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ABSTRACT: Suspended and sedimented particulate matter was examined along transects on the con-
tinental shelf off northern Spitsbergen, Norway, during summer 1991 The transects were situated in
non-ice-covered areas dominated by Atlantic water, areas with multi-year ice and the marginal ice
zone. The variability of the sedimented matter with regard to composition, quantity and quality
between the 7 investigated stations was considerable. The open Atlantic water showed the highest sus-
pended biomass [100 to 280 mg particulate organic carbon (POC) m~3} and the vertical flux was mod-
erate (24 to 30 mg POC m *d"!) and dominated by faecal matter. While the suspended biomass in areas
covered by multi-year ice was low (<65 mg POC m™), the vertical flux was relatively high (18 to
76 mg POC m%? d"!) and dominated by terrestrial organic and faecal matter. The contribution of phyto-
plankton cells to the vertical flux of POC was small in areas covered by multi-year ice, on average
about 1%. The contribution of phytoplankton cells to the vertical flux in the marginal ice zone was
higher (5.6 % of POC), consisting mainly of Chaetoceros socialis and Fragilariopsis sp., but a consider-
able amount of faecal matter also settled. At all stations zooplankton strongly influenced the vertical
flux, not only by faecal pellet production but probably also by direct mediation of fluxes (e.qg.
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coprophagy).
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INTRODUCTION

For arctic waters to be a true sink of atmospheric
CO, a large proportion of the carbon must become
inaccessible to the atmosphere (Sarmiento & Togg-
weiler 1984, Anderson et al. 1990). This can be caused
by deep water formation, but can also occur if carbon
fixation by photosynthesis decreases the pCO; in the
surface water (Takahashi et al. 1993) and the carbon
sinks to intermediate depths in particulate form (e.g.
Bodungen et al. 1995). If most of the carbon fixed is
recycled close to the ocean surface, it can diffuse back
to the atmosphere. Loss of organic matter from surface
waters takes place through settling of phytoplankton
cells, faecal pellets produced by zooplankton and
plankton-derived detritus. Highly silicified phyto-
plankton species such as diatoms sink faster than fla-
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gellates (Smayda 1970), and several diatom species
form aggregates, which greatly increases the sinking
speed of the cells (Passow et al. 1994). Together with
faecal pellets, aggregates are expected to be major
contributors of organic matter to the sediments. The
resultant vertical flux to the sediments is therefore not
only a function of the total primary production, but also
of the type of phytoplankton and grazers present in the
system.

Studies of the vertical flux of particulate matter have
revealed major differences with regard to the quantity
and composition of the material exported from the
upper layers, as well as seasonal and inter-annual dif-
ferences. Investigations in polar and ice-covered
waters have mainly been confined to Antarctica (e.g.
Fischer et al. 1988, Néthig & Bodungen 1989, Bath-
mann et al. 1991, Riebesell et al. 1991). In the Arctic,
investigations have been carried out in ice-covered
shelf waters such as the Beaufort Sea (Carey 1987), the
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MATERIAL AND METHODS
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Data were collected in the shelf seas off
northern Spitsbergen during the period June
20 to July 30, 1991 The measurements were
carried out during EPOS (European Polar-
stern Study) II, on board the German RV
'Polarstern’. Samples were taken in 3 main
areas: Transect I in open Atlantic water north-
west of Spitsbergen; Transects II and III in
areas covered with multi-year ice north of
Spitsbergen; and Transect IV in the MIZ
northeast of Spitsbergen (Fig. 1).

Hydrographic profiles were obtained with a
Neil Brown CTD-profiler mounted on a General
Oceanic rosette with twenty-four 12 1 Niskin
bottles. Samples for suspended biomass [par-
ticulate carbon and nitrogen (POC and PON),
total particulate matter (TPM), particulate sili-
cate (PSi) and pigments—chlorophyll a (chl a)
and phaeopigments (phaeo}] were collected
from 4 to 10 depths at various stations. Sam-

Fig. 1 Locations of transects and stations on the shelf off Spitsbergen,

Norway

Canadian Arctic (Hsiao 1987, Hargrave et al. 1994),
the Bering Sea and Gulf of Alaska (Iseki 1981) and
Hudson Bay (Tremblay et al. 1989, Michel et al. 1993).
In the polar and sub-polar northeast Atlantic Ocean
studies of vertical flux have been carried out in the
Norwegian Sea (e.g. Honjo et al. 1988, Bathmann et al.
1990} and in the marginal ice zone (MIZ) of the central
Barents Sea (e.g. Wassmann et al. 1990, 1991). Long-
term investigations of vertical flux in non-permanently
ice-covered waters have been carried out with deep-
moored traps in waters dominated by the West Spits-
bergen Current and in the Fram Strait (e.g. Honjo et al.
1987, Hebbeln & Wefer 1991).

