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INTRODUCTION

Marine picophytoplankton (<2 to 3 µm in diameter)
play a very important role in the planktonic community,
especially in oligo- and mesotrophic regions of the ocean
where they make a large contribution to carbon produc-
tion, biomass and energy transfer (Stockner 1988).
Picoplankton includes cyanobacteria of the genera
Synechococcus (Waterbury et al. 1979) and Prochloro-
coccus (Chisholm et al. 1988), eukaryotes of diverse taxa
(e.g. Moon-van der Staay et al. 2001) and bacterioplank-
ton, which include both Bacteria and Archaea (Giovan-

noni & Rappé 2000) that do not carry out oxygenic
photosynthesis. Bacterioplankton abundance and chlo-
rophyll a (chl a) concentration are linearly related across
different aquatic ecosystems (Gasol & Duarte 2000),
through a positive or negative slope, indicating a bottom-
up or top-down control on bacteria, respectively (Li et al.
2004). Such interactions between autotrophic and
heterotrophic picoplanktonic organisms strongly influ-
ence the fate of biogenic carbon in the open ocean. It is
therefore important to characterise this small size
fraction of the microbial plankton under different
oceanographic, biogeochemical and trophic conditions.
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ABSTRACT: The distribution of picoplankton (<2 to 3 µm in diameter) was determined on a transect
across the eastern South Pacific Ocean from south of Tahiti to the coast of Chile along 32.5°S latitude
during the early austral spring. The abundance of Synechococcus, picophytoeukaryotes and bac-
terioplankton increased from oligo- to eutrophic conditions, while that of Prochlorococcus decreased
according to nutrient availability and hydrographic characteristics. Bacterioplankton dominated
across the transect (>75% total picoplanktonic abundance). As expected, Prochlorococcus was
the most numerically abundant phytoplankter under very oligotrophic (chlorophyll a concentration
≤0.1 mg m–3) and mesotrophic (>0.1 and ≤1 mg m–3) conditions. However, in contrast to other
subtropical regions, picophytoeukaryotes appear to dominate the <2 µm autotrophic carbon biomass
in this region of the South Pacific Ocean at this time of the year. In the upper 200 m of the water
column, the integrated carbon biomass of Prochlorococcus, Synechococcus, picophytoeukaryotes
and bacterioplankton were in the ratios of 9:1:14:11 and 3:1:8:6 under oligo- and mesotrophic
conditions, respectively. Thus, picophytoeukaryotes were 1.4- to 2-fold higher in biomass than both
cyanobacteria combined, and slightly more important (1.2- to 1.3-fold) than bacterioplankton. Pico-
phytoeukaryotes could therefore play a dominant ecological and biogeochemical role in subtropical
gyres, which extend over a vast area of the world’s oceans.
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In the oligotrophic waters studied to date, Prochloro-
coccus and bacterioplankton usually dominate the
microbial plankton both in terms of numbers and mass
(e.g. Zubkov et al. 2000). Along trophic gradients, Pro-
chlorococcus abundance shows opposite patterns to
Synechococcus and picophytoeukaryotes abundance,
becoming a less important component of the carbon
standing stock from oligo- to eutrophic conditions (e.g.
Partensky et al. 1996, Zubkov et al. 2000). However,
because of high cellular carbon and chl a content, pico-
phytoeukaryotes can nevertheless contain more bio-
mass than the prokaryotes, even when greatly out-
numbered. For instance, in the Arabian Sea the largest
eukaryotic phytoplankton cells with higher carbon
content were preferentially found in the poorest
oceanic waters (Shalapyonok et al. 2001). Satellite
images of ocean colour show that the South Pacific
subtropical gyre is extremely oligotrophic. This is a
large region in which the contribution of picophyto-
eukaryotes has not been well characterised. Since
most (~90%) of the ocean is under oligo- or meso-
trophic conditions, the influence of picophytoeukary-
otes would have significant impact on the marine pri-
mary production, the cycling of bioelements and the
ecology of the global ocean.

