
E L S E V I E R  Journal of Marine Systems 5 (1994) 411-423 

J O U R N A L  O F  

M A R I N E  
S Y S T E M S  

Particle flux, and composition of sedimenting matter, 
in the Greenland Sea 

E. Bauerfeind a B. v. Bodungen  b K. Arndt a W. Koeve c 

a Sonderforschungsbereich 313, University ofKiel, Heinrich Hecht Platz 10, D 24118 Kiel, Germany 
b Institut fiir Ostseeforschung, Seestrasse 15, D 18119 Warnemiinde, Germany 

c Institut fiir Meereskunde, Diisternbrookerweg 20, D 24105 Kiel, Germany 

(Received 1 September 1992; revised and accepted 24 February 1994) 

Abstract 

Vertical flux of particulate material was recorded with moored sediment traps during 1988/1989 in the 
Greenland Sea at 72°N, 10°W. This region exhibits pronounced seasonal variability in ice cover. Annual fluxes at 500 
m water depth were 22.79, 8.55, 2.39, 3.81 and 0.51 g m -2 for total flux (dry weight), carbonate, particulate biogenic 
silicate, particulate organic carbon and nitrogen, respectively. Fluxes increased in April, maximum rates of all 
compounds occurred in May-June, and consistently high total flux rates of around 100 mg m-2d -1 prevailed during 
the summer. The increasing flux of biogenic particles measured in April is indicative of an early onset of algal growth 
in spring. Small pennate diatoms dominated in the trap collections during April, and were still numerous during the 
high flux period when Thalassiosira species were the most abundant diatoms. During May-June, up to 22% of the 
Thalassiosira cells collected were viable-looking cells. The faecal pellet flux increased after the May-June event. 
Therefore we conclude that the diatoms settled as phytodetritus, most likely in rapidly sinking aggregates. From 
seasonal nutrient profiles it is concluded that diatoms contribute 25% to new production during spring and 50% on 
an annual basis. More than 50% of newly produced silicate particles are dissolved above the 500 m horizon. High 
new production during spring does not lead to a pronounced sedimentation pulse of organic matter during spring 
but elavated vertical export is observed during the entire growth period. 

1. Introduct ion 

Both the amount  and composition of particu- 
late mat ter  settling to the ocean floor are highly 
variable in space and time. They thus reflect 
regional and seasonal differences in primary par- 
ticle formation and modification in the pelagic 
realm in general, and the productive layer in 
particular (Wefer, 1989). The vertical export of  
the primary product,  e.g. phytoplankton cells, de- 
pends on both the recycling efficiency in the 
watercolumn and their modification into larger, 
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fast-sinking particles. Formation of aggregates 
(marine snow) and production of faecal pellets 
are regarded as the two major processes by which 
sufficiently fast-sinking particles (with sinking 
speeds of > 100 m d -1) are produced, that may 
escape destruction and degradation by the pelagic 
communities (Lorenzen and Welschmeyer, 1983; 
Alldredge et al., 1987; Asper,  1987; Banse, 1990). 
However, even these particles with potential sink- 
ing velocities of > 100 m d-1  can be subject of 
considerable modification due to the activity of 
heterotrophic organisms. Smith et al. (1992) re- 
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ported high hydrolytic enzyme activity on marine 
snow particles, which implied rapid loss of or- 
ganic compounds from these particles. Due to 
coprophagy, coprorhexy and coprochaly faecal 
material may be reingested and destroyed by zoo- 
plankton and thus exposed to enhanced reminer- 
alisation in the water column. (Lampitt et al., 
1990; Noji, 1991; Noji et al., 1991). 

Nevertheless, aggregation of diatoms into large 
marine-snow particles during the decline of the 
spring bloom can result in rapid transfer of bio- 
genic particles from the euphotic zone to the 
seafloor (Billet et al., 1983; Smetacek, 1985; Pein- 
ert et al., 1989). Grazing and faecal pellet pro- 
duction of organisms occurring in dense swarms 
have been observed to cause recurring and spo- 
radic sedimentation events (Bodungen, 1986; 
Bathmann, 1988; Wefer et al., 1988). 

A third mode of rapid sedimentation to the 
seafloor is the settling of organisms themselves. 
Bathmann et al. (1990, 1991) and Antia et al. 
(1993) recorded distinct sedimentation events of 
foraminifers, radiolaria, pteropods and acan- 
tharia. From annual sediment trap moorings, dis- 
tinct aggregates cannot generally be differenti- 
ated from the collections, whereas faecal material 
and hard parts of many organisms can be identi- 
fied, and thus can be used to interpret trap 
collections with respect to pelagic processes. 