No observations of the vertical flux of particulate
matter in the seasonal and permanently ice-covered
waters north of Spitsbergen have been conducted so
far. The present study presents some initial results
from this area with regard to pelagic-benthic coupling
and compares suspended biomass and vertical flux on
the shelf off northern Spitsbergen. This study was part
of the ‘Study of the Arctic Shelf' (SEAS) program,
which has the goal of carrying out multi-disciplinary
investigations of pelagic and benthic processes on the
shelf areas fringing the Arctic Ocean. Our investiga-
tion aimed to characterise (a) the composition, quality
and quantity of the suspended particles, (b) the magni-
tude of the vertical flux, (¢) the composition, quality
and the source of sinking particles and (d) the
processes controlling the vertical flux.

pling depths were selected on the basis of salin-
ity, temperature and in vivo fluorescence (Back-
scat). Samples of 0.5 to 2 1 were filtered on
pre-combusted Whatman GF/C filters for POC,
PON and pigments, on Sartorius 0.8 pm cellulose-
acetate filters for PSi and on pre-weighed GF/C filters for
TPM. The filters for TPM were rinsed with distilled water
after filtration to remove salt. Copepods were removed
from all filters by means of forceps. Samples for chl a and
phaeo were processed immediately after sampling and
the rest of the samples were stored in a freezer prior to
analysis.

Vertical flux of particulate matter was measured
using a TECNICAP P.P.S. 3/3 cylindrical trap with
40 cm diameter and 190 cm height. The trap had a con-
ical bottom which ended in a 250 ml sample jar
(Fig. 2C). The positions of the trap deployments are
given in Table 1 and are depicted in Fig. 1. The trap
was deployed using a drifting buoy in open waters. In
ice-covered areas the trap was deployed at ice floes
(Fig. 2A, B). The depth of deployment was 100 m for all
stations except Stn 124 where the trap was deployed at
60 m due to an underwater ridge in the area. The dura-
tion of the deployments varied between 8 and 24 h
(Table 1). After recovery the trap remained untouched
on deck for 2 h to allow material which may have been
resuspended during recovery to settle. After 2 h the
water in the cylinder was siphoned off and the sample
jar retrieved.

Samples from the sediment trap were split with a bird
pipette and 25 ml sub-samples for TPM, POC, PON,
PSi. chl a and phaeo were taken. These subsamples
were filtered as described above for water samples.
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Subsamples for microscopic examina-
tion were fixed with buffered formalde-
hyde (0.4% final concentration). Sam-
ples for chl a and phaeo were analysed
on board using a Turner fluorometer
(Holm-Hansen et al. 1965). The remain-
ing samples were analysed on shore.
POC and PON were analysed using a
Leeman Lab CEC 440 CHN analyser
after removal of carbonate with fumes
of concentrated HCI. PSi was dissolved
using 0.1 M NaOH and heated to 85°C
for 2 h. The solution was buffered with
diluted H,SO, and analysed as dissolved
silicate according to Grasshoff (1976).
Samples for TPM were dried at 60 °C
overnight and weighed.

A minimum of 50 to 100 cells of the
dominant species or groups in sediment
trap samples were counted in 10 ml
aliquots that had been allowed to settle
for 24 h. Cell size was measured to cal-
culate the cell volume and carbon content according to
Edler (1979). When one or a few species dominated the
sample, cells were counted at the species level, but
most cells were counted in size classes corresponding
to higher taxonomic levels. The following terms have
been selected to describe the dominant phytoplankton
groups in the sedimented material: centric and pennate
diatoms, dinoflagellates, flagellates and ciliates. It was
not possible to distinguish between heterotrophic and
autotrophic dinoflagellates and flagellates. All cell
counts except those for ciliates were used for calculat-
ing phytoplankton carbon (PPC), which hence is an
overestimate since heterotrophic cells are incorporated
in the count. Faecal pellets were counted and mea-

)

100m

I 190¢cm

Fig. 2. Deployment of sediment trap: (A) in open water and (B) in ice-covered
water. (C) Note the conical shape of the bottom of the trap leading to the

sampling jar

sured, and their volume calculated. Both intact faecal
pellets and pieces of faecal pellets were counted. Due
to problems of identification, broken or destroyed fae-
ces may not have been taken into account. The volume
of faecal pellets is therefore probably underestimated.
To calculate the faecal pellet carbon content (FPC), fac-
tors obtained from faecal pellets collected during the
cruise (Gonzalez & Smetacek 1994) were used. These
factors were: 0.061 mg C mm™ for Calanus finmarchi-
cus, which was used for all cylindrical pellets in Tran-
sect I, 0.038 mg C mm™ for Calanus glacialis, which
was used for all cylindrical faecal pellets in Transects II,
I, and 1V; and 0.029 mg C mm™ for Oikopleura sp.,
which was used for the ellipsoid pellets in all transects.

