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ABSTRACT: The Young Sound estuary was covered by sea ice for approximately 10 mo during 1996. 

Investigations of pelaglc primary production and est~mated grazing were performed during the sum- 

mer thaw (20 June to 25 August) and in the winter month of February. The phytoplankton community 

was dominated by diatoms in the surface samples, as well as in the subsurface bloom succeeding the 

spring bloom. Pelagic primary production was l~mited by light during sea ice cover After break-up of 

the sea ice, silicate initially limited primary production in the surface water due to a well-established 

pycnocline, and maximum photosynthesis occurred in a subsurface layer at 15 to 20 m depth. In 

August, production sank to deeper water layers presumably due to nitrogen limitation. The carbon 

budget describing the fate of the annual pelagic primary production in Young Sound reveals that the 

pelagic production of -10 g C m-2 yr-' was tightly coupled to the grazer community, since total con- 

sumption by the grazer community amounted to 10-12 g C m-2 yr-'. The classical food web dominated 

this northeastern Greenlandic fjord, and it was estimated that copepods account for >80% of the graz- 

ing pressure upon phytoplankton. Based on this study and other values of annual pelagic primary pro- 

duction and sea ice cover found in the literature, we suggest that annual pelagic primary production in 

the Arctic can be described as proportional to the length of the open water light period. We propose 

that annual pelaglc pnmary production, and hence secondary production, in a wide range of Arctic 

marine areas may increase in the future as a consequence of reduction and thinning of sea ice cover 

due to global warming. 
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INTRODUCTION 

Few investigations of seasonal variation in and fate 

of pelagic primary production exist from waters 

around Greenland. The majority of these investiga- 

tions have been carried out on the west coast of Green- 

land (Steeman-Nielsen 1958, Petersen 1964, Smidt 

1979, Andersen 1981). However, 2 investigations of 

seasonal pelagic primary production based on mea- 

surements from the productive summer period have 

been reported from northern Greenland (Jorgen Bran- 

lund Fjord, Andersen 1977a, and Dumbell Bay, Apollo- 

nio 1980). From the east coast of Greenland a study of 

annual phytoplankton counts and zooplankton bio- 

mass in Scoresby Sound has been presented (Digby 

1953), and,  finally, studies of primary and secondary 

production based on sampling in the productive period 

have recently been published for the Northeast Water 

Polynya (Daly 1997, Smith et al. 1997). 
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Generally, investigations of pelagic primary produc- 

tion and/or copepod grazing have been based on sin- 

gle sampling occasions at various locations. These 

investigations cover areas in the Northeast Water 

Polynya (Hirche et al. 1994, Ashjian et al. 1995, Smith 

1995), in Northeast Greenland coastal waters (Rys- 

gaard et al. 1996), further offshore in the Greenland 

Sea (Smith et al. 1985, Hirche et al. 1991)) and further 

offshore west of Greenland (Rao & Platt 1984, and ref- 

erences therein). 

It has generally been assumed that in these persis- 

tently cold polar waters, temperature limits the rate of 

photosynthesis. Furthermore, higher primary produc- 

tion rates have been observed in the coastal bays and 

fjords (see above references). However, a considerable 

variability in the annual primary production within 

these coastal waters is seen, and it has been suggested 

that the annual production may be related to the 

length of the growth season which, in turn, is governed 

by the disappearance of snow cover and breaking up 

of sea ice (Rao & Platt 1984, Slagstad & Wassmann 

1995). Higher rates of annual production are found on 

the west coast than on the east coast of Greenland. 

This difference in production rates may be a result of 

differences in hydrological conditions. On the west 

coast, the relatively warm Irminger Current is the main 

factor controlling the degree of sea ice cover and 

hence the duration of the productive open water 

period, whereas the colder East Greenland Current is 

the corresponding regulating factor on the east coast. 

Thus, rather than directly controlling pelagic primary 

production, temperature may act indirectly by affect- 

ing sea ice cover and the length of the productive open 

water period, and consequently the magnitude of 

annual production. 

Studies of world-wide temperature records compiled 

over the last 100 yr have revealed an average global 

temperature increase of 0.6"C (Hansen & Lebedeff 

1988). Coupled ocean-atmosphere models predict that 

global warming will cause a further temperature 

increase of several degrees over the next 50 to 500 yr. 

This temperature increase is predicted to be most 

pronounced in the Arctic, where it is modeled to be 

approximately twice the global average (Hansen et al. 

1988, Manabe & Stouffer 1994). Even a warming of 1 to 

2°C is expected to cause dramatic reduction and thin- 

ning of Arctic ice in summer (Manabe et al. 1992, Barry 

et al. 1993). Furthermore, studies of detailed satellite 

records have indicated a shortening of the sea ice sea- 

son, especially in the Sea of Okhotsk, the eastern Arc- 

tic Ocean, the Barents Sea, and off the north coast of 

Russia and the east coast of Greenland (Gloersen & 

Campbell 1991, Gloersen et al. 1992, Parkinson 1992). 

Therefore, if sea ice cover is affected in the future due 

to global temperature increases, this may be expected 

to affect the amount of annual primary and, hence, sec- 

ondary production in Arctic regions. 

