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ABSTRACT. Hydrography, nutrients, chlorophyll a (chl a),  phaeopigments (phaeo) and phytoplankton 
abundance as well as the vertical flux of particulate organic carbon and nitrogen (POC and PON) and 
pigments in the upper 200 m were ~nvestigated at 4 stations along a north-south trdnsect in the Barents 
Sea in blay 1993. Two stations were located in Arctic water and 2 in Atlantic water. The northernmost 
station had a well-developed ice edge bloom with high abundance of Fragilariopsis sp., Thalassiosira 
spp. and Chaetoceros spp. The phytoplankton community at the ice edge and the northernmost 
Atlantic station was dominated by Phaeocystis sp. colonies in concert with Chaetoceros spp. and Tha- 
lassiosjra spp. The phytoplankton community at the southernmost station was dominated by large 
Chaetoceros spp. cells. Vertical flux of biogenic matter in the upper water column (20-100 m) varied 
along the transect (2.1-13.3 mg chl a m-'d-', 0.6-11 mg phaeo m-'d.' and 409-1090 mg POC m ~ ~ d - ' ) ,  
while vertical flux in the deeper water column (100-200 m) was less variable (0.7-2.9 mg chl a m-'d-', 
1.5-6.5 mg phaeo m-'d-I and 200-300 mg POC m-'d-'). Hydrographic conditions, nutrient status and 
species specific sinhng rates did not have a profound influence on the vertical flux of phytoplankton. 
High daily loss rates of chl a (4 to 18 % d" of standing stock chl a)  and mlcroplankton at 2 stations 
(southernmost and northernmost Atlantic) was probably caused by high production of extracellular car- 
bon, increasing the aggregation potential of the phytoplankton community. Evidence of incomplete 
dissolution of Phaeocystis sp. colonies was observed to a depth of 200 m. Faecal matter and detritus 
were the main vehicles for the vertical export of organic matter to deeper water (below 100 m). Proto- 
zoan grazing was more important In retaining organic matier and nutrients in the upper water than 
mesozooplankton grazlng. 
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INTRODUCTION 

Spatial and temporal patterns in the vertical flux of 
biogenic matter are central to the understanding of 
elemental dynamics and food-webs in the ocean 
(Smetacek et al. 1984, Legendre 1990, Wassmann 
1991a). The dynamics of vertical flux of biogenic mat- 
ter, and to a lesser extent the con~position of exported 
matter, was investigated in the Barents Sea during the 
period 1984-1989 (Wassmann 1989, Wassmann et al. 
1990, 1994, Wassmann & Slagstad 1993). The studies 
were part of the extensive oceanographic investiga- 
tions carried out in the Barents Sea by the Norwegian 

Research Programme for Marine Arctic Ecology (PRO 
MARE) (e.g. Sakshaug et al. 1991). 

Previous studies of vertical flux in the Barents Sea 
had low vertical resolution and were only to a limited 
degree conducted in concert with studies of pelagic 
processes. Our knowledge of the relative contribution 
of algal groups to the vertical export of carbon and of 
the environmental and biological factors that control 
their abundance is therefore limited, in particular in the 
marginal ice zone (MIZ). Studies of vertical flux from 
the ice-covered waters east and north off Spitsbergen 
are even more scarce (Andreassen et al. 1996). There- 
fore, based on current knowledge, a field program to 
study phytoplankton abundance and vertical export of 
biogenic matter from the upper layers of the MIZ and 
the central Barents Sea was carried out in concert with 

O Inter-Research 1998 
Resale of full article not permitted 



2 Mar Ecol Prog Ser 

studies of other pelagic processes (Hansen et al. 1996, 
Urban-Rich 1997, Vernet et al. 1998, Wassmann et al. 
1998). A section ranging from 72'30'N to 80°N in the 
central Barents Sea was emphasised in earlier studies 
(e.g.  Skjoldal et al. 1987, Wassmann & Slagstad 1993) 
and the same section was chosen for this study. The 
transect crosses the zonal structure of the Barents Sea 
and its main water masses: Atlantic water, the Polar 
Front, the ice edge and Arctic water. 

The Barents Sea is characterised by a complex 
hydrography with large regional differences in hydro- 
graphic conditions and ice coverage (Rey & Loeng 
1985, Loeng 1991). The environment is highly dynamic 
both on a seasonal and interannual scale (Wassmann et 
al. 1996) and physical processes strongly influence the 
pelagic community both in terms of production and 
species composition. The magnitude of the vertical flux 
is determined by new production, phytoplankton 
bloom development and species composition as well as 
the impact of planktonic heterotrophs on algae. The 
physical oceanography may hence influence the 
dynamics of the vertical flux in the Barents Sea indi- 
rectly through its impact on ice coverage, ice melt, sta- 
bilisation, and through over-wintering, advection and 
retention of zooplankton (Wassmann et al. 1996). 

The spring bloom in the MIZ of the Barents Sea usu- 
ally starts in April/May, when the ice begins to retreat 
(Rey & Loeng 1985). Normally, the bloom takes place 
earlier and develops more rapidly in the MIZ than in 
the central Barents Sea, which is dominated by 
Atlantic water. Bloom development in the central part 
of Barents Sea usually takes place in May/June. Phyto- 
plankton growth starts earlier, but stabilisation of the 
water column by solar radiation is slow, and hence the 
increase in phytoplankton biomass is correspondingly 
delayed (Rey & Loeng 1985). 

