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Abstract

One of the main objectives of the Joint Global Ocean Flux Studies (JGOFS) program is to
develop an understanding of the factors controlling organic carbon production in the ocean
and the time-varying vertical #ux of carbon from surface waters (US JGOFS (1990) US JGOFS
Planning Report Number 11; Sarmiento and Armstrong (1997) US JGOFS Synthesis and
Modeling Project Implementation Plan). A considerable amount of evidence suggests that
carbon cycling and the potential for exporting carbon from ocean systems is a function of food
web structure. As part of the US JGOFS Arabian Sea Studies, the biomass of planktonic
organisms, ranging from heterotrophic bacteria through microplankton-sized organisms, was
estimated using a variety of methods including #ow cytometry and microscopy. This is a "rst
attempt to combine biomass data from a number of sources, evaluate the structure of the food
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web, examine changes in food web structure in relation to seasonal or spatial features of the
study area, and look for indications of how changing structure a!ects carbon-cycling processes.

Biomass in the upper 100 m of the water column ranged from approximately 1.5 to
'5.2 gC m~2. Heterotrophic bacteria (Hbac) made up from 16 and 44% of the biomass;
autotrophs comprised 43}64%; and the remainder was made up of nano- and microheterot-
rophs. Autotrophs and nano- and microheterotrophs showed a general pattern of higher values
at coastal stations, with the lowest values o!shore. Heterotrophic bacteria (Hbac) showed no
signi"cant spatial variations. The Spring Intermonsoon and early NE Monsoon were domin-
ated by autotrophic picoplankton, Prochlorococcus and Synechococcus. The late NE Monsoon
and late SW Monsoon periods showed an increase in the larger size fractions of the primary
producers. At several stations during the SW Monsoon, autotrophic microplankton, primarily
diatoms and Phaeocystis colonies, predominated. Increases in the size of autotrophs were also
re#ected in increasing sizes of nano- and microheterorophs. The biomass estimates based on
cytometry and microscopy are consistent with measurement of pigments, POC and PON.
Changes in community structure were assessed using the percent similarity index (PSI) in
conjunction with multidimensional scaling (MDS) or single-linkage clustering analysis to show
how assemblages di!ered among cruises and stations. Station clustering re#ected environ-
mental heterogeneity, and many of the conspicuous changes could be associated with changes
in temperature, salinity and nutrient concentrations. Despite inherent problems in combining
data from a variety of sources, the present community biomass estimates were well constrained
by bulk measurements such as Chl a, POC and PON, and by comparisons with other
quantitative and qualitative studies.

The most striking correlation between food web structure and carbon cycling was the
dominance of large phytoplankton, primarily diatoms, and the seasonal maxima of mass #ux
during the SW Monsoon. High nutrient conditions associated with upwelling during the SW
Monsoon would explain the predominance of diatoms during this season. The sinking of large,
ungrazed diatom cells is one possible explanation for the #ux observations, but may not be
consistent with the observation of concurrent increases in larger microzooplankton consumers
(heterotrophic dino#agellates and ciliates) and mesozooplankton during this season. Food-web
structure during the early NE Monsoon and Intermonsoons suggests carbon cycling by the
microbial community predominated. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The pelagic food web is comprised of a diversity of organisms varying over several
orders of magnitude in size and di!ering in taxonomic a$nities and trophic functions
(e.g., Sieburth et al., 1978). Many of the smaller planktonic organisms, such as bacteria,
picoplanktonic autotrophs and phagotrophic protists, were unknown or largely over-
looked until relatively recently (e.g., Azam et al., 1983; Sherr and Sherr, 1984; Porter
et al., 1985). Nonetheless, this assemblage, collectively known as the `microbial food weba,
is now recognized as ubiquitous and abundant in ocean environments (e.g., Garrison
and Gowing, 1993; Buck et al., 1996; Table 5 in Garrison et al., 1998) with integral
roles in system tropho-dynamics and biogeochemical transformations (Capriulo,
1990; Stoecker and Capuzzo, 1990; Caron et al., 1990; Caron, 1991; Gi!ord, 1991).

Assessing the structure and biomass composition of the pelagic food web has been
one of the enduring research activities of plankton ecologists. Progress has largely
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followed technical improvements in detecting and enumerating progressively smaller
organisms (e.g., Fuhrman and McManus, 1984; Glover et al., 1986; Chisholm et al.,
1988), as well as quantifying the abundance of organisms too rare to be adequately
sampled in bottles or too delicate to be collected with nets (e.g., Gowing and Garrison,
1992). For the microbial community, epi#uorescence microscopy (Booth, 1993; Sherr
et al., 1993, Verity and Sieracki, 1993) and #ow cytometry (Olson et al., 1990,1993;
Button and Robison, 1993) techniques have been critical in allowing routine quantit-
ative descriptions of, at least, the functional groups comprising the pelagic food web
(e.g., see citations in Table 5 in Garrison et al., 1998).

The focus on accurate descriptions of the food web composition is driven by more
than discovery or technology. It has long been recognized, for instance, that food web
structure can profoundly a!ect ecosystem characteristics such as "sh yield (Ryther,
1969), carbon #ux, (Azam et al., 1983; Michaels and Silver, 1988; Peinert et al., 1989;
Legendre and LeFevre, 1995; Legendre and Rassoulzadegan, 1996), and nutrient
regeneration (Caron, 1991). Moreover, understanding of the underlying structure of
food webs and the factors that cause them to develop in di!erent ways is essential for
developing and testing the predictive ecosystem and global-scale biogeochemical
models that are ultimately desired by the JGOFS Program (e.g., Armstrong, 1994;
Sarmiento and Armstrong, 1997).

The US JGOFS Arabian Sea Process Study was conducted to examine spatial and
temporal variability in food web structure in a dynamic pelagic system (US JGOFS,
1990; Smith et al., 1991,1998a). Distributions and abundances of individual compon-
ent populations have been reported previously (picoplankton: Campbell et al., 1998;
Brown et al., 1999; Riemann et al., 1999; Ducklow et al., 2000a,b; nano- and micro-
plankton: Garrison et al., 1998; Dennett et al., 1999; Caron and Dennett, 1999). Here
we present the "rst combined e!ort to provide a comprehensive estimate of biomass
structure and to evaluate spatial and temporal patterns in community structure.

2. Materials and methods

As part of the US JGOFS Arabian Sea Process Study, plankton community
structure was investigated during four di!erent phases of the monsoon cycle of
1995 (Table 1). Data were analyzed from seven stations (Fig. 1) for which we had
reasonably complete data sets from all, or most, cruises. These included six stations
(S1, S2, S4, S7, S11 and S15) along the southern transect extending from the
upwelling-in#uenced coastal environment to the oligotrophic open ocean (Olson, 1991;
Smith et al., 1998a; Garrison et al., 1998), and one o!shore station (N7) on the
northern transect.

Samples for this analysis were collected at four to six depths in the upper 100 m of
the water column with 10-l Niskin bottles on a CTD rosette. The microbial assem-
blage was analyzed by dividing it into di!erent size fractions and trophic groups that
were enumerated separately using appropriate methodology (Table 2).

The speci"c methodology used to determine biomass and abundance of organisms
has been reported in a number of recent papers (Campbell et al., 1998; Ducklow et al.,
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Fig. 1. JGOFS Stations in the northern Arabian Sea. Stations indicated were analyzed for this study, except
that station S1 was not analyzed for the "nal of four cruises (TN054).

2000a,b; Garrison et al., 1998; Dennett et al., 1999). Here, these methods are brie#y
presented and discussed only as needed to explain the present synthesis of data.

2.1. Picoplankton

Picoplankton, including heterotrophic bacteria (Hbac), Prochlorococcus spp. (Pro),
Synechococcus spp. (Syn), and phototrophic eukaryotes (Peuk), were counted using
#ow cytometry as described by Campbell et al. (1994,1998).

Cell carbon values for autotrophic picoplankton were determined as summarized in
Table 2. Conversion values for Pro and Syn were based on recent calibrations by
Shalapyonok et al. (2000) from cultures raised under natural light conditions. For
picoeukaryotes, samples from TN054 were sized using forward angle light scattering
(FALS) to determine a size-frequency distribution, which we assumed was similar for
all cruises. Approximately 69% (range 27}88%) of the eukaryotic cells were '2.0
lm. These counts were removed from cytometer data to avoid overlap with micro-
scopical counts of autotrophic nanoplankton. The remaining cells (31%) were
assumed to comprise the picoeukaryotes. Cell volumes were calculated assuming
a 1.5 lm-diameter spherical shape, and cell volume-to-carbon conversions based on
a modi"ed Strathmann equation for non-diatom phytoplankton (Eppley et al., 1970)
were used to estimate carbon.

