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ABSTRACT 

For a period when the spring bloom was recovering, after destruction of the summer thermocline by 
strong winds, at a station (51°00'N, 13°00'W) in the Porcupine Seabight, net Phytoplankton was 
recorded from ~100-m thick layers from the surface to 1020 m. Net Phytoplankton was also caught 
sequentially at nine discrete depths from 0 to 100 m. The Phytoplankton was examined fresh on board 
and ashore after preservation. Taxa were ascribed by estimation (limitations of this method are dis
cussed) to four categories of biomass abundance. The Phytoplankton in samples from above 200 m 
was dominated by Ditylum brightwellii, and below this depth by Halosphaera viridis, large solitary 
centric diatoms, or D. brightwellii. The percentage of Ditylum present in fresh samples as 'spherical 
masses' (SMs) within frustules was estimated. This percentage was > ~ 9 9 % below the newly formed 
summer thermocline, and —70 % or less above. This bimodal distribution of SM percentage in samples 
may represent different in situ physiological states in Ditylum above and below the thermocline, due to 
a difference in mean light levels. A newly developed apparatus for determining the maximum sinking 
rate of Phytoplankton populations was tested on board using three experimental approaches. The 
results given illustrate some merits and problems of the methodology. Maximum sinking rate in vitro 
was between 64 and 134m- day - 1 , the material first to sink consisting of a variety of the taxa present, 
but with no Halosphaera, suggesting that sinking might have occurred as multispecific aggregates. 
Rising material consisted solely of Halosphaera. Maximum sinking speed in situ, estimated from 
vertical distribution of Phytoplankton in hauls, was estimated as at least 39 m d a y - 1 at the station 
worked. From the time of the photographed arrival of phytodetritus at the bottom at another Seabight 
station (Lampitt 1985), maximum sinking speed is estimated at roughly 80 m • day - 1 , consistent with 
in vitro rates within the wide limits given. Rising Halosphaera represents an upward organic flux whose 
magnitude, along with that of fluxes of any associated materials such as nutrients and radionuclides, is 
unknown. 

1Address for correspondence. 
* Contribution No. 264 from the School of Marine Science, University College Galway, Ireland. 
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I N T R O D U C T I O N 

Seasonal fluctuation exists in downward biological flux in the oceans (Deuser etal. 
1981, Honjo 1982), and the annual flux has been found to show a power-law 
relationship with annual surface-layer production (Betzer etal. 1984), and arrival 
of Phytoplankton-derived flocculates on the bottom has been observed on photo
graphs and sampled by corer (Billett et al. 1983). Flux of non-biological materials 
is furthermore linked to biological flux (Honjo 1982, Fowler etal. 1983, Walsh et 
al. 1985). 

Much recent work on in vitro sinking of Phytoplankton has been confined to 
non-aggregated cells or colonies (Gross & Zeuthen 1948, Smayda &c Boleyn 1965, 
1966a &b, Boleyn 1972, Anderson &c Sweeney 1977,1978, Bienfang 1979,1980, 
1981, Bienfang et al. 1982). Bienfang even rejected trials in which gelling took 
place (Bienfang et al. 1977). All this work except that of Gross & Zeuthen (1948) 
and Bienfang (1979) has been directed to finding mean sinking rates only. 

Earlier, Bernard & Elkaim (1962) found high sinking rates, 380 to 6150 m • day - 1 , 
by what were supposed to be large coccolithophorid aggregates, but the identity of 
these particles was later questioned (Fournier 1968). 

Reported measurements of rising speed in Phytoplankton are few (Gross & 
Zeuthen 1948, Lannergren 1979), although Halospbaera spp. (Boalch &c Mom-
maerts 1969) as well as certain dinoflagellates and cyanobacteria (Smayda 1970) 
are known to float. 

The cruise described below was designed to allow on-board data processing as 
far as possible, so that the sampling programme could be modified in the light of 
data acquired. Some objectives were: a) to investigate the development of the 
spring Phytoplankton bloom and its ultimate collapse resulting in a possible rapid 
sinking of phytodetritus to the benthos; b) to attempt to detect and sample the 
sinking material; and c) to deploy on the sea floor two remote operating cameras 
to record the arrival of any phytodetritus (Rice et al. 1984). Furthermore, a settle
ment column was designed to measure, on board, sinking speeds of the fastest 
settling Phytoplankton. 

The results reported below comprise the distribution with depth and time of net-
sampled Phytoplankton, and results of trials with the settlement column. 

I am grateful to the Master, P. McDermott, and crew of RRS Challenger for their cooperation, and I 
thank Drs A.L. Rice, D.S.M. Billett, P. Domanski, M.J.R. Fasham and M.R.S. Lampitt (Institute of 
Oceanographic Sciences, Wormley, England) for aid at sea, data, samples and helpful discussion. 
Professor B. McK. Bary and Mr T.P. Furey (University College Galway (UCG)) helped to design the 
settlement column; Professor Bary also allowed me laboratory facilities, and Dr R.T.C. Raine (UCG) 
provided useful advice. I thank also the National Board for Science and Technology, Dublin, as well as 
Professor R. Vaissiere and Dr A. Meinesz (Universite of Nice) for arranging travel finance. 



NORTH ATLANTIC PHYTOPLANKTON 235 

16 15 14 13 12 11 10 9 °W 
°N 

53 

52 

51 

50 

49 

Fig. 1. Study area. Phytoplankton 
obtained within arrowed circle. 43. 

