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ABSTRACT: Size-fractioned primary production and zooplankton grazing impact were estimated 
along a repeat grid dunng seasonal ice melt in the Lazarev Sea aboard the MV 'SA Agulhas' (voyage 
77) in austral summer (December/January) 1994-1995. During the survey, the phytoplankton size com- 
position shifted from a community dominated by nano- and picophytoplankton ( c20  pm) during the 
first grid to one dominated by microphytoplankton (>20 pm) during the second grid. Total areal pro- 
duction during the first grid was generally dominated by nanophytoplankton and ranged between 133 
and 356 mg C m-2 d-'. During the second grid survey, total areal production was higher, ranging 
between 263 and 400 mg C m-2 d ' Protozoan grazing removed between 0.5 and 31 'Yo of the initial 
phytoplankton stock or between 33 and 94':c1 of the potential phytoplankton product~on per day during 
the first grid, and between 0.5 and 8 %  of the initial phytoplankton stock or between 9 and 25% of the 
potential phytoplankton production per day during the second grid The grazing impact of meso- and 
macrozooplankton during the flrst grid corresponded to < O  5% of chlorophyll stock or < 2 3 %  of the 
daily primary production Dunng the second grid, the grazing impact of meso- and macrozooplankton 
was higher, removlng on average 1.12"/0 of integrated chlorophyll or 28.7% of daily production These 
results suggest that the partitioning of carbon between the various size classes of zooplankton dunng 
seasonal ice retreat is largely determined by the size structure of the phytoplankton. 

KEY WORDS: Southern Ocean . Marginal Ice Zone . Phytoplankton production . Zooplankton grazing 
impact 

INTRODUCTION 

The fate of photosynthetically flxed carbon in marine 
environments can dramatically affect the magnitude of 
particulate flux, and hence the efficiency of the biolog- 
ical pump in the drawdown of atmospheric CO2 
(Longhurst & Harrison 1989, Longhurst 1991). Al- 
though sinking of dead or senescent phytoplankton 
cells contributes significantly to the magnitude of car- 
bon flux (Schnack 1985, von Bodungen et al. 1986, 
Michaels & Silver 1988), grazing by macro- and meso- 

zooplankton represents the primary biological route 
for the transfer of organic carbon from the surface 
waters to the interior of the ocean. The extent of carbon 
flux through grazers is strongly determined by the 
community structu.re of the consumers and  the subse- 
quent partitioning of photosynthetically flxed carbon 
(Michaels & Silver 1988, Roman e t  al. 1993, Froneman 
& Perissinotto 1996a, b). Large grazers such as macro- 
and mesozooplankton generally contribute to particle 
flux through the production of large, compact and fast 
sinking faecal pellets which have a high carbon con- 
tent (Schnack 1985, von Bodungen 1986, Cadee et al. 
1992, Gonzalez 1992a, Fortier et al. 1994). Carbon flux 
beneath the zone of regeneration is further enhanced 
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as many of the larger herbivores undertake vertical 
migrations from the surface waters where they feed to 
below the zone of regeneration (Fortier et al. 1994). 
Production originating in the surface waters is, there- 
fore, transported to depth. 

In contrast, phytoplankton production entering the 
microbial loop (which comprises bacteria, small phyto- 
plankton and protozoa) contributes less to particulate 
flux because the close coupling between protozoans 
and bacteria results in the recycling of nutrients within 
the zone of regeneration (Sherr & Sherr 1988). Further- 
more, protozoans produce small faecal pellets (mini- 
pellets) which remain in suspension for long periods 
(Nothig & von Bodungen 1989, Elbrachter 1991, Gon- 
zalez 1992b) and also protozoans do not undergo verti- 
cal migrations. Nutrients contained within these 
organisms are not transported below the zone of 
regeneration. As a consequence, there is little material 
available for direct export to the deep ocean. 

A major feature of the Southern Ocean is sea ice 
which in winter may extend as far north as 56"s (Sulli- 
van et al. 1993). Generally associated with the seasonal 
retreat of ice are phytoplankton blooms which are 
thought to result from the release of epontic cells dur- 
ing sea ice melt and increased in situ phytoplankton 
associated with increased water column stability 
imparted by ice melt and reduced wind stress (Smith & 
Nelson 1986, El-Sayed 1988, Jacques 1989, Smith & 
Sakshaug 1990). Models of the Marginal Ice Zone 
(MIZ) phytoplankton production suggest that while the 
existence of vertical stability for more than 1 wk is 
essential for the development of persistent phyto- 
plankton blooms (Mitchell & Holm-Hansen 1991), this 
is not the only condition required to allow high bio- 
mass development (Lancelot et al. 1993). Trace metal 
deficiency such as iron (Martin et al. 1990) or grazing 
by zooplankton may limit phytoplankton growth in the 
MIZ (Lancelot et al. 1993). 