In this work we present the first detailed picoplank-
ton data set available for the eastern South Pacific
Ocean, extending from very oligotrophic to highly pro-
ductive conditions. We used flow cytometry to:
(1) determine the abundance and distribution of Pro-
chlorococcus, Synechococcus, picophytoeukaryotes
and bacterioplankton; (2) analyse the variability in
community structure in relation to the trophic condi-
tions and hydrographic characteristics; and (3) deter-
mine the contribution of each group to the total
picoplanktonic carbon biomass. Our results highlight
the importance of picophytoeukaryotes in these olig-
otrophic waters.

MATERIALS AND METHODS

The study was carried out in the eastern South
Pacific Ocean along latitude 32.5° S during the second
track (Leg 2) of the Japanese BEAGLE (Blue Earth
Global Expedition, Japan Agency for Marine-Earth
Science and Technology [JAMSTEC]; Uchida & Fuka-
sawa 2005) cruise, between September 12, and Octo-
ber 12, 2003 (austral spring time). Samples for flow
cytometric analyses were taken from surface waters at
25 stations between south of Tahiti (~149.5° W) and
Easter Island (~109° W). Between this island and the
coast of Chile (~71.5° W), we sampled multiple depths
(surface, 10, 50, 100, 150, 200 m) at 29 stations (Fig. 1).
Surface samples (Tahiti to Chile) were taken either
from CTD casts (i.e. 1 to 3 m), the ship’s flow system
(i.e. 3 to 5 m), or with a bucket (i.e. 0 m). All samples
(surface and water column) were fixed with para-
formaldehyde (1% final concentration) and quick-
frozen in liquid nitrogen. For bacterioplankton counts,
samples were stained with SYBR Green I (Molecular
Probes). Cytometric analyses for both picophytoplank-
ton and bacterioplankton were performed with a FAC-
SCalibur (Becton Dickinson) flow cytometer according
to Marie et al. (2000a,b). The contribution of high DNA
(HDNA)- and low DNA (LDNA)-containing bacteria
to total bacterioplankton abundance was estimated
according to Li et al. (1995), as a proxy for active and
inactive cells, respectively (Gasol et al. 1999). Cell
Quest Pro and Cytowin software were used for data
acquisition and analysis, respectively. Picoplanktonic
populations were differentiated based on their scatter-
ing and fluorescence signals (Marie et al. 2000a,b).
When surface Prochlorococcus populations were not
well defined because of their weak fluorescence, their
abundance was determined by fitting a Gaussian
curve to the data using the Cytowin software. Forward
scatter (FSC) and chl a fluorescence (FL3) cytometric
signals were normalised to reference beads (Fluores-
brite YG Microspheres, calibration grade 1.00 µm,
Polysciences) and expressed in relative units (r.u.) to
be used as indicators of mean cell size and photoaccli-
mation, respectively (e.g. Campbell & Vaulot 1993).

Prochlorococcus, Synechococcus and picophyto-
eukaryotes abundances were integrated over the
water column (0 to 200 m) to determine the contribu-
tion of each group to the total number of picophyto-
planktonic cells. For calculating water-column-
integrated picoplanktonic carbon biomass (IPCB),
conversion factors of 53 and 100 fg C cell–1 were cho-
sen from the literature as the most representative and
conservative values for Prochlorococcus and Syne-
chococcus, respectively (see Table 1). For open ocean
(i.e. oligo- and mesotrophic conditions) and coastal (i.e.
eutrophic conditions) picophytoeukaryotes, we used
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Fig. 1. Stations sampled in the eastern South Pacific at the
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1500 and 530 fg C cell–1, respectively, because mean
FSC signals (i.e. relative cell size) were significantly
lower in the latter than the former populations. The use
of the same conversion factor for the whole water col-
umn and transect for Synechococcus and with depth
for the picophytoeukaryotes is justified by the fact that
no statistically significant differences were found
between mean FSC signals (analyses of variance, p <
0.001 for both depth and trophic conditions). Although
such differences were indeed significant for Prochloro-
coccus with depth, the use of different conversion fac-
tors for the surface and deep populations did not lead
to significant differences in the integrated biomass (p <
0.001, data not shown). Bacterioplankton biomass was
calculated using 12 and 27 fg C cell–1 for the open
ocean and coastal samples, respectively (see Table 1).

