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Abstract--Product ivi ty  regime and phytoplankton size structure are described for two different 
epipelagic systems in the tropical/subtropical Northeast  Atlantic Ocean investigated during 9-11 
day drift studies in spring 1989 in the  JGOFS North Atlantic Bloom Experiment .  18°N, 30°W and 
33°N, 20°W. At the 18°N study site, an oligotrophic system was encountered.  The water column 
above the main pycnoeline at about 50-60 m depth was nutrient-depleted,  and both chlorophyll 
and primary production displayed subsurface maxima at the nutrieline. Picop[ankton was the 
dominant  size fraction, accounting for 78-90% of chlorophyll and 83-98% of primary production. 
Synechococcus-type coccoid cyanobacteria were the dominant  picoplankters. The hydrographic 
situation was characterized by high small-scale variability; the most interesting feature was the 
intrusion of nutrient-depleted Subtropical Salinity Maximum Water  into the euphotic zone. whose 
impacts on the productivity regime are discussed. At 33~N study site, a post-bloom situation was 
encountered.  Al though the euphoric zone was nutrient-depleted,  higher amounts  of larger 
phytoplankton were present,  the contribution of picoplankton being 42-53% of chlorophyll and 
42-86% of primary production. Over the course of the drift study, subsurface maxima of 
chlorophyll and productivity evolved, the contribution of picoplankton having increased. Pico- 
cyanobacteria again were the dominant  picoplankters. At both study sites the profiles of 
abundance ratios of picoeyanobacteria to picoeucaryotes cell numbers  proved to be a useful tool to 
characterize water masses.  

I N T R O D U C T I O N  

WITHIN the discussion of global climate change and increasing atmospheric carbon 
dioxide, the vertical flux of particulate carbon from the sea surface towards the deep sea 
and the ocean's role as a sink for atmospheric CO~ is of increasing interest. Other than 
inorganically bound carbon dioxide, the primary fixation of CO2 by algal photosynthesis is 
the main process to entrain free COs into the particulate phase and provide its access to 
vertical transport via sedimentation. The fate of primary bound CO2, i.e. of algal biomass, 
specifically whether it will sediment out of, or remain within the productive surface layer, 
depends on the physico-chemical properties of the epipelagic system and the modification 
of primary fixed organic carbon related to the food web structure of the respective 
ecosystem. 

Biogenic sedimentation may occur as algal cells and/or cell constituents (shells, frustles, 
broken cells), predominant at the end of phytoplankton blooms when nutrients become 
growth-limiting and the zooplankton standing stock is insufficient to consume the 
phytoplankton biomass (SMETACEK et al . ,  1984), or as fecal pellets as a result of zoo- 
plankton activity. 
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Direct sedimentation of algal cells will be highly dependent on the size structure of the 
phytoplankton assemblage (BIENFANG, 1981) since, according to Stoke's Law, mainly 
larger cells in the microplankton (>20/~m) size range are expected to sink. Sedimentation 
rates of picoplankton (<2 ,tm) are considered to be negligible. Direct sedimentation ~I 
algal biomass is supposed to be greater in epipelagic systems exhibiting a high contribution 
of "new" production sensu  DUGDALE and GOERING in 1967 (LEGENDRE and LEF~vRE, 
1989). There are, however, indications that picoplankton also benefit from nitrate inputs 
into the euphotic zone (GLOVER et al., 1988), a significant part of "new" production 
therefore occurring in the smaller size fraction with negligible sedimentation rates. 

About 20-30% of phytoplankton biomass ingested by mesozooplankton is excreted a~ 
fecal pellets (CoRICETT and MACLAREN, 1978) that may supplement the vertical flux ol 
biogenic matter. Grazing on phytoplankton also is dependent on its size structure 
Mesozooplankton is not said to consume picoptankton (JOHNSON et al.,  1982: BOAK and 
GOULDER, 1983). On the other hand, small nano- and microzooplankton, namely hetero- 
trophic flagellates and ciliates, can have a significant grazing pressure on algal biomas~ 
(RAssOULZADEGAN and ETIENNE, 1981; LANDRY and HASSETT, 1982; LANDRY et al.,  1984: 
BURKILL et al.,  1987; GIFEORD, 1988), sometimes equal or even higher than that ot 
mesozooplankton (SMETACEK, 1981; CAPRIULO and CARPENTER, 1983; COSPER and STEPfEN o 
1984; VERITY, 1985). Although protists can ingest particles about their size or even larger 
(GOLDMAN and CARON, 1985), picoplankton and small nanoplankton are considered thcii 
main food source (FENCHEL. 1987; RASSOULZADEGAN el al., 1988). The predominance of 
microzooplankton grazing will lead to a higher retention of biogenic carbon in surface 
layers compared to mesozooplankton grazing involving fecal pellet production. "New "~ 
production in the picoplankton size class, therefore, will be entrained into the microbial 
loop and cannot be considered "export" production (PEINERT et al., 1989) over shorter 
time scales. The size distribution of primary producers, therefore, has a great impact on 
trophodynamic processes in the euphotic zone as well as productivity/sedimentation 
conditions (LEGENDRE and LEFEVRE, 1989). 

Data presented here were collected during leg 1 of cruise no. 10 of German R.V. Meteor  
in March/April 1989 at the two southern NABE (North Atlantic Bloom Experiment) stud~ 
sites, 18°N, 30°W and 33°N, 20°W. The development of phytoplankton spring blooms and 
the subsequent sedimentation of biogenic matter at these tropical and subtropical sites arc 
important to "global ocean flux", as two thirds of the world's ocean occur within these 
latitudes. In this paper we describe the primary productivity regime and phytoplankton 
size structure in relation to physico-chemical properties of the epipelagic system. Other 
aspects of this cruise are published elsewhere (KOEVE et al., 1993; LENZ et al., 1993: 
PASSOW and PEINERT, 1993; PODEWSKI et al.,  1993). 

