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ABSTRACT: Profiles from the euphotic zone at the end of July in the Greenland Sea showed that bac- 
terial production rates were highest in surface Arctic domain water, and generally lower in locations 
from the warmer North Atlantic domain. Bacterial production from all locations investigated averaged 
0.26 pM C d-' In the upper 50 m water column, and the 0 to 50 m integrated bacterial production aver- 
aged 67% of the 0 to 500 m integrated production. Both bacterial total counts and growth rates were 
high compared to other oligotrophic open ocean areas. In the upper 50 m water column, bacterial total 
counts averaged 1.1 X 106 cells ml-', and bacterial growth rate averaged 0.68 d-' The high bacterial 
growth rate and production rate may be related to the fact that at the end of the productive season con- 
siderable amounts of annually produced transient organic material were present. The amount of or- 
ganic material that had accumulated through the productive season was estimated by comparing pro- 
files of TOC measured at the end of July with winter values, and with values of TOC from 1000 m depth 
and below. The amount of transient TOC in the upper 50 m averaged 1.15 m01 C m-2, and ranged from 
0.68 to 1.5 m01 C m-2 Based on an assumed bacterial growth yield of 30%, the measured bacterial pro- 
duction rates in the upper 50 m inferred a turnover of the transient TOC in the range ot 8 to 91 d. 
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INTRODUCTION 

In the biogeochemical cycling of carbon in the ocean, 
heterotrophic bacteria are the principal consumers of 
dissolved organic carbon (DOC), and consequently 
bacterial respiration is a major process in the mineral- 
ization of organic carbon. In Arctic oceanic regions, 
such as the Greenland Sea, information on hetero- 
trophic activity is scarce. From a transect over the Polar 
Ocean, Wheeler et al. (1996) reported that this region 
is far from barren, despite perennially cold waters and 
ice cover. Moreover they were able to show that the 
turnover of transient DOC in July/August was be- 
tween 3 and 12 mo as calculated from estimates of bac- 
terial production rates and DOC measurements. In the 
Chukchi Sea, which is situated at a similar latitude as 
the cruise reported in the present study, moderately 

high rates of bacterial production at the end of the 
growing season have been found (Cota et al. 1996, 
Wheeler et al. 1996, Rich et al. 1997). Similar studies 
have not previously been reported from the Greenland 
Sea. 

The Central Greenland Sea is an area where deep 
water formation takes place, and this process is in- 
volved in sequestering of anthropogenic atmospheric 
COz (Broecker & Peng 1992, Anderson et al. 2000). The 
flux of carbon from dissolved inorganic carbon (DIC) to 
organic material via photosynthesis is an important 
part of the carbon dynamics of the ocean surface, and 
primary production with subsequent accumulation of 
DOC represent processes that favour diffusion of CO2 
from the atmosphere to the ocean (Siegenthaler & 
Sarmiento 1993). Current information on DOC concen- 
trations in the euphotic zone of the oceans suggests 
that annual transient DOC represents a large pool of 
material. At 66" N in the Norwegian Sea, such tran- 
sient DOC found at the end of the growing season rep- 
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resented an amount of material corresponding to 
20-50% of current estimates of primary production for 
the area, varying among 3 years between 1.6 and 
4 . 2  m01 C m-2 (Bsrsheim & Myklestad 1997). In the Lig- 
urian Sea, the summer accumulation was estimated at 
1 m01 C m-' (Copin-Montegut & Avril 1993), and in the 
Sargasso Sea the corresponding estimate was 1.2 m01 
C m-2 in 1992/93 (Carlson et al. 1994). Estimates from 
the Equatorial Pacific Ocean suggest that an average 
of 20 % of new primary production accumulates in this 
area (HanseU et al. 1997), and the corresponding esti- 
mate from Ross Sea polynya was 10 to 20% (Hansell& 
Carlson 1998a). Comparable rates of accumulation 
have also been observed in coastal areas (Williams 
1995, AlvarezSalgedo et al. 1999, Berrsheim et al. 1999). 

