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ABSTRACT: The influence of the melting of Antarctic sea ice on the planktonic microbial food web and 
the formation of microalgal blooms was investigated under controlled laboratory conditions in 20 1 
microcosms at the onset of austral spring in the southern Atlantic. Experiments were performed with 
first-year ice and water from the Antarctic Circumpolar Current (ACC) and the ACC-Weddell Gyre 
Boundary (AWB) at 6" W, a region usually lacking ice-edge blooms in austral spring. The experiments 
comprised the following simulations: (1) stratification of the water column, (2) seeding of sympagic 
organisms, (3) inoculation of dissolved organic matter from sea ice and (4) grazing impact of mesozoo- 
plankton (Calanojdes acutus). Microcosms were sampled almost daily over a 2 wk period. The samples 
were analyzed for inorganic nutrient concentrations, prunary and bacterial production, abundances of 
algae (in the size classes <20 and >20 p), bactend and heterotrophic flagellates (in the size classes 
< 2 ,  2 to 10 and 10 to 20 pm). Additionally, maximum uptake rates of glucose and aminopeptidase activ- 
ity were measured. Stratification alone did not induce bloom formation within the time scale of the 
experiments. Simulated seeding of sympagic organisms provoked a strong increase in abundances and 
activities of auto- and heterotrophic microbes and the development of microalgal blooms (cells 
>20 pm). Primary and bacterial production was enhanced up to 28- and 24-fold, respectively, compared 
to the control, while abundances increased by a factor of about 20 for microalgae and 12 for bacteria. 
Initial h g h  activities of auto- and heterotrophs were restricted to sympagic organisms, which main- 
tained their high metabolic rates for several days. Addition of dissolved organic substances mainly 
stimulated the pelagic bacterial populations. Their production was enhanced up to 12-fold compared to 
the control, while autotrophs were virtually unaffected. In the presence of mesozooplankton, bacterial 
blooms occurred but no accumulation of nano- and microalgae. Thus, this region of the Atlantic sector 
of the Southern Ocean does have a strong potential for the formation of ice-edge blooms, but phyto- 
plankton accumulation is efficiently controlled by grazing activity. Bacterial blooms may be more com- 
mon during ice melt. These findings agree with remote-sensing data, which show no bloom formation 
during ice melt in this area. 
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INTRODUCTION 

The microbial food web comprises a significant part 
of Antartic pelagic (Cota et al. 1990, Kuparinen & 
Bjarnsen 1992, Garrison et al. 1993, Jochem et al. 1995) 
and sea ice communities (Garrison et al. 1986, 
Kottmeier & Sullivan 1987, Mathot et al. 1991). Garri- 
son et al. (1986) pointed out the existence of a tightly 
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coupled microbial food web in sea ice and assumed 
that associated organisms live in a milieu of elevated 
dissolved organic matter (DOM) concentrations. The 
annual ice retreat has a major impact on the formation 
of ice-edge plankton blooms. Increased stratification 
by meltwater lenses, shifts in the light regime and pos- 
sible seeding by ice organisms as inocula for ice-edge 
blooms have been discussed as possible stimulating 
factors (Smith & Nelson 1985, Garrison et al. 1987, 
Kottmeier & Sullivan 1990, Scharek 1991). 
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The fate of ice organisms upon melting is variable. 
Sympagic microalgae are subject to severe sedimenta- 
tion (Riebesell et al. 1991) and grazing by microzoo- 
plankton (e.g.  Fransz 1988) so that often only small 
autotrophic cells remain in the water column (Mathot 
et  al. 1991). Besides algae, ice bacterial populations 
which difier from open water populations (Grossmann 
& Gleitz 1993) are seeded together with a population of 
possible grazers (Kottmeier & Sullivan 1987, Garrison 
& Gowing 1992, Kivi & Kuosa 1994). While it is thought 
that in open water smaller phytoplankton and bacterial 
abundances are effectively controlled by protozoo- 
plankton (Garrison & Buck 1989, Knox 1990, Bjornsen 
& Kuparinen 1991a, Kuparinen & Rjnrnsen 1992) and 
that microalgae are efficiently grazed by microzoo- 
p l a ~ l k i u ~ ~  jIiew.es et al. 138.53, iircoupled systems might 
form during periods of ice melt. 

The mechanisms of control and stimulation of ice- 
edge blooms are not fully understood. Most reports on 
vernal ice-edge blooms as major sources of biomass 
production were derived from studies in the large 
Antarctic embayments (Ross and Weddell Seas). How- 
ever, at the more typically land-remote Antarctic ice 
edge, rnicroalgal bloom formation upon ice melt may 
be an exception (Comiso 1991) which could be due to 
the generally low stabilitiy of the water column (Laub- 
scher e t  al. 1993). Macronutrients are apparently not 
limiting for growth in this high-nutrient low-chloro- 
phyll area, whereas micronutrients (Martin et al. 1990) 
and dissolved organic matter (DOM) may be more 
important. The possible development of blooms com- 
posed of pico- and nanoplanktonic-sized organisms 
points towards the importance of DOM released from 
melting ice. DOM is known to occur in vast concentra- 
tions within ice and the underlying waters and to be 
rapidly used by bacteria (Kahler et  al. 1997) which in 
turn may provide substances for phytoplankton growth 
(Kuosa et al. 1992), e.g. cytokins (Delucca & McCracken 
1977) or siderophores. The effect of sea ice DOM on 
the microbial community during ice melt has not yet 
received much attention. 

Satellite images have repeatedly shown that in some 
regions of the Antartic Ocean autotrophic bloom de- 
velopment upon ice melt is a recurrent phenomenon, 

while it is not in other regions. It is unclear if in the lat- 
ter areas mass accumulation by algae is replaced by 
blooming heterotrophs or if blooms of any type are 
lacking. This study presents information on factors 
controlling the formation of ice-edge blooms and the 
effect of sea ice DOM derived from microcosm experi- 
ments. Water and ice samples from a non-bloom re- 
gion, here the transition zone between the Antarctic 
Circumpolar Current and the Weddell-Gyre water 
around 6" W, were used to a.ssess the fate of microor- 
ganisms upon ice melt. Special emphasis was placed 
on resolving the reaction of auto- and heterotrophic 
organisms of the pico and nano size fraction following 
this event. 

MATERIALS AND METHODS 

Sampling and experimental design. Batch cultures 
were established on the RV 'Polarstern' cruise ANT 
X/6 in 1992 with natural plankton communities from 3 
stations in the Atlantic sector of the Southern Ocean at 
the onset of austral spring, 6" W near the ice edge. Sta- 
tions were located in the Antarctic Circumpolar Cur- 
rent (ACC) and the ACC-Weddell Gyre Boundary 
(AWB). Further details are given in Table 1. A general 
description of the area and the cruise can be obtained 
from Smetacek et al. (1997). Water samples were taken 
from 20 m depth by Niskin bottles, pre-screened 
through a 200 pm net and transferred to 20 1 polycar- 
bonate microcosms (MCs). 