It is well documented that grazing by larger zoo- 
plankton may dramatically affect the species composi- 
tion and distribution of phytoplankton in the Southern 
Ocean (Graneli et al. 1993, Perissinotto 1992, Perissi- 
notto & Pakhomov in press). Indeed, grazing by large 
zooplankton may at times exceed 100% of the daily 
phytoplankton production (Hansen et al. 1990, Ward et 
al. 1995, Perissinotto & Pakhomov in press). Recently, 
microzooplankton (20-200 pm) have been shown to 
play an important role in the energy dynamics of the 
Antarctic pelagic system (Garrison et al. 1993, Burkill 
et al. 1995, Fronernan & Perissinotto 1996). In particu- 
lar, in regions dominated by small phytoplankton cells, 
microzooplankton often represent the most important 
grazers of phytoplankton production (Garrison et al. 
1993, Burkill et al. 1995, Froneman & Perissinotto 
1996a). A study conducted in the MIZ of the Weddell 

Sea has shown that grazing by protozoans may deter- 
mine the magnitude of development of an ice edge 
bloom dominated by small phytoplankton cells (Lance- 
lot et al. 1993). These facts suggest that the fate of 
phytoplankton carbon in the MIZ will be determined 
by the size composition of the phytoplankton assem- 
blages. 

Production associated with the retreating ice has 
been estimated to account for -40% of the total pro- 
duction south of the Antarctic Polar Front (Smith & 
Nelson 1986). The factors controlling phytoplankton 
production and subsequent partitioning of carbon 
between the various size classes of zooplankton in this 
region is of particular interest for determination of the 
total energy budget of the Southern Ocean. The aim of 
this study was to investigate the plankton dynamics in 
the MIZ of the Lazarev Sea during seasonal ice melt, in 
austral summer. 

MATERIALS AND METHODS 

Size-fractioned primary production and zooplankton 
grazing experiments were conducted aboard the MV 
'SA Agulhas' during a repeat grid survey in the Mar- 
ginal Ice Zone of the Lazarev Sea during the fourth 
South African Antarctic Marine Ecosystem Study 
(SAAMES IV) cruise in austral summer (14 December/ 
15 January) 1994-1995 (Fig. 1) 

Primary production studies. Estimates of size-frac- 
tioned phytoplankton production rates were carried 
out following the JGOFS protocol (JGOFS 1990). 
Water samples were collected with a 12 X 8 1 Niskin 
bottle rosette from depths corresponding to the 100, 
50, 25, 10, 5 and l % subsurface light levels. Replicate 
250 m1 aliquots in polycarbonate bottles were collected 
from separate Niskin bottles from each light level. All 
manipulations were carried out under low-light condi- 
tions to prevent light shock. NaHI4CO3 (Amersham) 
was added to each polycarbonate bottle to give a spe- 
cific activity of 25 1.1Ci ml-l. Non-specific I4C-uptake 
and organic 14C contamination of stock were 
accounted for using 2 time zero bottles (250 ml) corre- 
sponding to the 50 and 10% light levels, from which 
1 m1 aliquots were removed and acidified immediately. 
Samples were then incubated for 24 h in a on-deck 
incubator cooled with running surface water under 
simulated light conditions corresponding to depth of 
collection. 

At the end of the incubation, three 60 m1 aliquots 
from each incubation bottle were filtered through 
(15 cm Hg) 20 pm Nitex, 2.0 pm and 0.2 pm Nuclepore 
polycarbonate filters. Each filter was placed in a scin- 
tillation vial and 0.25 m1 3 N HC1 added. The vials were 
then placed on a shaker for a period of 1 h after which 
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0.25 m1 3 N NaOH was added to neutralise the solu- 
tion. 10 m1 of scintillation fluor was then added to each 
vial, which was then placed in a dark room for 12 h. 
Total radioactivity was determined from a 0.25 m1 
aliquot taken from each incubation bottle, which was 
then treated as above. Radioactivity (DPM) was then 
counted with a Beckman LS 133 scintillation counter. 
The DPM values were converted to daily productivity 
rates using the following equation: 

Production (mg C m-.' d- ' )  = 

(SDPM/V) X ( W x  0.25 X 103/TDPM) X (1.05/T) (1) 

where SDPM is the DPM in filtered sample; V is the 
volume of filtered sample; TDPM is the total radioac- 
tivity of 14C (0.25 ml); T is time (days); 1.05 is the cor- 
rection factor for the lower uptake of 14C compared to 
"C; 0.25 X 103 is the conversion of pipette volume to 
litres; W is the dissolved inorganic carbon concentra- 
tion in samples. 

Area1 productivity and chlorophyll a (chl a )  concen- 
trations in the euphotic zone (depth to 1 % of surface 
irradiance) were then obtained by trapezoidal integra- 
tion. 

Chl a and phaeopigments were extracted in 90% 
acetone and their concentrations calculated from fluo- 
rescence readings on a Turner Model 11 1 fluorometer 
(Parsons et al. 1984) calibrated with pure chl a 
(Sigma). Three size classes of phytoplankton, micro- 
(200-20 pm), nano- (20-2.0 pm) and picophytoplankton 
(2.0-0.45 pm), were obtained by filtration of separate 
subsamples. 

