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ABSTRACT- Cell numbers and vertical distribution of Syne- 
chococcus, eucaryotic phototrophic picoplankton and pro- 
chlorophytes as determined by epifluorescence microscopy 
are presented from 3 different epipelagic systems (the meso- 
trophic coast off Oman, the oligotrophic central Arabian Sea 
and the shelf edge off Pakistan) in the Arabian Sea during the 
inter-monsoon period 1987. The vertical distribution patterns 
are described in relation to the epipelagic structure of the 
respective study sites. Synechococcus dominated phyto- 
plankton in the upper mixed layer and prochlorophytes at 
the bottom of the euphotic zone in the lower part of and below 
the deep chlorophyll maximum High pressure liquid chro- 
matography analysis confirmed the presence of pro- 
chlorophytes and revealed vertical profiles of characteristic 
pigments of picoplankton orgamsms, chlorophyll (chl) a and 
b, dmnyl chl a (chl a;) and zeaxanthin. Cellular pigment con- 
centrations of Synechococcus and prochlorophytes are pre- 
sented. 
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It is widely recognized now that very small organ- 
isms (< 2 um), so-called picoplankton, play a major role 
in both heterotrophic and autotrophic processes in 
tropical and subtropical oligotrophic ecosystems. 
Recent studies demonstrated the high contribution of 
phototrophic picoplankton (< 2 pm) to total productiv- 
ity in the Arabian Sea (Jochem et al. 1993, Owens et  al. 
1993). This paper is among the first full descriptions of 
the picophytoplankton community in the Arabian Sea 
with special emphasis on the prochlorophytes. Data 
presented were obtained during Cruise 5, Legs 3a to 
3c, of the German research vessel 'Meteor' from March 
to June 1987 at 3 different study sites m the Arabian 
Sea (Fig. 1): the Omani coast, the open oligotrophic 
Arabian Sea and the shelf edge off Pakistan. 

Material and methods. Sampling comprised a 14 d 
drift study off the coast of Oman from March 29 to 

April 11 at 21' N, 60' E,  a 14 d drift study (April 29 to 
May 12) in the central Arabian Sea at 18' N, 65' E and 
a drift study (May 22 to June 2) at the shelf edge off 
Pakistan at 23' 30' N, 66O 30' E (Figs, 1 & 2). During the 
latter, only 2 stations were sampled for picoplankton 
studies, and picoplankton abundance was recorded at 
4 stations along a transect crossing the shelf edge 
(Fig. 2). Drift studies were performed by following the 
drift track of a drifter n g  carrying sediment traps (80 to 
120 m) as the major friction and drag. Detailed maps of 
the drifter tracks are given by Jochem et al. (1993). 

Water samples were taken with black 12 1 Niskin 
type water bottles. Nitrate was measured according to 
Grasshoff et al. (1983). Chlorophyll (chl) a was deter- 
mined either trichromatically (Strickland & Parsons 
1972) and calculated after Jeffrey & Humphrey (1975), 
or with a Turner Designs 10 fluorometer calibrated 
against trichromatically determined chl a. Another set 
of filters was stored frozen and was analyzed by high 
pressure liquid chromatography (HPLC) in the labora- 
tory. For analysis and peak interpretation, methods of 

Fig. 1. Study sites in the Arabian Sea (MET5/3a to 3c) 
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Fig. 2. Sampled stations at the shelf edge off Pakistan. 
(*) Drift study stations; (Â¥ transact stations 

Gieskes & Kraay (1984) were followed including a sec- 
ond run of the extract for lutein/zeaxanthin separation. 
Divinyl chl a (chl a2; Goericke & Repeta 1992) was ana- 
lyzed after Gieskes & Kraay (1983). In situ fluorescence 
was recorded with a Variosens probe with analog data 
output. 

Abundance of phototrophic picoplankton was deter- 
mined by epifluorescence microscopy on black-stained 
0.2 pm Nuclepore filters under blue-light excitation on 
a Zeiss epifluorescence microscope. Samples were fil- 

tered without fixation and cell numbers were esti- 
mated directly afterwards in a totally dark room, since 
fixation and frozen storage made detection of prochlor- 
ophytes impossible. Phycoerythrin (PE)-rich cyanobac- 
teria, cf. Synechococcus, were distinguished by their 
characteristic orange fluorescence. Eucaryotic photo- 
trophic picoplankton (EPP) were defined by their pure 
red fluorescence and size of 0.8 to 2.0 pm. Prochloro- 
phytes were defined by their weak, pure red and 
rapidly fading autofluorescence that was distinguished 
from the appearance of EPP. They exhibited a strictly 
spherical shape of 0.4 to 0.5 yss size. For picocyano- 
bacteria, more than 200 cells were counted, for EPP at 
least 50 cells, and for prochlorophytes, where de- 
tectable, more than 150 cells. 

