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ABSTRACT: Pelagic food web structure and carbon dynamics were studied in Disko Bay, western 
Greenland, following the breakup of the sea ~ c e  in June-July 1992. Disko Bay was influenced by melt- 
water, and calm sunny weather heated the surface water from 0 to 6°C. lnitially a dlatom bloom was 
present throughout the pho t~c  zone. Due to nutrlent depletion, and deepening of the surface layer, the 
bloom left the photic zone. Active bacter~oplankton was observed from the first s ampl~ng  Bactenal 
production i.ncreased from a few percent to one-third of the primary production after the sedimentation 
of the bloom. The grazing impact by the copepod community was assessed by 2 independent methods. 
The gut fluorescence method and the egg production method resulted in copepod grazing estimates of 
about 80 and 4 5 %  of the primary production d - l ,  respectively. Carbon budget considerations showed 
that the estimated protozooplankton grazing impact was comparable, or higher, than grazing by the 
Calanus spp. dominated copepod community. The observed importance of Arctic bacteria and proto- 
zooplankton stress that high latitude pelagic food webs potentially have the same trophic complexity as 
low latitude pelagic ecosystems. 

KEY WORDS: Arctic pelagic food web  Copepods . Protozoa . Bacteria . Grazing impact - Carbon 
budgets 

INTRODUCTION 

The importance of bacteria and protozoans in the 
pelagic ecosystems has been documented during the 
last decade (reviewed by Fenchel 1988). In Antarctica, 
bacteria and the microbial food web are now incorpo- 
rated into the pelagic food web (e.g.  Azam et al. 1991). 
In the Arctic, however, most attention is still given to 
the large herbivorous copepods, which often form the 
bulk of the heterotrophic planktonic biomass. The lit- 
erature contains much information on ecology and 
population dynamics of Arctic copepods, especially the 
Calanus spp. (reviewed by Smith & Schnack-Schiel 
1990). Relatively little effort has been put into studies 
of the smaller heterotrophic components, and data sets 

that allow comparison of standing stock and grazing 
impact of meso- and protozooplankton in the Arctic 
pelagic ecosystem are still lacking. 

Pomeroy & Deibel (1986) questioned the importance 
of bacteria in cold water ecosystems. Data from the 
spring bloom in Newfoundland (Canada) coastal 
waters indicated that bacterial activity was inhibited at 
temperatures below 4°C. They concluded that bacteria 
was less important in cold than in temperate waters. 
They suggested that a larger fraction of the primary 
production would therefore find its way directly to the 
metazoan consumers and to the benthic communities. 
However, Thingstad & Martinussen (1991) pointed out 
that the summer temperature in the Arctic is not very 
different from temperatures during the spring bloom in 
temperate waters, where the annual peaks in bacterial 
production are often observed (Lancelot & Billen 1984, 
Kuosa & Kivi 1989). 
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Studies of bacterial production in Arctic pelagic 
ecosystems have also shown that generation times and 
activity of the bacterioplankton are comparable to the 
rates obtained in low latitude ecosystems (e.g. Ander- 
sen 1988, Thingstad & Martinussen 1991). Despite this 
evidence, knowledge about the fate of bacterial pro- 
duction and the dynamics of the succeeding protozoan 
links in the food chain is limited. 

Information on abundance, biomass and species com- 
position of Arctic pelagic protists is available for het- 
erotrophic nanoflagellates (Thomsen 1982, Andersen 
1988), ciliates (Paranjape 1987, Putt 1990) and het- 
erotrophic dinoflagellates (Lessard 1991). These inves- 
tigations illustrate that a diverse microbial community 
is present in the Arctic as in Antarctica (e.g. Garrison et 
al. 1993) and that microbial abundances are compara- 
ble with those in temperate ecosystems (Taniguchi 
1984, reviewed by Pierce & Turner 1992). To our knowl- 
edge, the only simultaneous measurements of all 
microbial loop components in the Arctic were carried 
out by Andersen (1988) during a case study in the North 
BeringKhukchi sea. He concluded that the microbial 
loop played an  important role in the carbon flow at sta- 
tions where pico- and nanophytoplankton dominated. 
At these stations approximately 75% of the primary 
production was processed by the microbial loop, 
whereas only about 5 % was processed by the microbial 
loop at diatom-dominated stations. Unfortunately, the 
study lacks information on the grazing potential and 
the mesozooplankton biomass, which previously was 
considered the most important pathway. 

The annual phytoplankton succession in Arctic 
pelagic ecosystems without persistent fast ice is similar 
to succession in temperate ecosystems (Smith & Sak- 
shaug 1990): after the spring bloom has depleted the 
surface water of nutrients, the primary production is 
dependent on nutrients remineralized in the surface 
water until the breakdown of stratification during the 
fall. An important difference between the 2 ecosystems 
is the large population of overwintering copepods, 
with a significant potential for grazing on the spring 
bloom (e.g. Tande 1991). 

Here we present measurements of the standing stocks 
and the carbon flow within both the classical and the rni- 
crobial food web along the west coast of Greenland. Our 
aim is to evaluate the role of the microbial food web in 
the carbon cycling of an Arctic ecosystem. 

MATERIALS AND METHODS 

Study site. This investigation was conducted from 
22 June to 6 July 1.992, approximately 1 nautical mile 
off Godhavn harbour (69" 15' N, 53" 33' W) at 200 m 
depth in Disko Bay at the west coast of Greenland 

(Fig. 1). During the investigation the station was visited 
on 10 occasions by the RV 'Porsild' (Arctic Station, Uni- 
versity of Copenhagen). 

Sampling. Sampling was conducted around local 
noon. Vertical profiles of salinity, temperature and 
fluorescence were obtained from the surface to 30 m. 
Temperature and salinity were recorded using a tem- 
perature and salinity (LF 191, Mobro Instr.) probe, and 
chlorophyll a (chl a) fluorescence was measured with a 
Hardt fluorometer. Light attenuation was estimated 
from Secci disk depth. From the vertical distribution of 
temperature, salinity and fluorescence, 5 to 6 depths in 
the upper 30 m were selected for chemical and biolog- 
ical measurements. 

Nutrients. Duplicate samples for the determination 
of nutrient concentration (NOp-, NO3-, Pod3- ,  SiOd3-) 
were fixed by 2 drops of chloroform and deep frozen. 
After arrival at the laboratory, the nutrient concentra- 
tion was measured on an automatic nutrient analyser 
(Dansk Havteknik) following Grasshoff (1976). 

Chlorophyll a. Samples of 1 to 2 1 for chl a measure- 
ments were placed in the dark and within 3 h after col- 
lection filtered onto GF/F filters, extracted in 96% 
ethanol (Jespersen & Christoffersen 1987) and mea- 
sured spectrophotometr~cally (Strickland & Parsons 
1968). The in situ fluorometer measurements were cali- 
brated against the spectrophotometrically determined 
chlorophyll content in the water samples, and a linear 
regression was conducted (r2 = 0.7, n = 56). The chl a 
fraction > 11 pm was measured as the concentration of 
chl a in the water after gentle filtration through 11 pm 
Nitex screen. The phytoplankton carbon content was 
estimated from volume measurements using an in- 
verted microscope and a conversion factor of 0.12 pg C 
pm-3 (Edler 1979). In addition to the absorption mea- 
surements required for the determination of chl a, ab- 
sorption was also measured at 480 nm. Changes in the 
ratio of absorption of 480:665 nm indicate the nutri- 
tional status of the phytoplankton cells, where values 
above 2 indicate that the phytoplankton is nutrient 
limited (Heath et al. 1990). 