MATERIALS AND M E T H O D S 

All Phytoplankton was taken within 15 km of latitude 51°00'N, longitude 13°00'W 

(Fig. 1). 
Samples were obtained from oblique hauls over approximately 100-m depth 

ranges using a 63 -jLtm closing net. Futher samples were taken from different depths 
from 0 to 100 m using a submersible pump, which discharged via a hose into a 
20 -/im net immersed in water. The sampling regime is defined in Table 1. 

As part of the cruise policy for rapid data processing, material taken from 
Phytoplankton samples was examined fresh within 12 h of collection, using a low-
power dissection microscope (up to X 50). At least two Petri dishes of the material 
were examined for each sample. The abundance of taxa, in terms of organic 
carbon, was estimated from the overall appearance of the samples. The categories 
used for abundance were : 'dominant' — at least 50% of biomass; 'common' — 
< ~ 5 0 % but more than 'rare'; 'rare' — one cell or colony of the larger Phyto
plankton, or a very few of the smaller cells or colonies, seen; 'zero' (0) — not seen. 
Identification was checked ashore using high-power inverted and standard micro
scopy of samples preserved in 4 % formalin, and at this stage further taxa were 
recorded. 

Percentages of Ditylum brightwellii frustules which contained 'spherical masses' 
(SMs) (see following terminology section) were estimated from the overall appear
ance of hundreds of unpreserved diatoms in each sample. Since preservation in 
either formalin or Lugol's iodine resulted in cytoplasmic shrinkage to the SM stage 
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Table 1. Samples examined for Phytoplankton. 

Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Method 

O 
O 
P 
P 
P 
P 
P 
P 
P 
P 
P 
O 
O 
O 
O 
O 
O 
O 
O 
O 
P 
P 

Mesh 
/jum 

68 
68 
20 
20 
20 
20 
20 
20 
20 
20 
20 
68 
68 
68 
68 
68 
68 
68 
68 
68 
20 
20 

Depth 
m 

10-100 
700-800 

10 
20 
30 
40 
50 
60 
70 
90 

100 
590-700 
490-600 
395-500 
300-400 

0-90 
105-200 
200-300 
810-920 
900-1020 

5 
15 

Date 
1983 

28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
28 April 
29 April 
29 April 
29 April 
30 April 
30 April 
2 May 
3 May 
3 May 
3 May 
3 May 

I.O.S. station no. 
(Rice et al. 1984) 

51719#3 
51719#10 
51719#16 
51719#16 
51719#16 
51719#16 
51719#16 
51719#16 
51719#16 
51719#16 
51719#16 
51719#18 
51719#19 
51719#20 
51719#21 
51719#29 
51719#30 
51727#1 
51727#2 
51727#3 
51727#8 
51727#8 

O: oblique haul. P: submerged pump, with on-deck immersed net. 

in 100% of Ditylum, it was not possible to make later counts. 
The settlement column (Fig. 2) was made from a Perspex tube 50 cm long and 

6.4 cm in internal diameter. Sampling ports were centred every 8 cm, starting 1 cm 
above the floor. The ports consisted of 8-mm holes fitted with removeable bungs. 
The bungs were pierced by hypodermic needles 0.8 mm in internal diameter, which 
projected 1.7 cm into the column. To the needles were fitted 5-cm3 syringes. 

In order to baffle the jet emanating from the fresh-water reservoir, a slightly 
buoyant disc of polythene sheeting, 6.3 cm in diameter (g), was floated in the 
column. 

Any air or excess liquid in the column could be drawn out through a needle 
piercing the upper bung (f). 

The column hung vertically from gimbals attached (a) 1.9 cm below its top. The 
gimbals were bolted within a framework of angle iron (not figured). By these 
means it was intended to minimize transmission of energy from rolling and pitch
ing of the ship to the contents of the column. No precautions were taken against 
the effects of yawing, however, and unlike in the apparatus of Bienfang (1979), 
neither were any taken to damp vertical momentum. 
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To minimize possible convection currents due to changes in temperature, the 
settlement investigations were carried out in a strong draught of air at constant 
temperature (5 or 6°C). All materials were left in this draught for at least 2h 
before a trial was started, by which time they had cooled to the temperature of the 
air. 

To test the column contents for turbulence, a small quantity of dye was injected 
into the column whilst at sea. Between 0.5 and 1 h after injection, dye patterns had 
moved only about 5 cm. 

The column was kept covered by aluminium foil, and was thus exposed only to 
subdued light. 

Fig. 2. Column used for settlement trials. Internal length 47 cm; 
internal diameter 6.4 cm. 
a: connection to gimbals. 
b: reservoir (hospital-type saline bag) filled with filtered fresh 
water. 
c: thumb-operated clamp. 
d: syringe for extracting excess liquid and gas. 
e: cork screw. 
f: bung. 
g: buoyant polythene disc. 
h: sampling ports — lowest syringe could be tilted to suck off 
bottom. 
i: base plate. 