Results and discussion. The different epipelagic sys- 
tems encountered at the 3 investigation sites are best 
seen in the vertical chl distribution which closely 
reflected the environmental conditions. Typical pro- 
files for each study area are depicted in Fig. 3. 

Off the coast of Oman, the chl maximum shifted from 
the surface to form a subsurface maximum at 40 to 
80 m but primary production always showed surface 
maxima. Nitrate in surface waters was up to 0.3 pmol 
I-' at the beginning of the drift (Stn 301, Day 1) but 
undectectable above 30 m after 14 d (Stn 391). Primary 
production decreased from 1.0-1.2 to less than 0.6 g C 
m 2  d l .  Phytoplankton size structure shifted towards a 
higher contribution of picoplankton (Jochem et al. 
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Fig. 3. Representative vertical profiles of nitrate (D), chl a (O), and primary production (V) of the 3 study sites: the coast of Oman 
(start and end of drift study; 2 left-most panels), the central Arabian Sea and the shelf edge off Pakistan 
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in s i tu  f luorescence  ( re lat ive uni ts)  

Fig. 4. Profiles of in situ chlorophyll fluorescence (relative units) along the transect crossing the shelf edge off Pakistan; hatched 
bars indicate bottom depths 

1993), and high sedimentation rates of biogenic matter 
(ca 480 mg C m 2  d l ) ,  predominantly diatoms (Passow 
et al. 1993), were recorded. 

The central Arabian Sea displayed the vertical struc- 
ture typically known for oligotrophic oceanic provinces 
with a pronounced subsurface chl maximum at the 
nitracline and maximum primary productivity in the 
upper half of the subsurface maximum. Down to 40 m, 
nitrate was undetectable. Production was moderate 
(-700 mg C m 2  d l )  and dominated by the picoplank- 
ton size fraction (Jochem et al. 1993). Sedimentation 
losses were minor (ca 24 mg C m 2  d l )  and originated 
from the subsurface chl maximum (Pollehne et al. 
1993). 

The transect from the open ocean towards the coast 
of Pakistan (Fig. 2) revealed different epipelagic sys- 
tems as can be seen from in situ chl fluorescence 
(Fig. 4). Stations off the shelf edge essentially dis- 
played the same vertical structure as found in the cen- 
tral Arabian Sea. The subsurface chl maximum was 
less pronounced and nitrate was undetectable down to 
55 m (Fig. 3). It was suggested that this system repre- 
sented a decay stage of the 2-layered open oligo- 
trophic ocean system; by the onset of the southwest 
monsoon, water masses from offshore were advected 
towards the shelf edge and onto the shelf. Deep nutri- 
ent-rich layers were cut off so that upward diffusion of 
nutrients, and subsequently primary production and 
phototrophic biomass, decreased (Jochem et al. 1993). 
Heterotrophic processes such as bacterial production 
(Giesenhagen 1988) and zooplankton respiration (Nel- 
len et al. 1988) gained more importance in community 
dynamics. The near-shore and shallow (73 m) Stn 566 
also exhibited a subsurface chl maximum. Stn 568, 
however, was distinguished by its different vertical 
structure with a slight surface maximum that resem- 
bled provinces with high turbulence. 

Phototrophic picoplankton stocks off the coast of 
Oman were distinguished from the other investigation 
areas by a pronounced surface maximum of Syne- 
chococcus even at the end of the drift period when the 

general structure of the epipelagic system turned 
towards a subsurface maximum (Fig. 5a). Maximum 
abundance was 2.3 x lo5 cells m l l  at the beginning 
but 3-fold lower at the end of the study period. EPP dis- 
tribution, however, tended to have a subsurface max- 
ima at about 20 m depth at the beginning of the study 
and 35 to 50 m later on; maximum cell numbers 
decreased from 9000 to 7000 cells m l l .  Synechococcus 
outnumbered EPP by a factor of 10 to 20, sometimes 50. 