Cubes of brown ice chosen by colour were split and 
transferred either into a dialysis bag with a retention of 
0.2 pm or into a plastic bag. Bags were p1.aced in sinks 
with running sea surface water and the ice slowly 
melted for 8 to 10 h at -1°C. The meltwater in the 
dialysis bags contained the mixed assemblage of ice 
biota, i.e. the so-called 'sympagic' community and an 
unknown amount of DOM. The use of dialysis bags for 
harvesting ice biota can be taken as a modification of 
the method suggested by Garrison & Buck (1986). The 
directly melted ice was filtered through 0.2 pm poly- 
carbonate filters and contained by definition DOM 
from sea ice only ('DOM' meltwater). The amount of 

Table 1. Sampling conditions for batch experiments. Temperature (T), salinity (S), chlorophyll a (Chl a) concentration at 20 m 
depth and ice cover (% ice cover) provided by C. Veth, U. Bathmann and J. van Franeker (pers. comm.). ACC = Antarctic 

Circumpolar Current waters; AWB = ACC-Weddell Gyre Boundary waters; UTC = universal time coordinated 

Expt Stn Position Date T ~ m e  T S Chl a % ice Type of 
(1992) (UTC) ("c) (psu) (pg L-') cover water 

1 866 57" 45 'S ,  6" 28' W 11 Oct 22:OO -1.82 34.06 0.17 95 AWB 
2 874 54" 00' S, 6' 00' W 15 Oct 04:OO -1.67 33.94 0.24 0 ACC 
3 915 57" 3 0 f S ,  6' 00' W 04 Nov 14:OO -1 55 33.82 0.38 7 0 AWB 
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DOM was probably raised by the crude method used Prior to sampling, the MCs were gently shaken. To 
for ice melting which may have caused cell damage. address and compare the effect of seeding versus 
However, the experlinents were not designed to siinu- DOM inoculation it had to be secured that all organic 
late changes on a natural level but for clear d~stinction material in the MCs was evenly distributed to avoid 
between effects of different treatments. MCs were artefacts caused by sedimentation. Since it was impos- 
established by mixing 1.5 to 1.7 1 'sympagic' or 'DOM' sible to continuously nlechanically shake the large mi- 
meltwater with seawater to a final volume of 20 1 crocosms this was reduced to shaking by hand once 
(Table 2). All MCs were incubated at in situ tempera- per day followed by subsampling. Large flocks of un- 
ture (-1°C) and a 14:lO h 1ight:dark cycle on board RV disruptab1.e flocculent material developed and some- 
'Polarstern'. Light intensity was 40 to 50 PE S- '  tiines prevented counting of dispersed organisms in 
Subsampling of the microcosms started at 10:OO h local the first experiment. 
time on the respective days. Expt 2: Expt 2 included 4 different manipulations 
Expt 1: The first experimental series lasted 12 d and and lasted 14 d (Table 2). Effects of sedimentation of 

included 6 different manipulations (Table 2). AWB microalgae and copepod grazing on the added sympa- 
water was stored prior to the experiment under the gic community (MC?) and on natural communities of 
conditions described above. AWB waters (MC9) in a stabilised water column were 

MC1 (without meltwater) served as a control. MC2 simulated. Consequently, MCs were not shaken dur- 
(without meltwater) was kept under a 4:4 h 1ight:dark ing Expt 2 to avoid resuspension of aggregates and 
cycle during the light period to simulate turbulent mix- thereby reintroducing them into the experiment. Un- 
ing of the plankton community into deeper water lay- der natural conditions these would have sedimented 
ers or periods of shading by drifting ice floes. The out of the surface layer and not contributed to the pos- 
remaining MCs were set up to investigate the impact sible development of an autotrophic bloom. Adult 
of either 'seeding' by ice biota (MC4, MC6) or DOM copepods of the species Calanoides acutuswere added 
'inoculation' (MC3, MC5) on the development of according to total copepod abundances found a.t the 
under-ice AWB water and ice-free ACC water. Since ice edge (500 m-3; Dubischar pers. comm.). MC8 and 
AWB and ACC waters differed in, for example, initial MClO also contained AMJB water with and without ice 
nutrient concentration and dissolved organic carbon biota, but without copepods. 
(DOC) content (Kahler et al. 1997), our experiments Measured variables. Phosphate, nitrate and silicate 
simulated the effect of ice retreat on different pelagic concentrations were determined according to Grass- 
communities. ACC water otherwise showed, for exam- hoff et al. (1983) with a Technicon AA I1 auto analyser. 
ple, neither qualitative nor quantitative differences in Primary production was measured by the carbon 
phytoplankton composition compared to AWB water I4C-technique (Steemann Nielsen 1952) using 50 pCi 
(Jochem et al. 1995). Bacterial abundances were also of NaHI4CO3 250 ml-'. Samples were incubated for 6 h 
rather similar (Lochte et  al. 1997). Therefore, only 1 under the same light and temperature conditions as 
MC with under-ice AWB water was used as a control were the microcosms. The reaction was stopped by 
for eva1uatin.g the effects of seeding and DOM inocula- addition of 2.5 m1 10-% 3-(3,4-dichloropheny1)-1,l- 
tion on both types of water. dimethylurea (DCMU) and samples were filtered onto 

Table 2. Set-up of Expts 1 and 2. ACC - Antarctic Circumpolar Current; AWB = ACC-Weddell Gvre Boundary; DOM = dissolved 
organic matter; MC = microcosm; <0.2 pm = ice melted in a plastic bag, the 0.2 pm filtrate was used; >0.2 pm = ice melted in a 

dialysis bag with a retention of 0.2 pm; 1ight:dark = 4:4 h lightldark cycle during the 14 h light period (see text) 

Microcosm Type of water Additions Comments 
of melted ice and copepods 

(Calanoides acutus) 

Expt 1 MC1 AWB, <200 pm - Control 
MC2 AWB, < 200 pm - Light:dark (deep mixing simulation) 
MC3 AWB, < 200 pm 1.7 1 <0.2 pm DOM addition 
MC4 AWB, 200 pm 1.5 1 >0.2 pm Ice biota addition 
MC5 ACC, c200 pm 1.7 1 <0.2 pm DOM addition 
MC6 ACC, c200 pm 1.5 1 >0.2 pm Ice biota addition 

Expt 2 MC7 AWB, <ZOO pm 1.6 1 > 0.2 pm, 10 copepods Ice biota addition + grazing impact 
MC8 AWB, <ZOO pm 1.6 1 >0.2 pm Ice biota addition 
MC9 AWB, <200 pm 11 copepods Grazing impact 
MC10 AWB, <200 pm - Control 
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0.2 pm membrane filters. Samples with 10-' M DCMU 
amendment prior to carbon l4C addition served as dark 
values (Legendre et al. 1983). Filters were transferred 
into Lumagel SB (Baker) scint~llation cocktail and 
radioassayed in a Beckrnann LS-1800 liquid scintilla- 
tion counter. 