Bienfang et al. (1977) reviewed the then current methods of estimating Phyto
plankton sinking rates. Three methods were employed in the present study. Method 
1 used Bienfang et al.s 'discrete layer approach', in which a layer of water con
taining the Phytoplankton to be tested is introduced into a container so as to 
overlie water containing essentially no Phytoplankton. Subsequent changes with 
time, of Phytoplankton concentration, either in the lower layer or on the bottom of 
the container, are used to deduce sinking rate. In method 1, in order to minimize 
mixing between the overlying Phytoplankton sample and the water beneath, the 
sample was rendered less dense by mixing with 5 % of its volume of fresh water 
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filtered through Whatman's GF/F filters. The lower layer of sea water was similar
ly filtered. Methods 2 & 3 used Bienfang et al.s 'homogeneous layer approach'. 
Here a container is completely filled with water containing Phytoplankton. Sinking 
rate may be estimated from the rate of either a) decrease in plankton concentration 
in the water, or b) as in Bienfang (1979), increase on the bottom of the container. 
Methods 2 & 3 differed only in that unenriched sea water was used in method 2, 
and plankton-enriched water in method 3. In methods 1 & 3, sea water was used 
in which the plankton had been gently enriched by retention in an immersed 20-
fjum net. The sample was then passed into the settlement column through a 212-ju,m 
strainer, the bottom of which was kept just immersed. The purpose of this strainer 
was three-fold: firstly to remove large organisms; secondly to break up or retain 
any aggregates larger than 212 /xm; and thirdly (method 1 only) to minimize 
mixing in the column by baffling the flow of the added sample. The nominal 
position (in the absence of mixing) of interfaces between the various layers of 
water in the column (Figs 5,6) was determined from measurements of the heights 
of the layers as the column was filled, and allowance was made for the volume of 
samples subsequently withdrawn. 

Relative Phytoplankton concentration at different heights in the settling column 
was measured by withdrawing 5 cm3 of liquid to rinse, followed by 5 cm3 to fill, 
each syringe. All four syringes used in each case could be rinsed and filled within 
30 s. Water from the syringes was transferred to ~3-cm3 fluorometer tubes, and 
the fluorescence was read in arbitrary units using a Turner fluorometer. During 
handling, it seemed that, because of their flexibility, the bungs absorbed much of 
the energy which would otherwise have been transferred by hand, during sampling, 
to the column. This flexibility also permitted the lowest syringe to be tilted down
wards in some trials so as to 'vacuum clean' an arc of about 40° (1.3 cm) on the 
floor of the tube. 

TERMINOLOGY IN DITYLUM BRIGHTWELLII 

What I will call 'spherical masses' (SMs) (Fig. 3) in Ditylum brightwellii have been 
referred to previously as 'resting spores' (Gross 1940a & b, Gross &c Zeuthen 
1948) and 'spheroid cells' (Boleyn 1972). Boleyn's term will not be used here 
because when an SM is contained by a frustule, the frustule remains functionally 
and morphologically a part of the cell: in favourable conditions the SM enlarges to 
refill the frustule, then the cell divides, each daughter cell retaining one of the 
original two valves (Gross 1940a &: b, Gross &c Zeuthen 1948). 

Should, however, the SM become solitary by falling out of a damaged valve, in 
favourable conditions it will grow to form a pseudoauxospore (Boleyn 1972) 
which, like true auxospores. in other diatoms, finally secretes a large-diameter 
frustule (Gross 1940a &c b, Gross & Zeuthen 1948). Sexual activity in D. bright
wellii has been observed only rarely (Drebes 1974, Hargraves 1984). 
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Formation of resting spores in the true morphological sense has been described 
by Hargraves (1984). 

In the present survey, SMs occurred in frustules of both vegetative type (one or 
two SMs) and resting-spore type (only one SM). 

Enlargement of SMs within the frustule is well described (as 'germination') by 
Gross (1940a). The SM first enlarges whilst remaining spherical. When its diameter 
equals that of the inside of the frustule, it starts to lengthen. The process may be 
compared morphologically with inflating a balloon in a hollow cylinder. In the 
present work, an SM is considered 'enlarged' when its diameter exceeded 70%, 
judged by eye, of that of the frustule which contained it. 

RESULTS 

Water column structure and chlorophyll levels 

On 7 April 1983, due to high windspeeds the surface mixed layer in the Porcupine 
Seabight was 300 m deep, and chlorophyll levels were less than 0.2 m g m - 3 

throughout the water column. Between 10 and 14 April windspeeds remained less 
than 5 m s _ 1 , allowing a 30-m thermocline to develop, with chlorophyll levels 
increasing to 0.8 m g m - 3 . From 14 to 27 April windspeeds mainly over 8 m s _ 1 

eroded the thermocline down to 200 m and halted the chlorophyll bloom. After 27 
April, lower windspeeds allowed the 30-m thermocline to re-establish and a second 
bloom developed, with chlorophyll levels attaining values of 3 mg • m~3 by 5 May. 
Before development of the 30-m thermocline, some isopycnals were observed from 
temperature/salinity/fluorescence/depth data, to be dipping from near the surface 
to around 200 m, and sinking plumes of chlorophyll were observed to be associa
ted with them (Fasham 1984a & b). 

A near-bottom nepheloid layer was found on 14 April at 500 m on the Porcu
pine Bank. A small peak in attenuance was observed consistently between 700 and 
800 m at the 2000-m Seabight station (Fig. 1). This peak was not associated with a 
chlorophyll maximum, and corresponded in temperature and salinity with the 
nepheloid layer on the Bank. This suggested that the attenuance maximum may 
have resulted from resuspended sediment being advected along density surfaces off 
the Porcupine Bank and into the Seabight. Further investigations during the cruise 
supported this theory (Fasham 1984c). 