In the central Arabian Sea, vertical distribution of 
phototrophic picoplankton followed the general pat- 
tern of a subsurface maximum (Fig. 6). Maximum 
abundance of Synechococcus was 2.3 to 6.1 x lo4 cells 
ml-'. Cell numbers of EPP were up to 4000 to 7000 
cells m l l .  Both Synechococcus and EPP population 
maxima at the same depths corresponded to the upper 
half of the subsurface chl maximum. Below, prochloro- 
phytes could be detected with maximum numbers of 
up to 5.4 x lo4 cells ml-I at 70 m depth (Fig. 6). They 
could not be detected by epifluorescence microscopy 
in samples from above 50 m due to weak autofluores- 

Day No 

Fig. 5. Abundance (lo3 cells ml-l) of (a) Synechococcus, and 
(b) eucaryotic phototrophic picoplankton along the drift study 
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Abundance of Synechococcus and Prochlorophytes (lo3 cells mi1 ) 

0 Synechococcus 
Eucar. Phototr. Picopl. 
Prochlorophytes 

Stn 432 Stn 463 

Fig. 6. Abundance of Synechococcus, eucaryotic phototrophic 
picoplankton, and prochlorophytes at 4 stations along the 
drift study in the central Arabian Sea. (Prochlorophytes only 
detectable in deep samples due to weak autofluorescence 
microscopically but may be present in shallow samples as 

well) 

120 

cence. It therefore is difficult to say whether the maxi- 
mum cell numbers at 70 m depth represented their 
population maximum or is the effect of underesti- 
mation and the failure to detect all cells in shallow 
samples. 

Abundance and vertical distribution of Synechococ- 
cus and EPP at the deep-water stations off the shelf 
edge off Pakistan were comparable to the central Ara- 
bian Sea. Both displayed subsurface maxima at 50 to 
60 m depth (Figs. 7 & 8). Synechococcus population 
maxima decreased by a factor of 3 towards the shelf 
(cf, Stns 581 and 560). On the shelf, the subsurface 
maximum was much broader and an additional surface 
maximum occurred (Stn 560, Fig. 7). Generally, Syne- 
chococcus outnumbered EPP by a factor of -10. At all 
stations, prochlorophytes could be detected by epifluo- 
rescence microscopy in samples from below 50 m 
(Figs. 7 & 8). Cell numbers were only slightly higher at 
the offshore stations (g3.0 to 3.6 x lo4 cells ml-I) than 
at the shelf stations (52.5 to 3.1 x lo4 cells ml-I) but 
only two-thirds of the abundance recorded in the cen- 
tral Arabian Sea. 

Synechococcus cell numbers recorded in the central 
Arabian Sea were comparable to those from other trop- 
ical regions (e.g. Joint 1986, Iturriaga & Marra 1988, 
Gradmger et al, 1992, Latasa et al. 1992). Off the coast 
of Oman, however, they were almost 1 order of magni- 
tude higher and in the range reported from Synecho- 
coccus spring blooms in the Sargasso Sea (Glover et al. 
1988, Olson et al. 1990a), some tropical near-shore 
areas (Waterbury et al. 1986, Gradinger et d. 1992, 
BurkiU et al. 1993, Veldhuis & Kraay 1993), and some 
neritic temperate waters (e.g. Glover et al. 1985, 
Jochem 1988). 

Subsurface maxima had been described as typical 
for Synechococcus m early reports (Li et al. 1983, Platt 
et al. 1983, Glover et al. 1985). Since then, surface 
maxima are not only known from temperate regions 
(El-Hag & Fogg 1986, Jochem 1988, Kuosa 1988) but 
also from (sub)tropical oceans (e.g. Chisholm et al. 
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Fig. 7. Abundance of Synechococ- 
cus, eucaryotic phototropbic pico- 
plankton, and prochlorophytes at 
the 2 sampled stations along the 
drift study at the shelf edge off 
Pakistan. (Prochlorophytes only de- 
tectable in deep samples due to 
weak autofluorescence microscopi- 
cally but may be present in shallow 

samples as well) 
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Fig. 8. Abundance of Synechococcus, eucaryobc phototrophic picoplankton, and prochlorophytes along the transect crossing the 
shelf edge off Pakistan; hatched bars indicate bottom depths. (Prochlorophytes only detectable in deep samples due to weak 

autofluorescence microscopically but may be present in shallow samples as well) 