Bacterial production was estimated by incorporation 
of 3H-leucine (TLI) (Kirchman et al. 1985) at a final con- 
centration of 100 nM (specific activity: 145 Ci mmol-', 
DuPont NEN) and by incorporation of (3H-methyl)- 
thymidine (TTI) (specific activity: 74 Ci mmol-', 
DuPont NEN) at a final concentration of 5 to 10 nM 
(Fuhrman & Azam 1982). Saturation levels were 
checked on the first subsampling date. Triplicate 
10 m1 subsamples and 1 blank (formalin killed sam- 
p!2) werc ixuba tcd  for 60 tc 120 x i n  at  !'C. Incuba- 
tion was stopped by adding 100 p1 37% formalin. 
Samples were filtered onto 0.2 pm polycarbonate fil- 
ters (Costar), rinsed 10 times with l m1 5% ice-cold 
trichloroacetic acid (TCA) and analysed as described 
for primary production. Counts were corrected for 
quenching by external standardization. Hot TCA ex- 
traction was not performed in the determination of 
TLI to correct for labelling other than that to proteins 
(Simon & Azam 1989). For calculating the bacterial 
secondary production, a conversion factor of 3.0 kg 
C mol-' leucine and a factor of 1.1 10'* cells mol-' 
thymidine (Bjerrnsen & Kuparinen 1991b) multiplied by 
the mean carbon content per cell of the respective 
sample were used. 

Heterotrophic maximum uptake velocity of W-glu- 
cose was measured as described by Gocke (1975). 
Triplicate 20 m1 subsamples and one blank received 
3 pCi of tritiated (specific activity: 17.7 Ci mmol-l, 
DuPont NEN) and 20 pg C 1-' unlabelled glucose. After 
2 to 4 h incubation at -l°C samples were fixed with 
100 p1 37 % formalin, filtered onto 0.2 pm acetate filters 
(Sartorius), rinsed 2 times with 3 m1 prefiltered sea 
water and radioassayed as described above. 

Extracellular aminopeptidase activity was measured 
by addition of the fluorigenic model substrate 4 ,7-  
leucine-methylcoumarinylamide (Leu-MCA; Hoppe 
1993) with a Kontron SFM 25 fluorometer (excitation 
364 nm, emission 445 nm). Fluorescence was read 
twice from triplicate 2.5 m1 samples with final substrate 
concentrations of 0.1, 1, 10 and 100 pM, once right 
after addition of Leu-MCA and again after 4 to 6 h 
incubation. Values for maximum hydrolysis, hydrolysis 
rate and the affini.ty parameter K, + S, (K, = half satu- 
ration constant; S, = natural substrate concentration) 
were calculated from linear transformation of the satu- 
ration curve (Hoppe 1993). 

For enumeration of abundances of auto- and het- 
erotrophic plankton, samples were fixed with glu- 
taraldehyde (final concentration 0.3 %) and filtered 

onto 0.2 pm Sudan Black prestained polycarbonate fil- 
ters (Costar), except for heterotrophic flagellates 
(0.8 pm filters). For bacteria 0.03% w/v Acridine 
orange (AO) staining (Zimmermann 1977, Porter & 
Feig 1980) was used, for autotrophic cells we used 
0.033% w/v Proflavine (Haas 1982) and for hetero- 
trophic flagellates a combination of Proflavine and 
10 pM Hoechst 33342 staining was applied. This com- 
bination of dyes allowed us to check the presence of 
nuclei in very small organisms. A minimum of 200 
autotrophic cells or bacteria, respectively, was counted 
in at least 20 fields, resulting in a counting error of 
<t 10 % (Venrick 1978). Autotrophic cells were divi- 
ded into size classes of nano- and picoalgae (c20 pm, 
ANP, APP) and microalgae (>20 p m )  For enumeration 
of heterotrophic flagellates 50 to 100 cells in 60 tc! 130 
fields were counted, which distinguished picoflagel- 
lates ( c 2  pm, HPF) and nanoflagellates (2 to 10 and 
10 to 20 pm; HNF). All filters were analysed within a 
few days on board RV 'Polarstern' with a Zeiss Axio- 
scope epifluorescence microscope using blue-light 
excitation (450 to 490 nm) for A 0  and Proflavine and 
UV excitation (365 nm) for Hoechst 33342 stained 
samples. 

Bacterial biovolume was estimated by fitting the 
length and the width of 50 individual cells of each sam- 
ple to the circles of a New Porton G12 grid (Graticules 
Ltd, UK). Biovolume was converted into bacterial car- 
bon using the formula CC = 88.6 X vo1°.5g X 1.042 
(Simon & Azam 1989), where CC and v01 are the aver- 
age carbon con.tent per cell (fg C cell-') and the aver- 
age cell volume (pm3), respectively. 

Statistical analyses. Manipulations could only be 
performed without parallel set-ups. Though we have 
estimates of the accuracy of the different methods used 
(standard errors of about 10 % for abundances and vol- 
ume estimates and < 5  % for activity measurements), no 
reliable variance for the specific variables in the ma- 
nipulations can be given. To check whether the time 
courses of the investigated variables were significantly 
differen.t among the treatments, a non-parametric 
Wilcoxon signed rank test was performed (StatView 
4.1; Abacus Concepts). The p-values presented are 
based on this test and always refer to a comparison 
with the respective control set-up. 

RESULTS 

Expt 1 

Nutrients. Initial nutrient concentrations of the AWB 
and ACC (Fig. 1) water were rather similar except for 
silicate, where AWB water (MC1 to MC4) exhibited 
higher concentrations than ACC water (MC5 and 
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Fig. 3. Time course of microalgal abundances in Expt 1. For 
further details see Fig. 1 
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The highest rates of primary production of about 
15 pg C 1-' h-' were measured in MC4 and MC6, which 
contained ice biota (Fig. 5). In contrast to the other bio- 
logical parameters, pri.mary production in MC4 and 
MC6 increased sharply after Day 4. Maximum rates of 
primary production towards the end of the time series 
corresponded well to increasing standing stocks of 
microalgae. However, primary production rates in 
MCs containing ice biota decreased markedly by Days 9 
to 10. This was reflected by a decrease in ANP and 
APP abundances in MC6, whereas algae continued to 
acculumate in MC4. The increase in primary produc- 
tion in MC3 with added DOM towards the end of the 
experiment was not significant according to Wilcoxon 
test. In this treatment the significant increase in mi- 
croalgae was most 1.ikely counterbalanced by the 
significant decrease of APP and ANP. 

Bacterial abundances and growth. Initial bacterial 
abundances in AWB and ACC waters were as  low as 
6 to 7 X 104 and l1 to 13 X 104 cells ml-', respectively 
(Fig. 6a).  Numbers were roughly doubled by the addi- 
tion of ice biota and increased instantaneously in these 
treatments (MC4 and MC6), with initial growth rates of 
up to 0.6 d ' (Fig 4). Abundances in all ice treatments 
significantly increased by a factor of 20 (p  = 0.003 to 
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0.02). Very large bacterial cells were observed in MCs 
with sea ice biota, which significantly raised, the initial 
mean cell carbon content (Fig. 6b). 