Flow cytometer counts were used for heterotrophic bacteria (Hbac) estimates for all
cruises for consistency (no "lter counts were available for TN050). A regression
(Model II) of all paired estimates of Hbac by cytometer and epi#uorescence micros-
copy produced the regression: cytometer (bacteria cells l~1)"1.044]epi#uorescence
(cells l~1) !0.870]108 (cells l~1); (R2"0.689, n"421), with a regression coe$cient

D.L. Garrison et al. / Deep-Sea Research II 47 (2000) 1387}1422 1391
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not di!erent from 1.0. The cell sizes of (Hbac) were determined by epi#uorescence
microscopy for cruises TN045 and TN049 (Ducklow et al., 2000a). Mean bacterial
volumes were measured on every cell counted in every sample and cell volume
calculated using the algorithm of Baldwin and Bankston (1988) (mean"0.029 lm3;
range"0.019}0.056 lm3; N"421, upper 0}200 m), and carbon content was deter-
mined by assuming 380 fgC lm~3 (Lee and Fuhrman, 1987). An average value of 11 fg
C cell~1 for these two cruises was used to estimate bacterial biomass from abundance
for all cruises.

2.2. Nanoplankton

Both autotrophic and heterotrophic nanoplankton were concentrated on "lters and
counted by epi#uorescence microscopy as described by Garrison et al. (1998) and
Dennett et al. (1999). Preservation and staining methods varied among the cruises (see
Garrison et al., 1998; Dennett et al., 1999). During TN043 and TN045 (Dennett et al.,
1999), water samples were preserved at a "nal concentration of 1% formalin (made in
natural, "ltered seawater) and stored at 43C. Samples were prepared for enumeration
by epi#uorescence microscopy within 24 h of preservation by staining with DAPI at
a "nal concentration of 50 lg ml~1 (Caron, 1983; Sherr et al., 1993). For TN050 and
TN054 (Garrison et al., 1998), replicate samples were stained separately with the
#uorochromes DAPI (Coleman, 1980) and pro#avine (Haas, 1982)#DAPI (e.g.,
Verity and Sieracki, 1993). Glutaraldehyde and the #uorochromes were added near
the end of the "ltration when approximately 10 ml remained in the "lter chimney. The
"nal concentration of glutaraldehyde was &0.5%.

2.3. Microplankton

Water samples were preserved with Lugol's Iodine solution or bu!ered paraformal-
dehyde for analysis of the robust microplankton including diatoms, silico#agellates,
thecate and some athecate dino#agellates and ciliates. These samples were counted by
inverted microscopy (see Garrison et al., 1998; Dennett et al., 1999). For both
"lter-collected and whole water samples, carbon estimates were derived by measuring
cell dimensions, calculating cell volumes and applying carbon to volume conversion
factors (Table 2).

2.4. Size fractions

Biomass in conventional size fractions (i.e., pico-, nano- and microplankton) was
calculated as follows: picoplankton sizes were con"rmed by FALS analysis of
cytometer data, and the fraction comprising pico-eukaryotes was distinguished from
the wider range of eukaryotic autotrophs detected by the cytometer as described in
Campbell et al. (1994,1998). For TN043 and TN045, biomass data are separated into
nano- and microplankton size fractions Dennett et al. (1999), but taxonomic groups
within the autotrophic nanoplankton (Anan) and heterotrophic nanoplankton
(Hnan) were not di!erentiated. For TN050 and TN054 microbial groups within the
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Table 3
Range of abundance and biomass for di!erent microbial groups over the four cruises analyzed (0.0)0.05)

Cruise Biomass Abundance

Size fraction lg C l~1 cell l~1

Microbial group Mean Min Max Mean Min Max

TN043
Picoplankton
Heterotrophic bacteria 8.0 0.2 11.5 7.3E#08 1.8E#07 1.0E#09

Prochlorococcus 1.0 0.0 7.2 3.0E#07 3.3E#04 2.3E#08
Synechococcus 3.7 0.1 112.9 3.7E#07 7.9E#04 1.3E#08
Picoeukaryotes 0.6 0.0 1.8 1.3E#06 9.9E#03 3.9E#06

Nanoplankton
Autotrophic nanoplankton 5.6 0.2 18.1 7.6E#05 2.7E#04 2.9E#06
Heterotrophic nanoplankton 4.3 0.9 12.3 3.7E#05 1.3E#05 9.8E#05

Microplankton
Dino#agellates 2.1 0.0 27.6 5.6E#02 0.0E#00 2.2E#03
Diatoms 3.4 0.0 27.6 2.7E#04 2.2E#02 2.0E#05
Autotrophic #agellates 0.3 0.0 7.5 9.9E#01 0.0E#00 9.6E#02
Heterotrophic dino#agellates 2.3 0.0 32.4 5.5E#02 0.0E#00 2.6E#03
Non-loricate ciliates 0.5 0.0 2.4 5.0E#02 0.0E#00 2.6E#03
Tintinnids 0.0 0.0 0.1 4.7E#01 2.4E#00 1.3E#02

TN045
Picoplankton

Heterotrophic bacteria 10.2 2.8 31.8 9.2E#08 2.6E#08 2.9E#09
Prochlorococcus 8.6 0.0 47.2 1.7E#08 3.3E#04 7.0E#08
Synechococcus 3.6 0.0 33.0 2.8E#07 1.6E#04 2.2E#08
Picoeukaryotes 0.4 0.0 2.3 9.7E#05 1.0E#04 5.2E#06

Nanoplankton
Autotrophic nanoplankton 4.8 0.1 15.2 5.3E#05 1.1E#04 1.4E#06
Heterotrophic nanoplankton 4.6 0.7 12.1 3.0E#05 1.3E#05 8.0E#05

Microplankton
Dino#agellates 1.4 0.0 5.2 1.4E#03 2.4E#01 5.1E#03
Diatoms 0.8 0.0 8.8 4.7E#03 1.1E#02 6.0E#04
Autotrophic #agellates 0.1 0.0 0.9 6.9E#01 0.0E#00 4.1E#02
Heterotrophic dino#agellates 0.6 0.0 2.2 5.9E#02 1.0E#01 2.2E#03
Non-loricate ciliates 0.4 0.0 2.6 3.2E#02 2.1E#01 1.3E#03
Tintinnids 0.0 0.0 0.2 5.4E#01 1.2E#00 2.5E#02

TN050
Picoplankton

Heterotrophic bacteria 11.4 3.8 23.5 1.0E#09 3.4E#08 2.1E#09
Prochlorococcus 1.6 0.0 9.10 4.4E#07 3.6E#04 2.8E#08

Synechococcus 3.0 0.1 9.5 2.8E#07 3.7E#04 9.4E#07
Picoeukaryotes 0.9 0.0 5.8 2.0E#06 1.1E#04 1.3E#07

Nanoplankton
Autotrophic nanoplankton 4.6 0.1 36.3 4.2E#05 3.2E#03 2.0E#06
Heterotrophic nanoplankton 2.9 0.5 10.1 5.4E#05 3.5E#04 2.2E#06
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nanoplankton were distinguished by taxon and cell volume. To have a consistent
grouping of categories that would allow an analysis among all cruises, size fractions of
nano- and microplankton were grouped using cell volume ranges of '4.2 to
4190 lm3 and '4190 lm3, respectively, to separate cells into nano- and microplan-
kton and data recombined in a manner consistent with that used for TN043 and
TN045.

2.5. Analysis of the microbial assemblage

We used community analysis procedures similar to those outlined by Field et al.
(1982) to examine the similarity of assemblage composition between stations and
cruises and to assess which biomass components were responsible for the variations.
Biomass was classi"ed within the 12 size and taxonomic components (Table 3).
Similarities were calculated between paired stations as Percent Similarity Index (PSI):

PSI(Sample
!,"

)"+ Minimum[Group
*
(%Sample

!
,%Sample

"
)]

where, i"(groups 1, 22, 12) in a comparison of the similarity between samples a and
b. The resulting station-by-station similarity matrix was analyzed using multi-dimen-
sional scaling (MDS) and single-linkage cluster analysis (see Field et al., 1982 for
a more complete discussion of these procedures). We did not use transformed biomass
data, as suggested by Field et al. (1992), to avoid the bias of giving unwarranted
weighting to ciliate biomass. Tintinnid data from TN050 and TN054, in particular,
sometimes were based on samples with low cell counts and thus have wide con"dence
limits. Analyses and clustering were performed on both transformed and untran-
sformed data. Both produced similar station clustering patterns but the latter proved
easier to interpret.

