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Abstract

Phytoplankton community structure is expected to shift to larger cells (e.g., diatoms) with
monsoonal forcing in the Arabian Sea, but recent studies suggest that small primary producers
remain active and important, even in areas strongly in#uenced by coastal upwelling. To better
understand the role of smaller phytoplankton in such systems, we investigated growth and
grazing rates of picophytoplankton populations and their contributions to phytoplankton
community biomass and primary productivity during the 1995 Southwest Monsoon
(August}September). Environmental conditions at six study stations varied broadly from open-
ocean oligotrophic to coastal eutrophic, with mixed-layer nitrate and chlorophyll concentra-
tions ranging from 0.01 to 11.5 lM NO

3
and 0.16 to 1.5 lg Chl a. Picophytoplankton

comprised up to 92% of phytoplankton carbon at the oceanic stations, 35% in the diatom-
dominated coastal zone, and 26% in a declining Phaeocystis bloom. Concurrent in situ dilution
and 14C-uptake experiments gave comparable ranges of community growth rates
(0.53}1.05 d~1 and 0.44}1.17 d~1, to the 1% light level), but uncertainties in C:Chl a con-
founded agreement at individual stations. Microzooplankton grazing utilized 81% of commun-
ity phytoplankton growth at the oligotrophic stations and 54% at high-nutrient coastal
stations. Prochlorococcus (PRO) was present at two oligotrophic stations, where its maximum
growth approached 1.4 d~1 (two doublings per day) and depth-integrated growth varied from
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0.2 to 0.8 d~1. Synechococcus (SYN) growth ranged from 0.5 to 1.1 d~1 at o!shore stations and
0.6 to 0.7 d~1 at coastal sites. Except for the most oligotrophic stations, growth rates of
picoeukaryotic algae (PEUK) exceeded PRO and SYN, reaching 1.3 d~1 o!shore and decreas-
ing to 0.8 d~1 at the most coastal station. Microzooplankton grazing impact averaged 90, 70,
and 86% of growth for PRO, SYN, and PEUK, respectively. Picoplankton as a group
accounted for 64% of estimated gross carbon production for all stations, and 50% at high-
nutrient, upwelling stations. Prokaryotes (PRO and SYN) contributed disproportionately to
production relative to biomass at the most oligotrophic station, while PEUK were more
important at the coastal stations. Even during intense monsoonal forcing in the Arabian Sea,
picoeukaryotic algae appear to account for a large portion of primary production in the coastal
upwelling regions, supporting an active community of protistan grazers and a high rate of
carbon cycling in these areas. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Extremely small cells, including the prokaryotic genera Synechococcus and Proch-
lorococcus, as well as picoplankton-sized eukaryotic algae (0.2}2.0 lm), are numerical
and biomass dominants in the open oceans, where they contribute signi"cantly
to global primary production. In the equatorial Paci"c Ocean, for example, pico-
plankton as a group account for 80}90% of chlorophyll a biomass, and prokaryotes
(roughly, the less than 1 lm size fraction) contribute more than 50% of primary
production (Chavez, 1989). In the vast subtropical oligotrophic regions of the open
oceans, prokaryotic primary producers are even more important, accounting for up to
95% of 14C uptake in surface waters (Glover, 1985; Iturriaga and Mitchell, 1986;
Waterbury et al., 1986; Iturriaga and Marra, 1988). Based on nutrient enrichment and
high phytoplankton biomass, the Arabian Sea is considered one of the most produc-
tive ocean systems; nevertheless, recent studies indicate that picoplankton may play
a signi"cant role in this rich system as well (Burkhill et al., 1993; Veldhuis et al., 1997;
Reckermann and Veldhuis, 1997). An active and important community of small
primary producers is also implied by relatively high rates of microzooplankton
grazing, which utilize about half of the primary production in the upwelling region
(Landry et al., 1998).

During the Southwest Monsoon, approximately June through September, south-
west winds parallel to the Arabian coast produce a region of coastal upwelling that
may extend 600}800 km o!shore (Smith and Bottero, 1977; Elliott and Savidge, 1990;
Brock and McClain, 1991; Young and Kindle, 1994). Further o!shore, the wind stress
curl reverses and open-ocean oligotrophic conditions prevail. These contrasting
hydrographic regions represent an ideal situation for evaluating phytoplankton
community responses in markedly di!ering environmental regimes. Increased nutri-
ents during seasonal upwelling are expected to shift community structure to larger
phytoplankton and thus greater potential export #ux (Peinert et al., 1989; Michaels
and Silver, 1988; Garrison et al., 1998). However, the e!ects of monsoonal forcing
on the abundances, growth, production and fate of the smaller phytoplankton need
to be better resolved to understand the partitioning of production between recycling
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pathways and export #ux. As part of the US JGOFS (Joint Global Ocean Flux Study)
Arabian Sea Process Study, we investigated autotrophic picoplankton growth and
mortality in conjunction with primary productivity experiments as measured by the
uptake of 14C-labeled bicarbonate. Concurrent in situ experiments during the 1995
Southwest Monsoon provide insight into the dynamics of component picoplankton
populations, the picophytoplankton contribution to total production, and commun-
ity growth rate inferences from di!erent methods across a range of environmental
conditions.

2. Materials and methods

Picophytoplankton growth, grazing losses and production were investigated in
contemporaneous 14C-uptake and dilution experiments at six stations in the Arabian
Sea during the Southwest Monsoon, 1995 (Cruise TN050; August}September). These
stations, representing a range of environmental conditions along the US JGOFS
cruise track (Fig. 1, Table 1), were occupied for approximately two days each to allow
for a full suite of sampling, experimental work, and to deploy and recover in situ
arrays.

