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Abstract

As part of the US JGOFS Arabian Sea Process Study in 1995, we investigated temporal and spatial patterns in

microbial dynamics and production during the late Southwest (SW) Monsoon (August–September 1995) and the early

Northeast (NE) Monsoon (November–December 1995) seasons using the seawater-dilution technique. Experiments

were coupled with population assessments from high-performance liquid chromatography, flow cytometry, and

microscopy to estimate further taxon-specific phytoplankton growth, grazing and production. Dilution estimates of

total primary production varied substantially, from 7 to 423mg C l�1 d�1, and were generally in good agreement with

rate estimates from 14C-uptake incubations. Both primary production and secondary bacterial production were, on

average, 2.5� higher during the SW Monsoon than the NE Monsoon. Relative to the total community, photosynthetic

prokaryotes contributed 23% and 53% of production during the SW and NE Monsoons, respectively. Prochlorococcus

spp. production was well balanced by grazing losses, while >50% of Synechococcus spp. production during the SW

Monsoon appeared to escape grazing by protists. Diatoms comprised >30% of primary production at a high biomass

station during the SW Monsoon but o30% at all stations during the NE Monsoon. Growth rates of Synechococcus

spp. and diatoms appeared to be limited by inorganic nitrogen concentrations, while Prochlorococcus spp.,

dinoflagellates and Phaeocystis spp. were not. Losses to protistan grazing were strongly correlated with phytoplankton

biomass and production. Despite sufficient prey levels, protistan biomass was modest and constant across the region

during both seasons. Of the larger taxa, diatoms were grazed the least effectively with only 50% of daily production

accounted for by protistan grazing. Combined estimates of protistan and mesozooplankton grazing at upwelling

stations during the SW Monsoon leave B10% of primary production unaccounted for and available for sinking and/or

lateral advection. Similarly high rates of net production at northern coastal stations during the NE Monsoon suggest

that this area also may contribute to regional export flux. r 2002 Published by Elsevier Science Ltd.
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1. Introduction

The Arabian Sea is characterized by seasonally
reversing monsoonal winds, resulting in alternat-
ing periods of quiescence and mixing due to
upwelling during the Southwest (SW) Monsoon
and convection during the Northeast (NE) Mon-
soon. These oscillations in physical forcing and
periodic nutrient enhancement result in dramatic
seasonal and spatial variations in biological
communities and processes. As a consequence,
the Arabian Sea is a natural laboratory for
studying variability in microbial community struc-
ture and its link to production and physical forcing
mechanisms.

The US Joint Global Ocean Flux Study (US
JGOFS) Arabian Sea Process Study (ASPS)
spanned the annual cycle of reversing winds during
seven cruises in 1995, from the late NE Monsoon
in January through the onset of the NE Monsoon
in December. The ASPS provided numerous
opportunities to document changes in microbial
community structure and standing stocks. During
Intermonsoon periods and offshore, generally
warm nutrient-poor waters, unaffected by wind-
driven upwelling or convection, were dominated
by photosynthetic picoplankton, primarily Pro-

chlorococcus spp. (Burkill et al., 1993a, b; Jochem
et al., 1993; Campbell et al., 1998; Tarran et al.,
1999; Garrison et al., 2000). During the SW
Monsoon season, the dominance shifted to larger
autotrophic nanoplankton and microplankton,
particularly in the colder nutrient-rich waters
inshore, where Prochlorococcus spp. were virtually
absent (Burkill et al., 1993a, b; Garrison et al.,
1998, 2000; Tarran et al., 1999; Shalapyonok et al.,
2001). Spatial heterogeneity in phytoplankton
distributions during the SW Monsoon season
was linked to coastal filaments and mesoscale
eddies, which transported coastal populations and
upwelling influences to offshore sites (Brink et al.,
1996; Garrison et al., 1998; Latasa and Bidigare,
1998; Manghnani et al., 1998; Flagg and Kim,
1998). Populations followed a similar onshore to
offshore gradient of decreasing cell size during the
NE Monsoon, which was characterized by low
nutrient concentrations, increased temperatures,
and deeper mixed layers (Morrison et al., 1998;
Garrison et al., 2000). Heterotrophic bacterial
biomass was relatively uniform in time and space,
lacking much of the variability of the phytoplank-
ton populations (Ducklow et al., 2001).

Despite substantial changes in microbial com-
munity composition and biomass, community

Fig. 1. Station map for US JGOFS Arabian Sea Process Study cruises TN050 (late Southwest Monsoon) and TN054 (early Northeast

Monsoon) showing locations of study sites.
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production did not differ as much as might be
expected (Barber et al., 2001; Dickson et al., 2001).
Based mainly on experiments conducted along the
southern transect line (Fig. 1), Barber et al. (2001)
concluded that primary productivity during Inter-
monsoon periods was markedly higher than for
previously studied oligotrophic regions in the
Pacific Ocean, and similar to that measured during
the SW and NE Monsoon seasons. Similarly,
Ducklow et al. (2001) found little enhancement
(o2-fold) in bacterial secondary production rates
during the monsoon seasons. Based on the lack of
strong seasonal trends in production, changes in
microbial biomass and community structure do
not appear to parallel production, which may
account for the apparent uncoupling between
production and export (Buesseler et al., 1998a, b).

Considered independently, neither standing
stocks nor growth rate estimates adequately
represent production, and production alone does
not necessarily scale with export flux. Here we
present the first compilation of microbial stocks
and rates in an effort to assess the magnitude,
seasonal differences and spatial variability in
microbial production during the 1995 monsoon
seasons. We further consider taxon-specific phy-
toplankton growth and mortality rates in relation
to physical forcing and protistan grazing to
examine factors regulating microbial production.
Finally, we partition phytoplankton production
into component taxa and consider the fate of net
production with a focus on linking microbial
production and export flux.

2. Materials and methods

Temporal and spatial patterns in microbial
growth, grazing and biomass were investigated in
the Arabian Sea on cruises during the late SW
Monsoon (SWM) season (TN050: August–Sep-
tember 1995) and the early NE Monsoon (NEM)
season (TN054: November–December 1995). Both
cruises followed the same track, starting and
ending in Muscat, Oman, and including an
onshore to offshore northern transect (N stations)
and an offshore to onshore southern transect (S
stations) (Fig. 1). Dilution experiments were con-

ducted and analyzed by high-performance liquid
chromatography (HPLC) and flow cytometry
(FCM) to estimate group-specific growth and
mortality due to protistan grazing. Rates were
augmented by phytoplankton and micrograzer
biomass estimates derived from microscopy. De-
tails of the methodology are described below.

2.1. Dilution experiments

Dilution experiments were prepared according
to Landry et al. (1998). All steps of experimental
setup were done under trace-metal-clean techni-
ques to avoid contamination. Polycarbonate bot-
tles (2.1 l) were filled to establish a nutrient-rich,
replicated, dilution series of 0.22, 0.45, 0.65, 0.86,
and 1.0 natural (unfiltered seawater). Filtered
water was first added to the bottles in measured
amounts, and the remaining volume was gently
filled with natural seawater from the same depth.
To promote constant phytoplankton growth, each
bottle received added nutrients for a final con-
centration of 0.5 mM ammonium, 0.03 mM phos-
phate, 1.0 nM FeSO4 and 0.1 nM MnSO4. Four
experimental bottles also were filled with whole
seawater without added nutrients. Two of these
were used for initial samples; the other two were
incubated as natural seawater controls. All bottles
were incubated for 24 h in seawater-cooled ship-
board incubators screened with neutral density
fabric to achieve appropriate light levels.

2.2. High-performance liquid chromatography

(HPLC)

Seawater samples for HPLC were analyzed
according to Bidigare and Trees (2000). Samples
of 1.7–2.1 l were pressure-filtered in a closed
system through 25-mm Whatman GF/F glass-fiber
filters. Filters were wrapped in aluminum foil,
immediately frozen in liquid nitrogen, and stored
at �801C until analysis. Following disruption of
cells by sonication, pigments were extracted in 3 ml
of 100% acetone in the dark at 01C for 24 h.
Canthaxanthin (50 ml in acetone) was added as an
internal standard to all samples. Prior to analysis,
the pigment extracts were vortexed and centri-
fuged to remove cellular debris.
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Samples (200 ml) of a mixture of 1.0ml pigment
extract and 0.3ml H2O were injected into a Varian
9012 HPLC system equipped with Varian 9300
autosampler, a Timberline column heater (261C),
and Spherisorb 5-mm ODS2 analytical column
(4.6� 250mm) with a corresponding guard car-
tridge. Pigments were detected with a Thermo-
Separation Products UV2000 absorbance (436 and
450nm) detector. Separation of pigments was
accomplished using a modified version of the
ternary solvent protocol of Wright et al. (1991),
with eluent A=80:20 mixture of methanol:0.5M
ammonium acetate, eluent B=85:15 mixture of
acetonitrile:water and eluent C=ethyl acetate.
Eluents A and B also contained 0.01% 2,6-di-
tert-butyl-p-cresol (BHT) to prevent the conversion
of chlorophyll a to its allomers. The linear gradient
was 00 (90% A, 10% B), 10 (100% B), 110 (78% B,
22% C), 27.50 (10% B, 90% C), 290 (100% B), 300

(100% B), and the flow rate was 1mlmin�1. Peak
identifications were made by comparing retention
times of eluting peaks with those of pure standards
and extracts prepared from algal cultures of known
pigment composition (Bidigare, 1991; Latasa and
Bidigare, 1998). Total chlorophyll a (TChla) is
defined as the sum of chlorophyllide a, monovinyl
chlorophyll a and divinyl chlorophyll a.

Stations were grouped according to the results
of a pigment cluster analysis (MINITAB statistical
package) following the criteria of Latasa and
Bidigare (1998). Pigment clusters were re-analyzed
for only the mixed layer, rather than the full depth
profiles used previously. We used the same subset
of 10 pigments (chlorophyllide a, peridinin, 190-
butanoyloxyfucoxanthin, 190-hexanoyloxyfucox-
anthin, fucoxanthin, zeaxanthin, lutein, prasinox-
anthin, alloxanthin, and divinyl chlorophyll a),
Manhattan distances between cases, and Ward’s
method for linkages between clusters. Stations
during the SW (TN050) Monsoon were separated
into four clusters: N1, N2, N4 and S7 (cluster 1);
S2, S3 and S9 (cluster 2); S4 and S11 (cluster 3);
and N6, N7, N11 and S15 (cluster 4). No pigment
data were available for N1; but it was assigned to
cluster 1 based on proximity and other shared
characteristics with stations in this group. Stations
from the NE Monsoon (TN054) fell into three
main clusters: N9, N11, S15 and S13 (cluster 5);

N1 and N2 (cluster 6); and N4, N6, N7, S11, S9,
S7, S4, S3 and S2 (cluster 7).