The aim of the present study was to investigate the 

seasonal variation in and the fate of pelagic primary 

production on the East Greenland coast. The objective 

was to add further to the relatively scarce data existing 

on both the microbial food web and the classical food 

chain in Arctic regions. Furthermore, it was our inten- 

tion to discuss and compare the data obtained with 

those from other Arctic regions and thus to construct a 

simple relationship between the length of the produc- 

tive open water period and annual pelagic primary 

production. 

MATERIALS AND METHODS 

Study site. This investigation was conducted in the 

Young Sound fjord, at Daneborg in Northeast Green- 

land, at Sampling Station A (74" 18.58' N, 20' 15.04' W) 

from 17 June to 25 August 1996. Additional samplings 

were conducted the following winter during February 

1997 (Fig. 1). 

Light measurements. On every visit to the station, Sec- 

chi depth was measured to identify the euphotic zone. 

Surface insolation was measured s~rnultaneously using a 

light sensor (Li-192A, Li-cor Inc., Lincoln, NE, USA). 

Temperature and salinity. On every visit to the sta- 

tion, profiles of temperature and salinity were mea- 

sured at a resolution of 1 m, from the surface to 1 m 

above the bottom, using a temperature-salinity probe 

(Hydrolab MinisondeCO, Austin, TX, USA). Before mea- 

surement the probe was calibrated using standards 

with a specific conductance as close to the field sam- 

ples as possible. 

Nutrients. The concentration of NOT was deter- 

mined on a flow injection analyzer (Alpkem FS3000, 

Perstorp Analytical Environmental Inc., Wilsonville, 

OR, USA) using the method described by Grasshoff et 

al. (1983). Ammonium concentration was determined 

using the method of Bower & Holm-Hansen (1980); 

P043- and Si were determined by standard colonmetric 

methods as described by Grasshoff et al. (1983). Am- 

monium, PO:- and Si were analyzed automatically on 

a robotic sample processor coupled to a spectropho- 

tometer (Tecan RSP-5051 & Camspec M330, Tecan 

AG, Hombrechtikon, Switzerland). 

Phytoplankton biomass and primary production. 

Samples of 1 to 2 1 for chlorophyll a (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 spectrophotometrically (Strickland & Parsons 

1972). Particulate organic carbon was measured by fil- 

tering 1 to 2 1 onto 45 mm pre-combusted GF/F filters 



Rysgaard et al.: Seasonal variation in a high-Arctic ecosystem 15 

A.P. Olsen Land 

ZERO- Wollaston  orl land- 1 I 
Payer Land 

Clavering 0 

GodthAb Gulf E\ , 
Young Sound 1 

24 km 

1-50 Station A- 

Fig. 1. Location of sampling station in Young Sound near Daneborg, Northeast Greenland. Water depth: 36 m (ZERO: Zacken- 

berg Ecological Research Operations) 

and later analyzed on an elemental analyzer (Robo- 

prep-CN, Europa Scientific, Crewe, UK). 

Primary production was measured by the in situ 14C 

method (Steeman-Nielsen 1952) at  noon as well as at 

midnight. Water samples from various depths were 

incubated for 2 h in three 120 m1 glass bottles, 2 kept in 

the light and 1 in the dark, to which 4 pCi H14C03 had 

been added. After incubation the bottles were kept in 

the dark until filtration which was performed within 

1 h. The entire content of each bottle was filtered onto 

45 mm GF/F filters. The filters were transferred to scin- 

tillation vials, inorganic 14C was removed by addition 

of 200 p1 of 1 N HCI and the samples were frozen until 

counting. Excess inorganic I4C was removed by direct- 

ing a flow of air into the vials before addition of scintil- 

lation fluid. Total CO2 was measured on several occa- 

sions at various depth intervals using a CO2 analyzer 

(Coulometer CM5012, UIC Inc., Joliet, IL, USA). Daily 

primary production was calculated by multiplying 

measured primary production within the incubation 

period with a light factor (total daily insolation divided 

by insolation during the incubation period) (Vadstein 

et al. 1989). Carbon fixation was derived after subtract- 

ing the dark fixation values, but without subtracting 

respiration. 

Protozooplankton biomass and species composi- 

tion. For identification and enumeration of ciliates and 

dinoflagellates, 250 m1 samples were fixed in acid 

Lugol's solution ( 2 %  final concentration). Samples 

were kept cold and dark until examination on a Leitz 

inverted microscope. Depending on the concentration 

of organisms, 50 or 100 m1 water was settled and cells 

(>400 cells) were counted using the Utermohl tech- 

nique (Utermohl 1958). Identification of ciliates to spe- 

cies, group or morphotype was based on Krainer & 

Foissner (1990) and Lynn et al. (1988). Dinoflagellates 

were identified according to Dodge (1985) and to 

Thomsen (1992). Unidentified species of protozoans 

were placed in size groups covering size ranges of 

10 pm estimated spherical diameter (ESD). 