After the productive season, DOC concentrations 
gradually return to winter values, which in the areas 
investigated were close to deep water values. It is 
presently unclear whether this decline is brought 
about mainly by physical mixing of surface water with 
water from below the euphotic zone, which presum- 
ably has a rather constant content of mainly refractory 
DOC (Carlson & Ducklow 1996), or if the decline is 
dominated by bacterial degradation in the surface 
waters. It is of interest to know the contribution of each 

of these processes for the evaluation of the role of DOC 
in the total carbon cycle of these open ocean areas. 

Here I report bacterial production rates measured at 
the end of the productive season to estimate hetero- 
trophic consumption rate of DOC at various depths, 
along with estimates of transient total organic carbon 
(TOC). The present study forms part of a larger pro- 
gram including measurement of primary production 
and sedimentation, along with inorganic carbon flux 
measurements, physical oceanography and modelling 
(European Subpolar Ocean program). The overall aim 
of the program is to evaluate the capacity of the Green- 
land Sea for the transport of CO, from the atmosphere 
to the ocean's interior. 

MATERIALS AND METHODS 

Seawater samples were collected in acid-cleaned 
Niskin bottles connected to a CTD-rosette. Table 1 
shows the positions sampled and number of samples 
processed. 

Bacterial total counts were measured using epifluo- 
rescence microscopy after staining with DAPI (Porter & 
Feig 1980). Samples were fixed with 2.5 % glutaralde- 

Table 1. Overview of the locations sampled and variables measured in the Norwegian and Greenland Seas. Samples for winter 
and deep water TOC were collected in 1995 from RV 'Hikon Mosby', the University of Bergen, Norway. Samples from the end 
of the growing season were from RV 'Johan Hjort' (Institute of Marine Research, Bergen, Norway, crulse no. 1996210). Number 

of samples is given within parentheses 

Date; position Stn Depth interval (m) 

Bacterial Bacterial TOC 
production total count 

Feb 25; 75" N, 7' 1.1' W 10-3300 (19) 
Feb 27; 75" N, 3' W 10-3500 (23) 
Mar 2; 75" N, 0' W 800-3520 (1 1) 
Mar 3; 75" N, 5' E 20-3000 (12) 
Jul22;  70" 45.04' N,  07" 00.15' E A 10-500 (7) 10-500 (9) 10-1000 (12) 
Jul  22; ?l0 05.19' N,  05" 49.42' E B 1-3031 (35) 
Jul23;  72" 04.68' N, 02" 14.75' E C 1-198 (7) 1-198 (7) 1-500 (22) 
Jul23;  72" 23.80' N, 01" 8.69' E D 10-73 (6) 10-7 3 (6) 1-400 20) 
Jul 24; 73" 26.21' N, 02" 13-14' W E 2-400 (4) 2-400 (4) 2-600 (24) 
Jul 25; 74" 59.54' N, 08" 13.65' W F 1-60 (8) 1-60 (8) 11-1000 (12) 
Jul26; 74" 59.90' N, 04" 58.79' W G 9-1000 (12) 
Jul 26; 75" 00.12' N, 02" 57.50' W H 10-1000 (12) 
Jul 26; 74" 59.99' N, 00" 08.79' W I 10-500 (3) 10-500 (3) 10-1000 (12) 
Jul 27; 75" 00.01' N, 00" 00.08' E J 5-50 (4) 5-50 (4) 
Jul 27; 75" 00.92' N, 02" 58.66' E K 5-300 (5) 
Jul28;  75" 00.25' N, 06" 59 58' E L 2.5-147 (5) 2.5-147 (5) 
Jul 28; 74" 59.53' N, 10" 58.94' E M 2.5-147 (5) 2.5-147 (5) 
Jul29; 75" 00.48' N, 14" 53.64' E N 10-400 (5) 10-400 (5) 
Jul31;  74" 30.63' N, 06" 57.87' E 0 10-36 (5) 10-36 (5) 
Jul 31; 74" 31.03' N, 06" 57.87' E P 5-36 (5) 5-501 (12) 
A u ~  1; 74" 29.96' N, 04" 55.56' E Q 5.6-65 (5) 5.6-65 (5) 
Aug 1; 74" 30.07' N,  03" 55.74' E R 5.6-500 (11) 
A u ~  2; 72" 46.93' N, 07" 15.99' E S 4.4-501 (5) 4.4-501 (5) 
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hyde (final concentration), and all samples were fil- 
tered within 6 h onto 0.2 pm pore size Nuclepore fil- 
ters, stained, mounted and frozen. The preparations 
were kept frozen until they could be counted 2 to 3 mo 
later using a Zeiss Axioplan with a HBO SOW mercury 
lamp and filter set 487902 for epifluorescence micro- 
scopy. 