2.3. Flow cytometry (FCM)

Subsamples (3ml) were preserved in cryogenic
tubes with paraformaldehyde (0.5% final concen-
tration) and frozen in liquid nitrogen until analysis.
In the laboratory, these samples were thawed and
stained with Hoescht 33342 (0.8mgml�1 final
concentration) for 30min before analysis (Monger
and Landry, 1993). Subsamples of 50 or 100ml were
enumerated on a Coulter EPICS 753 flow cyt-
ometer equipped with dual argon lasers and MSDS
II automatic sampling. The lasers were aligned
colinearly with the first laser tuned to the UV range
to excite Hoechst-stained DNA. Blue fluorescence
from the DNA stain was used to distinguish cells
from nonliving particulate matter. The second laser
was tuned to 488 nm at 1.0W to excite the pigments
of autotrophic cells. Microbial populations were
distinguished by differences in forward-angle light-
scatter (FALS) and fluorescence emission. Hetero-
trophic bacteria showed DNA-staining but no red
fluorescence (680740nm) due to chlorophyll.
Prochlorococcus (PRO) showed small size (FALS)
and red fluorescence. Synechococcus spp. (SYN)
were identified based on orange fluorescence and
small size. Larger photosynthetic eukaryotes
(PEUKS) displayed greater light-scatter and red
fluorescence. All FCM samples were spiked with a
mixture of Polysciences Fluoresbrite YG 0.57- and
0.98mm visible beads and 0.46mm UV beads.
Fluorescence per cell was normalized to the
fluorescence values of the standard 0.57mm beads
for each identifiable phytoplankton population.
Cell abundances were converted to biomass esti-
mates using carbon-per-cell conversion factors
determined for Arabian Sea populations (Shala-
pyonok et al., 2001; Garrison et al., 2000); carbon
contents of 11, 32 and 101 fg C cell�1 were used for
heterotrophic bacteria, Prochlorococcus spp., and
Synechococcus spp., respectively.

2.4. Microscopy

Water-column samples for microscopy were
collected at various depths in the upper 100 m
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from rosette sample bottles during standard
hydrographic casts. Autotrophic and hetero-
trophic nanoplankton were enumerated according
to Garrison et al. (1998). Replicate samples of 50–
150 ml were concentrated on 0.8-mm black Poretics
filters and stained with either DAPI or profla-
vin+DAPI. Glutaraldehyde (final concentra-
tion=0.5%) and the stains were added when
B10 ml remained in the filter towers and allowed
to sit for 10–15 min before completing filtration.
Filters were frozen at �801C until subsequent
laboratory analysis. Slides were viewed with an
Olympus BX-60 microscope using blue excitation
for proflavin-stained cytoplasm and autofluores-
cence and UV excitation for DAPI-stained nuclei.
Samples were counted at 500� , 750� or 1250�
as appropriate to enumerate all cells >2 mm in
diameter.

Additional aliquots were preserved with Lugol’s
iodine solution (125 ml) or buffered paraformalde-
hyde (250 ml) for analysis of microplankton
including diatoms, silicoflagellates, dinoflagellates
and ciliates. Samples were settled and examined
with an Olympus IMT-2 inverted microscope.
Concentrated DAPI (final concentration=
0.5 mgml�1) was added to settled paraformalde-
hyde samples for analysis with UV excitation, and
autofluorescence was determined with blue excita-
tion. Lugol’s samples were viewed with trans-
mitted light.

Carbon estimates were derived from measured
cell dimensions, appropriate geometric formulae,
and carbon-to-volume ratios. Diatom and flagel-
late biovolumes (BV, mm3) were converted to
biomass (pg C) based on Eppley et al. (1970):
log10(pg C)=0.76 log10(BV) �0.35 and log10(pg
C)=0.94 1og10(BV) �0.60, respectively. Ciliate
biovolume (BV, mm3) was converted to biomass
using pg C=0.16 BV and pg C=0.19 BV for
samples preserved with paraformaldehyde and
Lugol’s, respectively (Putt and Stoecker, 1989).
For Phaeocystis colonies, the number of cells per
colony was estimated as a function of colony
volume using log10(Colony cell number)=0.51
(log10[Colony volume, mm3]+3.61) (Rousseau
et al., 1990), and biomass was determined from
abundance using 8.6 pg C cell�1 derived from the
Eppley et al. (1970) equation for nondiatoms. The

difference between the total number of photosyn-
thetic eukaryotes (PEUKS) from FCM and the
total number of cells >2 mm enumerated from
microscopy was used to account for cells that were
missed by microscopy (PICOS), whether due to
small size or preservation and filtration artifacts.
As these cells are largely comprised of true
picoeukaryotes (o2 mm) and slightly larger cells,
we assumed an average cell diameter of 2.5 mm and
1810 pg C cell�1. During the SW Monsoon
(TN050), however, distinct populations of smaller
eukaryotes were distinguishable by FCM at
stations N2 and S2.

2.5. Rate estimates

HPLC pigment concentrations and FCM phy-
toplankton abundances were determined from
measured concentrations inside the initial bottles,
the filtered water carboy, and the volumes
of natural and filtered water in the dilution
mixtures. Net rates of change (ki; d�1) for total
community and specific functional groups were
determined for each experimental treatment.
Linear regressions of net growth rate against
dilution factor (Di=proportion of natural sea-
water in the dilution treatment) for the nutrient-
enriched treatments yielded estimates of phyto-
plankton growth (mn; growth with nutrients=Y -
axis intercept) and phytoplankton mortality due to
grazing (m=regression slope). It should be noted
that Di is assumed to represent the dilution effect
on grazer abundance, a proxy for the relative
grazing rate (R). For this reason, errors in the
estimation of the dilution factor can affect
significantly the calculation of mortality rates
(Landry, 1993). Nonetheless, tests of this assump-
tion in the equatorial Pacific Ocean have shown a
significant 1:1 relationship between sample dilu-
tion and measures of relative grazing activity
(Landry et al., 1995), making our estimates of
dilution factors adequate, although not optimal.
Phytoplankton growth without added nutrients
(m0) was computed from the sum of grazing
mortality (m) and mean growth rate (k0) in the
unamended seawater treatments (i.e., m0

¼ k0 þ m). The ratio of m0 to mn (m0=mn) is an
index of nutrient-limited growth.
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Dilution experiments were usually conducted at
two depths within the seasonal mixed layer,
representing B60% and 20% of photosyntheti-
cally active radiation (PAR). Seasonal mixed-layer
depths (MLD) were determined from the depth of
a 0.25 kgm�3 density increase from surface density
(Gardner et al., 1999). Rate estimates and physical
properties from depths corresponding to the two
light intensities showed little variation and were
averaged to represent the surface mixed layer.

Mortality rates were assumed to be unaffected
by physiological changes in the phytoplankton
during incubations (Landry et al., 2002), whereas
pigment-based growth rates may have been
influenced by adaptations to light level (Goericke
and Welschmeyer, 1992a, b; Waterhouse and
Welschmeyer, 1995). Likewise, growth-rate infer-
ences based on changes in cell abundance do not
account for changes in cell biovolumes. To correct
for potential cell size adjustments of PRO and
SYN, we used 0.56�FALS as a relative measure
of the changes in cell biovolumes in unamended
whole seawater incubations (Landry et al., sub-
mitted). This estimation is based on the assump-
tion that FALS is directly proportional to
(Biovolume)b (Binder et al., 1996) and that b is
1.83 (Morel, 1991). Such adjustments were gen-
erally o10% of growth rate estimates. To correct
HPLC pigment-based estimates of Prochlorococ-

cus spp. growth rates (DIVA), we used FCM
measurements of cellular red fluorescence in initial
and final samples to assess the rate of change
of divinyl chlorophyll a due to photoadaptation.
Similarly, FCM-derived changes in cellular fluor-
escence of PEUKS were used to correct
growth rates for eukaryotes derived from HPLC
monovinyl chlorophyll a and other diagnostic
pigments.

Instantaneous rates of group-specific growth
and grazing mortality, derived from HPLC and
FCM, were used to compute group-specific
biomass production (PP, mg C l�1 d�1) and grazing
losses (G, mg C l�1 d�1) according to the following
equations (Landry et al., 2000):

PP ¼ m0Cm

G ¼ mCm

and

Cm ¼ C0½eðm�mÞt � 1	=ðm0 � mÞt;

where Cm is the average concentration of group-
specific carbon during the experiment and C0 is the
initial group-specific biomass determined from
FCM and/or microscopical analyses. When m
and m estimates for these calculations were based
on pigment inferences rather than FCM, the
C:pigment ratio was assumed to remain constant
during the incubation.

3. Results

3.1. Hydrography

Smith et al. (1998a ,b) and Morrison et al. (1998)
described the physical and chemical environment
during the 1995 monsoon seasons. Upwelling was
apparent along the Omani coast during the late
SW Monsoon (TN050), creating a gradient from
low-temperature, high-nutrient water inshore
to warmer, nutrient-depleted waters offshore
(Table 1). In addition, strong, jet-like currents
ran offshore from the area of coastal upwelling as
mesoscale eddies dominated the region, extending
the influence of the upwelling 500–700 km offshore
and contributing to the hydrographic variability
(Dickey et al., 1998; Flagg and Kim, 1998;
Morrison et al., 1998; Lee et al., 2000). Surface
temperatures ranged from 22.41C at stations
closest (5 km) to the coastline to 28.11C offshore.
Surface nitrate and silicate concentrations ranged
from below the limit of detection to 20.6 mM and
from 0.2 to 13.7 mM, respectively. Total chloro-
phyll a (TCHL a) concentrations ranged an order
of magnitude from 138 ng l�1 offshore to
1600 ng l�1 at coastal station N1.

At the onset of the NE Monsoon (TN054),
mixed-layer depths increased due to surface cool-
ing and convection (Table 1). Compared to the late
SW Monsoon (TN050), surface temperatures
varied little over the study area, ranging only
from 25.71C to 28.21C. Nutrient concentrations
were lower and more uniform, with nitrate varying
from 0.06 to 3.1 mM and silicate ranging from 1.6
to 4.0 mM. TCHL a concentrations during the NE
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Monsoon reached a maximum of only 620 ng l�1

(station N1).