3. Results

3.1. Community Composition

The overall ranges of abundance and biomass of microbial groups are summarized
in Table 3. Depth-integrated biomass over the upper 100 m of the water column (or
85 m at S1 where bottom depth did not extend to 100 m) ranged from approximately
1.5 to '5.2 g Cm~2 (Table 4). Overall, autotrophs made up 43}64% of the biomass;
Hbac accounted for 16}44%, and nano- and microheterotrophic protists comprised
the remaining portion (Table 4). Biomass estimates for total microbial biota, autot-
rophic, nano- and microheterotrophic, and bacterial biomass were not signi"cantly
di!erent among the four cruises (Duncan multiple-range test, a(0.05; SAS Institute
Inc., 1989). Among stations and within cruises, total autotrophic and nano- and
microheterotroph biomass estimates were generally higher for coastal stations (S1 and
S2) and lower at the o!shore stations (N7}S15), but usually only the extreme values
could be distinguished statistically (see Table 5). Heterotrophic bacteria showed no
statistically signi"cant di!erences among stations. Based on analysis of discrete-depth
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Table 3 (continued)

Cruise Biomass Abundance

Size fraction lg C l~1 cell l~1

Microbial group Mean Min Max Mean Min Max

Microplankton
Dino#agellates 0.7 0.0 2.9 4.2E#05 4.2E#05 4.2E#05
Diatoms 5.5 0.0 36.8 3.7E#03 1.0E#01 2.6E#04
Autotrophic #agellates! 3.8 0.1 18.7 6.6E#05 8.2E#03 2.8E#06
Heterotrophic dino#agellates 1.0 0.1 4.6 2.6E#02 3.0E#01 1.0E#03
Non-loricate ciliates 0.9 0.1 4.4 3.0E#02 3.0E#01 1.2E#03
Tintinnids 0.2 0.0 1.5 8.0E#01 1.0E#01 3.0E#02

TN054
Picoplankton

Heterotrophic bacteria 11.3 1.5 34.7 1.0E#09 1.4E#08 3.2E#09
Prochlorococcus 2.8 0.2 10.2 8.4E#07 3.2E#05 3.2E#08
Synechococcus 9.8 0.1 54.2 9.7E#07 3.5E#04 5.4E#08
Picoeukaryotes 0.9 0.0 3.3 2.1E#06 1.1E#04 7.4E#06

Nanoplankton
Autotrophic nanoplankton 2.3 0.1 9.8 3.0E#05 9.0E#03 8.0E#05
Heterotrophic nanoplankton 1.7 0.1 9.5 1.8E#05 9.2E#03 7.9E#05

Microplankton
Dino#agellates 0.5 0.0 1.9 1.7E#02 1.0E#01 1.1E#03
Diatoms 0.5 0.0 2.3 6.0E#02 1.0E#01 2.6E#03
Autotrophic #agellates 0.0 0.0 0.0 0.0E#00 0.0E#00 0.0E#00
Heterotrophic dino#agellates 1.3 0.1 6.1 5.0E#02 6.0E#01 1.9E#03
Non-loricate ciliates 1.1 0.0 5.2 2.6E#02 2.4E#01 1.1E#03
Tintinnids 0.3 0.0 2.3 8.0E#01 1.0E#01 3.4E#02

!Mostly Phaeocystis non-motile cells in disrupted colonies; see methods and Garrison et al. (1998).

samples, biomass estimates for Hbac, autotrophs, and other heterotrophs were
negatively correlated with depth (Spearman; R"!0.55, !0.70, !0.59; N"240,
172, 171; P(0.01 for the three groups, respectively).

3.2. Seasonal and spatial distributions

The composition of the microbial community varied among stations and cruises
(Table 5). To identify seasonal (between cruises) and spatial (between station) di!er-
ences for each of the 12 groups of the microbial community, we examined both the
depth-integrated (Table 5) and discrete-depth data (not shown) using the Duncan
multiple-range test (SAS Institute Inc., 1989). Trends were considered signi"cant at
a(0.05. Pro biomass was higher during TN045 than during other cruises, and Syn
biomass was higher during TN054. Autotrophic micro#agellate (A#g) biomass was
highest during TN050, and non-loricate ciliate (Cil) biomass was higher for TN050
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Table 5
Integrated carbon biomass (g C m~2) for microbial groups in the upper water column (85 m at station S1
and 100 m for all other stations). Cruises outlined had signi"cantly higher biomass based on Duncan
multiple-range test (a)0.05). For analysis of temporal and spatial variations, biomass values for S1 were
normalized to 100 m

Cruise Station Hbac Pro Syn Peuk Anan Hnan A#g Adin Diat Hdin Ncil Tin

TN043 S1 0.82 0.01 0.15 0.04 0.83 0.61 0.12 0.74 0.95 0.87 0.04 0.01
S2 0.72 0.02 0.24 0.03 0.60 0.64 0.02 0.13 0.39 0.15 0.06 0.01
S4 0.84 0.05 0.28 0.06 0.29 0.21 0.01 0.06 0.21 0.06 0.03 0.01
S7 0.69 0.04 0.61 0.10 0.54 0.31 0.00 0.03 0.14 0.02 0.06 0.00
S11 0.99 0.12 0.55 0.06 0.41 0.35 0.02 0.16 0.03 0.10 0.05 0.00
S15 0.64 0.49 0.12 0.04 0.34 0.35 0.00 0.02 0.06 0.01 0.03 0.00
N7 0.51 0.01 0.25 0.04 0.29 0.21 0.01 0.06 0.07 0.07 0.05 0.00

TN045 S1 0.94 1.51 0.31 0.05 0.58 0.57 0.01 0.07 0.00 0.03 0.04 0.00
S2 0.99 0.94 0.18 0.03 0.51 0.46 0.00 0.25 0.21 0.11 0.07 0.01
S4 1.49 1.15 0.73 0.06 0.52 0.54 0.02 0.11 0.06 0.05 0.03 0.00
S7 0.87 0.63 0.41 0.03 0.26 0.40 0.01 0.08 0.10 0.05 0.03 0.00
S11 0.81 0.78 0.09 0.04 0.38 0.25 0.00 0.16 0.02 0.06 0.02 0.00
S15 0.72 0.92 0.03 0.04 0.50 0.26 0.01 0.16 0.02 0.06 0.02 0.00
N7 0.90 0.06 0.48 0.04 0.40 0.48 0.00 0.12 0.13 0.06 0.03 0.00

TN050 S1 0.61 0.04 0.08 0.11 1.01 0.36 0.18 0.05 0.49 0.06 0.05 0.01
S2 0.92 0.02 0.12 0.18 0.46 0.48 0.24 0.11 1.16 0.10 0.14 0.01
S4 1.09 0.00 0.11 0.04 0.19 0.15 0.06 0.06 0.63 0.08 0.09 0.01
S7 1.19 0.01 0.32 0.04 0.44 0.36 1.01 0.04 0.28 0.08 0.07 0.06
S11 1.73 0.01 0.30 0.04 0.36 0.26 1.29 0.11 0.81 0.25 0.12 0.04
S15 0.92 0.59 0.39 0.03 0.10 0.22 0.10 0.01 0.00 0.03 0.02 0.01
N7 0.79 0.50 0.37 0.04 0.17 0.18 0.06 0.07 0.10 0.08 0.10 0.00

TN054 S2 1.74 0.36 1.59 0.08 0.36 0.17 0.00 0.06 0.11 0.20 0.11 0.07
S4 0.52 0.38 0.69 0.09 0.22 0.12 0.00 0.05 0.05 0.12 0.14 0.00
S7 0.77 0.35 1.04 0.12 0.19 0.19 0.00 0.06 0.03 0.14 0.15 0.03
S11 0.85 0.24 0.72 0.08 0.18 0.15 0.00 0.02 0.03 0.17 0.07 0.01
S15 0.53 0.74 0.18 0.05 0.24 0.20 0.00 0.03 0.01 0.08 0.07 0.06
N7 0.65 0.11 0.39 0.04 0.14 0.11 0.00 0.01 0.06 0.07 0.13 0.01

and TN054 than for TN043 and TN045 (Table 5). Discrete-depth analysis produced
similar results for these comparisons (see Table 3 for range of values within cruises).
Other patterns were suggested but not as clearly indicated. For example, diatom
(Diat) biomass was high during TN043 and TN050 and not statistically di!erent
between these cruises, and lower during TN045 and TN054 (also not statistically
di!erent from one another). However, total diatom biomass during TN043 could not
be distinguished from diatom biomass values during TN045 (see Table 5). Analysis of
discrete-depth samples, however, showed average biomass concentrations of diatoms
with TN050'TN043'TN045, TN054.

Similar to the results of between-cruises comparisons, biomass variations among
stations within cruises showed few signi"cant trends for total integrated stocks, but
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patterns could be identi"ed when discrete depths were analyzed. Syn biomass was
higher at S1 than other stations, and Pro was highest at station S15. Many of the
groups showed distributions suggesting an onshore-to-o!shore decrease in biomass,
but as was the case for integrated biomass, sometimes the data were only signi"cantly
higher for S1'S15, with intermediate stations along the onshore-o!shore transect
showing higher biomass values (e.g., see Table 5).