Incorporation rates of either tritiated thymidine or 
leucine (ITI, TLI) increased instantly in all MCs 
(Fig. 7a,b).  Initial rates of about 1 pM h-' for TT1 and 
119 to 166 pM h-' for TLI in MCs containing the sym- 
pagic community were roughly 10 times higher than in 
the other microcosms. After Day 4, TT1 and TLI devel- 
oped differently in sympagic and DOM treatments. 
While TT1 showed maximum rates in set-ups with 
additional DOC (MC3 and MC5), TLT was highest in 
the MCs with added ice biota. Obviously both bacteria 
from ice and planktonic bacteria had started to grow. 
The development of bacterial abundances in all ice 
treatments was significantly difterent to the control 
(p  = 0.008 to 0.05). Although TT1 and TLI rates devel- 
oped differently in the MCs, per cell activities followed 
a s~rmlar pattern; initially (Days 1 to 2),  per cell activities 
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Fig. 4 .  Apparent growth rates of (a)  algae c20 pm, (b)  algae 
>20 pm and (c) bacteria during Expt 1. Growth rates were 
calculated for the entire length (all days), the in~tlal phase 
(Days 1 to 5) and second half (Days 5 to 12) of the experiment. 

For further details see Fig. 1 

- r 8 I 

I ; , I 

- 1 ;  
4' 

, n  

?OOO - 

0 - & . , & - a  
0 2 4 6 8 10 12 14 

Time (days) 



Giesenhagen et al.: Microbial foc ~d webs during simulated ice melt 189 

0 2 4 6 8 10 12 14 

Time (days) 

Fig. 5. Time course of primary production in Expt 1. For 
further details see Fig. 1 

were highest in the ice biota treatments, then (Days 4 
to 5) in the DOM set-ups and towards the end of the 
experiment (Days 8 to 10) in MC1 and MC2. This pat- 
tern, which exhibited large fluctuations, was more pro- 
nounced with respect to TT1 (Fig. 8), where it showed 
clearly higher specific activities for MCs containing 
only planktonic bacteria during the second half of the 
experiment. 

Initial bacterial production (calculated from TT1 
rates) was below 0.2 pg C l-' h-' (data not shown) and 
about 10 times lower than primary production rates in 
all MCs. With time, bacterial production rates in- 
creased, respectively, to 2.8 and 2.4 1-19 C 1-' h-' in 
MC4 and MC6 with added sympagic biota. The addi- 
tion of DOM (MC3 and MC5) stimulated bacterial 
growth even more to rates of up to 5.4 pg C 1-' h-'. 
The ratio between bacterial and primary production 
changed markedly. After 3 to 4 d it was close to or 
even higher than 1 in all treatments, which is in 
accordance with zero or low initial growth rates for 
algae compared to bacteria. At the end of the experi- 
ment primary production exceeded bacterial growth 
by a factor of 5 to 8 in MC4 and 6, was equal to bacte- 
rial production in MC1 and MC2 and was 3 to 10 
times lower in the DOM MCs. 

Microbial uptake and degradation of DOM. As was 
observed for TTI, maximum uptake rates of glucose 
(V,,,; Fig. ?c) increased instantly only in MC4 and 
MC6 (ice biota) but did not increase much after Day 4. 
At this time, bacteria in MC3 and MC5 (DOM) vi- 
gorously started to use glucose, reaching higher V,,, 
values (up to 0.4 1-14 C 1-I h-') after Day 5 than in MCs 
with sympagic organisms. Only the development in 
MCs containing DOM was significantly different to the 
control (p = 0.03). In MC1 and MC2, a minor but steady 
increase over time was detected. 

Degradation of macromolecules by arninopeptidases 
was low in all treatments without addition of ice biota. 
Turnover rates (Fig. 9a) levelled around 5% d-l, and 
did not increase during the experiment. In contrast, 
bacteria in MCs with ice organisms showed an instant 
and steady increase in turnover rates (p = 0.008) and 
maximum potential hydrolysis velocity (p = 0.03), with 
maximum values of about 66% d-' and 33 pg C 1-' h-', 
respectively (Fig. 9b). Specific activities (data not 
shown) in MC4 and MC6 were roughly twice as high 
as those of the control and indicated that aminopepti- 
dase activity of bacteria originating from ice was 
higher than that of water column bacteria. 

0 2 4 6 8 10 12 14 
Time (days) 

Fig. 6. T i e  course of (a) bacterial abundances and (b) mean 
bacterial cellular carbon content in Expt 1. For further details 

see Fig. 1 
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Values of K, + S, exhibited clear differences between 
the groups MCl/MC2, MC3/MC5 (DOM) and 
MC4/MC6 (ice biota) (Fig. 10c). The highest initial val- 
ues (low substrate affinities) were found in MC1 and 
MC2, while bacteria from ice biota MCs showed the 
highest affinities (p = 0.018). In MC3 and MC5 K, + S ,  
values were lower than in the control (p = 0.018 and 
0.06, respectively), indicating an increased affinity in 
the DOM treatments since DOM addition must have 
enlarged the substrate pool (S,). 

0 2 4  6 8 10 12 1 4  
Time (days) 

Fig. 7. Time course of (a) tritiated thymidine incorporation 
(lTI),  (b) tritiated leucine incorporation (TLI) and (c) maxi- 
mum glucose uptake rates (V,,%-) in Expt 1. For further 

details see Fig. 1 

Time (days) 

Fig. 8. Time course of specific thymidine incorporation rates in 
Expi i. Ful iu~iile1 detdiib bee Fig. i 

Heterotrophic flagellate abundances. Initial abun- 
dances of heterotrophic flagellates (Fig. 10) were ele- 
vated in MC4 and MC6 due to the addition of the ice 
biota. Abundances ranged between 242 to 556 cells 
rn-' for HPF and from 111 to 409 cells ml-' for HNF. 
Data after Day 4 are scarce due to heavy clumping, 
high bacterial numbers and low HNF and HPF num- 
bers. It was impossible to determine heterotrophic 
flagellate numbers properly because filters clogged 
before an adequate volume could be filtered. 

Effects of stratification/improved illumination. All 
but 1 treatment simulated 'stratified' conditions by 
enclosing the investigated water. In general, stratifica- 

Table 3. Effects of dissolved organic matter (DOM) inocula- 
tion and addition of sympagic organisms (Ice) relative to the 
control (C = MC1) in Expt 1. For 'DOM' and 'Ice' all data from 
MC3:MCl/MCS:MCl and MC4:MClMCG:MCl pairings were 
pooled, respectively, irrespective of differences in the tem- 
poral development. TBN = total bacterial number; TBB = total 
bacterial biornass; ?TI = tritiated thymidine incorporation; 
TLI = tritiated leucine incorporation; VmdX- = maximum 

uptake velocity of glucose; PP = primary production 

TBN Mean 2.41 
M ax 6.40 

TBB Mean 2.73 
Max 6.60 

TT1 Mean 3.10 
Max 11.78 

TLI Mean 2.74 
Max 7.42 

v m a x ~ ~ -  Mean 3.95 
Max 11.99 

Algae <20 pm Mean 0.69 
Max 1.51 

Algae >20 pm Mean 1.48 
Max 3.29 

PP Mean 0.96 
Max 3.23 
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tion of surface water improves light availability in this 
water layer. Therefore, the simulation of 'mixing' con- 
ditions or shading by drifting ice floes in an otherwise 
stratified environment can be achieved by detenorat- 
ing light availability (MC2, Expt 1). Significant differ- 
ences would be expected between the control (MCI) 
and the 'mixing' treatment (MC2) if stratification in 
combination with improved illumination were of major 
importance in the build-up of ice-edge bloon~s. How- 
ever, in none of the investigated variables was there a 
significant difference in the 2 manipulations. 