3.2. Community biomass and production

Phytoplankton community estimates of mixed-
layer biomass, production and grazing rates are
shown in Table 2. Carbon to chlorophyll a ratios
(weight:weight) ranged from 44 to 153, and were
slightly higher during the SW Monsoon
(mean=80) than the NE Monsoon (mean=72).
No clear spatial patterns were evident. For
stations where biomass estimates from microscopy

were not available, the average C:Chl a ratio for
the appropriate station cluster (see Section 2.2)
was used to estimate phytoplankton carbon from
TCHL a concentrations. Phytoplankton biomass
estimates ranged from 9 to 101 mg C l�1, averaging
43 mg C l�1 during the SW Monsoon and 30 mg
C l�1 in the NE Monsoon. During both seasons,
phytoplankton biomass was highest inshore along
both transects and lower at stations furthest
offshore (Table 2).

Community production rates varied dramati-
cally from 7 to 423 mg C l�1 d�1, with higher mean
estimates during the SW Monsoon (102 mg

Table 1

Summary of environmental parameters for ASPS stations

Cruise STA Km Z(m) ML(m) T1C NO3 PO4 NH4 Si TCHL a

SWM N1 5 10 38 22.4 18.2 1.70 0.64 8.7 1600a

SWM N2 138 5,15 24 24.4 11.5 1.20 0.15 5.0 829

SWM N4 424 7,20 52 27.0 0.3 0.48 0.19 0.8 709

SWM N6 707 9,25 56 27.6 0.1 0.42 0.02 0.8 264

SWM N7 862 10,25 48 28.0 0.0 0.37 0.00 1.3 138

SWM N11 1319 25 58 28.1 0 0.30 0.02 1.0 202

SWM S15 1492 10,30 105 27.8 0.2 0.31 0.01 0.3 214

SWM S11 997 6,16 84 27.0 0 0.38 0.17 0.2 618

SWM S9 813 25 95 26.5 3.3 0.59 0.17 2.4 459

SWM S7 630 7,18 50 26.6 3.2 0.62 0.33 2.3 661

SWM S4 359 6,15 24 25.0 8.1 0.92 0.34 2.1 604

SWM S3 246 12 12 23.4 13.3 1.28 0.61 2.8 401

SWM S2 147 5,15 16 23.2 14.9 1.36 0.63 4.3 406

SWM S1 61 12 11 20.3 20.6 1.78 0.20 13.7 1444

NEM N1 5 10 58 25.7 2.7 0.60 0.72 3.0 621

NEM N2 138 8,16 34 25.7 3.1 0.58 0.28 2.3 611

NEM N4 424 7,48 64 26.7 1.7 0.54 0.18 1.8 373

NEM N6 701 9 64 27.2 0.3 0.35 0.01 2.8 377

NEM N7 862 8,19 64 27.2 0.1 0.35 0.00 3.8 542

NEM N9 1088 5 50 27.5 0.1 0.32 0.00 3.1 201

NEM N11 1319 6 70 27.7 0.1 0.36 0.02 3.1 189

NEM S15 1492 9,50 72 28.2 0.1 0.31 0.00 1.6 309

NEM S13 1262 6 72 28.0 0.1 0.33 0.00 2.4 307

NEM S11 997 7,23 82 27.7 0.1 0.29 0.00 2.9 416

NEM S9 813 5 76 27.2 0.3 0.35 0.16 2.3 363

NEM S7 630 5,25 58 26.7 1.5 0.49 0.19 2.2 412

NEM S4 359 3,13 62 26.6 0.7 0.35 0.12 4.0 391

NEM S3 246 5 62 26.5 0.2 0.33 0.10 3.0 361

NEM S2 147 16 72 26.3 0.1 0.30 0.03 2.6 547

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054), km=distance from shore in kilometers, Z=depth of

experiments in meters, ML=mixed layer depth in meters, T1C=temperature. All nutrient concentrations are in mM and TChl a

represents HPLC-derived total chlorophyll a in ng chl l�1.
aConcentration determined from different HPLC cast.
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C l�1 d�1) than the NE Monsoon (44 mg l�1 d�1).
Particularly during the SW Monsoon and to a
lesser extent in the NE Monsoon, production
followed a distinct onshore to offshore gradient
(Fig. 2). Losses to protistan grazing also varied
substantially, accounting for 33–150% of daily
production (Table 2). On average, grazing ac-
counted for 59% of production during the SW
Monsoon and 68% during the NE Monsoon.
Grazing losses followed the same onshore to
offshore gradient (Fig. 2) and were highly corre-
lated with production rates over both seasons
(G ¼ 9 þ 0:4 PP; r ¼ 0:99; n ¼ 29).

3.3. Prokaryote biomass and production

FCM-estimates of Prochlorococcus spp. (PRO)
biomass in the mixed-layer ranged from zero
across much of the study area during the SW
Monsoon to 8.1 mg C l�1 at offshore stations
during the NE Monsoon (Table 3). Average
PRO biomass during the SW Monsoon was
1.2 mg C l�1 versus 3.0 mg C l�1 during the NE
Monsoon. Divinyl chlorophyll a (DIVA) is a
diagnostic pigment of PRO and thus changes in
the pigment concentration can be a proxy for PRO
growth and subsequent production. For the

Table 2

Biomass and production estimates for the total phytoplankton community in the mixed layer

Cruise STA TCHL a C0 PP G G/P %C0

SWM N1 1600 101 423 217 0.51 215

SWM N2 829 43 75 37 0.50 87

SWM N4 709 46 48 44 0.92 95

SWM N6 264 23 19 16 0.85 72

SWM N7 138 21 31 16 0.51 75

SWM N11 202 13 16 5 0.33 41

SWM S15 214 9 7 5 0.68 53

SWM S11 618 35 37 27 0.74 78

SWM S9 459 37 114 38 0.34 102

SWM S7 661 47 107 70 0.65 150

SWM S4 604 57 129 75 0.58 131

SWM S3 401 42 50 36 0.72 87

SWM S2 406 54 205 100 0.49 184

SWM S1 1444 74 161 75 0.47 102

NEM N1 621 48 85 34 0.40 72

NEM N2 611 47 78 52 0.67 111

NEM N4 373 30 36 14 0.40 47

NEM N6 377 31 57 19 0.34 63

NEM N7 542 24 77 44 0.57 186

NEM N9 201 10 2 4 1.56 39

NEM N11 189 9 4 5 1.23 54

NEM S15 309 15 12 9 0.76 57

NEM S13 307 15 25 12 0.47 76

NEM S11 416 22 30 19 0.64 89

NEM S9 363 29 68 24 0.35 81

NEM S7 412 47 75 44 0.58 93

NEM S4 391 43 62 40 0.64 92

NEM S3 361 29 21 15 0.74 52

NEM S2 547 45 34 32 0.94 71

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054), total chlorophyll a (TCHL a) from HPLC is in ng l�1.

C0 is phytoplankton biomass in mg C l�1. Total phytoplankton production (PP) is the sum of production estimates from divinyl

chlorophyll a (DIVA) and monovinyl chlorophyll a (Chl a). PP and G denote daily phytoplankton community production and losses

due to protistan grazing (mg C l�1 d�1), respectively. G/P is the ratio of grazing to production. %C0 represents the percent of standing

stock lost to grazing. Bold font denotes stations with C0 and C:Chl measured by FCM and microscopy.

S.L. Brown et al. / Deep-Sea Research II 49 (2002) 2345–23762352



stations where a comparison could be made
between daily production estimates from PRO
and DIVA, trends were similar although cell-based
rates were slightly higher (mean difference=0.6 mg
C l�1 d�1) (Table 4).

In general, PRO production estimates were
modest, averaging 2.4 and 3.0 mg C l�1 d�1 for the
two seasons, depending on the parameter mea-
sured. Both parameters showed highest production
(4.3–4.8 mg C l�1 d�1) at station N7 (862 km off-
shore) during the SW Monsoon (Table 4).
During the NE Monsoon, DIVA production was
highest at stations >1000 km offshore, fairly
constant inshore on the southern transect, and
lowest close to the coast on the northern transect
(Fig. 3). PRO estimates were also relatively con-
stant inshore along the southern transect, with
highest production rates offshore at station S13.
PRO production constituted a minor fraction of
total productivity (o10%) except at offshore
stations where it reached B20% during the SW
Monsoon and B45% during the NE Monsoon.

Grazing estimates from the two Prochlorococcus

spp. parameters were 77% and 94% of daily
production, averaged over both seasons. During
the SW Monsoon, grazing losses accounted for
51% and 100% of production for PRO and

DIVA, respectively, while during the NE Mon-
soon losses averaged 85–92%. Grazing equaled or
exceeded growth at offshore stations during the
NE Monsoon, particularly stations N9 and N11
(Fig. 3).

Synechococcus spp. (SYN) biomass varied over
an order of magnitude, from 1.2 to 22.2 mg C l�1

(Table 3). Biomass was higher at coastal stations
and lower offshore during the NE Monsoon
relative to the SW Monsoon. SYN exhibited a
very different trend from PRO, with highest
production rates on the northern transect and
midway along the southern transect during both
seasons (Fig. 3). Production rates were lowest at
stations furthest offshore during both seasons and
at southern stations adjacent to the coast. SYN
production estimates were an order of magnitude
higher than PRO, ranging broadly from o1 to
59 mg C l�1 d�1 and averaging 13–14 mg C l�1 d�1

(Table 4). SYN contribution to chl a-based
estimates of total primary production varied
markedly from o1% to 65% during the SW
Monsoon and 7% to 158% during the NE
Monsoon (Table 4). Grazing estimates accounted
for o50% of production during the SW Monsoon
with large imbalances at both northern and
southern stations (Fig. 3). Grazing losses more

Fig. 2. Spatial distribution of total community daily primary production rates (PP) and grazing losses to protists (G) from dilution

experiments in the surface mixed layer. Rates are based on the sum of HPLC-measured monovinyl and divinyl chlorophyll a:
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closely matched production during the NE Mon-
soon (average=77%), particularly along the
southern transect, while an imbalance remained
in the north.

Photosynthetic prokaryotes as a whole (PRO+
SYN) constituted a greater percentage of biomass
during the NE Monsoon, accounting for nearly all
of phytoplankton carbon at offshore, northern
stations N9 and N11 and all across the southern
transect (Table 3). During the SW Monsoon,
photosynthetic prokaryotes dominated the bio-
mass only at offshore stations N6-S15 and
contributed o20% inshore. Total prokaryote

production was only slightly higher during the
NE Monsoon than the SW Monsoon (17 versus
14 mg C l�1 d�1), comprising 25% and 59% of
production during the SW and the NE Monsoons,
respectively. Grazing losses averaged 60% of daily
prokaryote production, accounting for 41% dur-
ing the SW Monsoon and 78% during the NE
Monsoon.