3.3. Size structure

Aggregation of groups into conventional size fractions (i.e., pico-, nano-, and
micro-) and trophic modes (i.e., autotrophs and heterotrophs) revealed some con-
spicuous patterns. During the Spring Intermonsoon (TN045: Fig. 2b) and the early
NE Monsoon (TN054: Fig. 2d), picoplankton dominated the autotrophic assemblages
at all stations, and their biomass was signi"cantly higher than during cruises TN050
and TN043. In contrast, during the well-developed NE (TN043: Fig. 2a) and SW
Monsoons (TN050: Fig. 2c), nano- and microautotrophs were relatively more impor-
tant with respect to biomass. Autotrophic microplankton biomass was signi"cantly
higher during the SW Monsoon (TN050), dominating total autotrophic biomass at
stations S2}S11 (Fig. 2c). Diatoms contributed to the increase in the larger fractions
during both TN043 and TN050 (Table 5), and colonies of Phaeocystis were parti-
cularly abundant at stations S7 and S11 during TN050. Overall, variations in the size
fractions of heterotrophs followed those shown by autotrophs. That is, autotrophic
microplankton biomass was positively correlated with heterotrophic microplankton
biomass (Spearman; R"0.44; P(0.05), and heterotrophic nanoplankton was posit-
ively correlated with autotrophic nanoplankton (R"0.083; P(0.05).

3.4. Biomass parameters

Carbon-to-chlorophyll a ratios (C : Chl a, where C was determined from autot-
rophic biomass estimates) from depth-integrated data (Table 4) averaged 36, 63, 38,
and 32 for TN043, TN045, TN050, and TN054, respectively. Analysis of discrete-
depth samples showed signi"cant negative relationships with depth (Spearman;
R"!0.33; N"119; P(0.01). These data were grouped subsequently, with sam-
ples above the mld

0.125
or 1% light levels considered `surface layera samples versus

those occurring below the mixed layer or the 1% light level considered `deepa samples
(see Table 1 for explanation of mixed layer determination). A multiple-range test
(Duncan, a(0.05) showed higher C : Chl a ratios in surface-layer samples from
TN045, but no signi"cant di!erences were found between deep and shallow samples
for other cruises, or among mean ratios for these cruises. Fig. 3 shows the scatter of
data around the slopes derived from cruise averages of C : Chl a ratios for discrete-
depth samples.

The biota in the pico- to microplankton size ranges accounted for 37}76% of
particulate organic carbon (POC) (Biota C/POC; Table 4). There was a wider range of
values from discrete depth samples (12}250%), but estimated biota biomass exceeded
measured POC in only 4 of 115 data pairs. Mean values of Biota C/POC were not
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Fig. 2. Biomass within di!erent size fractions for each station. Integration of data is the same as in Tables
4 and 5. Picoplankton ((2 lm). Nanoplankton (2}20 lm). Microplankton ('20 lm).

signi"cantly di!erent among the three cruises for which POC measurements were
available (TN043, TN045, and TN054) (Duncan multiple-range test, a(0.05). With
substantial overlap in con"dence ranges among individual stations, no spatial pat-
terns were evident within cruises. The percent carbon accounted for by organisms was
unrelated to depth in the upper 100 m (Pearson correlation; R"!0.11, P'0.20,
N"115).

From depth-integrated data (Table 4), we also calculated the stocks of PON
associated with organisms by assuming a C : N ratio (atoms) of 4.0 for Hbac (Lee and
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Fig. 3. Autotrophic C : Chl. a ratios for discrete-depth samples. TN043: Squares. TN045: Diamonds.
TN050: Triangles. TN045: Circles. Slopes for each cruise were calculated from average ratios of surface
samples (TN045; C : Chl a"92), or all samples on the other cruises where surface and deep samples were
not found to have signi"cantly di!erent C:Chl a ratios. Average ratios for TN043, TN050, and TN054
were 49, 45, and 44, respectively; these were not signi"cantly di!erent. The slope for TN045 is the only one
speci"cally identi"ed in the "gure.

Fuhrman, 1987; Caron, 1991; Caron et al., 1995), 5.0 for Pro (L. Campbell, unpub-
lished data) and Syn (Verity et al., 1992), 6.6 for all autotrophic eukaryotes, and 5.8 for
heterotrophic eukaryotes (Caron et al., 1990). The di!erence between POC and PON
and the corresponding C and N associated with organisms produced an unidenti"ed
fraction (detritus and some unaccounted-for biota such as large protozooplankton,
metazoa, and so forth) with C : N ratios of 6.1 (5.6}7.7), 12.3 (6.7}18.8), and 2.7
(2.2}3.3) for cruises TN043, TN045, and TN054, respectively (no data for TN050).

3.5. Spatial and temporal variations of assemblages

The pattern of station clustering for all cruises, based on the multiple dimensional
scaling (MDS) analysis of the station-by-station percent similarity matrix (PSI), is
shown in Fig. 4. The general similarity of stations within cruises is evident, with the
exception that stations S15 and N7 appear as outliers from their cruise-station
clusters. A di!ering pattern of spatial variability for each cruise is also suggested in
Fig. 4, and this impression is supported by the relatively high variability and lower
average similarity among stations during TN043 and TN050 versus the relatively low
spatial variability and higher average similarities during TN045 and TN054 (Table 6,
upper).

Overall, heterotrophic bacteria (Hbac) were responsible for 33}42% of the simi-
larity relationship among stations within each cruise (Table 6, lower), and this
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Fig. 4. Similarity plot produced by multi-dimensional scaling (MDS) using 3-dimensional representation.
Cruises: TN043 (squares); TN045 (diamonds); TN050 (crosses); TN054 (circles). Axes (not labeled) are
arbitrary distance; the distances between stations on the MDS plot are proportional to the dissimilarity
(1-PSI) between assemblages. Dashed ovals were added to illustrate cruise clusters of stations.

Table 6
Results from similarity analyses among stations for each cruise. Similarity among stations is the average
value of the PSI value calculated from comparisons among all station combinations within each cruise.
Group contribution was determined as the average of Minimum [Group

*
(%Sample

!
,%Sample

"
)]/PSI

between comparisons of adjacent stations (see Materials and Methods for calculation of PSI)

Similarity among
stations (%)

TN043 TN045 TN050 TN054

Mean 73 81 68 80

Range 53}89 63}93 45}85 61}90

Ranking of group
contribution to similarity

Tint 0.00 Tint 0.00 Tint 0.00 A#g 0.00
A#g 0.00 A#g 0.00 Adin 0.02 Tint 0.01
Pro 0.01 Ncil 0.01 Peuk 0.02 Adin 0.01
Ncil 0.02 Peuk 0.01 Pro 0.03 Diat 0.03
Peuk 0.02 Diat 0.02 Hdin 0.03 Peuk 0.03
Hdin 0.03 Hdin 0.02 Ncil 0.03 Ncil 0.05
Adin 0.03 Adin 0.04 A#g 0.07 Hdin 0.051
Diat 0.06 Syn 0.09 Syn 0.08 Hnan 0.07
Syn 0.12 Hnan 0.15 Diat 0.10 Pro 0.08
Hnan 0.15 Pro 0.15 Hnan 0.10 Anan 0.10
Anan 0.20 Anan 0.16 Anan 0.10 Syn 0.24
Hbac 0.33 Hbac 0.36 Hbac 0.42 Hbac 0.35

relationship did not change markedly over the cruises. In contrast, other groups and
the order of their relative importance (in contributing to biomass) varied among
cruises. For example, Anan were second in importance to Hbac for all cruises except
for TN054 where variations in Syn became more important. Microplankton groups,
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in general, accounted for less of the variation in biomass structure, except during
TN050, where Diat were of similar importance to Anan and Hnan with respect to
variations in biomass structure.

The speci"c patterns of community variability (shown in Table 5 and Fig. 4) were
clearer when individual cruises were analyzed separately for similarity using single-
linkage clustering analysis. During the NE Monsoon (TN043), there was a relatively
high level of similarity among the stations (average PSI"73%; Table 6), but coastal
station, S1, and o!shore station, S15, joined the clusters at lower levels of similarity
(cluster data not shown, but see positions of stations in Fig. 4 relative to other stations
in station-cluster for TN043). Over all the stations, Hbac, Anan, Hnan and Syn
accounted for most of the similarity relationship (Table 6), but the importance of
speci"c groups varied with station (Table 5). For example, Anan, Hbac and Diat were
primarily responsible for the similarity among stations S1, S2, and S4; in comparisons
among S4, S7 and S11, Syn replaced Diat in accounting for variability; and in
a comparison of the assemblage at S11 versus S15, Hnan, Syn, and Pro accounted for
signi"cant amounts of the variability in addition to Hbac and Anan. The community
structure at S11 di!ered from that at S15 due to the relative biomass changes between
Syn (higher at S11) and Pro (higher at S15; Table 5). The single northern transect
station, N7, was most similar to S7 or S11 (Fig. 4). As was the case with stations S7
and S11, Hbac, Syn, Anan, and Hnan were the biomass dominants at N7.