Table 1. Deployment positions of sediment trap

Transect Station Duration (h} Date
(1991)
) I 78 8.0 2 July
81 9.0 4 July
I 101 13.0 11 July
11 108 12.5 16 July
112 20.0 18 July
105 20.5 15 July
v 124 24.0 22 July

Position Depth Mode of deployment
{deployment, recovery) (m)

78°59'N 06°01'E, 100 Drifter
79°02'N 05°40'E

79°01'N 08°35'E, 100 Drifter
79°05' N 08°46'E

81°17'N 18°37'E, 100 Moored to ice floe
81°12'N 18°42'E

81°40'N 29°48'E, 100 Moored to ice floe
81°40'N 30°00'E

81°32'N 30°35'E, 100 Moored to ice floe
81°32'N 30°58'E

81°26'N 30°55'E, 100 Moored to ice floe
31"20'IN 3005 E

80°20'N 29°09'E, 60 Moored to ice floe
80°21'N 29°24'E
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Fig. 3. Variability of (A) temperature, (B} salinity, (C) nitrate and (D) chl a in the upper 100 m of Transect I. Also shown are ver-
tical profiles of (E) POC and PON, and (F) TPM and PSi

RESULTS
Hydrography, nutrients and suspended matter

Open water (Transect I). The central section of Tran-
sect | was dominated by Atlantic water from the West
Spitsbergen Current (WSC), At Stns 78.1, 78.2 and 79
(Fig. 3) melting drift ice in the area gave rise to a lens
of melt water. The stations closest to land were domi-

nated by slightly colder and less saline water from the
West Spitsbergen Coastal Current (WSCC). Elevated
concentrations of POC (110 to 280 mg m™%) and PON
(13 to 38 mg m~®) were recorded in the upper 40 m at
all stations. Concentrations of chl a were highest at the
stations closest to land (>1 mg m™®) in the WSCC. In
spite of the stabilisation of the water column due to the
melt water, no developed spring bloom situation was
recorded at Stns 78.1 and 78.2. This is reflected by low
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Fig. 4. Variability of (A) temperature, (B) salinity, (C) nitrate and (D) chl a in the upper 100 m of Transect II. Also shown are ver-
tical profiles of (E) POC and PON, and (F) TPM and PSi

biomass and the generally high nutrient concentra-
tions (Fig. 3).

Multi-year ice (Transects II and III). Atlantic water
from the WSC was recognised below 50 m depth north
of Spitsbergen in areas covered by multi-year ice, but
the surface water was dominated bv Arctic water
(Figs. 4 & 5). The concentrations of suspended organic
matter at the stations covered by multi-year ice
(Stns 101 to 112) were low. Chl a concentrations were

lower than 0.5 mg m™ and vertical profiles of POC,
PON and PSi revealed small variations in concentra-
tion over the entire water column (36-92, 4-15 and
0.8-3.2 mg m™?, respectively). Elevated concentrations
of TPM were recorded at Stns 112 and 105.

Maraginal ice zone (Transect IV). This transect was
dominated by Arctic water (Fig. 6). From Stn 124.2
southwards the surface water was influenced by melt
water. At Stn 126 the influence of melt water was
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PON, and (F) TPM and PSi

) temperature, (B} salinity, (C) nitrate and (D) chl a in the
upper 100 m of Transect IIl. Also shown are vertical profiles of (E) POC and

recorded down to 20-25 m depth.
Increased concentrations of suspen-
ded POC (213 to 320 mg m®} and
PON (34 to 60 mg m*) were found in
the upper 25 m at Stns 124.2 and 126.
While Stns 124.3 and 124.2 had POC
and chl a maxima in the surface water,
Stn 126 had maxima between 25 and
30 m depth. The highest concentration
of suspended chl a was recorded at
Stn 126 (>4 mg m™%). The nutrient con-
centrations in the stratified water
influenced by ice melt were clearly
reduced due to phytoplankton growth
(Fig. 6)

