) Red (chlorophyll-derived) fluorescence vs orange (phycobiliprotein-derived) fluorescence of unstained
samples; Synechococcus spp. are easily distinguishable from eukaryotic ultraplankton by their strong orange fluorescence.
(b,e) Red fluorescence vs side scatter (SSC) of unstained samples; Synechococcus spp. (red dots) and eukaryotic ultraplankton
(green dots) populations are mainly overlapping in the Stn KNOT sample. (c,f) Green fluorescence vs SSC signals for a SYBR 

Green I-stained sample. Autotrophic picoplankton cells are not shown because or their much lower abundances

Table 1. Hydrographic data, nutrient and chlorophyll a con-
centrations of the surface water at each station during the 

survey

Stn Temperature Salinity NO3 SiO2 Chl a
(°C) (‰) (µM) (µM) (mg m–3)

1 6.8 32.84 9.8 1.7 0.38
2 5.8 32.89 21.6 40.1 0.55
3 6.1 32.71 12.9 18.5 0.43
4 6.3 33.12 19.1 26.9 1.86
5 6.4 33.04 11.2 0.02 1.40
6 7.0 32.04 14.7 21.7 0.52
7a 7.9 32.88 3.0 13.9 1.02
7b 8.0 32.04 0.0 1.5 0.30
8 9.1 32.63 0.4 19.8 0.56
9 9.5 32.75 8.0 6.6 0.47
10 9.9 32.38 0.5 1.4 3.75
11 9.5 32.90 15.3 19.6 0.45
12 10.1 32.77 10.7 16.3 0.37
13 10.1 32.74 11.1 17.8 0.28
14 10.5 32.69 7.2 9.7 0.40
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WG, where the biomass of heterotrophic bacteria was
lower than that of picophytoplankton (Fig. 4b). Depth-
integrated (0 to 100 m) total picoplankton biomass was
estimated at 2533 mg C m–2 (62.5% autotrophic) for the
WG, 1575 mg C m–2 (51.4% autotrophic) for the south-
ern Bering Sea, and 1899 mg C m–2 (52.1%
autotrophic) for the AG.

Cellular characteristics of Synechococcus spp.
and eukaryotic ultraplankton

Cellular red fluorescence and FSC per cell increased
with increasing depth for Synechococcus spp. and
eukaryotic ultraplankton (Fig. 5). The average cellular
red fluorescence increased by a factor of 4 and 2 for

Synechococcus spp. and eukaryotic ultraplankton,
respectively, from the surface to the bottom of the
euphotic layer. At the same time, the FSC per cell
increased only slightly for Synechococcus spp. and
nearly doubled for eukaryotic ultraplankton (Fig. 5).
The standard deviations for both parameters increased
with increasing depth, suggesting higher variability in
the deeper euphotic layer.

Geographically, both parameters fluctuated 2- to 3-
fold along the transect (Fig. 6). The highest red fluores-
cence and FSC per cell for Synechococcus spp. and
eukaryotic ultraplankton occurred in the Bering Sea.
The 2 parameters co-varied over most of the surveyed
area, with a few exceptions; e.g. while the FSC re-
mained high, the red fluorescence of Synechococcus
spp. was very low at Stn 7b, where nitrate concen-
tration was undetectable. At the same station, the red
fluorescence and FSC of eukaryotic ultraplankton
were also the lowest among all stations.

DISCUSSION

Importance of picoplankton in nutrient-rich 
cold waters

Our results demonstrate that small eukaryotes are
the dominant contributor to pico-autotrophic biomass
in the subarctic North Pacific and the southern Bering
Sea. Prochlorococcus spp. were not detected at any
station. Although it has been reported to occur as far
north as 60° N in the North Atlantic (Buck et al. 1996),
its distribution in the North Pacific appears to be
limited to the south of 45° N. We believe that the

7

Fig. 3. Vertical profiles of Synechococcus and eukaryotic ultraplankton abundances at each station in the subarctic Pacific 
during summer 1999

Table 2. Picoplankton abundance (107 cells cm–2) and bio-
mass (mgC m–2) for 3 geographic regions. WG: western gyre; 

SBS: southern Bering Sea; AG: Alaskan gyre

Species WG SBS AG

Abundance
Synechococcus spp. (Syn) 6.28 2.06 14.98
Eukaryotic ultraplankton (Euk) 9.81 5.15 4.85
Heterotrophic bacteria 865 696 827
Syn:Euk 1:1.6 1:2.5 1:0.3

Carbon biomass
Synechococcus spp. (Syn) 109.9 36.2 262.1
Eukaryotic ultraplankton (Euk) 1472.1 773.1 727.5
Heterotrophic bacteria 951.2 765.1 710.0
Syn:Euk 1:13.4 1:21.4 1:2.8