The pattern of community variability during the Spring Intermonsoon (TN045)
di!ered from that shown in the preceding season (TN043). The average similarity was
higher and the range lower (Table 6). Stations formed a smaller similarity cluster
(Fig. 4), and similarity between adjacent stations was high (range 82}94%; Table 6).
The major di!erence during TN045 was the high biomass of Pro at many stations.
Northern transect station N7 clustered well outside the station-cluster group for
TN045 (Fig. 4). An examination of the clustering of N7 with other stations indicated
that structure at N7 was most like that at S7. The di!erence between N7 and S7 (as
well as the other southern stations) was the low biomass of Pro at N7 (Table 5).

The highest variability observed during the study was during the late SW Monsoon
season (TN050). Similar to TN043, diatoms were important contributors to commun-
ity structure at coastal stations, but during TN050 they were also important at
o!shore stations out to approximately S11 (Table 5). Although diatoms were still an
important component of the biomass at stations S7 and S11, these stations formed
a cluster that was distinct from S1, S2, and S4 because of Phaeocystis colonies (or
disrupted colonies) present at stations S7 and S11 (A#g in Table 5). In contrast, the
picoautotrophs Pro or Syn were important at o!shore stations S15 and N7 (Table 5).
Also in contrast to the other cruises, Station N7 was more similar to the o!shore
station S15 than to any of the other stations (Fig. 4).

The early NE Monsoon (TN054) was characterized by relatively little spatial
variability, except that o!shore station S15 di!ered from the remaining stations
nearer to shore (Fig. 4). Assemblages during this cruise were markedly dominated by
picoplankton (Fig. 3d), with Hbac and Syn important components of the biomass at
all stations (Table 5). Compared to other cruises, Hdino were also relatively important
during TN054 (Tables 5 and 6). The marked change in structure between stations S11
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Fig. 5. Temperature, salinity vs. total nitrogen (NO
3
#NO

2
#NH

4
). Values are averages for upper 20

meter samples at each station. Range of values is given in Table 1. TN043: Squares. TN045: Diamonds.
TN050: Crosses. TN045: Circles.

and S15 was a result of the high biomass of Pro and a lower relative biomass of Syn at
S15 (Table 5).

3.6. Hydrography and assemblages

We had expected that biomass accumulations would be related to physical and
chemical characteristics of surface waters (Table 1) and would vary both temporally
and spatially. The ranges of temperature, salinity, mixed layer depth, nutrient concen-
trations, productivity, and phytoplankton biomass (Chl a) showed considerable
overlap among seasons and stations within cruises (Table 1; Fig. 5). Some of this
variability could be associated with the patterns of similarity among stations (e.g.,
Fig. 4). During TN043, all stations except S15 fell within ranges of 24.60}25.783C,
36.20}36.53&, and 1.2}3.9 lM for temperature, salinity and total nitrogen, respective-
ly. At station S15, in contrast, salinities were (36.20%o, temperatures were
'27.03C, and total inorganic nitrogen levels were low (0.04 lM). During TN045,
total nitrogen concentrations were low at all stations (maximum 0.5 lM at N7), and
stations S15, S11, and N7 showed a clustering of temperature and salinity character-
istics that di!ered from other stations during this cruise (Fig. 5). TN050 was conduc-
ted near the end of the SW Monsoon, and upwelling along the coast was conspicuous
during this season. A gradient, extending from the low temperatures, low salinities and
higher nutrients of the upwelling-in#uenced coastal stations to the warmer, higher
salinity and nutrient-depleted o!shore waters was evident for stations S1}S11 (Fig. 5).
Stations S15 and N7 were distinguished by temperatures '273C and low nutrients
(Total N(0.05 lM). TN054 was identi"ed as the beginning of the NE Monsoon
season for 1995}96 (Morrison et al., 1998). This period was characterized by low
nutrient concentrations, increased temperatures and higher salinities relative to
TN050, and a general deepening of the mixed layer (Table 2).
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4. Discussion

4.1. Community composition

The primary objective of this study was to assess the time-varying biomass struc-
ture of the microbial assemblage during the US JGOFS Arabian Sea investigation
and to examine how varying structure related to seasonal changes in carbon cycling
processes. A robust quantitative estimate of the various components of the food web is
the "rst requirements for such a synthesis.

By necessity, our analysis was restricted to four of seven US JGOFS cruises where
microscopical studies were conducted. Nevertheless, data from three monsoon sea-
sons and one intermonsoon period (Table 1) are representative of the extremes of
seasonal di!erences for the region. Similarly, the southern transect (Stations S1}S15)
covered environments varying from the upwelling-in#uenced coastal regions, across
the axis of the Findlater Jet where the wind curl stress changes from positive to
negative, and an oceanic region characterized by a deep mixed layer and relatively
oligotrophic conditions (see Smith et al., 1998a).

There are uncertainties when combining data from di!erent sources to determine
the composition of microbial assemblages, including concerns about the accuracy and
consistency of identifying and enumerating speci"c organisms, obtaining com-
plementary data with di!ering techniques, and the choices of factors for converting
cell counts and biovolume to carbon. The latter uncertainty is well-known (e.g., Choi
and Stoecker, 1989; Putt and Stoecker, 1989; Verity et al., 1992; Stoecker et al., 1994;
Dennett et al., 1999; Shalapyonok et al., 2000). Our approach was to use recently
derived conversions where such exist (see Table 2). As a practical matter, it was not
possible to analyze replicate samples for all data that needed to be combined (e.g.
cytometry and microscopy) or compared (e.g., other biomass parameters such as
Chl a, POC, and PON). Some data were combined from adjacent depths and from
consecutive (or the nearest) casts at the same station where necessary to provide full
data sets; no attempt has been made to assess this source of variability.

We used cytometer data for estimates of Hbac because these were the only data
available for TN050. Whereas we observed a close correspondence between cytometer
abundance data and epi#uorescence counts for the data sets overall (a regression not
signi"cantly di!erent from 1 } see Methods), individual cruises showed variations on
the order of 20% (Ducklow et al., 2000a,b). There is also uncertainty in the biomass
conversion used for this group. We used the conversion factor of 380 fg C lm~3 (Lee
and Fuhrman, 1987) for cells ranging from 0.019 to 0.056 lm3 (average"0.029 lm3;
carbon cell~1"11 fg). Lee and Fuhrman's (1987) conversion was based on larger cells
(0.036}0.730 lm3), and if their observed negative relationship between carbon per
volume and cell volume is extrapolated to the generally smaller cells observed during
this study, the biomass conversions of 11 fg C cell~1 could be low by a factor of 2.
Recent work by Fukuda et al. (1998) has demonstrated that no single conversion is
satisfactory and that the carbon per cell may range from around 30 fg C cell~1 in
coastal waters to around 12 fg C cell~1 for oceanic bacteria. Pomroy and Joint (1999)
determined bacterial biomass in the same region of the Arabian Sea a year prior to the
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US JOGFS study. They estimated cell carbon of 10.5 and 7.5 fg C cell~1 for the SW
Monsoon (September) and intermonsoon (November}December), respectively. Our
conversion factor of 11 fg C cell~1 seems reasonable when compared with the data
from Fukuda et al. (1998) and Pomroy and Joint (1999). Because estimates for
picoeukaryotes (Peuk) (discussed below) are conservative and because we have not
accounted for larger protozoans and micro-metazoans (see Dennett et al., 1999), the
lower estimate of Hbac may be more tenable if POC measurements are assumed to
constrain estimates of the biota. However, based on Fukuda et al. (1998), it seems
likely that bacteria may have been underestimated at coastal stations.

Reliable abundance estimates of autotrophic prokaryotes (Pro and Syn) by
cytometry are possible because of the speci"c pigment signatures and light scattering
properties of these forms (Olson et al., 1990), and these cells fall within a relatively
narrow size range. However, a variety of values have been used for converting cell
numbers to carbon; many are signi"cantly higher than values used in the present
study (e.g. Buck et al., 1996; Campbell et al., 1998; Tarran et al., 1999; Shalapyonok
et al., 2000). In analyzing cytometry samples for other US JGOFS Arabian Sea cruises
(TN049 and TN053, two cruises just prior to TN050 and TN054 analyzed here),
Shalapyonok et al. (2000) found that carbon per cell for both Pro and Syn varied
signi"cantly between cells from within and below the mixed layer (Table 2); hence,
these new values have been used in the present synthesis.