Water samples were also taken from the Niskin bot- 
tles for the determination of nitrate and silicate con- 
centrations using a Technicon Autoanalyzer 11, follow- 
ing the methods of Strickland & Parsons (1968) and 
Mostert (1983). Dissolved inorganic carbon was mea- 
sured using the potentiometric titration method of 
Almgren et  al. (1983). Conductivity, temperature and 

depth were measured using a Neil Brown Mk 111 CTD 
attached to the rosette sampler. Daily surface photo- 
synthetic active radiation (400 to 700 nm) was mea- 
sured using a Li Cor 4n spherical quantum sensor (LI- 
1935~4).  Means for every 10 to 15 rnin were logged 
throughout the day by a Li Cor Data Logger (LI-1000). 
The subsurface light field was measured with the same 
instrument and used to calculate the sampling depths. 
Thermocline depths were estimated from CTD thermal 
traces and then used to estimate mixed-laye~ depths. 
Wind speed was logged continuously by the ship's 
anemometer. Data were averaged over a 24 h period to 
obtain the mean daily wind speed. 

Microplankton community structure and protozoan 
grazing. The protozoan (2-200 pm) grazing impact 
was estimated from water samples collected with 8 1 
Niskin bottles from the surface and the chlorophyll 
maximum, determined from the aquatracker attached 
to the CTD. For each experiment, 20 1 polyethylene 
carboys were filled with the collected seawater. The 
water in the carboys was then gently passed through a 
200 pm mesh to isolate the microzooplankton commu- 
nity. Particle-free water was  obtained by passing sur- 
face water (obtained using a shipboard metal-free 
Iwaki Magnetic Pump operated at a flow rate of -5 1 
min-l) through a 0.2 pm Milli Q (Millipore) filtration 
system. Dilution series in ratios of 1:0, 3:1, 1 : l  and 1:3 
of unfiltered to filtered seawater were then prepared in 
2 l polyethylene bottles. Samples from the dilution 
series were incubated on deck for 24 h in perspex incu- 
bators cooled with running surface water and screened 
with shade cloth (neutral spectral transmission) to sim- 
ulate light intensity at  the depth of collection. 

Before the incubations were begun, water samples 
(250 ml) were taken for the initial chl a concentration. 
The bottles were sampled again at  the end of the incu- 
bation to determine the final chl a concentrations. 
Chl a concentrations were determined fluorometrically 
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(Turner l11 fluorometer) after extraction in 100% cold 
methanol for 6 to 12 h (Holm-Hansen & Riemann 1978). 
A previous study conducted by the authors showed 
that the extraction efficiency of methanol and acetone 
were not significantly different (p  > 0.05). 

To identify and enumerate the various components 
of the microplankton communities a t  each grazing sta- 
tion, a 250 m1 sample of natural seawater was passed 
gently through a 200 pm mesh and fixed with 10% 
Lugol's solution (Leakey et al. 1994, Stoecker et al. 
1994). For the taxonomic analysis of the microphyto- 
plankton standing stock, a 20 pm mesh filtration unit 
(Berman & Kimor 1983) was connected to the pump 
outlet and a constant volume of 20 1 of seawater was 
filtered at each station. The phytoplankton retained by 
the filter was preserved in 2% buffered formalin. The 
water samples were then examined using the Uter- 
mohl settling technique, employing a Nikon-TMS 
inverted microscope operated at 400x magnification 
(Reid 1983). A minimum of 500 cells or 100 fields were 
counted for each sample. 

The apparent growth rate of chl a in each bottle was 
calculated using the exponential model of Landry & 
Hassett (1982): 

where P, is the chl a concentration at time t; PO is the 
initial chl a concentration; k and g are the instanta- 
neous algal growth and microzooplankton grazing 
coefficients, respectively. The coefficients were deter- 
mined from linear regression analysis (95 O/O confidence 
limits) between dilution factor and apparent growth 
rate of chl a in each bottle using the computer program 
Statgraphics Version 5.0 (Statgraphics 1992). Both g 
and k were used to calculate the grazing loss of poten- 
tial production, while only the grazing mortality coeffi- 
cient (g) was employed to calculate the daily loss of ini- 
tial standing stock. 

Correlation analysis was performed to identify possi- 
ble relationships between grazing rate, temperature 
and chl a. Grazing rate data, expressed as % initial 
standing stock and potential primary production 
removed per day, were transformed using an arcsin 
transformation (Sokal & Rolhf 1969), while chlorophyll 
concentration values were transformed using the fac- 
tor: log(x + 1) (Legendre & Legendre 1983). The com- 
puter package Statgraphics Version 5.0 was again 
used for this analysis. 

Meso- and macrozooplankton community structure 
and grazing impact. Meso- and macrozooplankton 
community structure and the grazing impact of the 7 
most common taxa (in terms of abundance) were deter- 
mined from samples collected with oblique net tows 
(500 pm Bongo nets) carried out between 300 and 0 m. 
Half the sample collected was immediately fixed in 5 % 

buffered formalin for the taxonomic analysis of the 
zooplankton community while the other half was used 
to estimate meso- and macrozooplankton grazing 
impact on phytoplankton using the in situ gut fluores- 
cence technique (Perissinotto 1992, Perissinotto & 
Pakhomov 1996). 