Biovolumes of all protozoans were estimated from 

linear dimensions using appropriate geometric shapes, 

and converted to biomass using conversion factors of 

0.1 1 pg C pm-3 for ciliates and athecate dinoflagellates 

and 0.13 pg C for thecate dinoflagellates (Edler 

1979). Grazing upon phytoplankton was estimated 

assuming a clearance of 10' body volumes h-' applying 

a Qlo of 2.8 (Hansen et al. 1997). 

Copepods. Mesozooplankton was sampled by tripli- 

cate vertical hauls from bottom to surface with a WP-2 

net (70 pm mesh size) equipped with a non-filtering 

cod-end and a flowmeter (Digital Model 438 110, 

HydroBios, Kiel) on 4 occasions. The zooplankton sam- 

ples were immediately preserved in 2 % buffered for- 

malin. In the laboratory, the zooplankton samples were 

processed and identified according to the protocol of 
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Fig. 2. Air temperature and sea ice thickness at the sampling the fjord for a couple of weeks before it was exported 

station dunng the investigation period 
to the Greenland Sea. However, on several occasions 

Nielsen & Hansen (1995). The mesozooplankton com- 

munity grazing (I) was estimated by 2 methods: (1) the 

temperature-dependent copepod production (P) me- 

thod, where I = B X 0.045e0."lT, based upon daily 

standing stock (B) and ambient temperature (T; mean 

temperature of the entire water column) (Huntley & 

Lopez 1992) assuming a 33 % growth efficiency I = 3 X 

P (Peterson 1988); and (2) after Hansen et al. (1997) 

assuming maximum clearance (C,,,), due to the rela- 

tively low phytoplankton concentration, logC,,, x loga 

- 0.231ogPVoI, where -0.23 is a scaling factor between 

predator size (PvoI) and maximum clearance. The meso- 

zooplankton community grazing (I) equals C,,,,, X 

10 phytoplankton concentration. The community grazing 

values estimated from Hansen et al. (1997) were tem- 

- perature corrected by Qlo = 2.8. 
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throughout the open water period, pack ice entered 

the Sound from the Greenland Sea. Regular sea ice 

was well established again by early October. The sur- 

face insolation in the area described a bell-shaped 

curve with a maximum of 1200 pm01 photons m-2 S-', 

giving rise to a maximum Secchi depth of 15 m. The 

sea ice thickness was approximately 1.5 m with 0.4 m 

snow cover in the beginning of the study period, it then 

decreased gradually; open water was present in mid- 

July and prevailed until late September (Fig. 2). 

Until the sea ice broke up, a freshwater lens was pre- 

sent in the upper 2 m just below the sea ice due to melt 

water run-off from Clavering Island, A.P. Olsens Land, 

Payer Land and Wollaston Forland, and from the sea 

ice itself. Immediately following the break-up of the 

ice the fresh water was mixed into the surface layer. A 

pycnocline was found in the water column at 15 to 

20 m depth, except for a period in August when a storm 

moved the pycnocline to 5-10 m, most probably due to 

displacement of less saline surface water to the Green- 

land Sea by incoming, higher salinity bottom water 

(Fig. 3a). 

After the sea ice disappeared, the temperature of the 

surface layer increased to about 5"C, whereas the bot- 

tom water temperature was rather constant at -1°C 

throughout the investigation (Fig. 3b). 

Ammonium was present in concentrations up to 

0.5 pM in the water column during sea ice cover in 

June and July; and later in the open water period it 

dropped below the detection limit (0.2 11M) due to 

phytoplankton uptake (Fig. 4a). Furthermore, rela- 

tively low concentrations of ammonium were observed 

in the freshwater lens, presumably due to dilution by 

melt water from the surrounding land and from the sea 

ice itself. 

A vertical concentration gradient of NO3- was 

observed in the water colunln (Fig. 4b). Concentrations 

> 3  pM were measured in the bottom water and con- 

centrations <0.5 pM were found immediately below 

the sea ice, presumably due to dilution by melt water. 

Later in the open water period, the zone in the water 
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column with low NO3- concentration increased due to 

phytoplankton uptake. 

Throughout the summer thaw, phosphorus was pre- 

sent in excess below the freshwater plume, here the 

PO4" concentration increased from 0.4 to 0.8 pM just 

above the bottom (Fig. 4c). 

Silicate had a bimodal vertical distribution with rela- 

tively high values (2 to 5 PM) in the fresh surface water 

during ice cover (Fig. 4d). In the middle of the water 

column, down through the pycnocline associated with 

the peak biomass of phytoplankton, low concentra- 

tions (<OS pM) were measured. Finally, in the bottom 

water, concentrations of silicate increased to values of 

3 to 6 pM just above the bottom. 

Phytoplankton composition, biomass and production 

The phytoplankton community was dominated by 

diatoms. Chl a was located in a subsurface peak (15 to 

20 m) before the sea ice cover melted (1.3 pg 1-l) and 

increased in concentration during the open water 

period (1.8 pg 1-l) in the same depth stratum. In the sur- 

face water, chl a concentrations of 0.5 to 1 pg 1-' were 

observed throughout the study period (Fig. 5a). The 

depth-integrated biomass of phytoplankton showed 

peak increase to 2.8 g C m-' following break up of the 

sea ice, after which it decreased to 1.2 g C m-2 in mid- 

August and to negligible levels in February (Fig. 6a). 