"Phytoplankton present 

Details of the Phytoplankton found in samples are given in Table 2. 
On 28 April, samples from surface layers (0-100 m) were overwhelmingly domi

nated by Ditylum brightwellii, mostly containing SMs (Fig. 3). During the period 
up to 3 May, the surface layers, although remaining dominated by Ditylum, devel-



Table 2. Occurrence of taxa in samples referred to in Table 1. D: dominant; C: common; R: rare; •: not seen; F: empty cells only; NQ: not quantified. 

Sample reference (Table 1) 
Mean depth (m) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
55 750 10 20 30 40 50 60 70 90 100 645 545 450 350 45 150 250 865 960 5 15 

O 

DIATOMS 

Asteriomphallus heptactis 
Bacteriastrum delicatulum 
Biddulphia sinensis 
Cerataulina pelagica 
Chaetoceros affine 
Chaetoceros atlanticum 
Chaetoceros compressum 
Chaetoceros concaviforme 
Chaetoceros decipiens 
Chaetoceros densum 
Chaetoceros didymum 
Chaetoceros perpusillum 
Chaetoceros teres 
Chaetoceros indet. 
Coscinodiscus centralis 
Coscinodiscus curvulatus 
Coscinodiscus aff. leptopus1 

Coscinodiscus radiatus 
Ditylum brightwellii 
Percentage enlarged SMs of D. brightwellii2 

Hemidiscus cuneiformis 
Large solitary centrics indet. 
Nitzschia fraudulenta 
Podosira stelliger 
Rhizosolenia alata f. alata 
Rhizosolenia delicatula 
Rhizosolenia styliformis 
Thalassionema nitzschioides 
fThalassiosira eccentrica'3 

Thalassiosira ? gravida4 

{Thalassiosira lineata'1 

R R 

R 
R 

C C 
• R 

C 
R 
C 

R 

R R 
C 
R 

C R 

• R C/R 
• • R 

• R 
• C/R C 

R R • 
C C C 

C C C R R C R C R C R C 

R 
R 

D D D D D D D D D D D 
1 0 30 30 30 0 0 0 1 0 0 

c c c c c c 

C D 
0 0 

D C 
R R 
R • 

• R • 
• R • • 
• C R • 

D D C / D C D 
1 NQ 0 0 0 

• R • • 
C • C D/C R 

R C 

R 
R R 
C C C C C C C C C C C C C C C C C C/R C C 

R C • • C • • 
• • • • R • R t 

R R 

R • 
C C 

D D 
60 50 

c c 

> 

o 
z 



Table 2 continued 

Sample reference (Table 1) 
Mean depth (m) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 
55 750 10 20 30 40 50 60 70 90 100 645 545 450 350 45 150 250 865 960 5 15 

DINOFLAGELLATES 

Ceratium arcticum var. longipes 
Ceratium arientinum5 

Ceratium azoricum 
Ceratium furca 
Ceratium fusus var. fusus 
Ceratium horridum ser. horridum>buceros 
Ceratium inflatum 
Ceratium lineatum 
Ceratium macroceros ser. macroceros-gallicum 
Ceratium pentagonum var. robustum 
Ceratium platycorne ser. platycorne-compressum R 
Ceratium symmetricum 
Ceratium tripos ser. atlanticum-pulchellum 
Ceratium tripos var. atlanticum 
Ceratium indet. 
Dinophysis caudata var. tripos 
Dinophysis nasuta 
tGonyaulax sp. (colourless) 
Minuscula bipes 
Protoperidinium depressum 
Protoperidinium divergens 
Protoperidinium indet. 
Unidentified dinoflagellates 

OTHER FLAGELLATES 

Distepbanus speculum skeletons 
Ebria tripartita 
Halosphaera viridis C C 
Mucous colonies cf. Phaeocystis pouchetii 

R 

R 

R 

R 

R 
R 

C 
• R 
• R 

R R 

• R 
R 
R 
C 

C R 
• R 

R 

R 

R 

R 

R 

R 

R R 
R R 

• R 

R 

R 

• R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

C 

C 

R R 
R 

R 

R R 
R R 

F • 
R C 
R • 

R 

R 
C 

C 

R 

R 

R 

R 

R 

R 

R 
R 

R 

R 

R 

R 
R 
R 

C 

R 

R 

R 
R 

R 

R 

R 

R 

R 
R 
R 

R 

R 
R 

R 

R 

C 

R 

R 

R 

R 
C 

R 

R R R 

R 

C 
R 

C 
C 

R 
C 
D 

R 

D 

Nomenclature, except where noted below, is based on the following works, which should be consulted for species' author citations: Ceratium: 
Jorgensen (1920) as revised by Sournia (1967, 1973, 1978); other dinoflagellates: Dodge (1982); Nitzschia: Hasle (1964, 1972); other diatoms: 
Hendey (1974); Ebria: Drebes (1974); Halosphaera: Parke &c Den Hartog-Adams (1965), and Boalch & Mommaerts (1969); other algae: Parke & 
Dixon (1976). 