Primary production. Primary production was mea- 
sured in situ with the 14C method. Water samples from 
the various depths were incubated for 2 h around noon 
in 2 light and 1 dark Jena bottles (100 ml), and 4 pCi 
HI4CO3- (International Agency for I4C Determination) 
was added to each bottle. After the incubation the 
bottles were kept dark, and filtration began within 1 h. 
The entire contents of each bottle were pressure- 
filtered (<l00 mm Hg) through 25 mm GF/F filters. The 
filters were placed in scintillation vials, inorganic 14C 
was removed by adding 200 p1 of l N HCI, and the 
samples were kept frozen until counting. Excess inor- 
ganic I4C was removed by applying a flow of air into 
the vials shortly before scintillation fluid was added. 
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Fig. 1. Map showing approximate position of the station investigated 

Filtercount (Packard Instr.) was added to the filters, 
and incorporated 14C was measured by liquid scintilla- 
tion counting (LKB Vallac 1219 Rackbeta) with the 
external standard method. 

The total CO2 was assumed to be 2.1 pM (Richardson 
1991). Daily primary production was calculated by 
multiplying with a light factor: total daily insolation 
divided by insolation during the incubation period (e.g. 
Vadstein et al. 1989, Harrison et al. 1991). Light mea- 
surements were performed every 30 min with a Solar 
Radiation Sensor 2770 (300 to 2500 nm) (Aanderaa 
Instr., Bergen, Norway) situated at the Arctic Station, 
Godhavn. Carbon fixation is presented after subtract- 
ing the dark fixation values, and without subtracting 
any respiration. The daily primary production per m2 
was calculated by trapezoidal integration over the 
depth strata down to 32 m (Nielsen & Bresta 1984). 

Bacteria. Bacteria were counted using the acridine 
orange technique (Hobbie et al. 1977). At least 400 
cells were enumerated on each filter using an Olympus 
BH-2 epifluoresence n~icroscope. The volume was esti- 
mated from length and width measurements of 50 cells 
per filter and converted to carbon using a conversion 
factor of 0.35 pg C pm-3 (Bjornsen 1986). 

Bacterial production was measured by incorporation 
of 3H-thymidine (Fuhrman & Azam 1980). Immediately 
after sampling, triplicate samples (10 ml) were incu- 
bated with 5 nM methylL3H-thymidine (20 pCi nmol-l, 
New England Nuclear) for 1 h at  in sltu temperature. 
Blanks were prepared by addition of formalin prior to 
addition of isotope. The incubations were stopped by 
the addition of buffered formalin (1 % final concentra- 
tion). Samples were then filtered onto 0.2 pm cellulose 
nitrate filters, washed 10 times with 5% ice-cold TCA 
and counted by liquid scintillation counting. The incor- 
porated 3~- thymid ine  was converted to cell production 
using a factor of 1.1 X 1018 cells mol-' thymidine incor- 
porated (Riemann et al. 1987). To test whether the 
incubation time was appropriate, we incubated tripli- 
cate sanlples from the same station for 1 and 2 h; the 
incorporation in each sample was the same. 

Nanoflagellates. The abundance of autotrophic 
and heterotrophic nanoflagellates was determined by 
epifluorescense microscopy on filters stained by pro- 
flavine (Haas 1982). Samples were fixed by 1 % glu- 
taraldehyde. The diameters of 100 cells per filter were 
measured, and biomass was calculated assuming 
spherical shape and a conversion factor of 0.12 pg C 
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pm-3 (Edler 1979). Clearance rates were estimated as 
105 body volume h-', converted to in situ temperature 
by a Q,,, of 2.5. Growth rates were estimated by assum- 
ing 40% efficiency (Fenchel 1986). 

Ciliates and heterotrophic dinoflagellates >20 pm. 
The samples (200 ml) were fixed in l % acid Lugol's 
solution and counted after 24 h sedimentation using 
inverted microscopy. Identification of ciliates to spe- 
cies or morphotypes was based on Leegaard (1915), 
Kahl (1932) and Lynn et al. (1988). The dinoflagellates 
were identified according to Dodge (1985). Dinofla- 
gellates <20 pm were enumerated on the filters 
together with the nanoflagellates. Biovolume was esti- 
mated from linear dimensions assuming simple geo- 
metrical shapes and converted to biomass using con- 
version factors of 0.1 1 pg C pm-"or ciliates and 
athecate dinoflagellates and 0.13 pg C pm-3 for the- 
cate dinoflagellates (Edler 1979). Production of proto- 
zooplankton was calculated as biomass times maxi- 
mum growth rates (0.3 d- ') .  The maximum growth 
rate applied originates from experiments conducted at 
2 to 5°C in the Northeast Water Polynya at  surplus 
food with the ciliate Laboea crassula [equivalent 
spherical diameter (ESD) 4 5  pm] and the dinoflagel- 
late Cyrodinium spirale (ESD 30 pm) (Nielsen unpubl. 
data). Ingestion rates were calculated from growth 
rates assuming complete heterotrophy and 40% 
growth efficiency. 

Mesozooplankton. Mesozooplankton in the upper 
50 m was sampled by vertical hauls with a WP2 net 
(200 pm mesh size) equipped with a flow meter (Digi- 
tal Model 438 110, Hydro Bios) and a large non-filter- 
ing cod-end. At the beginning and at the end of the 
investigation the vertical distribution of mesozoo- 
plankton was described by sampling in 3 depth strata 
(0 to 50 m, 50 to 100 m, and 100 to 200 m). The sam- 
ples were preserved in buffered formalin (2% final 
concentration), and at least 300 individuals were 
analysed. To distinguish between copepodltes of 
Calanus spp., length criteria after Unstad & Tande 
(1991) were used. The carbon content of the Calanus 
spp. females from the egg production experiment was 
measured. The females were washed in GF/F filtered 
seawater and dried at 60°C for 24 h before deep 
freezing. The carbon content was measured with a 
Perkin Elmer CHN analyser (240 C)  or with an 
infrared gas analyser (ADC 225 MK3). The ash-free 
dry weights of other copepod stages and species were 
obtained from the literature: Calanus spp. cope- 
podites and Metndia longa from Hirche & Mumm 
(1992); Pseudocalanus spp. from Robertson (1968); 
and Oithona spp. from Krylov (1968). The Calanus 
spp. nauplii weight was assumed to be 33% of the 
mass of CI. The carbon content of Calanus spp. stages 
I to I11 and the smaller species was assumed to be 

50% of dry weight, while a conversion factor of 60% 
was used for the older stages of Calanus spp. (Omori 
1969, Hansen et al. 1994a). Egg carbon was estimated 
from egg volume by assuming 0.14 pg C pm-3 (Kiar- 
boe et al. 1985a). 

Grazing. When the plankton net arrived on deck, 10 
females of Calanus hyperboreus from 0 to 50 m were 
immediately added into scintillation vials with 5 m1 
96% ethanol for extraction of gut pigments (10 repli- 
cates). The samples were stored deep frozen until 
analysis according to Huntley et al. (1987). Gut fluores- 
cence was measured on a Turner Design fluorometer, 
and the gut content (ng chlorophyll equivalents = chl a 
+ phaeophytin a) was calculated according to Wang & 
Conover (1986). Gut content was converted to carbon 
by the actual carbon/chl a ratio of 31. Instantaneous 
gut defecation rate constants of 0.015 min-' (Hansen et 
al. 1990) were used in the estimates of grazing rates. 
Body size for all fema!es in each sample was measured, 
and body carbon and nitrogen were measured on the 
CHN analyser or the infrared gas analyser. The total 
community grazing was calculated assuming an equal 
defecation rate constant for all copepodite stages 
(Hansen et al. 1990) and a constant weight- specific 
grazing rate for all species and developmental stages 
(Berggreen et al. 1988). 