3.4. Eukaryote biomass and production

Eukaryotic autotrophs, comprised primarily of
various flagellates, dinoflagellates, diatoms and the

Table 3

Seasonal, spatial and taxonomic distributions of mixed-layer autotrophic carbon (mg C l�1)

Cruise STA PRO SYN PICO AF PDINO DIAT Mphaeo Cphaeo Prok C Euk C AC C:CHL

SWM N1 0.0 5.3 F F F F F F 100.8 63

SWM N2 0.0 7.8 28.6 1.8 0.7 3.1 0.0 1.1 7.8 35.2 43.0 52

SWM N4 0.0 10.6 4.5 2.4 6.5 0.6 9.2 12.6 10.6 35.8 46.4 65

SWM N6 0.0 13.0 F F F F F F 13.0 9.9 23.0 87

SWM N7 4.5 8.4 3.4 0.4 2.1 1.2 0.3 0.8 12.9 8.2 21.1 153

SWM N11 3.5 3.1 1.7 0.4 1.7 0.2 0.6 1.8 6.6 6.3 12.9 64

SWM S15 3.6 2.1 1.3 0.3 0.8 0.0 0.1 1.1 5.7 3.7 9.4 44

SWM S11 0.0 2.9 2.1 1.5 2.0 10.5 0.2 14.0 2.9 32.1 35.0 57

SWM S9 0.0 8.3 13.5 0.9 2.9 7.6 0.6 3.7 8.3 29.2 37.5 82

SWM S7 0.0 14.3 12.4 2.9 2.3 4.9 0.5 9.3 14.3 32.3 46.6 71

SWM S4 0.0 4.7 12.6 2.7 3.3 30.8 0.9 2.4 4.7 52.7 57.4 95

SWM S3 0.0 3.2 15.4 2.3 9.0 8.7 0.2 2.7 3.2 38.4 41.6 104

SWM S2 0.0 5.2 2.9 4.3 3.0 38.4 0.2 3.2 5.2 49.2 54.4 134

SWM S1 0.0 2.1 16.8 7.5 18.1 25.2 0.0 3.9 2.1 71.5 73.7 51

NEM N1 0.0 13.2 F F F F F F 13.2 34.6 47.8 77

NEM N2 0.0 22.2 F F F F F F 22.2 24.9 47.0 77

NEM N4 2.3 14.1 F F F F F F 16.4 13.8 30.2 81

NEM N6 3.1 4.1 F F F F F F 7.2 23.3 30.5 81

NEM N7 1.2 10.4 8.8 1.2 0.7 1.3 F F 11.6 12.0 23.6 44

NEM N9 5.6 7.5 F F F F F F 13.1 0.0 10.1 50

NEM N11 4.4 3.1 F F F F F F 7.5 1.9 9.5 50

NEM S15 8.1 1.2 3.7 1.2 1.1 0.1 F F 9.3 6.1 15.4 50

NEM S13 6.8 3.0 F F F F F 9.8 5.5 15.4 50

NEM S11 2.1 7.3 9.6 1.2 1.2 0.6 F F 9.4 12.6 21.9 53

NEM S9 1.6 12.9 F F F F F 14.5 14.9 29.4 81

NEM S7 1.9 17.9 23.2 1.4 1.9 1.0 F F 19.8 27.5 47.3 115

NEM S4 3.1 13.3 22.1 1.1 2.2 1.2 F F 16.4 26.6 43.0 110

NEM S3 2.8 10.9 F F F F F F 13.7 15.5 29.2 81

NEM S2 2.6 10.2 24.2 1.4 3.7 2.6 F F 12.7 31.9 44.6 82

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054). PRO=Prochlorococcus spp., SYN=Synechococcus

spp., PICO=picoeukaryotes, AF=autotrophic flagellates, PDINO=photosynthetic dinoflagellates, DIAT=diatoms, MPhaeo=mo-

tile Phaeocystis spp. CPhaeo=Colonial Phaeocystis spp., Prok C=prokaryote biomass, Euk C=eukaryote biomass, and

AC=autotrophic carbon. C:CHL represents the weight ratio of AC to total chlorophyll a. Numbers in bold represent estimates

from FCM and microscopy. Other estimates are described in text.
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prymnesiophyte Phaeocystis spp., accounted for
>80% of the phytoplankton biomass during the
SW Monsoon, with the exception of the offshore
stations N6-S15. During the NE Monsoon,
eukaryotic biomass was relatively less important,
generally representing o50% of phytoplankton
biomass (Table 3).

Photosynthetic dinoflagellates (PDINO) were
ubiquitous throughout the study region during
both seasons; biomass maxima at stations S1, S3
and N4 during the SW Monsoon accounted for
B25% of phytoplankton carbon (Table 3).
Microscopical estimates were not available for all

stations; thus, the relationship between the diag-
nostic pigment peridinin (PER) and PDINO for
the 18 stations with microscopy data was used to
estimate PDINO biomass for the remaining
stations (PDINO mg C l�1=2.6+0.05[PER ng l�1];
r ¼ 0:88; n ¼ 18). Dinoflagellate production, esti-
mated from synthesis and loss rates of PER, was
greatest along the southern transect during the SW
Monsoon (23 mg C l�1 d�1 at S3) (Fig. 4). Grazing
losses of PDINO to microzooplankton averaged
76% of production during the SW Monsoon and
58% during the NE Monsoon, with substantial
excess production at station S3 (SW Monsoon)

Table 4

Production and grazing estimates from different prokaryotic parameters averaged over the mixed layer

Cruise STA PRO DIVA SYN

P %TP G G/P P %TP G G/P P %TP G G/P

SWM N1 F F F F F F F F 20.6 5 0 0

SWM N2 F F F F F F F F 14.1 19 5.1 0.36

SWM N4 F F F F F F F F 13.9 29 3.6 0.26

SWM N6 1.3 7 0.8 0.62 1.2 6 1.2 1.00 12.7 65 7.6 0.60

SWM N7 4.8 16 2.1 0.44 4.3 14 4.0 0.92 3.2 10 1.8 0.59

SWM N11 4.7 29 1.3 0.27 3.6 22 1.4 0.39 0 0 0.9 F
SWM S15 2.3 32 1.6 0.72 0.9 12 1.6 1.76 3.4 0 1.4 0.42

SWM S11 F F F F F F F F 6.7 18 1.4 0.20

SWM S9 F F F F F F F F 21.0 18 4.1 0.20

SWM S7 F F F F F F F F 59.2 55 15.5 0.26

SWM S4 F F F F F F F F 9.3 7 3.7 0.40

SWM S3 F F F F F F F F 2.4 5 3.3 1.34

SWM S2 F F F F F F F F 15.1 7 6.3 0.42

SWM S1 F F F F F F F F 9.6 6 1.7 0.18

NEM N1 F F F F F F F F 33.8 40 11.5 0.34

NEM N2 F F F F F F F F 31.8 41 18.3 0.58

NEM N4 2.7 8 1.6 0.61 1.1 3 0.9 0.81 31.1 87 22.0 0.71

NEM N6 5.3 9 1.7 0.31 2.6 5 0.6 0.23 17.1 30 3.1 0.18

NEM N7 1.3 2 0.9 0.69 1.3 2 1.2 0.97 13.2 17 7.5 0.57

NEM N9 0.8 32 1.6 1.94 2.1 84 3.8 1.82 5.7 230 4.3 0.76

NEM N11 1.4 34 2.0 1.48 1.8 43 2.9 1.66 2.9 69 2.3 0.78

NEM S15 4.6 39 4.3 0.94 4.2 36 3.7 0.87 0.8 7 0.4 0.53

NEM S13 7.4 30 4.6 0.63 5.7 23 5.3 0.93 7.0 28 2.5 0.36

NEM S11 2.1 7 1.0 0.48 2.8 9 1.6 0.56 11.9 40 6.1 0.51

NEM S9 2.4 4 2.0 0.83 0.5 1 0.5 0.89 28.5 42 22.2 0.78

NEM S7 1.9 3 1.7 0.93 2.2 3 1.6 0.73 16.2 22 15.6 0.96

NEM S4 3.3 5 1.8 0.55 2.8 5 1.9 0.66 6.0 10 6.0 1.00

NEM S3 2.2 11 1.9 0.89 2.0 10 1.8 0.90 1.9 9 5.2 2.71

NEM S2 2.3 7 1.8 0.80 1.9 6 1.7 0.89 7.3 21 5.8 0.80

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054). PRO=Prochlorococcus spp., DIVA=divinyl

chlorophyll a, SYN=Synechococcus spp. P=daily taxon-specific production and G=losses to microzooplankton grazing, both in

mg C l�1 d�1. %TP denotes the percent of total phytoplankton production attributed to each group. G/P is the ratio of grazing losses to

daily production.
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and S9 (Table 5). With the exception of the high
biomass at S3, PDINO generally contributed
o10% of total daily production (Table 5).

Diatom biomass (DIAT) was high (up to 38.4 mg
C l�1), particularly along the southern transect,
during the SW Monsoon and was low during the
NE Monsoon (o3 mg C l�1) except at the two
northern coastal stations (Table 3). Fucoxanthin
(FUCO) concentrations, a characteristic pigment
of diatoms, were used to estimate DIAT biomass
at stations lacking microscopical data according
to the relationship DIAT (mg C l�1)=0.3+0.8
[FUCO ng l�1] (r ¼ 0:66; n ¼ 18) for stations with
measured biomass. Fucoxanthin is also present in
some Phaeocystis spp. (Latasa and Bidigare, 1998);
however, pigment ratios of three cultured Arabian
Sea diatoms and one Phaeocystis spp. showed at
least a 3-fold higher ratio of fucoxanthin to chl a in
diatom species, indicating that diatoms accounted
for most of the FUCO.

FUCO-based production estimates for diatoms
ranged over two orders of magnitude from o1 to
234 mg C l�1 d�1 and were highest along the
southern line during the SW Monsoon (Table 5).
During the NE Monsoon, production was o4 mg
C l�1 d�1 (Fig. 5), except for the northern coastal
stations. These same areas of high diatom biomass
showed diatom contributions were >30% of total
phytoplankton production (PP), with estimates of
>50% of PP only at stations S2-S4 during the SW
Monsoon (Table 5). Grazing losses to protists
averaged 45% of production during the SW
Monsoon and 60% during the NE Monsoon.