Lack of a strong grazing impact by herbivorous 
mesozooplankton during spring in the Barents Sea 
gave rise to the hypothesis that extensive sedimenta- 
tion of ungrazed phytoplankton and phytodetritus may 
take place at the end of the spring bloom (Eil.ertsen et 
al. 1989, Wassmann et al. 1990, Wassmann & Slagstad 
1993). An increase in herbivorous mesozooplankton 
standing stock, due to advection of copepodites from 
the Norwegian Sea (Pedersen et al. 1995), is believed 
to reduce the pulse of spring sedimentation, compared 
to years with less herbivores (Wassmann & Slagstad 
1993). Macrozooplankton such as euphausiids are 
important in the Barents Sea (Dalpadado & Skjoldal 
1991), but little is known of their impact on the phyto- 
plankton dynamics in the area. Recently, microzoo- 
plankton grazing has also been shown to be important 
and may exceed the grazing pressure of copepods dur- 
ing spring in the central and northern Barents Sea 
(Hansen et al. 1996). 

A detailed description of hydrography, nutrient con- 
centrations and phytoplankton community along the 
transect about 1 wk prior to this study is presented in 
(Wassmann et al. 1998). Primary production, grazing, 
faecal pellet production and faecal pellet vertical flux 
investigated parallel to this study are presented else- 
where (Hansen et al. 1996, Urban-Rich 1997, Vernet 
et al. 1998). Here we present information on the 
hydrography, nutrients, phytoplankton community 
and vertical flux of biogenic matter and microplank- 
ton at 4 stations in the northern and central Barents 
Sea. The intention of this investigation is to increase 
knowledge about the relative contribution of algal 
groups to the vertical export of carbon and to address 
possibly important processes in the regulation of ver- 
tical flux of phytoplankton and biogenic matter in the 
Barents Sea. 

MATERIAL AND METHODS 

Data were collected during a cruise to the Barents 
Sea onboard RV 'Jan Mayen' during spring 1993. The 
sampling period was May 19-26; data was collected 
while returning southward along a transect in the cen- 
tral Barents Sea (described by Wassmann et al. 1998). 
The sampling area was from 76"22'N, 3Zo44'E to 
73"401N, 30°35'E (Fig. 1). 

Vertical flux data were collected using drifting sedi- 
ment traps. In ice-covered areas it was necessary to 
anchor the drifter to ice floes to prevent the surface 
buoy from submerging under the ice during the drift. 
Free drifting sediment traps are convenient tools for 
short studi.es (1 to 2 d)  of vertical flux slnce they are 
easily deployed and allow to some extent tracking of 
water masses. Turbulence around the opening of the 
trap due to strong currents may severely bias the esti- 
mation of both quality and quantity of settling matter. 
This problem is reduced when sediment traps are 
allowed to drift (Staresinic et al. 1978, GOFS 1989, 
Bloesch 1997). However, ice drift and surface currents 
may have different directions than deeper water cur- 
rents. Sampling of vertical flux at all stations may thus 
be biased by current shear. 

Sediment traps were deployed at 4 stations along the 
transect (Table 1). Vertical flux of particulate organic 
material was collected with 9 sediment traps between 
20 and 100 m and 5 sediment traps every 20 m 
between 100 and 200 m. The sediment traps (KC 
maskiner og laboratorieudstyr, Denmark) were paral- 
lel cylinders mounted in a gimballed frame equipped 
with a vane to ensure that the cylinders were always 
positioned vertically and never shaded each other. The 
traps were 0.072 m in diameter and 0.45 m high (H/D 
ratio = 6.25). The traps were deployed for 36 to 38 h. 
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Flg 1. Map of the sampling area in the Barents Sea with p o s ~  
tions and ice coverage In the area 

Poison was not applied and,  therefore, grazing and 
bacterial decon~position could have taken place in the 
sediment traps during the deployment. 

While following the drifter, CTD profiles and sam- 
ples for pigment analysis were taken every 6 h. Hydro- 
graphic profiles were obtained by means of a Neil 
Brown Mk 111 CTD profiler mounted together with a 
SeaTech fluorometer, and a General Oceanic Rosette 
Sampler equipped with 5 1 Niskin bottles. Samples for 
nutrients, chlorophyll a (chl a) and phaeopigments 
(phaeo) and microscopic examination of phytoplank- 
ton were taken at selected depths based on irradiance 
(50, 30, 10, 1 and 0.1 % surface irradiance) and the 
structure of other physical or biological parameters of 
the water column (e .g ,  fluorescence maximum or strat- 
ification). Samples for chl a and phaeo were filtered on 
precombusted Whatman GF/F filters. Samples for 
microscopic examination were fixed with an  ethanol- 
glutaraldehyde-Lug01 solution (Rousseau et al. 1990) 

Table l .  Date of deployment and positions of deployment 
and recovery of drifting sediment traps in May 1993 in the 

Barents Sea 

Stn Date Deployment Recovery 

I May 19 32"44'E,  76'22'N 31°26'E,  76"20 'N 
I1 May 21 32"30'E,  75"58'N 31°58'E,  75"53 'N 
I11 May 23 31°42 'E ,  74"58'N 31°31'E,  75"04'N 
IV May 25 31°00'E,  73"44'N 3Oo35'E, 73"40'N 

especially designed to preserve Phaeocystis 
sp. colonies. Samples for nitrate, silicate and 
phosphate were handled and analysed by a 
Technicon autoanalyser as described by 
Wassmann (1991b) at the Institute of 
Marine Research, Bergen, Norway. 