Only few measurements of particle flux have 
been conducted in the partly ice covered areas of 
the ocean, where a distinct seasonality of pelagic 
processes can be expected. (Fischer et al., 1988; 
Honjo, 1990; Hebbeln and Wefer, 1991; Wass- 
mann et al., 1991; Hargrave et al., 1993). 

The use of sediment traps in determining the 
particle flux has been subject to criticism during 
recent years, as their collection efficiency might 
be biased by physical and hydrodynamical factors 
as well as the trap design (Butman, 1986; Bues- 
seler, 1991; Gust et al., 1992; Honjo et al., 1992). 
This applies particularly for traps deployed in the 
surface mixed layers. During long incubation 
times collected matter in the cups may be lost 
a n d / o r  modified by a variety of processes. Mea- 
surements of dissolved properties in the super- 
natant water can be used for a conservative esti- 
mate of loss of particulate matter during incuba- 

tion time (Bodungen et al., 1991a; Smith et al., 
1992; K6rtzinger et al., 1994). However, despite 
these possible drawbacks sediment traps are, up 
to the present, the only tool that allows a contin- 
uous record of quantity and quality of particles 
settling through different water layers. 

Here we report on results obtained with 
moored sediment traps deployed in the Green- 
land Sea at a 72°N, in the Jan Mayen Current 
which is influenced by the East Greenland Cur- 
rent and its drifting ice fields. For the interpreta- 
tion of trap collections, watercolumn data from 
several cruises to this area are included. The 
results presented here are part of the project 
"Particle flux from the pelagial" of the Sonder- 
forschungsbereich 313 of Kiel University. 

2. Methods 

Sedimentation of particulate matter in the 
Greenland Sea was recorded using sediment traps 
deployed in a long term mooring at 72°34.8"N, 
10o30.5 ' W at a water depth of 2241 m in the Jan 
Mayen Current from 5.9.1988-27.6.1989 (Fig. 1). 
Modified versions of the "Kiel-type" sediment 
traps (Zeitzschel et al., 1978) were moored in 
500, 1000 and 2000 m depth. Sampling intervals 
of 14 and 30 days were selected for the periods of 
April to October and November to March respec- 
tively. However, due to technical failures the last 
cup of the 500 m trap sampled for a period of 49 
days (18.5-27.6). In the 1000 m and 2000 m traps, 
the electronics failed completely so that only one 
cup sampled over the entire mooring period 
(5.9.1988-27.6.1989). These integrated values are 
presented as an approximation for the decrease 
of vertical flux with depth. In order to obtain a 
full annual cycle (Sept. 1988-Sept. 1989) we in- 
clude data of a short-term mooring (29.6.1989- 
8.7.1989) and the results from the first sampling 
intervals of the long-term mooring 1989-1990. 
These moorings were deployed close to the posi- 
tions of the mooring 1988/1989. Samples were 
poisoned in situ with HgC12 (end concentration 
0.07%). After recovery of the traps samples were 
refrigerated until further treatment. After return 
to the lab, samples were split into aliquots by 
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means  of  a rotat ing splitter. Dry weight, carbon- 
ate, part iculate  biogenic silicate (PSi), part iculate 
organic carbon (POC)  and part iculate  organic 
ni t rogen (PON)  were de te rmined  by the proce-  
dures as described in Bodungen  et al. (1991a). 

Part iculate silicate values were corrected by 
adding the increase of  dissolved silicate (DSi) in 
the supernatant  water,  assuming that  this DSi 
originates f rom dissolution of  sedimented matter .  
This correct ion accounted  for up to 50% of  total 

Fig. 1. Positions of annual sediment trap moorings of the SFB 313 in the northern North Atlantic (redrawn from Koeve, 1992). 
Mean position of the ice edge during April, May and August are indicated [depicted from data of the Bundesanstalt fiir 
Seeschiffahrt und Hydrography (BSH), ice survey]. 
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PSi values during times of  low PSi flux; however 
it was in the range of  2 - 5 %  during periods of  
elevated PSi flux (Puch, 1990; Bodungen  et al., 
1991a). Microscopic analysis of  the trap samples 
was carried out by means of  an inverted micro- 
scope using the " U t e r m 6 h l - t e c h n i q u e "  (Uter-  
m6hl, 1958). The  same method  was used for the 
analysis of  the phytoplankton composit ion and 
biomass in samples preserved with lugol's solu- 
tion and taken during M e t e o r  cruise 10 /3  to the 
Green land  Sea (June 6 th - Ju ly  12th 1989). 