Egg production. A sample of gently collected 
mesozooplankton was diluted in surface water and 
brought to the laboratory. Production of eggs by 
female Calanus finmarchicus, C. glacialis, and C. 
hyperboreus was measured by incubating 1 to 3 
females in 600 m1 polycarbonate bottles (at least 6 
replicates per species) for 24 to 40 h. The bottles 
were wrapped in dark nylon mesh and incubations 
were performed at in situ temperature (+ 1°C) in the 
glacier stream close to the Arctic station. At the end 
of the experiments the spawned eggs were counted. 
Production of the copepods was calculated from the 
weight-specific egg production rate, assuming juve- 
nile somatic growth rates were equal to specific egg 
production rate (Berggreen et al. 1988). Ingestion was 
calculated assuming a gross growth effiency of 33% 
(Peterson 1988). Egg production versus chl a > l 1  pm 
was plotted, and an interactive non-linear regression 
performed, followed by an analysis of variance. The 
significance level was found by 2-talled distribution 
of the F-ratio. 

RESULTS 

Hydrography and distribution of nutrients 

Disko Bay was covered with ice until mid-May, 
whereafter coverage was about 50% During the first 
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Table 1. Average + SD of salinity, nutrients and chl a below the photic zone. Number of measurements in parenthesis (n) 

Depth (m) Salinity ( K )  Phosphate (PM) Nitrate(pM) Nitrite (PM) Silicate (PM) Chl CJ (pg I - ' )  

"Due to sedimentation of a phytoplankton bloom (6.1 i 0.2 11g chl a I - ' )  to this level, measurements from 1 and 2 June  a re  
excluded 

3 weeks of June the ice coverage varied between 1 and 
60 %, averaging 20 % (N. Nielsen pers. comm.). Nor- 
mally the sea ice leaves Disko Bay off Godhavn in 
April-May (Andersen 1981b). However, on arrival on 
20 June, the Bay was 60% covered with sea ice. This 
investigation was initiated 3 d after the sea ice melted. 
The weather was dominated by a high pressure sys- 
tem, with high solar radiation, clear skies and low 
wind. This greatly influenced the structure of the water 
column resulting in the development of strong salinity 
and temperature gradients (Fig. 2A, B). The vertical 
distribution of salinity was influenced by melting sea 
ice, glaciers and runoff from land, resulting in a less 
saline surface layer (31.2 to 32Ym). The increasing 
thickness of the less saline surface layer is illustrated 
by the depth of the 33% isoline, which decreased from 
about 10 m in the beginning to about 20 m on the last 
sampling day. The salinity at the bottom of the photic 
zone (30 m) varied between 33.3 and 33.6%0, increas- 
ing to 33.6, 33.8 and 34.3%0 at 50, 100 and 200 m depth, 
respectively (Table 1). 

On the first day of sampling the upper 20 m of the 
water column was almost thermally uniform at 
approximately 0°C (Fig. 2B). Thereafter, the surface 
temperature increased about 0.5"C d- '  until a peak 
of 3.8"C on 28 June, whereupon the temperature var- 
ied between 2.2 and 5.9"C depending on daily solar 
radiation. The depth of the warm surface layer 
roughly parallels the distribution of lower salinity 
waters in the upper layer, where positive tempera- 
tures only were recorded above the 33%0 isoline. The 
temperature below the photic zone varied between 
-0.3 and -0.7"C. 

The nutrient concentrations in the warm, less saline 
surface water were low, 0.11 + 0.06, 0.06 + 0.04 and 
0.7 i 0.6 pM (n = 42) for phosphate, nitrate and silicate, 
respectively. During the deepening of the surface 
layer, nutrients were depleted (Fig. 2C to E) ,  and the 
concentration of nitrate decreased to below detection 
level. The vertical distribution of nitrite followed the 
same trend (data not shown) but with a concentration 
less than 10% of the nitrate concentration (Table 1). 
The nutricline was located deeper than the pycnocline, 

in association with the 33.4%o isoline. High concentra- 
tions of nutrients were measured below the photic 
zone increasing towards the bottom (Table 1). 

Phytoplankton composition, biomass and production 

The temporal and vertical distribution of fluores- 
cence was dominated by a sedimenting phytoplankton 
bloom. After the first sampling, high values of fluores- 
cence were only recorded below the 33%0 isoline asso- 
ciated with the nutricline (Fig. 3A). As the bloom sank 
the secchi depth gradually increased from 6 m in the 
first 2 samplings to 12 m on the last visit to the station 
(data not shown). In the following 'photic zone' refers 
to the upper 30 m of the water column where net pri- 
mary production was measured. 

Species composition and biovolume of the phyto- 
plankton in the sample containing the highest fluores- 
cence revealed that large diatoms [Coscinodiscus spp. 
(10 to 60 pm), Thalassiosira fallax (20 to 45 pm), T 
gravlda (15 to 30 pm) and Fragjlaria islandica (15 pm)] 
generally dominated the phytoplankton biomass. The 
mean carbon/chl a (wt/wt) ratio for the whole period, 
including the contribution from the nanoflagellates, 
was 31 i 17, n = 10. The autotrophic nanoflagellates 
contributed less than 5% (4.1 ? 2.2%, n = 10) to the 
phytoplankton carbon. The size fractionated chl a 
samples, where the fraction > l 1  pm contributed 60 to 
100% (90 i 13%) of the total chlorophyll (Fig. 4A), 
provided further evidence for the dominance of large 
cells. This finding is supported by microscopic exami- 
nation of samples from the fluorescence peak (Fig. 
4B).  The relative size distribution was constant in the 
peak samples throughout the investigation while the 
importance of the smaller diatoms (10 to 20 pm) 
increased at  the peak as the bloom became nutrient 
depleted. 

The vertical distribution of primary production fol- 
lowed the trends in the distribution of the phytoplank- 
ton biomass. On the first sampling date the production 
was 40 to 90 pg C 1 - I  d-'  throughout the photic zone. 
Thereafter the highest production (10 to 30 pg C 1-' 
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Table 2. Bacterial biomass (BB) and bacterial production (BP) 
expressed as  percent of phytoplankton biomass (PB) and pri- 
mary production ( P P ) ,  during and after the sedimentation of a 

diatom bloom 

June July 
22 23 25 26 28 1 2 6  

B B / P B  67 71 7 1  92 45 53 58 58 
BP/PP 1 5 5 17" 2 31 30 11 

"This peak is associated with low primary production, due 
to low insolation 

d-l) was measured in the subsurface layer associated 
with the sedimenting bloom (Fig. 3B). 

Bacterioplankton biomass and production 

The bacterial biomass varied between 25 and 100 pg C 
I-', corresponding to 0.6 to 3.1 X 106 cells ml-l. The av- 
erage bacterial cell size was 0.108 * 0.044 pm3 (n = 2250). 
The vertical distribution of bacteria followed the phyto- 
plankton biomass and production, with the highest bio- 
mass located in the middle of the water column (Fig. 3D). 

Bacterial production rates showed the same vertical 
distribution as the bacterial biomass, with the highest 
production in the middle of the water column 
(Fig. 3E).  After the diatom bloom sank out of the 
photic zone the bacterial production increased from 
about 1 to about 5 pg C 1-' d- '  (Fig. 3E). The relative 
importance of the bacterioplankton production ex- 
pressed by the ratio between bacterial and primary 
production also increased after the bloom left the 
photic zone (Table 2). 

Heterotrophic nanoflagellates 

This group contains bacterivorous nanoflagellates 
and heterotrophic dinoflagellates <20 pm. The bac- 
terivorous nanoflagellates were most abundant (100 to 
1100 cells ml-l). Heterotrophic dinoflagellates were 
less abundant with 100 to 400 cells ml-l. Mean cell vol- 
umes for the nanoflagellates and heterotrophic dino- 
flagellates <20 pm were 98 and 642 pm3, respectively. 
So, due to their larger cell size, the dinoflagellates 

22 23 25 26 28 l 2 6 
June July 

10-20~rnH20-3O~m~30-40wn 
04C-soclrnOWrn 

Fig. 4 .  Size distribution of the phytoplankton: (A) fractionated 
chl a in the upper 1 m of the surface layer and (B) size distrib- 
u t~on  of phytoplankton sampled at the depth of maxi- 

mum concentration 

dominated the biomass within the smallest fractions of 
grazers. The vertical distribution of the nanoflagellates 
was relatively patchy with the highest biomass found 
in the surface water (Fig. 5A, B). 

