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ABSTRACT: Total living carbon biomass of microplankton, nanoplankton and picoplankton was esti- 
mated using a combination of dual beam flow cytometry and epifluorescence microscopy for surface 
samples along a basin-wide transect from 5's to 61' N in the North Atlantic during the summer of 1993. 
We used constant per cell carbon estimates for the 4 groups of picoplankton (Prochlorococcus, Syne- 
chococcus, eukaryotic picophytoplankton and heterotrophic bacteria), and volume sensitive carbon 
estimates for the other groups in comphng the autotrophic and heterotrophic components. This yielded 
2 regions where the autotrophic biomass was greater (54% of total living carbon) than the het- 
erotrophic biomass, the tropical (5" S to 24' N) and subarctic (50" to 61" N) regions. In the subtropical 
region (25" to 45ON), however, heterotrophic biomass outweighed (59% of total living carbon) 
autotrophic biomass. Although this phenomenon has previously been reported from this and other 
oligotrophic areas, our findings indicate that the degree of heterotrophy has been overestimated by 
reliance upon chlorophyll as a surrogate for autotrophic biomass. The phytoplankton carbon to chloro- 
phyll ratios we generate covary with chlorophyll with the highest ratios found in the most oligotrophic 
regions. Application of a constant carbon to chlorophyll ratio would therefore underestimate the con- 
tribution of autotrophs most in the oligotrophic regions. Nano- and microplankton contribute 40% of 
the total living carbon biomass of the subtropical region. Bacterial abundances covaned with phyto- 
plankton biomass across all the trophic regions we sampled, however the regression we generated for 
this relationship from the basin-wide survey predicts significantly higher bacterial abundances for 
given chlorophyll concentrations than earlier reports suggested. 
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INTRODUCTION 

An inverted trophic pyramid (i.e. the biomass of the 
heterotrophic component equal to or exceeding the 
biomass of autotrophic components) in the microbial 
food web of oligotrophic regions of the open ocean 
has been a persistent finding of all studies that have 
addressed this issue (Dortch & Packard 1989, Fuhr- 
man et al. 1989, Cho & Azam 1990, Herndl 1991, Li et 
al. 1992, 1993). The proportion of the total living bio- 

mass attributable to heterotrophs ranges from 0.5 to 
0.83. Acceptance of this phenomenon over large spa- 
tial and temporal scales challenges current under- 
standing of the coupling of DOC production by phyto- 
plankton and subsequent uptake by heterotrophic 
bacteria. Low heterotrophic bacterial growth rates 
coupled with either high DOM release by the phyto- 
plankton or the import of DOM from other regions is 
the scenario most likely to support such a biomass 
imbalance (Fuhrman 1992). 

Previous investigators have used epifluorescence 
microscopy, flow cytometry, chlorophyll concentra- 
tions and chlorophyll to protein ratios to estimate the 
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biomass comprising the autotrophic and heterotrophic portion of total living biomass attributable to hetero- 
components. Relying on epifluorescence microscopy to trophs in our study however, was markedly lower than 
estimate the biomass of heterotrophic bacteria does not in previous reports. Here we present the distribution of 
discriminate Proch1orococcus as an autotroph and con- the pico-, nano-, and microplankton components of 
sequently overestimates the abundance of bacteria total living biomass in the North Atlantic and compare 
(Campbell et al. 1994). Flow cytometry is capable of our results with earlier studies to examine the relation- 
enumerating Prochlorococcus when the high sensitiv- ship of autotrophic to heterotrophic biomass. 
ity protocol (Olson et al. 1990) is used, however, this 
particular technique has not been employed in any of 
the studies looking at the biomass partitioning in the MATERIALS AND METHODS 
oligotrophic regions. In some cases carbon to chloro- 
phyll ratios have also been used to estimate the phyto- The transect from 5" S to 61" N in the Atlantic (Fig. 1) 
plankton component of total living carbon, however was sampled from 7 July to 28 August 1993. The first 
this approach is replete with potential problems (Banse leg was broken off at 14" N on 17 July due to ship- 
1977). Using several of the published carbon to chloro- related mechanical difficulties. Additional surface 
phyll ratios, Li et  al. (1992) demonstrated a 3 fold van- samples were then taken during the unplanned pas- 
ation in the degree of heterotrophy at their study site in sage to Madeira which followed. The transect was con- 
the Sargasso Sea. When carbon to chlorophyll ratios tinued from 34" N southward on 3 August, sampling 
are used to estimate the biomass of the autotrophs, the the even numbered latitudes untll 15" N, after which 
heterotrophic component is still estimated using epi- we sampled the odd numbered latitudes as we 
fluorescence microscopy with the attendant overesti- steamed north again. Thus, although every station in 
mation of the heterotrophic bacterial biomass when this section was occupied, it was not done synoptically. 
Prochlorococcus is abundant. Although some studies Flow cytometry (FC) samples from the euphotic zone 
may have overestimated the abundance of hetero- were taken from acid cleaned Go-flo bottles deployed 
trophic bacteria, some studies have ignored the contn- on Kevlar line at just below the surface or at the sur- 
bution of heterotrophic protists (Cho & Azam 1990) or face and 50,30, 15, 5 and 1 % incident light penetration 
have used an indirect approach to calculate the magni- depths (profiles). Depths below the euphotic zone 
tude of this heterotrophic component (Campbell et al. (usually 100, 150 and 200 m) were sampled with Niskin 
1994). With the exception of chlorophyll to protein bottles and a rosette. Profiles were obtained at 5" lati- 
ratios, all the protocols used to estimate total living car- 
bon in oligotrophic regions have potentially underesti- 
mated the autotrophic biomass and overestimated the 
heterotrophic bacterial biomass. Use of dual beam flow 
cytometry and the Hoechst fluorochrome (Monger & 
Landry 1993) allows for the simultaneous enumeration 
of Prochlorococccus and heterotrophic bacteria, avoid- 
ing some of the potential problems associated with ear- 
lier studies. Campbell et  al. (1994), using this protocol, 
derived a mean ratio of heterotrophic to total living 
carbon of 0.45 for the subtropical Pacific at the Hawaii 
Ocean Time (HOT) series station. 