Effects of seeding versus DOM inoculation. The 
effects of the different treatments compared to the con- 

,9 
--A--MC3 
--*--MC4 
- W  -MC5 

1 ,' 

I .  

- P:' 
Y-V' ,' 
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4 6 8 10 12 14 
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Fig. 10. Tune course of heterotrophic flagellate abundances in 
Expt 1. HPF = heterotrophlc picoflayellates, HNF = hetero- 

trophic nanoflagellates. For further details see Fig. 1 

trol set-up, either for the mean or the maximal mea- 
sured values for selected bacterial and phytoplankton 
variables, are Listed in Table 3.  Values from MC3 and 
MC5 as well as MC4 and MC6 were grouped to detect 
general outcomes of either DOM or ice biota addition. 

0 1 . l -  l . I - l . l - l . l  While DOM addition raised mean bacterial values by a 
o 2 4 6 8 10 12 14 factor of 2.4 to 4.0, mean phytoplankton production 

Time (days) was unaffected. In contrast, 'seeding' of ice biota had a 
pronounced influence on phytoplankton variables. The 

Fig. 9. T i e  course of (a) turnover rates (Hn), (b) maximum observed effect exceeded that of the DOM addition by 
hydrolysis velocity (H,,,,,) and (c)  the half saturation constant 
(K,) plus the natural substrate concentration S,, of MC*. a up to l 6 I  whereas for means val- 
. .. - 

Leucine in Expt 1. For further details see ~ i g .  1 ues a factor between 2.2 and 3.3 was found. 
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Expt 2 

Nutrients. Initial nutrient concentrations in all treat- 
ments were comparable to the conditions in AWB 
water during Expt 1. In a manner similar to that of the 
first experimental series, nutrients decreased marked- 
ly only in MCs containing ice biota (MC? and MC8), 

0 
0 2 4 6 8 10 12 14 

Time (days) 

Fig. 11. Time course of nutrient concentrations in Expt 2. 
(U) 1MC7 = 200 pm pre-screened AWB water, sympagic organ- 
isms and copepods; (0) MC8 = 200 pm pre-screened AWB 
water and sympagic organisms; (0 )  MC9 = 200 pm pre- 
screened AWB water and copepods; (m) MC10 = control, 

200 pm pre-screened AWE3 water 

0 
0 2 4 6 8 10 12 14 

Time (days) 

Fig. 12. Time course of (a) primary production, (b) autotrophic 
pico- and nanoplankton and (c) microalgal abundances in 

Expt 2. For further details see Fig. 11 

which was diminished drastically in the presence of 
copepods (MC?; Fig. 11). 

Phytoplankton abundances and growth. The time 
course of nutrients was again reflected by the de- 
velopment of microphytoplankton standing stocks 
(Fig. 12c). Microalgal abundances did not increase in 
MC9 and MC10 (without ice biota). In the other 
2 MCs, which both contained ice organisms, abun- 
dances increased, but in the presence of copepods 
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Treatments 

all days m day 1-5 B day 5-10 

Fig. 13. Apparent growth rates of (a) algae <20 pm, (b) algae 
>20 pm and (c) bacteria during Expt 2. Growth rates were 
calculated for the entire length (all days), the initial phase 
(Days 1 to 5) and second half (Days 5 to 10) of the experiment. 

For further details see Fig. 11 

(MC7) the development was reduced and shifted to 
the second half of the experiment. This pattern was 
reproduced by the time course of primary production 
(Fig. 12a). APP and ANP (Fig. 12b) decreased initially 
in all MCs. During the second half of the experiment, 
numbers of algae <20 pm increased slightly in MC8 
(ice biota without copepods) but did not recover in 
the other 3 MCs. Consequently, negative growth 
rates were observed in these treatments (Fig. 13a), 
although initial rates of -2.5 to -3.7 d-' slackened 
considerably during the second half of the experi- 
ment. Highest growth rates (up to 0.17 d-' for the 
entire length of the experiment) were found for rni- 
crophytoplankton (Fig. 13b). While the temporal devel- 
opment of primary production and microphytoplank- 
ton abundances in MC7 and MC8 was significantly 

different to the control (p < 0.009), changes in APP and 
ANP were not. 

Bacterial abundances and growth. Bacterial num- 
bers (Fig. 14a) increased in all MCs with growth rates 
of between 0.29 and 0.39 d-I (Fig. 13c). Initial abun- 
dances in the ice biota set-ups were comparable to 
those of Expt 1 (MC7 vs MC4), but were higher by a 
factor of 2 to 3 in the control (MC10 vs MC1). Unlike 
Expt 1, bacterial development in the ice biota treat- 
ment without copepods was different to that in the 
control, only with p = 0.06. Cellular carbon content 
(Fig. 14b) also increased steadily, exhibiting a clear dif- 
ference between set-ups. Values in MC9 and MClO 
(without ice biota) were always lower (p < 0.01). The 
addition of copepods (MC7 and MC9) had no pro- 
nounced effect on bacterial numbers or activity 
(Fig. 15). Similar to the first experiment, ice biota addi- 
tion resulted in a clear stimulation of TLI rates 
(p = 0.012 for MC7 and MC8 vs MC10) while it did not 
with respect to TTI. 

In Expt 2 bacterial production exceeded primary 
production in all MCs after Day 5, with maximum val- 

0 
0 2 4 6 8 10 12 14 

Time (days) 

Fig. 14. Time course of (a) bacterial abundances and (b) mean 
bacterial cellular carbon content in Expt 2. For further details 

see Fig. 11 
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Time (days) 

Fig. 15. Time course of (a) tritiated thyrnidine incorporation 
(=I), (b) tritiated leucine incorporation (TLI) in Expt 2. For 

further details see Fig. 11 

ues of 13.2 and 5.7 pg C 1-' h-' from TT1 and TLI, 
respectively, occurring in MC? (ice biota without cope- 
pods). 

Heterotrophic flagellate abundances and growth. 
Initial abundances of heterotrophic flagellates (Fig. 16) 
ranged between 310 (MC?) and 640 (MC8) cells ml-'. 
The abundance of heterotrophic protists decreased 
markedly in the control (MC10). W l e  the abun- 
dance of HPF (Fig. 16a) also decreased in the other 
3 treatments, we observed an increase in the HNF 
size fractions (Fig. 16b,c) of MC? and MC8. Compar- 
ing MC7 and MC8, growth was significantly delayed 
in the presence of copepods (MC?). Initially HNF 2 
to 10 pm exhibited negative growth rates in MCs 
containing the sympagic community while during the 
second half of the experiment their growth rates 
equalled (MC8) or even exceeded (MC?) those of 
HNF 10 to 20 pm (Fig. 17). Observed changes for 
HNF compared to the control were significant with 
p < 0.02 except for HNF 2 to 10 pm in MC8, al- 
though the development follows a clear and different 
pattern. 