In the trap samples only intact faecal pellets, 

or particles that  were identified as f ragments  of  
pellets, were counted  in different size categories. 
For  the calculation of  faecal pellet volume (FPV), 
the pellets, or  the volume of  faecal pellet frag- 
ments,  were converted to s tandard pellets. This 
was done by using an empirically obtained 
w i d t h / l e n g t h  relationship (Ba thmann et al., 1987; 
U.V. Ba thmann  pers. commun. ,  1992). The  vol- 
umes of  oval-shaped and round pellets were cal- 
culated on the basis of  spheres and ellipsoids 
respectively. The  faecal pellet carbon content  
(FPC) was est imated f rom faecal pellet volume by 
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Fig. 2. Sedimentation pattern of particulate matter and its components in the Greenland Sea at 500 m depth as observed from 
September 1988-September 1989. a. Total flux as dry weight, b. Carbonate flux, hatched area = size fraction < 63 mm (no size 
fractionation in last 3 samples), c. Flux of particulate silicate (hatched) corrected for the dissolved fraction, d. Flux of POC and 
PON (hatched). All values in mg 2 m-2 d i. 
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applying the conversion factor of 0.11 which may, 
however, result  in an overes t imat ion of FPC  
( B a t h m a n n  et al., 1987). 

3. Results 

3.1. Sedimentation of  total particulate matter 

In  Sep tember  1988, total  flux (dry weight) to 
500 m a m o u n t e d  to 40 -60  mg m -2 d -1 and  
decreased dur ing  winter  to 20 -40  mg m -  2 d -  1. A 
distinct increase to max imum flux rates of 184 mg 
was not  observed before May 1989 (Fig. 2a). 
Therea f te r  total  flux f luctuated a round  values of 
---100 mg m -2 d -1. For  the per iod Sep tember  
1988-Sep tember  1989 we calculated a total  flux 
of 22.8 g m -2. Of  this flux, 39% was recorded 
dur ing  the 49 day per iod in M a y - J u n e  and  69% 
in M a y - S e p t e m b e r .  

3.2. Composition of  sedimented matter 

Fluxes for carbonate ,  PSi, P O C  and P O N  
showed similar seasonal  pa t te rns  when  compared  
to total  flux. Carbona te  sed imenta t ion  con- 
t r ibuted  significantly ( 2 5 % - 5 3 % )  to total flux 
dur ing  the whole moor ing  per iod (Fig. 2b), with a 
large propor t ion  in the size fraction < 63 Izm. 
Flux of carbonate  increased 5-fold in M a y - J u n e  
as compared  to the preceeding  months;  approxi- 
mately 44% of the annua l  carbonate  flux was 
recorded dur ing  that  per iod (8.5-27.6.1989) (Ta- 
ble 1). In  the same period, the increase in PSi 
flux was even more  p ronounced .  Par t icula te  sili- 
cate flux increased from low winter  values ( =  0.3 
mg m -2 d -1) to > 1 mg m -2 d -1 in the begin- 

n ing  of May and  to > 2 0 m g m - 2  d-1  in M a y -  
June  and  remained  at high levels (13-18 mg m -2 

d -1)  unt i l  Sep tember  1989 (Fig. 2c). Of  the an- 
nual  PSi flux of 2.39 g m -2 a -1 42% were 

Table 1 
Sampling schedule, sedimentation rate (mg m -2 d- 1) at 500 m and annual flux (g m -2) of particulate matter in the Greenland Sea 
at 72°N in the period September 88-September 89. (DW = dry weight, PSi = Particulate biogenic silicate corrected for the 
dissolved fraction, POC = particulate organic carbon, PON = particulate organic nitrogen, % = share of sedimentation during 
May/June 89, nv = no value) 