Temperature, salinity and oxygen profiles were
obtained with a conductivity–temperature–depth–
oxygen profiler (CTDO, Seabird 911 Plus). Nitrate,
nitrite, phosphate and silicate concentrations were
determined onboard using an autoanalyser and stan-
dard techniques. Nutrient concentrations near instru-
mental detection limit were approximated to 0. Total
chl a and phaeopigment concentrations were mea-
sured fluorometrically (Turner Design, Model 10-
AU005CE) for all but 1 of the stations. The missing pro-
file was obtained by triangle-based interpolation.
Since no surface hydrographic data were collected, we
assumed homogeneous conditions in the top layer and
used the 10 m hydrogaphic values as surface values.

To interpret cytometric abundances in relation to the
physical and biogeochemical conditions of the water
column, we only used data above the depth of 0.1% of
surface light intensity, since below this level picophy-
toplankton growth and therefore distribution should
be mostly limited by light. Using Eqs. (3a) and (1b) in
Morel & Berthon (1989), we first calculated the
euphotic zone depth for each profile (Ze, corresponding
to 1% of surface light intensity) and then the attenua-
tion coefficients (k) using the light attenuation equa-
tion (Kirk 1994). For Eq. (3a), we used our surface chl a
concentrations as their Csat, assuming that it roughly

corresponds to what would be measured from satel-
lites. Knowing k for every station, we then determined
the 0.1% value of surface light intensity by using the
light attenuation equation one more time. To examine
vertical changes in normalised cytometric size and
fluorescence signals, we computed the optical depth
(kz) as k times z for each profile, where z is the actual
sampling depth and k is the diffuse attenuation coeffi-
cient estimated for each station.

According to surface chl a concentrations (mg m–3),
we discuss our results in terms of oligo- (≤ 0.1), meso-
(>0.1 and ≤ 1) and eutrophic (>1) conditions (Antoine et
al. 1996). Although this division does not directly take
into account the nutrient concentrations, it has been
used to characterise the trophic status of the ocean
from space and, hence, can be used to place our results
in a global bio-optical context.

RESULTS

Picoplankton abundance and community structure

Flow cytometric analyses allowed us to determine
the abundance of the cyanobacteria Prochlorococcus
and Synechococcus, and of picophytoeukaryotes and
bacterioplankton. A marked increase in FSC and FL3
with the optical depth (kz > 4.6) indicates that a more
fluorescent Prochlorococcus population consisting of
larger sized cells replaces a less fluorescent surface
population of smaller cells with depth (Fig. 2). A simi-
lar pattern was observed for picophytoeukaryotes,
although no statistically significant differences were
found between the mean FSCs of surface and deep
populations (p < 0.001). On the other hand, Syne-
chococcus mean relative cell size was relatively con-
stant with depth, although their mean fluorescence
showed a slight increase towards intermediate depths.
It is worth noting that below kz = 12 (<0.01% of sur-
face light) the FSC and FL3 signals of all 3 groups are
more dispersed because of the very low cell abun-
dance (Fig. 2).
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Proc Syn Euk Bact Reference

17–124 – – – Bertilsson et al. (2003) and references therein
32 101 ~750–1833 – Shalapyonok et al. (2001)
29 100 1500 12 Zubkov et al. (2000)
39 82 530 – Worden et al. (2004)
53 250 2108 – e.g. Partensky et al. (1996), Campbell et al. (1994)
– 250 – 16 & 20 Fuhrman et al. (1989)
– – – 27 Troncoso et al. (2003)
– – – 12–30 Fukuda et al. (1998)

Table 1. Conversion factors from the literature for Prochlorococcus (Proc), Synechococcus (Syn), picophytoeukaryotes (Euk) and 
bacterioplankton (Bact) carbon biomass (in fg C cell–1)
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With the exception of Prochlorococcus, which de-
creased from the mesotrophic region towards the
coast, the abundance of all other cells, as well as the
chl a concentration, increased from oligo- to eutrophic
conditions (Fig. 3, Table 2). Mean (±SD) surface (10 m)
nitrogen (nitrate + nitrite), phosphate and silicate
concentrations under oligotrophic conditions were
0.51 ± 0.51, 0.22 ± 0.04 and 0.41 ± 0.28 µmol kg–1, res-
pectively. Under meso- and eutrophic conditions nitro-
gen increased to 1.76 ± 2.30 and 10.06 ± 2.33 µmol
kg–1, respectively, while phosphate and silicate
reached 0.44 ± 0.26 and 0.35 ± 0.18 µmol kg–1 in the
former and 1.39 ± 0.37 and 3.34 ± 2.75 µmol kg–1 in the
latter region, respectively. Maxima Prochlorococcus,
Synechococcus, picophytoeukaryotes and bacterio-
plankton concentrations were found in the top 50 m of
the mesotrophic region (up to ~25, 4, 2 and 140 × 104