Vertical flux of particulate matter

Open water (Transect I). The high-
est sedimentation rate of TPM in the
open water was recorded at Stn 78
(250 mg m ? d"Y) (Fig. 7), about 3.5
times higher than the rate at Stn 81
(70 mg m™? d7’). The sedimentation
rates of POC, PON and PSi were low
and varied slightly (25-30, 4-5 and
4-5 mg m™ d7!, respectively). The
increased sedimentation of TPM at
Stn 78 was probably due to inorganic
material since there was no similar
rise in POC or PON sedimentation
rates. The sedimentation rates of algal
cells were low at Stn 78 compared to
Stn 81 (Tables 2 & 3) The sedimented
cells consisted mainly of flagellates,
dinoflagellates and oligotrich ciliates.
The elevated sedimentation rates of
cells at Stn 81 were mainly due to pen-
nate diatoms. This tendency is not
reflected in the sedimentation rate of
chl a, which was equivalent at Stns 78
and 81 (60 pg m™? d7'). Generally
speaking, sedimentation rates of chl a
were low (Fig. 7). Sedimentation rates
of phaeopigments were higher than of
chl a, and twice as high at Stn 78
(201 pg m~%d-!) as at Stn 81 (97 ug m~?
d™)). The sedimented material was
dominated by unidentifiable detritus
and faecal pellets (Tables 4 & 5).

Multi-year ice. The highest sedi-
mentation rates of TPM, POC and
phaeo during the investigation were
recorded at the northernmost Stn 108




(1650, 76 and 0.4 mg m~2 d°}, respec-
tively; Fig. 7). The other stations in
this area (101, 112 and 105) were
characterised by some of the lowest
sedimentation rates found in the pre-
sent investigation (145-185 and
17-26 mg m™? d! for TPM and POC,
respectively). The sedimentation rates
of PON were low at all stations (2 to
3 mg m? d! and varied less
between the stations than did POC
and TPM.

The dominant group of sedimented
algae at Stn 108 consisted of naked
and thecate dinoflagellates. Some of
the dinoflagellates were identified as
heterotrophic (Pronoctiluca sp. and
Amphidinium sp.; data not shown).
The ice algae Melosira arctica (both
resting spores and vegetative cells,
~50/50; data not shown) and unidenti-
fied pennate algae were found in the
sedimented material at all stations
covered with multi-year ice, and dom-
inated the algal material at Stns 101,
112 and 105. But algae were not
important for the total carbon flux at
any of the stations in multi-year ice
(Table 5), except at Stn 105. Stn 105
had the second highest chl a sedimen-
tation rate during this investigation
(125 pg m=? d-!y and was the only sta-
tion covered with multi-year ice which
had higher sedimentation rates of chl a
than of phaeopigment. This suggests
that the material sinking here was
fresher than at the other stations in
Transects 11 and III. The microscopic
examinations of the sedimented mate-
rial from stations in Transects II and 111
indicated that sedimentation of faecal
pellets was more important for vertical
flux than sinking algae at all stations
(Table 5). But algae contributed more
to vertical flux at Stn 105 than at the
other stations.

Marginal ice zone. Stn 124 was
characterised by high sedimentation
rates of TPM and POC (303 and
47 mg m~? d°!, respectively) and had
the highest sedimentation rate of chl a
(952 ug m™* d°!) during the investiga-
tion (Fig. 7). Fragiariopsis sp. and
Chaetoceros socialis dominated the
sedimented cells at Stn 124. The
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phytoplankton cell sedimentation rate here
was 10 to 100 times higher compared to the
other stations (Tables 2 & 3). The impor-
tance of sinking diatoms and, in particular,
resting spores of C. socialis at Stn 124 was
by far greater than at any of the other sta-
tions (Table 5). The sedimentation rate of
faecal pellets (Table 4) was comparable to
other stations.

Biochemical composition of sedimenting
matter and relative contribution oi
phytoplankton cells and faecal pellets
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In the open water off Transect I,
POC/PON ratios were lowest and close to
the Redfield ratio (6.2 and 6.9) (Table 6).
The POC/PON ratios in transects covered
by multi-year sea ice were clearly higher,
but also more variable. The sedimented
material at Stn 108 had a very high
POC/PON ratio (about 27). Stns 101 and
112 had lower, but still high, POC/PON
ratios (10 and 13). The sedimented material
at Stns 105 and 124 had a lower POC/PON
ratio (7.7 and 8.3 respectively), indicating
fresher material compared to the other ice-
covered stations.

The average POC/chl a ratio of about
2000 in sedimented material at stations in
Transects [ to III (except Stn 105; Table 6)
emphasises that fresh phytoplankton
played a minor role in the vertical carbon
flux at these stations. The chl a/phaeo
ratios were <1 at the same stations, indicat-
ing influence of herbivory. In the southern
part of Transect III (Stn 105) and in Transect
IV (Stn 124) relatively low POC/chl a ratios
of 105 and 50, respectively, were recorded
in the sedimented matter. This indicates an

Table 2. Sedimentation rate of different cell classes (no. m=2 d~!) at the different stations

Transect [ Transect II Transect [II Transect IV
Stn 78 Stn 81 Stn 101 Stn 108 Stn 112 Stn 105 Stn 124