Sampling intervals DW Carbonate PSi POC PON 

05.09.88-15.09.88 63.02 29.57 4.45 13.72 1.61 
15.09.88-30.09.88 50.10 23.49 2.75 10.16 1.26 
30.09.88-20.10.88 33.95 16.37 1.38 7.62 1.05 
20.10.88-19.11.88 33.65 9.25 0.69 9.30 1.05 
19.11.88-19.12.88 12.73 4.26 0.20 4.33 0.46 
19.12.88-18.01.89 14.12 4.66 0.19 5.04 0.54 
18.01.89-19.03.89 29.71 7.73 0.36 9.39 1.08 
19.03.89-03.04.89 19.48 5.76 0.30 4.90 0.70 
03.04.89-18.04.89 20.52 5.40 0.28 6.29 0.97 
18.04.89-28.04.89 28.02 13.22 0.35 9.44 1.12 
28.04.89-08.05.89 33.14 17.60 1.72 6.18 0.89 
08.05.89-27.06.89 184.64 76.30 20.72 17.52 2.22 
29.06.89-08.07.89 1.187 0.88 0.17 0.24 0.02 
15.07.89-01.08.89 nv nv nv nv nv 
01.08.89-15.08.89 95.68 23.65 17.10 12.64 3.31 
15.08.89-01.09.89 97.96 34.00 11.63 12.39 1.58 

annual flux (g m -2) 

500 m 22.79 8.56 2.39 3.81 0.51 
39% 38% 42% 22% 21% 

1000 m 10.50 3.30 1.20 1.30 0.20 
2200 m 12.96 nv 0.43 0.33 0.04 



s.o No.x 106m-2d -1 recorded during the 49 day period in May-June  
and 85% in May-September .  

The seasonal changes in POC and PON fluxes, 
although following the same general pattern,  were 
less pronounced. Winter flux varied between 5 -9  
mg C m -2 d -1 and 0.03-0.08 mg N m -2 d i for 
POC and PON respectively. Similar to POC the 
flux of PON was highest in June and July (Fig. 
2d). Annual sedimentation of PON amounted to 
0.51 g m -2 a -1 with 21% occurring in the high- 
sedimentation period during May- June  1989. 

4. Microscopic analysis 

a 
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4.1. Diatoms 

Among the recognizable part  of the sedi- 
mented matter,  diatoms and their remains domi- 
nated. Numbers  of diatoms varied from a mini- 
mum of 2000 cells m -2 d - I  to 1.44 × 10 6 m - 2  

d-1 (Fig. 3a). The mean sedimentation rate from 
September 1988-April 1989 was 7200 cells m 2 
d ~; it increased more than ten-fold by end of 
April and by three orders of magnitude during 
May- June  1989 (1.44 × 10 6 cells m -2 d - i ) .  After 
this period, sedimentation fluctuated between 
0.5-0.9 × 106 cells m -2 d -~. During the period 
of low sedimentation (September 1988-April 
1989) organisms of the genera Thallassiosira, Cos- 
cinodiscus and unknown small centric diatoms 
(diameter, 20-30 /xm) were the most abundant 
forms. Other  species present at this time were 
Proboscia alata (N ovem ber -Decem ber  1988), 
Rhizosolenia hebetata f. semispina and Aster- 
omphalus robustus (Oc tober -November  1988). 
Cells of Chaetoceros cf  conca•icorne, Chaeto- 
ceros decipiens, C. atlanticum, C. boreale and other 
unidentified Chaetoceros species sporadically 
were present in low numbers. Small pennate di- 
atoms of the genus Nitzschia and NaL, icula were 
the dominating diatoms in trap collections during 
the end of April, when sedimentation started to 
increase. The same pennate diatoms were still 
observed in high numbers in the period of highest 
diatom sedimentation, when Thalassiosira species 
dominated the sedimented diatoms composition 
( =  55% by numbers). Besides these genera, Rhi- 

FPV(mm 3 m2d 1) ( mg m-2d -1 FPC 
3 0  ........ 3 

b 

20 1 2 

I 

S 1988 J 1989 M S 

Fig. 3. Flux of  diatoms and feacal pellets at 500 m. a. Sedi- 
mentation of diatoms given as numbers  m -2  d-~ ,  note the 
logarithmic scale, b. Sedimentat ion pat tern of faecal pellets 
given as volume (FPV, mm 3 m -2 d ]) and faecal pellet 
c a r b o n ( F P C ,  m g C m  2 d i). 

zosolenia hebetata f. hiemalis and R. hebetata f. 
semispina were observed in increasing numbers 
toward September  1989, sedimentation rates of 
these species in July-August  ranged between 30-  
40,000 and 60,000 cells m -2 d - l ,  respectively. 
Cells and resting spores of Proboscia alata were 
also observed in this period, albeit in low num- 
bers. 