During a basln-wide cruise across the North Atlantic Africa 

during the summer of 1993 we  were able to directly 
estimate the biomass of heterotrophic bacteria, auto- 
trophic picoplankton and the autotrophic and hetero- 
trophic components of the nano- and microplankton 
using a combination of high sensitivity dual beam flow 
cytometry and epifluorescence microscopy. It was our -20 
expectation that the application of these techniques to -80 -60 -4 o -20 o 20 

water samples from the central gyre would result in 
autotrophic domination of the microbial food web bio- Longitude 
mass. Contrary to our expectations however, our 

Fig. 1. Locations of the stations occupied in the eastern North 
results confirmed earlier reports that the proportion of Atlantic (50  S to July to August 1993, Primary sta. 
the total living biomass attributable to heterotrophs tions, (e) surface samples taken durinq an unplanned transit . . 
exceeds 0.50 for the region from 26" to 45" N. The pro- to Madeira 
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tudinal increments (n = 14). While surface samples 
were taken at almost every degree of latitude (n = 51), 
coverage at the northern end of the transect had less 
resolution (Fig. 1). During the first transit to h4adeira 
(Fig. l ) ,  samples were taken approximately every 2 h 
(approximately 25 nautical miles) from the underway 
sampling system which samples at about 5 m. All FC 
samples were dispensed into 1.8 m1 cryovials, pre- 
served with paraformaldehyde (final conc. = 0.2 %)) and 
stored in liquid nitrogen. Samples were shipped, on 
dry ice, to the University of Hawaii, Dept of Oceanog- 
raphy, where they were analyzed for picoplankton 
abundance and red fluorescence per cell according to 
the protocols outlined in Monger & Landry (1993) and 
Campbell et al. (1994). The particular FC configuration 
used in this analysis does not provide reliable esti- 
mates of cell volume for heterotrophic bacteria. FC 
analyses of eukaryotic picophytoplankton and Syne- 
chococcus were done on the same volume of water 
(50 p1) used for Prochlorococcus and heterotrophic 
bacterial analysis. FC cell counts ranged from 0 to 247 
(mean = 37) and 0 to 1218 (mean = 212) for eukaryotic 
picophytoplankton and Sj~nechococcus respectively. A 
comparison of the estimates of Synechococcus and 
eukaryotic picophytoplankton generated from FC and 
epifluorescence microscopy (EFM) reveals close cor- 
respondence between the 2 estimates (Fig. 2) and 
justifies the use of the flow cytometry estimates of 
Synechococcus and eukaryotic picophytoplankton. 
Precision for estimates of Prochlorococcus and het- 
erotrophic bacteria using FC is better than 5% (Mon- 
ger & Landry 1993) 

Samples for epifluorescence microscopy were taken 
from the surface Go-flo bottle and prepared and enu- 
merated following the protocol outlined in Buck et al. 
(1992). An important difference between this protocol 
and that used previously (Chavez et al. 1991) was that 
most of the samples were counted aboard ship on the 
same day the filters were prepared. In addition, large 
and rare organisms such as the epizooic heterotrophic 
flagellate Solenicola setigera and the diazotroph Tri- 
chodesn~ium were enumerated and measured in the 
laboratory on 5 pm pore sized polycarbonate filters 
through which 100 to 200 rnl was filtered. The carbon 
conversions used are those outlined in Campbell et al. 
(1994) (53 fg C cell-' for Prochlorococcus, 250 fg C 
cell-' for Synechococcus, 2100 fg C cell-' for pico- 
eukaryotes, and 20 fg C cell-' for heterotrophic bacte- 
ria) with the exception of the nano-/microphytoplank- 
ton and heterotrophs where we used the Eppley et  al. 
(1970) conversion (logloC = 0.?610gloVolume - 0.29 
for diatoms and logloC = 0.9410gloVolume - 0.6 for 
other nano-/microphytoplankton and heterotrophs) 
and Trichodesmium for which we used Karl et al. 
(1992) (6.4 X 10-2 g C cm-3). Chlorophyll was deter- 

l e+5 
log,,, EFM=0.3 + 0.91(1og,,, FC), r2=0.94 

a 

l e+4 log,,, EFM=-0.5+ 1 .  I (log,,, FC), r2=0.87 ).. 

l Eukaryotic picoplankton I 

F l o ~  Cytometry Estunates (cells ~nl-l) 

Fig. 2. Comparison of abundance estimates for (a) Syne- 
chococcus and (b) eukaryotic picophytoplankton generated 
by epifluorescence rnicroscopy and flow cytometry for 50 
surface samples taken from the North Atlantic. July t~ 

August 1993 

mined by the fluorometric technique of Holm-Hansen 
et al. (1965). 

In some cases data were loglo transformed to meet 
assumptions of regression analysis (homogeneity of 
variance). Back-transformation of predicted values to 
arithmetic units results in a systematic bias that can be 
eliminated by application of a correction factor 
(Baskerville 1972, Sprugel 1983). The correction factor 
(CF) was calculated as: CF = exp(2.303 RSE2/2) where 
RSE is the residual standard error of the regression 
equation, and 2.303 is the conversion from loglo to log,. 
Linear model theory was used to generate regressions 
for our data and we limit our comparisons to other 
studies also using linear model theory. 
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RESULTS 

To simplify the description of the distribu- 
tions, we have divided the 5" S to 61" N tran- 
sect into 3 regions: the tropical region from 
5" S to 24' N, the subtropical region from 25" 
to 45" N and the subarctic region from 50" to 
61" N. These boundaries correspond well with 3e+6 .- 

l Svnrchococcus ' 
the depth of the nitracline (data not shown), 
the boundaries of the true tropical zone 
(Le Bouteiller e t  al. 1992) and major changes 

C .I.II.....III( i: m in the distribution of Prochlorococcus (Fig. 3) E L 0 2 s  

throughout the water column. E 
v, Oe+O - 
0 

-1 0.0 

0 
m 

V C, Eukarvotic Picoohvtoolankton 1 
Picoplankton 

Total picoplankton biomass ranged from 11 
to 99 pg C 1-l. Highest mean (k SD) biomass 
(48 ? 8 pg C I-') occurred in the subarctic and 
lowest (18 + 7 pg C 1-l) in the subtropical 
region while picoplankton in the tropical 
region averaged 33 * 15 pg C 1-l. 