The gut evacuation experiments consisted of in vitro 
incubations in particle-free water (obtained by passing 
surface water through a 0.2 pm Milli Q filtration 
system) of freshly caught specimens of the 7 most com- 
mon species in 20 1 polyethylene containers. Prior to the 
incubations, 5 to 10 specimens of each species were 
processed to monitor initial gut pigment concentra- 
tions. The incubation of specimens ranged from 6 to 
24 h, with gut fluorescence measured at 5 to 20 min in- 
tervals for the first 1 to 2 h and every 0.5 to 4 h there- 
after until the end of the experiment. Three to five 
specimens were collected for each time interval mea- 
surement. Gut evacuation rates (K, h-') were then 
derived from the slope of the regression of the natural 
logarithm of gut pigment content versu.s time 
(Perissinotto & Pakhomov 1996). At stations where the 
gut evacuation rates (K) were not available, the average 
values for that specles along each grid were employed. 

To estimate gut pigment destruction efficiency (b'), 
freshly caught animals were incubated in particle-free 
seawater to which charcoal particles (<l00 pm) were 
added for 6 to 24 h to allow the animals to empty their 
guts of pigments (Perissinotto & Pakhomov 1996). 
Specimens (5 copepods and 1 to 2 euphausiids or salps 
per jar) were then incubated for 1 to 2 h in 1 1 polyeth- 
ylene containers containing natural seawater. The gut 
pigment destruction efficiency was estimated using 
the 2 compartment (phytoplankton and grazer) pig- 
ment budget approach. A comparison of the pigment 
budgets in the control (without grazers) and experi- 
mental treatment was then carried out. Any significant 
loss in the pigment budget from the experimental 
treatment (with grazers) was then attributed to gut 
destruction of phytoplankton pigments (Perissinotto & 
Pakhomov 1996). Previous studies conducted in the 
Antarctic have demonstrated that the gut passage time 
of copepods may be < l  h suggesting that the gut 
destruction efficiency of the copepods may have been 
overestimated during this study. However, since no 
faecal pellets were observed at the end of the incuba- 
t i o n ~ ,  the over-estimation appears to have been negli- 
gible. At stations where gut pigment destruction effi- 
ciency experiments were not conducted, an average 
value of 0.5 was employed (Perissinotto 1992). 

In all the experiments, gut pigments were extracted 
in 10 m1 polyethylene tubes (1 ind, per tube for macro- 
zooplankton; 3 to 5 ind. for mesozooplankton) with 5 to 
7 m1 of 100% methanol and stored at -20°C for 12 h. 
After centrifugation at 5000 rpm (1745 X g), the pig- 
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ment content of the methanol was measured before 
and after acidification using a Turner Model 111 fluo- 
rometer (Mackas & Bohrer 1976). Pigment contents 
were then expressed in terms of total pigments per 
individual and calculated according to Strickland & 
Parsons (1968) as modified by Conover et al. (1986). 
Where the chlorophyll:phaeopigment ratio in the gut 
content was higher than 0.25, total pigment levels 
were corrected according to Baars & Helling (1985). 

Daily ingestion rates (I, ng pigm. i d - '  d-') were 
then estimated from the relation of Perissinotto 1992: 

1 = KG/(1 - b') (3) 

where G is an  integrated value (over 24 h period, 
assuming a linear decay in gut pigment) of gut pig- 
ments (ng pigm. ind- ') ,  K is the gut evacuation rate 
constant (h-'), and  b' is efficiency of gut pigment 
destruction during digestion. 

In order to estimate the community grazing impact, 
zooplankton abundance data were combined with the 
individual ingestion rates. To convert chl a concentra- 
tions (chl) into autotrophic carbon (C), the empirical 
equation of Hewes et al. (1990): C = 80 chloh was used. 
The grazing impact was then expressed as 'Yo inte- 
grated phytoplankton stock and % daily primary pro- 
duction consumed per day. 

increase in sea ice from west to east and from north to 
south. Sea surface temperatures ranged between -1.0 
and -1.65"C (Table 1).  Although a well-developed 
halocline was observed, no thermocline was evident in 
the upper water column (Fig. 2) .  The pattern of nutri- 
ent distribution in the upper euphotic zone was similar 
for sihcate and nitrate concentrations. The general 
trend was an  increase in the concentrations of the 2 
nutrients with an  increase in depth. Silicate concentra- 
tions were always >75 pm01 1-', while nitrate concen- 
trations exceeded 25 pmol 1-' a t  all stations. 

During the second grid survey, no ice was evident 
(Table 1). Sea surface temperatures had increased, 
ranging between -0.32 and 0.2g°C, suggesting that 
summer capping of colder wlnter waters with fresher 
warmer waters had occurred (Table 1).  The upper 
water column appeared to be strongly stratified with a 
well-developed halocline and a thermocline evident in 
the upper 50 m (Fig. 3) .  The patterns of nutrient distri- 
bution during the second grid were similar to the first 
grid, with a n  increase in concentrations of silicate and  
nitrate with depth. The concentrations of silicate and 
nitrate were, however, lower. Silicate and nitrate con- 
centrations were 260 and 220 pm01 I - ' ,  respectively. 