Centric diatoms - 3.20x 10° 1.88 x 10* 1.37x10°  370x10°  6.52x10° 1.77 x 108
Chaetoceros socialis - - - - - - 1.93 x 108
Pennate diatoms - 4.10x 108 1.75 x 108 264 x10"  4.40x10° 3.44 x10° 1.65 x 107
Dinoflagellates 6.04 x 10° 8.30x 104 1.29 x 10* 9.52x10°  1.94x10* 234x10° 8.80 x 10*
Flagellates 1.27 x10° 1.21x 10° 5.82 x 10° 6.29 x 10° - - 2.10 x 107
Ciliates 3.74x10° 1.01 x10* 4.00 x 10° 3.34x 10" 2.59x 102 - -
Total 7.35x10° 4.27 x 107 7.61 x 10° 7.44x10°  830x10° 4.09x10° 232 x 108
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Table 3. Sedimentation rate of particulate phytoplankton carbon (PPC) (mg m2 d~!) at the investigated stations. Also shown is the
PPC/chl a ratio in the sedimented material (ciliates not included)

Transect [ Transect II Transect I1I Transect [V
Stn 78 Stn 81 Stn 101 Stn 108 Stn 112 Stn 105 Stn 124

Centric diatoms 0.001 0.013 0.08 0.193 0.328 0.20
Chaetoceros socialis - - - ~ - - 1.47
Pennate diatoms - 0.44 0.175 0.001 0.002 0.413 0.73
Dinoflagellates 0.010 0.007 0.005 0.387 0.037 0.001 0.01
Flagellates 0.0002 0.001 0.012 0.004 - - 0.06
Ciliates 0.006 0.006 0.002 0.08 0.000 - -

Total 0.016 0.545 0.207 0.552 0.232 0.742 2.47
PPC/chl a 0.20 7.6 12.8 18.2 122 4.9 2.6

Table 4. Volume of sedimented faecal pellets (nm® m™ d"!) and

amount of sedimented faecal pellet carbon (FPC). Also shown is

the FPC/phaeo ratio in the sedimented material

Transect I Transect II Transect I1I Transect IV
Stn 78 Stn 81 Stn 101 Stn 108 Stn 112 Stn 105 Stn 124
Faecal pellet volume 1.96 x 10'' 4.04 x 10" 2.92 x 10 3.88x 10  235x10' 578x 10 4.45 x 10"
FPC (mg m™2d™!) 12.0 2.5 1.4 1.5 0.9 2.2 1.7
FPC/phaeo 58.1 254 24.4 4.0 9.4 17.6 4.6

Table 5. Contribution of particulate phytoplankton carbon
(PPC) and faecal pellet carbon (FPC) to particulate organic
carbon (POC) sedimentation rates

Station % PPC of POC % FPC of POC

78 0.07 51

81 1.40 8

101 1.20 8
108 0.72 2
112 0.90 3
105 3.37 10
124 5.60 4

increased importance of phytoplankton-derived matter
closer to the residing ice edge. The relative influence
of herbivory was also noticeably lower at these sta-
tions, as reflected by chl a/phaeo ratios between 1.2
and 2.55.

The increased importance of algal matter at Stns 105
and 124 was further confirmed by the higher contribu-
tion of PPC to the vertical carbon flux at these stations
(3.3 and 5.6 %, respectively). Table 5 shows that the
PPC content of the sinking POC was generally lower at
the other stations, in most cases around 1%. In com-
parison, the contribution of faecal pellets to the vertical
flux of POC was iar greater at these stations. Stn 124
was the only station during this investigation where
the contribution of PPC was higher than that of FPC

(Table 5). On average about 12% of the vertical POC
flux was due ta FPC. By far the greatest contribution of
FPC to the vertical POC flux was found in the open
water at Stn 78 (51 %), while the contribution at the
other stations was more variable (2 to 10%, average
about 6 %).

DISCUSSION

The sediment trap technology used in this, as in any
other study, is far from perfect. The technique has been
disputed in general (e.g. GOFS 1989, Buesseler 1991},
but the obvious weaknesses in the present investiga-
tion are (1) the relatively short and varying sampling
times, (2) the underestimation of vertical flux in the
cone-shaped part of the sediment trap (Taguchi et al.
1993) and (c) the potential disturbance by the ice
breaker of the under-ice flora and fauna. The latter is
probably less important, since only small amounts of
released ice algae were found in the sedimented mate-
rial and the traps at 100 m depth sample particles from
a larger area than that influenced by the ice breaker.
Given these limitations, the present results should be
considered only indicative of the quantities and com-
position of the sinking particulate matter.