MATERIALS AND METHODS 

Since the vertical structure of dynamic processes of the epipelagic system was the main 
goal of this study, a Lagrangian drogue study was carried out. Samples were taken along 
the drift track of a drifter rig carrying sediment traps below the euphotic zone (18°N 120 m: 
33°N 200 m). 

The first drift station in the tropical North Atlantic at 18°N, 30°W lasted from 27 March 
to 6 April; 11 days of investigation. The study site was situated within the North Equatorial 
Current northwest of the Cap Verde islands. The predominant wind-driven Ekman 
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transport in this area during the season of study is northwest (STRAMMA and ISEMER, 1988), 
and the drifter basically followed surface currents (PODEWSKI et al., 1993). The second drift 
station in the subtropical North Atlantic, at 33°N, 21°W, was studied from 16 April to 24 
April (9 days). The study site was located within a branch of the southeasterly-flowing 
Azores current. 

Temperature  and salinity profiles were taken with a Nell Brown CTD. In sire chloro- 
phyll fluorescence was recorded by a Backscatt fluorescence sensor mounted on a ME 
CTD probe (Meereselektronik, Trappenkamp,  Germany).  Water samples were taken 
with a 24 bottle multisampler with black 10 1 Niskin type water bottles. 

Dissolved inorganic nutrients were measured according to GRASSHOFF et al. (1983) with 
an autoanalyser. Nitrate concentrations determined by the chemoluminescence method 
(GARSIDE, 1982; EPPLEY and KOEVE, 1990: KOEVE et al., 1993) were provided by R. W. 
Eppley and W. Koeve: data of morning casts were used. Chlorophyll a (Chl a) was 
determined either trichomatically (STmcKLAND and PARSONS, 1972) and calculated after 
JEFFREY and HUMPHREY (1975) or with a Turner  Designs Model 10 fluorometer calibrated 
against trichomatically determined Chl a after filtration of samples onto 25 mm Whatman 
GF/F filters. 

The abundance of autotrophic picoplankton and autotrophic flagellates 3-5 um in size 
was determined by epifluorescence microscopy on black-stained 0.2 um Nuclepore filters 
under blue light excitation (450-490 nm). Samples were filtered without fixation and cell 
numbers were estimated directly afterwards or from deep-frozen filters after the cruise. 
For picocyanobacteria, more than 200 cells were counted (mean error <10%),  for 
eucaryotic picoplankton at least 50 cells (mean error <32% ; VENRICK, 1978). 

Primary production was measured by in situ 14CO~ incubations (STEEMANN NIELSEN, 
1952) of 12 h duration (dawn to dusk) in 250 ml polycarbonate bottles (25 uCi per bottle). 
Two bottles treated with l x 10 5 tool 1 --1 DCMU [3-(3,4-dichlorphenyl)-l, 
1-dimethylurea; LEGENDRE et al., 1983] were used as dark correction and subtracted from 
light bottles. After incubation, samples were treated with 1.5 x 10 _5 tool DCMU I-1 to 
prevent carbon uptake while bottles were processed. Bottle contents subsequently were 
fractionated and filtered onto Whatman GF/F filters. Earlier experiments revealed no 
significant differences between 0.45 u m  membrane filters and GF/F filters in primary 
productivity measurements (Lt et al., 1983; HERBLAND et al., 1985; JOCHEM, 1987), and Lt 
(1986) reported 98.1-99.4% retention of Synechococcus  on GF/F filters. 14C-uptake was 
determined by liquid scintillation measurements in a Packard TriCarb. 

For size fractionation "total",  "'<20 1tm'" and "'<2 urn",  post-screening classes were 
used. Aliquots (75 ml) were used for fractionation to avoid variance due to the use of 
different bottles. Estimates for "'total" were obtained from untreated aliquots, the other 
two aliquots were filtered through 20 i¢m net gauze and 25 mm 2.0 um Nuclepore filters 
(pressure <300 mbar), respectively. The filtrates were again filtered onto GF/F filters. The 
same size fractionation procedure was used for chlorophyll but 2 1 were fractionated and 
two 2.0urn Nuclepore filters of 47 mm diameter were used for each sample. 

RESULTS 

The tropical North  Atlantic at 18°N 

Profiles of density (~0; Fig. la) indicate that the main pycnocline at about 50-60 m depth 
became more pronounced during the course of the time series. This pycnocline can be 



i 
!:i

f 
:: 

[ 
{i

D}
! 

'.7
7s

 
~ 

" 

- 
,_

 
. 

~
. 

_ 

, 
k 

,.
 

-,
 

" 
"'

-.
 

_ 
\ 

k 

..
..

 
3

, 

• 
~U

:?
-' 

x
_
 .

..
..

 
:]

,g
~

 
L 

c 
\ 

\ 

\ 
~
-
 

. .
..

. 
.
~
-
,
 

i 
• 

PF
iE

- 
%

 
I 

!)
S

A
P

 

T:
~I

 
i 

' 
r
-
:
 

ii!
 ~

 

- 
\ 

/ 
% 

, 
.
%
 

\
_
 

..
 

,
j
 

- 
.
.
 

~ 
? 

..
. 

s 
/ 

\,
 

/s
~ 

.
.

.
.

.
 

i 
j 
o 

• 
! 
L'
O 

• 
J
~
 

J 

.
.
.
.
 J
 

s 

h 
- 

- 
j'
 

j
/
"
 

j
J

~
 

,
.
 .
..
..
..
..
..
..
..
 

f 
f
-
 

-
-
 

/.
 

- 
- 

/ .
i
 

J 

Y r~ ~
U
 

b
~
 



Productivity and phytoplankton size structure 499 

considered the result of winter mixing, the overlying water therefore representing the 
winter mixed layer (WML). Temperature was about 21.8°C and salinity about 36.7%0, 
almost homogeneous throughout this water layer (Fig. lb,c). Diurnal vertical mixing was 
restricted, however, to less than 20 m. Based on several more CTD profiles and objective 
data analysis, PODEWSKI et al. (1993) concluded that the drifter stayed approximately 
within the same water body until day 6 (Sta. 266, 1 April) but then crossed a frontal 
structure. 