After recovery, contents of the sediment 
traps were transferred to bottles and kept 
cold and dark.  Samples were never kept 
more than 6 h before subsampling. Each 
sample was thoroughly mixed and a bird 
pipette was used for subsampling. Dupli- 
cate samples (200 to 300 ml) from each 
cylinder were taken and filtered for analysis 
of particulate organic carbon and nitrogen 
(POC and PON), chl a and phaeo on pre- 
combusted Whatman GF/F filters. On all fil- 
ters, swimmers were removed by means of 
forceps. Samples for microscopic examina- 
tion were taken from the traps deployed at  
60, 100 and 200 m. 

Samples for chl a and phaeo were 
tlons of sta- analysed immediately after subsampling 

using a Turner Design AU-10 fluorometer 
according to Holm-Hansen et  al. (1965). 

POC and PON samples were stored in a freezer 
(-18°C) and were later analysed on a Leeman Lab CEC 
440 CHN analyser after removal of carbonate with 
fumes of concentrated HC1. 

Aliquots of 10 m1 for sediment trap samples and 
25 rnl for water samples were allowed to settle for 24 h ,  
before examination in a Leitz DM IL inverted micro- 
scope. A minimum of 50 to 100 cells of the dominant 
phytoplankton species or groups in the samples were 
counted. When one or a few species dominated the 
sample, cells were quantified at  a species level, but 
most cells were counted in classes at  higher taxonomic 
levels. Average cell size of each group was measured 
to calculate the carbon content of the cells (PPC), 
according to Strathmann (1967). The carbon content of 
colonial Phaeocystis sp. was calculated in 2 steps. The 
carbon content of the colonial matrix was calculated 
according to Rousseau et  al. (1990). Carbon content of 
the cells in the colonies was calculated by using aver- 
age  cell numbers for different size classes of colonies 
(estimated by counting colonial cells in 10 colonies 
from each size class). Diatoms are presented in groups 
of families, other groups at  a class or subclass level. It 
was not always possible to distinguish between 
autotrophic and heterotrophic dinoflagellates and 
flagellates, which implies that groups of autotrophic 
dinoflagellates and flagellates also included hetero- 
trophic cells. 

Dally loss rates (%) were calculated using integrated 
concentrations of chl a from 0 to 30 m and 0 to 60 m 
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Fig. 3. Profiles from Stn I of (A) fluorescence (upper axis) and sigma-t (lower axis); (B) nutrient concentrations of NO, (upper 
axis), Si(OH), (middle axis) and PO4 [lower axis); (C) suspended chl a and phaeopigment; (D) vertical flux of chl a and phaeopig- 
ments and (E] vertical flux of POC [upper axis) and PON (lower axis). Profiles in A to C are representative of average conditions 
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Fig. 4.  Profiles from Stn I1 of (A) fluorescence (upper axis) and sigma-t (lower axis); (B) nutrient concentrations of NO3 (upper 
axis), Si(OH), (middle axis) and PO, (lower axis); (C) suspended chl a and phaeopigment; (D) vertical flux of chl a and phaeopig- 
ments and (E) vertical flux of POC (upper axis) and PON (lower axis). Profiles in A to C are representative of average conditions 
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(mg C m~3) 

Fig 7 Distribution of 
microplankton carbon 
a t  (A) Stn I ,  (B) Stn 11, 
(C) Stn 111. (D) Stn IV 

centric diatoms (Chaetoceros spp. and Thalassioslra 
spp., total: >4.2 X 106 cells I-'). Only a few Phaeocystis 
sp. colonies were observed, equivalent to < 3  % of total 
PPC. Except for the surface water, Phaeocystis sp. (-4.3 
X 104 colonies 1-l)  dominated the water column at Stn I1 
(Fig. ?B) and made up 38 to 67% of the PPC below 
10 m. Chaetoceros spp. and Thalasslosira spp, were 
the dominant diatoms (total cell numbers: 1.5 to 2.0 X 

106 cells I-') above 20 m at Stn 11. At Stn 111 (Fig. ?C) the 
PPC maximum was found in the upper water column (0 
to 8 m depth). Phaeocystis sp. colonies (1.2 to 2.9 X 103 
colonies I-') provided >6OoA of PPC. Below 8 m, Tha- 
lassiosira spp. became the dominant phytoplankton 
group in terms of biomass at Stn 111. The phytoplankton 
at Stn IV (Fig. ?D) was dominated by Chaetoceros spp. 
both in numbers (2.0 to 2.5 X 105 cells I- ' )  and biomass. 
The phytoplankton concentration was nearly uniform 
throughout the water column down to 60 m, and a 
decline in phytoplankton concentration was recorded 
between 60 and 100 m depth. Only a few Phaeocystis 
sp colonies were found in the water column (<4.0 X 

102 colonies I- ' ) .  

Vertical flux of particulate biogenic matter 

For all stations, the vertical flux of POC, PON and 
chl a was highest in the upper water column; this verti- 
cal flux decreased with increasing depth in the upper 
water column (D & E of Figs. 3 to 6).  The main decrease 
in the POC, PON and chl a vertical flux at Stn I was in 
the water column above 60 m and at Stns I1 and IV 
above 70 m. The vertical flux of POC, PON and chl a 
at Stn 111 decreased steadily from 20 to 140 nl depth. 
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Below these depths there was no significant decrease 
or increase in the vertical flux of POC, PON and chl a.  