Notes. 1: see Hasle & Syvertsen (1984). 2: for terminology see text. 3: see Fryxell & Hasle (1972). 4: areolation pattern not checked. 5: includes 
varieties: bucephalum, arientinum, gracilientum and intermediate forms. 
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Fig. 3. Appearance of Ditylum SMs; formalin-preserved specimens. Scale bar 250 fim. 

oped a more diverse flora: Chaetoceros bloomed, in particular C. affine and un
identified small species. C. decipiens, however, declined in relative terms. 

Ditylum was found in all samples except for the 590 to 700-m tow on 28 April, 
and was dominant in all near-surface samples, as well as in the tow from 900 to 
1020 m on 3 May (Fig. 4). 

Enlarged SMs were generally light yellow to light green, while unenlarged SMs 
were generally golden yellow to brown. Their occurrence is recorded in Table 2. 
Enlarged SMs occupied —30% of non-empty Ditylum frustules in samples taken 

500 

1000 

Depth 
•n 

'28/4, 30/4 J 
"30/4 J 
"2/5 y 
" 29/4 \: 
[29A / > I 

k " 28/4 
28/H. 
'3/5 " - I 
.3/5 [ \J 
0 R C D 

Ditylum 

[ i 
.¥-

-" 1 

< 
r1 

0 R C 
Halosphaer 

D 
a 

Fig. 4. Relative abundance, by subjective estima
tion, of Ditylum and Halosphaera in oblique hauls 
of a 68-/Ltm net. Dates (day/month) shown for each 
tow. Abbreviations: '0 ' : not found. 'R': rare. ' C : 
common. 'D': dominant. 
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by pump from above the thermocline on 28 April (samples 3-5) to —50% and 
— 6 0 % five days later (samples 21, 22), when the most enlarged SMs were estima
ted to occupy —70% of the frustule volumes; no totally occupied frustules were 
observed. In samples taken by pump from within and below the thermocline on 28 
April (samples 6-11) hardly any SMs were enlarged, although in a few cases 
frustules filled with a fuzz (possibly bacteria) were noted. In oblique hauls deeper 
than 200 m no enlarged SMs were seen, and in two oblique hauls between — 0 m 
and —100 m on 28 and 30 April (samples 1,16) only — 1 % of non-empty frustules 
contained enlarged SMs. Some enlarged SMs (the proportion was not recorded) 
occurred between 105 and 200 m on 30 April (sample 17). 

Thalassionema nitzschioides, in both stellate and zigzag colonies (Drebes 1974, 
fig. 85a), was present in all samples, common in all but one, but dominant in none. 
It appeared in a healthy condition at all depths. 

At least the great majority of Halosphaera present was H. viridis. No punctae 
could be seen in the wall of formalin-preserved specimens at a magnification of 
X 1200. When burst by pressure, the outer wall collapsed in the fashion charac
teristic of H. viridis (Parke & Den Hartog-Adams 1965). It occurred somewhat 
patchily throughout the water column, with notable absence in tows from 105 to 
200 m on 30 April and from 900 to 1020 m (Mediterranean water mass) on 3 May. 
The generally lower relative biomass for Halosphaera in near-surface compared 
with deeper samples (Fig. 4, Table 2) may have been an effect of absolute abund
ances for other species being higher near the surface than at depth. 

Large solitary centric diatoms were common or dominant at most depths. 
The dinoflagellate genus, Ceratium, was represented by many species and at all 

depths but, with the exception of C. pentagonum var. robustum, was not found in 
the sample from 900 to 1020 m on 3 May. 

Sinking and rising 

The following results from settlement trials are given at length to illustrate the 
information available from this type of column, as well as the problems caused by 
omission of some precautions. 

The results of trial 1, using method 1, are shown in Fig. 5. Thirty seconds after 
addition of the plankton layer (Fig. 5a), no fluorescence could be measured 7.5 cm 
below the estimated position of the lower interface of the sample layer. After 90 s 
(Fig. 5b), a small amount of fluorescence occurred 6.5 cm below this interface 
position. If movement of plankton down to this level were due entirely to sinking, 
it would represent a maximum sinking speed of between 62 and 216m- day - 1 . No 
fluorescent plankton had sunk to a level 14 cm below the estimated interface 
position in 90s, indicating a maximum rate less than 134 m-day - 1 . 

By 20 min (Fig. 5c), there was no detectable fluorescence 4.5 cm below the 
estimated interface position, but fluorescent plankton occurred at all three deeper 



244 IAN R. JENKINSON 

cm 

1 
4 1 

33 

9 

4 1 

33 

9 

4 I 
3 3 

9 

4 1 

33 

9 

4 1 

33 

9 

0-

- • 
- < 

• ( 

i 

i 

m\ 

• \ 

\ i 

0 50 

a 

c 

e 

— • 2 29 

g 

7 
b 

-1 
_ j » 

i - — 

- J . 

\ d 

• V 
* 

I i 

- — • • 

i i 

* 
h 

i - i 
0 50 

~"~\ i 
N o n l y Ha losphaera 

no Halosphaera 

— y 
— ~ — — * — , 0 50 100 1 5 0 

F l u o r e s c e n c e ( a r b i t r a r y u n i t s ) 

Fig. 5. Settlement trial 1. Sample obtained from haul ref. 18, Table 1. Times after 
addition of sample: a: 30s; b: 90s; c: 20min; d: 25min; e: 30min; f: 55min; 
g: 60 min; h: 65 min; i: 260 min. Horizontal dashed line shows calculated lower 
interface of sample. Sample layer 1 cm thick, assuming no mixing. Arrows mark 

samples examined microscopically. 

ports. The sample sucked from the floor of the column contained the highest 
fluorescence, suggesting that some Phytoplankton was resting on the column floor, 
and indicating a maximum sinking rate over 20 min of more than 33 m-day - 1 . 
That no fluorescence occurred at the port 4.5 cm below the estimated interface 
position indicated that there was no appreciable mixing down to this depth, that 
fluorescence found at the lower ports was due only to sinking plankton, and that 
the distribution of sinking speed was bimodal. 