Phytoplankton and microplankton community 
structure 

RESULTS 

Oceanographic conditions 

A summary of the initial experimental conditions 
along the repeat grid is shown in Table 1. During the 
first grid survey, pack-ice covered between 5 and 
>90% of the sea surface. The general trend was an  

During the investigation, the <20 pm chlorophyll 
fraction was always dominated by small diatoms of the 
genera Nitzschia and Chaetoceros and unidentified 
nanoflagellates. The microphytoplankton (>20 pm) 
were nun~erically dominated by ice-associated chain- 
forming species of the genera Chaetoceros and Nitz- 
schia and larger diatoms such as Corethron criophilum. 

Table 1 Summary of initial environmental conditions during the repeat grid survey conducted in the  MIZ of the Lazarev Sea  
during late austral summer (December/January) 1994-1995. PAR: photosynthetically active radiation 

Station Sea surface % PAR Wind speed Cloud cover Sea  state 
temp. ("C) ice cover (PE m'' S-') (knots) 

. - -  

Grid l 
G005 
G009 
G013 
G017 
G022 
G027 
G032 
G036 

Grid 2 
G093 
G098 
G105 
G112 
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Salinity 
- Temperature ('C) 

Fig. 2. Temperature and salinity profiles a t  stations occupied 
during the first grid survey conducted in December 1994 

The microplankton assemblages during the first grid 
were entirely dominated by protozoans with densities 
ranging between 2550 and 3650 cells 1"' (Table 2). The 
ciliates, comprising aloricates and tintinnids, numeri- 
cally dominated with cell densities ranging from 1750 
to 2600 cells 1-l. Aloricate forms constituted the main 
component of the ciliate group, with densities ranging 
from 1650 to 2500 cells I- ' .  Tintinnid densities were 
always < l50  cells 1-'. Among the flagellates, members 
of the genus Protoperidinium were the most abundant 
species with densities ranging from 400 to 650 cells 1-' 
(Table 2). Also well represented amongst the dinofla- 
gellates were species of the genera Amphisolenia, 
Amphidinium and Gonyaulax. Densities of these spe- 
cies were, however, always <250 cells 1-l. 

Along the second grid, the microplankton were 
again dominated by protozoans with densities rang- 
ing between 1850 and 2850 cells 1-' (Table 2). As in 

Fig. 3. Temperature and salinity profiles at 
stations occupied during the second grid sur- 

vey conducted in January 1995 

the previous grid, ciliates comprising aloricate (densi- 
ties: 1050 to 1700 cells 1-l) and tintinnids (densities 
< l50  cells 1-l) numerically dominated the total stock. 
Among the dinoflagellates, species of the genera Pro- 
toperidinium were again the most numerous, with 
cell densities ranging from 250 to 550 1-l. Also well 
represented among the dinoflagellates were species 
of the genera Amphidinium and Gonyaulax. Densities 
of these species were generally <ZOO cells 1-' 
(Table 2). 

Macro- and mesozooplankton community structure 

The 7 most abundant macro- and mesozooplankton 
species comprised > 80 % of total zooplankton along 
the repeat grid and are shown in Table 3. Total abun- 
dances along the first grid ranged between 2.2 and 
12.5 ind. m-3 (Table 3) .  Among the zooplankton, cope- 
pods represented by Rhincalanus gigas, Calanus 
propinquus, Calanoides acutus and Metridia gerlachei 
were the most numerous contributing between 79 and 
98% of the total (Table 3). C. acutus and M. gerlachei 
were the most abundant species. Densities of the 
larger zooplankton were always <0.5 ind. m-' and 
were generally numerically dominated by the tunicate 
Salpa thompsoni (Table 3). 
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Table 2. Microplankton species composition and abundances (cells I ' ) along the 2 grids occupied 

Taxon 
Station: 

Ciliates 
Tintinnids 
Alor~cates 

Dinoflagellates 
An~phidinium sp. 
Amphisolenia sp. 
Dinophysis sp. 
Gonyaulax sp. 
Protoperidinium sp. 

Total 

Grid 1 
G017 G022 

The same 7 species were agaln the most abundant 
species along the second grid (Table 3).  The abun- 
dances of these species were, however, generally 
higher on this occasion compared to the first grid and 
ranged between 5.5 and 16.4 ind. m-3 (Table 3). As in 
the first grid, copepods were again the most numerous 
component of the zooplankton assemblages, contribut- 
ing between 40 and 95% of total zooplankton counts. 
An exception was Stn G098, where the salp Salpa 
thompsoni was identified a s  being the most numerous 
species accounting for -60 % of total zooplankton. 
Among the copepods, Metridia gerlachei and 
Cdlanoides acutus were again the most numerous. 
Among the larger zooplankton, the Antarctic krill 
Euphausia superba generally dominated. Krill densi- 
ties ranged between 0.07 and 0.65 ind. m-3 (Table 3).  

and 74 % of the total. Exceptions were Stns G027 and 
G032 where chlorophyll concentrations were >50 mg  
chl a m-2 (Table 4 ) .  These were dominated by micro- 
phytoplankton which comprised 62 and 66% of the 
total, respectively. 

Along the second grid, total chlorophyll concentra- 
tions were >84 mg chl a m-* A dramatic shift in the 
size composition of the phytoplankton assemblages 
was evident with large cells contributing between 54 
and 71°& of the total phytoplankton, dominating total 
chlorophyll during the entire grid (Table 4 ) .  Associated 
with the increase in microphytoplankton was a 
decrease in the contribution of the picophytoplankton 
to total chlorophyll. Picophytoplankton contributed 
<100/0 of the total at  all stations. The nanophytoplank- 
ton contributed between 25 and 35.5% of the total 
(Table 4). 