An obvious feature was the encounter of high salinity water, termed Subtropical Salinity 
Maximum Water (S . . . .  ; PODEWSI<I et al . ,  1993), below the main pycnocline. Once during 
the first half of the study (Sta. 249) and more commonly during the second half (Stas 273- 
287) a small layer of low salinity low temperature water (Smin) could be detected within the 
upper part of Sm~, ×. From detailed analysis of hydrographic data it became clear that, due 
to its density, Sm~x water split and intruded into the pycnocline water mass, yielding an 
upper and a deeper part of Smax; Stain represented original pycnocline water that remained 
at the respective depth due to interleavings of S ...... and pycnocline water. This vertical 
zonation of water masses is best seen in temperature profiles (Fig. lc). On the last day (Sta. 
292), no Smi.~ layer could be detected in the morning profiles and pure S ....... water was 
found below the main pycnocline down to about 120 m. A detailed description of this 
feature is given elsewhere in this volume (KOEVE el al . ,  1993; PODEWSKI el al . ,  1993). 

Except on the first day, global irradiation was fairly constant throughout the study 
period, mean irradiation (mean for dawn to dusk) being about 400-500 W m 2 h- L. The 
daily course of irradiation was symmetric with a maximum at local noon, indicating that 
incubation time for primary production (07.00 to 19.00 h) covered the daylight period 
(JoCHEM, 1990). 

The WML was depleted of nutrients (Fig. 2a-d), concentrations of silicate and 
phosphate being less than 0.2/~mol 1-1, and nitrate concentrations in the nanomolar range 
(EPPLEY and KOEVE, 1990; KOEVE et al . ,  1993). The nutricline was found at about 70 m 
depth the first two days but at about 50-60 m depth thereafter, thus related to the main 
pycnocline. Nitrite showed its primary maximum of up to 0.15 umol 1 -~ at about 80 m 
depth. The occurrence of Sm~,× water deepened the main nutricline as well as the primary 
nitrite maximum to more than 100 m depth, below the euphotic zone. The Smm water at 
about 50.80 m depth partitioned the Sm~× water into an upper and a deeper part, displaying 
much higher nitrate concentrations (>0.5/~mol 1 ~). The vertical extent, as well as the 
nitrate content of this water mass, decreased over the course of this stud)' (KoEvE et al , ,  

1993). On the last day (Sta. 292), the nitrate-rich S~i,, was not found in the morning casts 
and the nutricline occurred, although less pronounced, at about 90 m depth. 

Vertical profiles of in situ fluorescence as a relative measure of chlorophyll (Fig. 3) 
generally showed the presence of a subsurface chlorophyll maximum at varying depths. 
On the last day (Sta. 292), no distinct fluorescence maximum could be detected. 
Chlorophyll concentrations derived from water samples generally gave the same picture 
(Fig. 4), although the maximum layer did not always coincide with depths obtained from in 
situ fluorescence profiles. Within the subsurface maximum, chlorophyll concentrations 
were always higher than 0.37 ¢~g 1- 1 reaching as high as 0.99/~g I i. The depth horizon of 

Fig. 1. Profiles of density (ao), salinity and temperature taken at dawn each day at the I8°N study site. 
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In silu fluorescence (relative units) taken at dawn each day at the 18°N stud}' site. 

the subsurface chlorophyll maximum was situated just above the nutricline and pycno- 
cline. This was also the depth horizon of nitrate-rich Stain water so that chlorophyll maxima 
occurred within Smi,, when encountered.  Integrated chlorophyll (upper 100 m) showed no 
significant trends (19-51 mg m -2 mean 34 mg m 2), and about two thirds of phyto- 
plankton biomass were found in the subsurface maximum (Fig. 5). Stations 273 and 283 
were marked by somewhat higher concentrations and a lower contribution of the 
subsurface maximum. 

Size fractionation of chlorophyll (Fig. 5) revealed picoplankton as the dominant size 
fraction, accounting for 78-90%. An obvious exception was Sta. 273 (day 7) where only 
<55% of chlorophyll was contributed by the <2urn class. It was only at this station that 
microplankton chlorophyll, generally less than 0.04/~g 1-1 and often not detected, reached 
a contribution of 87.5% (0.35/~g I 1) at 60-80 m depth. Nanoplankton also showed higher 
concentrations (up to 0.25 #g l - 1) and contribution (54%) at this station, but at 40 m depth 
and thus above the microplankton population. Based on integrated chlorophyll, micro- 
plankton contributed 25% and nanoplankton 23% at Sta. 273. 

Picocyanobacteria, eucaryotic picoplankton and autotrophic flagellates 3-5 um all 
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Fig. 5. Size-fractionatcd integrated chlorophyll (rag m 2) from morning casts, 10(I m x<it~-~ 
column, at the /8°N study site. Numbers on top td: each bar indicate the contribution ~i the 

subsurface  n][|xill]unl [0 total  water cohmm chlorophyll. 

showed population maxima within the subsurface chlorophyll maximum (Fig. 6). Cell 
numbers of picocyanobacleria in the upper 80 m were > 10 7 1- ~, those of flagellatc~, 
>10~'1 ~. Highest abundances (up to 6.3 × 107 picocyanobacteria l -I and 1.1 × ]li 7 
picoeucaryotes 1-1) were encountered at Sta. 260. While picoeucaryotes and flagellates 
3-5urn always had their population maxima at the same depths, picocyanobacteri~ 
maxima occurred 5-I0  m shallower at Stas 249 and 266 but at the same depth as 
picoeucaryotes at Stas 260 and 279. Population maxima of picocyanobacteria occurred m 
the upper half of the chlorophyll maximum. They were much more abundant than 
picoeucaryotes, abundance ratios (ratio of cell numbers of cyanobacteria to eucaryotes: 
Fig. 7) being 10-36 in the WML water. Abundance ratios generally decreased with depth 
and approached 1-2 below the subsurface maximum. The two stations influenced by the 
Sm,x/Smi,, intrusion (Stas 249. 279) showed a distinct deviation from the general pattern 
related to this hydrographic feature, At about 7()-8(I m depth, i.e. within the .S,,>~ watc~, 
abundance ratios were higher again. 