The magnitude of vertical flux is determined by the
new production, phytoplankton bloom development
and species composition as well as the influence of
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Table 6. POC/PON, POC/chl a, chl a/phaeo, PSi/phaeo and PSi/chl a ratios of the sedimented matter

Transect Station POC/PON POC/chl a chl a/phaeo PSi/phaeo PSi/chl a
(a/a) (w/w) (w/w) (w/w) (w/w)
I 78 6.2 3930 0.03 22 840.90
81 6.9 540 0.61 40 65.87
I 101 9.9 1110 0.25 27 95.03
I 108 26.6 2980 0.07 17 244.43
112 13.0 1360 0.20 36 181.63
105 7.7 150 1.22 59 48.17
v 124 8.3 50 2.55 118 46.29

planktonic heterotrophs on algae, faecal pellets and
detritus. In non-ice-covered waters and areas under
the influence of Atlantic water, stratification develops
slowly and is mainly influenced by solar radiation and
turbulence. Spring blooms can take place even under
non-stratified condilions in sub-polar and polar envi-
ronments (Townsend et al. 1992, Eilertsen 1993). Con-
sequently the phytoplankton development in waters
not covered by sea ice is delayed and slower compared
to that in the MIZ (Skjoldal & Rey 1989). This was
observed in Transect 1. The biomass in the water col-
umn was dominated by small flagellates and ciliates
(G. Socal & J. Wiktor pers. comm.). These cells have
low sinking rates (Smayda 1970) and, as a conse-
quence, such communities contribute little to the verti-
cal flux of organic matter (Kierboe 1993). Our data
reflected such a scenario: vertical flux of organic mat-
ter was low, especially vertical flux of phytoplankton.
Faeces of mesozooplankton were the main vehicle for
the vertical export of organic matter along Transect I,
in particular at Stn 78 (Table 4), which indicated an
influence of mesozooplankton grazing. The high verti-
cal flux of PSi (Fig. 7) and absence of diatom cells
(Table 2) in the sedimented material at Stn 78 indicate
that the major diet of zooplankton must have been
diatoms. The low suspended concentrations of diatoms
could have been due to a high grazing pressure on this
part of the plankton community. Mesozooplankton bio-
mass along the transect was dominated by Calanus fin-
marchicus and Oithona sp. Mesozooplankton concen-
trations were highest at Stn 81, mainly due to Oithona
sp. (H. Gonzédlez & G. Fransz pers. comm.). Experi-
ments carried out during the cruise indicated that
Oithona sp. is coprophagous (Gonzalez & Smetacek
1994}, and the elevated concentrations of this species
at Stn 81 may have been responsible for the lower ver-
tical flux of faecal pellets here compared to Stn 78.

In ice-covered environments, water column stability
due to melting ice, the depth of the stratified surface
water and photosynthetic active radiation (PAR} con-
trol the size and development of the spring bloom
(Sakshaug & Holm-Hansen 1984, Sakshaug & Skjoldal

1989). Before the ice cover melts or recedes from an
area, planktonic primary production is light limited
and develops slowly. Both Transects II and III experi-
enced heavy ice cover, and the low chl a concentra-
tions and relatively higher POC concentrations imply
that the suspended biomass in these transects was not
dominated by phytoplankton. Nutrient concentrations
indicated that some primary production had taken
place along Transect II, which probably reflects
increased PAR in an earlier period. However, a con-
comitant increase of suspended biomass was not
recorded. Deterioration of light conditions due to new
advances of the ice edge or closing of wakes might
have limited or stopped a further development of the
bloom. At the time of the investigation the phytoplank-
ton was probably light-limited due to an ice thickness
of 2 to 4 m (Inall & Parker 1992). The phytoplankton
community structure was similar to that at Stn 78 in
Transect I, with dino- and nanoflagellates dominating
(G. Socal & J. Wiktor pers. comm.), implying a low
potential for cell sedimentation. Low sedimentation of
phytoplankton and ice algae was actually observed
throughout the transects, and faecal pellets were the
more important vehicle for vertical carbon flux in these
ice-covered waters (Table 6). The heterotrophic dino-
flagellates observed in the sedimented material of
Stn 108 could have been sinking in association with
aggregates (Alldredge & Silver 1988). When more PAR
was available under a thinner ice cover such as that at
Stn 105, suspended chlorophyll concentrations in-
creased, resulting in a higher sedimentation rate of
chl a and algae (Fig. 7).