Ciliates and heterotrophic dinoflagellates >20 pm 

Ciliates dominated the microzooplankton, although 
heterotrophic dinoflagellates >20 pm contributed sig- 
nificantly to the microzooplankton biomass after the 
diatom bloom left the photic zone (Table 3). 

The 35 identified species or morphotypes of ciliates 
were dominated by aloricate oligotrichs (dominated by 
Lohnlaniella oviformis 10 to 20 pm and Strombidium 
and Strobilidium spp. 40 to 60 pm), with tintinnids 

Fig. 2. Vertical distribution of (A) salinity, (B) temperature, (C) nitrate, (D) phosphate, and (E) silicate, at  the Disko Bay station 
during the study period. Dots indicate sampling depths 

Fig. 3 .  Vertical distribution of (A) phytoplankton biomass, (B) primary production, (C) the absorption ratio A480/A665, (D) bacterial 
biomass and (E) bacterial production. Depth of the 33% isoline (.........) and nutricline ( - - - - )  (0.5 FM nitrate) indicated in (A) and 

(B). Dots indicate sampling depths 
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Het. nanoflagellales, vg C I-' 
30 I I 

I I I T l l I  

Het. dinoflagellates c20 pm. pg C I-' 

I l l l l l l l l r l l l l  

Het. dinoflagellates >20 pm. pg C 

30 \ 
r 1 1 1 1 1 1 1 1 l l l l  

June 1 July 

Fig. 5. Vertical, distribution of biomasses of (A)  heterotrophlc 
nanoflagellates, (B)  heterotrophic din.oflagellates <20 pm, 
(C) heterotrophic dinoflagellates >20 pm and (D) ciliates. 

Dots indicate sampling depths 

(predominantly Psycocylis sp., Tintinnopsis denticulata 
and T, parvula) and 'others' (dominated by Didinium 
sp, and Uronema sp.) being minor components. Abun- 
dance of these 3 groups ranged from 1000 to 22500, 
0 to 1400 and 0 to 500 cells 1-l, respectively. The obli- 
gate autotroph Mesodinium rubrum was only found in 
low numbers, 200 to 800 cells 1-l,  in association with 
the nutricline. The highest ciliate biomass of 20 to 25 
pg C 1-' was located in the middle of the water column 
associated with the diatom bloom (Fig. 5D). 

The heterotrophic dinoflagellates >20 pm were dom- 
inated by naked forms (Gyrodinium glaucum and G. 
spirale). The only thecate species was the small Pro- 
toperidinium bipes. The abundance of the 2 groups 
ranged between 400 and 11000 and between 500 and 
1400 cells I-', respectively. G. spirale (50 to 100 pm) 
dominated the biomass, which reached a maximum 
(8 pg C I - ' )  in the middle of the water column after the 
bloom left the photic zone (Fig. 5C). 

Copepod composition, biomass and vertical 
distribution 

Copepods dominated the mesozooplankton. Calanus 
spp. formed most of the biomass (Figs. 6 & 7). C. 
glacialis and C. hyperboreus constituted more than 
80% of the Calanus spp. biomass; the rest was C. fin- 
marchicus. Pseudocalanus acuspes, P. minutus, and 
Acartia longiremis were rare in the upper 50 m. 
Metridia longa was present in low abundance in the 
deep water (Fig. 7). The cyclopoid Oithona spp., as 
well as unidentified nauplii, was present, though not 
sampled representatively. 

The copepod biomass in the upper 50 m of the water 
column varied between 20 and 90 mg C m-3 (Fig. 6). 
The vertical distribution of the copepods was investi- 
gated twice (Fig. 7): 84 and 49% of the biomass m-' 
was found in the upper 50 m on 25 June (Fig. ?A) and 
2 July (Fig. ?B), respectively. On 25 June, the biomass 
in the 50 to 100 m stratum was low, and the biomass in 
the bottom water was negligible. On 2 July more cope- 
pods were located in the 50 to 100 m stratum. The less 
distinct accumulation of copepods in the surface at the 
last sampling occasion could be d.ue to a feeding 
migration by copepods foll.owi.ng the sedimentation of 
the bloom to this stratum (Table 1 ) .  

Stage composition and vertical distribution of the 
Calanus spp. 

The stage composition was analysed for the 
Calanus spp, populations (Fig. 8). An increasing rela- 
tive abundance of juvenile stages (CI, CII) for C. fin- 
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Table 3. Average biomass of phytoplankton and ANAN (autotrophic nanoflagellates), bacteria and protozoa (HNAN: het- 
erotrophic nanoflagellates; H-din: heterotrophic dinoflagellates), and primary and bacterial production in the photic zone during 

and after the sedimentation of a diatom bloom 

I 

Date Biornass (mg C m-:') Production (mg C m-' d.') 

Phytoplankton ANAN Bacter~a HNAN H-din <20 pm H-din > 2 0  pm Ciliates Phytoplankton Bacter~a 

Jun 22 142 7.0 9 5 3 .1  8.7 1.6 10.8 4 8  1  0.7 
23 89 7.0 64 5.0 9.4 1.3 15.3 21.1 1.0 
25 69 2.7 4 9 4.2 8.7 1.6 10.9 14.4 0.7 
26 60 1.5 55 1.9 8.6 3.1 10.6 4.5 0.8 
28 95 3.2 4 3 1.6 7.7 5.5 20.7 27.2 0.6 

Mean + SD 91 2 29 4.3 * 2.6 61  ? 18 3.2 * 1.5 8.6 * 0.6 2.6 + 1.8 13.7 * 4.4 23 2 15 0.8 * 0.1 

Jul 1 100 3.6 53 3.0 9.5 6.9 16.4 7 2.2 
2 80 3.6 4 6 4.8 6.3 4.7 9.4 8.7 2.6 
3 62 
4 67 
6 67 5.2 3 9 4 5 5.3 6 8  7.1 1 3  9 1.4 

Mean k SD 75 r 14 4.1 * 0.9 46 + 6 4.1 + 1.0 7.0 r 2.2 6.1 + 1.2 11.0 i 4.8 10  _+ l 2.0 2 0.50 

marchicus and C. glacialis was observed during the 
investigation. The abundance of C. finmarchicus 
females was significantly higher than CV, in contrast 
to C. glacialis where CV was the most abundant 
stage present. C. hyperboreus showed a more con- 
stant stage composition, dominated by copepodites 
older than CIII, and particularly CV. 

At the start of the investigation the Calanus spp. in 
the 3 depth strata were dominated by advanced 
copepodite stages (adults and CV) (Fig. 9A). By the 
end of the period, however, in addition to a high fre- 
quency of CV and adults of Calanus spp., C. fin- 
marchicus C1 and C11 were numerous in the upper 
100 m (Fig. 9B). In general both C11 and CIII of C. 

. . . 
22 23 25 26 28 1 2 6 

June July 

C.finmarchicus C.glacialis 
C.lypwboreus Pseudo 

Fig. 6. Average copepod biomass in the upper 50 m of the 
water column. C. Calanus; Oithona: O~thona spp.; Pseudo: 

Pseudocalanus spp. 

glacialis and C. hyperboreus were of increasing 
importance in the 0 to l00 m water mass, indicating a 
response to the bloom. The abundance of advanced 
copepodite stages of all 3 species was modest in the 
bottom water on 2 July. 