Prymnesiophyte algae (PRYM), or more notably
Phaeocystis spp. (PHAEO), were substantial con-
tributors to phytoplankton biomass at stations N4,
S7 and S11 during the SW Monsoon (Table 3).
Because Phaeocystis spp. overwhelmingly domi-
nated the prymnesiophyte biomass during the
SW Monsoon, we determined the relationship
between PHAEO carbon biomass and the group-
specific pigment 190-hexanoylfucoxanthin (HEX)
[PHAEO in mg C l�1=�2.3+0.06(HEX in ng l�1);

r ¼ 0:68; n ¼ 12] and applied that to SW Monsoon
stations lacking direct microscopical assessments.
In contrast, Phaeocystis spp. were scarce during
the NE Monsoon and the majority of the
prymnesiophyte biomass was comprised of other
genera. For this reason, we assumed that HEX
concentrations during the NE Monsoon represent
prymnesiophytes other than PHAEO, with cocco-
lithophorids being the most common. Production
due to PHAEO was greatest along the southern
transect during the SW Monsoon (Fig. 4), with an
excess of production over grazing at most stations.
Despite the high biomass of PHAEO at N4,
growth rates were low and indicated little produc-
tion. Daily production attributed to PHAEO
during the SW Monsoon ranged from 1% to
38%, (mean=10%) with a maximum at station
S11 (Table 5). During the NE Monsoon, prymne-
siophyte production increased somewhat on the
northern transect and decreased in the south.
Based on mean production and grazing estimates
for all stations, grazing losses accounted for 100%
of prymnesiophyte (namely PHAEO) production
in the SW Monsoon and 65% during the NE
Monsoon, with larger imbalances more notable on
the southern transects of both cruises (Fig. 4).

Picoeukaryote biomass (PICO), estimated from
the difference between FCM and microscopy,
ranged from 1.3 to 28.6 mg C l�1 and was highest
at inshore stations (Table 3). PICO accounted for
B43% of autotrophic carbon during the NE
Monsoon and ranged broadly from 5% to 67%
of biomass during the SW Monsoon. The highest
absolute and relative biomass contributions of
PICO were at station N2 during the SW Monsoon
(28.6 mg C l�1).

3.5. Heterotrophic biomass and production

Biomass of mixed-layer heterotrophic bacteria
(HBact) was similar between the two cruises,
averaging 14 and 12 mg C l�1 for the SW Monsoon
and NE Monsoon, respectively. Bacterial biomass

Fig. 3. Spatial distribution of Prochlorococcus spp. and Synechococcus spp. production (P) rates and grazing losses to protists (G) from

dilution experiments in the surface mixed layer. PRO production is estimated from FCM-measured changes in Prochlorococcus spp.

cell abundance, SYN production is estimated from FCM-measured changes in Synechococcus spp. cell abundance and DIVA

production is estimated from HPLC-measured changes in divinyl chlorophyll a.
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was more or less uniformly distributed during the
SW Monsoon, with an area of low biomass at the
offshore station S15. During the NE Monsoon,
biomass followed an onshore to offshore gradient
along both transects, with highest levels (31 mg
C l�1) along the northern transect (Table 6).

Despite the seasonal similarity in standing stock,
rate estimates for production and grazing differed
substantially (Fig. 5). Production averaged 17 mg
C l�1 d�1 during the SW Monsoon, ranging from
1.1 mg C l�1 d�1 at station S15 to 35.1 mg C l�1 d�1

adjacent to the coast. In contrast, bacterial

Fig. 4. Spatial distribution of daily production (P) rates and grazing losses to protists (G) for three eukaryotic groups. Rate estimates

are from dilution experiments in the surface mixed layer. Dinoflagellate estimates are from changes in peridinin concentrations; diatom

estimates are from changes in fucoxanthin concentrations. Phaeocystis spp. (PHAEO) estimates are from 190-hexanoyloxyfucoxanthin

during the SW Monsoon season; during the NE Monsoon, rate estimates include all prymnesiophytes (PRYM). Note the scale change

in the y-axis.

Table 5

Biomass and production estimates averaged over the mixed layer for three major eukaryotic groups of phytoplankton

Cruise STA PDINO DIAT PHAEO/PRYM

P %TP G G/P P %TP G G/P P %TP G G/P

SWM N2 0 0 0 0.06 12 16 1 0.07 1 1 1 0.83

SWM N4 0 0 1 1.00 1 1 1 0.83 5 0 13 3.43

SWM N6 1 3 1 1.97 2 12 2 0.68 0 2 1 1.07

SWM N7 2 7 1 0.67 2 7 1 0.39 1 2 1 1.09

SWM N11 0 3 0 0.31 0 2 0 0.35 3 16 1 0.50

SWM S15 0 0 0 F 0 1 0 0.26 1 8 1 0.91

SWM S11 0 1 1 1.69 11 31 7 0.61 14 38 8 0.60

SWM S9 5 4 2 0.37 38 33 11 0.30 10 9 3 0.34

SWM S7 3 2 2 0.79 14 13 7 0.48 17 16 11 0.61

SWM S4 2 1 1 0.65 69 53 37 0.54 5 4 3 0.58

SWM S3 23 46 8 0.35 28 56 12 0.42 1 2 2 2.24

SWM S2 6 3 3 0.59 234 114 83 0.36 13 6 4 0.30

SWM S1 6 4 4 0.74 60 37 26 0.44 6 4 3 0.52

NEM N1 3 2 1 0.44 34 31 9 0.26 5 4 2 0.34

NEM N2 2 2 1 0.64 22 29 8 0.36 3 4 3 0.86

NEM N4 2 6 2 1.03 4 12 2 0.40 1 3 1 0.81

NEM N6 1 3 1 0.37 4 7 1 0.23 2 3 1 0.47

NEM N7 1 1 0 0.52 2 3 2 0.83 5 6 4 0.85

NEM N9 0 0 1 1.00 1 23 0 0.26 0 0 0 0

NEM N11 0 0 1 1.00 0 3 0 2.79 0 0 0 0

NEM S15 1 5 1 0.81 0 1 0 0.47 1 7 1 0.66

NEM S13 2 9 0 0 3 14 1 0.36 1 4 1 0.59

NEM S11 1 3 0 0.21 1 2 1 0.71 1 5 2 1.32

NEM S9 11 15 2 0.21 5 8 2 0.31 9 13 3 0.33

NEM S7 1 1 1 0.69 3 4 1 0.33 5 7 3 0.55

NEM S4 1 2 0 0.32 4 7 1 0.35 7 11 3 0.47

NEM S3 0 0 0 F 3 13 2 0.78 2 10 2 1.08

NEM S2 1 4 1 0.67 3 10 2 0.59 6 17 5 0.87

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054). PDINO=photosynthetic dinoflagellates, DIAT=dia-

toms, PHAEO=Phaeocystis spp. during SWM, and PRYM=prymnesiophytes during NEM. P and G are daily production rates and

losses due to microzooplankton grazing (mg C l�1 d�1), respectively. %TP is the percent of total phytoplankton production attributed

to each group. Production and loss rates for the three groups are based on peridinin, fucoxanthin and 190-hexanoylfucoxanthin

synthesis and loss rates. G/P represents the ratio of grazing losses to daily production. Stations in bold denote measured biomass; at

other stations, biomass is derived from carbon to pigment relationships as described in text.
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production averaged only 7 mg C l�1 d�1

(range=2.1–20.8 mg C l�1 d�1) during the NE
Monsoon. Grazing estimates scaled accordingly,
with mean loss rates of 12 mg C l�1 d�1 during the
SW Monsoon and 5 mg C l�1 d�1 during the NE
Monsoon. Accordingly, the average percentages of
bacterial production lost to grazing (66%) for both
cruises, and net production (P–G) (2.6 and 2.0 mg
C l�1 d�1, respectively) were similar for both
cruises. Bacterial production estimates were 36%
of primary production over both cruises, aver-
aging 57% of primary production during the SW
Monsoon and 17% during the NE Monsoon.

Total micrograzer biomass (2–200 mm) in the
mixed-layer ranged an order of magnitude from
1.1 to 12.2 mg C l�1 and did not appear to follow a
discernable spatial pattern (Table 6). Hetero-
trophic flagellates, dinoflagellates and ciliates
showed similar levels of biomass, although at
different stations. The size distributions of grazers
also varied spatially. For example, the average size
of ciliates was greater than that of heterotrophic
dinoflagellates at stations S1 and S15 during the
SW Monsoon, but was smaller at station S11
where large thecate dinoflagellates dominated the
grazer biomass (see Garrison et al., 1998, Figs. 5–
7). Estimates of grazer biomass are only available
for six stations during the NE Monsoon. Although
the range of biomass was less (4–8 mg C l�1) and

the mean was the same as for the SW Monsoon
(6 mg C l�1), grazer biomass was not measured at
the higher chlorophyll a, northern coastal stations
with high grazing on HBact (Table 6). Hetero-
trophic dinoflagellates dominated the biomass at
the six stations sampled during the NE Monsoon.
Total heterotrophic carbon (HC) ranged from 7
to 28.4 mg C l�1 and was always dominated by
HBact (Table 6).

4. Discussion

4.1. Phytoplankton production

Production rates from dilution experiments are
based on three measured termsFgrowth and
grazing rates and assessments of initial biomass.
Taxon-specific production estimates are further
complicated by the use of different diagnostic
pigments for characterizing rates and different
approaches (flow cytometry, microscopy, pig-
ment:biomass ratios) for quantifying biomass.
Despite these complications, the sum of produc-
tion and grazing estimates for major taxa (PRO,
SYN, DINO, DIAT, PHAEO/PRYM) were gen-
erally in good agreement with the total community
estimates based on chlorophyll a (Fig. 6). Conse-
quently, we can assume that we have identified and

Fig. 5. Spatial distributions of daily heterotrophic bacteria production (BP) rates and grazing losses to protists (G) from dilution

experiments in the surface mixed layer. Rates are determined from FCM-measured changes in the heterotrophic bacteria community.
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quantified the major groups responsible for
primary production at most stations and have
accounted for most of their daily production losses
to protistan grazing.