Primary production of the phytoplankton community 

was initially low during sea ice cover, although chl a 

was present in the water column. However, primary 

production increased steeply when sea ice broke and 

reached up to 12 mg C m-3 d-' in a subsurface bloom at 

15 to 20 m depth. The bloom lasted until August when 

primary production began to sink to even greater 

water depths (Fig. 5b).  

Ciliates and heterotrophic dinoflagellates 

Ciliates and heterotrophic dinoflagellates con- 

tributed equally to the protozooplankton biomass 

throughout the investigation period (Fig. 5c,d). Both 

ciliates and heterotrophic dinoflagellates were present 

in high numbers in the surface waters during ice cover, 

and following break-up of the sea ice they concen- 

trated in the subsurface water layer together with their 

prey, phytoplankton. However, heterotrophic dinofla- 

gellates were distributed closer to the surface than cil- 

i a t e ~ .  

The depth-integrated biomass for ciliates and het- 

erotrophic dinoflagellates increased from 70 and 

50 mg C m-', respectively, on the initial sampling occa- 

sion to peak biomasses of 143 and 70 mg C m-2, respec- 

Jun Jul Aug 

1996 

Fig. 4.  Vertical distribution of (a) ammonium, (b) nitrate + 

nitrite, (c) phosphorus and (d) silicate. All concentrations are 

pM values, and dots indicate the resolution of measurements 

tively, following the break-up of the sea ice (Fig. 6b,c). 

Then, in mid-August the integrated biomass decreased 

rapidly to 20 and 22 mg C m-' for ciliates and hetero- 

trophic dinoflagellates, respectively. During winter 

very low biomasses were observed for both ciliates and 

heterotrophic dinoflagellates (see Table 2). 

The ciliate community was dominated by naked 

oligotrich ciliates (Strombidium and Strobilidium) and 

predaceous forms (Balanion and Didinium), except on 

the first sampling day when the surface layer was com- 
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Fig 5. Vertical distribution of (a) chl a, pg 1 ;  (b) pelagic primary 

production, pg C 1 '  d l ;  (c) ciliates, pg C 1 ' ;  and (d)  hetero- 

trophic dmoflagellates, pg C 1 .  Dots as in Fig. 3 

posed of Euplotes spp., presumably a part of the biota 

associated with sea ice. This assumption is supported 

by the winter sample (13 February) when Euplotes 

spp. again dominated the ciliate biomass just below 

the sea ice. The vertical distribution of the ciliate com- 

munity was similar to that of phytoplankton with max- 

imum occurrence in the niiddle of the water colun~n in 

mid-July (Fig. 5a,c). 

thecate 

alhecate 

May Jun Jul Aug Sep Jan Feb Mar 

Fig. 6. Integrated biomass of (a)  phytoplankton, (b) ciliates, 

(c) heterotrophic dinoflagellates and (d) copepods in the 

water column of Young Sound 

The dinoflagellate community was dominated by 

large naked species (Gyrodinium spirale) and other 

athecate forms >40 pm ESD. The highest biomass of 

heterotrophic dinoflagellates was observed in the 

upper 10 m of the water column above the primary 

pycnocline (Fig. 5d). 

Mesozooplankton 

The mesozooplankton community in Young Sound 

was composed of Calanus spp., Pseudocalanus spp., 

Microcalanus spp., Oithona spp., Onchaea spp., and 
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Table 1. Mean * SD biomass (mg C m-3) of triplicate samples of mesozooplankton and estimated commnity copepod production 

and grazing in Young Sound, 1996 

18 July 24 July 8 August 16 August 

Copepods 
Calanus finmarchicus 3.29 * 5.58 5.03 i 2.27 0.52 * 0.33 2.38 r 4.03 

Calanus glacialis 6.10 * 5.02 51.13 i 16.33 12.96 * 11.54 18.46 r 4.38 

Calanus hyperboreus 4.60 + 2.26 20.34 * 6.44 5.77 * 5.51 3.70 r 0.96 

Pseudocalanus spp. 0.97 + 1.25 0.78 i 0.59 2.06 * 1.37 2.06 * 0 82 

Microcalanus spp. 0.04 k 0.03 0.04 i 0.03 0.03 * 0.02 0.05 i 0.03 

Oithona spp. 0.19 r 0.05 0.46 i 0.06 0.23 * 0.23 1.07 * 0.10 

Onchaea spp. 0.12 r 0.04 0.19 i 0.08 0.14 * 0.11 0.92 i 0.26 

Other copepodites 0.02 r 0.03 0.04 r 0.06 0.01 r 0.01 0.03 i 0.03 

Nauplii 3.16 * 1.77 6.80 2 1.14 2.88 r 2.21 5.53 * 1.22 

Total copepods 18.48 * 8.13 84.79 * 17.75 24.60 * 13.04 34.19 i 6.21 

Area biomass (mg C m-') 64 6 2968 865 1197 

Other groups 

Copepod eggs 0.41 * 0.43 0.69 + 0.1 1 0.15 * 0.08 0.37 + 0.18 

Invertebrate larvae 0.07 i 0.12 0.02 * 0.04 0 0.02 * 0.02 

Appendicularia 1 .OO i 0.45 1.33 -t 0.51 1.86 * 2.42 2.79 1.28 

Copepod production, growth and grazing estimates 
Production (mg C m-2 d-') 26.5 133.5 38.9 61.5a 