The vertical flux of chl a was highest in the upper 
water colunln at Stns I and 111 (13.3 and 12 mg chl a m-2 
d-',  respectively, at 20 m; Figs. 3D & 5D). Stn I1 had 
slightly lower chl a vertical flux (8 mg chl a m-' d-' at 
20 m; Fig. 4D) and the lowest flux of chl a was found at 
Stn IV (2 .1  mg chl a m-' d-' at 20 m; Fig. 6Dj. Vertical 
flux of POC was 1090 and 880 mg C m-2 d-' at 20 m, 
respectively, at Stns I and 111 (Figs. 3E & 5E), 620 mg 
m-2 d-' at Stn I1 at 20 m (Fig. 4E) and 410 mg C n1r2 d-' 
at Stn IV at 20 m (Fig. 6E). 

The vertical flux of phaeo was shown to be different 
from the POC and chl a vertical flux. At Stn I the verti- 
cal flux of phaeo (Fig. 3D, E) at 20 m was high (11 mg 
m-2 d-I ) ,  but decreased with depth to 2.5 mg m-2 d-' at 

50 m. The vertical flux of phaeo was low in the upper 
water column at the other 3 stations ( c 3  nlg m-' d-l 
above 100 m; D of Figs. 3-5), but increased slightly 
with depth. Pigment composition of the exported mat- 
ter changed from chl a > phaeo in the upper water col- 
umn to chla < phaeo below 60 m at Stns I and IV 
(Figs. 3D & 6D), below 70 m at Stn I1 (Fig. 4D) and be- 
low 100 m at Stn I11 (Fig. 5D). 

Vertical flux of microplankton 

The species composition of the sinking microplank- 
ton at 60 m was mainly similar to the species composi- 
tion observed in the water column above the traps. 
Vertical flux of microplankton generally decreased 
with increasing depth, though some differences 
between groups were observed. 



8 Mar Ecol Prog Ser 170: 1-14, 1998 

Others Dinoflagellates Fragiloriopsis sp. 

Clllare Phaeoc~sris sp. Thalassiosira spp  
Chaetoceros s p p .  

Fig. 8. (A) Integrated phytoplankton carbon from 0 to 40 m at 
Stn I and 0 to 60 m at Stns 11, 111, and [V. (B-D) Vertical flux of 

phytoplankton carbon at  60, 100 and 200 m, respect~vely 

At Stn I the vertical flux of diatoms decreased with 
increasing depth from 26 to 9 mg C m-' d-' at 60 m and 
200 m, respective1.y. While the vertical flux of Thalas- 
siosira spp. decreased with increased depth through- 
out the water column, the vertical flux of Chaetoceros 
spp. and Fragilanopsis sp. was not significantly differ- 
ent at 100 and 200 m depth (Fig. 8C, D). The vertical 
flux of diatoms at 60 m depth was more than 4 tlmes 
higher at Stn 111 than at Stn I1 (56 and 13 mg C m-' d-l, 

respectively). At Stn 111 the vertical flux of Thalas- 
siosira spp, decreased substantially between 60 and 
100 m depth, and at 200 m depth the vertical flux of 
diatoms was similar at Stns I1 and I11 (10 and 11 mg C 
m-' d-l, respectively; Fig. 8D). The vertical flux of 
diatoms at 60 m at Stn IV was comparable to that at 
Stn I ,  but the rate decreased substantially from 60 to 
100 m depth and diatoms were not important for the 
flux at 100 and 200 m depth. 

Phaeocystis sp. colonies were not important for the 
vertical flux of PPC at Stns I and IV, but colonies were 
found In the traps at all depths. The highest vertical 
flux of Phaeocystis sp. colonies was observed at Stns I1 
and 111 (2.67 X 106 and 1.75 X 106 colonies m ' d-l at 
60 m, respectively). The vertical flux of Phaeocystis sp. 
carbon decreased between 60 and l00 m at both Stns I1 
and I11 (Fig. 8), but the decrease was mainly due to 
smaller colony size and fewer cells in the colonies and 
not a decrease in number of sinking colonies. All 
Phaeocystis sp. colonies at l00 and 200 m depth at Stns 
I1 and 111 were senescent, and at 200 m Phaeocystis sp. 
colonies were difficult to recognise. Only a few Phaeo- 
cystis sp, cells were left in the colonial matrix, and phy- 
todetritus, diatoms, ciliates and dinoflagellates were 
associated. In addition to the senescent colonies, 
aggregates of probable Phaeocystis sp. origin were 
found at 100 and 200 m depth. The number of sinking 
colonies/aggregates of Phaeocystis sp. was similar at 
100 and 200 m. Fig. 8 includes only material that has 
been positively identified as Phaeocystis sp, due to 
remaining cells in the matrix. 

At all stations large dinoflagellates and ciliates, 
probably heterotrophic, were important for the vertical 
flux of PPC at 60 m in terms of biomass, especially at 
Stn IV. Generally the vertical flux of protozoa 
decreased with increasing depth. Dinoflagellates and 
ciliates were often associated to aggregates in the 
deepest traps. 

Daily loss rates of chl a and phytoplankton 

Stns I1 and I11 had the highest daily loss rates of chl a 
standing stock recorded during this investigation. Loss 
rates at Stn 111 were 18 O/o a.t 30 m and 8 % at 60 m while 
at Stn I1 daily loss rates of chl a were 10% at 30 m and 
4 % at 60 m (Table 2). Daily loss rates of chl a at Stn 1V 
were 1.6 % at 30 m and decreased to 0.6 % of standing 
stock at 60 m (Table 2). Daily loss rates of chl a at Stn I 
were 3.5 % at 30 m and decreased to 0.4 O/o of standing 
stock at 60 m. 