We saw a remarkable abundance of PEUKS
at station N2 during the SW Monsoon
(B90,000 cells ml�1), coincident with the largest
difference between FCM and microscopical esti-
mates, suggesting that a substantial population of
small cells was missed by microscopy. A similar,
but less abundant population appeared to have
been present at station S2. Closer inspection of

FCM scattergrams revealed a distinct, dense
population of small PEUKS with light-scattering
properties indicating a cell size B1 mm in diameter
and resembling the recently discovered smallest
eukaryote Ostreococcus tauri (Courties et al., 1994,
1998; Chretiennot-Dinet et al., 1995). Pigment
concentrations are also consistent with that of
O. tauri, showing maxima of the characteristic
pigments prasinoxanthin and violaxanthin at
these stations (Chretiennot-Dinet et al., 1995;
H. Claustre, pers. comm.). Because of its light-
scattering properties and a reported cell size of

Table 6

Biomass and production estimates for heterotrophic bacteria (HBact) and protistan grazers in the mixed layer

Cruise STA Hbact HF HD CIL TIN GC HC

B0 BP G G/BP

SWM N1 19.2 35.1 14.9 0.42 F F F F F F
SWM N2 15.6 7.4 0.0 0 0.3 0.5 0.3 0.0 1.1 16.7

SWM N4 17.1 19.7 11.4 0.58 4.1 3.5 0.9 0.0 8.5 25.6

SWM N6 11.2 11.6 8.3 0.71 F F F F F F
SWM N7 9.4 3.0 2.2 0.72 0.9 2.5 2.3 0.2 5.9 15.3

SWM N11 10.4 10.0 8.4 0.84 1.1 2.3 0.8 0.0 4.2 14.6

SWM S15 4.0 1.1 1.0 0.91 1.2 1.4 0.5 0.0 3.1 7.0

SWM S11 19.3 28.5 22.9 0.80 1.8 3.5 1.8 0.0 7.1 26.4

SWM S9 F F F F 0.6 2.0 1.2 0.0 3.8 F
SWM S7 13.3 14.2 7.2 0.51 1.9 2.2 2.6 1.3 8.0 21.3

SWM S4 22.3 28.3 27.7 0.98 1.6 2.2 1.9 0.4 6.1 28.4

SWM S3 17.4 25.7 23.9 0.93 1.2 2.8 0.0 0.0 4.0 21.5

SWM S2 13.4 19.4 16.3 0.84 1.9 4.4 5.7 0.2 12.2 25.6

SWM S1 12.9 19.1 9.2 0.48 2.2 1.9 2.4 0.0 6.5 19.4

NEM N1 30.8 20.8 17.3 0.83 F F F F F F
NEM N2 24.6 9.6 10.3 1.08 F F F F F F
NEM N4 11.0 6.6 6.6 1.00 F F F F F F
NEM N6 8.1 5.1 1.9 0.38 F F F F F F
NEM N7 9.5 3.4 0.6 0.17 0.7 1.9 1.2 0.2 4.0 13.5

NEM N9 7.6 6.3 4.6 0.72 F F F F F F
NEM N11 6.9 4.1 4.6 1.11 F F F F F F
NEM S15 7.8 2.8 1.9 0.69 0.5 1.8 1.2 0.9 4.4 12.2

NEM S13 4.4 2.1 1.0 0.48 F F F F F F
NEM S11 8.3 5.1 2.1 0.42 0.4 3.8 1.2 0.1 5.5 13.8

NEM S9 10.5 8.2 4.9 0.60 F F F F F F
NEM S7 13.6 6.9 6.0 0.87 1.2 3.5 2.7 0.2 7.6 21.2

NEM S4 9.6 4.1 1.9 0.47 0.5 2.9 2.0 0.0 5.4 15.1

NEM S3 9.5 6.9 3.1 0.44 F F F F F F
NEM S2 13.5 7.5 3.8 0.50 0.3 4.6 2.0 1.1 8.0 21.5

SWM=Southwest Monsoon (TN050), NEM=Northeast Monsoon (TN054). For HBact: B0=initial biomass in mg C l�1,

BP=bacterial production and G=production losses to grazing both in mg C l�1 d�1; G/BP represents the ratio of grazing losses to

daily bacterial production. HF, HD, CIL and TIN represent the biomass (mg C l�1) of heterotrophic flagellates, heterotrophic

dinoflagellates, ciliates and tintinnids respectively. GC is the total grazer carbon and HC is the total heterotrophic carbon, both in mg

C l�1.

S.L. Brown et al. / Deep-Sea Research II 49 (2002) 2345–2376 2361



0.97� 0.7 mm for O. tauri (Courties et al., 1998),
we applied a biomass conversion factor of 85 fg
C cell�1 to these cells. Based on the deficit between
total phytoplankton production (75 mg C l�1 d�1)
and that attributable to the major taxa (27 mg
C l�1 d�1), this population of small eukaryotes
may have contributed up to 65% of primary
production at station N2 in the SW Monsoon.

While the comparisons in Fig. 6 suggest our
production estimates are at least internally con-
sistent, uptake of 14C provides an independent
assessment of the magnitude of our results. There
has been significant discussion in the literature
regarding the distinction between gross and net
photosynthesis and which parameter the incor-
poration of 14C-labeled carbon represents. In a

Fig. 6. Panel A shows the relationship between primary production estimates (PP) for the total phytoplankton community based on

HPLC total chlorophyll a and the sum of individual group production estimates (PRO+SYN+DINO+DIAT+PHAEO/PRYM).

Panel B shows the relationship between net production estimates (PP–G) for the total phytoplankton community based on HPLC total

chlorophyll a and the sum of individual group production estimates. Panel C shows the relationship between grazing losses estimated

for the total phytoplankton community based on HPLC total chlorophyll a and the sum of grazing losses for individual groups.

Relationships are based on major axis Model II linear regressions, n ¼ 28:
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theoretical analysis of photosynthesis combined
with field results from the Arabian Sea, Laws et al.
(2000) concluded that 14C-uptake represents 48%
of gross carbon production (=Net+Respiration)
and that grazing reduces the measured 14C
particulate carbon uptake by B15%. From this,
we would expect that measured rates of 14C-
uptake would equal about 85% of the autotrophic
growth of phytoplankton as measured from
dilution experiments.

Production estimates from mixed-layer dilution
experiments and those from 14C-uptake incuba-
tions at comparable light levels showed similar
spatial trends and were close in magnitude for the
SW Monsoon, with 14C-uptake estimates aver-
aging 76% of dilution estimates (Fig. 7). During
the NE Monsoon, however, the comparison was
less satisfying, particularly at offshore stations N9
and N11. The mean 14C-based estimate for this
cruise was 90% of the dilution mean, the

Fig. 7. Top two panels show total phytoplankton community production estimates from 14C-uptake experiments and dilution

experiments during the SW and NE Monsoon seasons. 14C-uptake rates are integrated averages to depths corresponding to dilution

experiments. Bottom panel shows a scatter plot of the same data from 14C-uptake experiments and dilution experiments.
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difference from theory suggesting slight under-
estimates of dilution rates overall. Spatially, 14C-
uptake rates were remarkably constant along the
southern line during the NE Monsoon, while
dilution estimates indicated more of a spatial
gradient, seemingly corresponding to nitrate con-
centrations (Table 1). Potential causes of the
methodological discrepancies on the NE Monsoon
cruise are (1) imprecise estimates of phytoplankton
biomass, (2) variability due to mesoscale physical
processes, and (3) uncoupling between estimates of
pigment synthesis and phytoplankton cell growth
and/or pigment destruction and protistan grazing.

Station-specific biomass was only available for
six of the stations during the NE Monsoon, and
C:Chl a ratios were used to infer biomass at the
remaining stations. Since the ratios used were
relatively low compared to recent estimates from
the equatorial Pacific Ocean under similar hydro-
graphic conditions (Chavez et al., 1996; Brown
et al., in review), biomass may have been system-
atically underestimated, particularly at offshore
stations. Further uncertainty in biomass estimates
may be attributed to the difference between
phytoplankton abundances from FCM and micro-
scopy, attributed here mostly to eukaryotes
p2.5 mm in diameter.

Regarding spatial variability, we note that water
for biomass estimates, 14C-experiments, and dilu-
tion rate estimates was taken from different
hydrographic casts. These casts were generally
close in time (o24 h); however, biomass and
HPLC pigment estimates from multiple casts at a
given station did differ substantially at times. For
example, in different bottle samples at station S9
during the SW Monsoon, diatom biomass varied
from 3 to 18 mg C l�1. Given that small spatial and
short time-scale hydrographic variability exceeded
seasonal signals (Kim et al., 2001) due to the
dominance of mesoscale squirts, eddies and fila-
ments (Brink et al., 1996; Dickey et al., 1998;
Manghnani et al., 1998; Flagg and Kim, 1998),
significant differences in initial biomass could
explain much of the disparity in production
estimates. However, production estimates differed
more during the NE Monsoon when conditions
were more static and there was less hydrographic
variability.

We have tried to account for an uncoupling
between pigment synthesis and phytoplankton
growth by correcting pigment-based growth esti-
mates for photoadaptive changes in cellular
fluorescence as inferred from FCM. While grazing
estimates should not be affected by pigment
photoadaptation (Landry et al., 2002), it is
possible that pigment-based grazing rates may
have been underestimated if experiments were
terminated after dark and some portion of grazed
pigments were not degraded (Klein et al., 1986;
Strom, 1993; Landry et al., submitted). To
minimize this problem, the majority of our
experiments began and ended in the late after-
noon. Nevertheless, we can assess potential un-
coupling by comparing production and grazing
losses from FCM-PEUKS with those from HPLC
measured monovinyl chlorophyll a (Chl a). Based
on Model II linear regressions [(major axis) [Chl a

in ng l�1=9+0.99 PEUKS in cells ml�1 (r ¼ 0:90;
n ¼ 29) for losses due to grazing and Chl a in
ng l�1=13+0.95 PEUKS in cells ml�1 (r ¼ 0:93;
n ¼ 29) for daily production estimates], an un-
coupling between pigments and biomass did not
appear to occur.

It should be noted that our daily primary
production calculations differ from the previous
equation of Vaulot et al. (1995) [PP ¼ C0ðem � 1Þ;
where C0 is the initial phytoplankton biomass]
used in Brown et al. (1999) and Liu et al. (1998),
which does not account for grazing losses over a
24-h period. The present production estimates take
into account that the average concentration of
phytoplankton (Cm) producing carbon over a 24-h
incubation is not the same as the initial carbon
concentration (C0), due to grazing losses (Laws
et al., 1984); this is an important distinction in the
estimation of production. This difference, along
with higher carbon per cell conversion factors,
explains the much higher estimates of prokaryote
production previously reported for Arabian Sea
populations by Liu et al. (1998) and Brown et al.
(1999).