Seawater was collected between 0200 and 0300 h in 10-l Niskin bottles from eight
depths corresponding to light penetration of 93, 75, 44, 27, 15, 7, 4, and 1% of incident
photosynthetically active radiation (PAR

0
). For each depth, 14C-uptake and dilution

experiments were prepared as described below. After experimental set-up, the incuba-
tion containers for each depth were mounted onto a clear Plexiglas rack, and each
rack was clamped to the array line and returned to the approximate depth of sample

Fig. 1. Station locations for JGOFS Arabian Sea Process Study TN050.
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Table 1
Summary of stations, depths, corresponding light levels, cell abundances, and environmental conditions for
in situ incubation experiments in the Arabian Sea in August}September 1995 (TN050)

Station Depth
(m)

%I
0

¹(3C) NO
3

(lM)
Chl a
(lg l~1)

Abundances (103 cells ml~1)

PRO SYN PEUK

N7 1 93 27.9 0.01 0.17 163 80 2.6
N7 5 75 27.9 0.01 0.17 160 76 2.3
N7 13 44 27.9 0.01 0.16 151 74 2.8
N7 20 27 27.9 0.03 0.16 154 75 2.4
N7 30 15 27.9 0.01 0.16 164 74 2.3
N7 40 7 27.7 0.01 0.28 264 93 3.2
N7 50 4 27.1 7.20 0.75 100 8 5.5
N7 70 1 24.0 12.50 0.29 92 1 0.7

S15 1 93 27.8 0.14 0.22 260 52 3.1
S15 5 75 27.8 0.14 0.21 270 51 3.5
S15 15 44 27.8 0.17 0.22 263 50 3.6
S15 25 27 27.8 0.17 0.24 262 52 3.1
S15 35 15 27.8 0.21 0.22 276 51 3.3
S15 50 7 27.8 0.25 0.22 256 52 3.0
S15 60 4 27.8 0.28 0.22 270 54 2.8
S15 85 1 27.8 0.25 0.30 257 51 3.8

S11 0 100 27.1 0.01 1.32 1 45 3.8
S11 0 100 27.1 0.01 1.50 1 43 3.5
S11 1 90 27.1 0.05 1.41 1 42 3.5
S11 4 56 27.1 0.05 1.39 1 42 4.0
S11 10 29 27.1 0.04 1.11 1 41 3.8
S11 16 14 27.1 0.04 1.24 1 42 3.8
S11 22 8 27.1 0.06 1.24 1 44 3.7
S11 36 2 26.8 0.70 0.94 1 21 1.6

S7 1 93 26.6 2.80 0.92 3 123 8.5
S7 5 75 26.6 2.80 0.94 3 120 9.0
S7 10 44 26.6 2.80 0.94 3 119 8.3
S7 15 27 26.6 2.80 0.94 3 116 8.1
S7 20 15 26.6 2.80 0.94 3 118 7.4
S7 30 7 26.6 2.80 0.88 3 117 8.5
S7 38 4 26.6 2.80 0.95 2 115 8.2
S7 55 1 24.0 15.6 0.37 2 2 1.6

S4 1 93 25.0 8.90 0.57 1 51 13.1
S4 5 75 25.0 8.90 0.60 3 52 14.5
S4 10 44 25.0 9.00 0.72 3 52 13.1
S4 15 27 24.8 9.20 0.69 3 51 14.3
S4 20 15 24.6 9.60 0.89 5 43 12.9
S4 30 7 24.3 10.4 0.85 5 22 8.8
S4 38 4 24.0 11.70 0.43 2 7 3.3

S2 1 93 24.1 11.50 0.56 5 56 17.4
S2 3 75 24.1 11.50 0.57 3 56 17.3
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Table 1 (Continued)

Station Depth
(m)

%I
0

¹(3C) NO
3

(lM)
Chl a
(lg l~1)

Abundances (103 cells ml~1)

PRO SYN PEUK

S2 8 44 24.1 11.50 0.60 2 55 18.8
S2 13 27 23.4 12.80 0.76 5 49 21.4
S2 19 15 22.6 14.80 0.78 5 38 20.5
S2 26 7 22.5 15.30 0.78 6 30 20.3
S2 32 4 21.6 16.60 1.03 5 21 16.7

collection. The in situ array was launched before dawn and held the bottles at a "xed
depth throughout the natural daylight period. The bottles were recovered after
approximately 12 h (after sunset), and the remainder of the 24-h incubation was
completed in darkened incubators cooled with surface seawater. Rough seas pre-
vented in situ incubations at station S11; consequently, the experiments at this station
were conducted in shipboard incubators screened with blue Plexiglas and neutral
density "lters designed to approximate light levels and spectral quality at the depths of
water collection.

2.1. 14C-uptake experiments

14C-uptake experiments were conducted in 270-ml polystyrene bottles that were
rinsed three times with sample seawater and "lled directly from the Niskin bottle
without using a "lling tube. The bottles were inoculated with 100 ll of 14C-labeled
sodium carbonate with a speci"c activity of 55 m Ci mmol~1. Four bottles were
prepared for in situ incubation at each depth, and occasionally an additional bottle
was "lled, inoculated, and "ltered immediately to determine a time zero particulate
14C blank. Two of the in situ bottles were processed as described below when the
array was recovered, after approximately 12-h incubation during the natural photo-
period. The additional two bottles were processed after shipboard incubation in the
dark for the remainder of the 24-h day. At the end of the incubations, 1-ml subsamples
were taken from bottles at selected depths to determine the total added activity; these
subsamples were added directly to scintillation vials containing beta-
phenylethylamine (0.5 ml) and Ecolume scintillation #uid (10 ml). The contents of all
bottles were "ltered through 25-mm Whatman GF/F "lters, and the "lters were
placed in scintillation vials, acidi"ed with 0.5 ml of 0.5 N HCL, and allowed to
ventilate under a hood for 24 h. Following the addition of 10 ml of Ecolume, the vials
were stored in the dark for another 24 h before analysis with a shipboard liquid
scintillation counter.

2.2. Dilution experiments

Small volume (`mini-a) dilution experiments were designed to complement in situ
primary production measurements by being fast and easy to prepare and attach to the
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incubation array. Filtered seawater from each depth (from CTD bottles) was obtained
by gravity "ltration through an in-line "lter capsule (Gelman Criticap, 0.2 lm). One
dilution mixture for each depth was made by gently topping o! a measured volume of
whole seawater with the "ltered water for a "nal mixture of 31% whole seawater.
Replicate, acid-washed 53-ml polystyrene centrifuge tubes were thoroughly rinsed,
then "lled with either un"ltered seawater or the dilution mixture from each depth.
Replicate initial 3-ml samples were taken from both the whole seawater and the
dilution mixture for each depth, preserved in cryogenic tubes with paraformaldehyde
("nal concentration 1%) and frozen in liquid nitrogen for subsequent #ow cytometric
(FCM) analysis. Final 3-ml samples were taken for FCM analysis, and the remaining
water in each tube was "ltered onto a 25-mm Whatman GF/F glass-"bre "lter for
#uorometric analysis of chlorophyll a. Filters were extracted in 10 ml of 90% acetone
for 24 h at 03C. Concentrations of chlorophyll a were measured with a Turner Designs
10AU Field Fluorometer calibrated to HPLC-determined pigment concentrations.