cells ml–1, respectively) and very close to the Chilean
coast for the last 3 groups (up to ~3, 2 and 127 × 104

cells ml–1, respectively). Picophytoeukaryotes maxima
were associated with a deep chlorophyll maximum
(DCM) and the highest chlorophyll concentrations
(~2 to 5 mg m–3), respectively (Fig. 3). Water-column-
integrated abundance was dominated by bacterio-
plankton along the whole transect (Table 2). Of the
3 picophytoplanktonic groups, only Prochlorococcus
integrated abundance was significantly correlated to
the mixed-layer depth (Zm) estimated by Bouman et al.
(2006). Mean integrated chl a concentration increased
from oligo- (17 ± 2 mg m–2) to mesotrophic conditions
(26 ± 9 mg m–2) and was highest under eutrophic con-
ditions (212 ± 98 mg m–2). HDNA bacterioplankton
represented on average 45 ± 4, 47 ± 5 and 48 ± 10% of
total counts under oligo-, meso- and eutrophic con-
ditions, respectively. Their contribution in the open
ocean (i.e. oligo- and mesotrophic) was slightly higher
above 100 m (3 to 5%) than below this depth.

Integrated bacterioplankton abundance (surface to
0.1% of surface light) was positively and significantly
correlated to both Synechococcus and picophyto-
eukaryotes, these 2 picophytoplanktonic groups being
strongly correlated to each other (Table 3). Prochloro-
coccus integrated abundance, on the other hand, was
not significantly correlated to any of the other groups
(Table 3). The relationship between total bacterio-
plankton abundance and chl a concentration observed
along the transect (data not shown) lies within the
macroecological limits established for the open ocean
(Li et al. 2004), and a clear positive slope was observed
for chlorophyll concentrations ≤ 0.2 mg m–3 (R2 = 0.66,
p < 0.0001). Mean water-column-integrated chl a con-
centrations (0 to 200 m) were ~17, 26 and 212 mg m–2 in
the oligo-, meso- and eutrophic regions, respectively.

Prochlorococcus abundance was positively related
with water temperature (R2 = 0.54, p < 0.0001), and
negatively, with inorganic nitrogen (i.e. nitrate +
nitrite, R2 = 0.53, p < 0.0001), phosphate (R2 = 0.51, p <
0.0001) and silicate concentrations (R2 = 0.33, p <
0.0001), temperature being negatively correlated to all
nutrients and salinity (p < 0.001). No statistically signif-
icant relationships with these variables were found for
Synechococcus or the picophytoeukaryotes, except for
a very weak negative one between the former and
temperature (R2 = 0.03, p < 0.05, data not shown). All 3
groups’ abundances exhibited a negative relationship
with salinity (R2 ≥ 0.3, p < 0.0001).

Picoplanktonic carbon biomass

West of Easter Island, mean surface bacterioplank-
ton and Prochlorococcus carbon biomasses were
equivalent (2.9 mg C m–3 in both cases) and higher
than those of Synechococcus (0.1 mg C m–3) and the pi-
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Fig. 3. Water column Prochlorococcus (a), Synechococcus (b), picophytoeukaryotes (c) and bacterio-plankton abundances (d) 
in cells ml–1, and chl a concentrations (e) in ml m–3 (~32.5°S, ~109 to 72.5°W)
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cophytoeukaryotes (1.5 mg C m–3). East of Easter Is-
land, where we were able to sample through the upper
water column (~109 to 72.5° W, 0 to 200 m, IPCB), pico-
phytoeukaryotes had the highest integrated biomass in
most of the oligotrophic and part of the mesotrophic re-
gion, but bacterioplankton had higher biomass in the
rest of the transect (Fig. 4, Table 4). Prochlorococcus
and bacterioplankton integrated biomass decreased
and increased from oligo- to eutrophic conditions, re-