Prochlorococcus. North of 45" N there was 
little Prochlorococcus biomass a t  either the 
surface or at depth in the water column (Figs. 3 
to 6, Tables 1 to 4).  This subarctic region is 

2e+8 - 
I Hererotroph~c Bacteria l 

bounded on the south at the surface by the -10 o 10 20 30 40 50 60 

18°C isotherm (Fig. 5). At the northernmost Latitude (ON) 
profile station (60" N) ,  where the surface tem- 
perature cvas 10,20C (Fig, 5), the FC recorded Fig. 4 .  Integrated abundance (cells mm-') and biomass (pg C mm-2) of 

Prochlorococcus, Synechococcus, eukaryot~c picophytoplankton and 
a low surface abundance Of PrOchlorococcus heterotrophic bacteria, in the upper water column at 14  stations in the 
(>103 cells ml-') and a maximum concentration North Atlantic, July to August 1993 
of 8 X 103 cells ml-' was found at 10 m (Fig. 3). 
The counts for this station ranged from 29 to 
172 and, with a precision on the order of 5 to 10% for 
abundances of this magnitude, we assume these are 
valid estimates. 

The subtropical region from 45" to 25' N,  which 
approximates the central gyre, is characterized by low 
Prochlorococcus surface abundances but deep subsur- 
face maxima (Figs. 3 & 5, Tables 1, 2 & 4). The subsur- 
face maxima at the stations in the subtropical region 

range in abundance from 1.1 to 1.8 X 105 cells ml-I 
(Fig. 3, Table 2).  The mean depth of the maxima is 
shallower than the mean depth of the Deep Chloro- 
phyll Maximum (DCM) (Table 2). 

The tropical region had high surface abundances 
(2.3 X 105 cells rnl-l) distributed throughout the upper 
water column (Figs. 3 & 5, Table 1). In fact the surface 
samples taken a t  1°, 20.6", 20.9" and 22.5" N had abun- 

Table 1. 
at depth 

Mean (iSD) abundance (X 103 cells ml-l) of picoplankton, analyzed with flow cytometry, from the surface (N = 53) and 
where vertical profiles were done (N = 14) from the North Atlantic. July-August 1993, and the percent contribution of 

Proch1orococcus to small prokaryotes (Prochlorococcus + heterotrophic bacteria) 

Prochlorococcus Synechococcus Eukaryotic Heterotrophic % 
picophytoplankton bacteria Prochlorococcus 
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Fig. 5. Surface abundance (filled symbols, cells ml-l) of Prochlorococcus, 
Synechococcus, eukaryotic picophytoplankton and heterotrophic bacteria 
and temperature (open symbols, 'C) from the North Atlantic, July to August 
1993. Circles represent samples taken from the auxiliary transit to Madeira 

(see Fiq. 1 ] 

dances in excess of 4.9 x 10' cells ml-l, the highest re- 
ported for oceanic samples (Fig. 5). The maxima of the 
profiles taken in the tropical region were also located 
shallower than the mean DCM depth (Fig. 3, Table 2) .  

Integrated abundances of Prochlorococcus, however, 
do not break into the same geographical regions as the 
discrete abundances or profiles. Owing, in part, to 
increasing depth of the euphotic zone in the subtropi- 
cal region, several of the stations there have integrated 
abundances similar to those of the tropical region 
(Fig. 4, Table 3).  

Synechococcus. Synechococcus abundances re- 
corded in this study were low throughout the subtrop- 
ical region but high at the equator, the 3 stations on the 
underway transect near 20" N, and at the northern 

extreme of the transect (Fig. 5). Vertical 
profiles displayed no consistent trend 
with respect to depth (Fig. 3, Table 2). 
Integrated abundances were highest in 
the tropical and subarctic regions (Fig. 
4, Table 3). 

Eukaryotic picophytoplankton. Sur- 
face eukaryotic picophytoplankton ex- 
hibited high variability along the tran- 
sect (Fig. 5). High abundances were 
observed in the equatorial region (2" S 
to 1" N) and north of 51" N. The remain- 
ing segment of the transect was charac- 
terized by low surface abundances. The 
presence of a distinct subsurface maxi- 
mum characterized the vertical profiles 
(Fig. 3, Table 2). Integrated abundances 
were highest in the tropical and subarc- 
tic regions (Fig. 4 ,  Table 3). 

Heterotrophic bacteria. Heterotro- 
phic bacterial surface abundances were 
high at the equator and at  the northern 
end of the transect with uniform abun- 
dances characterizing most of the tran- 
sect (Fig. 5). The coefficient of variation 
for heterotrophic bacterial abundances 
was the lowest of any picoplankton 
group (Tables 1 & 4). This lack of vari- 
ability is reflected in the integrated 
abundances as well (Fig. 4, Table 3). 
Abundance in the mixed layer was uni- 
formly high, decreasing with depth to 
low abundances by 200 m (Fig. 3). 

Heterotrophic bacteria always out- 
numbered Prochlorococcus. However, 
due to the disparity in the cellular car- 
bon concentration, the biomass balance 
between these 2 prokaryotes was close 
to unity for large regions of the North 
Atlantic (Fig. 4,  Tables 3 & 4). The mean 

(+SD) ratio of Prochlorococcus to total prokaryote 
(Prochlorococcus + heterotrophic bacteria) biomass at 
the surface was 0.45 + 0.05 for the tropical region. The 
mean ratio (&D) for the upper l00 m was 0.39 0.10 at 
those stations where we did profiles in the same 
region, reflecting the uniformity of distribution of both 
these prokaryotes in the upper water column. The sub- 
tropical mean (+SD) Prochlorococcus biomass to total 
prokaryote biomass ratio is 0.25 + 0.09 for the surface 
and 0.27 + 0.13 for the upper 100 m (Table 4). Although 
Prochlorococcus and heterotrophic bacteria were the 
2 most abundant picoplankton, the integrated biomass 
of eukaryotic picophytoplankton often exceeded that 
of Prochlorococcus (Fig. 4 ,  Table 3), particularly at sta- 
tions north of 40" N. 
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Table 2. Depth (m) of the chlorophyll maximum (DCM), maximum cell abundance (X 103 ml-l) (Abund) and depth of the maxi- 
mum concentration (z) of Prochlorococcus, Synechococcus, eukaryotic picophytoplankton, and heterotrophic bacteria at the 14 

stations where depth profiles were done in the North Atlantic, July-August 1993 

Latitude DCM Prochlorococcus Synechococcus Eukaryotic Heterotrophic 
picophytoplankton bacteria 