FCM samples were thawed and stained with Hoechst 33342 (0.8 lg ml~1 "nal
concentration) for 30 min before analysis of picoplankton populations (Monger and
Landry, 1993). Subsamples of 50}100 ll were enumerated on a Coulter EPICS 753
#ow cytometer equipped with dual argon lasers and MSDS II automatic sampling.
The lasers were aligned colinearly with the "rst laser tuned to the UV range to excite
Hoechst-stained DNA. The blue #uorescence from the DNA stain was used to
distinguish cells from nonliving particulate matter. The second laser was tuned to 488
nm at 1.3 W to excite the pigments of autotrophic cells. Picophytoplankton popula-
tions were distinguished from one another by di!erences in light scatter and #uores-
cence emission. Synechococcus spp. were identi"ed primarily by strong orange
(575$40 nm) #uorescence (phycoerythrin). Cells of Prochlorococcus spp. were separ-
ated from similarly sized heterotrophic bacteria by the presence of red #uorescence
(680$40 nm) due to chlorophyll a. Picoeukaryotic algae were identi"ed by higher
forward and right-angle light scattering (indices of cell size) and enhanced red
#uorescence compared to Prochlorococcus. All FCM samples were spiked with a
mixture of Polysciences Fluoresbrite YG 0.57- and 0.98-lm visible beads and 0.46-lm
UV beads. Changes in #uorescence per cell of the picoplankton populations within an
experiment were normalized to the #uorescence values of the standard 0.57-lm beads.

2.3. Phytoplankton carbon estimates and c:chl ratios

Phytoplankton community carbon was estimated at each station from the com-
bined contributions of populations enumerated by #ow cytometry and microscopy.
Flow cytometrically determined populations were converted to biomass equivalents
using cellular carbon values of 53, 175 and 975 fg C cell~1 for Prochlorococcus spp.
(Campbell et al., 1994), Synechococcus spp. (Veldhuis et al., 1997) and picoeukaryotes
(Reckermann and Veldhuis, 1997), respectively. The carbon values used are on the low
end of estimates ranging up to 92 fg C cell~1 for Prochlorococcus (Veldhuis et al., 1997)
and 400 fg C cell~1 for Synechococcus (Burkhill et al., 1993). The carbon content for
picoeukaryotes is roughly intermediate between estimates of 225 and 2,108 fg C cell~1

from Tarran et al. (1999) and Campbell et al. (1994), respectively.
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Populations of larger phytoplankton were enumerated and sized as described by
Garrison et al. (1998). Samples for these analyses were collected routinely at "ve
depths (10, 25}30, 50, 75}80 and 100 m) from hydrocasts separate from, but closely
following, the samplings for experimental setup. Auto#uorescing #agellates, diatoms
and dino#agellates in the nanoplankton (2}20 lm) size category were examined by
epi#uorescence microscopy (Olympus BX-60) in 50}150 ml subsamples preserved
with glutaraldehyde, stained with the #uorochromes DAPI (Coleman, 1980) or
DAPI#pro#avin (e.g., Verity and Sieracki, 1993), and mounted on 0.8-lm black
Poretics "lters. Microplankton ('20 lm) samples were preserved with Lugols' iodine
solution or bu!ered paraformaldehyde and counted by inverted microscopy (Olym-
pus IMT-2). For both nano- and microplankton analyses, diatom and #agellate
biovolumes were converted to carbon biomass using modi"ed Strathmann equations
(Eppley et al., 1970). Phaeocystis cells were enumerated in motile and non-motile
categories, the latter including cells occurring in a sheet-like gelatinous matrix or as
spherical, ellipsoid and cylindrical colonies. Because they aligned two-dimensionally,
individual motile and `sheet-associateda cells were counted on nanoplankton slides.
Three-dimensional colonies were counted and measured (colony volumes) in settled
microplankton samples, and their volumes were used to estimate cell abundances
according to the relationship log

10
(cell number)"3.61#0.51log

10
(volume, mm3)

from Rousseau et al. (1990). A cellular carbon content of 13.5 pg C cell~1 was used for
all Phaeocystis cells (Rousseau et al., 1990). Because most (55}95%) of these cells
occurred in the sheet form, which could not be measured accurately for mucus
volume, the carbon associated with colony mucus was not included in biomass
calculations.

Phytoplankton abundances and chlorophyll concentrations were relatively con-
stant within predawn samples from the mixed layers at each station (e.g., Table 1);
therefore, mixed-layer C : Chl a estimates were based on the mean values of all carbon
biomass and pigment estimates within this depth strata. At stations where the
euphotic zone was not fully contained within the mixed layer, additional C : Chl
a ratios were calculated for all depths where the relevant data were available and
interpolated for the experimental depths between them.

2.4. Rate estimates

To derive phytoplankton community (Chl a) and population-speci"c rate estimates
from dilution experiments, net instantaneous growth rates were calculated for each
natural and diluted treatment (k

/!5
and k

$*-
, respectively) from measured changes in

Chl a and picoplankton abundances during the incubations. Growth rates (k) were
assumed to be the same in both treatments, and mortality rates (m) were assumed to
vary proportionately with the dilution of grazer densities (Landry and Hassett, 1982).
Thus, speci"c growth rates and mortality due to grazing were calculated by solving
the following two equations:

k
/!5

"k!m,

k
$*-
"k!0.31 m,
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for the two unknowns, l and m (Landry et al., 1984). Carbon production rates of
individual picoplankton populations were calculated from their growth rate estimates
(k, d~1) and initial estimates of their carbon biomass (B

0
"abundances times cellular

carbon contents) according to Vaulot et al. (1995):

Carbon production"B
0
(ek!1).

Rates of phytoplankton gross carbon production (GCP) were estimated from 14C-
uptake measurements multiplied times 2.4, the mean relationship between 18O esti-
mates of gross primary production and 14C production rates from contemporaneous
incubations at the same group of stations during July 1995 (SW Monsoon) (Dickson
et al., 1999, to be submitted for publication). Additional estimates of phytoplankton
community growth rates were computed from the measured rate of 14C-primary
production (14CPP) and the calculated GCP per Redalje and Laws (1981):

k
CCP

"ln((C
0
#14CPP)/C

0
),

k
GCP

"ln((C
0
#GCP)/C

0
),

where C
0

is the initial value for phytoplankton standing stock computed from Chl
a concentrations and C : Chl a ratios.

Depth-integrated production estimates were computed from depth pro"les accord-
ing to the trapezoidal rule. Mean euphotic zone rates of growth (k

;
) and grazing

mortality (m
;
) were determined as biomass-weighted averages to account for vari-

ations in phytoplankton Chl a or population abundances in the depth pro"les.