Daily loss rates of microplankton at Stn I were in the 
range 0.4 to 1 .7 % at 60 m, with highest daily loss rates 
for Phaeocystis sp. and Thalassiosira spp. (Table 2 ) .  At 
Stn I1 ciliates experienced the highest daily loss rate 
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Table 2. Daily loss rates of chl a at  30 and 60 m and dally 
loss rates of 6 different microplankton groups at 60 m at the 

4 stations 

Dally loss rate I I1 Ill IV 
( ? L  d.') 

Chl a (30 m) 3.5 10.2 18.4 1.6 
Chl a (60 m) 0.4 4.0 7.7 0.6 
Pennate chain- 

0.6 - - - 
forming diatoms 

Phaeocystis sp. 1.5 1.2 6.7 5.2 
Chaetoceros spp. 0.6 1.9 7.4 0.8 
Thalassiosira spp. 1.7 1.7 8.3 3.4 
Dinoflagellates 0.8 1.1 13.0 0.4 
Ciliates 0.4 8.7 - 1.1 

with 8.7 %, the other microplankton groups had daily 
loss rates in the range l .  l to 1.9% (Table 2) .  The high- 
est daily loss rates of microplankton during this inves- 
tigation was observed at Stn I11 with 13% of dinofla- 
gellates and 6.7 to 8.3% d-' loss of Phaeocystis sp.,  
Chaetoceros spp. and Thalassiosira spp. At Stn IV 
Phaeocystis sp. had the highest daily loss rates at 60 m 
with 5.2 % and Thalassiosira spp. also had a relatively 
high daily loss rate with 3.4 %. Daily loss rates for the 
remaining microplankton groups at Stn IV (Table 2) 
ranged between 0.4 and 1.1 %. 

DISCUSSION 

The vertical profiles of temperature and salinity 
(Fig. 2) show that the characteristics of the water col- 
umn differed during the course of the drift period. Care 
should therefore be taken interpreting the results from 
the water column and vertical flux, as the sediment 
traps may have drifted through areas with patchy dis- 
tribution of both phytoplankton and zooplankton. 
Except for those at Stn I, 1 to 3 of the upper traps were 
situated in the euphotic zone. This might have lead to 
some overestimation of vertical flux due to production 
inside the traps, but due to low production below 20 m 
(Vernet et al. 1998) we have reason to believe that 
overestimation due to production was insignificant. 

Field results have shown that phytoplankton and 
phytodetritus may aggregate and sink rapidly out of 
the euphotic zone when living conditions deteriorate 
(Smetacek et al. 1978, Smetacek 1980, Wassmann et al. 
1990). There is, however, no strict relationship be- 
tween nutrient depletion and enhanced sinking rates 
(Bienfang et al. 1982, 1983) or nutrient depletion and 
aggregation potential on a species level (e.g. Kiarboe & 
Hansen 1993). Extensive sedimentation of phytoplank- 
ton might also take place during earlier stages of 
blooms due to aggregation (Ki~rboe 1993, Kiarboe et 

al. 1994) or deterioration of living conditions (i.e. light 
limitation; Waite & Thompson 1992). 

High POC and chl a vertical flux and chl alphaeo 
ratios > l  at the 3 northernmost stations (I ,  11, 111) indi- 
cate sinking of phytoplankton or phytodetritus in the 
upper water column, while at Stn IV the vertical flux of 
both POC and chl a was low, indicating sinking of less 
phytoplankton and more decomposed material. Envi- 
ronmental and biological factors that might have been 
important for the vertical flux of phytoplankton at the 4 
stations in the Barents Sea in May 1993 will be evalu- 
ated in the following discussion. The importance of loss 
of phytoplankton due to sinking compared to loss due 
to grazing will also be discussed. 

Bloom development, nutrient and light conditions 
and vertical flux of microplankton 

Reduced nutrient concentrations and high concen- 
trations of chl a and diatoms at Stn I indicated a well- 
developed ice edge bloom. The species composition 
with Fragilariopsis sp, and Thalassiosira spp, and 
Cl~aetoceros spp, is typical of marginal ice zones 
(Horner 1989, Kang & Fryxell 1992) and later stages of 
arctic spring blooms (Quillfeldt 1996). Diatoms are less 
likely to dominate at Si(OH), concentrations < 2  FM 
(Doering et al. 1989, Egge 1993) and may aggregate, 
sink and leave the euphotic zone before phosphate 
and nitrate become depleted (Wassmann et al. 1997). 
Considering nutrient conditions and species composi- 
tion, high loss of phytoplankton through sinking could 
be expected at Stn I. The high vertical flux of POC and 
chl a in the upper water column seems to support this 
assumption. 