Abund z Abund z Abund z Abund z 

5" S 100 252 60 2 4 12 0.4 12 663 3 5 
0 3 2 217 32 40.8 3 2 7.4 32 1191 3 2 
5" N 80 240 0 6.6 75 2.8 7 5 825 4 5 

10" N 66 225 23 11.7 15 10.2 66 760 0 
15' N 4 5 34 9 20 25.1 30 14.6 52 1107 52 
20" N 90 25 1 53 3.5 11 2.0 90 630 11 
25" N 100 181 84 4.1 84 0.3 50 598 10 
30" N 150 144 100 3.9 23 0.1 6 1 474 6 1 
35" N 100 144 66 9.0 15 2.4 100 880 39 
40" N 70 150 36 8.6 60 6.6 60 1149 60 
45" N 5 1 111 18 15.0 5 1 3.0 5 1 762 51 
50" N 29 53 11 27.5 29 9.1 11 1280 29 
55" N 20 4.5 0 31.8 0 10.4 0 1599 9 
60" N 0 8.0 10 59.0 4 2.6 4 1621 0 

Mean ~t SD 69 + 26 256*49  3 1 k 2 2  1 5 +  15 2 9 k 2 4  6 * 5  5 5 r 2 9  8632233  2 9 * 2 0  
(so S - 20" N) 
Mean * SD 94 38 146 * 25 61 * 34 8 + 5  4 7 k 2 8  3 k 3  4 7 r 2 8  772 2 261 44 * 21 
(25" N - 45" N) 
Mean 2 SD 16 + 15 2 2 * 2 7  7 * 6  3 9 + 1 7  I l k 1 6  7 * 4  5 i 6  1500!~190 1 3 * 1 5  
(50" N - 60" N) 

Picoplankton Nano/microplankton 
100 

80 

60 

40 

20 

0 

45 50 55 60 45 50 55 60 45 50 55 60 

Fig. 6. Biomass (pg C 1-l) of some of the major components of picoplankton, autotrophic nano-/microplankton and heterotrophic 
nano-/microplankton from the surface at  51 stations occupied in the North Atlantic, July to August 1993. Top row: tropical 

region; middle row: subtropical region; bottom row: subarctic region 
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5 " s - 2 4 " N  2 5 ' - 4 5 ' N  5 0 " - 6 l 0 N  
(M = 30) (N = 12) ( N  = 9 )  

- 
Phytoplankton 

Prochlorococcus 
Biomass 12.8 * 4.1 3.9 * 2.1 0.2 * 0.2 
Relative contribution 0.30 * 0.06 0.13 * 0.04 0 

Synechococcus 
Biomass 3 .0  * 3.9  1 . 1 t 0 . 7  7 1 t 3 . 0  
Relative contnbutlon 0.06 & 0 04 0.04 * 0.03 0 05  * 0.03 

Eukaryotic picoplankton 
Biomass 2.0 5 2.9 0.9 * 0.9 11.9 * 7.4 
Relative contribution 0.04 * 0.04 0.03 * 0.02 0.08 * 0.06 

Nano- and microplankton 
Biomass 7.1 k 6.3 6 .8  t 3.6 52.5 * 20.8 
Relative contribut~on 0 15 * 0.06 0.22 t 0.05 0.42 * 0.11 

Total phytoplankton 
Blomass 24.9 * 14 7 12.7 & 5 9 71.7 * 21 5 
Relat~ve contribution 0.54 * 0.05 0.41 * 0 05 0.54 * 0.08 

Heterotrophs 
Bacteria 

Biomass 15  5 * 6.3 11.8 * 4.3 28.4 * 3.7 
Relative contnbution 0.35 + 0.04 0.41 * 0.08 0.19 * 0.08 

Nano- and microplankton 
Biomass 4.9 1.7 5.4 * 3.0 37.4 * 17.0 
Relative contribution 0.11 * 0.04 0.18 * 0.06 0.27 t 0.08 

Total heterotrophs 
Biomass 20.4 * 7.5 17.2 t 5.8 64.0 t 17.9 
Relative contribut~on 0 46 * 0.05 0.59 * 0.05 0.46 t 0.08 

Total living blomass 45.3 t 21 8 29 9 * 11.0 135.6 * 35.1 

Table 4. Mean surface (*SD) biomass (pg C l.') and mean (LSD) re la t~ve  cytometry protocol (Olson et al. 1990, 
contr~bution of the autotrophic and heterotrophic components of total living (-havez et 1991, campbell & vaulot 
carbon measured wlth flow cytometry and epifluorescence microscopy at 

the surface along a transect In the North Atlantic, July-August 1993 
1993, Li 1995, Landry et al. in press). The 
Prochlorococcus vertical profiles south of 
the gyre are reminiscent of the HOT site 
(Campbell & Vaulot 1993) and the equa- 
torial Pacific (Chavez et al. 1991, Landry 
et al, in press). There are minor differ- 
ences, namely the depth of the slight 
subsurface maxima we observed is well 
above the DCM at most stations and the 
absolute abundances of the profile at 
15" N exceed those reported before 
(Campbell et al. 1994, Landry et al. in 
press). The stations in the central gyre, 
with their distinct deep maxima, are simi- 
lar to the Sargasso Sea, particularly in the 
spring and summer (Olson et al. 1990). By 
way of comparison the HOT site recorded 
20 X 106 cells mm-' (Campbell et al. 1994) 
and the Sargasso Sea recorded 6 X 106 
cells mm-' (Olson et al. 1990) in compara- 
ble depths sampled. Olson et al. (1990) 
report finding no Prochlorococcus in 
North Atlantic waters with surface tem- 
peratures less than 17°C. The apparent 
influence of temperature on the distribu- 
tion of Prochlorococcus in our study is 
very marked (Fig. 5),  however the pres- 
ence of small populations in cold water 
indicates that it might not be as rigid a 
boundary as initially thought. Vaulot et 
al. (1990) reports small populations of 
Prochlorococcus in winter waters of the 
Mediterranean with surface temperatures 

of 12 to 14°C comparable to the temperatures we re- 
port for the stations at the northern end of our transect. 

The work most comparable to ours is that under- 
taken by Li (1995) on cross (E-W) basin cruises in 1992 
and 1993 through the subtropical region. Our mean 
(n = 5)  profile of the picophytoplankton from the sub- 
tropical region shows good correspondence with the 
mean profile generated by Li (1995). Our eukaryote 
and Synechococcus profile (not shown) is sinular to 
that of his fall 1993 cruise while our Prochlorococcus 
profile (not shown) is remarkably similar to the May- 
June cruise. 