4.2. Bacterial secondary production

FCM analyses of dilution experiments allow for
rapid and precise quantification of changes in
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heterotrophic bacterial populations. Bacterial rate
estimates must be viewed with caution, however,
as it is not clear how well the critical assumptions
of the dilution technique apply to heterotrophic
growth. Of primary concern is the assumption that
growth rates are constant and unaffected by
dilution (Landry and Hassett, 1982). While the
growth of autotrophs can be kept constant by the
addition of saturating levels of potentially limiting
inorganic nutrients, the availability of organic
substrates for bacterial growth is an uncontrolled
parameter. Carbon enrichment from lytic release
during filtration (Ferguson et al., 1984) could
exaggerate the growth of bacterial cells, as could
reduced competition for available carbon sources
in the more dilute treatments. In previous studies,
carbon enrichment effects have been shown to be
negligible (Tremaine and Mills, 1987). This also
could be the case in the Arabian Sea because it
appears to be characterized by year round,
unusually constant levels of excess labile and/or
semi-labile DOC (Carlson and Ducklow, 1995;
Ducklow et al., 2001).

Bacterial production during the NE Monsoon
was estimated by 3H-leucine and -thymidine
incorporation (http://www1.whoi.edu/jg/dir/jgofs/
arabian/ttn-054), allowing a direct comparison
with our dilution estimates. Incorporation of 3H-
leucine during protein synthesis represents bacter-
ial biomass growth, while the 3H-thymidine
incorporation during DNA synthesis reflects cell
division or reproduction (Shiah and Ducklow,
1997). Comparing the results from 0.5 to 2-h dark
incubations averaged over corresponding depth
strata to our cell-based production, dilution
estimates were more closely correlated with
incorporation of 3H-leucine (r ¼ 0:75; n ¼ 14)
and showed similar spatial trends (Fig. 8). Such a
comparison is complicated by the distinction
between net and gross production and which
parameter is measured by 3H-leucine uptake.
Production estimates from 3H-leucine fell within
our estimates of gross (BP) and net (BP�G)
bacterial production for the NE Monsoon
(Fig. 8); on average, gross bacterial production
estimates from dilution experiments were 1.7-fold
greater than 3H-leucine production estimates. The
lower rate estimates from 3H-leucine uptake could

suggest that the method represents production that
lies somewhere between net and gross. Alterna-
tively, the lower rate estimates from 3H-leucine
uptake could be attributed to an extracellular or
intracellular isotopic dilution effect, a potential
problem with both thymidine and leucine methods
(Karl, 1986).

Since the incorporation of 3H-leucine was not
measured during the late SW Monsoon, dilution
estimates of net and gross bacterial production
provide a range within which we would expect
those rates to lie. The observed difference between
dilution production estimates for the two seasons
(SW Monsoon B2.4-fold greater than the NE
Monsoon) is consistent with the conclusion by
Ducklow et al. (2001) that bacterial production
only increased by a factor of two during the early
SW Monsoon season. In addition, the similarity in
average net production rates between the two
seasons (2.6 and 2.0 mg C l�1 d�1) may explain the
observed constancy of biomass.

4.3. Physical forcing

Landry et al. (1998) showed that growth rate
of the Arabian Sea phytoplankton community
varied with nitrate concentration. However, in-
dividual taxa showed different growth responses to

Fig. 8. Gross and net (BP–G) bacterial production estimates

from dilution experiments and uptake of 3H-leucine during the

NE Monsoon.

S.L. Brown et al. / Deep-Sea Research II 49 (2002) 2345–2376 2365

http://www1.whoi.edu/jg/dir/jgofs/arabian/ttn-054
http://www1.whoi.edu/jg/dir/jgofs/arabian/ttn-054


increasing nutrients. Prochlorococcus spp. growth
showed no relationship to dissolved inorganic
nitrogen (Fig. 9); however, cell abundances were

negligible at high nitrate concentrations, which is
consistent with reports from previous studies off
the coast of Oman (Tarran et al., 1999).

Fig. 9. Growth rate estimates as a function of dissolved inorganic nitrogen. Growth rates for dinoflagellates, diatoms and

prymnesiophytes were derived from changes in peridinin, fucoxanthin, and 190-hexanoyloxyfucoxanthin, respectively. Growth rates

estimated for Prochlorococcus and Synechococcus spp. were derived from FCM. DIVA=divinyl chlorophyll a.
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Despite variability at nitrate concentrations
>5 mM, Synechococcus spp. growth rates generally
appeared to increase with increasing nitrogen
concentrations, particularly during the SW Mon-
soon (Fig. 9). Individual growth rate estimates
were as high as 2.0 d�1 and mean rate estimates at
concentrations above 1 mM NO3 averaged 1.5 d�1.
Diatoms exhibited the most definitive relationship
of increasing growth as a function of nitrogen
concentrations. At nitrogen concentrations
>3.5 mm, growth rates exceeded 1.5 d�1, over
two doublings per day. In contrast, neither
prymnesiophytes nor dinoflagellates exhibited
strong growth rate responses to enhanced nitrogen
concentrations, and mean growth rates at high
nutrient concentrations were substantially less
than those of Synechococcus spp. and diatoms.
During the SW Monsoon, prymnesiophytes were
comprised primarily of Phaeocystis spp. The
complex life cycle of Phaeocystis spp., and
temporal succession following the exhaustion of
nutrients by diatoms (Latasa and Bidigare, 1998),
may explain the lack of a clear relationship
between growth and nitrogen during this time.
Given the sensitivity of dinoflagellates to turbu-
lence (Thomas and Gibson, 1990), optimal growth
conditions may be in an intermediate region of a
stratified water column with sufficient nutrients for
growth. In fact, highest growth rates were at the

intermediate station S9 during both seasons and
following relaxation of monsoonal winds at S2
and S3.

4.4. Grazing relationships

Spatial variability in hydrography, phytoplank-
ton abundance, and community structure makes
the unraveling of grazer interactions difficult. With
the exception of station N7 during the NE
Monsoon, grazing rates were reasonably well
correlated with grazer biomass over both seasons
(Fig. 10). The high grazing rate at station N7,
despite modest grazer biomass, reflects high
phytoplankton community growth rates
(m ¼ 2:1 d�1) and the close coupling between
growth and mortality rates offshore. Carbon
consumption by protists (G) increased linearly
with phytoplankton carbon, implying that proti-
stan grazing was not saturated even at the highest
levels of phytoplankton biomass (Fig. 10). Despite
high grazing rates and seemingly sufficient
prey levels, the biomass of grazers was quite
modest (1–30% of phytoplankton carbon) across
the region during both seasons. In addition, grazer
biomass was similar between seasons, despite a
factor of two difference in phytoplankton biomass.
Such consistently low and constant protistan
biomass suggests top-down control by a higher

Fig. 10. Relationship between grazer biomass (mg C l�1) and grazing rates (d�1) (Panel A) and phytoplankton carbon (mg C l�1) and

protistan carbon consumption (mg C l�1 d�1) (Panel B).
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trophic level (Stelfox et al., 1999), presumably
crustacean mesozooplankton, which were present
in high abundances (Smith et al., 1998b). Protists
often comprise a substantial portion of the
mesozooplankton diet (Stoecker and Capuzzo,
1990; Gifford and Dagg, 1991; Kleppel, 1992;
Dam et al., 1995; Verity and Paffenhoffer, 1996;
Roman and Gauzens, 1997), and at least 20% of
mesozooplankton carbon consumption in the
Arabian Sea may be attributable to protists
(Roman et al., 2000).

Carbon-specific grazing estimates show that
heterotrophic protists consumed a minimum of 2
to 36 times their body C d�1, exclusive of predator-
prey interactions among themselves (Fig. 11).
Assuming a gross growth efficiency of 30%,
protistan growth based on ingestion of phyto-
plankton and heterotrophic bacteria ranged from
0.5 to 2.5 d�1. The unusually high carbon-specific
grazing rate at station N2 reflects low grazer
biomass. As this station was dominated by tiny
PICOS missed by microscopy, it follows that a
correspondingly small population of flagellated
grazers also may have been present and unac-
counted for by our methods. From this rough
calculation, it appears that protists were turning
over more slowly at the offshore stations, which is
intuitively reasonable. However, protistan carbon

demands at these stations also may have been
supplemented by mixotrophy, which is suggested
to be common in similar oligotrophic waters
(Constantinou, 1994; Landry and Kirchman,
2002). Although difficult to quantify, mixotrophic
ciliates and dinoflagellates appeared to have been
ubiquitous in both nanoplankton and microplank-
ton size fractions (Garrison et al., 1998).

Similar growth inferences can be made for
heterotrophic flagellates (HFLAG), the primary
grazers of prokaryotic prey: Prochlorococcus spp.,
Synechococcus spp. and heterotrophic bacteria. If
we assume that essentially all of the grazing losses
(G) for these groups were attributed to HFLAG,
we calculate a somewhat constant growth rate
average for HFLAG of 1.6 d�1, with the exception
of station N4 during the SW Monsoon
(growth=0.74 d�1). The relatively constant
growth rate of HFLAG, despite dramatic varia-
tions in the relative proportions of PRO, SYN and
HBact, presumably reflects their ability to feed on
any and all of the three picoplankton groups.
These growth rate inferences for HFLAG should
be viewed as conservative as we have not taken
into account consumption of similarly sized
picoeukaryotes, which were abundant at coastal
upwelling stations (Table 3) (Latasa and Bidigare,
1998; Shalapyonok et al., 2001).

Fig. 11. Spatial distribution of biomass-specific grazing rates (mg C mg Cd�1).
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Theoretical predictions of prey vulnerability to
direct interception feeding by flagellates suggest
that rates of mortality for HBact, PRO, and SYN
should be linked to prey size (Fenchel, 1982, 1984;
Gonzales et al., 1990; Monger and Landry, 1990,
1991). The models differ, however, in the predicted
relationship between clearance rates and prey
diameter, ranging from increasing with the first
power to the third power of prey diameter. Taking
into consideration average mortality rates during
the NE Monsoon, when PRO was sufficiently
abundant and rates were measurable from FCM,
mortality rates were 0.35, 0.56 and 0.66 d�1 for
HBact, PRO and SYN, respectively. Assuming
average diameters of 0.40, 0.64, and 0.95 mm for
HBact, PRO and SYN, respectively, (Shalapyonok
et al., 2001; Ducklow et al., 2001), mortality rates
correspond most closely to the first power of prey
diameter, consistent with the Force-Balance model
of Monger and Landry (1990, 1991).