The euphotic zone (down to 0.1Y0 light depth) at 
Stn I only extended to 25 m depth (Vernet et al. 1997), 
and the daily loss rate of chl a at 30 m (3.5 % of stand- 
ing stock d-') indicates increased sinking out of the 
euphotic zone. The uniform distribution of nutrients 
and biomass in the upper 50 m though indicates mix- 
ing of the water above the pycnocline. The total upper 
water column down to the pycnocline must therefore 
be considered periodically part of the euphotic zone. 
The vertical flux rates at Stn I were reduced below the 
pycnocline and chl a loss rate at 60 m was only 0.4 % of 
standing stock d- ' .  Although there was a considerable 
amount of phytoplankton sinking in the euphotic zone, 
little material escaped from the mixed layer, either due 
to mixing or due to other forms of loss (i.e. grazing). 
The low daily loss rates through sinking imply that no 
extensive sedimentation of phytoplankton took place, 
despite high vertical chl a flux at Stn I. This conclusion 
finds support in that Stn I did not have significantly dif- 
ferent daily loss rates of phytoplankton and chl a com- 
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pared to Stn IV, and both Stns I1 and 111 had higher 
daily loss rates. Stns IT, 111 and IV all experienced high 
nutrient concentrations. 

The phytoplankton community at both Stns I1 and 111 
was dominated by species (Phaeocystis sp. colonies, 
Chaetoceros spp. and Thalassiosira spp.), often ob- 
served during spring bloom In the Barents Sea (Rey et 
al. 1987, Sakshaug & Skjoldal 1989, Druzhkov & 

Makarevich 1992). Despite differences in vertical sta- 
bility and water column characteristics, Stns I1 and 111 
had similarities with regard to phytoplankton, composl- 
tion, suspended biomass and vertical flux. Insignificant 
differences in biomass and species composition above 
and below the pycnocline, however, indicate that the 
upper layer of melt water at Stn I1 had recently formed 
or arrived at this site and had not yet influenced the 
general biomass and species composition. Low biomass 
and reduced, but still high, nutrient concentrations in- 
dicate that the blooms at Stns I1 and 111 were in an early 
phase of bloom development, when high loss rates 
should not be expected. A comparison of chl a daily loss 
rates from Stns I1 and 111 and previous observations 
made in the same area during conditions of nutrient de- 
pletion (Wassmann et al. 1990) show that the loss rates 
were 3 to 4 times higher in 1993. This indicates that loss 
of phytoplankton at  Stns I1 and 111 through sinking was 
extensive during the period of investigation. 

Reduced light due to increased ice cover or mixing of 
the water column are factors that may induce less 
favourable growth conditions and thus induce sinking 
of phytoplankton. The ice cover at Stn I1 was less than 
that at Stn I and it decreased during the drift. There- 
fore light limitation by increased ice-cover is not a sat- 
isfactory explanation for the increased loss of phyto- 
plankton at Stn 11. High primary production (Vernet et  
al. 1998) and reduction in nutrient concentrations dur- 
ing drift confirm this conclusion. 

Stn 111 was lacking a strong stratification and unstrat- 
ified water is sensitive to mixing by wind (Sakshaug et 
al. 1994), which may induce light limitation. Observa- 
tions of spring bloom development in weakly stratified 
waters are not rare (Eilertsen 1993, Townsend et al. 
1993, Wassmann et al. 1996) and have frequently been 
made in the Atlantic sector of the Barents Sea (e.g 
Skjoldal81 Rey 1989, Wassmann et al. 1998). Wind con- 
ditions were calm both before and during drift and 
CTD and fluorescence profiles (data not shown) taken 
during the drift did not indicate enhanced mixing This 
conclusion is further supported by the results from 
Stn IV. Temperature, salinity, stability and biomass (in 
terms of chl a)  were similar at Stns IV and 111, but Stn IV 
had low vertical flux of organic matter and low daily 
loss rates. Hydrographical conditions seem therefore 
not to give any satisfactory explanation for the in- 
creased loss of phytoplankton at Stns I1 and 111. 

Species-specific sinking 

Different species or groups of species dominated the 
phytoplankton biomass at the 4 stations, but generally 
the same species were found at all stations. Species- 
specific differences in sinking behaviour have been 
found ln other ecosystems (e.g. Passow 1991) as well as 
in the Barents Sea (P. Wassmann & F. Rey unpubl.). 
Species-specific loss rates were therefore calculated to 
see if the species composition and species-specific loss 
rates could explain the differences in loss rates be- 
tween the stations. 

A comparison of the composition of suspended 
phytoplankton in the mixed layer and sinking cells at 
60 m (Fig. 8, Table 2) revealed no major differences 
between groups at each station. There were increased 
daily loss rates of ciliates at Stn I1 and dinoflagellates at 
Stn 111, but this conclusion may not be significant due to 
the low cell numbers in the samples. The same may be 
valid for Phaeocystis sp. and Thalassiosira spp. at 
Stn IV. The dominance of certain groups of phyto- 
plankton in the sinking material at 60 m was thus not 
due to higher sinking rates of specific species. The 
high loss rates of phytoplankton at Stns I1 and 111 
included the entire phytoplankton community. 

Extracellular carbon and aggregation- 
a probable explanation for increased loss rates? 