Fig. 4. Depth-integrated (0 to 100 m) abundances (a) and
carbon biomass (b) of Synechococcus spp., eukaryotic ultra-
plankton and heterotrophic bacteria along a transect from
western to eastern subarctic Pacific during summer 1999
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absence of Prochlorococcus spp. in the subarctic North
Pacific water north of 45° N is related to the lower sea
surface temperature and salinity in the North Pacific
than in the North Atlantic (see also Partensky et al.
1999). In contrast to Prochlorococcus, Synechococcus
spp. occurred at all stations and bloomed in the north-
ern Gulf of Alaska. However, its contribution to photo-
synthetic biomass remained small compared to that of
the eukaryotic ultraplankton. This observation is in
agreement with previous studies (i.e. Boyd & Harrison
1999, Obayashi et al. 2001).

The fact that eukaryotic ultraplankton were more
important than Synechococcus spp. in terms of carbon
biomass is explained by the higher carbon per cell
value of eukaryotic ultraplankton compared to Syne-
chococcus. As pointed out earlier (‘Materials and
methods’), the carbon per cell value of 175 fgC cell–1

for Synechococcus spp. is roughly intermediate among

numerous estimates in the literature, and is supported
by recent studies (see also Liu et al. 1999). Estimating
carbon biomass for eukaryotic ultraplankton from a
single conversion factor is more arbitrary due to the
heterogeneousness of this group. Nevertheless, data
from different oceanic regions have all revealed a
larger cell size and carbon content of eukaryotic ultra-
plankton than of Synechococcus. The carbon content
of broadly defined picoeukaryotes (i.e. including cells
>2 µm) based on direct cell-size measurements ranges
from 975 to 2500 fgC cell–1 (Campbell et al. 1994,
Reckermann & Veldhuis 1997, Zubkov et al. 1998,
Blanchot et al. 2001). Our conclusions regarding the
relative contributions of Synechococcus spp. and
eukaryotic ultraplankton to total autotrophic pico-
planktonic biomass remain unaffected even when the
lowest reported carbon per cell value for eukaryotic
ultraplankton is applied.

8

Fig. 5. Depth profiles of red fluorescence and forward light scatter (FSC) per cell for Synechococcus spp. (a,b) and eukaryotic
ultraplankton (c,d) in the subarctic Pacific during summer 1999. Open squares show the mean of all profiles and error bars the 

standard deviations
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With no direct measurement of the carbon content
of large algae available, we used an approximate
C:chlorophyll a (C:chl) ratio of 50 (mean calculated
from the SUbarctic Pacific Ecosystem Research
[SUPER] data base; see also Booth et al. 1993, Boyd
& Harrison 1999) to calculate the total phytoplankton
carbon biomass from chlorophyll a. We realize the
limitations of this approach, since field measurements
and modelling studies have indicated large temporal
and spatial variations in the C:chl ratio (e.g. Booth et al.
1993, Buck et al. 1996, Taylor et al. 1997). Nevertheless,
the relative contribution of picophytoplankton to total
autotrophic biomass estimated by this approach was
in agreement with other independent estimates such
as the size-fractionated chlorophyll measurements
(I. Kudo pers. comm.) and chemotaxonomic composi-
tion revealed by HPLC pigment analysis (Suzuki et
al. 2002). For example, on the same cruise, size-
fractionated chlorophyll a measurements revealed that
72, 30 and 35% of the chlorophyll a at 5 m at Stns 1, 5
and 13 was from the <2 µm fraction. For these stations,
our results indicate that picophytoplankton accounted
for 71, 8 and 45% of the total photosynthetic biomass,
respectively. The lower picophytoplankton biomass
estimated from the flow cytometry data for Stn 5 may
indicate that the carbon per cell value used in our study
is too small for the populations in the Bering Sea. The
average size of the eukaryotic ultraplankton at Stn 5
was about twice as large as those at Stns 1 and 13 (see
following discussion and Table 3).