3. Results

3.1. Phytoplankton community characteristics

The six experimental stations spanned a broad gradient in environmental condi-
tions, with near-surface NO

3
and Chl a concentrations varying from 0.01 to 11.5 lM

and 0.16 to 1.50 lg l~1, respectively (Table 1). NO
3

was low in the mixed layers of the
three most o!shore stations (N7, S15, S11) and increased approaching the upwelling
region along the Omani coastline. Chlorophyll a concentrations were lowest at N7
and S15, intermediate at the high nutrient coastal stations, and highest at S11 where
nitrate reached very low levels.

Prochlorococcus were only abundant at the stations characterized by low NO
3

and
low Chl a, averaging 158,000 and 264,000 cells ml~1 in the mixed layers at stations N7
and S15, respectively (Table 1). Synechococcus abundances were typically in the range
40,000}50,000 cells ml~1 in the upper euphotic zone at all stations, except for an
abundance maximum (123,000 cells ml~1) at station S7 and 80,000 cells ml~1 at N7.
Abundances of picoeukaryotic algae increased with nutrient concentrations, ranging
from approximately 2500}3500 cells ml~1 at o!shore stations with negligible NO

3
to

'17,000 cells ml~1 at the richest coastal station (S2).
Phytoplankton community carbon more than doubled from 29}30 lg C l~1 at

stations N7 and S15 to 76 lg C L~1 at coastal station S2 (Table 2). Combined
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picoplankton (Prochlorococcus, Synechococcus and picoeukaryotes) represented
84-92% of mixed-layer community carbon at the more oligotrophic stations (N7 and
S15), 23}35% at coastal stations (S2 and S4), and 59% at intermediate station S7.
Picoplankton contributed only 26% to community biomass at the high-chlorophyll,
low-nutrient station (S11), comparable to that at the coastal eutrophic stations.
Prochlorococcus was the single most important contributor to phytoplankton carbon
at S15 (50%); Synechococcus was the largest contributor at stations N7 (45%) and S7
(43%); and diatoms represented half of the community carbon at the coastal stations
(S2 and S4). The mid-transect station S11 was characterized by high concentrations of
Phaeocystis (38% of cell biomass), 95% in nonmotile sheet form. Phaeocystis sheet
colonies were also relatively abundant at S7 (19% of phytoplankton carbon).

C : Chl a ratios for the mixed-layer communities varied from 124 to 169 for the most
oligotrophic stations (N7 and S15), from 90 to 123 at diatom-dominated coastal
stations (S4 and S2), and from 31 to 52 at stations (S11 and S7) with abundant
Phaeocystis (Table 2). Where the mixed-layer did not contain all experimental depths
to the 1% light level, C : Chl a estimates for the lower euphotic zone varied from 16 to
52, representing 17 to 42% of the mixed-layer ratios.

3.2. Community growth rates

Growth rate inferences from 14C-uptake rates and C : Chl a ratios were similar in
magnitude at the two low-nutrient, low-chlorophyll stations, N7 and S15, with no
distinct maxima (Fig. 2). Although the pro"les were similarly shaped, depth-integrated
growth was higher at station N7 than S15 (k

;
"0.59 and 0.44 d~1, respectively) (Table 3).

Growth rates at both stations S11 and S7 exceeded 1.0 d~1 at light levels above 27%
PAR

0
and decreased to less than 0.1 d~1 at 1% PAR

0
(Fig. 2). Integrated growth rate

estimates were highest at these two stations, reaching k
;
"1.17 d~1 at S11 and

0.84 d~1 at S7 (Table 3). Growth rate estimates were lower and showed comparable
depth pro"les and integrated averages (k

;
"0.63, 0.65 d~1) at the two high-nutrient

stations, S2 and S4 (Table 3).
Chl a-based estimates of community growth and grazing were made from dilution

experiments at all stations, except N7 (Fig. 2). At low-nutrient stations S11 and S15,
Chl a growth (i.e., pigment synthesis rate) was relatively low near the surface but
showed a subsurface maximum of 0.7 to 1.0 d~1 at approximately the depth of the 7%
light level. Grazing losses exceeded synthesis rates in the upper euphotic zone at these
stations while growth exceeded grazing in the lower half. Depth-integrated estimates
of growth and grazing varied somewhat between stations, with k

;
"0.53 to 0.55 d~1

and m
;
"0.50 to 0.37 d~1 at stations S11 and S15, respectively. On average, however,

microzooplankton grazing accounted for the utilization of about 81% of phytoplan-
kton community growth at these low-nutrient stations.

At the higher-nutrient stations, Chl a growth estimates were enhanced in the upper
euphotic zone, approaching rates of 1.5 d~1 at or above the 27% PAR

0
light depth

(Fig. 2). Corresponding estimates of grazing mortality showed a considerable excess of
Chl a synthesis over grazing losses at the higher light levels, approaching a balance
lower in the euphotic zone. Depth-integrated growth rates ranged from 0.91}1.05 d~1
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Fig. 2. Growth and mortality rate estimates (d~1) for experimental stations. Growth rates derived from
14C-uptake experiments and estimated gross carbon production (GCP) based on measured car-
bon : chlorophyll ratios as described in text. Speci"c growth and losses due to grazing of bulk chlorophyll,
Prochlorococcus, Synechococcus, and picoeukaryotes from in situ dilution experiments. All rate estimates
are based on 24-h incubations.
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Table 3
Mean rates of phytoplankton growth (k

;
(d~1)) and microzooplankton grazing (m

;
, (d~1)) at six stations

during the 1995 SW Monsoon

Growth rates (k
;

(d~1)) Grazing loss rates (m
;
(d~1))

Station 14C Chl a PRO SYN PEUK Chl a PRO SYN PEUK

N7 0.59 * 0.78 1.12 * * 0.73 0.72 *

S15 0.44 0.55 0.21 0.46 0.16 0.37 0.18 0.34 0.12
S11 1.17 0.53 * 0.58 1.28 0.50 * 0.50 1.72
S7 0.84 1.05 * 0.84 1.00 0.44 * 0.73 0.79
S4 0.65 0.94 * 0.58 0.91 0.34 * 0.33 0.67
S2 0.63 0.91 * 0.66 0.76 0.54 * 0.33 0.63

Note: Phytoplankton community rates are from measured 14C-uptake ]2.4 to adjust for gross production
and from total Chl a in contemporaneous dilution incubations. Population-speci"c rates are for Proch-
lorococcus (PRO), Synechococcus (SYN) and picoeukaryotes (PEUK) measured by #ow cytometry. All
estimates are depth-integrated averages for the euphotic zone (to 1% light) weighted for depth variations in
standing stock (Chl a or population abundances).

for the three high-nutrient stations (S2, S4, S7). Grazing losses averaged 0.44 d~1 for
these stations, comparable to the mean m

;
for the low-nutrient stations, but only

accounted for 46% of Chl a growth.
For most of the stations, phytoplankton community growth inferences from Chl

a in dilution incubations exceeded growth rates calculated from gross-production
adjusted 14C uptake. On average, the pigment-based rates were 25% higher than
14C rates at picoplankton-dominated stations (S7 and S15) and 44% higher at
diatom-dominated stations (S2 and S4) (Table 3). In contrast, production-based
estimates exceeded Chl a estimates by a factor of 2.2 at S11, where colony-forming
Phaeocystis were abundant.