The production of extracellular carbon (high-molec- 
ular-weight carbohydrates) by phytoplankton may in- 
fluence the fate of the particulate primary production. 
Mucilage and particulate matter which is sticky [e.g. 
transparent exopolymer particles (TEP); Alldredge et 
al. 1993, Riebesell et al. 19953 may increase coagula- 
tion (Jackson 1990) and thus increase the vertical flux 
of particles. Dunng the investigation in 1993, Vernet et 
al. (1998) found an increasing proportion of primary 
production as extracellular carbon (39 to 55% of pri- 
mary production) from Stn I to Stn 111. Stn IV, however, 
had the lowest production of extracellular carbon with 
only 18 % of primary production. Extracellular carbon 
includes both mucilage and dissolved organic carbon 
(DOC) and probably consist of polysaccharides (Vernet 
et al. 1998). Although production of extracellular car- 
bon was also high at Stn I ,  prod.uction of extracellular 
carbon compared to standing stock of phytoplankton 
was highest at Stns I1 and 111. Based on the species 
composition, diatoms are belleved to have dominated 
the production of extracellular carbon at Stn 1, while 
both Phaeocystis sp. and diatoms contributed to the 
production of extracellular carbon at Stns I1 and 111 
(Vernet et al. 1998). Production of extracellular carbon 
may have increased the aggregation potential of sus- 
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pended particles and consequently have caused the 
high daily loss rates at Stns I1 and 111. Direct observa- 
tions of the aggregation potential of the natural com- 
munity were unfortunately not carried out. Therefore, 
we only have circumstantial evidence that aggregation 
was the main reason for the observed differences in 
vertical export of phytoplankton among the 4 stations. 

Dissolution of sinking Phaeocystis sp. colonies 
below 60 m 

Sedimentation of Phaeocystis sp. colonies has been 
observed in the Barents Sea and in northern Norwe- 
gian fjords, but vertical flux has been shown to 
decrease below 40 to 60 m depths (Wassmann et al. 
1990, Riebesell et al. 1995). A dissolution of Phaeocys- 
tis sp. colonies in the upper aphotic zone and at mid- 
water depth has been suggested (Passow & Wassmann 
1994, Wassmann 1994). 

In the Barents Sea in 1993 vertical flux of diatoms 
showed minor variations or a small decrease with 
depth, while the vertical flux of Phaeocystis sp. in 
terms of carbon showed a sharp decline below 60 m at 
all stations. These observations are consistent with ear- 
lier observations, but the matrix from Phaeocystis sp. 
colonies was found in the traps at 100 and 200 m in 
comparable numbers to the vertical flux of colonies at 
60 m. We may therefore conclude that the matrix of 
Phaeocystis sp. may reach the deep water of the Bar- 
ents Sea, but that the cells may escape from the matrix 
during sinking. Geographical differences in sinking 
and dissolution of Phaeocystis sp. cannot be excluded, 
but use of preservatives that do not preserve colonial 
matrix may be a reason for lacking observations of 
sinking Phaeocystis sp. matrix in other areas. In terms 
of vertical flux of carbon, the matrix of Phaeocystis sp. 
colonies may be less important, but if they act as scav- 
engers for other particles, creating aggregates with 
high sinking speed, the matrix may be of significance 
for vertical carbon export. 

Meso- and macrozooplankton influence on vertical flux 

The vertical flux of both chl a and POC decreased 
with depth in the upper water column at all stations 
and only a small fraction of intact phytoplankton 
reached deeper waters. PPC at the 4 stations com- 
prised 5 to 9% of the vertical POC flux at 100 and 
200 m (data not shown), indicating that identifiable 
phytoplankton cells represented a small portion of the 
vertical flux at these depths. The decrease in vertical 
POC and chl a flux was accompanied by a change in 
pigment composition to a dominance by phaeo at 

depth, indicating that sinking matter in the deeper 
water column consisted of degraded matter. This indi- 
cates that the sinking material was dominated by fae- 
cal material, which was confirmed by data from J .  
Urban-Rich (unpubl. data on total faecal pellets car- 
bon). The vertical flux data thus indicate both retention 
of phytoplankton biomass due to grazing and a consid- 
erable contribution of faecal matter to vertical flux. 

Calanoid copepods are regarded as the main herbiv- 
orous species during spring in the Barents Sea (BAm- 
stedt et al. 1991, Tande 1991), but experiments carried 
out by Hansen et al. (1996) during the cruise in 1993 
indicated low copepod grazing rates (0.2 to 1 % of daily 
primary production, or 1.5 to 15 mg C m-2 d-') in the 
euphotic zone due to low biomass of the most impor- 
tant herbivorous copepods. Faecal pellet production by 
calanoid copepods was also too small to contribute sig- 
nificantly to vertical flux (Urban-Rich 1997). Mesozoo- 
plankton grazing activity can thus explain neither the 
observed retention of phytoplankton nor the vertical 
flux of faecal matter. 

This points to a possible underestimation of zoo- 
plankton grazing. Mesozooplankton grazing potential 
was estimated only for the most dominant copepod 
species, and macrozooplankton species such as eu- 
phausilds, pteropods, and amphipods from the water 
column and under-ice fauna were not evaluated 
(Hansen et al. 1996). However, euphausiids, for exam- 
ple, are important contributors to zooplankton biomass 
in the Barents Sea (Dalpadado & Skjoldal 1991). Krill 
and other macrozooplankton species may thus have 
been important consumers of phytoplankton and con- 
tributors to the vertical flux of matter, as shown in other 
geographical areas (von Bodungen et al. 1987, Bath- 
mann et al. 1991, Riebesell et al. 1995). Therefore, 
copepod grazing per se might not have been underes- 
timated, but the total grazing pressure from large zoo- 
plankton might have been underestimated due to 
incomplete sampling. This is further confirmed by the 
observation of krill pellets in the sedimented material 
(J. Urban-Rich pers. comm.). 