Based on the above estimates, we conclude that
picophytoplankton was an important contributor to

9

Table 3. Vertical variations in cellular red (chlorophyll) fluorescence and forward light scatter (FSC) for Synechococcus and
eukaryotic ultraplankton at 3 stations representing the western gyre (Stn 1), the southern Bering Sea (Stn 5) and the Alaskan gyre
(Stn 13). All signals were normalized to 0.5 µm beads (see ‘Materials and methods’). The depths for the ‘deep’ population were
the depths where maximal cellular red fluorescence was observed, except for eukaryotic ultraplankton at Stn 5, for which the
depth of maximal FSC was chosen because the cellular red fluorescence decreased with increasing depth. Cell volumes were 

calculated from FSC using the empirical formula of Binder et al. (1996)

Depth Synechococcus Eukaryotic ultraplankton
Stn 1 Stn 5 Stn 13 Stn 1 Stn 5 Stn 13

Red fluorescence
Surface 4.79 6.87 3.98 13.98 24.72 12.72
Deepa 25.35 17.83 32.44 35.72 19.91 31.57
Deep:surface 6.05 2.60 8.15 2.56 0.81 2.48

FSC
Surface 1.23 1.76 1.18 3.23 8.03 3.96
Deepa 1.56 2.29 1.36 3.61 20.23 3.74
Deep:surface 1.28 1.30 1.15 1.12 2.52 0.94

Change in cell volume
Deep:surface 1.15 1.16 1.08 1.06 1.67 0.97

Change in C:chl ratio
Deep:surface 5.26 2.24 7.55 2.40 0.48 2.56

a60, 50 and 100 m for Synechococcus spp. and 70, 60 and 100 m for eukaryotic ultraplankton at Stns 1, 5, 13, respectively

Fig. 6. Cellular red fluorescence and FSC in surface popula-
tions of (a) Synechococcus and (b) eukaryotic ultraplankton
along a transect from the western to the eastern subarctic 

Pacific during summer 1999
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photosynthetic biomass in both gyres of the subarctic
North Pacific Ocean, accounting for about 50% or
more of the total phytoplankton carbon (Fig. 7). There
was one exception at Stn 10, where very high chloro-
phyll a (up to 4 mg m–3) resulted from a diatom bloom
(Suzuki et al. 2002), thereby lowering the contribution
of picophytoplankton to the total photosynthetic
carbon. This diatom bloom probably resulted from a
greater supply of iron arising from the proximity of this
station to land. The iron concentration in the surface
water of this station was rather high (0.92 nM; data
courtesy of Dr. H. Obata).

In general, the Bering Sea had a higher phytoplank-
ton standing stock and a lower picophytoplankton
stock during early summer. HPLC pigment analysis
revealed that diatoms accounted for more than half of
the total chlorophyll a in the Bering Sea during our
study (Suzuki et al. 2002). The proportion of picoplank-

ton contribution was inversely weakly correlated to
total phytoplankton biomass (Fig. 7b). This is in agree-
ment with the general pattern observed by Agawin et
al. (2000), who compiled 38 published reports from dif-
ferent oceanic and coastal waters. Among these re-
ports, however, only 1 study, in the subarctic North
Pacific and Bering Sea (Shiomoto et al. 1997), mea-
sured size-fractionated chlorophyll a concentration and
primary productivity.

Phytoplanktonic and bacterial biomass

The bacterial abundances measured in the present
study (0.6 to 1.5 × 106 cells ml–1 in the surface waters)
were higher than those in the subtropical North Pacific
(0.25 to 0.55 × 106 cells ml–1; Campbell et al. 1994), but
within the range observed in the Atlantic Ocean
between 50 and 61° N during summer (Buck et al.
1996). Our bacterial abundance data are reasonably
comparable to counts derived from epifluorescence
microscopy using the procedure of Porter & Feig
(1980). Integrated bacterial abundance in the upper
100 m water column at Stns 1, 5 and 13 was 6.48, 8.51
and 8.71 × 109 cells cm–2 using flow-cytometry analysis,
and 5.39, 6.42 and 9.30 × 109 cells cm–2 using epi-
fluorescence microscopy counting (data courtesy of
N. Yamada and E. Tanoue), respectively.

Bacterial biomass was lower than phytoplankton bio-
mass in the subarctic North Pacific and the Bering Sea
in our study. The average bacterial biomass was 27%
(range 15 to 49%) of the sum of bacterial and phyto-
plankton biomass integrated through 100 m. Some
previous studies have reported significantly higher
bacterial biomass than phytoplankton biomass in the
open ocean (e.g. Fuhrman et al. 1989, Cho & Azam
1990). However, in these previous studies, bacterial
biomass may have been overestimated by epifluores-
cence microscopy cell counts, particularly for the oligo-
trophic open ocean, where photosynthetic Prochloro-
coccus spp. comprise a considerable percentage of the
total bacteria, from which they cannot be separated by
epifluorescence microscopy (Campbell et al. 1994). It
should be noted that we applied a smaller conversion
factor to convert bacterial cell abundance to carbon
biomass in this study. Bacterial biomass during the
period of our study would be almost equal to phyto-
plankton biomass were we to use the same conversion
factor (20 fgC cell–1; Lee & Fuhrman 1987) as that used
by Kirchman et al. (1993), who reported bacterial bio-
mass to be roughly equal to phytoplankton biomass.