Later analysis of the trap samples by scanning 
electron microscopy revealed the following Cos- 
cinodiscus and Thalassiosira species: C. radiatus, 
T. antarctica, T. anguste-lineata, T. eccentrica, T. 
gravida (A. Kohly, pers. commun.). Over the 
mooring period mainly empty frustules of diatoms 
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were found in the trap samples. Only in late 
April to June 1989 "viable-looking" diatom cells 
with plasma and chloroplasts were numerous. 
During May-June  these "viable" ceils amounted 
to 12% of total number of diatoms encountered 
and were up to 22% of the Thalassiosira cells 
during May-June.  

4.2. Other biogenic particles 

Standing stock and sedimentation of foramini- 
fera were examined during a drift study and by 
means of a short-term mooring from June 28th-  
July 8th 1989, where a flux of up to 5000 
foraminifera m -2 d - 1  w a s  observed in 500 m 
(Bock, 1990). In August-September  1989, sedi- 
mentation of Acantharian cysts ( > 2000 m -2 d -  1) 
was observed (Antia et al., 1993). 

Among the non-diatomaceous particles ob- 
served were dinoflagellates, silicoflagellates 
(mainly Dictyocha speculum), empty lorica of 
tintinnids and radiolarians. Sedimentation of ra- 
diolarians was generally <500  ind. m -2 d -1, 
although highest numbers of radiolarians were 
observed in August 1989, when the sedimentation 
rate increased to a maximum of 15,000 ind. m -2 
d -1. This number refers to intact skeletons of 
organisms belonging to Spumellarians and Nasse- 
larians. However, the in situ-flux of radiolarions 
certainly was higher because variable amounts of 
fragmented remains of the skeletons of larger 
radiolarians (Sagoscena sp.), which we were not 
able to ascribe to individual organisms, were no- 
ticed regularly in the samples. 

Coccolithophorids and foraminifers were also 
present in the samples, but were not quantified. 
Whole coccospheres of Coccolithus pelagicus as 
well as coccoliths of the same species were no- 
ticed. Coccolithophorids are known to form a 
major part in the phytoplankton assemblages of 
the Nordic Seas (Smayda, 1958; Ramsfjell, 1960; 
Samtleben and Bickert, 1990); this might explain 
the high carbonate flux of which > 50% was due 
to particles < 63 /xm during most of the time 
(Fig. 2). 

Table 2 
Sedimentation rates in the East  Greenland Sea in the period 
1985/1986 at 74°N(^) and 75°N (^^) as given by Honjo, 1990. 
All values in g m -2. Abbrevations see Table 1 

Depth  D W  carbonate opal POC P ON 

881 m ̂  8.79 2.59 nv 0.9 0.16 

2833 m ^^ 10.21 3.28 2.61 0.4 0.06 

4.3. Faecal pellets 

The annual sedimentation pattern of faecal 
pellets is given in Fig. 3. There was a sharp 
decrease in faecal pellet sedimentation to less 
than 0.5 mm 3 m -2 d -1 ( <  100 pellets m -2 d - l )  
during late autumn 1988 and remained low 
through the winter and spring. A sharp increase 
to maximum flux rates of faecal pellets was ob- 
served by end of June (27.6 m r n  3 m - 2  d - 1 ,  > 6000 
faecal pellets m -2 d -1) after the maximum of 
diatom sedimentation. In August-September  sed- 
imentation rates declined to 1000-2000 faecal 
pellets m -2 d - 1  ( =  10 m n q  3) and then decreased 
to the low winter values. Converted to carbon 
(FPC), 3 mg FPC m -2 d -1 sedimented in the 
period of highest faecal pellet sedimentation and 
thus contributes 12% to total POC flux. In the 
preceding period with highest diatom sedimen- 
tion, the contribution of FPC to the POC flux was 
< 1%. (0.07 mg m -2 d-1). 

In the entire mooring period faecal pellet com- 
position was dominated by cylindrical pellets (80- 
160 /zm diameter) which can be attributed to 
copepods (Noji, 1991). Round and oval-shaped 
pellets were also present throughout the year, 
usually in low numbers; except in May-June  1989 
when = 20% of the faecal pellet volume was due 
to this type of pellets. We did not consider pellets 
< 50 /zm although these "minipellets" were pre- 
sent in some of the trap samples (A.N. Antia, 
pers. commun., 1993). For this reason and be- 
cause an unknown amount of faecal pellets may 
have been destroyed through breakage of the 
periotrophic membrane during splitting and stor- 
age, the reported faecal pellet flux can be re- 
garded as a minimum. 
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5. Discussion 

The observed annual sedimentation rate of 
total particulate matter and its components in the 
traps at 500 and 1000 m in the Greenland Sea at 
72°N during 1988/1989 are comparable to the 
rates reported by Honjo (1990) at 74°35'N in 
1985/1986 (Tables 1 and 2). The seasonal pat- 
tern of sedimentation, with a sudden increase in 
May-June at 72°N observed during our study, 
seems to be different compared with the neigh- 
bouring area where highest sedimentation oc- 
curred later in the year (Honjo, 1990). During the 
study in 1988/1989 at 72°N, 50% and 10% of the 
annual flux of POC recorded at 500 m reached 
the traps in 1000 m and in 2000 m, respectively 
( ~- 300 m above the seafloor). 