Microzooplankton influence on vertical flux 

Protozoan grazing was shown to be much higher 
than that of copepods during this study (Hansen et al. 
1996: Table 3: 125 to 720 mg C m-2 d l ) .  Microzoo- 
plankton distribution followed, in general, that of 
phytoplankton and was dominated by heterotrophic 
dinoflagellates (Hansen et al. 1996). Heterotrophic 
dinoflagellates are known to be able to prey on phyto- 
plankton similar to their own size, particularly the 
large forms that feed using feeding appendages 
(Jacobson & Anderson 1986). Due to high grazing rates 
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Table 3 Grazlng rates of meso- and m~crozooplankton Inte- 
grated from 0 to 50 m (from Hansb~n et  a1 1996) 

Stn Grazing potential of Grazlng potential of 
mesozooplankton microzooplankton 

(mg C m-Z d l )  (mg C m-2 d- ' )  

and absence of faecal pellet formation, or production of 
small and slow-sinking pellets, microzooplankton may 
contribute to the retention of biomass and nutrients In 
the euphotic zone (Antia 1991) Although pellets from 
microzooplankton may be important components of 
the vertical flux (Nothig & von Bodungen 1989) micro- 
zooplankton actlng as the main consumers of phyto- 
plankton may reduce the export of carbon or phaeo 
compared to scenarios where mesozooplankton are the 
main herbivores (Buck & Newton 1995) 

Protozoan grazlng was largest at Stns I and IV 
(Hansen et  a1 1996) Both stations had high phyto- 
plankton blomass and high pnmary production (Ver- 
net et a1 1998), but low daily loss rates The reduct~on 
in vertical chl a flux and change of plgment composl- 
tion m a n l y  took place above 60 m at Stns I and IV, 
where rmcrozooplankton also dominated The low 
daily loss rates of biogenic matter to deeper waters at 
these stations may therefore partly be  explained by 
retention due  to mlcrozooplankton grazlng The distri- 
bution of microzooplankton and the large grazing 
potentlal gave the microzooplankton the possib~lity not 
only of further controlling phytoplankton productlon, 
but also of retaining b~ogenic  matter and nutnents in 
the upper water column at these stations 

Stns I1 and I11 experienced lower protozoan grazing 
pressure between 0 and 50 m compared to Stns I and 
IV (Hansen et  a1 1996) This colnclded with larger ver- 
tlcal flux of phytoplankton to deeper water It is uncer- 
tain to what extent protozoans are  able to graze on 
Phaeocystis sp  colonies, but cll~ates and heterotrophlc 
dlnoflagellates are probably capable of grazing on sin- 

gle cells liberated from colonies (Lancelot et a1 1991) 

CONCLUSION 

The interpretation of the present material is compli- 
cated by the limited investigation time and the com- 
plexity of the pelagic community along the gradient. 
Careful analysis of the results, however, indicates that 
hydrography, nutrient status and light did not have a 
profound influence on the vertical flux of phytoplank- 

ton during t h ~ s  lnvestlgation The results show that 
high vertlcal flux 1s not necessarily connected to high 
daily loss rates, but may be due to low or moderate 
dally loss rates of a large suspended biomass It may be 
relevant to question the use of the term mass sedmen-  
tation as used by e g Wassmann et a1 (1990) High 
vertical flux of phytoplankton (or other particles), espe- 
clally during condit~ons w ~ t h  low nutnent concentra- 
tlons is often referred to as mass sedimentation The 
use of this term under such cond~tions may be mislead- 
ing, and should be reserved for scenarios of high daily 
loss rates 

High daily loss rates of phytoplankton from the 
euphotic zone was observed at the 2 stations (I1 and 111) 
w ~ t h  hlgh nutnent concentrat~ons The high loss rates 
were possibly due to productlon of extracellular car- 
bon, which may have Increased the aggregation 
potential of the phytoplankton community Thls indi- 
cates that phytoplankton In the Barents Sea durlng 
spnng may be subjected to aggregation and slnking 
before the termination of the spnng bloom by nutnent 
or light lmi t a t~on  

Evldence of incomplete dissolution of Phaeocystls sp 
colonles was observed to a depth of 200 m The results 
show that the matruc of Phaeocystis sp  may reach the 
deep water of the Barents Sea, but that the cells prob- 
ably escape the matrix during slnking The importance 
of sinking Phaeocystis sp for the carbon flux in the 
Barents Sea is, however, still uncertain 

Only a small fraction of Intact phytoplankton 
reached deeper waters due  to retention by grazers, 
and the vertical flux of b~ogenic matter to deeper water 
masses was dominated by faecal matter Earlier hypo- 
theses (Eilertsen et a1 1989, Wassmann et a1 1990, 
Wassmann & Slagstad 1993) based on the assumption 
that mesozooplankton grazers ( I  e calanoid copepods) 
are important regulators of the vertlcal flux dunng 
spring in the Barents Sea were shown to be inadequate 
In explalnlng the retention of phytoplankton matter in 
the upper water column Mesozooplankton probably 
dld not play an  important role In retalning matter In the 
uppel water column Protozoan grazlng was more 
important in terms of retaining organic matter and 
nutnents In the upper water There are indicat~ons that 
macrozooplankton (l e euphausiids), as medlator of 
vertical flux through production of fast-sinking pellets 
were important in structuring the carbon flow In the 
pe lag~c  system 

These conclusions imply that not only the physical 
environment but also b~ological processes are impor- 
tant factors in the regulation of the vertical flux of bio- 
genic matter in the northern and central Barents Sea 
dunng the spnng penod In future s tud~es  phytoplank- 
ton-related processes such as production of extracellu- 
lar carbon and aggregat~on should be studied and the 
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entire size spectra of phytoplankton consumers and 
their role in structuring the carbon flow in the pelagic 
system should be considered. 
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