U) - - 
(L) 
0 

0 
0 2 4 6 8 10 12 14 

Time (days) 

Fig. 16. Time course of heterotrophic flagellate abundances in 
Expt 2. HPF = heterotrophic picoflagellates, HNF = heterotro- 

phic nanoflagellates. For further details see Fig. 11 

DISCUSSION 

Enclosures enable the investigation of plankton 
communities in a controlled system with respect to 
trophodynamic relationships and processes w i t h  the 
community, something which is usually impossible in 
the case of natural ecosystems (Kuparinen & Bjarnsen 
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1992). The microcosm experiments performed in this 
study were used as a tool to investigate the effects of 
ice melt on the microbial food web. The simulations 
comprised the main responsible factors for bloom 
development at the ice edge known so far, i.e. en- 
hanced illumination, increased water column stability, 
introduction of dissolved and particulate (living and 
dead) sympagic organic matter into the pelagic system. 
In this context, it is worthwhile emphasizing that our 
experiments separated the effects of 'seeding' and 
'DOM inoculation' during ice melt. The first experi- 
mental series focused on factors possibly inducing a 
bloom. The second series addressed sedimentation of 
microalgae and grazing by mesozooplankton, i.e. its 
possible top-down control for microalgal growth and 

1 HNF I S 2 0  pm 
0 4  

-0.6 I 
I I I I 

MC7 MC8 MC9 MC10 

MC7 MC8 MC9 MC10 

MC7 MC8 MC9 MC10 

Treatments 

ISSS4 all days m day 1-5 B day 5-10 

Fig. l ? .  Apparent growth rates of heterotrophic flagellates in 
3 different size classes during Expt 2. HPF = heterotrophic 
picoflagellates, HNF = heterotrophic nanoflageflates. Growth 
rates were calculated for the entire length (all days), the initial 
phase (Days 1 to 5) and second half (Days 5 to 10) of the 

experiment. For further details see Fig. 11 

the following consequences for the other trophic 
levels, i.e. general changes of mass and energy trans- 
fer within the microbial food web. 

Experimental design 

The experimental design was chosen to be sufficient 
for a reaction of the mixed microbial community within 
the available time span. We are well aware that the 
addition of ice biota or prefiltered melted brown ice 
did not follow any type of in situ dilution. While the 
addition of ice biota did not alter the salinity in the 
treatments, since the dialysis bags were flushed with 
surface water, this cannot be excluded for the addition 
of prefiltered melted ice (DOM). The salinity of melted 
Antarctic ice normally ranges between 5 to 10 (Helm- 
ke & Weyland 1995), and its addition reduced the 
salinity of the ACC or AWB waters by a maximum of 
10% of the initial value. Although alterations in salin- 
ity have a pronounced influence on the activity of 
autotrophs (Arrigo & Sullivan 1992), while hetero- 
trophs show less response to variable salinity (Kott- 
meier & Sullivan 1988), the final salinitles (30 to 34) in 
the experimental treatments were close to the optimal 
salinity for ice biota (Kottmeier & Sullivan 1988) and 
virtually unchanged for the open water communities. 

The addition of 1.5 to 1.7 1 of melted ice resulted in a 
dilution of the open water communities in the micro- 
cosms, e.g. in a possible reduction of grazing pressure 
(Landry 1993). This effect was not accounted for in the 
control MCs (MC1 and MC10) and MC2, which should 
have received the same amount of prefiltered seawa- 
ter. Experimental studies during the expedition (Bec- 
quevort 1997) revealed that grazing on autotrophs was 
of significance only in AWB water. Bacterial growth 
was not controlled by bacterivory in both hydrographic 
domains (AWB and ACC). Thus, further lowering of 
grazing pressure by sample dilution probably had no 
effect on ACC microcosms while it could lead to an 
overestimation of phytoplankton net growth in diluted 
AWB waters (MC3, MC4). 

The addition of 0.2 pm filtrate of melted brown ice 
was addressed as DOM inoculation. Certainly this 
term is more than imprecise although the melted ice 
was certainly a source of DOM to the surface water 
(Kahler et al. 1997). Besides DOM, macro- and micro- 
nutrients were added. Iron concentrations were 2 to 
100 times higher in the ice (up to 100 nM) than in the 
surrounding surface water (Loscher et al. 1997). Addi- 
tion of melted sea ice could stimulate algal growth in 
high-nutrient low-chlorophyll regions like Antarctica 
(de Baar et al. 1997) by micronutrient addition. 

In Expt 2 Calanoides acutus was added. This cala- 
noid copepod is an abundant, strictly herbivorous spe- 
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cies of the Southern Ocean (e.g. Huntley & Escritor 
1991, Hopkins et al. 1993) and hibernates at great 
depths, from which it ascends during spring (Schnack- 
Schiel & Hagen 1994). Though C. acutus was still vir- 
tually absent in open ACC and AWB waters at the time 
of investigation, its distribution followed the devel- 
opment of phytoplankton accumulation at the Polar 
Frontal Zone (Fransz & Gonzalez 1997). It therefore 
seemed a suitable species to simulate grazing on a 
developing phytoplankton bloom in the microcosms. 

Initial conditions in the open water relevant to 
the experiments 

Nutrient concentrations at the beginning of the 
experiments well reflected those found for the open 
waters of the ACC and AWB. While nitrate, ammonium 
and phosphate were present at almost equal (and 
unlikely to be limiting) concentrations of ca 27, 0.4 and 
1.8 pm01 l-l., respectively (de Baar et al. 1997, Quegui- 
ner et al. 1997), both water masses were distinguished 
by higher silicate concentrations in the AWB. Que- 
guiner et al. (1997) attributed this to input from melted 
ice in the AWB area, but we did not observe a further 
increase of silicate concentrations in the DOM manip- 
ulations (MC3 and MC5). In none of the ice set-ups 
were the initial nutrient concentrations higher than in 
the control. Melted ice was thus not a macronutrient 
source. Unlike other nutrients, nitrate concentrations 
did not change during the first 3 d in the MCs. In spite 
of high nitrate concentrations ammonia seemed to 
have been taken up preferentially as it was also ob- 
served from field studies by Ronner et al. (1983) and 
Koike et al. (1986). 

The AWB waters used for the 2 experiments were not 
similar, as has been mentioned for e.g. bacterial abun- 
dances. Also, upon close inspection of the nutrient con- 
centrations small differences can be detected. Storms, 
meandering fronts and the ice retreat itself will cer- 
tainly disallow 'identical' samples. Sea ice and cornrnu- 
nities living within are highly variable with respect to 
abundances and metabolic rates (Spindler et al. 1990, 
Helmke & Weyland 1995). Though similar trends were 
observed in the ice biota treatments in both experi- 
ments, the detected differences can clearly be addres- 
sed to a different history of the used ice and its sympa- 
gic community. 

At the ice edge in the AWB and ACC, autotrophic 
pico- and nanoplankton were dominant compared to 
microalgae (Jochem et al. 1995, Detmer & Bathmann 
1997). Although the ice edge retreated about 400 km 
southward by break-up and melting (Smetacek et al. 
1997, Veth et al. 1997), no ice edge bloom occurred 
over the entire 2 mo study period (Jochem et al. 1995). 