Integrated chlorophyll 
Integrated primary production 

During the first grid survey, chlorophyll concentra- 
tions above the 1 O/O light depth were generally c 4 1  mg Integrated primary production during the first grid 
chl a m-2 and increased from west to east (Table 4).  showed no clear spatial patterns and ranged from 
The contribution of the <20 pm chlorophyll fraction 133 to 356 mg C m-2 d. '  (Table 5). Generally, the 
(nano- and picophytoplankton) ranged between 60 nanophytoplankton fraction was the most important 

Table 3 Mean abundances (ind. m-" of the 7 most important rneso- and macrozooplankton species during the repeat grid survey 

Species 
Station: G005 

Rhlncalanus gigas 0.96 
Calanus propinquus 0.90 
Calanoides acutus 0.84 
Metridia gerlachei 0.90 
Euphausia superba 0 
Thysanoessa macrura 0 
Salpa thompsoni 0.06 

Total 3.66 

Grid 1 
G013 G017 G022 
--p 

0 17 0.53 1.73 
0.19 0.61 1.15 
0.75 2.52 0.74 
0.65 1.83 1.64 
0.01 0 0 

0 0.08 0.14 
0.45 0.33 0.46 

2 22 4.07 5.86 
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Table 4. Integrated chlorophyll a (mg chl a m-2) during the Table 5. Integrated primary production (mg C m-2 d.'] dur~ng  
repeat gnd survey the 2 grids occupied 

Station Phytoplankton size fraction 
>20 pm 2-20 pm < 2  pm Total 

Grid 1 
G005 14.4 12.3 10.8 37.5 
GO09 13.4 11.7 13.9 39.0 
G013 8.5 13.3 14.2 36.0 
G017 10.3 13.4 11.5 35.2 
G022 13.9 12.2 10.8 36.9 
G027 48.4 14.3 13.6 77.6 
G032 49.6 12.9 13.6 75.5 
G036 16.6 12.9 12.1 41.6 

Grid 2 
G093 75.4 29.5 11 7 116.6 
G098 49.9 25.0 9.4 84.3 
G105 46.6 31.3 10.3 88.2 
G112 51.4 29.8 9.9 91.1 

contributor. Exceptions were Stns G027 and G032 
where the microphytoplankton, contributing 56 and 
65% of total, respectively, dominated total prim- 
ary production. The nanophytoplankton production 
ranged between 52 and 100 mg C m-2 d-l while the pi- 
cophytoplankton production ranged between 19 and 
55 mg C m-2 d-' (Table 5).  Microphytoplankton area1 
production ranged between 45 and 230 mg C m-2 d-l. 

During the second grid, the total integrated produc- 
tion was significantly higher (F = 4.11; p < 0.05), rang- 
ing between 263 and 400 mg C m-2 d-' (Table 5). A 
marked change in the contribution of the n~icrophyto- 
plankton to total integrated production was recorded. 
The contribution of the microphytoplankton produc- 
tion to total was the highest, ranging between 52 and 
70% of the total (Table 5). The actual levels of micro- 
phytoplankton carbon uptake varied from 148 to 
280 mg C m-' d-' (Table 5). Associated with the in- 
crease in microphytoplankton production was a dra- 
matic decrease in the absolute production rates of the 
picophytoplankton (7 to 14 mg C m-'d-') which repre- 
sented <S% of the total production at all stations. The 
contribution of the nanophytoplankton production to 
total daily primary production increased, ranging 
between 26 and 44 % (Table 5). 

Protozoan grazing 

Instantaneous growth and grazing coefficients with 
confidence limits derived from all the grazing expen- 
ments during the 2 grid surveys are shown in Tables 6 
& 7. In all experiments, the relationship between 
apparent growth rate and dilution was significantly 
linear (p < 0.05 in all cases). 

Station Size classes of phytoplankton 
>20 pm 2-20 pm <2 pm Total 

Grid 1 
G005 62.1 100 1 55.2 217.3 
G009 45.2 52 2 51.2 148.6 
G013 44.7 78.3 35.0 158 0 
G017 67.2 93.4 40.1 200.7 
G022 106.0 84.9 37.8 228.7 
G027 150.9 72.5 48.9 271.4 
G032 229.6 94.6 32.0 356.2 
G036 44.5 69.4 19.0 132.9 

Grid 2 
G093 201 .O 77.8 11.3 290.1 
G098 148.5 107.5 7.3 263.3 
G105 280.4 105.9 13.8 400.1 
G112 171..1 144.0 9.1 324.2 

During the first grid, instantaneous growth coeffi- 
cients of phytoplankton (k) at the surface ranged 
between 0.037 and 0.093 d-' (Table 6). Instantaneous 
grazing coefficients of protozoans (g) ranged from 0 to 
0.068 d-l (Table 6). These correspond to a loss of 
between 0 and 6.7 % of the initial standing stock, or 
between 0 and 95% of the potential phytoplankton 
production. 