The quanti"cation of picoeukaryotes by cytometry is more ambiguous than that for
autotrophic prokaryotes because the pigment signatures of these forms are similar to
those of larger eukaryotic algae. Moreover, in addition to true `picoplankton-sized
cellsa, there is a relatively continuous size-spectrum for autotrophic eukaryotic cells
detected by cytometry (Olson et al., 1990). For the four cruises analyzed here, we have
attempted to restrict cytometry data for eukaryotes to cells (2 lm. Based on
forward angle light scatter (FALS) analysis of a set of samples from TN054, we found
that 31% of the cells enumerated as `picoeukaryotesawere (2 lm (see Methods). By
eliminating cells '2 lm from the data set and assuming that this fraction was
detected by epi#uorescence microscopy, we may have underestimated cells in the
2}5 lm range. For discrete-depth samples from TN054 (24 depths), we found that
cytometer estimates for cells in the '2 lm range averaged 6.8]106 cells l~1 (range:
1.2]105 to 1.4]107). In contrast, estimates for microscopy counts for cells 2}5 lm
(cell volumes: 4.9*49 lm~3) averaged only 2.7]105 cells l~1 (range: 1.8]103 to
7.5]105). If we assume that cytometry counts also may include cells '5 lm, then the
agreement would improve. Nevertheless, our analysis } based on only one cruise
} suggests that microscopic estimates are conservative for the approximately 2}5 lm
cell-size range relative to the cytometry estimates. It is not clear from our limited
analysis which technique is the most accurate.

Biomass estimates of the nano- and microplankton were made using similar
methods but by two di!erent research teams (TN043 and TN045: Dennett et al., 1999;
TN050 and TN054: Garrison et al., 1998), and with di!erent biovolume-to-carbon
conversion factors. For cruises TN043 and TN045, constant conversion factors were
used for organisms other than diatoms. For cruises TN050 and TN054, some biomass
estimates were based on a modi"ed Strathmann equation, where carbon per volume
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Table 7
A comparison of carbon biomass estimates using a constant volume-to-carbon conversion versus a vol-
ume-dependent conversion (a modi"ed Strathmann expression). See Table 2 for the speci"c conversion
factors. Estimates were calculated by each method for the same set of data for cruises TN050 and TN054,
and the comparisons are expressed as (estimate using constant/estimate using Strathmann expression). N,
mean, and standard deviation are shown.

TN050 TN054

N Mean STD N Mean STD

A. Nano
nano 35 0.87 0.047 30 0.87 0.010
micro 32 0.89 0.025 30 0.87 0.001

A. Dino
nano 38 0.82 0.023 30 0.81 0.020
micro 25 0.95 0.178 27 1.02 0.049

H. Nan
35 0.87 0.022 30 0.87 0.017

H. Dino
nano 40 0.82 0.020 30 0.80 0.018
micro 38 1.00 0.102 30 1.03 0.053

Ciliates
nano 39 0.87 0.006 30 0.88 0.000
micro 40 0.87 0.007 30 0.87 0.001

varies inversely with cell volume (Eppley et al., 1970). Based on average values for cell
volume for TN050 and TN054 (Table 2), biomass estimates using the Strathmann
relationship should be higher than estimates using the constant carbon : volume
relationship, with the magnitude of the di!erence varying with cell size (nano#agel-
lates &18% higher and dino#agellates ranging from 14 to 31% higher). Recalcula-
tions of the entire data sets from TN050 and TN054, however, showed relatively close
agreement where di!erent conversion factors were used (Table 7). Thus, the use of
di!erent volume-to-carbon conversions probably would have only a minor e!ect on
di!erences observed in assemblages between cruises (TN043 and TN045) and (TN050
and TN054) (e.g., Table 5).

Assigning organisms to speci"c trophic categories has other potential errors.
Mixotrophic protists were present in the nano- and microplankton size fractions
(Porter, 1988; Sanders and Porter, 1988; Bockstahler and Coats, 1993; Stoecker et al.,
1989; Putt, 1990; Caron and Swanberg, 1990), but they could not be rigorously
quanti"ed for any of the cruises (Garrison et al., 1998; Dennett et al., 1999).

Bulk estimates of biomass (Chl a, POC and PON) provide one means of constrain-
ing estimates of organism biomass from cytometry and microscopy. Ratios of C : Chl a,
where C is determined by microscopy or direct measurement of carbon in unialgal
cultures, range from approximately 10 to 130 for nutrient-replete cells grown at

D.L. Garrison et al. / Deep-Sea Research II 47 (2000) 1387}1422 1407



a range of temperatures and light levels (Geider, 1987). The C : Chl a ratios we
observed (Table 4, Fig. 3) were within ranges predicted for populations at 20}303C.
The signi"cantly higher C : Chl a for TN045 (92) may be the result of strati"cation and
lower nutrient availability (total nitrogen"0.24 lm; Table 1 and see Morrison et al.,
1998). Furthermore, Pro also predominated during this cruise. Shalapyonok et al.
(2000) reported similar values (112$29) for TN053 where, as was the case with
TN045, prokaryotic picoplankton predominated. They attributed the high C : Chl a
ratio to photoacclimation at higher light levels and increased strati"cation, as well
as to the presence of prokaryotic forms with higher cellular carbon concentrations.
The Shalapyonok et al. (2000) estimates for C : Chl a for the SW Monsoon period
(TN049; 57$29) were similar to those observed later in this season (TN050;
mean"45).

Larger protozoans (e.g., sarcodines) and micro-metazoans (naupliar larvae) were
included in the analyses for TN043 and TN045 (Dennett et al., 1999) but were not in
the present synthesis because similar data were not available for TN050 and TN054.
Their inclusion would only raise the biomass estimate of living biota by 1}2% of POC
(Table 4). In contrast, if higher values for bacterial carbon were used (20 vs. 11 fg
C cell~1) the average estimate of living biomass would increase as much as 20% (for
TN054), and at some stations living biomass estimates would exceed POC estimates.
Similarly, including higher estimates for picoeukaryotes also would increase the living
biomass as a % of POC and raise C : Chl a ratios.

For the two cruises where the comparison could be made, there was good qualitat-
ive agreement of our clusters of stations based on microscopy and those from pigment
analyses (Latasa and Bidigare, 1997). Both analyses identi"ed the Pro-dominated
stations along the southern transect during the Spring Intermonsoon (TN045;
approximately stations S1}S7; Table 5; Fig. 1 in Latasa and Bidigare, 1997) as distinct
from northern station, N7, where Pro was relatively unimportant. There was a more
striking correspondence for the analyses during the SW Monsoon (TN050), where
picoplankton-dominated o!shore stations (S15 and N7) were clearly distinguished
from Diat-dominated coastal stations (S1}S4; see Table 5). Stations S7 and S11 on the
mid Southern transect also were distinguished from the others by high concentrations
of Phaeocystis and (apparently) senescent diatoms (see Garrison et al., 1998; Latasa
and Bidigare, 1997).

4.2. Spatial and temporal variations of assemblages

The seasonal and spatial dynamics of picoplankton (Campbell et al., 1998) and
nano- and microplankton (Garrison et al., 1998; Dennett et al., 1999) for the four
cruises used in our analysis have been described previously, so discussion here is
limited to signi"cant areas of agreement or where quali"cations of previous
conclusions are now indicated.

The changing monsoon seasons and local hydrography produce an environmental
mosaic that apparently gives rise to di!ering planktonic assemblages. The extremes
may be characterized by warm, nutrient-poor conditions where picoplankton,
primarily Pro, predominate (S15 during most seasons) and during the Spring
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intermonsoon (TN045) versus the relatively cold, nutrient-rich, and microplankton-
dominated SW Monsoon season (TN050) (Fig. 5; Morrison et al., 1998).

Both NE and SW Monsoon seasons (TN043 and TN050) showed a response in
community structure characterized by increases in the size of autotrophs and hetero-
trophs (Fig. 2a and c). In many cases the increase in the size spectrum of the
autotrophs could be related to the increase in diatom abundance (Tables 5 and 6).
This e!ect was more pronounced for the SW Monsoon (TN050) than for the NE
Monsoon (TN043). During TN043, for example, diatoms and autotrophic nanoplan-
kton predominated mostly at coastal stations (approximately S1}S4; Table 5), where-
as during the SW Monsoon (TN050) larger autotrophs, and diatoms in particular,
predominated out as far as station S11(Fig. 2c, Table 5). In contrast, cruises TN045
and TN054 were characterized by the prevalence of smaller forms (Fig. 2b and d;
Table 5).

It seems likely that the di!erences we observed between early (TN054) and later
(TN043) NE Monsoon periods relate to the seasonal development of the NE Mon-
soon hydrographic conditions. One of the distinctive features of the NE Monsoon is
the deep convective mixing with surface cooling resulting both from decreasing solar
insulation and from cooling winds from the Asian continent (Morrison et al., 1998).
This cooling reaches its maximum during January and February, and the progression
can clearly be seen in the time-series of satellite-derived sea surface temperature
presented by Morrison et al. (1998); (their Fig. 3). Relative to TN043, conditions
during TN054 were characterized by warmer sea-surface temperatures, shallower
mixed layers, and lower nutrient concentrations (Table 1). Assemblages during TN054
were, however, similar to those described for TN053 by Shalapyonok et al. (2000),
except that during TN053 Pro was relatively more important than Syn, sea surface
temperatures were generally warmer, mixed layers were shallower, and nutrients were
generally lower (Shalapyonok et al., 2000; Morrison et al., 1998). The assemblages
we describe for TN054 are similar to those reported by Tarran et al. (1999) from the
ARABESQUE studies in November and December, 1994 (further discussed below
and see Fig. 6b). Thus, a change in the microbial assemblage during the development
of the NE Monsoon may be a regular feature of the community succession.