The annual flux of POC and PON at 500 m in 
the Greenland Sea in 1988/1989 was comparable 
to flux rates in the Norwegian Sea (Bodungen et 
al., 1991b) despite considerable differences in the 
hydrographical regimes and phytoplankton-zooo 
plankton relationships between both areas of the 
northern North Atlantic. Measurements of the 
particle flux in the Fram Strait in 1988/1989 
revealed a strong influence from the presence 
and duration of ice cover on the amount as well 
as on the composition of sedimenting matter 
(Hebbeln and Wefer, 1991). Low total rates (2.9 g 
m-2a  -1) were observed at a permanent ice- 
covered position. At a location in the Fram Strait 
covered by ice for approximately six months 
Hebbeln and Wefer (1991) found considerably 
higher flux rates, which were three times higher 
than at 72°N in the Greenland Sea, where similar 
ice conditions are encountered. Although a high 
amount of lithogenic components was observed in 
the sedimented matter in the Fram Strait, the 
share of biogenic particles increased during times 
when the ice edge was located close to the posi- 
tions of the sediment traps. This is similar to the 
conditions we observed in the Greenland Sea at 
72°N. 

The mooring site in the Greenland Sea was 
permanently ice covered from November 1988 to 
February 1989. Ice charts of the study site, kindly 
provided by R. Ramseier, showed that the area 
first became ice free as early as late February. 

Subsequently til the middle of June ice conditions 
varied from ice free conditions to ice coverage of 
60-80% with the ice edge (ice coverage < 10%) 
moving several times across the mooring position. 
These highly variable ice conditions are caused by 
the constantly ice covered East Greenland cur- 
rent, which transports water of arctic origin to the 
south and feeds the easterly flowing Jan Mayen 
Current (Johannesen, 1985). 

Marginal ice zones are regions of enhanced 
biological productivity, and of high biomass (Rey 
and Loeng, 1985; Smith et al., 1985; Smith and 
Sakshaug, 1990). The same certainly holds true 
for the highly variable ice conditions for the "re- 
peatedly receding ice edge" in the Jan Mayen 
Current, which may favour phytoplankton growth 
early in the year. Growth of phytoplankton is 
reported to start about two months earlier in the 
partly ice-covered Greenland Sea than in the 
neighbouring Norwegian Sea which stays ice free 
througout the year (Braarud, 1935; Paasche, 1960; 
Ramsfjell, 1960). 

Our data, demonstrating an elevated particle 
flux starting in April, and showing a ten-fold 
increase in the sedimentation of diatoms in 
May-June indicate an onset of plankton growth, 
as early as April. This high flux of diatoms is 
mirrored in the high silicate flux in 500 m that 
contributed ~42% to the annual PSi flux at the 
same peroid (Fig. 2, Table 1). 

In regions covered by ice, algal growth starts 
in, or at the bottom of the ice; at this early stage 
species composition is dominated by pennate di- 
atoms, which are typical for ice algae communi- 
ties (Horner, 1985). Growth of phytoplankton 
starts, when, due to the breakage and melting of 
ice, the nutrient-rich layer underlaying the ice 
becomes stratified as the light intensity increases 
(Legendre et al., 1981; Sakshaug and Holm-Han- 
sen, 1984). Below the ice, only planktonic algae 
adapted to low irradiances are able to grow. 
However, in drifting pack-ice, during ice melt and 
at the ice edge, light intensity fluctuates over a 
wide range. Organisms adapted to this fluctuating 
light regime are favoured under these conditions. 
Thalassiosira species generally show light satura- 
tion from low to high levels. Species of this genus 
are also known to grow well at low temperatures, 
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and to be characteristic species for diatom associ- 
ations dominating during the first phase of phyto- 
plankton succession in cold regions (Guillard and 
Kilham, 1977; Sakshaug, 1989; Baumann, 1990; 
Aletsee and Jahnke, 1992). 