1988, Glover et al. 1988, Olson et al. 1990a, b, Veldhuis 
& Kraay 1993). In the strongly stratified central Ara- 
bian Sea, Synechococcus exhibited its maximum in the 
upper part of the chl subsurface maximum. On the 
shelf off Pakistan, however, which was characterized 
by weak stratification, a surface maximum occurred. 
Surface maxima were also found off the coast of Oman. 
Other results from this study suggest that cold and 
nutrient-rich subsurface water may have been en- 
trained into the euphotic zone (Jochem et al. 1993) as 
can be seen by the relatively high nitrate concentra- 
tions decreasing during the study. Despite the well- 
established stratification (thermocline at about 20 m; 
Jochem et al. 1993) during the study period, the 
amount of nitrate at the beginning (0.3 p o l  1 '  up to 
the surface) seems too high to have been entrained 
without recent turbulent processes. Similarily, Burkill 
et al. (1993) reported a change from subsurface to sur- 
face maxima along a transect towards the coast of 
Oman and Waterbury et al. (1986) depicted a profile 
with a surface maximum from the Pakistani shelf 
where mixing occurred down to 100 m. 

It appears that Synechococcus form surface and sub- 
surface maxima during weak or strong water column 
stratification respectively. This hypothesis is further 
confirmed by seasonal (Iturriaga & Marra 1988, Olson 
et al. 1990a) and regional (Shimada et al. 1993) studies 
meeting these different conditions. 

Along with the consolidation of the stratification off 
the coast of Oman, the exhaustion of 'new' nutrients (as 
seen from the decrease in nitrate) and the development 

of a subsurface chl maximum, Synechococcus abun- 
dance also decreased but the population maximum re- 
mained at the surface. This scenario strongly resembles 
that shown for a spring bloom and the subsequent tran- 
sition into a subsurface system in the Sargasso Sea 
(Olson et al. 1990a). Synechococcus obviously needs a 
longer time to change from surface to subsurface popu- 
lation growth (also in Olson et al. 1990a). 

EPP abundance did not vary much between study 
sites (4000 to 9000 ml-') and was comparable to 
reports from the Atlantic Ocean/Sargasso Sea (Glover 
et al. 1985, Murphy & Haugen 1985, Li &Wood 1988, Li 
et al. 1992). They generally showed subsurface max- 
ima in the horizon of the subsurface chl maximum as 
previously described (Li & Wood 1988, Li et al. 1992, 
Campbell & Vaulot 1993). 

Prochlorophyte cell numbers of up to 5.4 x lo4  ml-I 
were comparable to those measured by flow cytometry 
from the Atlantic Ocean/Sargasso Sea (Chisholrn et al. 
1988, Li & Wood 1988, Vaulot et al. 1990, Veldhuis & 
Kraay 1990, Li et al. 1992, 1993) but lower than those 
reported from Hawaii (Campbell & Vaulot 1993) and 
the Red Sea (Veldhuis & Kraay 1993). 

By the detection of their specific chl a derivate, di- 
vinyl chl a (recently assigned chl a-,; Goericke & 
Repeta 1992), HPLC analysis confirmed that small 
(0.5 urn), red, fluorescent cells were prochlorophytes. 
These organisms could only be detected microscopi- 
cally below 50 m depth due to weak autofluorescence. 
HPLC analysis on chl ai (Fig. 9a), however, proved 
that prochlorophytes were also present at shallower 
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Fig. 9. Profiles of algal pigments chl a, dimnyl-chi a (chl a^), chl b and zeaxantlun as revealed by HPLC analysis (a) Central Ara- 
bian Sea, Stn 465; (b) shelf edge off Pakistan, Stn 560 

depths (30 m) in the central Arabian Sea. Concentra- 
tions at 30 and 60 m depth differed only slightly, 0.14 
and 0.19 pg 1 '  respectively. The measurements indi- 
cate a contribution of about 35 % of total chl a but are 
too scarce for depth-dependent changes to be inter- 
preted. Concentrations of chl a2 were the same as 
measured by Gieskes & Kraay (1986) in the subsur- 
face chl maximum in the tropical North Atlantic (20' 
N, 20' to 40' W) but lower than in the Red Sea (Veld- 
huis & Kraay 1993). 

Chl b, present in both chlorophyta and prochloro- 
phytes, was assigned to the latter because the absence 
of lutein in our samples indicated the absence of 
chlorophyta. Both in the central Arabian Sea and at the 
shelf edge off Pakistan, chl b tightly followed the depth 
distribution of chl a (Fig. 9a, b). The occurrence of chl b 
in the absence of lutein even in surface waters in the 
central Arabian Sea indicates the presence of pro- 
chlorophytes up to the surface. At the shelf edge off 
Pakistan, chl b was, however, undetectable above 30 m 
depth. Lower chl b concentrations here as compared to 
the central Arabian Sea are concomitant with lower 
prochlorophyte cell numbers. No chl analyses were 
performed at this station. 