By 25 min (Fig. 5d), the lowest fluorescence was found 11 cm below the estima
ted sample interface. Higher fluorescence levels at the lower ports represented 
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settling and settled Phytoplankton. The increased fluorescence 3 cm below the 
estimated interface position may have been caused by a body of slowly sinking 
material, or by turbulent downward mixing. 

By 30 min (Fig. 5e), increased fluorescence at the uppermost port was associated 
with the approach of the estimated sample interface position. Increased fluor
escence at the 33-cm port may have been due either to downward mixing or to 
renewed sinking. 

By 60 min (Fig. 5g), the estimated sample interface position had almost reached 
the upper port, and the markedly increased fluorescence indicated that a large 
proportion of the Phytoplankton had remained in or very close to this layer. 

By 65 min (Fig. 5h), the estimated position of the upper interface of the sample 
(i.e. between the sample and the inflowed fresh water) was level with the upper 
port. Fluorescence here remained high. 

By 4h20 min (Fig. 5i), the estimated upper interface position was 1 cm below 
the upper port, but fluorescence here had only slightly declined. It is unlikely that 
mixing between the plankton sample (95% sea water) and overlying fresh water 
would have been more marked than that between the sample and the underlying 
sea water: the high fluorescence in the fresh-water layer must therefore have 
resulted from rising Phytoplankton. Fluorescence had increased also in the sampled 
part of the floor, reflecting the comparatively long period since the previous 
sampling. At the two middle ports, fluorescence was almost unchanged, indicating 
an absence of turbulent mixing. Microscopical examination of the sample from the 
uppermost port showed that the only plankton present was non-motile stages of 
Halosphaera, of which about one-third floated in the microscope chamber, and 
the remainder sank. The sample from the lowest port consisted principally of 
Ditylum (equal numbers of enlarged SMs and empty frustules, as well as occa
sional cells containing unenlarged SMs), with some Protoperidinium diver gens, 
Ceratium fusus, C. tripos ser. platycorne-compressum and C. macroceros ser. 
macroceros-gallicum. 

The results of trial 2, which was also conducted using method 1, are shown in 
Fig. 6. By 30 s (Fig. 6a), after addition of the 6.5-cm thick layer of Phytoplankton 
sample, considerable fluorescence was found 12 cm below the estimated position 
of the lower sample interface. This indicated that insufficient care had been taken 
in adding the sample, which had consequently mixed down to a level between the 
two middle ports. 

As in trial 1, fluorescence at the uppermost port remained high even after this 
port was no longer within the estimated limits of the sample, suggesting upward 
movement of Phytoplankton, such as Halosphaera, into the fresh-water layer, 
perhaps accompanied by upward mixing of the sample. 

In this trial, the spread of sampling times, and lack of information on the real 
lower interface position, permitted the maximum sinking speed to be calculated no 
more precisely than between 9 and 650 m-day - 1 . The Phytoplankton which sank 
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Fig. 6. Settlement trial 2. Sample obtained from haul ref. 1, Table 1. Times after addition of sample: 
a: 30 s; b: 16min; c: 30 min; d: 44min; e: 66min; f: 92 min. Layer with diagonal hatching indicates 

position of sample, assuming no mixing. 

faster than 9 m • day - 1 was dominated by Chaetoceros spp., particularly C. affine, 
followed in abundance by Ditylum containing SMs. 

The sample containing plankton with a sinking speed greater than 3.3 m • day - 1 

(lowermost port, Fig. 6d) was dominated jointly by Ditylum containing SMs and 
Thalassionema nitzschioides, followed by Chaetoceros spp., particularly C. affine, 
Ceratium spp. and tintinnids. 

While caution is necessary in drawing inferences from such non-replicated 
trials, it appears that the Phytoplankton first to reach the floor of the column was 
dominated more by Chaetoceros spp., than that which took longer to settle, which 
was co-dominated by Ditylum and Thalassionema. 

Two trials using method 2 each showed a progressive overall decline in fluor
escence, consistent with clearing of the column by Phytoplankton sinking or rising. 
However, the results are somewhat inconclusive due to low fluorescence readings 
coupled with high noise due to individual highly fluorescent Halosphaera in the 
fluorescence tubes. 

A trial using method 3 took place while sea-states varied from 5 to 7, and 
periods during which the ship steamed a steady course alternated with periods of 
turning (testing the autopilot). At the end of the settlement trial the column was 
shaken but fluorescence levels, which had declined during the trial, did not rise to 
initial levels, possibly because the fluorescence: chlorophyll ratio had declined. 
Thus the Homogeneous Sample Approach, which has previously been followed 
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with the assumption of a constant fluorescence: chlorophyll ratio (Titman 1975), 
should always be accompanied by a fluorescence control. 