spectively. Synechococcus and picophytoeukaryotes
integrated biomass, on the other hand, increased from
oligo- to meso- and decreased slightly from meso- to
eutrophic conditions (Fig. 4). Similar to bacterioplank-
ton abundance, total picoplanktonic carbon biomass
(i.e. Prochlorococcus + Synechococcus + picophy-
toeukaryotes + bacterioplankton carbon biomass at
each sampled point) was positively correlated to chl a
concentrations ≤ 0.2 mg m–3 (R2 = 0.77, p < 0.0001).

DISCUSSION

The South Pacific subtropical gyre is by far
the most unexplored region of the world’s
ocean. Until now, virtually the only informa-
tion concerning phytoplankton at the centre of
this gyre was surface chl a concentrations
estimated through satellite images, whereas
bacterioplankton abundance remained com-
pletely unknown. The BEAGLE results show
some general features typically observed in
other oligo-, meso- and eutrophic regions
during similar periods of the year, but differ
significantly in the more oligotrophic condi-
tions encountered along the transect. Here, the
relative biomass composition of the pico-
plankton community comprising Prochlorococ-
cus, Synechococcus, picophytoeukaryotes and
bacterioplankton was different from other
studies of subtropical gyres. Instead of Pro-
chlorococcus, it was the picophytoeukaryotes
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Prochlorococcus Synechococcus Picophytoeukaryotes Bacterioplankton

Prochlorococcus 1.00 ns ns ns
Synechococcus – 1.00 0.714*** 0.854***
Picophytoeukaryotes – – 1.00 0.715***
Bacterioplankton – – – 1.00

Table 3. Correlation matrix for picoplankton integrated abundances (surface to 0.1% of surface light) (upper right values: 
correlation coefficients; ***p < 0.0001; ns: not statistically significant)
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Group Oligotrophic Mesotrophic Eutrophic Transect range Global range published by 
Campbell & Vaulot (1993)

Prochlorococcus 76 ± 15 62 ± 45 0 5–122 7–200
Synechococcus 4 ± 1 12 ± 6 9 ± 2 2–23 1–20
Picophytoeukaryotes 4 ± 1 6 ± 2 6 ± 2 2–11 0.2–4
Bacterioplankton 395 ± 44 651 ± 145 919 ± 58 332–1016 –

Table 2. Mean (±SD) water-column-integrated (0 to 200 m) Prochlorococcus, Synechococcus, picophytoeukaryotes and bacterio-
plankton abundance (× 1011 cells m–2) along 32.5° S, between Easter Island and the coast of Chile. The transect range includes the
minimum and maximum values found along the transect (when present in the case of Prochlorococcus). Campbell & Vaulot (1993)
ranges are indicated for comparison. Transect range and Campbell & Vaulot (1993) results for picophytoeukaryotes are presented 

in bold and italic to highlight the differences observed between them
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that dominated the carbon biomass together with the
bacterioplankton.

The distribution patterns of picoplanktonic abun-
dance observed across the eastern South Pacific sub-
tropical gyre reflect changes in trophic conditions,
nutrient availability and water column stability
(Partensky et al. 1996, Zubkov et al. 2000, Shalapy-
onok et al. 2001, Worden et al. 2004). However, in the
oligotrophic region, Prochlorococcus abundance was 1
order of magnitude lower than the range established
for them elsewhere (1 to 4 × 105 cells ml–1; Partensky et
al. 1999) and about half of the values reported for the
North and South Atlantic subtropical gyres during
spring time (Zubkov et al. 2000). Synechococccus
abundance was 1 order of magnitude lower and those
of picophytoeukaryotes and bacterioplankton similar
to the ones reported by Zubkov et al. (2000). However,
Synechococcus abundance was within the range
reported by Partensky et al. (1999) for central gyres.
Near the coast Synechococcus abundance values were
similar to those reported for other upwelling areas, but
picophytoeukaryotes abundance was found to be twice
the highest reported value (Sherr et al. 2005 and refer-
ences therein). It is important to highlight that water-
column-integrated picophytoplankton abundances
observed along the transect were within the global
estimates published by Campbell & Vaulot (1993) for
both cyanobacteria, but surprisingly higher for pico-
phytoeukayotes (Table 2).