0 20 40 60 8'0 100 

Biomass (mg C m-') 

C.fin C.glac C.hyper HPseudo 

@j Oithona IJ Nauplii Metridia 

Fig. 7 Vertical distribution of copepod biomass on (A) 25 June 
and (B) 2 July. Species names as in Fig. 6, plus Metridia: 

Adetridia longa 
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22 23 25 26 28 1 2 6 
June July 

.- l I F I CV U CIV W Clll [ I C I I !  CIA 

Fig 8. Calanus spp. Development of stage composition in the 
upper 50 m of the water column (A) C. finmarchicus, (B) C 

glacialis and (C) C hyperboreus 

Egg production of Calanus spp. 

Only females of the 3 Calanus species were so 
abundant that egg production experiments could be 
conducted throughout the investigation. All Calanus 
species produced eggs (Table 4 ) .  The smaller Calanus 
species had the highest fecundity: C. finmarchicus 
and C. glacialis produced an average (r SD) of 16.6 * 
13.5 (range 1 to 74) and 17.7 * 13 (range 0 to 67) eggs 
Q-' d-' ,  respectively. The egg production rate of the 
larger C. hyperboreus was generally much lower: 
1.4 % 1.7 (range 0 to 8.8) eggs Q - 1  d-'. The egg pro- 
duction rate of C. finmarchicus and C. glacialis corre- 
lated weakly but positively with the concentration of 
chl a > l 1  pm in the surface water (r2 = 0.31, n = 15, 
p < 0.05; Fig. 10). C. hyperboreus egg production rate 
did not correlate with the ambient chl a concentra- 
tion. 

Grazing by the copepod community 

The grazing impact of the copepod community was 
estimated by 3 approaches. These attempts only 
include the Calanus spp., which represent 95 % of the 
total copepod biomass. C. hyperboreus alone makes 
up approximately 65% of the copepod biomass. The 
gut content of C. hyperboreus females ranged from 
0.519 to 1.007 pg chlorophyll equivalents p - ' ,  equiva- 
lent to a daily ration of 10 to 19% (Table 5). If a con- 
stant weight-specific grazing rate is assumed for the 
whole copepod community, a carbon demand of 3 to 
11 mg C m-3 d- '  can be calculated from the daily 
ration of C. hyperboreus. This amounts to 11-188% 
(mean 80 r 55%) of the average primary production 
m-"-l 

Table 4.  Calanus spp. Summary of the egg production rate (eggs Q-' d-l ;  mean + SD, maximum and mlnimum values, 
with numbers of experiments in parentheses) of the dominating copepods during and after the sedimentation of a diatom bloom 

Calanus spp. Jun 22 Jun 23 Jun 25 

C. finmarchicus 
Mean * SD 21 5 * 8 6 19.2 * 11.2 23.6 * 7 3 
Max, min (n)  38, 13 (6) 41, 9 (6) 31, 12 (6) 

C. glacialis 
Mean i SD 36 3 2 28 r 8.0 
Max, min (n) 36 (1) 32 (1) 43, 19 (6) 

C. h yperboreus 
Mean i SD 2.3 + 1.3 1.4 i 0.8 0.4 + 0.4 
Max, min (n) 5 , 1 ( 9 )  4 , 1 ( 1 0 )  1 , 0 ( 6 )  

Jun 26 Jun 28 Jul 1 Ju12 Jul 6 
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If the carbon demand of the cope- 
pod community is estimated from the 
actual specific egg production rate, 
ingestion rates are much lower: 0.4 to 
4.6 mg C m-3 d-'. These values 
amount to 1-22% (mean 15 2 6%) of 
the average primary production m-3 
d- ' .  This difference is mainly due to 
the low egg production by the domi- 
nating Calanus hyperboreus, which 
presumably spawn before the spring 
bloom, relying on lipid reserves from 
the previous year. However, the C. 
hyperboreus in the upper 50 m were 
actively feeding and thus contributed 
significantly to the grazing of the 
phytoplankton (Table 5). If we calcu- 
late the grazing impact, assuming that 
the average specific egg production 
rate of C. glacialis and C. finmarchicus 
represents the somatic growth rate, 
and thereby the grazing rate of the 
entire copepod community, a more 
realistic grazing rate is achieved (0.7 
to 11.9 mg C m-3). This would result in 
a grazing impact of about half of the 
value achieved by the estimates from 
the gut florescence method: 25 to 81 % 
of the average primary production m-3 
d-l (mean 44 + 28%) (Table 6). For 
providing carbon specific results, 
female characteristics are given in 
Table 7. The high variability in the 
above estimates of the grazing pres- 
sure by the copepod community is 
mainly due to the variation in the bio- 
mass of copepods in the upper 50 m of 
the water column. 

c l  CII c i ~ ~  c iv  CV F CI c11 c111 CIV CV F 

1 Calanus finmarchicus Calanus glacialis Calanus hyperboreus 

Fig. 9. Calanus finmarchicus, C. glacialis and C. hyperboreus. Vertical distribu- 
tion of developmental stages on (A) June 25 and (B) July 2 

DISCUSSION 
Table 5. Calanus hyperboreus. Gut content (mean * SD), 

Hydrography and regulation of the primary grazing and daily ration (carbon intake as percentage of body 

production carbon) of C. hyperboreus sampled in the upper 50 m. Calcu- 
lations based on a female carbon content of 3.620 pg C and a 

chl a:carbon ratio of 31 
Disko Bay was greatly influenced by melting ice. This 

caused a pronounced vertical and horizontal salinity 
gradient as surface water passed Godhavn on its way 
out of the Bay. The late ice cover in 1992 delayed the 
stratification of the Bay. Thermal stratification with pos- 
itive temperatures in the surface is normally estab- 
lished by mid-May (Andersen 1981a). However, during 
this study positive surface temperatures were first 
recorded on the second visit to the sampling position on 
23 June (Fig. 2B); thereafter the stable weather with 

Date Gut content Grazing Daily ration 
(pg chl equlv. 9-1) (pg C Q-' d - ' )  (%) 

Jun 25 0.637 * 0.140 427 12 
26 0.519 * 0.044 348 10 
28 0.807 * 0.158 540 15 

Jul l 0.876 * 0.111 587 16 
2 0.641 * 0.069 429 12 
6 1.007 + 0.195 674 19 
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Table 6 Total copepod blomass and community grazlng estimated by 3 methods ( l)  the gut fluorescence of Calanus hyper 
boreus assurnlng a constanl tvelght s p e c ~ f ~ c  grazlng rate, and (2) the speclf~c egg productlon rate by all 3 Calanus spp and by 
(3) the average of the s p e c ~ f ~ c  egg productlon rate by C finmarchlcus and C glaclal~s durlng and after sedlmentat~on of the 

bloom 

Date Copepod 
biomass 

(mg C m-') 

Jun  22 87 
23 74 
25 92 
26 85 
28 20 

Mean i SD 72 r 30 

--- - Copepod commun~ty grazing 

Gut fluorescence method Actual egg production rate Average egg productlon rate 
mg C m-'d.' "G, of PP mg C m 'd.' "0 of PP mg C m-'d. '  1L of PP 

Jul 1 4 1 6.6 94 1 1  15.7 4 9 7 0 
2 3 6 4.3 4 9 1 4  16.1 2 8 3 2 
6 4 5 6.6 62 2.2 15.8 3.9 28 

Mean * SD 41  r 5  6 5 + 2.2 80 * 60 1.7 + 0.6 15.9 r 0.2 3.9 + 1 1 43 + 23 

Eggs female-' d-' 

40 7 I Calanus hnrnarchfcus 

I 0 Calanus glac~alis 

Chlorophyll-a sl l pm, pg I - '  

Fig. 10. Calanus finmarchlcus and C. glacialis. Monod fit of 
egg production rate (eggs p '  d '  ) in relation to chl a > l  1 pm 
in the surface water: E = 27.8e-"-2''"', r2 = 0.31, n = 15, p < 
0.05. where E is the egg production and chl is the 

chl a > l 1  pm in the surface water 

clear skies rapidly heated the surface water and facili- 
tated the development of a strong thermocline (Fig. 2A, 

R). 