Synechococcus. The average abundance we report 
from the tropical region (Table 1) was higher than val- 
ues reported from the HOT site (max. of 6.3 X 103 cells 
ml-l; L.  Campbell unpubl.), comparable to those from 
the Equatorial Pacific (8.0 X 103 cells ml-l, Blanchot et 
al. 1992; 2.1 X 104 cells ml-' for 0 m only, Chavez et al. 
1990). Our abundance estimates of Synechococcus at 
40" and 45" N (Table 2, Figs. 3 & 5) are lower than 

DISCUSSION 

Comparison with other phytoplankton studies 

Comparing the abundance patterns of the groups we 
enumerated with other published accounts will allow 
us to validate our abundance estimates, although there 
is a dearth of studies with which we can compare our 
estimates of Prochlorococcus (Olson et al. 1990, Camp- 
bell & Vaulot 1993, Campbell et al. 1994, Li 1995, 
Landry et al. in press). Comparing our estimates of 
Synechococcus and eukaryotic picophytoplankton 
with other published accounts is somewhat easier 
since the estimation of these 2 groups is less suscepti- 
ble to protocol differences, resulting in a larger num- 
ber of studies available for comparison. 

Prochlorococcus. The distribution and abundance 
patterns we observed in the Atlantic fit well with the 
previous reports of Prochlorococcus abundance from 
the open ocean that used the high sensitivity flow 
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those reported by Li et al. (1993) during the spring 
bloom (mean = 1.7 and 1.4 X 104 cells ml-' respectively) 
and either lower than, equal to or higher than the Sar- 
gasso Sea depending upon the year and season (Olson 
et al. 1990, Li et al. 1992). Contrary to the finding of 
Murphy & Haugen (1985), the abundance of Syne- 
chococcus in our study was not positively correlated 
with temperature; highest abundances encountered 
were from the subarctic (Figs. 3 to 6, Tables 1 & 4). In 
fact, the slope of the regression of Synechococcus 
against temperature for the region in our study compa- 
rable to the Murphy & Haugen (1985) study area (sta- 
tions north of 36" N) was negative (Synechococcus = 
-2466Temperature + 55644, r2 = 0.6, plot not shown). 
The lack of consistent vertical structure in our profiles 
of Synechococcus throughout the water column is also 
contradictory to previous findings (Le Bouteiller et al. 
1992, Campbell & Vaulot 1993). 

Eukaryotic picophytoplankton. These abundances 
are in the same range of maximum abundances 
reported from the Pacific by Landry et al. (in press) but 
higher than those reported by Chavez et al. (1990). The 
discrete abundances observed during this study were 
higher than those reported from the HOT site although 
the profile shape, with its subsurface maxima, is sirni- 
lar (Campbell & Vaulot 1993). The subsurface maxi- 
mum seems to be a consistent feature of this group of 
organisms that transgresses individual studies. The 
biomass ratio of 1:l for eukaryotic picophytoplankton 
to heterotrophic flagellates has been used to estimate 
the contribution of heterotrophic flagellates to total liv- 
ing carbon (Campbell et  al. 1994). In this study how- 
ever, the mean ratio for surface samples was 0.4 * 0 5. 

2 0 l ' I 
0 10 20 30 40 50 60 

Latitude ( O N )  

Fig. 7 Percent of total living carbon associated with 
autotrophic organisms In surface waters at 51 stations in the 
North Atlantic, July to August 1993. Symbols connected by 
lines are means (error bars = SD) of the autotrophic and het- 
erotrophic components of the total living carbon for the 

tropical, subtropical and subarctic regions 

With depth and the attendant increase in eukaryotic 
picophytoplankton abundance (Fig. 3) this ratio may 
approach 1 The correlation coefficient between the 
biomass of these 2 parameters was 0.6 (p 0.01). 

Nano- and microplankton. The concentrations of 
nano-and microplankton from this study at the equator 
were 17.4 and 6.7 pg C 1-' for autotrophs and het- 
erotrophs respectively (Fig. 6); Chavez et al. (1991) 
reported concentrations of 14.3 and 1.9 pg C 1-' from 
the surface at the equator on 140" W in the Pacific 
Ocean. One of the few studies that used EFM to esti- 
mate the biomass of larger organisms from a subtropi- 
cal region with which we can compare our enumera- 
tions is that of Fuhrman et al. (1989). At comparable 
latitudes (32" N) we recorded 2.9 and 5.5 pg C 1-' for 
autotrophs and heterotrophs respectively compared to 
2.1 and 1.4 pg C 1-' for PNAN and HNAN respectively 
from the Sargasso Sea. Sieracki et al. (1993) estimated 
autotrophic nano- and microplankton biomass in the 
upper 30 m at 46' N, 18' W to be from 48.1 to 54.8 pg C 
1-' during the spring bloom in May of 1989 while the 
heterotrophic component ranged between 36.2 and 
46.3 1-19 C 1-l. Estimates from 45 and 48" N in the North 
Atlantic in 1993 (present study) were considerably 
lower, 13.7 and 15.0 pg C 1-' for the autotrophs and 8.0 
and 13.2 pg C I-' for the heterotrophs (Fig. 6). The 
magnitude of the contribution of nano- and micro- 
plankton to total living carbon biomass is large enough 
(Table 4) that to obtain accurate estimates of the ratio 
of heterotrophs to autotrophs one must include these 
components. 

Trophic relationships 

Partitioning total living carbon for 3 regions in the 
North Atlantic into autotrophic and heterotrophic corn- 
ponents resulted in a significantly higher proportion of 
heterotrophic biomass in the subtropical regions than 
in either the tropical or subarctic region (Fig. 7, 
Table 4) using the particular suite of conversions we 
employed. Both the tropical and subarctic living bio- 
mass are 46% heterotrophic while the subtropical 
region is 59% heterotrophic biomass (Table 4).  This 
finding confirms the existence of large geographical 
regions with as much or more heterotrophic than 
autotrophic biomass, posited by other investigators 
(Dortch & Packard 1989, Fuhrman et al. 1989, Cho & 

Azam 1990, Herndl 1991, Li et al. 1992, 1993). How- 
ever, the degree to which this biomass ratio is skewed 
in the direction of the heterotrophs is less than sug- 
gested for some other areas (Fuhrman et al. 1988, Cho 
& Azam 1990). In terms of the chlorophyll, the highest 
proportions of total living biomass attributable to het- 
erotrophs in our study are found in the most olig- 
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otrophic regions (Fig. 8).  This is similar to the relation- 
ship described by Cho & Azam (1990) for the North 
Pacific; however, the maximum B0C:Cp (bacterial 
organic carbon:phytoplankton carbon) that emanates 
from our study, where we used the FC and EFM gen- 
erated biomass estimates, 1.5, is much lower than that 
reported for the North Pacific (maximum > 8) .  By way 
of comparison, Campbell et al. (1994) reported a ratio 
of 0.82 from the HOT site. If we had used our chloro- 
phyll concentrations to generate the autotrophic bio- 
mass by applying the same C:chl ratio as used by Cho 
& Azam (1990) (50), the resultant plot (not shown) 
looks similar to the one they generated, with maximal 
values of B0C:Cp in excess of 6. 