Specific growth rate (d-') 0.041 0.045 0.045 0.051a 

Community grazing (mg C m-2 d-l) 79.5 400.5 116.8 184.6a 

132.4 388.8 76.0 119 .7~  

Mean water column temperature ("C) 0.38 0.10 0.10 1.30 

aModel 1 (Huntley & Lopez 1992) 

bModel 2 (Hansen et  al. 1997) 

some harpacticoid copepods. Additionally, a few lar- 

vae from benthic invertebrates, Bivalvia, Gastropoda 

and Polychaeta, were identified as well as appendicu- 

larians, represented by Friteflaria sp. and Oikopleura 

sp. The community in general was numerically domi- 

nated by copepods. Unidentified calanoid nauplii, 

most likely Calanus spp., was the most abundant 

group, with numbers up to 8000 m-3, followed by cope- 

podites of the cyclopoids Onchaea spp. and Oithona 

spp., and then Calanus glacialis and Pseudocalanus 

spp. In terms of biomass the 3 Calanus spp., C. 

glacialis, C. hyperboreus and C. finmarchicus, domi- 

nated the standing stock with 70 to 90% of the total 

copepod biomass, followed by the calanoid nauplii, 

accounting for 10 to 17%. The appendicularians were 

abundant, up to 2000 m-3, but their biomass was 

insignificant in comparison with copepods. The total 

mesozooplankton biomass fluctuated, with 20 mg C 

m-3 on 18 July, increasing to 85 mg C m-3 on 24 July, 

after which it declined during August to 25 and 34 mg 

C m-3 (Table 1). The relative biomass composition of 

the different species at the 4 samplings was similar. A 

total mean of the copepod biomass during the entire 

period was 40.5 mg C m-3. 

The triplicate net tow samplings performed on 

every occasion gave an 18 to 52 % standard deviation 

of the copepod biomass (Table l), typically increasing 

with individual body size among the species. This 

variability did not differ between samplings, how- 

ever, and therefore we consider the biomass esti- 

mates to be accurately determined. The specific com- 

munity production of copepods calculated by Model 1 

from mean water column temperatures (0.38, 0.1, 0.1, 

1.3"C) was 0.041 to 0.051 d-h iv ing  rise to a commu- 

nity grazing impact in the range of 80 to 400 mg C 

m-' d-l, in accordance with Model 2 community graz- 

ing values. 

Winter sampling 

The sampling performed 6 February, 1997 revealed 

a well-mixed water column of -1.8"C and 32.2 psu 

below 1.5 m ice cover with 40 cm snow cover 

(Table 2). Maximum surface irradiance during diurnal 

cycles in early February was 13 pm01 photons m-2 S-', 

and no light could be detected below the sea ice 

( < l  pm01 photons m-' S-'). In contrast to the summer 
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Table 2. Winter values of pelagic parameters from Young 
Sound, 6 February 1997 

I Surface water Bottom water 

Salinity (psu) 
Temperature ("C) 

NH4' IpM) 
NO,- (PM) 
PO," (PM) 

si (PM) 
Light (pm01 photons m-'ss') 
Chl a (pg I-') 
Prim. prod. (mg C m-" d-') 
H. dino. (mg C m-3) 
Ciliates (mg C m-3) 

Copepods (mg C m-3) 

I "Vertical net tow with a 0 25 m diameter plankton net l 

period, winter concentrations of NH,', NO3-, Pod3- 

and Si showed little variation because of the well- 

mixed water column (Table 2). The phytoplankton 

biomass was negligible, and no primary production 

was detected. 

Due to difficulties with drilling an adequate hole in 

the sea ice and due to high wind velocities, it was not 

possible to obtain a net tow with the WP-2 net. There- 

fore, drawing a net tow from bottom to surface using a 

0.25 m diameter plankton net with a 20 pm mesh size 

was the only option. However, no mesozooplankton at 

all was observed in these samples. 

DISCUSSION 

Hydrography and regulation of primary production 

The hydrography within Young Sound is strongly 

influenced by sea ice and input of fresh water. Large 

amounts of melt water enter the fjord during the sum- 

mer thaw from the surrounding land and from the sea 

ice itself. A freshwater lens just below the sea ice per- 

sisted until the sea ice broke, after which it was mixed 

into the surface layers of the water column. Saline 

polar water enters the fjord mainly from the Greenland 

Sea between Wollaston Forland and Clavering Island 

due to the East Greenland Current and tidal exchange. 

The combined effect of freshwater input to the surface 

layers of the water column and higher salinity polar 

water entering the Sound from the Greenland Sea cre- 

ated a stable pycnocline in the middle of the water col- 

umn (Fig. 3). Thus, the strong stratification during the 

investigated summer period effectively sealed the 

nutrients in the deep water layers (Fig. 4). The nutrient 

concentration levels measured in the water column of 

Young Sound were similar to observations from the 

adjacent Greenland Sea (Smith et al. 1985, Spies et al. 