Although the use of linear regressions in microbial
ecology has limitations (discussed elsewhere, e.g.
Duarte et al. 2000a), our results agree with previous
observations on the influence of temperature (e.g.
Partensky et al. 1996) and macronutrient availability
(e.g. Bertilsson et al. 2003) on the distribution of
Prochlorococcus. The strong positive correlations be-
tween Synechococcus and picophytoeukaryotes ab-
undance may be explained by similar nitrogen utili-
sation abilities (Worden et al. 2004) and growth
stimulation towards the coast, provided by the less sta-
ble water column and shallower nutricline that allows
injection of nutrients to the surface (Partensky et al.

1996, Shalapyonok et al. 2001). The lack of relation-
ships with nutrient concentration does not necessarily
contradict the latter, but rather indicates that other fac-
tors (e.g. grazing and virus lysis) may be controlling
the abundances of these 2 groups as well. The fact that
no significant correlations were found between the
mixed-layer depth (Zm) and the integrated abundances
of Synechococcus and picophytoeukaryotes (0 to 200 m
or 0 to Zm) further indicates this possibility (data not
shown). Different time responses of these 2 groups to
the addition of nutrients, as observed in mesocosm
experiments (Duarte et al. 2000b) and in Norwegian
coastal waters (Larsen et al. 2004), could also explain
our observations. Limitation by nutrients other than
nitrogen, phosphate and silicate cannot be rejected,
since, for example, iron has been shown to increase
Prochlorococcus growth rates (Mann & Chisholm
2000), but appears to have no influence on those of
Synechococcus or picophytoeukaryotes (Timmermans
et al. 2005).

Negative relationships between all 4 picoplanktonic
group abundances and salinity, such as the ones found
here, have already been observed along a marked
salinity gradient for salinities >23.5 (Joshem 2003).
Synechococcus and picophytoeukaryotes correlations
with the bacterioplankton abundance, which is known
to covary with phytoplankton biomass, were expected,
since all 3 groups tend to increase with nutrient supply
(Gasol & Duarte 2000). Higher bacterioplankton abun-
dance in the upwelling area off Chile compared
with, for instance, the Mauritarian upwelling region
(Zubkov et al. 2000) can be explained by the high pro-
ductivity levels of the former region (Stuart et al. 2004).

HDNA bacterioplankton is thought to be related to
the metabolically active part of the bacterial commu-
nity (Gasol et al. 1999). However, Sherr et al. (2006)
found that when phytoplankton biomass is low, HDNA
bacterioplankton represented only a fraction of this
active part. Considering the above, our results indicate
then a lower limit for active bacterioplankton, averag-
ing 50% (ranging from ~33 to 58%) of the total abun-
dance, which is close to mean HDNA contributions

registered elsewhere (Gasol et al.
1999). Although the spatial variability
in percent HDNA (increasing from
oligo- to eutrophic conditions and
with depth) followed the same pat-
terns observed in the North Atlantic,
Mediterranean and Northeast Pacific
Ocean (Li et al. 1995, Gasol et al. 1999,
Sherr et al. 2006), the range of contri-
bution to total bacterioplankton abun-
dance in the eastern South Pacific was
usually lower and their dominance
was less evident.
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Group Oligotrophic Mesotrophic Eutrophic Transect 
range

Prochlorococcus 402 ± 79 327 ± 240 0 28–645
Synechococcus 43 ± 13 121 ± 64 94 ± 23 21–228
Picophytoeukaryotes 617 ± 180 910 ± 311 861 ± 314 368–1657
Bacterioplankton 474 ± 53 781 ± 174 2481 ± 157 400–2592