Sea ice in the Arctic Ocean frequently contains sig-
nificant amounts of inorganic matter (Vinje & Kvam-
bekk 1991). Also, terrestrial matter transported by
rivers to the Siberian Shelf is frozen into sea ice and is
transported by the Transpolar Drift into the area north
of Spitsbergen and the Fram Strait (Reimnitz et al.
1994). When this ice melts it releases the particulate
matter, giving rise to increased vertical flux of TPM
and terrestrial organic matter This hypothesis is sup-
ported by observations of terrestrial material dominat-
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ing the sediments below the Transpolar Drift (Stein et
al. 1994). Stn 108 revealed the highest TPM and POC
sedimentation rates of the present investigation
(Fig. 7). A high POC/PON ratio of 26.6 indicates that
the sinking matter could not have been due to fresh
marine material, as the POC/PON ratio of this matter
usually varies between 7 and 15 in the central Barents
Sea (Wassmann 1989) and in fjords (Wassmann 1991).
The vertical flux at Stn 108 probably reflects melting
ice from the Transpolar Drift and a resulting release of
particulate content derived from the Laptev Sea. The
sedimentation rates of TPM were similar to those found
by Hebbeln & Wefer {1991) at depth during periods of
multi-year sea-ice melting in the Fram Strait. From our
visual observations during the cruise it can be assumed
that the particulate content of sea ice had a patchy dis-
tribution. Also, the release of particulate matter from
the ice can be irregular. This seems to be reflected by
the great variability in sedimentation rates along the
transects covered by multi-year ice.

The withdrawal and melting of sea ice gives rise to a
strong stabilisation of the surface water in the MIZ of
the Barents Sea (Slagstad 1985) and, together with the
increase in PAR, creates very favourable conditions for
a strong and rapid spring bloom (Rey & Loeng 1985).
This scenario corresponds to the situation in Transect
IV, which was characterised by extensive ice-coverage
in the north and melting ice in the south (i.e. the tran-
sect covered the MIZ). The typical sequence of the ice
edge bloom in space and time (Sakshaug & Skjoldal
1989) is clearly indicated by the high chl a concentra-
tions in the upper part of the water column in the cen-
tre of the transect, and a deep chlorophyll maximum
close to the nutricline in the southern part of the tran-
sect (Fig. 6). This was further confirmed by the phyto-
plankton species composition, with Fragilariopsis sp.
and Chaetoceros socialis dominating the biomass of
the water column (G. Socal & J. Wiktor pers. comm.).
These diatoms are typical during the spring bloom in
the Barents Sea (Rey & Loeng 1985, Syvertsen 1991)
and marginal ice zones in general (Horner 1989, Kang
& Fryxell 1992). The high chl @ and nutrient concentra-
tions indicated an early, healthy bloom. However, rest-
ing spores of C. socialis point to a deterioration of the
living conditions of diatoms (Rey & Skjoldal 1987,
Davis et al. 1980). Another common spring bloom spe-
cies in the Barents Sea, the haptophyte Phaeocystis
pouchetii (e.g. Wassmann et al. 1990), was also found,
but only in low concentrations (G. Socal & J. Wiktor
pers. comm.}.

The rapid development of the spring bloom in the
MIZ of the Barents Sea typically decouples zooplank-
ton and prevents significant grazing (Eilertsen et al.
1989), and a strong pulse of ungrazed or partly grazed
material follows after nutrient limitation sets in (Wass-

mann et al 1991). The upper part of the water column
at Stn 124 was not entirely nutrient depleted, but the
vertical fluxes of phytoplankton cells and chl a at this
station were the highest in the survey. The moderate
concentration of mesozooplankton at this site (Gon-
zdlez & Smetacek 1994) was obviously not enough to
produce a grazing pressure which could control the
vernal bloom. This was reflected in the highest vertical
export of PPC found in this investigation. Thus
Transect IV reflects the typical spring dynamics of the
Barents Sea MIZ, characterised by extensive phyto-
plankton blooms and vertical export of ungrazed
phytoplankton, as described by conceptual (Sakshaug
& Skjoldal 1989) and numerical (Wassmann & Slagstad
1993) models.

The particulate silicate content of the sedimented
matter was quite high at all stations despite the low
number of diatom cells at some of the stations. At
Stn 78, for example, no diatom cells were found in the
sedimented material, but a sedimentation rate of
5 mg PSi m™? d°! was recorded. This probably reflects
strong, selective mesozooplankton grazing pressure on
diatoms. Particulate silicate passes more or less un-
changed through the gut of zooplankton (Tande &
Slagstad 1985), and faecal pellets can be an important
particulate silicate source in sedimented matter of
polar waters (Gersonde & Wefer 1987). Faecal pellets
seem, therefore, to be the most prominent source of
sedimented PSi, in particular at Stn 78, which experi-
enced the highest faecal pellet sedimentation rate
(Table 4). This is also reflected by the PSi/phaeo ratio
of the sedimented matter, which varied little
(46 £ 76 %) along all transects while that of PSi/chl a
varied greatly (217 + 130 %) (Table 6). In the MIZ at Stn
124 the PSi sedimentation rate was highest (Table 6)
due to a combination of direct deposition of ungrazed
diatoms, especially Chaetoceros socialis with relatively
strongly silicified resting spores (e.g. Rey & Skjoldal
1987) and faecal pellets.