1988, Lara et al. 1994, Smith 1995). 

During the period of sea ice cover the interception of 

light by the sea ice and snow cover created poor light 

conditions in the water column for pelagic primary pro- 

duction. However, following the break-up of the ice 

the immediate increase in light penetration to the 

water column caused a steep increase in pelagic pri- 

mary production and consequently chl a concentra- 

tions (Fig. 5a,b). Like nutrient levels, chl a levels mea- 

sured within the Sound were similar io observations 

from the adjacent Greenland Sea (Smith et al. 1985, 

Spies et al. 1988, Lara et al. 1994, Weslawski et al. 

1997). 

The phytoplankton community was dominated by 

diatoms in the surface samples as well as in the sub- 

surface bloom. Since primary production during the 

period of ice cover was low, the chl a in the water col- 

umn before the break-up of ice may originate from 

the algal community associated with sea ice. Due to a 

high uptake of silicate by the diatoms and due to the 

pycnocline effectively sealing the water column, the 

concentration of silicate above the subsurface layer 

was reduced to <0.5 pM (Fig. 4d). Silicate concentra- 

tions of <2 pM have generally been shown to limit 

primary production of diatoms (Egge & Aksnes 1992). 

According to Liebig's classical way of evaluating 

nutrient limitation through comparison of observed 

P:N and Si:N concentrations with the Redfield ratio, 

15Si:16N:lP (by atoms), silicate was initially the main 

nutrient limiting primary production since the Si:N 

ratio was G1 (Fig. 4). Phosphorus was present in 

excess throughout the investigation period and there- 

fore did not limit primary production, in accordance 

with observations from Arctic waters in general (e.g. 

Harrison & Cota 1991). In August, both nitrate and 

ammonium were depleted below the detection limit 

(<0.2 pM) in the surface water, thereby limiting pri- 

mary production, which may explain why the diatom 

bloom descended to even deeper water layers. It was 

shown in a parallel study (Rysgaard et  al. 1998) that 

nutrients (NO3-, NH,+, urea, Si) were released 

from the sediment to the overlying water throughout 

the year, due to mineralization in the sediment. Fur- 

thermore, mineralization in the sediment responded 

immediately after sedimentation of organic matter 

when sea ice broke, and nutrients were rapidly 

returned to the water column, proving the coupling 

between sea bed and water column in the Sound to 

be effective. The bacterial mineralization in the sedi- 

ment explains the relatively high concentrations of 

nutrients in the bottom layers of the water column. A 

similar regulation of pelagic primary production by 

nutrients has also been observed in other Arctic stud- 

ies (Nielsen & Hansen 1995). 
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The grazer community 

The species composition and the overall biomass 

pattern of copepods resemble results reported by 

Digby (1953) from Scoresby Sound, East Greenland. 

The obtained daily specific growth rate of the popula- 

tion based upon Model 1 was 0.04 to 0.05, which is 

equal to that reported for the same species from other 

Arctic areas (e.g. Runge 1985, Hirche & Bohrer 1987, 

Nielsen & Hansen 1995, Hansen et al. 1996). Since esti- 

mated grazing is calculated from the specific growth 

rates, our community grazing estimates are considered 

to be within a reasonable range. 

Few investigations are available on the role of proto- 

zooplankton in Arctic food webs, even though their 

importance has been demonstrated in low latitude 

ecosystems over the past 2 decades. Even fewer stud- 

ies consider the 2 main components of the protozoo- 

plankton simultaneously: the ciliates and the hetero- 

trophic dinoflagellates. According to size both groups 

belong to the microplankton, but their functional biol- 

ogy is very different; planktonic ciliates prey on the 

nanofraction, while the dinoflagellates prefer a prey 

size similar to their own (Hansen et al. 1994). In the 

present investigation, ciliates and heterotrophic 

dinoflagellates contributed equally to the protozoo- 

plankton biomass (Fig. 61, and in general the vertical 

and seasonal distributions of protozooplankton were 

similar to those of the phytoplankton (Figs. 5 & 6). The 

species composition and relative contribution of the 2 

groups of protozoans are comparable with observa- 

tions from the Disko Bay on the west coast of Green- 

land (Nielsen & Hansen 1995, Levinsen et al. 1998). 

However, the absolute biomass of ciliates and het- 

erotrophic dinoflagellates in Young Sound is lower 

compared with the more productive Disko Bay, where 

maximum integrated summer biomass values of 750 

and 1000 mg C m-2 have been obtained for ciliates and 

heterotrophic dinoflagellates, respectively. 

Annual pelagic primary production 

An annual estimate of pelagic primary production 

was made based on 11 direct measurements during the 

productive summer season and l during the unproduc- 

tive winter period. On arrival at Young Sound, 20 June, 

the Sound was covered with -1.5 m sea ice and 0.4 m 

snow. Although chl a was initially present in the water 

column, I4C measurements revealed only low rates of 

primary production due to the unfavorable light condi- 

tions in the water column as a result of the sea ice and 

snow cover during winter; these conditions prevailed 

until the sea ice disappeared in July (Figs. 2 & 5a,b). 