The pattern of diatom sedimentation in the 
Greenland Sea, exhibiting a succession from pen- 
nate species at the end of April to the dominance 
of Thalassiosira species during the high-sedimen- 
tation period, leads us to the conclusion that the 
formation of primary biomass was due to pelagic 
algae rather than to the growth of ice-associated 
algae. 

In May-June 1989 a considerable portion of 
the diatoms, mainly Thalassiosira, sedimented as 
"viable" cells (10-22%). We take this as indica- 
tive of rapid sedimentation of these particulate 
material. As in the Greenland Sea rapid mass 
sedimentation of a spring Thalassiosira bloom has 
been reported in Antarctic waters (Bodungen et 
al., 1986). However, the authors reported that the 
majority of sedimented cells were resting spores 
which were not observed during our study in the 
Greenland Sea. 

Because increased sedimentation of faecal pel- 
lets was observed after the maximum flux of 
diatoms (Fig. 3) we deduce that early spring phy- 
toplankton development in the Greenland Sea is 
not controlled by zooplankton, and that the ma- 
jority of phytoplankton sediments ungrazed. Ele- 
vated sinking velocities of diatoms in May-June 
1989, were therefore probably achieved through 
the formation of aggregates. The coincidence of 
elevated POC flux and the increase in sedimenta- 
tion of faecal pellets from the end of June on, 
when 12% of POC flux was due to faecal pellets, 
corroborates with the reported annual maximum 
abundance of copepods during June-July (Daw- 
son, 1978; Smith et al., 1985; Smith and Sakshaug 
1990; Smith and Schnack-Schiel, 1990). Although 
daily copepod herbivory in June-July 1989, as 
measured by gut clearance rate, was generally 
less than 1% of phytoplankton standing stock 
(Zeller, 1990), the large faecal pellets of Calanus 
hyberboreus (120-160 ~m in diameter) con- 
tributed significantly to the POC flux in 500 m. 

The flux of carbonate, that was the largest 
component of the total annual flux, was domi- 

nated by the small size fraction ( < 63 ~m) during 
almost the entire mooring period. This is indica- 
tive of a considerable presence, and sedimenta- 
tion of coccolithophorids. The increasing amount 
of carbonate particles > 63 tzm in May-June 
(Fig. 2) can be ascribed to increased sedimenta- 
tion of foraminifera, which rapidly settled after 
reproduction (Bock, 1990). 

The observed annual sedimentation pattern in 
the Greenland Sea appears to resemble patterns 
found in both coastal and oceanic waters, where 
sedimentation of the spring phytoplankton bloom 
occurs after the depletion of nutrients (Billet et 
al., 1983; Smetacek, 1985; Deuser, 1986; Peinert 
et al., 1989; Wassmann, 1990). However, none of 
the inorganic nutrients was depleted in the 
Greenland Sea at the time of trap recovery in 
June 1989. At the position of the mooring we 
measured 3.2, 4.8 and 0.43 /zM of the inorganic 
dissolved nutrients, nitrate, silicate and phos- 
phate, respectively. Phytoplankton composition at 
that time was dominated by non-diatomaceous 
organisms, with about 98% of phytoplankton 
biomass, Phaeocystis pouchetii being the domi- 
nant organism. 

The observed pattern of diatom sedimentation 
in the Greenland Sea may be strongly influenced 
by the frequency of stabilization and destabiliza- 
tion in the euphotic zone during changing ice 
conditions; this was described as the "paradox of 
stability" by Legendre (1981). Through this mech- 
anism sedimentation of phytoplankton may be 
triggered in the following way: early in the growth 
season, phytoplankton start to grow within a thin 
stabilized layer below the ice or between the ice 
floes where nutrients can become exhausted in a 
short time. In such shallow layers, particle con- 
centrations may well be dense enough for aggre- 
gation to occur when phytoplankton, and in par- 
ticular diatoms, secrete mucus under low nutrient 
concentrations (Smetacek, 1985). Consequently, a 
part of the early phytoplankton population may 
sink out of the surface layer. During periods of 
destabilization, nutrients will be mixed into the 
formerly nutrient-exhausted surface layer, thus 
restoring favourable conditions for phytoplankton 
growth during the next period of stabilization. 
This pattern of growth is corroborated by the 
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nutrient profiles, which showed deviations of win- 
ter values to far below the euphotic zone (Koeve, 
1992). Thus, one may speculate that the onset of 
vernal growth in variable ice conditions repre- 
sents a sequence of short biomass accumulation 
events and sinking pulses. 