3.3. Picoplankton growth and grazing mortality

Depth-pro"les of picoplankton growth and mortality rates are presented adjacent
to community rate estimates in Fig. 2. At station N7, growth rate estimates for
Prochlorococcus showed a maximum of 1.28 d~1 at 13 m (44% PAR

0
) and exceeded

one cell division d~1 (k
;
"0.78 d~1) throughout the euphotic zone (Table 3). At

station S15, the most oligotrophic station on the southern transect, growth rates were
consistently much lower, not exceeding 0.45 d~1 at any depth and averaging 0.21 d~1

for the euphotic zone. Grazing mortality of Prochlorococcus followed the pattern for
growth, with depth-integrated rates of 0.73 and 0.18 d~1 at stations N7 and S15,
respectively (Fig. 2). On average, grazing accounted for the loss of 90% of Proch-
lorococcus growth at these two stations.

Overall, depth-integrated growth estimates for Synechococcus averaged 0.71 d~1

(range"0.46}1.12 d~1), and mortality due to grazing was 70% of growth
(range"50}87%) (Table 3). Growth rates were generally highest in near-surface
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incubations at stations, with low to moderate concentrations of dissolved nutrients,
exceeding two cell divisions d~1 at stations N7, S11 and S7 (Fig. 2). As noted for
Prochlorococcus, growth rates of Synechococcus were much lower at station S15
(k

.!9
"0.86 d~1 at 15 m; k

;
"0.46 d~1). Synechococcus growth also appeared to be

depressed at the high-nutrient stations (S4 and S2), with no estimates greater than
0.91 d~1, and average l

;
"0.58 and 0.66 d~1 (Table 3). As a general pattern, depth

pro"les of grazing mortality followed the growth rate trends, but usually there was
a substantial excess of growth over grazing in the upper- to mid-euphotic zone and
more balanced growth and grazing below (Fig. 2).

At the oligotrophic stations, there was little measurable growth or grazing of
picoeukaryotes. The only signi"cant growth at station N7 was at 50 m
(k

/!5
"0.66 d~1), the depth of the chlorophyll maximum. Station S15 showed low net

growth at all depths (range"0.03}0.31 d~1; k
;
"0.24 d~1). Along the other southern

transect stations, growth rates tended to be higher o!shore, where population abund-
ances were lower, and lower nearshore, where population densities were highest
(k

;
"0.76, 0.91, 1.00 and 1.28 d~1 at stations S2, S4, S7 and S11, respectively) (Table

3). At station S11, grazing mortality exceeded growth rates at all but one depth,
averaging 1.72 d~1 ("134% of k

;
). At the more coastal stations, depth-integrated

grazing losses averaged 0.63 and 0.79 d~1 (stations S4 and S7, respectively), ac-
counting for an average of 79% of the growth rate estimates. Except for the most
oligotrophic stations (N7 and S15), speci"c growth rates of picoeukaryotes exceeded
those for Synechococcus by about 50%, on average. For the same stations, however,
mortality rates on PEUK averaged more than double the estimates for SYN (Table 3).

3.4. Changes in cellular yuorescence

Changes in Chl a per cell over the course of experimental incubations can provide
useful inferences about the in situ light "eld. Cells that increased in #uorescence per
cell may have been held at light levels below that which they were adapted, and vice
versa. Chl a #uorescence per cell, normalized to standard #uorescent beads, was
assessed by #ow cytometry from initial and "nal samples at "ve of the stations. For
a given station, each of the picoplankton groups showed similar initial trends with
depth and similar responses to the experimental incubations. Therefore, the #uores-
cence results for Synechococcus illustrate the pattern for the picoplankton as a whole
(Fig. 3). At stations N7, S11 and S7, initial measurements of cellular #uorescence were
constant throughout the euphotic zone, which was generally contained within a deep
surface-mixed layer. At stations S4 and S2, the shallower mixed layers were evident as
sharp breaks in the initial distributions of red #uorescence, with near-constant values
extending to the depth of the mixed layer and increasing values below.

Red #uorescence per cell was constant over the course of the experimental incuba-
tion for near-surface samples at N7, as well as for the deepest sample. Samples from
mid-depths, however, showed some increase during incubation, particularly the
sample incubated at 40 m. Experimental bottles from station S11 were incubated on
shipboard, and only the near-surface samples changed appreciably, showing a de-
crease in cellular #uorescence over the course of the incubation. Near-surface samples
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Fig. 3. Changes in the cellular red (chlorophyll) #uorescence of Synechococcus during in situ dilution
incubations. Fluorescence normalized to 0.57-lm Fluoresbrite beads and presented in arbitrary units. The
dotted line represents the mixed layer depth at which sigma-theta is 0.125 kg m~3 larger than surface
sigma-theta.

from station S7 exhibited less #uorescence after the incubation period while deeper
samples showed an increase. In contrast, samples from stations S4 and S2 showed
marked increases in cellular #uorescence after the incubation period, with the largest
increases occurring in the mixed layer.

3.5. Contribution of picoplankton to primary productivity

Estimates of the contributions of each picoplankton group to total gross carbon
production (GCP) are presented for speci"c incubation depths in Table 4, and as
depth-integrated totals in Table 5. Picoplankton contributed most to depth-speci"c
production in the upper- to mid-euphotic zone at station N7, exceeding GCP
estimates by 10}150% in the upper 30 m (Table 4). At the other stations, the
picoplankton contribution either showed no depth pattern (S15, S11 and S2) or
peaked in the mid- to lower-euphotic zone (S7, S4).