During the first six days of the drift station, primary productivity showed subsurfac<: 
maxima (>0.5 ug C 1-l h--l) which corresponded to chlorophyll subsurface maxima (Fig 
8). The highest productivity during this phase was encountered at Sta. 260. Unfortunatclx, 
there are only two measurements at stations exhibiting S ...... /Smm intrusions (Stas 249, 
279). While no effects of water mass intrusions were discernible at Sta. 249, productivity at 
Sta. 279 was significantly higher and exhibited a pronounced surface maximum. Similm 
results can be drawn from integrated productivity (upper 100 m; Fig. 9). During the first six 
days, productivity amounted to about 0.44 g C m ~ day-  J but as much as 1.1 g C m ~ day 
were measured at Sta. 279. On the last day (Sta. 292), integrated primary productivity was 
about the same as found before Sta. 279, although no distinct subsurface productivit} 
maximum did occur. At Stas 254-266, which were less influenced by intrusion of S ........ 
water into pycnocline water, about two thirds of water column production were derived 
from the subsurface maximum layer. At stations influenced by Sm,~lSmi,, intrusions ( S t a s  

249,279), the contribution of WML to water column productivity was about twice as high. 
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s tudy site. 

Size fractionation of primary production again revealed picoplankton to be the domi- 
nant size class, contribution greater than 80%; occasionally, no carbon uptake could be 
detected in the micro- and nanoplankton. Only at Sta. 279 did microplankton show higher 
production near the surface, reaching a contribution of 2.6% of integrated productivity. 
Picoplankton also showed its highest productivity at the upper edge of Smi n w a t e r  at Sta. 
279. 
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The subtropical North Atlantic' at 33°N 

Compared  to the situation at 18°N, hydrographic vertical gradients and temporal 
changes were much less pronounced at the 33°N study site. Typical profiles of density (oo). 
salinity and tempera ture  (Sta. 376, day 4 and Sta. 387, day 6; Fig. 10) show that actual 
mixing was very shallow, never exceeding 20 m, and the density gradient was very lov~ 
(<0.002 m -~ compared to 0.025 m ~ in the pycnocline at 18°N). Tempera ture  was abou! 
17.6°C and salinity about 36.5%0; neither varied much down to the main pycnocline at 
160 m. This can be considered the depth of winter mixing. 

Despite  the more northerly position of the study site, the light regime in terms of 
irradiation and daylength was the same as at 18°N (JocnEM, 1990). 

Most of the euphotic zone was nutrient-depleted, nitrate concentrations having been 
<0.1 #tool I -  t down to 40--60 m (Fig. 11 ), At Sta. 366, the nutrictine was found below 80 m, 
and Sta. 376 (day 4) showed an intrusion of nitrate-rich water  between 30 and 75 m. 
probably related to lower temperatures  (<: 17°C) and lower salinity (Fig. 10a). At the end 
of the study period, nitrate concentrations below 70 m increased. Measurements  of othe~ 
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Fig. 9. Size-fractionated integrated primary production (mg C m : day 1 ), l(10 m ~ater column, 
at the 18°N stud}' site. Numbers on top of each bar indicate the contribution of the subsurface 

maximum to total water column chlorophyll. 

inorganic nutrients were available for only two stations (Stas 361,376; data not depicted 
here). The nitrite maximum (up to 0.38/~mol 1 l) occurred at 80-150 m depth while 
phosphate showed a clear nutricline at 80 m depth above which concentrations were well 
below 0.1/~mol 1 1. 

Vertical profiles of in situ fluorescence (Fig. 12) showed a much higher variability and 
were fairly spiky compared  to those in Fig. 3, the latter indicating the occurrence of larger 
phytoplankton.  During the first four days, variability was high and weak subsurface 
maxima or surface maxima were recorded. It was not until day 5 (Sta. 382) that a distinct 
subsurface maximum was seen at about 40-65 m depth. Station 376 showed two small 
subsurface maxima,  which probably were the result of the intrusion of the nitrate-rich low 
tempera ture  water  mass with a low phototrophic biomass (see above).  No fluorescence 
profiles were available from Stas 398 and 403, the last two days of the drift station. 

Chlorophyll measurements  derived from discrete water samples (Fig. 13) showed the 
same variability and generally followed the trends seen in in situ fluorescence profiles. 
From these measurements  it can be seen that Sta. 398 also exhibited a distinct subsurface 
maximum, but not Sta. 403. Concentrations within the subsurface maximum were >0 . 6ug  
1 1 up to 1 ,ug I I .  Chlorophyll values within the subsurface maximum were only slightly 
higher compared  to those at the 18°N drift station, but concentrations above and below the 

-~o subsurface maximum were significantly higher at _ 3 N. Therefore ,  integrated chlorophyll 
(upper 100 m; 20-73 mg m 2. Fig. 14) was higher compared to 18°N. decreasing over the 
9-day sampling period. 

Picoplankton was the dominant  size class in chlorophyll size fractionation (generally 
>42% of total chlorophyll),  although its contribution was lower compared  to 18°N. 
Microplankton chlorophyll concentrations usually were less than 0.2 ug I l: an exception 
was Sta. 382 (day 5) when microplankton reached up to 0.96~tg 1 l, contributing -<86% of 
the subsurface chlorophyll maximum. Similarly, at Sta. 398 (day 8) microplankton reached 
values up to 0.42 ¢tg 1-1 at 60 m depth and contributed 41% to total chlorophyll. 
Concentrat ions of nanoplankton chlorophyll were in the same range as for microplankton.  
At Stas 382 (day 5) and 387 (day 6), nanoplankton showed higher chlorophyll biomass 
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Nitrate concentrations (umol I ]) from morning casts at the 33°N stud} site. 