Bacterial production was measured by the 3H- 
[methyl]-thymidine method (Fuhrman & Azam 1980, 
1982). Tritiated thymidine with a specific activity of 
3.1 TBq rnmol-' (Du Pont New England Nuclear, USA) 
was added to a final concentration of 12 nM. Samples 
were incubated in 10 m1 Nunc rninisorb tubes at in situ 
temperature in the dark for 45 to 90 min. The incuba- 
tions were stopped by filtering on 0.2 pm pore size 
Nuclepore filters, followed by washing with 3.3 m1 
ice-cold TCA directly on the filter (Bsrsheirn 1990). 
Radioactivity was quantified using Filtercount (Pack- 
ard) and a Packard Tri Carb scintillation counter. Bac- 
terial production was calculated assuming a yield of 
0.023 pg C (pm01 thyrnidine)-l, which is the median of 
conversion factors used in open ocean water studies 
reviewed by Ducklow & Carlson (1992). This corre- 
sponds to a thymidine to cell production conversion 
factor of 2.0 X 10" (bacterial cells) (m01 thymidine 
incorporated)-' and an average cell biomass of 11.5 fg 
C cell-'. Specific growth rates ( p )  were calculated as 
the ratio (cell production):(total count). 

Care was taken to incubate the thymidine incorpora- 
tion experiments close to in situ temperature. This was 
obtained using a preformed thermostated gradient 
with 12 temperatures from -2 to 8OC, with 3 replicate 
incubation sites for each temperature. From the re- 
corded temperature at sampling, depths were selected 
which had temperatures corresponding to a tempera- 
ture fixed in the preformed gradient, within 0.2"C and 
usually closer. For each station investigated 5 to 7 
depths were'selected, except at Stns 0 and P, where 
30 1 Go Flow bottles were used and only 3 depths were 
sampled. 

Samples for TOC were collected in 7.5 m1 Supelco 
vials with Teflon-lined caps (Bellefonte, Pennsylvania, 
USA), and frozen. TOC was measured with the high 
temperature katalytic combustion technique (Suzuki et 
al. 1992, Sharp et al. 1993), using a Dohrmann DC 190 
analyzer as breviously described (Berrsheirn & Myk- 
lestad 1997). After acidification to pH 2, the samples 
were sparged with pure oxygen for 4 min to remove 
inorganic carbon. From each vial five 200 p1 aliquots 
were injected by an autosampler that collected ali- 
quotes directly from the Supelco vials. To e h n a t e  or 
minimize carryover effects, a Milli-Q blank was placed 
between every seawater sample. For reasons still un- 
clear, the reading from the first injection was normally 
higher than from the following injection, regardless of 

the concentration of the previous sample. Therefore 
the result from the first injection was routinely dis- 
carded. During the specific period when the samples 
reported here were run, the Milli-Q reading was on 
average 14 pM C (SD = 4.3). However, in earlier and 
later periods, the Milli-Q readings were lower, which 
we assume is due to the presence of DOC in the Milli- 
Q. These values have therefore not been used as a 
blank to be subtracted from sample readings. Much 
lower blank readings were obtained when analyzing a 
blank reference standard received from J. Sharp, Uni- 
versity of Delaware, USA, as part of an international 
standardization experiment for DOC determination 
(Sharp 1997). This blank, denoted Q+, gave 7.1 pM C, 
which has been subtracted from all measurements. 

Integrated values from profiles were calculated 
using trapezoid interpolation between each depth 
sampled. 