There are numerous published volume to carbon 
conversions that can be invoked to estimate the con- 
centration of heterotrophic and autotrophic biomass. 
Obviously the degree of heterotrophy characteristic of 
a region will depend upon which of these factors one 
chooses. If we examine the results when extremes of 
volume to carbon conversions are applied, we gener- 
ate a range of values for the degree of heterotrophy for 
the 3 regions. For the autotrophic extreme we will use 
the conversions stated in the 'Materials and methods', 
as they are amongst the highest values published, with 
the heterotrophic bacterial conversion of 10 fg C cell-' 
(Christian & Karl 1994). This combination produces rel- 
ative proportions of the total living carbon attributable 
to heterotrophs of 35, 48 and 41 % for the tropical, sub- 
tropical and subarctic regions respectively. For the het- 
erotrophic extreme we will use the carbon to chloro- 
phyll ratio of 50 and the heterotrophic bacterial 
conversion of 20 fg C cell-' (Lee & Fuhrman 1987). This 
results in heterotrophic percentages of 73, 83 and 62 % 
for the same 3 regions, respectively. While clearly 
there is no single solution to this equation we can 
unequivocally state that the subtropical region/olig- 
otrophic gyre is more heterotrophic than the regions 
bounding it and that the heterotrophic biomass of this 
area is at  least equal to the autotrophic biomass and 
probably exceeds it. 

Carbon to chlorophyll ratios. The carbon to chloro- 
phyll ratios we generated from direct flow cytometric 
and microscopic analysis covaried with chlorophyll 
concentrations; highest ratios were found at lowest 
chlorophyll concentrations [ l ~ g , ~ ( C : c h l )  = 1.92 - 

0.31 loglo(chl), r2 = 0.6, correction factor = 1.13; Fig. Sal. 
The use of a constant carbon to chlorophyll ratio, such 
as 50 (Cho & Azam 1990, Christian & Karl 1994) or 30 
(Herndl 1991), across the North Atlantic basin would 
result in a gross underestimation of the autotrophic 
biomass at low chlorophyll concentrations, such as 
those we report from the subtropical region (see previ- 
ous section). The carbon to chlorophyll ratios we calcu- 
late are high (172 i 51, 180 * 39 and 82 rt 42 for the 

tropical, subtropical and subarctic regions respec- 
tively), however, Campbell et al. (1994) reported a sur- 
face mixed layer ratio of 128 for the HOT site. Ratios 
such as ours, estimated solely from surface values, 
should be higher than one calculated on the basis of 
samples from throughout the euphotic zone. However, 
both of these estimates of autotrophic biomass use 
generous volume to carbon conversions. We have cho- 
sen to use these conversions to facilitate comparison 
with as many other studies as possible, however we 
recognize that the use of other conversions (Chavez et  
al. in press) might affect the outcome of these calcula- 
tions. Irrespective of the volume to carbon conversion 
used, surface carbon to chlorophyll ratios vary system- 
atically across the North Atlantic Ocean and carbon to 
chlorophyll ratios for most of the transect are  well in 
excess of 50. 

The ratio is often adjusted to account for vertical dif- 
ferences in the per cell chlorophyll content (Li et  al. 
1992), but area1 differences have not comn~only been 
accounted for. Campbell et  al. (1994) found that their 
conclusions were unaltered if they used biovolume 
instead of estimated carbon as the parameter of choice. 
An independent estimate of carbon to chlorophyll 
ratios is found in the fluorescence per cell measured by 
FC in our surface samples. Red fluorescence per 
Prochlorococcus and Synechococcus cell is indeed 
lowest in the most oligotrophic region and highest in 
the most eutrophic region (Fig. 9b).  If we make the 
assumption that cell size and therefore carbon content 

Chlorophyll a (pg I-') 

Fig. 8. Ratio of heterotrophlc bacterial or total heterotrophic 
(heterotrophlc bacteria and heterotrophic nano- and micro- 
plankton) b~omass to autotrophic biomass plotted against 
chlorophyll for 51 surface samples from the North Atlantic, 
July to August 1993. The high values of Heterotrophs: 
Autotrophs at the high concentrations of chlorophyll reflect 
the high abundance of Solen~cola setigera, a heterotrophic 
flagellate that forms a symbiotic relationship with the centric 
diatom Leptocylindrus medlterraneus, that was abundant in 

the subarctic region 



294 Aquat Microb Ecol 10: 283-298, 1996 

* Prochlorococcus 

0 Synechococcus 
A Q 

0 

b 0 

3 

b 

300 

- 
X 
C 
P. 

g - 
C 

2 
D 

g 
0 z g 100-  - < 

50 

that this is the case. 
Fig 9. (a) Rat10 of phytoplankton carbon, derived from a com- 
bination of FC and )=FM, to chlorophyll plotted against chJoro- Irn~lications' Having broad geographical areas of an 
phyll. (b) Surface red fluorescence per Synechococcus and Ocean basin d~mina ted  by heterotro~hic biomass net- 

~rochlorococcus cell (normalized to the maximum surface red essarily entails changing either the production or loss 
fluorescence per cell recorded on the cruise) VS chlorophyll terms in the steady state model of the microbial food- 
concentration for 51 surface samples collected in the North web. A comprehensive discussion of many of these 
Atlantic, summer 1993. Fluorescence measurements were 

normalized to 0.57 pm yellow-green Fluoresbrite beads possibilities appears in Fuhrman (1992). Low bacteri- 
vore populations, inefficient feeding by bacterivores, 

Logl,(C:chl)=l.92-0.3 1 log,,(chl). ?=0.6 

a 00 

I I 

of these 2 groups is invariant from region to region, 
then a lower cell fluorescence translates into a higher 
carbon to chlorphyll ratio in the oligotrophic region. 
Cellular fluorescence measurements of Prochlorococ- 
cus and Synechococcus at the HOT station Aloha 
showed a seasonal trend (Winn et al. 1995). This was 
interpreted as a signal of changing cellular chlorophyll 
concentration, in this case as a response to photoadap- 
tation and/or changing nutrient concentrations. Exper- 
imental work with cultures, where the carbon was 
determined with a CHN analyzer, has also demon- 
strated higher carbon to chlorophyll ratios under the 
condition of nitrogen deficiency (Riemann et al. 1989). 