Table 7. Female Calanus spp. characteristics. Regression be- 
tween cephalothorax length (L, mm) and body weight (W, 
mg C) for C. finmarchicus and C. glacialis: W = 0.0041 L''!, 

r 2 =  0.79, n = 46, 'no measurements 

Calanus spp. Mean length Carbon C:dry wt C:N 
(mm) lmg Q-') 

C fjnmarchjcus 2.56 * 0.15 0.1 6 * 0.05 
(n  = 23) 
C. glacialis 3.44 k 0.25 0.49 1 0  17 0 51 + 0 05 6.5 
(n  = 23) 
C. hyperboreus 6.68 i 0.38 3.62 * 0 84 0.56 + 0.04 9.8 
(n = 24) 

Depending on the character of the ice and snow 
cover, the spring bloom in Disko Bay off Godhavn is 
initiated in April-May and sediments out of the photic 
zone after about 2 wk (Andersen 1981b). On the first 
sampling date the thermocline was weak, but the 
nutrient concentration was low. High chl a and primary 
production (Fig. 3A, B)  was recorded throughout the 
photic zone. This indicates that the bloom was initiated 
under the ice as observed by Petersen (1964) and 
Andersen (1983.a) in years with late ice breakup. 

The productive period off Godhavn normally lasts 
from the beginning of April to November (Petersen 
1964, Andersen 1981a). The spring bloom develops 
between mid-April and mid-June and lasts for 2 wk. 
Associated with temporal mixing of the surface water 
and intrusion of nutrients to the surface water, several 
minor blooms can develop later in the year. However, 
the stable weather conditions and t.he strong stratifica- 
tion during our investigation effectively sealed the 
nutnents in the deep water. 
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During the first part of the bloom the daily primary 
production was 690 450 mg C m-' d - ' ,  within the 
range of the 3 previous investigations in the area: 200 
to 350 mg C m-2 d- '  (Steemann Nielsen 1958), 300 to 
600 mg C m- ld- '  (Petersen 1964) and 500 to 1500 mg C 
m - 2  d-  I (Andersen 1981a). Thereafter the prlmary pro- 

duction declined to 300 * 30 mg C m-2 d -  ' as the bloom 
became nutrient depleted and left the photic zone. 

The size distribution of the primary producers in 
Disko Bay was investigated by Andersen (1981b) 
throughout the productive season: during the spring 
bloom, phytoplankters >56 pm dominated the biomass 
and contributed more than 90% of the primary pro- 
duction. The nutrient depleted period after the bloom 
was characterized by dominance of smaller cells 
(<56 pm). The late summer blooms caused by the mix- 
ing events were again dominated by the larger phyto- 
plankton fraction. Unfortunately, the species composi- 
tion of the phytoplankton was not investigated by 
Andersen. During the present investigation diatoms 
(10 to 60 pm) dominated the phytoplankton biomass 
both in the surface samples and in the subsurface 
bloom (Fig. 4). Autotrophic nanoflagellates contributed 
less than 10% of the phytoplankton biomass. Presum- 
ably these nanoflagellates dominate the phytoplank- 
ton community during the stratified period 'until mixing 
again returns nutrients to the photic zone (Thomsen 
1982). 

The distribution of nutrients followed the structure of 
the water column, indicating that the bloom had been 
going on for some time. The classical way to evaluate 
Liebig nutrient limitation is to compare observed P:N 
and S1:N concentration ratios with the Redfield ratio, 
16Si 15N:lP (by atoms) (Redfield 1958). P:N ratios 
< l .  16 indicate N limitation while Si:N ratios below 1 
indicate Si limitation, and ratios > l  indicate N limita- 
tion. Of the 3 nutrients considered, phosphorus was 
present in excess throughout the study, as in Arctic 
waters in general (Harrison & Cota 1991). The occur- 
rence of nutrient depletion in the phytoplankton was 
supported by the 480:655 absorption ratios >2 associ- 
ated with the surface water after the first 2 visits to the 
station (Fig. 3C). This indicates that the primary pro- 
duction in the last part of this investigation was sup- 
ported by nutrients regenerated within the photic 
zone. Associated with the deepening and stabilization 
of the surface water, first nitrate and then silicate were 
depleted to below detection levels above the pycno- 
cline (Fig. 2C, E). The temporal succession of the nutri- 
ent levels in the surface water could indicate that a 
shift from new to regenerated diatom production oc- 
curred until silicate became depleted from the surface 
and the diatoms sank out. After the nitrate was de- 
pleted from the surface, the diatoms presumably relied 
on remineralized nitrogen until silicate also became 

depleted. Silicon is to a great extent exported from the 
photic zone as dlatom frustules in copepod faecal pel- 
lets. Because regeneration of silicon is much slower 
than nitrogen in the surface the diatom bloom left the 
photic zone when the silicon source became depleted. 

Importance of bacterial production and the 
microbial food web 

The high activity of the bacterioplankton during the 
spring bloon~ in Disko Bay is in contrast to the classical 
view (Table 2). The Arctic spring bloom dominated by 
large diatoms is expected to fuel a short classical food 
chain with copepods as the principal grazers, while a 
minor fraction of the primary production is channelled 
through the bacterioplankton and the microbial food 
web. During the present investigation, however, a well 
established and active bacterioplankton was observed 
from the first sampling day when the diatom bloom 
was present throughout the photic zone. 

Two contradictory views exist on the role played by 
bacterioplankton In Arctic pelagic ecosystems. Studies 
in Newfoundland coastal waters suggest that the 
observed low bacterial response to a bloom of ice- 
algae was caused by inhibition of bacterial production 
at low temperatures (Pomeroy & Diebel 1986) or by a 
combination of temperature inhibition and substrate 
limitation (Pomeroy et al. 1990). However, in the Bar- 
ents Sea, Thingstad & Martinusson (1991), as in the 
present study, reported bacterial activity comparable 
to those of temperate ecosystems. Modelling Antarctic 
bacterioplankton dynamics suggests that relatively 
low bacterioplankton production is a response to the 
macromolecular nature of the DOC rather than to the 
low temperature (Billen & Becquevort 1991). 

Because high bacterial abundance and activity were 
observed from our first sampling, it was not possible to 
investigate the timing between the diatom bloom peak 
and the response by the bacterial population. Observa- 
tions in the southern North Sea showed that the bacte- 
rial response lagged 2 wk behind the culmination of 
the spring bloom (Lancelot & Billen 1984, Billen & 
Fontigny 1987). On the other hand, in the Barents Sea 
Thingstad & Martinussen (1991) observed a bacterio- 
plankton response before nitrate was depleted in the 
photic zone. 

As the phytoplankton bloom progressed and nutri- 
ents were depleted, the bacterial biomass decreased, 
although the average bacterial production in the 
photic zone increased, probably in response to leakage 
from the nutrient depleted diatom cells (Table 3). This 
was even more pronounced if the water masses associ- 
ated with the sedimenting bloom are taken into con- 
sideration (Fig. 3D). 
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The temporal pattern in the bacterial biomass indi- 
cates that growth was roughly balanced by the loss 
processes, assuming that the main mortality of the bac- 
terioplankton was due to grazing by bacterivorous het- 
erotrophic nanoflagellates (HNAN) (Fenchel 1986). 
The abundance of HNAN in Disko Bay is comparable 
to the observations from the North Bering Sea, 0.5 to 
1.3 X 103 ml-l (Andersen 1988). A calculation of the 
grazing pressure showed that the HNAN in Disko Bay 
are  capable of clearing the daily bacterial production 
during the bloom (Fig. 11). But after the phytoplankton 
bloom, the increase in bacterial production was not fol- 
lowed by a response in the HNAN population. In tem- 
perate coastal waters a close coupling between bacte- 
rioplankton and HNAN has been shown (Andersen & 

Fenchel 1985, Andersen & S ~ r e n s e n  1986). In the pre- 
sent study, no such correlation was evident, perhaps 
due  to significant predation on the HNAN. 