RESULTS 

Bacterial production in the upper 50 m at Stns A, C 
and D was 7.1, 10.9 and 9.8 mm01 C m-2 d-l respec- 
tively (Fig. 1). Stns A and C had warm surface temper- 
atures characteristic of the Atlantic domain. Both Stns 
C and D are located over Mohn's Ridge, where the 
Arctic front is formed, but only the salinity and tem- 
perature profiles of Stn D showed characteristics indi- 
cating the presence of the Arctic front (Swift & 

Fig. 1. Geographical distribution of bacterial production rate 
(mm01 C m-2 d-') integrated from 0 to 50 m depth 
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Aagaard 1981). Fig. 2 shows the profile of bacterial 
production rate and temperature at Stn C. 

At the Arctic domain Stns E and F, with surface tem- 
peratures around 2"C, bacterial production in the upper 
50 m was 21.5 and 25.5 mm01 C m-2 d-' respectively 
(Fig. 1). The location where the highest bacterial pro- 
duction was measured at Stn F, and the profile of bacte- 
rial production rate is shown in Fig. 2. This station was 
located close to the edge of the sea ice off the Green- 
land coast. Drift-ice was also observed in the vicinity of 
Stn E, where the second highest bacterial production 
was measured. As the expedition moved eastwards 
along 75" N, the bacterial production rate generally de- 
creased, with the exception of Stn K (and Stn Q situated 
84 km south-east of Stn K),  where bacterial production 
was in the iower part of the range observed (Fig. 1). At 
Stns I ,  J and K the temperature at the surface (5 to 10 m 
depth) was 4.5"C. and from 20 m depth temperatures 
were below 0°C. Stns M to S had warm surface waters, 
7 to 8"C, and salinities above 34.9 PSU, which is charac- 
teristic of the Atlantic domain. 

From the distribution of bacterial production rate in the 
upper 50 m, it can be concluded that the Arctic domain 
water at this time of the year supported higher bacterial 
production than the Atlantic domain water. The highest 
production rates were found at the stations with the cold- 
est surface water, and there was very low correlation be- 

SD 0.228 0.024 
Min. 0.0204 0.0155 
Max. 1.057 0.080 
No. of measure- 64 13 
ments 

Fig. 2. Profiles of bacterial production rate and temperature at tween bacterial production rate and temperature in the 
Stns C and F whole data set (correlation coefficient 0.17, n = 92). 

Most of the bacterial production took 
place in the upper 50 m of the water col- 

Table 2. Bacterial variables at the end of the growing season (stations listed in umn ( ~ ~ b l ~  2). ~h~ average bacterial 
Table 1) production rate between 0 and 50 m 

Average bacterial total counts (cells ml-l) 
Average 1.1 X 106 5.9 X l o 5  
SD 6.9 X 105 2.1 X i o 5  
Min. 9.7 X l o4  2.8 X 10' 
Max. 2.8 X 106 1.1 X 106 
No. of measure- 52 13 
ments 

Depth interval (m) 
0-50 51-100 101-200 201-500 

Average bacterial production (pM C d-') 
Average 0.262 0.041 0.025 0.006 

Average bacterial growth rate (d-l) 
Average 0.68 0.14 

0.83 0.08 

depth was about 10-fold higher than in 
the 100 to 200 m interval. Integration of 
the average production gave a rate of 
13.1 mm01 C m-2 d-' in the 0 to 50 m 
interval, and 19.1 mm01 C m-' d-' in the 

Min. 0.074 0.044 
Max. 4.94 0.28 
No. of measure- 52 13 
ments 

0 to 500 m interval (data in Table 2). The 
total counts of bacteria were also high- 
est in the surface interval, consequently 
the average bacterial growth rates 
showed a similar distribution (Table 2). 
High specific growth rates with genera- 
tion times of less than a day were found 
in several samples (Table 2). High 
growth rates were also observed in 
waters with temperatures below O°C, 
for example a growth rate of 0.31, wh~ch 
corresponds to a generation time of 2 d 
at -1.3"C at 50 m depth at Stn J. 