These 3 independent approaches to looking at the 
changes in carbon to chlorophyll ratios with respect to 
trophicity all come to the same conclusion, namely that 
the ratio is much higher in the most oligotrophic region 
of the North Atlantic. 

Depth relationships. We were concerned that the 
estimates of the proportion of total living biomass 
attributable to heterotrophs might be an artifact of our 
considering only surface samples. The biornass of the 
tropical and subtropical regions is dominated by the 
sum of Prochlorococcus and heterotrophic bacteria 
(0.65 and 0.54 of the total living carbon respectively; 
Table 4 ) .  It is the change in the biomass of these 2 
organisms that in large part accounts for the shift from 

0.10 1 .OO an autotrophic tropical region to a heterotrophic sub- - Chlorophyll (pg I") - 
U tropical region in the surface waters. We have shown 

disparate turnover rates for the 2 fractions, discrimina- 
tion against heterotrophs by grazers, increased DOM 
release by phytoplankton and the photochemical 
reduction of refractory allochthonous DOM are the 
potential factors that might help explain how the 
imbalance is maintained (Fuhrman et al. 1989, Cho & 
Azam 1990, Fuhrman 1992). In oligotrophic lakes het- 
erotrophic domination of total living carbon is sup- 
ported by the allochthonous import of DOM from lit- 
toral macrophytic and periphytic production (Coveney 
& Wetzel 1995). 

Our data indicates that the protozoan heterotrophic 
biomass actually increases in both absolute and rela- 
tive terms from the tropical to subtropical zone 
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that the proportion of the total small prokaryote bio- 
mass composed of Prochlorococcus remains nearly 
constant within the upper 100 m of the tropical and 
subtropical water column. Although increases in the 
biomass of specific organisms such as eukaryotic pico- 
phytoplankton can and do occur with depth (Fig. 3). 
their contribution to the total integrated picoplankton 
biomass in the subtropical region decreases relative to 
both the tropical and subarctic regions (Fig. 4, Table 3). 
Fuhrman et al. (1989) reported an increase in micro- 
scopically derived heterotrophic biomass with depth 
(10 to 150 m) for 2 of the 3 depth profiles for which data 
is presented. We need actual EFM counts from depth 
with which to combine the FC estimates before we can 

g I I unequivocally state that the surface derived ratios of ,. 0.01 0.10 1 .oo 
V heterotrophic to autotrophic biomass are valid 
2 Chlorophyll (pg I-') throughout the upper 100 m but all evidence indicates 
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(Table 4, Fig. 6);  it seems unlikely therefore 
that total grazing pressure decreases in olig- 
otrophic regions. Although comprehensive 
information is available on the identity of 
grazers and their community grazing rates 
from tropical regions (Landry et al. 1995, Vars 
et al. 19951, neither the specific identity nor 
the grazing potential of the oligotrophic het- 
erotrophic population is known. There is a 
shift upward in the size spectrum of both the 
heterotrophic and autotrophic organisms in 
the subtropical region over those of the tropi- 
cal region (Fig. 10). The heterotrophic protists 
may be responding to the increase in prey 
size (Hansen et al. 1994) and an actual de- 
crease in grazing pressure on the picoplank- 
ton fraction may be occurring. 

Size of organisms. The chlorophyll size 
fractionation data (data not shown) supports 
the increase in the assemblage equivalent 
spherical diameter (ESD) that we document 
with FC and EFM. The tropical station (2" N) 
in Fig. 10 had only 16% of the total chloro- 
phyll retained by the 1 pm filter while the 
subtropical station (30" N) had 39% of total 
chlorophyll retained on the 1 pm filter. Both of 
these values, however, are below the 1 : l  ratio 

Autotrophs 
A Heterotrophs 

of chlorophyll larger and smaller than 1 pm, I Autotrophs 

l A Heterotrophs 
in the range of what is described as the typi- 

0.0 : - 
cal condition for oligotrophic waters (Le 

0 10 20 30 40 
Bouteillier et al. 1992). Li (1994) reported that 
most of the primary productivity in the oligo- ESD (pm) 

trophic region of the North can be Fig. 10. Cumulative percent biornass plotted a s  a function of increasing 
attributed to a group that he labeled the equivalent spherical diameter (ESD) of autotrophs and  heterotrophs for 
LEUC (large eukaryotes). LEUCS are charac- (a) a station from the tropical reglon and (b)  a station from the subtrop- 

terized by being retained on a 1 pm pore ical region of the North Atlantic, July to August 1993 

sized filter but largely passing through a 2 pm 
filter. Furthermore, the vast majority of the 
biomass of the ultraplankton (<5 pm), determined by defined by chlorophyll concentrations. Cho & Azam 
the forward angle light scatter of the flow cytometry (1990) found that this relationship held for the 
signal, from this same region was attributable to the mesotrophic and eutrophic waters of the North Pacific 
eukaryotes (Li 1995). These 3 independent measures but broke down for the most oligotrophic regions 
of size structure all indicate that the subtropical region (<0.5 pg chlorophyll I-') of the North Pacific. They 
assemblage is larger than that of the tropical region. report that the slope of the oligotrophic bacterial abun- 
Both of these assemblages are, of course, smaller than dance to chlorophyll ratio was not statistically different 
that of the subarctic region during the time we sampled, than 0, i.e. below 0.5 pg 1-l of chlorophyll, chlorophyll 
producing a gradient of assemblage sizes ranging from continues to decrease, but bacterial numbers stabilize. 
small to large from the tropical region northward. We obtained a different relationship between bacterial 

abundance and chlorophyll [Fig. l l a ;  loglo(bacterial 
abundance) = 6.17 + 0.36(log,ochlorophyll), r2 = 0.73, 

Bacteria to chlorophyll ratios correction factor = 1.011 than that generated in other 
studies (Bird & Kalff 1984, Cole et  al. 1988, Cho & 