(--<0.67#g 1-l) in the upper 30 m. Both high concentrations of micro- and nanoplankton at 
Sta. 382 resulted in an exceptionally low contribution of picoplankton to total integrated 
chlorophyll (Fig. 14). 

Picocyanobacteria, autotrophic picoflagellates and autotrophic flagellates 3-5 /~m 
showed similar vertical profiles of their abundances (Fig. 15a-c). All exhibited a sub- 
surface maximum, except picocyanobacteria on the first day. Cell numbers of picocyano- 
bacteria in the upper 80 m were >1.5 x 107 1 1 the highest abundance being recorded at 
Sta. 366 (day 2; -<7 x 107 1-1), coincident with the highest cell numbers of eucaryotic 
picoplankton (7 x 10 ° 1-1) and phytoflagellates 3-5 #m. 

During the first two days, the population maxima of picocyanobacteria and pico- 
eucaryotes were found at 30 and 60 m depth, respectively. Concordant with the deepening 
of both the nutricline and the chlorophyll maximum on day 2 (Sta. 366), population 
maxima of autotrophic picoplankton were also deeper. The population maximum of 
picocyanobacteria shifted towards shallower depths during the course of the second half of 
the study period so that it was found above that of eucaryotes, the latter having had their 
highest abundances just above the nutricline. Phytoflagellates 3-5 l,m had their population 
maxima at the same depth as picoeucaryotes. 

Picocyanobacteria dominated phototrophic picoplankton and abundance ratios of 

1 
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In  si tu fluorescence (relative units) taken at dawn each day at the 33°N study site. 
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Fig. 13. Chlorophyl l  concentrations (ttg I i) from morning casts at the 33°N study si te 

picocyanobacteria to picoeucaryotes were as high as 71 (Fig. 16). They generall} 
decreased with depth, as already shown for 18°N. Very near the surface, ratios were lower 
at four out of six stations; autofluorescence of pieocyanobacteria was very weak near the 
surface, and lower abundance ratios may indicate an underestimation of picocyanobac- 

Fig. 14, 

6 0  
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Sizc-fractionatcd integrated chlorophyll (rag m 2) from morning casts, I00 Ill \~alcr 
column, at the 33°N study site. 

Fig. 15. Abundance  (10 (' cells I J ) of picocyanobacteria (a). phototrophic picoeucaryotes (b) and phot(~trophi~ 
nanoflagellates 3-5/zm in size (c) at the 33°N study site. 
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teria cell numbers  in those samples. Even detection by flow cytometry (Coulter EPICS \:) 
sometimes was difficult in these samples due to low autofluorescence (P. Burkill, personal 
communication).  Cell numbers  of picocyanobacteria determined by flow cytometry aml 
cpifluorescence microscopy generally agreed except near the surface where flow cv t~ -  

metry gave lower cell numbers  compared to microscopy (BvRmLL and JOCHEM, unpub-- 
lished data). Stations 366 and 403 generally exhibited lower abundance ratios more 
comparable  to profiles obtained at the 18°N study site. Between 50 and 80 m dep{h, 
however,  much higher ratios, similar to surface values of the other stations, wcrc 
encountered at Sta. 366. 

Primary productivity (Fig. 17) was lower compared  to the 18°N drift station, lhL, 
productivity maximum was shallow on the first two days and deepened to a subsurfact; 
maximum at 40 m depth, thus in the upper part of the chlorophyll subsurface maximum. 
On the last day (Sta. 403), a surface maximum was found again. Productivity followed tht: 
depth distribution of chlorophyll as seen from in s i tu  fluorescence and discrete watch, 
sample analysis. Highest productivity (0.88#g C 1 - i h i) was encountered at Sta. 36h (da3 

Fig. 17. 
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Fig. 18. Size-fractionated integrated primary production (mg C m 2 day-L). 100 m water 
column, at the 33°N study site. 

2) at 20 m depth. At 100 m depth, mostly no carbon uptake could be detected and 
productivity at the surface was very low, sometimes undetectable (Stas 366,376,392). 

Integrated primary productivity averaged 0.21 g C m-2 day-  ~ (Fig. 18). Stations 361 and 
376 were marked by their low productivity (0.09 and 0.08 g C m-2 day-  1, respectively) and 
Sta. 403 by its high productivity of 0.35 g C m - :  day -1, due to the surface maximum. The 
decrease of integrated chlorophyll along the track of the drift station could not be observed 
in productivity measurements. 

Except for the first day, 42-86% of productivity was found in the picoplankton size 
fraction, with a slight increase over the course of the study. Picoplankton contribution, 
however, was <50% at the depth of highest productivity. Production of microplankton 
generally was less than 0.1 big C 1-1 h -  1, and that of nanoplankton less than 0.05 ¢tg C 1-1 
h -1. Only at Sta. 366 at 20 m depth did microplankton exhibit a high productivity (0.84ktg 
C 1-1 h -  1; 95% of total production). Nanoplankton showed higher productivity at Sta. 370 
(30 m depth, 0.31 ktg C 1 1 h- l ) .  The contribution of both micro- and nanoplankton 
decreased sharply below 50 m depth. Chlorophyll maxima of micro- and nanoplankton 
were not reflected by higher productivity in these size fractions and vice versa. 

DISCUSSION 

The tropical North Atlantic at 18°N 

The biological and chemical properties in the investigation area were highly influenced 
by variability in the small scale hydrographic regime (PODEWSK[ et al., 1993). During the 
study, different stages of vertical water mass distributions were encountered. Pronounced 
changes were detected as the drifter passed a frontal structure after day 6 of the 11 days 
drift station, suggesting biological responses to hydrographic conditions. 