The instantaneous growth coefficients at the chloro- 
phyll maximum were lower, ranging between 0.017 
and 0.084 d-' (Table 6). The protozoan grazing coeffi- 
cients ranged from 0.004 to 0.058 d-l. These rates cor- 
respond to a daily loss of between 0.5 and 31.3 % of the 
initial phytoplankton standing stock, or between 11 
and 256% of the potential phytoplankton production 
(Table 6). 

During the second grid survey, instantaneous growth 
coefficients of phytoplankton in the surface waters 
ranged between 0.011 and 0.051 d-' and between 
0.019 and 0.047 d-' at the chlorophyll maximum 
(Table 7) .  These rates are equivalent to between 0.016 
and 0.070 chlorophyll doublings d-' in the surface 
waters and between 0.027 and 0.068 doublings d-' at 
the chlorophyll maximum (Table 7). The instantaneous 
grazing coefficients of microzooplankton on phyto- 
plankton in the surface waters varied between 0.021 
and 0.051 d-l. These rates correspond to a loss of 
between 0.5 and 8 %  of the initial standing stock or 
between 9.1 and 25% of the daily potential primary 
production (Table 7) .  At the chlorophyll maximum, the 
instantaneous grazing coefficients were higher (0.006 
to 0.018 d-l) and were equivalent to a daily loss of 
between 0.6 and 2.6% of the initial standing stock or 
between 27 and 53% of the potential phytoplankton 
production (Table 7). 
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Table 6. Rate estimates with squared regression coefficients 
(r2) of chlorophyll production and microzooplankton grazlng 
in the surface waters and at  the chlorophyll maximum during 
the first grid survey. PO: initial chlorophyll concentration [pg 
I - ' ) ;  Ig: "S, initial phytoplankton standing stock consumed; k: 
phytoplankton growth coefficient; g: microzooplankton graz- 
Ing coeff~cient, Pg: " C )  potential prlmary production consumed 

1 Stat~on r' P,, k (d-l) g (d ) Ig (d- ')  Pg (d.'] 
p-. 

Surface waters 
G005 37 0.23 
GO09 32 0.32 
G013 51 0.26 
G017 62 0.28 
G022 84 0.37 
G027 58 0.51 
G032 61 0.39 
G036 73 0.29 

Chlorophyll maximum 
G005 63 0.41 0.021 0.041 0 5 11.5 
G009 38 0.32 0.047 0 017 1 9  33.3 
G013 71 0.48 0.026 0 030 31 3 90.1 
G017 82 0.34 0.033 0.047 4.4 60.0 

Analysis of variance indicated that the percentage 
standing stock removed by protozoan grazing each day 
was not significantly different between the surface (F= 
0.57) and chlorophyll maximum (F = 0.63) during either 
grid survey (p  > 0.05 in both cases). Pearson and 5th 
order partial correlation coefficients between micro- 
plankton abundance, herbivory, chlorophyll concentra- 
tion and temperature showed no significant relationships 
during the entire investigation (p > 0.05 in all cases). 

Table 7. Rate estimates with squared regression coefficients 
(r2) of chlorophyll production and  microzooplankton grazing in 
the surface waters and at  the chlorophyll maximum during the  
second grid survey. PO: initial chlorophyll concentration (pg  
I - ' ) ;  Ig: 'X ,  initial phytoplankton standing stock consumed; k: 
phytoplankton growth coefficient; g: microzooplankton graz- 
Ing coe f f~c~en t ;  Pg: 'V0 potential prlrnary production consumed 

Surface waters 
G093 52 3.39 0.011 0.021 8.2 25.0 
G098 47 1.10 0.025 0.041 0.5 11.7 
G105 76 0.98 0.051 0.051 0.5 9.8 
G1 12 63 0.86 0.038 0.028 0.4 9.1 

Chlorophyll maximum 
G093 69 0.97 0.019 0.006 0.6 32.3 
G098 86 0.65 0.037 0.018 1.9 53.1 
G105 48 0.73 0.047 0016 2 6  34.3 
G112 57 0.81 0.045 0012 1 2  27.0 

Meso- and macrozooplankton grazing impact 

The community grazing impact of the 7 most abun- 
dant meso- and macrozooplankton species along the 2 
grids is shown in Table 8. During the first grid survey, 
the total ingestion rate varied from 0.07 to 0.61 mg 
pigm. m-2 d '  (mean = 0.35 mg pigm. m-2 d-') (Table 8). 
These ingestion rates correspond to between 0.2 and 
1.7 % of the total integrated chlorophyll biomass or be- 
tween 10 and 30% (mean = 18.7 %) of the daily phyto- 
plankton production (Table 8).  Among the grazers, 
copepods were the most important, consuming be- 
tween 46 and 75 % of total pigment consumed daily. 