Depth-integrated production estimates for the total picoplankton community var-
ied from 150 (N7) to 16% (S11) of GCP, but were more typically 40}60% of GCP
(Table 5). At the more oligotrophic stations N7 and S15, nearly all picoplankton
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Table 4
Contributions of picophytoplankton to primary production. All values reported as mmol C m~3 d~1

Station Depth %I GCP PRO SYN PEUK Total %Pico

N7 1 93 2.9 0.9 2.3 0 3.2 110
N7 5 75 2.7 1.5 3.8 0 5.3 196
N7 13 44 2.4 1.7 4.2 0 5.9 246
N7 20 27 2.4 0.9 3.1 0 4 167
N7 30 15 1.9 1.2 2.7 0 3.9 205
N7 40 7 1.7 0.7 0.5 0 1.2 71
N7 50 4 1.6 0.4 0.6 0.4 1.0 63
N7 70 1 0.3 0.2 0 0 0.2 67

S15 1 93 1.8 0.2 0.4 0 0.6 33
S15 5 75 2.0 0.7 0.8 0.1 1.5 75
S15 15 44 2.4 0.4 1.0 0.1 1.4 58
S15 25 27 2.4 0.2 0.6 0 0.8 33
S15 35 15 2.1 0.7 0.4 0 1.1 52
S15 50 7 1.2 0 0.3 0 0.3 25
S15 60 4 0.8 0.2 0.3 0 0.5 63
S15 85 1 0.1 0.1 0.2 0 0.3 300

S11 0 100 19.7 0 3.9 0.6 4.5 23
S11 0 100 20.0 0 2.1 0.8 2.9 15
S11 1 90 22.7 0 1.4 1.5 2.9 13
S11 4 56 15.9 0 1.1 1.6 2.7 17
S11 10 29 14.2 0 0.6 1.2 1.8 13
S11 16 14 7.8 0 0.4 1.5 1.9 24
S11 22 8 4.4 0 0.3 0.2 0.5 11
S11 36 2 0.4 0 0 0.2 0.2 50

S7 1 93 19.0 0 5.5 2.5 8.0 42
S7 5 75 17.0 0 3.3 2.7 6.0 35
S7 10 44 14.6 0 5.3 2.3 7.6 52
S7 15 27 11.0 0 3.1 1.4 4.5 41
S7 20 15 7.0 0 8.6 3.6 12.2 174
S7 30 7 2.8 0 0.8 0.3 1.1 39
S7 38 4 1.0 0 0.2 0.3 0.5 50
S7 55 1 0.1 0 0 0.2 0.2 200

S4 1 93 9.5 0 0.7 1.6 2.3 24
S4 5 75 9.3 0 1.1 1.5 2.6 8
S4 10 44 7.2 0 0.4 1.9 2.3 32
S4 15 27 5.1 0 0.7 3.1 3.8 75
S4 20 15 3.1 0 0.5 1.5 2.0 65
S4 30 7 1.4 0 0.1 0.4 0.5 36
S4 38 4 0.5 0 0.1 0.5 0.6 120

S2 1 93 10.3 0 1.2 2.5 3.7 36
S2 3 75 9.2 0 1.1 3.6 4.7 51
S2 8 44 8.4 0 1.1 5.4 6.5 77
S2 13 27 8.4 0 1.5 3.1 4.6 55
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Table 4 (Continued)

Station Depth %I GCP PRO SYN PEUK Total %Pico

S2 19 15 5.4 0 0.5 2.6 3.1 57
S2 26 7 3.2 0 0.2 3.1 1.5 47
S2 32 4 2.2 0 0 0.8 0.8 36
S2 45 1 0.6 0 0 0.5 0.5 83

Note: Production represents 14C carbon assimilation ]2.4&gross carbon production (GCP). PRO, SYN,
and PEUK refer to carbon assimilation attributed to Prochlorococcus, Synechococcus, picoeukaryotes and
total picoplankton. Values are based on speci"c growth rates, standing stocks and estimates of carbon per
cell. All comparisons are based on 24-h incubations

Table 5
Depth-integrated estimates of gross carbon production GCP, (mmol C m~2 d~1) from 14C-uptake
experiments and cell speci"c rates from dilution experiments

Station GCP Pro Syn Peuks % Total

N7 123 58 126 (1 150
S15 122 25 39 6 57
S11 305 0 18 30 16
S7 334 0 142 71 64
S4 160 0 17 52 43
S2 211 0 23 95 56

Note: Picophytoplankton production estimates based on speci"c growth rates (k), initial cell densities, and
carbon per cell conversion factors as described in text. % Total represents the fraction of 14C-uptake
attributed to the combined picoplankton populations

production was due to Synechococcus and Prochlorococcus. Prochlorococcus was
e!ectively absent at the other stations, while Synechococcus contributed substantially
at S7 (43% of GCP) but only modestly ((11% of GCP) elsewhere. In contrast,
picoeukaryote production increased in relative terms from o!shore to coastal sta-
tions, reaching a high of 45% of GCP at S2.

4. Discussion

4.1. Picoplankton dynamics

The present study was part of an investigation of the dynamics of picoplankton
populations in the Arabian Sea under di!erent conditions of environmental forcing
and within the context of community-level assessments of primary production,
phytoplankton growth and microzooplankton grazing. We were interested in
documenting the rates of growth and grazing on target phytoplankton populations,
understanding how they varied among stations with di!erent environmental
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characteristics, and testing the internal consistency of results and interpretations from
alternative methods.

At the time that this study was undertaken, it was expected that the strong diel
synchrony in Prochlorococcus cell division (Vaulot et al., 1995) limited its maximum
growth rate to one division per day. If this were the case, Prochlorococcus would be
e!ectively excluded from marine environments where the protistan grazing impact on
bacterial-sized prey substantially exceeded 0.7 d~1. Based on the results of this study
as well as others, however, there appears to be no such constraint on Prochlorococcus
growth potential, at least for the strain(s) residing in the Arabian Sea. Reckermann
and Veldhuis (1997) reported Prochlorococcus growth rates ranging up to 2.2 d~1 in
the Gulf of Aden during the 1992}1993 NE Monsoon. The highest estimate from the
present study, 1.28 d~1 at station N7 (Fig. 2), is also consistent with rate estimates of
1.16}1.29 d~1 from cell cycle analysis of diel samples collected from the 10}25 m
depth strata at N7 during the same cruise (Liu et al., 1998). The excellent agreement
between these two entirely independent approaches } one involving incubation of
contained populations, the other requiring no experimental manipulation at all
} lends strong support to the notion that Prochlorococcus can achieve growth rates up
to 2 cell divisions d~1. Consequently, the virtual absence of Prochlorococcus at
stations with higher nutrients cannot be explained by their inability to grow fast when
environmental conditions are appropriate. Since Prochlorococcus are also unlikely to
su!er disproportionately high grazing losses relative to other picophytoplankton
because of their relatively small size, the explanation for their low abundances at four
of our six stations must therefore reside in some, as yet undiscovered, growth
requirement or inhibitory factor that a!ected the quality of the growth environment
at stations S2}S11. In this latter regard, reduced growth rates of Synechococcus and
picoeukaryotes were evident at the higher-nutrient coastal stations (S2 and S4) in our
data (Table 3), and Burkhill et al. (1993) also showed a decrease in Synechococcus
growth rates at stations close to the Omani coast.