Table 4. Mean (±SD) water-column-integrated (0 to 200 m) Prochlorococcus,
Synechococcus, picophytoeukaryotes and bacterioplankton carbon biomass
(mg m–2) along latitude 32.5° S, between Easter Island and the coast of Chile.
The transect range includes the minimum and maximum values found along 

the transect (when present in the case of Prochlorococcus)
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Different light-adaptation capabilities allow Pro-
chlorococcus and picophytoeukaryotes to distribute
deeper than Synechococcus in the water column (e.g.
Partensky et al. 1996, 1999). Increasing fluorescence
signals with optical depth (Fig. 2b) may be attributed
to: (1) an increase in the synthesis of chl a at lower light
levels associated with photoacclimation processes or
(2) the presence of different picophytoplanktonic eco-
types. The former has been observed in all 3 groups
(e.g. Partensky et al. 1996), is usually less pronounced
for picophytoeukaryotes than for cyanobacteria (e.g.
Campbell & Vaulot 1993) and could be producing the
DCM observed in the eastern mesotrophic region
(Fig. 3c,e), although the presence of nanophytoplank-
tonic cells, not considered here, cannot be ruled out.
A clear example of the latter is the presence of 2
Prochlorococcus populations observed here (Fig. 2a)
and also described for other oligotrophic regions
(Campbell & Vaulot 1993, Partensky et al. 1996,
Zubkov et al. 2000). Using molecular probes, high-
light- and low-light-adapted Prochlorococcus ecotypes
were found to co-dominate in the surface waters of the
South Pacific subtropical gyre (Bouman et al. 2006).
However, because samples for the detection of eco-
types were collected only at the sea surface, we were
unable to determine if the higher fluorescence below
the mixed layer and euphotic depths was caused by
a shift towards a dominance of low-light ecotypes.
Although different Synechococcus (e.g. Rocap et al.
2002) and picophytoeukaryotes (e.g. Rodríguez et al.
2005) ecotypes have also been observed in natural
samples, flow cytometry data alone do not allow us
to identify them or determine their physiological or
genetic microdiversity.

Higher chl a concentrations near the Chilean coast
are mainly due to the presence of larger phytoplankton
cells, such as diatoms, that dominate the phytoplank-
tonic community in upwelling systems (Stuart et al.
2004) and that are usually underestimated by flow cy-
tometry (e.g. Shalapyonok et al. 2001). The positive
relationship between chl a concentrations ≤ 0.2 mg m–3

and bacterial abundance would indicate a bottom-up
control on this group in the oligo- and part of the
mesotrophic regions, as inferred from macroecological
patterns (Li et al. 2004). Towards the coast this relation-
ship would be lost due to the presence of larger cells, or
due to a stronger response from autotrophs than from
heterotrophs to greater nutrient availability (Duarte et
al. 2000a). This would also explain the relationship
found with the total picoplanktonic carbon biomass.

In terms of carbon biomass, the picture is quite dif-
ferent from what has been observed in other oligo- and
mesotrophic regions of the world’s ocean during the
same period of the year. The picophytoeukaryotes,
instead of Prochlorococcus or Synechococcus (e.g.

Partensky et al. 1996, Zubkov et al. 2000, see Table 1
for conversion factors), dominated the autotrophic bio-
mass along the whole transect, their dominance in the
upwelling region being expected (Worden et al. 2004,
Sherr et al. 2005 and references therein). Picophyto-
eukaryotes also co-dominated the IPCB with bacterio-
plankton along most of the transect (Fig. 4). The latter
differs from the results of Fuhrman et al. (1989) for the
oligotrophic Sargasso Sea, where the microbial carbon
biomass (i.e. bacterioplankton + auto- and hetero-
trophic nanoflagellates + cyanobacteria) was domi-
nated by the bacterioplankton. Using lower Prochloro-
coccus or Synechococcus conversion factors would not
modify our conclusions regarding the relative impor-
tance of bacterioplankton and picophytoeukaryotes
carbon biomass. If, for example, the conversion factor
for picophytoeukaryotes was changed to 750 fg C cell–1

(i.e. half of what we used), this group’s mean contribu-
tion to IPCB in the oligo- and mesotrophic regions (~25
and 27%, respectively) would be lower than that of
bacterioplankton (~39 and 48%, respectively), but only
slightly below that of Prochlorococcus in the former
(~33%) and higher in the later (~18%) region. Total
picophytoplanktonic carbon biomass would still be
higher than that of bacterioplankton under both oligo-
trophic (~61%) and (~52%) mesotrophic conditions. In
the eutrophic zone picophytoeukaryotes would repre-
sent about one-sixth of the bacterioplankton carbon
biomass, but would still be 5 times more important
than that of Synechococcus. It is worth noting that if
this lower conversion factor for picophytoeukaryotes
was obtained through the relationship pg C = 0.433 ×
(biovolume)0.866 (Campbell et al. 1994 and references
therein), their mean cell size would have to be of
1.54 µm, which is rather conservative. These consider-
ations support a view of the importance of the pico-
phytoeukaryotic carbon stock under the different
trophic conditions encountered along the transect
during spring time.