It has been assumed that bacterial abundance and Azam 1990, Li et al. 1992). A single regression sufficed 
biomass covary with the trophic status of the marine for the whole range of chlorophyll concentrations we 
environment (Bird & Kalff 1984, Cole et al. 1988) as measured (0.036 to 1.235 1-19 chlorophyll 1- l ) .  We inves- 
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Fig. 11. (a) Loglo bacterial abundance plotted against log,, chlorophyll 
concentration with 95% confidence intervals of prediction for surface 
samples from the North Atlantic, July to August 1993, the equatorial 
Pacific and the HOT site, all of which were analysed with dual beam FC. 
The regressions from Bird & Kalff (1984) and Cole et al. (1988) and the 
data from Cho & Azam (1991) are also plotted. (b) Log,, heterotrophic 
organic biomass (BOC) plotted against loglo phytoplankton organic car- 
bon (PhytoC). The regression line from Simon et al. (1992) is also plotted 

loglO@acterial abundance)=6.17+0.3610g~~(chl).-- - 95% C.I. ofpredictlon across the broad range of trophic conditions 
- c- - in the marine environment as proposed by 

- / -  Bird & Kalff (1984) and Cole et al. (1988). 
The surface chlorophyll and bacterial con- 
centrations obtained by Landry et al. (in 
press) from the equatorial Pacific fit well 
within the 95 % confidence limits of predic- 
tion we generated from the Atlantic, how- 

/ 
ever 4 of the 6 points obtained from the HOT 

log10(BOC)=C.46+ 0.5310g10(PhytoC), r2=0.82 
-- Simon er al. 1992 
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site do not (Fig. l la) .  More data, particularly 
from eutrophic regions, is needed to ascer- 
tain whether or not the relationship between 
chlorophyll and bacterial abundance we 
generated is applicable to all regions of the 
world ocean. Intuitively the data obtained 
from flow cytometry should lie below the 
data generated via microscopy if the prob- 

4.0 I I lem of enumerating Prochlorococcus as het- 
1 -1 Log10 chlorophyll (pg I' ) 0 erotrophic bacteria is a major one, i.e. the 

abundance estimates of heterotrophic bac- 
2.0 

teria generated by epifluorescence rnicro- 
scopy should be higher than those gener- 
ated by flow cytometry. Most of the 
heterotrophic bacterial abundance esti- 
mates derived from flow cytometry used in 
Fig. l l a  lie above the regressions of Bird & 
Kalff (1984) and Cole et al. (1988), indicating 
higher heterotrophic bacterial abundances 
per unit chlorophyll than previously 
thought. The absence of data from olig- 
otrophic regions in these 2 studies may par- 
tially explain this discrepancy although the 
data of Li et al. (1992) from the Sargasso Sea 
lies directly on the Cole et al. (1988) regres- 
sion. We use only our surface heterotrophic 
bacterial abundances and chlorophyll in this 
regression whereas the review by Cole et al. 
(1988) used photic zone values, and Bird & 
Kalff (1984) used predominantly (69%) 1 m 
values. Some of the differences in the 
respective regression equations may eman- 
ate from using samples from throughout the 
euphotic zone. Other artifacts associated 
with the microscopical determination of bac- 

tigated whether the difference in the regression we terial abundance such as long term storage of pre- 
calculated for the bacterial abundance to chlorophyll served samples prior to processing (Turley & Hughes 
ratio compared to those generated by others could be 1992) or the use of DAPI instead of acridine orange 
attributed to some of the methodological differences to image bacteria on filters (Suzuki et al. 1993) may 
that set our study apart. in part explain our finding higher bacterial abun- 

Adding the Prochlorococcus abundance to the het- dances for a given chlorophyll concentration. We also 
erotrophic bacterial abundance did not change the undertook comparison of our heterotrophic bacterial 
slope (plot not shown). Plotting additional points gen- (BOC) to phytoplankton (PhytoC) carbon regression 
erated by dual beam flow cytometry from other regions [loglo(bacterial abundance) = 5.16 + 0.53(loglophyto- 
should give an indication of whether a single regres- plankton carbon), r2 = 0.83, correction factor = 1.011 
sion is going to suffice to predict bacterial populations with that of Simon et al. (1992) (Fig. l l b ) .  The slope of 
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their regression is low, a condition that they attributed 
to using size related carbon content for their bacterial 
biomass estimate. We use an  invariant volume to car- 
bon conversion factor for heterotrophic bacteria so this 
might well account for some of the difference. How- 
ever, they also used the original carbon to chlorophyll 
ratios in the publications from which the data comes to 
calculate PhytoC in the majority of their marine data 
and this would also account for the low slope of the 
line. 

CONCLUSIONS 

(1) Total living biomass of the North Atlantic sub- 
tropical region (25" to 45" N) along the 20" W meridian 
during July-August 1993 was dominated by hetero- 
trophic biomass, while autotrophic biomass dominated 
tropical and subarctic regions. As autotrophic biomass 
and chlorophyll decrease this ratio increases. Although 
the degree to which the heterotrophic biomass compo- 
nent outweighed the autotrophic component was less 
than reported by previous studies from other regions, 
heterotrophic domination was apparent in the North 
Atlantic during the summer of 1993 and may be a uni- 
versal feature of the central gyres of the major ocean 
basins. 

(2) Carbon to chlorophyll ratios varied spatially with 
the highest ratios found in the most oligotrophic 
region. Due to this variation across trophic regimes, 
the use of a single carbon to chlorophyll ratio to predict 
autotrophic biomass seriously underestimates this 
component in the most oligotrophic regions. The diver- 
sity of volume to carbon conversions compounds the 
calculation of carbon to chlorophyll ratios and parti- 
tioning of the total living biomass into autotrophic and 
heterotrophic components. However, it is evident that 
the direct measurement of biovolume using both dual 
beam flow cytometry and epifluorescence microscopy 
is necessary to get an accurate assessment of the het- 
erotrophic and autotrophic components of total living 
biomass. 

(3) Heterotrophic bacterial abundances generated 
via flow cytometry from both the Pacific and Atlantic 
Oceans are generally higher per unit chlorophyll than 
those indicated from previous studies. The basin-wide 
regression of surface heterotrophic bacterial abun- 
dances or biomass against surface chlorophyll or 
phytoplankton we generated for the North Atlantic are 
robust, however some other FC dual beam data show 
more scatter. 

( 4 )  Prochlorococcus concentrations and distributions 
throughout the upper water column in the tropical 
region are reminiscent of those found at the equator 
and the HOT site in the Pacific; those of the subtropical 

region are similar to those reported from the Sargasso 
Sea. 

(5) Nano- and microplankton, both heterotrophic 
and autotrophic, contribute more to the total biomass 
in the subtropical region than in the tropical region. 
This component contributed most to the biomass in the 
subarctic region. There is an increase in the size of the 
assemblages from the tropical to the subarctic regions. 
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