A prominent hydrographic feature was the intrusion of Subtropical Salinity Maximum 
Water (Sma×) into upper pycnocline water that became more pronounced during the 
course of the study. This water forms at the surface in the inner subtropical gyre due to an 
imbalance of evaporation/precipitation and sinks down by Ekman pumping (BAUER and 
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SIEDLER, 1988). Due to its origin, S~ax shows a high oxygen saturation (WORTHINGTON. 
1976) but nutrient-depletion by phytoplankton growth (KOEVE et al. ,  1993). At the 18°N 
study site, Sma× caused low nutrient values within the upper 100 m water column, best seen 
in the second half of the study when Sm~× reached its broadest vertical extension. 

Another hydrographic feature encountered after day 6 (Stas 273-287) but also at Sta 
249 (day 3) was the low salinity low temperature water mass (Stain). Originally, this watcl 
was the main pycnocline water in "undisturbed" profiles during the first two days. Due to 
isopycnal mixing on constant density surfaces, Smax intruded into the pycnocline depth 
horizon, becoming separated into an upper and a lower part, some pycnocline water 
remaining in between due to interleavings of both water masses, forming Stain. Therefore, 
Smin was characterized by low oxygen saturation and higher nitrate concentrations (KoEvt~ 
et al. ,  1993). Due to the deeper Sm~× water underneath Smi~, nitrate profiles exhibited the 
characteristic "nose"-like maximum (KoEvE et al. ,  1993; PODEWSKI et al. ,  1993). 

The direct comparison of in situ fluorescence profiles and chlorophyll measurements 
from bottle casts occasionally was biased by vertical displacements of the fluorescence 
maxima even within sampling intervals of 15-20 min, which revealed internal waves with 
periods of 20 rain to 12 h and amplitudes of up to 10 m. Both parameters, as a measure o[ 
phototrophic biomass, showed subsurface maxima at variable depths (partly due to 
internal waves) at the nutricline, following the 0.5 pmot 1-J nitrate isoline. 

The subsurface chlorophyll maximum is a well known and documented phenomenon ot 
tropical oceans. Both accumulation of phototrophic biomass and an increase in cellular 
pigment content due to photoadaptation can cause such maxima. There are several reports 
that subsurface maxima of chlorophyll did not reflect biomass maxima (STEELE, 1964: 
BEERS et al. ,  1975; CULLEN and EPPLEY, 1981" KIMOR et al. ,  1987; TAGUCHI et al. ,  1988; 
PILLEN, 1989). Profiles of cell numbers of autotrophic picoplankton, particulate organic 
carbon (POC) and particulate organic nitrogen (PON) proved the chlorophyll maximum 
at 18°N to be also a biomass maximum (JoCHEM, 1990). Maximum production in the upper 
half of the chlorophyll maximum, as recently described for subsurface chlorophyll maxima 
in the oligotrophic central Arabian Sea (JoCHEM et al. ,  in press), and high values of "new '~ 
production (EPPLEY and KOEVE, 1990) prove that this biomass maximum originated from 
phytoplankton growth rather than sedimentation. 

Despite the occurrence of different water masses within the euphoric zone no obvious 
trend in integrated chlorophyll was discernible. Chlorophyll concentrations were compar- 
able to those found by LENZ et al. (1985) in the vicinity of the study site (Sta. 237 of 
Biozirkel cruise, R.V. M e t e o r ,  March 1983, 18°42'N, 20°07'W), in an almost steady-state 
oligotrophic epipelagic system in the central Arabian Sea (JOCHEM et al. ,  in press) and 
throughout the subtropical and tropical Pacific Ocean (PEIqA et al. ,  1990). This magnitude 
of chlorophyll concentrations, thus, can be encountered in wide oceanic oligotrophic 
regions despite different ecosystem structures, Picoplankton contributed the major part 
(75-85%) of total chlorophyll. During the occurrence of Stain, its contribution was 
somewhat lower but it was still the dominant size fraction. 

Cell numbers of picocyanobacteria, eucaryotic picoalgae and autotrophic flagellates 
3-5/xm were in the range reported from other oligotrophic oceanic areas (JOINT, 1986; 
PILLEN, 1989). It has been reported from oceanic waters that population maxima of 
picocyanobacteria were found deeper than those of picoeucaryotes (GLOVER and MORRlS, 
1981; GLOVER et al. ,  1985; MURPHY and HAUGEN, 1985; GLOVER et al . ,  1988; CmSHOLM et 
al. ,  1988; LI and WooD, 1988; JOCHEM et al. ,  in press), being attributed to their different 
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pigment sets and light absorption efficiencies (GLovER and MORRIS, 1981; MORRIS and 
GLOVER, 1981; GLOVER et al.,  1988). Population maxima of phototrophic picoplankton at 
the 18°N study site occurred shallower than in other oceanic regions (GLOVER and MORRIS, 
1981; GLOVER et al.,  1985; GLOVER et al.,  1988; CmsHoc~ et al.,  1988; LI and WooD, 1988), 
i.e. far above the 1% isolume (KOEVE et al., 1993). Due to the fairly low chlorophyll 
concentrations throughout the whole water column, spectral differences within the 
chlorophyll maximum layer may have been minor, spectrally different absorption efficien- 
cies having a minor importance. 

Abundance ratios of picocyanobacteria to picoeucaryotes were high in the WML, 
decreasing rapidly below the main pycnocline. At stations with Sm~x intrusion, an increase 
of abundance ratios was encountered in the Smax water underlying Smio. Due to its 
near-surface origin, Sm~ x displayed higher abundance ratios compared to Smin that 
represented the "normal" nutricline water. Lower abundance ratios within Smm therefore 
were concomitant with the general decrease with depth while Sm,x caused unexpected 
higher abundance ratios at greater depths. Recently, GRADINGER and LENZ (1989) showed 
that picocyanobacteria may be a useful tool in following large scale advective processes. 