One aim of the present investigation 
was to estimate the amount of organic 
carbon that had accumulated in the pro- 
ductive season. To establish a back- 
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Depth Average SD Min. Max. No. of 
interval (m) measurements 

0-50 80.71 11.53 53.50 116.94 82 
51-100 66.86 9 18 52.61 85.23 30 
101-200 67.61 9.55 48.79 83.55 2 2 
201-500 66.56 7.05 55.50 79.93 29 
501-1000 66.55 8.55 52.05 90.94 14 
1001 and below 55.56 7.35 49.28 69.58 9 

Table 3. TOC (PM C) at the end of the growing season (stations listed in Table 1) From the individual profiles, tran- 
sient organic material was calculated 
by subtracting the average winter 
value of 55.8 pM C from each determi- 
nation. The geographical distribution 
of the amount of transient TOC in the 0 
to 50 m interval is shown in Fig. 3. 
There are no systematic differences in 
the amount of transient TOC between 
the Arctic domain stations and the At- 

ground for this estimate, winter profiles were analyzed 
for TOC. The average from all depths in winter was 
55.8 pM C (SD = 7 pM C, n = 64), whereas the average 
from l000 m depth and below was 54.9 pM C (SD = 7 pM 
C, n = 32). The average deep water value is slightly 
higher than reported by Hansell & Carlson (1998b) from 
the same area. Their average from 10 samples was 
48.8 pM C, and the difference may stem from a differ- 
ence in background subtraction procedures. During the 
summer cruise, only Stn B was sampled for deep water 
TOC, and the average from below 1000 m depth was 
very similar to the observed winter value (Table 3). All 
averages from above 1000 m depth at the end of the pro- 
ductive season were higher than these background val- 
ues (Table 3). The highest average was found in the sur- 
face layer. In the interval from 51 to 1000 m, the average 
concentrations were between 10.75 and 12.06 pM C 
above the winter background of 55.8 pM C (Table 3). 

lantic domain stations. At Stn F, where 
the highest bacterial production rate 

in the surface layer was measured, the lowest amount 
of transient TOC was found. Stns I and R had the high- 
est transient TOC; Stn I had bacterial production 25 % 
above average, and Stn R was located very close to Stn 
Q, which had the lowest integrated bacterial produc- 
tion in the 0 to 50 m depth interval. When individual 
bacterial rates are displayed versus TOC (Fig. 4), it is 
clearly demonstrated that TOC and bacterial produc- 
tion rates are correlated (correlation coefficient = 0.63, 
n = 35). 

Assuming a constant growth yield, heterotrophic 
turnover of the transient TOC can be calculated from 
the bacterial production rates. Table 4 shows turnover 
of transient TOC in the upper 50 m from the stations 
where both bacterial production and TOC were mea- 
sured. The average turnover was 37 d. Stn F, with 
highest bacterial production and lowest transient TOC, 
had a very short turnover of 8 d. The longest turnover 
was close to 3 mo. Similar calculations can be per- 
formed for the lower parts of the water. Based on the 
averages given in Tables 2 & 3, at least the order of 

Fig. 4. Bacterial production rate versus TOC at  the end of the 
Fig. 3. Geographical distribution of transient TOC (m01 C m-*) growing season in the Greenland Sea 1996. (v) 0-30 m; 

integrated from 0 to 50 m depth (0) 31-50 m; (D) 51-100 m; (e) 101-500 m 
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Table 4 .  
interval. 

Turnover of transient TOC in the 0 to 50 m depth primary production in east water polynya has demon- 
Consumption of TOC was calculated from bacterial strated this effect only to result in moderately high new 

production using a growth yield of 30% primary production (Yager et al. 1995, Smith et al. 
1997). 

The difference in bacterial production may also be a Date; position Stn Turnover (d) 

Jul 22; 70" 45.04' N, 07' 00.15' E A 40.9 
Jul 23; 72" 04.68' N, 02' 14.75' E C 37.7 
Jul 23; 72" 23.80' N, 01" 08.69' E D 37.1 
Jul24; 73" 26.21' N, 02" 13.14' W E 15.0 
Jul25; 74" 59.54' N, 08' 13.65' W F 8.1 
Jul26; 74" 59.99' N, 00' 08.79' W I 30.2 
Aug 1; 74" 30.07' N, 03' 55.74' E Ra 90.ga 