Group-specific relationships between grazers
and phytoplankton prey are confounded by
variations in size within prey types (e.g., diatoms)
and within general groups of grazers. There was no
clear relationship between diatom mortality (in-
ferred from fucoxanthin) and either ciliates or
heterotrophic dinoflagellates. This is likely due to
spatial differences in the size spectra of diatom
communities that dictate grazer pathways. For
example, diatom biomass at station S11 during the
SW Monsoon was dominated by centric diatoms
and other large genera, such as Rhizosolenia and
Thassiothrix, that are more likely to be grazed by
large heterotrophic dinoflagellates if at all, while
station S1 was dominated by smaller pennate
diatoms that can be grazed effectively by larger
protists (Landry et al., 2000). Similar complica-
tions arise with grazing rates on Phaeocystis spp.,
which existed both as solitary motile cells (B3 mm
diameter) and as macroscopic colonies. However,
total grazer biomass was significantly correlated
(n ¼ 18) with mortality rates (g) of diatoms
(r ¼ 0:49) and dinoflagellates (r ¼ 0:48), as well
as with chlorophyll c (r ¼ 0:48), the latter a broad-
spectrum marker for eukaryotic phytoplankton,
indicating a general grazer response to shifts in
community structure. In general, diatoms were
grazed the least effectively, with only 50% of daily

production lost to protistan grazing, versus 66%
and 80% for dinoflagellates and Phaeocystis spp.,
respectively.

Adaptations of the grazing community to shifts
in phytoplankton community structure also can be
seen in the sources of carbon passing through
protistan grazers. During the SW Monsoon, much
of the carbon grazed along the southern line came
from major eukaryotic taxa of phytoplankton
(diatoms, dinoflagellates and Phaeocystis spp.),
reflecting the dominance of eukaryotic phyto-
plankton and adaptive response of protists to
larger prey, and suggesting fewer trophic steps
within the microbial community (Fig. 12). How-
ever, the fraction of grazed carbon attributed to
eukaryotic taxa was substantially less than the
eukaryote contribution to total biomass during the
NE Monsoon (Fig. 13), indicating an inability of
the protistan community to graze these taxa
effectively. In contrast, photosynthetic prokar-
yotes were grazed in greater proportion than the
fraction of biomass that they represented, demon-
strating the ability of protists to respond to and
graze smaller prey.

The majority of the carbon passing through
protists during the NE Monsoon was attributed to
prokaryotic picoplankton (Fig. 12), suggesting
significant grazing pressure by small heterotrophic
flagellates and thus more steps and greater
remineralization within the microbial community.
These two contrasting grazing pathways are
consistent with conceptual models of Garrison
et al. (2000) and provide further evidence for
variations in carbon cycling efficiency within the
microbial community.

4.5. Fate of ungrazed production

With respect to particulate flux, we are most
interested in the fraction of production ungrazed
by protists since this remains potentially available
for export via mesozooplankton grazing pathways,
lateral advection, and/or sinking. During the late
SW Monsoon, 50% of mixed-layer primary
production remained ungrazed at upwelling-influ-
enced stations along the southern transect and
northern coastal stations, while o30% remained
ungrazed offshore. During the early NE Monsoon,
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estimates ranged broadly from balanced produc-
tion and microbial grazing offshore to >50%
ungrazed production along the northern transect.
Of the daily production not grazed by protists, we

can partition the remaining carbon into major
phytoplankton taxa to infer the fate of excess
production (Fig. 14).

Clearly, the greatest excess of phytoplankton
production was at southern stations during the SW
Monsoon and northern coastal stations during the
NE Monsoon, reflecting higher nutrient levels and
the predominance of diatom species. As expected,
there was little excess carbon production at
offshore stations where nutrients were scarce,
picoplankton dominated, and growth and grazing
were in close agreement. While diatom growth
comprised the majority of excess production
across the region, a surprisingly large portion of
Synechococcus spp. appeared to escape predation
by protists. This may reflect some inefficiency in
the degradation of their phycobiliprotein pig-
ments, which would allow previously ingested cells
to remain identifiable by FCM. Alternatively, we
may have underestimated grazing losses to pro-
tists. Despite rapid daily population increases
(m > 2 d�1) due to strong diel growth, Sherry and
Wood (2001) document little change in cell
abundances over 24-h cycles. In an earlier study,
Burkill et al. (1993a ,b) reported similar closely
balanced growth and grazing mortality of Syne-

chococcus spp. These inferred balances between

Fig. 12. The proportion of carbon grazed by protists that is attributed to prokaryotic and eukaryotic taxa.

Fig. 13. The fraction of eukaryote biomass relative to total

phytoplankton biomass versus the fraction of eukaryote

biomass grazed. Line indicates a 1:1 relationship.
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growth and grazing are at odds with our excess
SYN production, suggesting grazing losses or
mortality we have not accounted for. Diel varia-
tions in mixed layer depths and nocturnal mixing
of excess surface production with deeper grazer
populations could account for in situ grazing
losses that were not measured in our incubations.

Excess diatom production during the SW
Monsoon, particularly along the southern line
(B50% of primary production) is consistent with
the carbon demands of mesozooplankton. Roman
et al. (2000) showed that mesozooplankton con-
sumed 50% of integrated primary production
during the SW Monsoon and B45% during the
NE Monsoon. It should be noted, however, that
these mesozooplankton ingestion rates included
microzooplankton (B20% of carbon ingested)
and detritus, such that the fraction of primary
production actually consumed by mesozooplank-
ton was p40% during the late SW Monsoon and
p36% during the early NE Monsoon. Combined
estimates of micro- and mesozooplankton grazing
thus account for B90% of primary production at
upwelling stations during the late SW Monsoon
and 86–100% of production for northern and
southern transect stations during the early NE
Monsoon.

The combined effects of protist and mesozoo-
plankton grazing leave B10% of primary

production unaccounted for at upwelling stations
during the SW Monsoon and 14% at northern
stations during the NE Monsoon. At upwelling
stations during the SW Monsoon and northern
stations during the NE Monsoon, diatoms com-
prised a large fraction of production that escaped
grazing by protists (Fig. 14), suggesting export by
direct sinking as a possible mechanism for carbon
removal. The appearance of senescent diatom cells
during the late SW Monsoon (Garrison et al.,
1998), as well as mucus-forming colonies of
Phaeocystis spp., is consistent with aggregation
and rapid sinking (Alldredge and Silver, 1988;
Alldredge and Gotschalk, 1989; Passow and
Wassmann, 1994; Wassmann, 1998). Roman et al.
(2000) also found no relationship between POC
flux and mesozooplankton fecal pellet production,
suggesting an alternative mechanism for flux. The
possibility of direct sinking of phytoplankton as a
mechanism for flux is consistent with recent
findings of fresh phytodetritus on the bottom of
the abyssal Arabian Sea (Pfannkuche et al., 2000).

Export particle flux determined from sediment
traps moored along the southern line showed a
peak in both organic carbon and biogenic silica
flux during the late SW Monsoon, consistent with
the sinking of ungrazed diatoms and enhanced
fecal pellet production (Honjo et al., 1999).
Similarly, 234Th-derived POC flux at 100 m

Fig. 14. Spatial distribution of net phytoplankton carbon production (P–G) and component taxa.
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reached a maximum during this time (Buesseler
et al., 1998a, b). We cannot compare our infer-
ences of export flux at northern stations during the
NE Monsoon as sediment traps were not located
along the northern line and 234Th-based fluxes
were not measured there. However, we can
reasonably speculate that export flux should have
been enhanced relative to the rest of the region
based on either the sinking of diatoms and/or
grazing by mesozooplankton as the NE Monsoon
developed.

It is difficult to compare rates of excess carbon
production with POC flux estimates at 100 m in
that our estimates represent only the surface mixed
layer and did not always include the chlorophyll a

maximum. In addition, 234Th profiles of particle
flux indicate that processes between the shallow
mixed layer and 100 m are important in particle
cycling (Buesseler et al., 1998a ,b). Nevertheless,
our estimates of excess phytoplankton production
at offshore oligotrophic stations are less than
concurrent estimates of POC flux and appear to
underestimate flux potential. Our estimates of
production available for export do not account
for the mesozooplankton–microzooplankton path-
way, carnivory or detrital feeding, all of which
serve to repackage and remove carbon in sinking
fecal pellets, albeit inefficiently.

One plausible explanation for the discrepancy
between our production estimates and POC flux at
offshore stations are lateral advection of excess
production from coastal waters via filaments and
eddies (Brink et al., 1996; Manghnani et al., 1998;
Flagg and Kim, 1998). Complex circulation
patterns and mesoscale features characterize the
Arabian Sea, and export flux may be dominated
by these episodic events (Honjo et al., 1999).
Advective transport of excess production from
coastal waters to offshore sites would be consistent
with estimates of grazing losses exceeding produc-
tion at offshore stations. Alternatively, substantial
accumulations of phytoplankton biomass at the
chlorophyll a maximum below the mixed layer
may contribute to measured POC flux at 100 m,
but would not have been accounted for in our
estimates of mixed-layer production. This alter-
native scenario was documented by Pollehne et al.
(1993a, b) in which there was a strong vertical

layering of larger, eukaryotic phytoplankton
populations in the deep chlorophyll maximum
underlying the picoplankton-dominated mixed-
layer; this deep layer appeared to represent a large
portion of the particle flux out of the photic zone.

In summary, we present here a composition of
stocks and rates in an effort to evaluate factors
influencing microbial dynamics, estimate total
microbial production and partition production
into component taxa. Our estimates of primary
production were generally in good agreement with
14C-uptake results, particularly during the SW
Monsoon when biomass estimates were better
constrained. Production by component taxa ap-
peared to be controlled by different mechanisms;
growth rates of Synechococcus spp. and diatoms
appeared to be strongly limited by nutrient
concentrations, while Prochlorococcus spp., dino-
flagellates and Phaeocystis spp. were less so or not
at all. The striking abundance of a tiny photo-
synthetic eukaryote at two coastal stations during
the SW Monsoon demonstrates the importance of
picoplankton in upwelling regions; however, the
reasons for its limited distribution are not obvious.
Microzooplankton consumed a greater proportion
of production offshore and during the NE
Monsoon, demonstrating their ability to more
effectively graze and regulate the small prokar-
yotic phytoplankton in these regions. Net produc-
tion of diatoms along the southern transect during
the SW Monsoon was consistent with enhanced
export flux and high abundances of mesozoo-
plankton. Significant net production at northern
coastal stations during both seasons suggests that
this region may be an area of enhanced export flux
as well. Marked spatial variability in microbial
biomass and community structure and increases in
net production reflect the influence of convective
mixing, coastal upwelling and mesoscale features,
leading to the episodic flux events that dominate
export in this region.
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