The contribution of picoplankton (83-98%) to total production (0.4-0.45 g C m -2 
day -1) was still higher than for chlorophyll, as also for the 33°N study site. The only but 
striking exception was Sta. 279, displaying a pronounced surface maximum. The reason 
for this different vertical structure and the high production remains enigmatic. EPPLEY and 
KOEVE (1990) and KOEVE et al. (1993) showed that the amount of "new" production was 
well related to the depth of the nutricline. The depth of the nutricline, however, either the 
primary nutricline or that caused by Smin, was not influenced by the Sma× intrusion (KOEVE 
et al.,  1993), except on the last day when the nutricline was very deep. Although 
microplankton production was slightly higher at Sta. 279, its contribution still was almost 
negligible and much less pronounced as for chlorophyll. 

The hydrographic regime had, however, a profound influence on the phytoplankton at 
Sta. 292, the last day of the drift station. Sm~n not being present, Sm~× was found down to 
about 120 m and caused fairly low nutrient concentrations throughout the whole euphotic 
zone. No obvious productivity maximum occurred and the subsurface chlorophyll maxi- 
mum was only weak. Integrated chlorophyll and productivity were lower compared to 
Smax/Smin of Stas 273-287. 

The frequent observation of subsurface chlorophyll and productivity maxima near the 
nutricline in oligotrophic oceans provoked the two layer hypothesis, distinguishing an 
upper layer (above the subsurface chlorophyll maximum) characterized by a high 
importance of "regenerated" production sensu DUGDALE and GOERING in 1967 and 
minimum losses by biogenic sedimentation, and the subsurface maximum layer exhibiting 
relatively higher "new" production and being main source of biogenic particle flux to the 
deep ocean (KNAUER et al.,  1984; SMALL et al.,  1987). Recently, POLLEHNE et al. (in press) 
and JOCHEM et al. (in press) presented good evidence for the functioning of this two layer 
model in the central Arabian Sea and came to the conclusion that it may represent the 
dynamic equilibrium of an oligotrophic steady-state system. 

Dividing the euphotic zone of the 18°N study site into the subsurface maximum layer and 
the "non-maximum" layer above the chlorophyll maximum, generally representing the 
WML, about two thirds of both autotrophic biomass (measured as Chl a) and productivity 
originated from the subsurface maximum layer. Stations influenced by the intrusion of 
Smax/Smi n water showed a lower contribution of the subsurface maximum layer to 
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integrated chlorophyll and, more obvious, primary productivity. The ratio of chlorophyll 
concentration of the subsurface maximum layer to WML of 2:1 to 4:1 was low compared to 
ratios of 5:1 to 10:1 in the oligotrophic, nearly steady-state central Arabian Sea (JOCHEr~ et 
al., in press). In the central Arabian Sea, primary productivity of both layers were fairly 
comparable; thus, a much lower autotrophic biomass in the upper layer had the same 
productivity as the higher subsurface maximum biomass, pointing towards a well estab- 
lished and highly efficient microbial loop in the surface layer (JoCHEM et al., in press: 
POLLEHNE et al., in press). At 18°N, however, water layer ratios for chlorophyll and 
primary productivity were similar to each other, which indicates that nutrient and energy 
cycling in the surface layer was not yet that closely coupled and effective as in the Arabian 
Sea. The 18°N study site system, therefore, can be regarded still far from a steady-state 
oligotrophic epipelagic system. Further investigations have to clarify whether similar and 
generally lower ratios for both chlorophyll and primary production are characteristic for 
the tropical Atlantic Ocean throughout the year or if there is a seasonality in these ratios 
and the "spring" system of this study was too young for the differently functioning sub- 
systems to have had already developed at the time of the study. 

The subtropical  Atlantic at 33°N 

The 33°N investigation area was characterized by much weaker vertical gradients o! 
density, no distinct change of water masses being discernible. The main pycnoctine, 
reflecting the depth of winter mixing, was much deeper (150-200 m). The euphotic zone 
was even more nutrient-depleted. The nutricline situated at about 60-80 m depth during 
the second half of the study showed neither clear relation to hydrographic structures in the 
upper pycnocline layer nor to the depth of winter mixing and, probably, was determined 
by biological nutrient uptake. 

At the beginning of the drift station, autotrophic biomass tended to show surface 
maxima. During the course of the study a subsurface maximum evolved at shallower 
depths compared to the southern study site. Concomitantly, integrated chlorophyll 
decreased. While highest chlorophyll concentrations (1 #g l-t)  were similar, integrated 
chlorophyll was higher than at 18°N, mainly due to higher concentrations near the surface. 
The contribution of picoplankton was less than at the southern study site but still 42-53%. 

Cell numbers of picocyanobacteria, phototrophic picoeucaryotes and phototrophic 
flagellates 3-5/~m were similar to those at 18°N. Population maxima of picocyanobacteri~ 
occurred much shallower than expected for the open ocean, probably related to the 
shallow chlorophyll maximum. When a distinct chlorophyll subsurface maximum was 
present, highest abundances were found in the upper half of the chlorophyll maximum, as 
described for 18°N and other oceanic areas (ITURRIAGA and MITCHELL, 1986; ITURRIAGA and 
MARRA, 1988; LI and WOOD, 1988; BURKILL et al., in press; JOCHEM et al., in press), and 
population maxima of picoeucaryotes were found below those of picocyanobacteria and at 
the nutricline, this zonation being known from other oceanic regions as well (GLOVER and 
MORRIS, 1981; GLOVER et al., 1985; MURPHY and HAUGEN, 1985; GLOVER et al., 1988; 
CHISHOLM et al., in press). At the start of the drogue study, however, population maxima 
of picocyanobacteria and picoeucaryotes occurred at about the same depth, as recently 
described from a post-upwelling system off the coast of Oman, Arabian Sea (JOCHEM et  al.. 
in press). 

Picocyanobacteria dominated autotrophic picoplankton biomass to a greater extent 
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compared to 18°N, reflected by higher abundance ratios as high as 71. Abundance ratios at 
Sta. 366 showed significant deviation from the general pattern of decrease with depth in 
that higher ratios were recorded at 50-80 m; detailed comparison of CTD profiles indicate 
a slightly warmer (6T=0.06 °C) and more saline water in this depth horizon. Hydrographic 
features and abundance ratios point to the near-surface origin of this water; it was 
therefore nutrient-depleted and its intrusion resulted in a deeper nutricline. This is again 
an example of abundance ratios of phototrophic picoplankton being a useful tool in 
defining water masses. 