Increases in sea-states from 5 to 7 were not followed by increased fluorescence in 
the settlement column. However, increases in fluorescence did occur after periods 
of turning. This indicates that the gimbals served their purpose in protecting the 
contents of the column against the effects of pitching and rolling, but that all trials 
using such equipment should be conducted only when the ship is steering a steady 
course. 

DISCUSSION 

The method of expressing abundance in terms of three categories of relative 
abundance plus apparent absence, is crude. It was used to make available, quickly 
during the cruise, data on vertical distribution of Phytoplankton taxa, and hence 
the progress, if any, of their sinking. The object was not to estimate overall bio-
mass. Apart from in the settlement experiments, conclusions in the present paper 
have been drawn only from variation, in depth and time, between the grossly 
different categories of relative abundance, as well as between widely different 
estimated percentages of SMs in Ditylum. As planned, the abundance data have 
allowed inferences to be made about the maximum in situ sinking speed of some 
taxa. The present investigator had had experience of quantitatively estimating, 
from counts and measurements by the Utermohl method, contributions to biomass 
by different Phytoplankton taxa (Jenkinson 1983, 1985). In order to estimate 
Phytoplankton relative biomass subjectively, similar, recent experience may be 
necessary. 

Ditylum brightwellii has been regarded as a diatom which, whilst of wide dis
tribution, never dominates diatom communities (Hargraves 1984). However, it 
was noted as 'sehr haufig' in May 1971 in the German Bight (Drebes 1974, Drebes 
& Elbrachter 1976), its mass occurrence in the Porcupine Seabight has been de
scribed above, and it overwhelmingly dominated an inshore bloom in the Rade de 
Villefranche (French Mediterranean) in February/March 1984 (S. Barria de Cao 
&C I.R. Jenkinson, unpublished observation). Thus the species can dominate shelf-
edge and inshore spring blooms. 

The arrangement of the cytoplasm in Ditylum brightwellii is unusual among 
diatoms, the cytoplasm being concentrated mainly around the nucleus. Two vacu
oles occur in this cytoplasm (Anderson & Sweeney 1978). In the vegetative phase, 
cytoplasmic strands join the central cytoplasmic mass with the valves. Formation 
of SMs occurs by shrinkage of the cytoplasmic strands away from the frustule, 
rounding up of the cell contents, and sometimes further shrinkage accompanied by 
expulsion of cell sap (Gross & Zeuthen 1948). Formation of SMs from vegetative 
cells can occur in as short a time as 1 s when D. brightwellii is transferred from sea 
water to isotonic NaCl solution (Gross 1940b, Gross &c Zeuthen 1948). 
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In the present study, all preserved samples, whether in formalin or iodine, con
tained D. brightwellii only in the SM-stage. That some of the same samples con
tained enlarged SMs when unpreserved, indicates that, like cyanides (Gross 
1940 b), the preservatives caused shrinkage of the cell contents. Samples preserved 
in this way are therefore of no use for investigation of SM-distribution in popula
tions of D. brightwellii. 

When D. brightwellii growing exponentially is transferred to the dark, cyto
plasmic shrinkage starts after less than 24h (Gross 1940b, Anderson &c Sweeney 
1978), and SM-formation is complete, except for very few cells, after between 7 
and 12 days (Gross 1940b). The finding that on 28 April, 14 days after inter
ruption of the bloom, very nearly all Ditylum brightwellii below the depth of a 
new thermocline were in the SM-stage is thus consistent with SM-production 
having been caused by insufficient light. That during the period, 14-27 April, the 
thermocline was deep and other Phytoplankton had not bloomed also suggests low 
mean light levels in the surface mixed layer. Even had the shock of being sampled 
and concentrated produced a similar effect, the difference in the proportion of SMs 
in similarly treated pump samples (3-11, Table 2) suggests that diatoms above the 
thermocline on 30 April had been in a different physiological state from those 
within and below the thermocline. 

Gross (1940b) found that when Ditylum brightwellii, previously kept in the 
dark for more than three weeks, was exposed to daylight, some cells expanded to 
the normal vegetative state within 5-7h; even the slowest acting cells started to 
react within l -2h . That, even by 3 May, six days after formation of the new 
thermocline, only 60 % of cells in the euphotic zone had enlarged SMs, occupying 
a maximum of about 70 % of the frustule, may have resulted from a mean light 
intensity lower than that in Gross' work. He appears to have used winter north 
light at Plymouth, England (Gross 1940b). If the present observations of D. brightwel
lii reflected their morphology in the sea, it is unlikely that any were yet dividing, 
and the slow recovery of Ditylum from overturning of the water column may have 
contributed to the rapid development of Chaetoceros. 

Phytoplankton in settlement trials using methods 1 & 3 was strained through a 
212-/xm mesh, and the fastest sinking material settled at a speed of between 62 and 
134 m-day - 1 . This is fairly consistent with Kajihara's (1971, fig. 4) finding that 
minimum and maximum sinking speeds of marine aggregates of this size were, 
respectively, approximately 26 and 140 m-day - 1 . 