Furthermore, flow cytometry counting of picophyto-
plankton and bacterial abundance below 100 m at 2
stations (Stns 1 and 13) revealed that bacterial abun-
dance between 100 and 200 m averaged 30% of that in
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Fig. 7. (a) Total phytoplankton carbon biomass and percent-
age contribution by picophytoplankton at each station along a
transect from the western to the eastern subarctic Pacific dur-
ing summer 1999; (b) plot of picophytoplankton contributions
against total autotrophic biomass, line is exponential curve 

(r = 0.65)
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the upper 100 m water column. In contrast, there were
virtually no phytoplankton cells below 100 m. There-
fore, bacterial biomass surpassed phytoplankton bio-
mass in the upper 200 m water column in the AG and
southern Bering Sea, but was slightly less than the
phytoplankton biomass in the WG during our study.
The high bacterial biomass but low bacterial produc-
tion in the subarctic North Pacific has been attributed
to a low bacteria growth rate that is probably due to
low temperature and low DOM concentration (Kirch-
man et al. 1993).

Physiological variability or picoplankton diversity?

The FSC signal of a particle is a function of its size
and, to a lesser extent, of its refractive index and shape
(Ackelson & Spinrad 1988). We used the approach
described in Binder et al. (1996) to calculate the cell
volume from FSC signals based on the relationship
FSC∝(cell volume)β, where β is a constant specific for
the cell type in question (Morel 1991). We used a β
value of 1.80 determined empirically for Synechococ-
cus spp. by DuRand (1995) for both Synechococcus
spp. and eukaryotic ultraplankton. Extension of this
value to eukaryotic ultraplankton is validated by the
similar β value calculated for Prochlorococcus, Syne-
chococcus spp. and eukaryotic ultraplankton in the
equatorial Pacific (Binder et al. 1996, Blanchot et al.
1997, 2001). Nevertheless, we shall only discuss the
relative change of these parameters instead of their
absolute values, because the estimated cell size for
both Synechococcus spp. and eukaryotic ultraplankton
in this study is significantly smaller than that estimated
by Blanchot et al. (2001) for living cells in the equator-
ial Pacific. The unreasonably small cell size is almost
certainly a result of cell shrinkage caused by sample
preservation and storage.

One of the reasons for the increased variability in
cellular red fluorescence and FSC in the deeper layers
(Fig. 5) was the apparent existence of several vertical
variation patterns of these parameters. While in most
cases both parameters increased with depth, 1 or both
remained relatively unchanged or even decreased
with depth at some locations. Using Stns 1, 5 and 13 to
represent the 3 sub-regions of our study, the WG,
Bering Sea and AG, some differences in cellular prop-
erties and variation patterns among different regions
are apparent. Table 3 shows that both Synechococcus
spp. and eukaryotic ultraplankton cells in the Bering
Sea have a much higher red fluorescence and FSC,
and hence are larger and contain more chlorophyll a,
than cells in the subarctic North Pacific gyres. Changes
in cellular red fluorescence and FSC in Prochloro-
coccus spp. have been interpreted as reflecting shifts

among different strains as well as physiological shifts
within a given species (Campbell & Vaulot 1993,
Moore et al. 1995). Liu et al. (1999) reported that red
fluorescence and FSC in a given Synechococcus spp.
strain changed dramatically under different nutrient
conditions and growth rates. It is likely that there were
different species of Synechococcus spp. and eukary-
otic ultraplankton living in different regions of the
study area. This is particularly true for eukaryotic
ultraplankton because they are composed of many
taxonomic groups of small eukaryotic algae.

The red fluorescence per cell increased in general
with increasing depth as expected, reflecting the in-
crease in cellular chlorophyll a content at low light
intensities. However, the cellular red fluorescence of
eukaryotic ultraplankton at Stn 5 in the Bering Sea
actually decreased with depth (Table 3). This, together
with the large increase in FSC per cell, clearly indi-
cates a shift from small but high chlorophyll-contain-
ing species at the surface to large but less chlorophyll-
containing cells, perhaps some types of mixotroph, in
the deep euphotic layer. Assuming that red fluores-
cence is proportional to chlorophyll a content and
carbon content is proportional to cell volume, the
C:chlorophyll ratio for Synechococcus spp. changed 2-
to 8-fold between the surface and the bottom of the
euphotic layer. The C:chlorophyll ratio of eukaryotic
ultraplankton increased more than 2-fold at 2 stations
in the subarctic gyres, but decreased by about 50% at
Stn 5 in the Bering Sea from the surface to the deep
euphotic layer (Table 3). It should be pointed out that
comparison of red fluorescence and FSC per cell be-
tween different taxonomic groups has to be made with
some caution (Sosik et al. 1989, Morel 1991).