Thus the combination of light and the se- 
quence of periods of stabilization and destabiliza- 
tion may well have triggered the sedimentation of 
none motile phytoplankton in May- J une  1989. 
However, we are not able to define exactly the 
onset and nature of the period of elevated sedi- 
mentation, as we only collected an integrated 
sample (49 days) for the period in question. 

The magnitude of the export of organic matter  
from the euphotic zone to deeper  water layers is 
strongly dependent  on the amount of new pro- 
duction. On an annual basis the new production 
equals the vertical export through the base of the 
euphotic zone, which is often termed export pro- 
duction (Eppley, 1989). Composition and settling 
velocities of particles as well as biological activity 
in mid water  layers are decisive for that portion 
of this export production which settles out of the 
winter mixed layer (Banse, 1990; Riebesell and 
Wolf-Gladrow, 1992) 

Annual and seasonal new production at 72°N 
in the Greenland Sea was calculated from sea- 
sonal differences in nutrient profiles by Koeve 
(1992). Using the Redfield conversion he esti- 
mated an annual new production of 34.5 g C 
m - 2 a  -~. Of  this annual new production, about 
75% ( = 2 6  gC m -2) took place before June. 
During the spring season approximately 3 - 4 %  of 
the spring new production settled through the 
500 m depth horizon, which equals 28% of the 
annual export (Koeve, 1992), which amounts to 
11% of the annual new production. 

The contribution of diatoms to new production 
was estimated via Si:N ratios from the differences 
in the seasonal nutrient profiles and by applica- 
tion of an average molar ratio of Si : C = 0.13 for 
conversion into diatom new production of carbon. 
This ratio was determined from culture experi- 
ments with 27 different marine diatom species by 
Brzezinski (1985) and is similar to ratios found in 
natural populations by Paasche (1980). According 
to these calculations diatoms contributed = 50% 

to annual new production but surprisingly low 
25% to new production during spring (until June). 

Due to decomposition of carbon and dissolu- 
tion of silicate during sinking and due to the fact 
that carbon losses in the collector cups during 
trap deployment cannot be corrected for estima- 
tions of the contribution of diatoms to vertical 
export cannot quantified properly. Rapid dissolu- 
tion of diatom frustules in the upper  water col- 
umn is evident from comparisons between nutri- 
ent profiles and measured flux rates. The differ- 
ence between concentrations in winter and at the 
end of the growth season (October -November )  
would yield an annual "new production" of par- 
ticulate silicate of 6.72 g m -2 (Koeve, 1992). 
Recorded annual Si-flux in the trap at 500 m of 
2.39 gm -2 indicate that more than 50% of the 
particulate silicate is dissolved above this depth. 

The contribution of diatoms to new production 
in spring at 72°N in the Greenland Sea is as low 
as the percentage of new production exported to 
deeper  water layers, which is much lower than 
the annual average. During our investigations in 
this area during spring and summer 1989 high 
biomass of Phaeocystis was encountered (up to 
98% of the phytoplankton biomass). The growth 
of P. pouchetii early in the year has been re- 
ported from high latitude waters (Braarud, 1935; 
Paasche, 1960; Bodungen et al., 1986; DeMaster  
et al., 1992). Recent investigation reveal that in 
some years even the spring bloom may be domi- 
nated by this organism (Rey and Loeng, 1985; 
Wassmann et al., 1990; Smith et ai., 1991). Wass- 
mann and his co-workers also describe the sedi- 
mentation of Phaeocystis in the Barents Sea. 
They were only able to follow sedimentation to 
100 m, but found a marked decrease between 50 
and 100 m that they ascribed to "dissolution, 
breakdown and grazing" (Wassmann et al., 1990). 
Phaeocystis is well known to form large aggre- 
gates which may not be readily consumed by 
zooplankton (Estep at al., 1990) but rather indi- 
cate a potential high sinking velocity. We ob- 
served Phaeocystis at the same mooring station 
during May- June  1990 in the trap at 500 m water 
depth. However, the role of Phaeocystis in verti- 
cal export is not very well understood. Our study 
indicates that spring production in the seasonally 
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ice-covered south-western Greenland Sea does 
not lead to high vertical export and much of the 
production is aparently recycled within the pelagic 
food web. Albeit the high percentage of annual 
new production in spring (75%) and the sharp 
increase in Si-flux in May (Fig. 2c), the vertical 
export of POC and PON (Fig. 2d) does not ex- 
hibit a pronounced spring pulse but rather ele- 
vated flux rates over the entire growth period of 
phytoplankton. 
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