Under oligotrophic conditions, mean integrated car-
bon biomass proportions between Prochlorococcus,
Synechococcus, picophytoeukaryotes and bacterio-
plankton were ~9:1:14:11, respectively. These pro-
portions changed to ~3:1:8:6 and ~0:1:9:26 in the 
meso- and eutrophic regions, respectively. This gives
bacterioplankton to picophytoplankton carbon bio-
mass ratios of 0.46, 0.5 and 2.6 for the oligo-, meso- and
eutrophic regions, respectively. Ratios <1 for bacterio-
plankton to phytoplankton integrated carbon biomass
have been reported as a general feature for different
ecological provinces in the North Atlantic Ocean (Li &
Harrison 2001), with values ≥1 at low chl a concentra-
tions, where picophytoplankton dominates. Consider-
ing the above, the higher ratios observed in the meso-
and eutrophic regions of the South Pacific subtropical
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gyre can then be attributed to the presence of phyto-
planktonic cells >3 µm that we did not consider in our
analyses. Low ratios, on the other hand, do not neces-
sarily imply that autotrophs are dominant, since het-
erotrophic organisms other than bacterioplankton
need to be taken into account. Indeed, Gasol et al.
(1997) have shown that in open-ocean systems of low
primary productivity, the ratio of total heterotrophic
biomass (i.e. bacteria, protists and mesozooplankton)
to total autotrophic biomass is very high. Because of
the very oligotrophic conditions encountered in the
eastern South Pacific, it is likely that eukaryotic het-
erotrophic organisms would significantly contribute to
the total integrated heterotrophic biomass.

Carbon flow towards higher trophic levels would be
more efficient and would tend to escape remineralisa-
tion when the picophytoeukaryotes dominate the pico-
phytoplanktonic biomass. Until now, the scenario was
that of an open ocean dominated by cyanobacteria, in
which an extremely efficient microbial loop would
remineralise most of the organic matter produced
(Azam 1998). Although very little is known about pico-
phytoeukaryotes, this group would be far more diverse
than cyanobacteria (e.g. Moon-van der Staay et al.
2001), which could possibly explain their success in the
open ocean. A shift in dominance from cyanobacteria
to picophytoeukaryotes such as the one observed dur-
ing early spring in the eastern South Pacific could
imply a shift in the dominant biogeochemical path-
ways that directly affect carbon fate in the ocean.
Despite the fact that our results represent only a snap
shot of the situation in the eastern South Pacific, they
highlight the importance of the picophytoeukaryotes
carbon biomass under trophic conditions where cyano-
bacteria were expected to dominate all year (e.g.
Partensky et al. 1996, Zubkov et al. 2000). Because of
their potential influence on the carbon flow, the impor-
tance of this group at the annual scale could be signif-
icant, even if the observed situation was to be true only
for the relatively short sampling period.

In the oligo- and mesotrophic regions of the eastern
South Pacific, we have found the carbon biomass of pico-
phytoplankton to be higher than that of bacterioplankton
during spring time. However, it will require studies of
metabolic processes to place this finding in the perspec-
tive of global biogeochemical cycles, especially regard-
ing carbon cycling, and in the global climate system.
Production (i.e. primary and secondary) and loss rate
(e.g. grazing and virus lysis) measurements, as well as
genetic assays and temporal surveys need to be incorpo-
rated into a more comprehensive study. The eastern
South Pacific Ocean deserves further attention, and the
extremely oligotrophic centre of this subtropical gyre
(~0.01 mg m–3; Claustre & Maritorena 2003) needs to be
included in future studies of global processes.
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