Since the retreating ice edge passed 2 frontal systems 
with strong eddy activity, the input of meltwater was 
termed chaotic by Veth et al. (1997). 

Abundances of auto- and heterotrophic pico- and 
nanoplankton were low in both water masses (Bec- 
quevort 1997, Detmer & Bathmann 1997, Lochte et al. 
1997), indicating late winter/pre-bloom conditions. In 
the ACC region neither phytoplankton nor bacteria 
concentrations were limited by proto- and metazoo- 
plankton grazing activity but grazing impact on 
autotrophs was high in the open waters of the AWB 
(Becquevort 1997, Klaas 1997). In AWB waters bacteri- 
oplankton carbon demand was as low as 30% of pri- 
mary production, whereas in ACC water an average of 
66% was consumed (Lochte et al. 1997). 

Effect of potentially bloom-inducing factors on 
the microbial food web 

Stratificationlenhanced illumination 

Stratification is considered a key factor in the devel- 
opment of ice-edge blooms (Smith & Nelson 1985, 
Lancelot et al. 1993) but not representative of the hete- 
rogeneous environment at the transition zone between 
ACC and AWB waters, i.e. the ice-edge zone at 6OW 
(Comiso 1991, Veth et al. 1997). Nonetheless, the 
establishment of stratified conditions will not hinder 
the development of a bloom neither in nature nor in 
MCs but rather enhance it as will improved illumina- 
tion. 

There was a 10-fold increase of phytoplankton abun- 
dances and production in the control MC during the 
course of Expt 1. It was, however, not large enough to 
be thought of as the development of a bloom. In the 
second experiment, where sedimented algae were not 
reintroduced by shaking of the MCs no increase in 
phytoplankton variables was observed in the control. 
In contrast, bacterial abundance and production in the 
control MCs of both experients showed a marked 
increase. Upon simulated stratification of the water 
column and sedimentation of larger phytoplankton, 
the microbial food web shifted to a dominance of bac- 
terial processes since heterotrophic flagellates re- 
vealed negative growth rates (MC10). The develop- 
ment of the ratio between primary and bacterial 
production in the different treatments confirms that 
after stratification the microbial food web is initially 
dominated by bacteria even when syrnpagic organisms 
are added. 

The data obtained from the in situ investigations in 
ACC and AWB waters support these findings. Al- 
though ACC waters exhibited a more stable water col- 
umn in the upper 100 m than AWB waters (Veth et al. 
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1997), Jochem et al. (1995) could not detect any rela- 
tion between autotrophic activity and water column 
stability during the entire length of the cruise. How- 
ever, coupling between stratification and hetero- 
trophic activities could be assumed during late win- 
ter/early spring from the data presented by Lochte et 
al. (1997), who observed a higher bacterial carbon 
demand in relation to pnmary production in the more 
stratified ACC waters. A possible dominance of het- 
erotrophic metabolism rates during late winter/early 
spring is in accordance with data of Rivkin et al. (1989) 
investigating microbial populations in McMurdo 
Sound, Antarctica. Moreover, in the low temperature 
range, bacterial production may be favoured in com- 
parison to primary production (Kottmeier & Sullivan 
1987). This is in contrast to the findings of Pomeroy et 
al. (1991) from Arctic open waters, where decreasing 
or low temperatures resulted in a less efficient use of 
organic substrates by bacteria and thus in a dominance 
of phytoplankton compared to bacterial production. 
However, enhanced supply with organic substrates, as 
may occur during ice melt, can change this disparity. In 
this respect, Kottmeier & Sullivan (1988) stated that at 
least with respect to sympagic populations the hypoth- 
esis of an uncoupling between both trophic levels in 
cold waters must be refuted. 

Stratification alone did not induce bloom formation 
of autotrophs within the time scale of our experiments 
(MC1 and MC10) but nonetheless provoked a steady 
increase in most of the measured variables in both 
experiments. Differences between the 'stratification' 
and the 'mixing' treatment (MC1 vs MC2) were gener- 
ally not significant. Therefore, improved illumination 
compared to the conditions below the ice was also 
found not to enhance phytoplankton growth. The 
investigated system obviously lacked other major fac- 
tors for bloom formation of autotrophs besides stratifi- 
cation and shifts in the light regime. The development 
of a phytoplankton bloom at the Polar Frontal Zone 
during cruise ANT X/6 (Bathmann et al. 1997), how- 
ever, confirms the stimulating influence of stratifica- 
tion plus iron addition (Loscher et al. 1997, van Leeuwe 
et al. 1997) in the build-up of blooms. 

Seeding/DOM inoculation 

Additions of ice biota resulted in rapid growth of 
pico-, nano- and microalgae. A seeding effect was 
observed by the initially higher abundances compared 
to the controls. The microalgae tended to form aggre- 
gates and to sediment rapidly as reported by Riebesell 
et al. (1991). Shaking during Expt 1 led to reintroduc- 
tion of settled aggregates to the plankton environment 
and thus to an overestimation of planktonic activity. 

Addition of melted ice (MC3 to MC6) positively 
influenced microalgal growth compared to the control. 
Stimulation might be due to (1) sample dilution, espe- 
cially for samples from AWB waters (MC3, MC4), (2) 
addition of micronutrients (MC3 to MC6), (3) stimula- 
tion of heterotrophic processes, which in turn provide 
essential substances for autotrophs such as sideropho- 
res (MC3, MCS), and (4) reduced grazing pressure due 
to lower numbers of nanoheterotrophs (MC3, MC5). 

Van Leeuwe et al. (1997) demonstrated that in ACC 
and AWB waters iron was not limiting. We thus assume 
that micronutrients, at least iron, were not responsible 
for enhanced algal growth. In sea ice, algal growth was 
restricted by Fe availability, but Fe levels in open 
water must have still been high enough to allow the 
development of a bloom in the ice biota MCs. Addi- 
tionally, the indicated initial uptake of ammonia would 
save Fe, since only nitrate assimilation requires extra 
iron. Reduced grazing pressure by sample dilution and 
a decrease in abundances of nanoheterotrophs are 
consequently responsible for elevated microalgal 
growths rates. 

In the DOM treatments we observed a decrease of 
pico- and nanoalgae. These algal groups were initially 
the major primary producers in samples without ice 
biota addition and also grew strongly in the treatments 
with added sympagic organisms. Their decrease is 
reflected in the reduction of pnmary production rates 
in MC5 and the missing increase in MC3. Based on the 
available data set we  did not find a possible explana- 
tion for this phenomenon. However, from Expt 2 it can 
be assumed that the grazing activity of specific HNF 
size classes was responsible. 

Melting of sea ice also influenced the development 
of bacteria. Addition of ice biota resulted in a marked 
increase in bacterial growth rates in the MCs. High ini- 
tial cell carbon contents, cell specific activities (TT1 and 
TLI) and growth rates in these treatments imply that 
initially growth was restricted to ice bacteria. DOM 
inoculation also caused an increase in activities of the 
open water bacteria. Specific activities were compara- 
ble to those of ice bacteria within less than 1 wk of 
incubation, In the control (MC1) specific activities 
increased after an initial lag phase of 1 wk. 