"acterial production rates from Stn Q 

consequence of different timing of the heterotrophic 
phases following phytoplankton blooms (Sorokin 
1977). Low production and high TOC may represent 
an early stage in the development of a heterotrophic 
community mineralizing DOC, and high production 
combined with low TOC may represent a late phase 
community, well developed but close to the time 
when resources will be depleted. At Stn F, the 
turnover of transient TOC was estimated to be only 
8 d, and in this situation the latter scenario presum- 

magnitude of these turnovers can be suggested ably occurs. Estimates of new primary production of 
(Table 5). Due to low bacterial activity the turnover the area are in the range of 29 to 125 mm01 C m-' d-l, 
below 50 m depth is moderate, and the estimate ap- with the high values occurring in the spring bloom 
proaches 2 yr in the 500 to 1000 m interval. (Noji et al. 1999). Legendre et al. (1993) measured pri- 

DISCUSSION 

mary production in June along 75" N from within the 
ice belt in the west to 15" E. They found the lowest 
primary production in the Arctic domain, with an 
average of 33.8 mm01 C m-2 d-'. Values from the Arc- 

The most striking result from the measurements of tic frontal zone and the Atlantic domain averaged 
bacterial production rates was that integrated values 57.3 mm01 C m-' d-l. The production during our 
from the Greenland Sea Arctic domain was higher cruise was presumably lower because the weather 
than the values from the neighborhood in the Atlantic was overcast or there was heavy fog. At Stn F, if it is 
domain (Fig. 1). Whether or not this production is assumed that primary production rates were equal or 
fuelled by higher primary production in the Arctic lower than those found by Legendre et al. (1993), it is 
domain is unknown; however, there have been re- unlikely that bacterial production rates as high as 
ported phytoplankton blooms of considerable intensity 26 mm01 C m-2 d-' could be sustained for any length 
in the Northern Greenland Sea (Smith et al. 1997). In of time, so the situation observed was presumably 
this region, blooms of Phaeocystis spp. are common, close to the end of a heterotrophic bloom. In the North 
and this species produces copious amounts of extracel- Atlantic water, nutrient depletion may slow down the 
lular, carbohydrate-rich mucilage, which may be sus- heterotrophic processes, and these waters may have 
pected to enrich the prevalent DOC pool. However, the been observed in an earlier phase of the development 
quantitative importance of such blooms for the region of the heterotrophic population involved in the degra- 
as a whole awaits further study. The presence of drift dation of transient TOC. Modelling based on data of 
ice in the Greenland Sea has been suspected to en- transient DOC and nutrients at 66' N, 2" E in the Nor- 
hance primary production locally; however, studies of wegian Sea suggested that transient DOC at this loca- 

tion has low contents of N and P 
(Brostrom 1998), and N and P defi- 

Table 5 .  Average depth profile of the turnover of transient TOC, based on aver- 
ages of TOC from Table 3 and bacterial production rates from Table 2. Con- 
sumption was calculated from bacterial production using a growth yield of 30%. 

nd: no data 

Depth Transient 
interval TOC 
(m) (PM C) 

Bacterial Bacterial C Transient TOC 
production consumption turnover 
(FM C d-l) (PM C d-') (d) 

ciency may limit heterotrophic degra- 
dation of this material (Thingstad et 
al. 1997). 

In the upper 50 m of the water col- 
umn, bacterial production rate aver- 
aged 0.26 pm01 C 1-' d-' (SD = 0.23, n 
= 64). In a review of open ocean bac- 
terial production rates, Ducklow & 
Carlson (1992) cited values for a large 
selection of locations and N. Atlantic 
bacterial production at 59" N was esti- 
mated in the range of 0.5 to 0.58 pm01 
C 1-' d-l. The average values from our 
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study area are only slightly lower. In the Chukchi Sea, 
at the end of the growing season, bacterial production 
rates have been estimated at approximately 1 mm01 C 
m-' d-' from 14C-leucine incorporation rates (Cota et 
al. 1996). Wheeler et al. (1996) reported DOC and 
bacterial production rate from a transect over the 
Polar Sea at the same time of year as the present 
study, and at latitudes between 70 and 75" N the aver- 
age bacterial integral in the euphotic zone averaged 
5.8 mm01 C m-' d-'. Compared to these rates, our 
westernmost stations in the Greenland Sea had con- 
siderably higher bacterial production, and the mean 
of all stations was more than twice the estimate from 
similar latitudes in the Polar Sea (Wheeler et al. 1996, 
Rich et al. 1997). 