At both stations, zeaxanthin, present in Synechococ- 
cus and prochlorophytes, did not reflect the subsurface 
maxima of these organisms. Thus, cellular concentra- 
tion of zeaxanthin cannot be constant for either of them 
as described for Synechococcus by Kana et al. (1988) 
but decreases with depth. This is in agreement with 
zeaxanthin seen as photoprotective pigment (Gieskes 
& Kraay 1986, Latasa et al. 1992). 

The combination of picophytoplankton enumeration 
and HPLC pigment analysis enabled the calculation of 
cellular pigment contents of Synechococcus and pro- 
chlorophytes, where microscopically detectable. In 
samples with both Synechococcus and prochloro- 
phytes, cellular concentration of zeaxanthin was calcu- 
lated assuming the same pigment/volume ratio and 
mean cell diameters of 1.2 pm and 0.5 pm respectively. 

Cellular concentrations of zeaxanthin in Synecho- 
coccus from subsurface layers (0.6 to 3.3 fg cel l1)  were 
comparable to literature values (1.81 fg cel l1,  Kana et 
al. 1988; 2.0 to 3.6 fg cell-', Latasa et al. 1992). Esti- 
mated 2.8 to 7.9 fg ce l l1  in surface layer samples are, 
however, above the published range and might result 
from the underestimation of the prochlorophyte share 
to zeaxanthin in shallow samples. 

Cellular zeaxanthin concentrations of prochloro- 
phytes of 0.1 to 0.6 fg ce l l1  were lower than reported 
in the literature (Table 1) except for Chisholm et al. 
(1988) and Partensky et al. (1993). The high 1.97 fg 
cel l1 of Veldhuis & Kraay (1990) was, however, calcu- 
lated by the authors assuming a constant pigment con- 
tent of the co-occurring Synechococcus of 1.81 fg cell-' 
given by Kana et al. (1988). The values of Goericke & 
Repeta (1992) are from cultures and may be different 
from in situ populations as cultivation often leads to 
physiological changes, whereas those of Vaulot et al. 
(1990) are derived from surface populations in the 
northwestern Mediterranean. The cellular concentra- 
tions of chl az (1.5 fg cell-') and chl b (2.2 to 5.7 fg 
cell1) are well within the range of published values 
(Table 1). 
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Table 1. Published cellular pigment content of prochlorophytes (fg pigment cell-') 

Source Region Chi a, Chl b Zeaxanthin 

Chisholm et al. (1988) 

Neveux et al. (1989) 
Vaulot et al, (1990) 
Veldhuis & Kraay (1990) 

Goencke & Repeta (1992) 
Partensky et al. (1993) 

Veldhuis & Kraay (1993) 

Present study 

Sargasso Sea 

NW Mediterranean Sea 
NW Mediterranean Sea 
Atlantic Ocean 33"-37' N, 20" W 

Surface 
0.3 % light level 

Cultures 
Cultures 

Mediterranean isolate 
Sargasso Sea isolate 
North Atlantic isolate 

Red Sea 
Arabian Sea, Somali upwelhng 
Arabian Sea 

aCalculated from pigment ratios given by the authors 
'Calculated by the authors assuming constant cellular pigment content of Synechococcus of 1.81 fg cell-I 
'Estimated as divmyl chl b 

The shape of microscopically derived profiles often 
looks like those in the early prochlorophyte studies and 
obviously only the lower part of their distribution was 
detected. Whereas some studies showed the pro- 
chlorophyte maximum below that of Synechococcus 
(Chisholm et al. 1988, Olson et al. 1990a), others report 
it above the subsurface chl maximum (Neveux et al. 
1989) just above the nitracline (Veldhuis & Kraay 1990, 
Shimada et al. 1993, Veldhuis et al. 1993). From the 
present study the prochlorophyte maximum appears 
below that of Synechococcus in the lower half of the 
subsurface chl maximum. Prochlorophytes contribute 
as much as or even more phototrophic biomass than 
Synechococcus and presumably a major part of the pri- 
mary production at the bottom of the euphotic zone 
(Jochem et al. 1993). Further studies by HPLC analysis 
and high sensitivity flow cytometry have to confirm, the 
regional and vertical distribution of prochlorophytes in 
the Arabian Sea, as well as the failure to detect them 
off the coast of Oman while considerable numbers 
were found off Pakistan. Combination of HPLC pig- 
ment analysis and shipboard flow cytometry sorting 
have to confirm cellular pigment content and its vari- 
ability. 
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