The chl a observed in the water column during sea ice 

Pig. 7. Annual pelagic primary production (e) and grazing by 

ciliates (01, heterotrophic dinoflagellates (A), and copepods 
(0; estimated by Model 1 ,  Huntley & Lopez 1992) 

cover in July presumably originated from algae 

released from the sea ice and/or from diatoms trans- 

ported into the Sound from the Greenland Sea. It is 

known from the literature that sea ice algae released 

into the water column are not viable and cannot main- 

tain a high primary production (Horner & Scrader 

1982) because of intolerance to low salinity water 

(Horner 1985). Thus, we assume that pelagic primary 

production was negligible within Young Sound before 

our investigation began. When our investigation ended 

in mid-August, pelagic primary production was declin- 

ing because phytoplankton was limited by nutrients 

and grazed, primarily by mesozooplankton. Assuming 

that this decline continued until sea ice was re-estab- 

lished (>30 cm + snow cover) in early October, integra- 

tion of the resulting curve for pelagic primary produc- 

tion provides an annual estimate of 10.3 g C m-' yr-' 

(Fig. 7). A similar bell-shaped decline of polar primary 

production has been reported from various investiga- 

tions (Steeman-Nielsen 1958, Petersen 1964, Grainger 

1979, Smidt 1979, Smith & Sakshaug 1990). 

To our knowledge, only 1 other estimate of pelagic 

primary production based on annual measurements 

exists from the east coast of Greenland (Smith et  al. 

1997). Based on ISN techniques, and a converting fac- 

tor using observed C/N ratios, annual pelagic primary 

production was estimated at 0.25 to 0.36 g C m-' d-'. 

Over a growth season, reported to be 2.7 mo, this 

amounts to an annual pelagic primary production of 

18.8 to 27.0 g C m-2. This value represents a maximum 

estimate, however, since the normal bell-shaped pro- 

duction curve is not taken into account. The actual 

value may be lower, and thus comparable with mea- 

surements from Young Sound (10.3 g C m-2 yr-'). Fur- 
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Productive open water period (months) 

Fig. 8. (a) Annual pelagic primary production versus length of 
productive open water period. (b) Geographical location of in- 
vestigations (Data compiled from: Steeman-Nielsen 1958, 
English 1961, Petersen 1964, Taguchi 1972, Alexander 1974, 
Welch & Kalff 1975, McRoy & Goering 1976, Meskus 1976, 
Andersen 1977a, Carey 1978, Grainger 1979, Apollonio 1980, 
Andersen 1981, Horner & Scrader 1982. Rey et al. 1987, Walsh 
et al. 1989, Slagstad & Sterle-Hansen 1991, Kangas et al. 1993, 

Smith et al. 1997, Nielsen & Hansen 1998, present study) 

thermore, integrated water column primary production 

in our study is comparable with 1 d measurements 

made during July and August at several locations in 

the Northeast Greenland Water Polynya (Hirche et al. 

1991, Smith 1995). 

The annual pelagic primary production of 10.3 g C 

m-' yr-' in Young Sound is comparable with values 

from Jsrgen Brsnlund Fjord, North Greenland (4.7 to 

13.7 g C m-' yr-') (Andersen 1977a). As in Young 

Sound the productive open water period in Jsrgen 

Brsnlund Fjord is short (approx. 2 mo). The annual 

pelagic primary production found in these northern 

fjords and in the Northeast Water Polynya is lower than 

estimates from the southwest coast of Greenland. An 

annual pelagic primary production of 95 g C m-' yr-' 

has been reported from Godthdb Fjord (Steeman- 

Nielsen 1958) and of 36 to 104 g C m-2 yr-' from Disko 

Bay (Petersen 1964, Andersen 1977b, 1981, Nielsen & 

Hansen 1998). The difference in primary production 

between East and West Greenland is presumably due 

to the growth season being longer on the west coast, 

which, in turn, is due to the reduced sea ice cover and 

consequently the longer open water period generated 

by the relatively warm Irminger Current. 

Compared with high-Arctic areas other than Green- 

land, the annual pelagic primary production in Young 

Sound resembles rates reported from Beauford Sea (5 

to 10 g C m-' yr-l, Alexander 1974); the East Canadian 

Arctic (10 to 15 g C m-2 yr-', Harrison et al. 1982); and 

off Alaska (10 to 15 g C m-' yr-', Alexander et al. 1975), 

but exceeds the annual production estimated in the 

central North Polar Sea (0.6 g C m-2 yr-', English 1961). 