The temperatures in the samples where bacterial 
production was measured ranged from -1.5 to 8"C, and 
the system used as a thermostat of these samples 
during incubation provided prefixed temperatures 
through this range. This proved to be a very conve- 
nient arrangement, and representative profiles of sam- 
ples from each station could easily be incubated at 
their respective in situ temperatures. The highest 
value of bacterial production integrated over 0 to 50 m 
depth was found close to the ice edge in Greenland 
Sea water with temperatures below 3°C. There are no 
trends in the material to suggest that low temperatures 
inhibited the development of an active heterotrophic 
flora. Both depth and TOC, which are associated with 
the amount of substrate available for the bacteria, 
were correlated with bacterial production, whereas 
temperature was not. 

The bacterial total counts reported were at the high 
end of normal counts from oligotrophic waters (e.g. 
Ducklow & Carlson 1992). I t  should be noted that DAPI 
preparations were made immediately after samples had 
been fixed, because storage of fixed samples may lead to 
underestimates of total counts (Turley & Hughes 1992). 
I have tested the effect of storage in a set of samples col- 
lected in the Weddell Sea and found that samples stored 
for 3 mo before filtering and staining gave a 50 % reduc- 
tion compared to preparations stained immediately after 
fixation (Bsrsheim unpubl.). The average bacterial 
growth rates, which were calculated from production 
rates and total counts, were also high (Table 2). 

If it  is assumed that bacteria have a constant growth 
yield, consumption of organic material can be esti- 
mated from production rates. Calculations based on a 
growth yield of 0.3 show that bacterial consumption is 
able to mineralize the transient TOC present in the 
upper part of the water column within weeks (Table 4) .  
Using a very similar procedure Wheeler et al. (1996) 
reported a turnover of transient DOC of 47 d in the 
area between 70 and 75" N in the Polar Ocean, which 
is comparable to the mean of the estimates of 37 d 

of the 0 to 50 m depth interval in the present study 
(Table 4). The assumption of a constant growth yield is 
not necessarily justified (del Giorgio & Cole 1998), and 
the actual turnover may be influenced by variations in 
growth yield. The growth yield of 0.3 used for calculat- 
ing the turnover in Tables 4 & 5 is lower than the com- 
monly used value of 0.5, but experiments with growth 
on natural oceanic DOC have indicated yields in the 
lower part of the observed range, frequently even 
lower than 0.3 (Ducklow & Carlson 1992, del Giorgio & 
Cole 1998). A better estimate of turnover will have to 
await improvements in the estimate of growth yield. 

In the upper 50 m the average transient TOC was 
1.18 m01 C m-2. This is lower than the peak annual 
amount estimated from monthly profiles at 66' N, 2" E 
in the Norwegian Sea (Bsrsheim & Myklestad 1997). 
However, from a single visit we cannot determine if 
the peak is reached or not, but it is reasonable to be- 
lieve that the sampling occurred somewhat before the 
culmination of the annual accumulation of transient 
TOC. In 1991 and 1992 the accumulation at 66" N, 2" E 
culminated in the beginning of September, and since 
the eastern stations in the present study are fed by wa- 
ter originating from the south, it may be expected that 
observations are from before and not at or after culmi- 
nation of the annual accumulation of transient TOC. 
However, at the westernmost stations, where bacterial 
production rate indicated a turnover of transient TOC 
of 8 d, it is more likely that the culmination is closer. 

A large part of the transient TOC was found below 
the euphotic zone, where mineralization is much 
slower than in the upper 0 to 50 m. Between 200 and 
500 m depth the average bacterial production rate was 
0.006 pM C d-', which is comparable to values in the 
same depth interval in the North Pacific gyre (Cho & 
Azam 1988). In the water column between 50 and 
1000 m depth, an excess beween 10.75 and 11.8 pM C 
was found compared to the winter profiles (Table 5). 
This moderate elevation in concentration represented 
a large amount of organic material due to the large 
depth interval in which it was present, and the turn- 
over between 200 and 500 m depth approached 2 yr 
(Table 5). However, if it is assumed that transient TOC 
at these depths has a longer history of diagenesis than 
at the surface, growth yields are expected to be lower. 
Growth yields below 0.1 have been measured on ma- 
tured DOC (del Giorgio & Cole 1998), and if such low 
growth yields predominate at depths below 200 m, the 
turnover is proportionally overestimated in Table 5. 