4.3. Comparisons with other studies

Understanding if the structure of food webs varies spatially and temporally in
a predictable manner is fundamental in ocean ecology. Comparisons among studies
require a consistent and accurate assessment of food web components. An initial
evaluation of the individual data set making up this compilation, primarily based on
comparing results to studies elsewhere, has been reported by Campbell et al. (1998)
and Liu et al. (1998) for picoplankton and Garrison et al. (1998) and Dennett et al.
(1999) for nano- and microplankton. Whereas many of the recent major ocean
studies have collected data on the various components of the food web (e.g., references
cited above; Stelfox et al., 1999; Shalapyonok et al., 2000), relatively few have
attempted a comprehensive synthesis of food web structure (however, see Buck et al.,
1996).

D.L. Garrison et al. / Deep-Sea Research II 47 (2000) 1387}1422 1409



The ARABESQUE studies (Burkill, 1999) are of particular interest because they
were conducted in the same region of the Northern Arabian Sea a year prior to the
US JGOFS e!ort and thus provide an opportunity to assess interannual variability.
Abundance and biomass estimates from the separate components of the microbial
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community have been published as separate reports (heterotrophic bacteria: Pomroy
and Joint, 1999; phytoplankton: Tarran et al., 1999; zooplankton: Selfox et al., 1999;
and pigments: Barlow et al., 1999). Di!ering conversion factors for cell carbon (e.g.,
250 fg cell~1 for Syn versus our value of 101 or 152 fg cell~1) have been used, so that
ARABESQUE estimates for autotrophic picoplankton biomass for similar abund-
ances of cells will di!er from ours. Moreover, investigators from the ARABESQUE
program have chosen di!erent depth intervals to integrate data over the upper water
column (e.g., integration of data to the mixed layer or the 1% light level versus
a constant depth), so that a rigorous comparison of data summarized in the above
publications is not possible. Nevertheless (after corrections for di!ering carbon
conversions used) there is substantial agreement between the studies (Fig. 6). Com-
parisons between ARABESQUE and JGOFS stations at similar latitude and distan-
ces from shore show comparable ranges of values and similar community structure for
both the SW and early NE Monsoon periods. Tarran et al., (1999), however, report
considerably higher phytoplankton stocks } up to 9 g C m~2 in the upper 80 m during
the NW Monsoon } whereas our values never exceed 3 g C m~2 (Table 4). These
higher values were almost entirely a result of stations sampled closer inshore and
slightly north of the JGOFS transect (see Tarran et al., 1999; their Fig. 4). Dense,
diatom-dominated blooms also were found at coastal stations in the same region
during TN050, but these were not analyzed (Garrison, unpublished observations),
and similar observations of dense diatom-dominated populations associated with
coastal upwelling "laments also were described by Wood (1999) (also see Brink et al.,
1996).

4.4. Food web structure and carbon yux

One of the objectives of our study is to relate food web structure to di!ering
carbon-cycling dynamics, and this requires a strategy to recognize and de"ne di!ering
food-web structure. This is not easy to accomplish because, in nature, assemblages
may appear as a continuum of successional changes over time or across an environ-
mental gradient. Analysis of the individual components of the food web showed
relatively few distinct and statistically-signi"cant patterns over season or over the
region of the US JGOFS study area (see Table 5). Using the similarity among stations

b

Fig. 6. Comparison of US JGOFS data (August}December, 1995) with ARABESQUE reports
(August}December, 1994) at comparable stations in the northern Arabian Sea. ARABESQUE station A6
was the same location as JGOFS S15. A3 is the same location as S7. ARABESQE stations A1 and A2 were
slightly northeast of JGOFS stations S2 and S1 (see Burkill, 1999 and our Fig. 1). JGOFS data are from our
Table 5, but recombined and shown as an average biomass (lg C l~1) from data integrated to 100 m.
ARABESQUE Hbac data are from Pomroy and Joint, 1999 (their Table 1; average Hbac biomass above
1% light levels). Phytoplankton data were taken from Tarran et al., 1999 (their Fig. 4; values recalculated
from depth-integrated data over the upper 80 meters). Biomass for Syn was recalculated using our
conversion of 101 fg cell~1 (see Table 2) as compared with 250 fg cell~1 used by Tarran et al. (1999).
Zooplankton data from Stelfox et al., 1999 (their Figs. 3 and 9; data recalculated from values integrated over
the mixed layer). (A) SW Monsoon, (B) Early NE Monsoon. Legend is the same as that used for Fig. 2.
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(PSI: Fig. 4) as a guide for aggregating station data (and making some adjustments so
that our observations could be related to other data, such as sediment traps and larger
zooplankton abundance), however, we have identi"ed di!ering food web con"gura-
tions (Fig. 7). As previously discussed, these groupings correspond to di!erences in
water mass characteristics (Fig. 6), suggesting that the percentage similarity analysis
may be a robust method to objectively de"ne community structure. Although many of
the #uxes indicated in Fig. 7 will be determined from studies still being analyzed and
the details of carbon cycling will be considered more completely as part of the
synthesis and modeling phase of the US JGOFS studies (e.g., Sarmiento and
Armstrong, 1997), some relationships between community structure and food web
dynamics are apparent.

Assemblages present throughout the study area during the Spring Intermonsoon
(TN045: Fig. 7d), the early NE Monsoon (TN054: Fig. 7g), and assemblages at
o!shore station S15 throughout most of the study (Fig. 7c, f, and h) were markedly
dominated by autotrophic picoplankton (Fig. 2), with Prochlorococcus often compris-
ing the dominant autotroph (Table 5). Microzooplankton grazing estimates by Land-
ry et al. (1998) and Caron and Dennett (1999) show that grazing rates usually balanced
phytoplankton potential growth rates at these stations (m/k

0
"1; see Fig. 7). The

combination of small primary producers and the ability of the microzooplankton to
utilize fully the daily production indicate that most of the carbon "xed will be cycled
through the microbial food web. Station S15 also was characterized by generally
lower larger zooplankton biomass (Smith et al., 1998b) and very low rates of #ux from
the upper water column throughout the study (Trap MS5: Honjo et al., 1999).

Although the approximate balance of primary production and microzooplankton
grazing indicates the importance of the nano- and microconsumers in carbon cycling,
this assemblage may comprise up to three trophic levels (e.g., Reckermann and
Veldhuis, 1997; Calbet and Landry, 1999). This complexity allows for considerable
variability in the e$ciency of carbon cycling. In many of the examples (Fig. 7b}d, f)
microheterotrophs appear to be reduced relative to heterotrophic nanoplankton. This
observation may be related to the predominance of picoplankton sized prey, which
would be appropriate to support small particulate feeders (i.e., a multi-level trophic
cascade as described by Reckermann and Veldhuis, 1997). Under other conditions,
where there is a wider size spectrum of primary producers, prey availability may be the
result of increases in the abundance of grazing microzooplankton (see Garrison et al.,
1998; their Figs. 5}7). Alternatively, the relative reduction in microheterotrophs when
larger zooplankton are abundant (Fig. 7b, d and e) could result from top-down
grazing control (although see Calbet and Landry, 1999).

In contrast to the picoplankton-dominated situations, stations with signi"cant
nano- and microplankton biomass (e.g., 7b, e and g) often had microzooplankton
grazing/ phytoplankton growth ratios that were (1. The extremes occurred during
the NE (Fig. 7b) and SW Monsoon (Fig. 7e). The unbalanced microzooplankton
grazing rates suggest situations where phytoplankton stocks could increase, signi"-
cant carbon could pass directly from phytoplankton to larger grazing zooplankton, or
phytoplankton stocks could sink from the water column ungrazed. The relatively
small range of productivity and chlorophyll a biomass over the study (Table 1) and the
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Fig. 7. Conceptual food web structure diagrams showing seasonal and spatial variability. Stations were
grouped within cruises based on similarity (see Fig. 5) by single linkage clustering within cruises (data not
shown) and watermass properties (Fig. 5 and discussed in text). Relative biomass of food web components is
indicated by area of boxes. Zooplankton data are from Roman and Gauzens and Wishner and Gowing
(http://www1.whoi.edu/jgofs.html).Microzooplankton rates are shown as the ratio of grazing mortality (m)
to phytoplankton growth (k

0
) as determined by dilution grazing measurements (Landry et al., 1998; Caron

et al., 1999). In cases where k
0

was negative in the original data, ratio is shown as '1.0. Fluxes from the
upper water column are indicated as arrows relative to maximum #ux estimates (Honjo, unpublished data;
see Honjo et al., 1999; and discussed in text). The trap station nearest to the station or group of stations was
used as the vertical #ux reference. Rates shown as dashed arrows will be determined from modeling studies
or from data still being analyzed.
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Fig. 7 (continued)

lack of statistical signi"cant change in biomass parameters between seasons (and
usually among stations within cruises) suggest the latter two possibilities are more
important, as does the relative increase in larger phytoplankton that would favor
these processes. Smith et al. (1998b) reported that seasonal maxima of mesozooplan-
kton occurred during the during the SW Monsoon at inshore stations and that
zooplankton stocks could consume approximately 70% of the daily primary produc-
tion (Fig. 7e). Signi"cant zooplankton stocks also were present during the NE
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Monsoon, and their grazing rates were estimated to remove about 50% of the daily
production rate (Fig. 7a and b).