The striking di!erence in growth rates of Prochlorococus and Synechococcus at
stations N7 and S15 is another interesting puzzle because these stations super"cially
appear to provide similar growth environments in terms of light, temperature and
macronutrients. Based on inferences from shipboard ADCP measurements of current
patterns (Flagg and Kim, 1998; Campbell et al., 1998), station N7 resided in a cyclonic
(upwelling) mesoscale eddy which may have enhanced the rate of supply of nutrients
to the euphotic zone. Even if upwelling explained the higher growth rates of ambient
populations at N7, however, it could not have brought new nutrients to the contained
populations during the incubation experiments. Thus, the higher picoplankton
growth rates for the station may have re#ected a more favourable recent nutrient
history, rather than the conditions in the incubation bottles. Along these lines, the
lower growth rates at station S15 might involve di!erent species or clones, or
population adaptations to water masses with di!erent histories. Based on ¹}S
signatures, for example, the water mass at S15 was of distinctly di!erent origin than
the rest of the stations studied (Morrison et al., 1998).

Even though the experiments at station S11 were incubated on shipboard, we
assume that they can be compared to in situ experiments because the cellular Chl a
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#uorescence of incubated populations revealed no problems with simulated light
levels (Fig. 3). Colonies of Phaeocystis sp. reached a biomass maximum at S11
(Garrison et al., 1998), which could account for the enhanced Chl a concentrations
and high primary production at this station. The combination of low Chl a-based
growth rates and low nutrient concentrations suggests that the Phaeocystis colonies
may have been approaching or even in a state of senescence and decline. The recent
history of water at S11 presumably involved high nutrients, which were subsequently
exhausted by the accumulation of Phaeocystis biomass. In fact, physical oceano-
graphic observations suggest the community at S11 was likely an advanced suc-
cessional phase of a coastally derived bloom advected there as the o!shore extension
of a coastal "lament (Flagg and Kim, 1998; Manghnani et al., 1998). Such a history
would explain the absence of Prochlorococcus, despite low nutrient conditions which
generally favor its dominance (Campbell et al., 1998). The large discrepancy between
14C and Chl a estimates of growth rate at this station presumably re#ected the
production of extracellular mucus not accounted for in our C : Chl a ratios (see
discussion below).

Community rate estimates from the in situ mini-dilutions were in good agreement
with results of standard dilution experiments incubated on shipboard (Landry et al.,
1998). Average mortality rates due to grazing from each of the two approaches never
di!ered by more than 0.07 d~1 at a given station, and they exhibited similar trends in
the relationships of growth to grazing, with a closer balance at the oligotrophic sites
and substantial excess of growth over grazing at the high-nutrient stations. The excess
growth at the high-nutrient stations is consistent with the enhanced abundance of
large diatoms, which are less likely to be grazed by small protozoans (Edwards et al.,
1999; Landry et al., 1998).

Within the picoplankton, losses to microzooplankton grazing tended to be more
closely coupled to growth rates, with grazing accounting for averages of 90, 70 and
86% of the growth rates for Prochlorococcus, Synechococcus and picoeukaryotic
algae. Over the depth-integrated euphotic zone, the observed net rates of growth of
these populations averaged 0.04, 0.22 and 0.05 d~1, respectively. A generally good
balance between growth and grazing has been noted for previous studies of picoplan-
kton dynamics in the Arabian Sea, but the data set is limited (Burkhill et al. (1993),
(3 experiments), Reckermann and Veldhuis (1997) (6 experiments)). In contrast, for six
stations along the Somali coast at which net growth rates were measured in in situ
incubations at seven depths during the 1992}1993 SW Monsoon, Veldhuis et al.
(1997) reported average k

/%5
of 0.34, 0.32 and 0.37 d~1 for Prochlorococcus,

Synechococcus and small picoeukaryotic algae, respectively. Thus, a close balance
between growth and grazing losses appears to be fairly typical for picoplankton
populations in the Arabian Sea. However, signi"cant departures from this balance can
occur as the populations respond to changing conditions in this highly dynamic system.

Over the depth ranges of integration and the stations at which they could be
directly compared, growth and grazing rate estimates for Prochlorococcus averaged
76% of the mortality rates for Synechococcus, and picoeukaryote rates were 1.7 times
as high as Synechococcus. If we assume that the diameters of Prochlorococcus,
Synechococcus and picoeukaryotes were 0.7, 1.0 and 2.0 lm, respectively, the mean
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rates for the di!erent picoplankton groups increased roughly with the "rst power of
prey diameter. Theoretical predictions of prey vulnerability to #agellates feeding
randomly by direct particle interception follow a similar size dependence (Monger
and Landry, 1990,1991). Thus, while considerable variability is evident in individual
depth pro"les, the mean dynamics of picophytoplankton populations in the Arabian
Sea appear to be linked by size and consistent with grazing control by common
#agellate predators.

4.2. Growth and production rate estimates from diwerent methods

This is the "rst study to our knowledge that has looked at relationships between
growth and production rate inferences from dilution and 14C-uptake experiments
from contemporaneous in situ incubations. Since these techniques measure di!erent
properties of the contained phytoplankton community } the speci"c growth rates of
the Chl a-bearing organisms versus the net accumulation of labeled-particulate
carbon } we had no a priori expectation that they should agree closely. Nonetheless,
we attempted to minimize some of the obvious problems in comparing results from
these di!erent methods. For example, given that a perfect balance of growth and
grazing during the incubations would yield no net change in cell abundance (i.e.,
k
/%5

"k!g"0), the D cell carbon method of comparing net population growth to
14C production (Veldhuis et al., 1997) would provide conservative assessments of
picoplankton contributions to production. The direct comparison of speci"c growth
(k) rates to phytoplankton gross production avoids this problem. Despite our at-
tempts to account for station-to-station and depth variability in C : Chl a ratios,
however, uncertainties in carbon biomass conversions remain problematic in compar-
ing results from pigment-, population- and production-based methodologies. Di!er-
ent facets of the biomass conversion problem are illustrated in our results from
di!erent stations.