A modest variation in faecal pellet sedimentation
rate, on average 1.7 mg FPC m™2 47! = 45%, was
recorded at 6 of 7 stations (Table 4). This could be
caused by the following factors: (1) the faecal pellet
production rate of the mesozooplankton community
differed little despite the differences in community
structure, environmental conditions and availability of
food; or (2) an increased vertical flux of faecal pellets
was counteracted by zooplankton-mediated processes
such as coprophagy. Although faecal pellets were the
most important identified contributor to the vertical
flux, microscopic investigation revealed large amounts
of detritus in the sedimented material at all stations,
which may reflect disintegration of faecal pellets. The
vertical flux of faecal pellets supports the observation
of Gonzélez & Smetacek (1994) that the abundant
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cyclopoid copepod Oithona sp. coincides with a
removal of suspended faecal pellets, suggesting that
processes like coprophagy resulted in small-sized sus-
pended particulate organic matter and nutrients in ice-
covered areas. Less than 15 % of the POC flux could be
accounted for at all stations except Stn 78, and more
precise investigations of the sources of the detrital frac-
tion of sedimented material would require access to
biogeochemical analytical techniques. Despite the lim-
ited assessment of the origin of sedimenting organic
matter, our observations indicate that faecal pellets
played a major role in the vertical flux north off Spits-
bergen during spring and that sedimented detritus
probably derived from the feeding activity of zoo-
plankton.

Experience from the Barents Sea shelf (e.g. Wass-
mann & Slagstad 1993) and other ice-covered shelf
areas (e.g. Tremblay et al. 1989) has so far indicated a
significant loss associated with the spring bloom. In
contrast, the low vertical carbon flux rates in spring in
the present study point to the possibility that major
amounts of algal carbon do not reach the sediments
and deeper waters in most of the ice-covered areas off
northern Spitsbergen. The implied recycling of phyto-
plankton- and ice-algal-derived matter in the upper
layers greatly diminishes the possible importance of
algae in carbon export to the deep ocean and CO,
sequestration. A storage of CO, at mid-water depths
off northern Spitsbergen is likely during spring and
summer. This CO, may be released to the atmosphere
during autumn and winter, but extensive ice-coverage
and strong stratification can prevent that release
(Yager et al. 1995), providing a small, negative feed-
back to atmospheric CO,. Despite the rapid recycling
of carbon in the upper layer, ice cover and stratification
may contribute to the role of the Arctic Ocean as a true
sink of atmospheric CO, as suggested by Anderson et
al. (1990).

CONCLUSION

Compared to the Barents Sea shelf, which is influ-
enced by Atlantic water, the vertical flux of particulate
matter in the WSC was low and phytodetritus, faecal
pellets and detritus dominated. Ecological knowledge
from the Barents Sea shelf, therefore, cannot be
directly transferred to the shelf west and northwest of
Spitsbergen.

In the multi-year ice-covered waters north of Spits-
bergen, terrestrial material released from melting ice
seemed to be an important component of the vertical
flux of organic matter. In addition, faecal pellets played
a more important role in the vertical carbon flux than
phytoplankton. An inverse relationship between zoo-

plankton density (mainly Oithona sp.) and faecal pellet
flux suggests that zooplankton-mediated processes
such as coprophagy were of significance for retaining
particulate matter in the upper water column. Ice algae
and phytoplankton contributed less than did faecal
pellets to the vertical flux in the multi-year ice-covered
waters north of Spitsbergen.

The conspicuous vertical flux of ungrazed phyto-
plankton and ice algae in the MIZ contrasted with the
other areas and the bloom was obviously controlled by
zooplankton only to a small degree.

This study indicates that phytoplankton blooms and
vertical flux in the various ice-covered areas around
Spitsbergen can differ greatly. Even in multi-year ice-
covered areas, vertical carbon flux differs as a function
of the origin of the ice, its terrestrial matter content, the
extent of the sea ice and the under-ice flora and fauna.
The general picture is (1) that the vertical flux had a
low pigment content and the contribution of algae was
low (PPC <5% of POC ), (2) that the chl a/phaeo ratios
were low (mainly <1) and the FPC/POC ratios high,
and (3) that the organic matter was degraded (POC/
chl a ratios >150). This implies a dominance of faecal
matter and detritus, with minor contributions of algae
under spring conditions. In contrast to the adjoining
shelf areas characterised by seasonal and inter-annual
variation of the MIZ, materal fluxes in the deeper
parts of the Arctic Ocean seem to be effectively con-
trolled by grazers or allochthonous sources.
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