The major sources of substrate supporting bacterial 
production below the euphotic zone is DOC solubilized 
from sedimenting particles, and DOC transferred from 
the euphotic zone by mixing and diffusion processes 
(Lefevre et al. 1996). Sedimentation rates have previ- 
ously been measured at approximately 0.8 mm01 m-' 
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d-' i n  t h e  Green land  S e a  a t  200 m d e p t h  in  July/ 
August ,  a n d  a b o u t  0.17 m01 C m-' yr-' (Noji e t  al.  
1999). T h e  bacterial production rate  be tween  200 a n d  
500  m d e p t h  w a s  o n  average  0.06 pM C d-' ,  which cor- 
responds  to  a consumption of 6 mm01 C m-' d-' in  t h e  
200 to 500  m interval a t  a g rowth  yield of 0.3. T h e s e  
n u m b e r s  sugges t  that  transport b y  sedimentat ion is too 
low to support  t h e  bacterial production below t h e  e u -  
photic zone.  As discussed in more  detail  by  Lefevre e t  
al.  (1996), export  of D O C  from t h e  euphotic  zone  is  
likely t o  domina te  t h e  suppor t  of substrate  for he t -  
erotrophic bacterial production below t h e  euphotic  
zone .  T h e y  est imated respiration i n  t h e  northwestern 
Medi te r ranean  S e a  in  t h e  200 to 1000 m interval a t  
1.15 m01 C m-' yr.', a n d  export  by sedimentat ion a t  
200 m d e p t h  a t  only 0.33 m01 C m-' yr-'. T h e  export  o i  
D O C  from t h e  euphotic  zone  as est imated b y  Copin-  
Montegut  & Avril (1993) w a s  hypothesized to con-  
t r ibute  t h e  major part  of t h e  substrate  for consumption 
below t h e  euphotic  zone.  T h e r e  is a striking similarity 
b e t w e e n  t h e  b u d g e t s  f rom t h e  Medi te r ranean  S e a  a n d  
t h e  Green land  S e a ,  a n d  t h e  implicated role of D O C  
m a y  wel l  p rove  genera l  for o p e n  o c e a n  waters .  

In surface waters  of t h e  Green land  S e a ,  t h e  concen-  
tration of total inorganic carbon (DIC) decreased  by  
approximately 100 PM C in t h e  growing season  (An- 
derson  e t  al.  1998, Miller e t  a l .  1999). Primary produc-  
tion transfers DIC into particulate organic material,  
a n d  sedimentat ion of organic particles in  t h e  G r e e n -  
l and  S e a  h a s  b e e n  shown to b e  approximately 0.17 m01 
C m-2 yr-' (Noji e t  al.  1999), out  of a primary production 
of 4.75 m01 C m-' yr-l. This  sedimentat ion rate  con-  
t r ibutes  only marginally to  t h e  continuation of a gradi-  
e n t  favouring diffusion of C O 2  into t h e  ocean.  H o w -  
ever ,  transient D O C  represents  a l a rge  quant i ty  of 
material that  m a y  b e  advected vertically, especially 
dur ing  t h e  a u t u m n  turnover. D u e  to t h e  la rge  amounts  
tha t  a r e  p resen t  a t  t h e  e n d  of t h e  growing season  it is 
reasonable  to conclude that  t ransient  D O C  c a n  play a n  
important  role a s  par t  of t h e  biological p u m p  of carbon 
out  of surface waters ,  a role which h a s  previously b e e n  
at t r ibuted mainly to sedirnenting particulate material.  
T h e  allocation of transient D O C  m a y  constitute a n  
important  b u t  still far  from precisely quant i ta ted par t  of 
t h e  biological p u m p  of carbon from t h e  surface to  
d e e p e r  wate r  in  t h e  Green land  Sea .  
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