First, the high estimates of picoplankton production, which exceeded 150% of gross
production estimates at station N7 (Table 5), suggest that picoplankton cellular
carbon contents may have been set too high. As noted previously, our estimates were
on the low end of values applied to picoplankton in the marine environment (53, 175
and 975 fg C cell~1 for PRO, SYN and PEUK, respectively). However, values of
about a factor of two lower (25, 98 and 586 fg C cell~1) can be computed from the
140 fg C lm~3 conversion factor of HagstroK m et al. (1988) and the spherical bio-
volumes of 0.7 lm (0.065 lm3), 1.1 lm (0.70 lm3) and 2.0-lm (4.2 lm3) diameter cells.
These lower values would bring our calculated picoplankton production rates in line
with estimated GCP at station N7. They would mean, however, that our assessments
of picoplankton contributions to total phytoplankton community biomass and pro-
duction could be exaggerated by as much as a factor of 2. If so, perceptions of the
relative importance of picophytoplankton in the marine environment, not only from
this study but others as well, might be systematically biased by the widespread use of
high cellular carbon conversion estimates.

Errors in the carbon contents of individual picoplankton cells also in#uence the
comparison of Chl a and 14C community-level growth rates by in#ating the calculated
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C : Chl a and, hence, the initial community carbon estimates used to derive l from
GCP. Thus, the generally lower k

;
estimates from 14C-uptake compared to Chl

a growth in dilution incubations could be another indication of overestimated cellular
carbon contents. However, a second problem with biomass conversions in the present
study is evident from the low C:Chl a estimates for station S11, and to a lesser extent
S7 (Table 2). These estimates may or may not accurately re#ect the C : Chl a ratios
of the photosynthetically active biomass, but in failing to account for the mucus
content of Phaeocystis colonies, they clearly underestimate the amount of carbon
that must be produced for the community to double itself in biomass. The direction
and magnitude of the discrepancy in GCP and Chl a growth rate estimates for station
S11 suggest that much of the measured carbon production at this station is in the form
of mucus.

Finally, changes in C : Chl a due to pigment photoadaptation is another factor that
can confound comparisons of community growth rate estimates from 14C-uptake and
dilution incubations. Observed changes in cellular #uorescence (Fig. 3) allow us to
quantify the possible magnitudes of this e!ect for various experiments. Clearly, the net
e!ect for o!shore stations S7 and S11 would be little, other than the fact that
photobleaching in the near-surface samples might call for an upward adjustment of
pigment-based estimates for these depths. In contrast, the marked increases in cellular
#uorescence at coastal stations S2 and S4 have potentially large e!ects on the rate
estimates. At station S2, cellular #uorescence increased on average by 40% in the
depth-integrated pro"le; at station S4, #uorescence was enhanced by 55%. Although
other dominant phytoplankton groups (e.g., diatoms) may have responded di!erently,
if we assume that the pigment response of Synechococcus was typical, growth in
pigment per cell, as opposed to true growth of new cells, could explain the higher
ratios of k

;
estimates from Chl a and GCP approaches at stations S2 and S4 (1.45)

relative to S7 and S15 (1.25).

4.3. Picoplankton contributions to primary production and community biomass

As noted above, assessing the contributions of picoplankton populations to com-
munity biomass and production needs to be done cautiously because of the still
considerable uncertainty in cellular carbon contents. One way that we can minimize
errors from these uncertainties is to compare estimates of the biomass and production
contributions to one another, since both are a!ected in the same direction, though not
exactly to the same extent, by carbon conversion errors. Prochlorococcus contributed
more to production than biomass at station N7 and less at S15, with about equal
contributions overall at these oligotrophic sites (Table 6). Synechococcus accounted
for signi"cantly more production relative to its biomass at N7 and less production to
biomass at coastal station S2 and S4. On average, however, Synechococcus contrib-
uted about equally to production and biomass across the range of environmental
conditions. In contrast, picoeukaryotes showed a clear trend in reduced production
relative to biomass in the o!shore, oligotrophic stations and enhanced production to
biomass contributions in the high-nutrient coastal stations, with a 28% higher
contribution to production for the 6 station average. Due to the shift in community
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Table 6
Estimated percentage contributions of picophytoplankton to total phytoplankton community biomass and
primary production

PRO SYN PEUK Total PICO

Station Biomass Prod Biomass Prod Biomass Prod Biomass Prod

N7 30.6 47.2 45.4 102.0 8.2 (1.0 84.2 150.0
S15 49.8 20.5 31.6 32.0 10.9 4.9 92.3 57.4
S11 * * 17.8 5.9 8.4 9.8 26.2 15.7
S7 * * 42.7 42.5 16.3 21.3 60.0 63.8
S4 * *- 14.1 10.6 21.0 32.5 35.1 43.1
S2 * * 12.3 10.9 23.4 45.0 35.7 56.0

Note: Biomass percentages are computed from data in Table 3; production (Prod) contributions are from
Table 5.

dominants and activity levels, from prokaryotes o!shore to picoeukarytotes near-
shore, picophytoplankton as a whole contributed disproportionately to production at
only the oligotrophic (N7) and eutrophic (S2 and S4) extremes of the experimental
stations.

Because they achieve extraordinary numerical abundances in certain environments,
the importance of photosynthetic prokaryotes, Prochlorococcus and Synechococcus,
is usually recognized and perhaps even sometimes overstated. In comparison,
the eukaryotic picoplankton are not numerically dominant in the open oceans and
are easily overlooked relative to larger phytoplankton in richer habitats. As demon-
strated by Li (1994), however, larger size and high cell-speci"c rates of 14C
uptake allow picoeukaryotic algae to be important, despite lower abundances.
The present study suggests that picoeukaryotes are particularly abundant and
disproportionately productive in coastal marine systems. Even during intense mon-
soonal forcing in the Arabian Sea, picoeukaryotic algae appear to account for a
large portion of primary production in the coastal upwelling regions. This production
supports an active community of protistan grazers in the upwelling region, explaining
high rates of loss to microzooplankton grazing (Landry et al., 1998) and relatively
modest carbon export #uxes in these areas (Buesseler, 1998; Buesseler et al.,
1998).

In summary, the present study demonstrates that picophytoplankton were a dy-
namic and important component of the plankton community in the Arabian Sea
during the 1995 SW Monsoon. Although the general magnitudes of population
growth and mortality rates and their interrelationships are now reasonably well
documented by this study and others, additional work is needed to understand why
the di!erent populations vary so greatly in relative abundances among stations, how
apparently comparable conditions at di!erent stations lead to widely di!erent growth
responses, and to better constrain estimates of the contributions of picophytoplan-
kton to measured rates of community primary production.
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