That Ditylum was rare between 700 and 800 m, the depth of an attenuance 
maximum thought to be caused by a nepheloid layer advected laterally from the 
Porcupine Bank, would indicate that any such advected shelf water was not a signi
ficant source of Ditylum in this study. Assuming that in the Porcupine Seabight 
mass settlement of Phytoplankton started from a depth of 200 m on 15 April, one 
day after increased winds had eroded the thermocline to this depth, the finding 
that Ditylum was already dominant and Thalassionema common below 900 m on 
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3 May would give a sinking rate for the fastest fraction of at least 700 m in 18 days, 
or 39 m • day - 1 . Arrival of phytodetritus at the bottom, recorded photographically 
at a Seabight station 4040 m deep (49°46.7'N, 14°02.0'W), commenced in mid-
June 1983 and continued intermittantly until mid-July (Lampitt 1985). Assuming 
that surface conditions at the 4040-m station were similar to those at the 2000-m 
station (this work), this would give a descent of 3800 m in about 48 days, or —80 
m-day - 1 . Lampitt's estimate of maximum sinking rate in the Seabight, 'of the 
order of 100-150 m-day - 1 , may have been too high for spring 1983, as he had 
assumed that sinking of Phytoplankton did not start from surface layers until mid-
May. 

The absence of Halosphaera non-motile stages in Mediterranean water is con
sistent with previous conclusions that they migrate upwards from their source 
Mediterranean water mass in the south-eastern North Atlantic (Yashnov 1965) 
and from deep water in the western English Channel (Boalch & Mommaerts 1969). 

Wiebe et al. (1974) found that over much of the Mediterranean, non-motile 
stages of Halosphaera occurred mostly at depths greater than 1000 m in autumn, 
but abundance at these depths in spring was 1-2 orders of magnitude less. They 
concluded that non-motile Halosphaera sinks from surface to deep water over the 
summer, and from deep water to the sediments over the winter. Their data, how
ever, are consistent also with rising from deep to shallow water during winter and 
spring, behaviour similar to that in the Atlantic (Yashnov 1965, Boalch & Mom
maerts 1969), and consistent with Halosphaera's buoyancy in vitro. That, in the 
settlement column, Halosphaera rose from sea water into overlying fresh water 
may indicate a density of ^ 1 0 0 0 kg-m - 3 . 

Non-motile stages sampled from below the euphotic zone were seen, in the 
present investigations, to fluoresce strongly. A mass arrival of Halosphaera at the 
surface might therefore be mistaken for Phytoplankton blooming. In the present 
survey, however, it did not dominate in surface layers. 

Non-motile stages of Halosphaera viridis liberate motile flagellates in surface 
waters of the western approaches to the English Channel from March to June 
(Parke & Den Hartog-Adams 1965), presumably after rising from the Mediterra
nean water mass. Boalch & Mommaerts (1969) concluded that the survival of 
non-motile stages below the euphotic zone remained 'a puzzle'. These stages might 
be able to control their buoyancy so as to sink, but the author is not aware of any 
record of their capture by sediment traps. 

In culture, motile cells of Halosphaera viridis have been observed to ingest 
particles when the cells appeared 'unhealthy' (Parke & Adams 1961), perhaps 
indicating facultative heterotrophy. After the peak of growth in culture, motile 
cells sink, then either secrete a mucilaginous envelope or attach themselves to 
the glass of the culture vessel (Parke &c Adams 1961). Such cells possess peri
pheral ejectile muciferous organelles (Parke & Den Hartog-Adams 1965). Other 
flagellates with similar organelles are known to form aggregates which sink 
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(Subrahmanyan 1954). 
Occurrence of the non-motile stage of Halosphaera at depth in its nursery areas 

might be explained if the motile stage attached to sinking aggregates, fed on small 
particles associated with the aggregates, and rounded up to form the non-motile 
stage at depth. Small cysts, 'olive cells', whose maximal concentrations were found 
at 200-250 m in the Indian Ocean, proved to be flagellates, some of which en
cysted after sampling, and which appeared to feed heterotrophically (Sorokin 1984). 

Plankters passively rising when aggregates are sinking may be hampered by 
entanglement with these aggregates. As cell processes in diatoms are considered to 
be adaptations for aggregate formation (Smetacek 1985), the smooth cell wall and 
spherical shape of Halosphaera may be adaptations for avoiding entanglement. 

In the Gulf of Marseille, Halosphaera, of average diameter 175 jitm, occurs at a 
year-round mean concentration of about 1000 cells m - 3 , with mean numbers in 
May of 9000 cells • m~3 (Travers & Travers 1973). Using the conversion of Strath-
mann (1967), 1000 cells • m~3 would be equivalent to a biomass of 0.29 mg • m~3 of 
C. Assuming a mean rising rate of 5 m-day - 1 , this would give a mean upward 
carbon flux of over 1 mg-m~2-day - 1 . Much higher values might occur at times. 

As well as in the Mediterranean and throughout the North Atlantic (Yashnov 
1965), Halosphaera occurs in the Pacific (Boalch & Mommaerts 1969). In these 
areas rising Halosphaera may produce considerable upward recycling of carbon, 
nutrients and metals, including radionuclides. No study of the vertical flux budget 
in such regions can therefore be complete without measurements of upward flux, 
perhaps requiring development of a trap for rising particles. 

Angel et al. (1981) have suggested that the slow net movement of Pu down 
through the water column (70-390 m year -1) could be an indication of consider
able upward reflux of particulate matter. In view of concentration factors for Pu of 
over 105 in much of the Phytoplankton studied (review by Fisher 1985), Halo
sphaera should be investigated to determine its possible role in mediating upward 
flux of Pu and various other materials. 
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