The vertical variability in chlorophyll fluorescence
for Synechococcus spp. and eukaryotic ultraplankton
observed in the subarctic North Pacific and the Bering
Sea was very small compared to that observed in trop-
ical and subtropical waters. For instance, Campbell
& Vaulot (1993) reported a 25- to 40-fold change in
chlorophyll fluorescence for Synechococcus spp. and
an up to 7-fold increase for eukaryotic ultraplankton
from the surface to below the deep chlorophyll maxi-
mum layer in the oligotrophic subtropical North Pacific
Gyre. The very low chlorophyll fluorescence from the
surface populations in oligotrophic warm waters prob-
ably results from extremely low nutrient concentra-
tions, high water temperature and high surface irradi-
ance. Smaller cells have greater potential for photo-
damage from both photosynthetically active radiation
and UV-B because of their smaller package effect
(Raven 1998). We observed higher vertical variation in
cellular chlorophyll fluorescence in the subarctic North
Pacific than in the Bering Sea. Whether this difference
is due to differences in temperature and radiation, or is
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a result of differences in cell size or species composi-
tion, requires further study.

Comparison between the WG and AG

The eastern part of the subarctic North Pacific, the
AG, is a high nutrient-low chlorophyll (HNLC) region
where high concentrations of essential nutrients, NO3,
PO4, and SiO2, persist year-round. The lack of phyto-
plankton blooms in the HNLC regions has been attrib-
uted to limitation through iron deficiency (Martin &
Fitzwater 1988) and microzooplankton grazing (Miller
et al. 1991). Fe limitation favors the growth of small
cells, thus allowing increased grazing by microzoo-
plankton. Grazing efficiently recycles nitrogen as
NH4

+, which strongly inhibits the uptake of NO3
–

(Varela & Harrison 1999), leaving the system persis-
tently rich in major nutrients (Miller et al. 1991).

There is a general perception that a phytoplankton
spring bloom occurs in the WG, but most previous
reported blooms were in the boundary area either in
the front between the Oyashio and Kuroshio ex-
tensions (Parsons & Anderson 1970, Odate & Maita
1988-1989), or along the Kurile Islands (Taguchi et al.
1992). Chlorophyll a concentration and primary pro-
duction in most parts of the gyre remain low through-

out the year (e.g. Parsons & Anderson 1970, Saino et
al. 1979, Odate 1996, Shiomoto et al. 1998), although
the lack of time-series observations in the WG hinders
a comprehensive analysis of the phytoplankton annual
cycle and its control mechanisms. Based on limited
information, it appears that phytoplankton productiv-
ity in the WG is also Fe-limited (see Harrison et al.
1999). During our survey, the 2 gyres exhibited some
similarities and differences in biogeochemical charac-
teristics (Table 4). Concentrations of major nutrients
were similar, but Stn P had higher silicate concentra-
tions than Stn KNOT. Both stations had low chlorophyll
a concentrations and picoplankton-dominated phyto-
plankton communities. Picoplankton mainly take up
ammonium produced by micrograzers; this reduces
their iron requirements, since no iron is required to
assimilate ammonium into amino acids. The lower
phytoplankton biomass, growth rate and productivity
at Stn P are most likely a result of a more severe iron
limitation there than that at Stn KNOT. The following
evidence supports this conclusion: (1) The iron concen-
tration at Stn P was totally depleted throughout the
euphotic layer, but remained at around 0.05 nM in the
surface waters at Stn KNOT (Table 4 and H. Obata
pers. comm.). (2) The physiological status of phyto-
plankton cells was healthier at Stn KNOT. Studies
using the active fluorescence technique, which mea-
sures the quantum efficiencies (Fv/Fm, variable/maxi-
mum fluorescence) and functional absorption cross-
sections of Phytosystem II (σPSII), have shown that Fe
limitation leads to suboptimal values of Fv/Fm and thus
reduces photosynthesis (Behrenfeld et al. 1996). Daily
maximum and minimum values of Fv/Fm measured by a
fast repetition-rate fluorometer (FRRF) at Stn KNOT
were 1.25 and 2 times higher than those at Stn P
(Suzuki et al. 2000). (3) Phytoplankton growth and
microzooplankton grazing rates measured with dilu-
tion experiments were higher at Stn KNOT than at
Stn P (Liu et al. 2001).
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