Corresponding to the depth distribution of chlorophyll, the primary productivity 
maximum deepened throughout the study period. When subsurface maxima of primary 
productivity were most pronounced, none or only very low production could be measured 
both above and below that depth horizon, indicating that the surface layer contained a 
quite unproductive autotrophic community. At lower latitudes, especially at the bottom of 
the euphotic zone, high rates of dark CO2 incorporation, namely in the picoplankton size 
fraction, have been reported (SAIJO and TAKESUE, 1965; LI et al., 1983; HERBLAND et al., 
1985; TAGUCHI et al., 1988; HARRIS et al., 1989). In their geographic survey of the Pacific 
and Atlantic Oceans, PRAKASH et al. (1991) found considerable regions with dark uptake 
accounting for as much as 30-60% of light bottle values. Although dark incorporation of 
CO2 is mostly attributed to heterotrophic processes (LEFTLEY et  al., 1983; LEGENDRE et al., 
1983), phytoplankton was said to account for 23-76% of dark CO2 uptake in the 
Caribbean Sea (TAGUCnI et al., 1988). From the geographic survey of PRAKASH et al. 
(1991), the 33°N study site is situated at latitudes of highest dark uptake and dark to light 
bottle ratios. The complex question of dark 14CO2 uptake is further biased when 
incubations last longer than a few hours (LI and DICKIE, 1991) like in this study. 
Subtraction of DCMU-bottle incorporation rates (used as dark uptake controls) from light 
bottle rates may have resulted in "non-discernible" primary production at depths of very 
low light CO 2 uptake at the study site. 

With a fairly constant mean of 0.21 g C m -2 day 1, primary productivity amounted to 
only about the half of the 18°N study site. The contribution of picoplankton was lower 
compared to the southern study site but still 42-86% and tended to increase over the 
course of the study. For both primary productivity and chlorophyll, picoplankton 
contribution was <50% within the depth horizon of highest productivity and chlorophyll. 
Estimates of "new" production derived from nitrate-uptake measurements of in situ bottle 
incubations (on the same rig as primary production bottles) were available (EPPLEY and 
KOEVE, 1990). The contribution of "new" to total production was 4-60% and decreased 
over the course of the study, pointing towards an increasing nitrate-limitation of "new" 
production. 

Phytoplankton spring blooms in the tropical and subtropical North Atlantic 

At the 18°N study site, an oligotrophic epipelagic system typical for the tropical open 
ocean was encountered. There was no indication for a phytoplankton spring bloom, but a 
two-layer system displaying subsurface chlorophyll maxima and a predominance of 
picoplankton. Production/growth of both bacteria and heterotrophic nanoflagellates were 
grazer-controlled (WEISSE and SCHEFFEL-MOSER, 1991), indicating an established mi- 
crobial loop. The nutricline was found at the main pycnocline at about 60 m attributed to 
winter mixing. Winterly convective mixing is shallow at the study site: LEvmJs (1982) and 
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GLOVER and BREWER (1988) suggest winter mixing down to only 50 m. From tile 
presentat ion of mean mixed layer depth in February given by ROBINSON et al. (1979)~ 
winter convective mixing is shallower than 75 m. Winter mixing will mix only the nutrient- 
depleted part  of the water  column and will not provide high amounts of new nutrients 
sufficient to support  a phytoptankton spring bloom. An intrusion of Subtropical Salinity 
Maximum Water  (Smax), as encountered during this study, even increases the depth of the 
nutricline. Further  studies in this area have to show whether  hydrographic features found 
in March/April  1989 are common and have an impact on phytoplankton development  and 
nutrient supply to the euphotic zone, the latter discussed in more detail by KOEVE et a]. 

(1993). Summarizing the picture that evolves f rom the data obtained during the spring 
1989 study, there are some doubts as to the presence of any true phytoplankton spring 
bloom at 18°N. 

o N Lower  productivity of a higher phototrophic biomass as compared  to t8 , a higher 
contribution of larger phytoplankton,  about  five times higher concentrations of particulate 
silicate (JoCHEM, 1990), the change of in situ fluorescence, chlorophyll and primary 
production profiles towards subsurface maxima,  decreases of autotrophic biomass, "new" 
production and f-ratios and nutrient depletion within the euphotic zone all suggest that the 
system encountered at 33°N can be seen as a kind of post-spring bloom situation. First 
results of sediment trap deployments  (PASSOW and PEINERT, 1993) support  this idea. The 
system encountered could be seen as the first steps towards the establishment of a system 
of " regenera ted"  production in the upper  water  layer and subsurface chlorophyll maxima 
typical for oligotrophic oceans after the "disturbance" of winter mixing. Mean mixed layer 
depth at the study site in February is about  150 m (ROBINSON et al., 1979), agreeing with the 
recorded depth of the main pycnocline. High spatial and temporal  variability but very 
weak vertical gradients of both hydrographic and biological parameters  point towards ~i 
"young",  not yet very stable epipelagic ecosystem. A differentiation according to the two- 
layer hypothesis of oligotrophic oceans could not have been established at this time of 
year; the ratio of chlorophyll of the subsurface maximum layer to the " n o n - m a x i m u m '  
layer (difficult to define) was <2:1. Production and growth of bacteria and heterotrophic 
nanoflagellates were rather  nutrient/substrate-limited than grazer-controlled (WE1SSE and 
SCHEFFEL-MOSER, 1991), This may reflect the post-bloom substrate-limited system where 
the microbial loop typical for balanced oligotrophic regions was not yet as developed and 
closely coupled as compared  to I8°N. Results from the 1989 spring study at 33°N give some 
evidence for a phytoplankton spring bloom occurring at this site that had been missed by 
the German  R.V. Meteor cruise. 
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