Data from the Literature on annual primary produc- 

tion in Arctic waters was compiled, and the results 

plotted against the length of the productive open 

water period in the year of measurement (Fig. 8). The 

productive open water period was defined as the 

interval between the time of year when sea ice cover 

broke and the time of year when sea ice was estab- 

lished. Furthermore, only the period when light was 

present during the open water period was used in the 

compilation. In cases where sea ice data were not 

included in the papers, the relevant information was 

obtained either by personal con~munication with the 

author or from sea ice maps covering the site and 

period of the investigation in question. Finally, each 

data point in the figure represents an integration of 

several individual measurements (up to 24) of primary 

production throughout the productive period. A linear 

relationship between annual pelagic primary produc- 

tion and the length of the open water period was 

determined (r2 = 0.76). The annual pelagic primary 

production in upwelling areas such as the Bering 

Strait (Sambrotto et al. 1984, Springer et al. 1996) is 

much higher (200 to 300 g C and not included in 

this plot, since these values are obviously out of range 

and cannot be described by this simple relationship. 

However, the good correlation indicates that on aver- 

age the area-integrated pelagic primary production 

for a wide range of Arctic areas lies within the same 

range and that the length of the productive open 

water period therefore determines the amount of 

annual pelagic primary production. 

Since a global increase in temperature, as observed 

over the past 100 yr (Hansen & Lebedeff 1988), is 

expected to cause dramatic reduction and thinning of 

Arctic sea ice in summer (Manabe et al. 1992, Barry et 
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al. 1993), the h e a r  relationship between annual 

pelagic primary production and open water period 

leads one to expect that the annual pelagic primary 

production within Arctic waters will be expected to 

increase as long as global warming continues. Further- 

more, studies of detailed satellite records have indi- 

cated a shortening of the sea ice season, especially in 

the Sea of Okhotsk, the eastern Arctic Ocean, the Bar- 

ents Sea, and off the north coast of Russia and the east 

coast of Greenland (Gloersen & Campbell 1991, Glo- 

ersen et al. 1992, Parkinson 1992), and future alter- 

ations in annual pelagic primary production may be 

visible first within these areas. 

Compared to the number of investigations on annual 

pelagic primary production, investigations on the an- 

nual production of sea ice algae are scarce. However, 

sea ice algae are prolific during the early spring, be- 

fore the sea ice breaks up, and may contribute a con- 

siderable fraction of total primary production (Horner 

& Scrader 1982). If global warming reduces the sea ice 

cover in the future, it may be expected that the primary 

production of sea ice algae will be negatively affected 

in contrast to pelagic primary production. In order to 

determine the possible impact of alterations in sea ice 

cover on total primary production in Arctic areas, more 

studies of the relative contribution of sea ice algae to 

total primary production are required. 

Annual grazing by zooplankton 

The annual estimate of protozooplankton grazing on 

phytoplankton was based upon protozooplankton data 

obtained on 7 occasions during the productive open 

water situation and 1 sampling during winter. The 

same procedure as for phytoplankton was applied in 

the annual estimate of protozooplankton grazing. 

Thus, the integrated annual grazing on phytoplankton 

of ciliates and heterotrophic dinoflagellates was esti- 

mated at 0.8 and 0.6 g C m-2 yr-', respectively, repre- 

senting 14 % of annual primary production (Fig. 7). 

For the copepods, only 4 measurements of biomass 

and calculated grazing values were available. We as- 

sumed that the calculated community grazing ob- 

tained for these 4 dates reflected the activity during the 

open water period. For further estimates of their an- 

nual productivity we assumed a productive season 

similar to that of phytoplankton. This assumption is 

supported by observations of copepod biomass at  the 

same time of year in Scoresby Sound, 500 km fur- 

ther south (Digby 1953). As in Young Sound, the open 

water season in Scoresby Sound is restricted to ap- 

proximately 2 mo. According to Digby, the copepod 

biomass increased from insignificant levels and 

reached >200 mg C m-3 in 3 distinct peaks between 

June and August, with a mean (50 to 60 mg C m-3) 

comparable to that found in the present study, and de- 

clined to low values by the end of September. Thus, as- 

suming that a similar decline in biomass occurred in 

Young Sound the total annual grazing impact from 

copepods ufould amount to 10.8 g C m-2 yr" according 

to Model 1 and 8.7 g C m-2 yr-' according to Model 2,  

representing 85 to 104 % of the annual primary pro- 

duction (Fig. ?). Thus, a very tight and effective cou- 

p h g  between pelagic primary production and sec- 

ondary production exists in Young Sound. 

The future alterations in the amount of annual 

pelagic primary production expected in connection 

with global warming will markedly affect pelagic sec- 

ondary production. It has been shown that, following a 

phytoplankton bloom associated with stratification of 

the water column, the growth rates of pelagic sec- 

ondary producers normally become food limited ( K i ~ r -  

boe & Nielsen 1994). Thus, prolonged ice-free periods 

and ensuing high rates of pelagic primary production 

are expected to lengthen the growth season of sec- 

ondary producers and thereby increase the production 

and abundance of secondary producers in Arctic 

waters. However, studies have shown that copepods 

are able to exploit sea ice algae (e.g. Runge & Ingram 

1988), and, based on our preliminary results, it is 

believed that the main grazers on sea ice algae are the 

protozooplankton (Grastrup-Hansen unpubl.). The 

importance of this energetic pathway, and conse- 

quently the effect of changes in ice cover on secondary 

production, has still not been investigated thoroughly 

and needs further attention in the future. 
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