The most important consumers of the nanoplankton 
are  the heterotrophic ciliates (Fenchel 1987). Several 
field studies have demonstrated a correlation between 
the growth rate of planktonic ciliates and their 
nanoplankton prey (e .g .  Andersen & Smensen 1986, 

Verity 1986). A well-established ciliate community 
dominated by naked ohgotrich ciliates was present 
from the beginning of this study. The abundance and 
species composition of the Disko Bay ciliate commu- 
nity were within the same range and comparable to 
what is reported from Arctic Canada (Paranjape 1987, 
1988), the North Bering Sea (Andersen 1988) and the 
Greenland Sea (Putt 1990), and not different from 
those found at lower latitudes (Taniguchi 1984, Pierce 
& Turner 1992, Nielsen & Ki~rboe  1994). Our fixative 
(Lugol's) did not allow us to distinguish between het- 
erotrophic and mixotrophic ciliates, but presumably a 
significant fraction of the ciliate community was com- 
prised of chlorophyll-containing species as observed 
in the Greenland Sea (Putt 1990). The vertical distrib- 
ution of the ciliates closely followed the phytoplank- 
ton, with the highest biomass located in association 
with the diatom bloom. The fractionation of the phyto- 
plankton was chosen to separate potential food: for 
ciliates, < 11 pm; and for copepods, > 11 pm. However, 
during the microscopic examination ciliates were 
often observed with small diatoms (15 to 20 pm) in 
their food vacuoles. 

1 Phytoplankton I 
s l l h m  , , v , , , 

Phytoplankton Het nanoflagellates 

Phytoplankton 

Phytoplankton 
< l l p m  

Copepods m 
Cillates Het d~nofl. 

11.0 13.1 

Flg 11 Carbon flow budgets (A)  before and (B) after sedlmentatlon of a dlatom bloom In Dlsko Bay The f ~ g u r e  IS based on the 
data shown In Tables 3 & 6 Numbers in boxes show average biomass (mg C m-3) and numbers on the arrows enterlng and leav- 

ing the boxes represent lngestlon and production respectively (mg C m-3 d.') 
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Recent lnvestigations have stressed the potential 
importance of the heterotrophic dinoflagellates in the 
plankton dynamics of temperate (Smetacek 1981, 
Hansen 1991, Verity et al. 1993), subtropical (Lessard 
1991), and Antarctic waters (Bjsrnsen & Kuparinen 
1991). So far, heterotrophic dinoflagellates have re- 
ceived little attention in the Arctic. However, in Dlsko 
Bay the heterotrophic dinoflagellates accounted for 
about 50%) of the protozooplankton biomass, with nan- 
odinoflagellates comprising about half of the total 
dinoflagellate biomass (Table 3). High abundance of 
large dinoflagellates is often associated with blooms of 
diatoms (Smetacek 1981, Hansen 1991). The now 
widely accepted hypothesis of the microbial loop is 
based on the existence of a fixed size ratio between 
planktonic predators and their prey of 10:l (Azam et al. 
1983). However, recent investigation has questioned 
this assumption, because important groups such as the 
heterotrophic dinoflagellates can graze on very large 
prey items (Hansen et al. 1994b). The larger het- 
erotrophic dinoflagellates (> 20 pm) were dominated 
by the naked Gyrodinium spirale (ESD 35 to 40 pm), 
with a prey size spectrum ranging from about 5 pm 
ESD to particles up to 5 times its own cell volume 
(Hansen 1992). This wide prey size spectrum enables 
the dinoflagellates to exploit all the size classes of the 
phytoplankton present during this study. 

Before and after the bloom left the photic zone 87 
to 180'14, of the primary production was ingested by 
protozooplankton per day (Fig. 11). These grazing esti- 
mates are comparable to the few existing studies of the 
significance of Arctic microzooplankton. In a study of 
the quantitative importance of the microbial loop in the 
North Bering Sea, Andersen (1988) found that the cili- 
ates grazed between 1 and 77% of the daily primary 
production. The highest grazing pressure was found at 
stations dominated by pico-nanoplankton and the 
lowest at diatom-dominated stations. During that study 
the impact of the heterotrophic dinoflagellates was not 
considered. Paranjape (1987) studied the grazing 
impact of the microzooplankton by the dilution method 
in Baffin Bay, in a situation where the phytoplankton 
was dominated by small diatoms as during the present 
study, and found daily grazing rates of 37 to 114% of 
the primary production. For temperate waters most of 
the estimates of microzooplankton grazing impact dur- 
ing the summer range from 40 to > loo% of the daily 
primary production (Pierce & Turner 1992, Nielsen et 
al. 1993, Nielsen & Kiarboe 1994). Thus the potential 
importance of protozooplankton in the Arctic pelagic 
food web is not different from that in low latitude 
ecosystems. 

Planktonic ciliates potentially compete with the het- 
erotrophic dinoflagellates for the primary producers as 
prey. However, the maximum prey size that naked and 

loricate oligotrichs can ingest is limited to about 45 O/o of 
their oral diameter (Heinbokel 1978, Jonsson 1986). 
This suggests that the dominating Strombidium spp. 
and Lohrnaniella spp. with an oral diameter of 40 to 
50 pm only exploited the nanoflagellates and the 
smaller diatoms c20  pm. The implication of this is that 
the cillates primarily compete with the nanodinoflagel- 
lates (<20 pm) for food while the larger heterotrophic 
dinoflagellates compete with copepods for the large 
size classes of prey. Copepods, on the other hand, can 
exploit the microzooplankton (e.g. Barthel 1988, 
Ohman & Runge 1994). However, as  long as the diatom 
bloom lasted the copepod Ingestion probably was satu- 
rated and the predation on the microzooplankton was 
low (Fessenden & Cowles 1994, Nielsen & Kisrboe 
1994). Copepod grazing on protozooplankton has, to 
our knowledge, not been examined in polar systems 
but may represent a significant carbon source for the 
copepods, particularly after the spring bloom when 
small phytoplankton dominate. 

The copepods and the classical food chain 

The species conlposition of the copepod community 
in Disko Bay was as previously reported for Green- 
landic waters with a dominance of Calanus spp. (Smidt 
1979, Smith e t  al. 1985, Hirche et al. 1991). Sampling 
was conducted using a 200 pm WPp-2 net, where a 
fraction of the smallest stages of Calanus spp. and the 
smallest species, e.g.  Oithona spp., might have been 
lost through the mesh. However, additional casts with 
a small mesh net (45 pm) and with water bottles did not 
show large abundances of small copepod species, so 
we assume that the major part of the copepod commu- 
nity was included in our samples. 

The copepod stage composition, with increasing 
numbers of stages C1 to I1 of Calanus finmarchicus and 
stage CIII of C. glacialis during June, and more 
advanced stages of C. hyperboreus present, agrees 
with Smidt (1979). It suggests growth and develop- 
ment of the 2 smallest Calanus species. Reproduction 
of C. finmarchicus and C. glacialis was synchronized 
with the development of the phytoplankton as illus- 
trated by the correlation between the egg production 
and chlorophyll (Fig. 10). The spawning of C. hyper- 
boreus was largely over during this study. This species 
spawns early in the spring in the absence of food, rely- 
ing on fat reserves deposited the previous year 
(Conover 1967); however, more eggs are produced 
when food is present (Conover 1988). 