Dissolved substances released from the ice appar- 
ently serve as a pre-conditioner or starter for the ACC 
and AWB bacterioplankton. The drastic increase of 
V,,, accompanied by low hydrolysis rates in the DOM 
treatments gives a hint about the nature of the active 
substances. (1) A large part of the DOM did not need to 
be degraded for uptake but was in the form of directly 
incorporable monomers (e.g. sugars, amino acids) and 
(2) additional dissolved degradable material lowered 
the turnover rate of the hydrolysable DOM pool. Actu- 
ally, a reduction of cellular peptidase activity was 
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observed, though substrate affinities increased, which grazing demand could be satisfied by bacteria which 
may be a direct result of endproduct repression by had grown up in the meantime. The flagellates were, 
amino acids. Extremely high amino acid concentra- however, not capable of fully controlling bacterial 
tions in Arctic sea ice were reported by Pomeroy et al. growth. At the same time, grazing pressure on algae 
(1990). The readily accessible and biologically degrad- <20 pm slackened, which enabled them to grow, al- 
able nature of DOM was found for An.tarctic as well as though HNF numbers still increased. 
Arctic sea ice (Thomas et al. 1995, Kahler et al. 1997) 
and considered responsible for enlarged cell volumes 
of sympagic bacteria compared to pelagic forms Effects of sedimentation and mesozooplankton 
(Kottmeier & Sullivan 1990). Within the DOM pool, the grazing 
dissolved nitrogen compounds (DON) may be used 
faster than DOC and are more closely correlated to The establishment of sedimentation conditions in the 
other biological parameters (Thomas et al. 1995). MCs led to reduced algal growth in the control com- 

K, + S, values in the DOM treatments were markedly pared to the first experiment. While APP and ANP 
reduced compared to the control. Since DOM inocula- showed negative growths rates over the entire length 
[ion musi hdve laiseil S,, it call be assumed :hat sub- of the experime~t,  micro;rlgae dic! not This  is s~irpris- 
strate affinity (K,) more or less equalled that of ice ing, since according to Stoke's law microalgae should 
bacteria after some days. Ice bacteria exhibited an settle faster out of the system. An explanation might be 
extremely high substrate affinity for hydrolysable pep- that (initially) the heterotrophic flagellates compen- 
tides because differences observed between ice biota sated reduced microalgal growth by grazing more effi- 
set-ups and control were based on virtually the same ciently on the smaller phytoplankton. Growth rates of 
S,. Turnover rates of monomers and polymers by sea bacteria appeared unaffected. 
ice bacteria even high for temperate waters (Rhein- The addition of sympagic organisms into a sedimen- 
heimer 1991) were also observed in 'old ice' of the tation regime (MC8) resulted in positive growth rates 
Weddell Sea during winter (Helmke & Weyland 1995). of both algal size classes and into the development of 
After ice melt, activity of the seeded bacteria can obvi- an algal bloom. Maximum abundances were lower 
ously be temporarily maintained at a high level, trans- than in the first experiment (MC4). This reduction was 
posed to the given pelagic conditions and transferred more pronounced for microalgae and can be addres- 
into biomass accumulation. sed to higher sedimentation rates of micro- compared 

Unfortunately, the impact of the pico- and nano- to nano- and picoalgae. 
sized grazers could not be investigated properly in The addition of Calanoides acutus had 3 major con- 
Expt 1. Nonetheless, the increase in bacteria (MC3 to sequences: (1) APP and ANP concentrations decreased 
MC6) and in phytoplankton (MC4 and MC6) during steadily, (2) microalgae did not grow markedly above 
the experiment indicates that nanoflagellates were not their initial abundances and (3) the development of 
capable of controlling growth in these treatments. HNF 10 to 20 pm was significantly delayed. No nega- 
Upon ice biota addition, the former tight coupling tive effect was observed for the development of bacte- 
between pico- and nano-sized algae and their grazers rial numbers, which might explain the only low overall 
in AWB waters was suspended. influence detected for 2 to 10 pm HNF. Unlike bacteria, 

In contrast, the response of HNF and HPF to addition HPF abundances were driven towards a low threshold 
of ice biota could be followed in MC8, Expt 2. Eventu- stock with and without copepods present. They were 
ally, all auto- and heterotrophic microoganisms except either preferrably grazed by HNF or lacked escape 
HPF grew in MC8, but only APP, ANP, HPF and small mechanisms, as has been observed for bacteria (Jiir- 
HNF decreased initially, indicating a shift in prey pref- gens & Gude 1994), and were probably not recovering 
erences. HNF 10 to 20 pm in size probably grazed on due to longer generation times. 
all groups, including some microalgae, since the algal 
growth pattern was not exponential and HNF are 
known to feed on particles that exceed their own size 
(Gaines & Elbrachter 1987). The large HNF therefore 
withdrew food organisms for 2 to 10 pm HNF while 
feeding on them. Investigating North Atlantic proto- 
and mesozooplankton populations, Paffenhofer (1998) 
hypothesized that in the absence of metazooplankton, 
protozooplankton control their own abundances by 
predation/cannibalism. At the time when autotrophs 
c20  pm and HPF were exhausted 2 to 10 pm HNF 

Conclusion 

Our results allow a more detailed insight into the 
coupling within the microbial food web and the effects 
of external pressure (e.g top-down control) during ice 
melt than previously reported. They confirm that the 
growth of phytoplankton c20 pm is particularly effec- 
tively controlled by grazers and that bacteria are either 
the least influenced group or even profit from changes 
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indicating a relief of bottom-up control. The latter fact 
especially favours nanoheterotrophs. In turn, their 
feeding behaviour shifts the size spectrum of phyto- 
plankton from a dominance of nano- and pico-sized 
forms to microalgae. In general, our observations 
agree with findings about a higher invariance of bacte- 
rioplankton compared to phytoplankton in winter and 
during ice melt (e.g.  Cota et al. 1990, Becquevort et al. 
1992, Mordy et al. 1995). Surprising, however, is our 
observation that the precence of (herbivorous) meso- 
zooplankton even intensifies these shifts in community 
composition. 

From Expt 2 it became obvious that ice retreat under 
favourable hydrographic conditions per se has a lesser 
impact on phytoplankton accumulation than the pres- 
ence of grazers such as copepods. An autotrophic 
bloom will develop only when copepod concentrations 
are low in the surface layer. If the melting ice provides 
either more ice biota or DOM, then diatom bloon~s or 
bacterial blooms could develop. The occurrence of 
either diatom or bacterial blooms upon brown ice addi- 
tion was also reported by Kuosa et al. (1992). In the 
presence of herbivorous (or omnivorous) mesozoo- 
plankton at  concentrations actually observed at the ice 
edge, bacterial blooms can also occur, but algal blooms 
are unlikely. 

In the Atlantic land-remote sector of the Antarctic, 
grazers are abundant enough to control possible 
autotrophic bloom development upon seeding by ice 
algae, which explains the lack of blooms as viewed by 
remote-sensing in this area. In this respect the vernal 
plankton developn~ent is more similar to the North 
Pacific Ocean, where blooms are also absent (Frost 
1991), than to the North Atlantic or the Weddell Sea. 
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