The relationship between food web structure and carbon #ux from the surface
waters is of particular interest in the context of the JGOFS program. Seasonal
variations in the #ux from surface waters were dramatic, with most of the mass #ux
reaching shallow traps during the SW Monsoon (Honjo et al., 1999). Mass #ux was
higher during both the NE and SW Monsoon seasons in comparison to the intermon-
soon periods (Fig. 7), and both were characterized by increases in biogenic silica. The
#ux patterns di!ered between the monsoon seasons, with the NE Monsoon character-
ized by a single modest peak, whereas high #uxes occurred during the SW Monsoon
in a series of peaks from approximately mid-July through mid-September. Peaks
during the SW Monsoon also di!ered among the di!erent trap locations with respect
to timing, magnitude of the #ux, and the composition (e.g., the biogenic silicate
content). As discussed previously, mass #ux was generally low at o!shore station S15
(MS5; Honjo et al., 1999). Flux estimates based on thorium-234 were similar to those
based on traps with respect to seasonal and spatial patterns of carbon #ux (Buesseler
et al., 1999).

The pulses in #uxes of biogenic silicate seem clearly related to diatom blooms. We
found diatom-dominated autotrophic assemblages during both the NE and SW
Monsoons, but diatoms were more prevalent during the latter with respect to both
maximum biomass and spatial extent (Fig. 7a,b vs. e; and see Table 5). During the late
SW Monsoon (TN050), diatom-rich populations extended well o!shore, apparently
associated with mesoscale circulation features linked to upwelling along the Omani
coast (see Brink et al., 1996; Garrison et al., 1998; Manghnani et al., 1998; Flagg and
Kim, 1998). Our observations in mid-August to mid-September were somewhat after
major #ux events were recorded in sediment traps (see Honjo et al., 1999), and
quantitative data were scarce for the larger phytoplankton during the early part of the
SW Monsoon. Wood (1999) reported diatom dominated populations at some near-
shore stations in July, and workers on the German JGOFS cruise also reported
diatom-rich populations near stations S1, S7, and S11 (K. von Brockel, unpublished
observations).

The prevalence of diatoms in the coastal upwelling system of the northern Arabian
Sea is not particularly surprising, because these forms are frequently associated
with upwelling systems (Dugdale et al., 1995). Based on a model by Young and
Kindle (1994), high concentrations of both nitrate and silica in the coastal upwelling
waters o! the Omani coast and subsequent transport o! shore would explain the
prevalence of diatoms during the SW Monsoon. Morrison et al. (1998) reported
N (NO

3
#NO

2
#NH

4
) concentrations of &16 lM with corresponding Si concen-

trations of about 10 lM at station S1 during the late SW Monsoon, consistent with
the assumptions of the Young and Kindle model. Diatoms comprised a signi"cant
fraction of the phytoplankton biomass at some stations during the NE Monsoon
(TN043; see Fig. 7a and Table 5), but the spatial extent of these blooms was restricted,
and the #ux signal in sediment traps was considerably less than was observed during
the SW Monsoon (Honjo et al., 1999). Maximum surface nutrient concentrations
during TN043 at all stations in the US JGOFS study area were about 6 lM N, with
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a N : Si ratio of about 1.6. At these low nutrient concentrations, there is little potential
for diatom biomass accumulation before populations would become silicate-limited
(Morrison et al., 1998). It seems reasonable to suggest that diatom blooms during the
NE monsoon may be limited to periods (or regions) when mixing transports deep
water into the euphotic zone (nitrogen concentrations in deep water are similar
through the year, ranging from around 20}22 lM, with cruise average N : Si ratios
ranging from 1.6 to 1.9). Recent studies in the upwelling system o! the California
coast, however, also have shown the potential for iron-limited diatom growth to
control bloom distribution patterns (Hutchins et al., 1998). As suggested by Codispoti
(1991), Fe limitation is unlikely during the SW Monsoon because of the atmospheric
transport of dust trace, but this source of trace metals is considerably less during the
NE Monsoon. If true, diatom blooms during the NE Monsoon may be restricted to
coastal stations where Fe sources are available from shelf sediments (e.g., see Johnson
et al., 1997).

Although the development of conditions that favor diatom blooms seems to be the
prerequisite for the strong seasonal signal of biogenic silica #ux from surface waters in
the Northern Arabian Sea during the SW Monsoon, other factors may also be
important. Diatom blooms in other locations have been observed to form aggregates
(marine snow) and sink ungrazed (Alldredge and Silver, 1988; Alldredge and
Gotschalk, 1989; Wassmann, 1998). The co-occurrence of diatom and Phaeocystis
blooms during the SW Monsoon (Garrison et al., 1998; Wood, 1999) also could
enhance sinking as a result of the mucilaginous material (TEP) produced by Phaeocys-
tis (Passow and Wassmann, 1994; Hong et al., 1997; Wassmann, 1998). Seasonal
increases in grazing mesozooplankton may also enhance #ux. Smith et al. (1998b)
reported that zooplankton at coastal stations (inshore from approximately S7) during
the SW Monsoon may consume 70% of the daily primary productivity, and they
predicted that #ux of fecal pellets should be high. Both fecal pellets as well as intact
diatom cells are present in sediment trap material from the SW Monsoon (Gowing,
unpublished observations), but work on determining the relative importance of
sinking diatom populations versus fecal pellets has just begun.

Flux from the upper water column can be directly related to productivity. However,
because there was a relatively small seasonal range of primary productivity (Table 1
and see Barber et al., 2000) and considerable variability in the loss of material from the
upper water column (Buesseler et al., 1998; Honjo et al., 1999), di!erences in primary
production cannot account for the variability in #ux. Similarly, although Smith et al.
(1998b) reported that zooplankton grazers reached their maximum during the SW
Monsoon, they found that the grazer biomass and potential grazing rates, at least at
nearshore stations, were high throughout much of the year. Therefore, it seems
unlikely that variability in zooplankton grazing alone would explain the marked
variability in downward #ux of carbon. In contrast, the correlation between food web
make-up, in particular the increasing size fractions associated with diatom blooms
during the SW Monsoon is striking and suggests that the primary determinant of #ux
in this system is likely to be the abundance of diatoms (e.g., Boyd and Newton, 1999).

Although the present synthesis is preliminary and based largely on biomass data,
the "ndings suggest that the results of large scale studies, such as the US JGOFS
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Arabian Sea, will be useful in re"ning conceptual ideas about carbon cycling dynamics
and providing data for evaluating biogeochemical models. For example, picoplankton
dominated food webs, as we described for some regions of the US JGOFS study area,
characterize large areas of the oligotrophic ocean regions (e.g., Buck et al., 1996).
Although it has been suggested that these systems may be dominated by heterotrophs
(i.e., with biomass of heterotrophic bacteria exceeding primary producers: Fuhrman
et al., 1989), this is not supported by the observations of Buck et al. (1996) or the
present study (Figs. 2 and 7, and Tables 4 and 5). Reports of the so-called `inverted
biomassa relationship (at least in low-latitude oligotrophic oceans) could be explained
by using inappropriate carbon biomass estimates for oceanic bacteria (e.g., Fukuda et
al., 1998), counting Prochlorococcus as Hbac (Geider, 1997), or both. Similarly, the
association of high seasonal #ux from the upper water column in association with
diatom blooms may be examples supporting the role of silica (Dugdale et al., 1995) or
iron in controlling biogeochemical processes through their e!ect on diatom growth
(Johnson et al., 1997; Hutchins et al., 1998). Alternatively, the temporal or spatial
separation of phytoplankton blooms and zooplankton grazers in a hydrographically
dynamic environment such as the northern Arabian Sea also would lead to predic-
tions of increased #ux with phytoplankton cells sinking ungrazed (e.g., Legendre
and Rassoulzadegan, 1996). The US JOGOFS data base is su$ciently comprehensive
that subsequent synthesis and modeling e!orts (Sarmiento and Armstrong, 1997)
should allow evaluation among competitive conceptual models as well as provide
additional insight into the carbon cycling processes during the US JGOFS Arabian
Sea Study.
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