The egg production of the Calanus spp. during June 
and July suggests decreasing productivity. This is sup- 
ported by observations on maximum presence of eggs 
in March and nauplii in July in the Nuuk area (Smidt 
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1979). Slagstad & Tande (1990) reported initiation of 
egg production by C. glacialis In Aprll In Arctlc waters 
of the Barents Sea.  The gonad maturation of the 
Calanus spp.  in the Arctic Ocean showed that most of 
the mature specimens were associated with the upper 
50 m, and that specimens from deeper water were not 
capable of producing eggs (Hirche & Mumm 1992). 
They also measured egg production close to zero for C. 
finmarchicus and 1 to 5 eggs Q - '  d '  for C. glaclalis in 
the Nansen Basin. They concluded that the limited egg 
productlon was a matter of long-term food depletion. 
In the Fram Stralt, Hirche et al. (1991) measured egg 
production rates for C. finmarchicus and C. glaclalis of 
1 to 4 and 1 to 44 eggs Q - '  d - ' ,  respectively. In the pre- 
sent study C. finmarchicus and C. glacialis produced 
more eggs and were certainly not limlted by food. C. 
hyperbor-eus had passed the peak of egg production, 
and most of the ingestion was allocated to storage of 
l i p~ds  in the advanced copepodite stages The smaller 
stages of copepodites, however, still experienced 
growth and stage shifts, most obviously for C. fin- 
marchicus and C. glacialis. 

After the diatoms left the photlc zone, the vertical 
distribution of the copepod biomass followed the bio- 
mass of the algae, wlth a relatively hlgh fractlon of the 
copepod biomass in the mld water (Flg. ?B). This 
observation 1s in agreement with studles of vertical dis- 
tribution of copepods during sprsng and summer In 
other Arctic areas (Eilertsen et al. 1989, Hansen et al. 
1990, Unstad & Tande 1991). 

The specimens situated In the deep waters always 
had empty guts as found by B8mstedt et al. (1990) and,  
therefore, did not contribute to the grazing in the 
photic zone. Smith (1.988) and Hansen et al. (1990) 
showed that Arctlc copepods did not undergo die1 ver- 
tlcal migration during the summer in the Frarn Strait 
and the Barents Sea but aggregated in the upper 25 to 
50 m when feeding, while the individuals in the deep 
water probably were in a resting state This is sup- 
ported by Hirche (1989), who showed that the enzyme 
activity of the surface populations of Calanus spp. in 
the Greenland Sea was much higher than those in the 
deep water, stressing that this part of the population 
did not graze on the phytoplankton 

Even though the spawning of Calanus hyperboreus 
was over, this species continued to have a significant 
grazing impact on the phytoplankton In the photic 
zone (Tables 5 & 6) .  The high C : N  ratio of C. hyper- 
boreus females, compared with the egg producing C. 
glacialis, suggests that the ingested carbon of C. 
hyperboreus was being allocated to building up llpid 
stores (Table 7) .  

Depending on the method used, the grazing impact 
by the copepod community was 45 or 92% and 4 3  or 
8O"L of the dally pnmary production before and after 

the bloom left the photic zone, respectively (Table 6). 
This similarity In results for the 2 methods was also 
tound for Calanus finrnarchicus by Kinrboe et al. 
(1985b) in the KattegaUSkagerrak area. The copepod 
community grazing, estimated by the egg production 
method In the Fram Strait, never exceeded 50% of the 
dally primary production (Hirche et al. 1991). In the 
same area Smith et al. (1985) estimated the turnover 
time of phytoplankton standing stock caused by cope- 
pod grazing to be about 13 d ,  which is on the same 
order of magnitude found during thls investigation. 
This indicates that the copepod population alone can- 
not control the phytoplankton during the bloom. How- 
ever, after the main bloom, investigations in the Polar 
Front of the Barents Sea (Hansen et al. 1990) and in the 
Canadian Hlgh Arctic (Longhurst & Head 1989) have 
documented a grazing impact of the Calanus spp. that 
exceeds the dally primary production. 

Carbon budget and food web dynamics 

Even though the hydrography at  the sampllng sste is 
dynamlc and greatly ~nfluenced by advect~on caused 
by the outflow of surface water from the g lac~el  Jakob- 
shavn Isfjord (Flg l ) ,  we have established 2 scenarios 

and constructed carbon budgets based on the succes- 
sional stage of the phytoplankton bloom (1) before and 
(2)  aftei the dlatoms leave the photlc zone (Flg 1 l )  We 
are aware of that the outcome of these carbon budgets 
1s greatly Influenced by the carbon chl a rat10 and by 
the carbon conversion factors for the plankton HOW- 
ever, we s t~l l  belleve that the carbon budget model IS a 
good framework for summarlzlng and discuss~ng the 
structure and dynamics of the ecosystem under cons~d-  
eratlon 

The rat10 between the productlon and biomass of 
bacterlo- and phytoplankton illustrates the importance 
of the 2 major carbon routes Durlng the bloom the rel- 
ative Importance of the bactenoplankton was low after 
whlch it Increased as the bloom became nutnent 
depleted (Table 2) These ratlos are slgnlficantly differ- 
ent from thc loiv ratlos of 0 5 to 5 " U  reported from Arc- 
t ~ c  Canada by Pomeroy et a1 (1990) A slmilar change 
In the relatlve importance of the carbon routes was 
observed dunng the transition from sprlng bloom to 
stratifled c o n d ~ t ~ o n s  in the North Sea (Nielsen & 

Richardson 1989, Nlelsen et a1 1993) 
The carbon budgets seem to balance dunng the 

bloom (Flg 11A) the bacterial product~on can satlsfy 
the carbon demand of the HNAN However, HNAN 
productlon alone can only supply 2" r l  of the microzoo- 
plankton carbon demand If the pnmary producers are 
included as food for protozooplankton, the carbon 
requirement can be covered The carbon needs of the 
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copepods can be covered by production of the larger 
phytoplankton and the protozooplankton. After the 
bloom the ecosystem became more heterotrophic. The 
biomass and activity of the upper heterotrophic com- 
partments of the food web were more or less the same, 
but the primary production decreased to about half 
and the bacterial production tripled compared with the 
bloom condition (Fig. 11B). At this stage, the bacterio- 
plankton can still fulfil the carbon needs of the HNAN, 
but the carbon requirements of the succeeding links in 
the food web cannot be covered by the primary pro- 
duction, indicating that the grazers now reduce the 
standing stock of phytoplankton. 

Just by comparing the standing stocks of meso- and 
protozooplankton the potential importance of the latter 
group becomes evident. The copepod biomass aver- 
aged 60 * 28 mg C m-3 in the photic zone, while the 
protozooplankton, which had a much shorter expected 
turnover time, was equivalent to 41 % of the mesozoo- 
plankton biomass. The importance of the protozoo- 
plankton is even more evident when the potential 
grazing impact is taken into consideration. The graz- 
ing impact of the protozooplankton was 2.8 and 3.5 
times higher than that of the copepods during and after 
the bloom, respectively. In both situations the potential 
protozooplankton production alone could satisfy the 
carbon needs of the copepod community. This pathway 
may be even more important after the main bloom 
when the phytoplankton is dominated by smaller cells. 

Normally, high protozooplankton grazing is ex- 
pected in situations where the phytoplankton is domi- 
nated by small cells, and copepod grazing is expected 
in diatom situations. During the present study, how- 
ever, protozooplankton grazing exceeded copepod 
grazing even though the phytoplankton was domi- 
nated by relatively large diatoms. In investigations 
during summer in the northeastern Atlantic Ocean 
(Burkill et al. 1993) and the North Sea (Nielsen et al. 
1993), where copepods were expected to be the princi- 
pal herbivores, it was also concluded that protozoo- 
plankton herbivory provided the major route for phyto- 
plankton transfer to higher trophic levels. 

The biomass and activity of the microbial food web 
relative to the Calanus-dominated mesozooplankton 
documented by this study illustrates the potential 
importance of bacterio- and protozooplankton in the 
pelagic food web. It shows that the carbon flow in an 
Arctic pelagic ecosystem may have the same complex- 
ity as those at lower latitudes. 
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