During the second grid survey, the community graz- 
ing impact was substantially but not significantly 
higher (p > 0.05) than during the first one, with the 

Table 8 Phytoplankton biomass, production, Ingestion rates and grazing impact of the 7 most important zooplankton species 
along the 2 repeat grid surveys 

S t a t~on  Phytoplankton biomass Pr~mary production Daily ~ngestion Daily yrazlng lmpact 
(rng chl d m-'] (my C d") (mg plgrn. m-') ' X ,  phytoplankton %, dally primary 

standing stock production 

Grid 1 
G005 
G009 
G013 
G017 
C022 
G027 
G032 
G036 

Grid 2 
G093 116.6 
G098 84.3 
G105 88.2 
G112 91.1 
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total daily pigment ingested ranging between 0.66 and 
2.15 mg pigm. m-2 d-' (mean = 0.85 mg pigm. m-2 d-l). 
These rates correspond to between 0.7 and 2.6% 
(mean = 1.1%) of the integrated phytoplankton bio- 
mass and between 16 and 48 % (mean = 28.7 %) of the 
total primary production per day (Table 8). Of the 2 
size classes, macrozooplankton were the most impor- 
tant grazers at Stns G093 and G098 where they 
accounted for 60 and 95% of total pigment consurnp- 
tion, respectively. In contrast, at Stns G105 and G112, 
copepods were the most important grazers of phyto- 
plankton accounting for 72 and 84% of total pigment 
consumption, respectively. 

DISCUSSION 

The changes in the general oceanographic condi- 
tions during this investigation are  consistent with the 
development of a summer melt water structure, includ- 
ing the development of well-defined halo- and therrno- 
cllnes in the upper 50 m of the water column (Fig. 3). 
Also, the increase in water temperature during the sec- 
ond grid survey suggests that summer capping of 
colder winter waters had occurred. These changes 
were accompanied by shifts in the phyto- and zoo- 
plankton community structure and subsequent parti- 
tioning of carbon between the various size classes of 
herbivores. 

A shift in the size composition of the phytoplankton 
assemblages was evident from a community domi- 
nated by nano- and picophytoplankton (c20 pm) dur- 
ing the first grid to one dominated by microphyto- 
plankton (>20 pm) during the second grid (Table 4 ) .  
The nano- and picophytoplankton dominated phyto- 
plankton community of the first grid survey represents 
the typical situation found in the Southern Ocean dur- 
ing austral winter (Garrison et al. 1991, 1993, Kang & 

Fryxell 1993, Kivi & Kuosa 1994. Froneman & Perissi- 
notto 1996a). Associated with the shift in community 
size structure was an increase in the chlorophyll 
concentration, resulting from a dramatic increase in 
microphytoplankton and, to a lesser extent, nanophy- 
toplankton concentrations (Table 4). The predomi- 
nance of typical ice-associated microphytoplankton 
species such as Chaetoceros spp. and Nitzschia spp. 
(Heywood & Whltaker 1984, Horner 1985) during the 
second grid suggests that the microphytoplankton 
were released during the ice melt. 

During the first grid survey, total areal production 
ranged between 133 and 356 mg C m-2 d-' (Table 5). 
These rates are amongst the lowest recorded in the 
Southern Ocean (Mitchell & Holm-Hansen 1991, Laub- 
scher e t  al. 1993). According to Kirk (1994), photo-inhi- 
bition is likely to be of significance in water bodies of 

high solar irradiance and low wind speeds. An indica- 
tion of the physiological status of algal assemblages 
can be derived from the photosynthetic capacity (PB) 
values of the phytoplankton assemblages (von Bodun- 
gen et al. 1988). During the first grid survey, the PQal- 
ues of phytoplankton in the upper 20 m of the water 
column ranged between 0.02 and 0.39 mg C (mg chl a )  
h-', well below the average P" values recorded for 
Antarctic phytoplankton [range 0.8 to 8 mg C (mg 
chl a )  h-'] (Tilzer et al. 1986, Laubscher et al. 1993). 
The low PB values recorded during the first grid pro- 
vide partial evidence of light inhibition of phytoplank- 
ton production during the first grid survey. Lancelot et 
al. (1993) suggested that at ice cover >40%, phyto- 
plankton production would be reduced due to light 
limitation. However, during the first grid survey the 
highest production rates were recorded at stations 
which had the highest ice cover (Tables 1 & 5), provid- 
ing further support for the hypothesis of photoinhibi- 
tion in the winter phytoplankton assemblages. 

Total areal phytoplankton production rates along the 
second grld ranged between 263 and 400 mg C m-2 d-' 
(Table 5). Despite the evidence of induced water col- 
umn stability (well-developed halo- and thermocline), 
the production rates, although higher than along the 
first grid, are still among the lowest recorded in the 
MIZ (Mitchell & Holm-Hansen 1991, Laubscher et al. 
1993, Boyd et al. 1995). This suggests that while water 
column stability appears to be a pre-requisite for an 
increased in situ phytoplankton production, other fac- 
tors must also play an important role in determining 
phytoplankton production rates at the MIZ. It is widely 
accepted that nutrient limitation, with the exception of 
silicate, plays no role in Antarctic phytoplankton pro- 
duction (Jacques 1989). During this investigation, sili- 
cate concentrations were always >62 pm01 1-', above 
the threshold for the dominant diatom species during 
this investigation (Jacques 1983, 1989). Nutrient avail- 
ability did not, therefore, appear to be limiting phyto- 
plankton growth during this investigation. Iron limita- 
tion in open waters may also inhibit phytoplankton 
growth in the Southern Ocean (Martin et al. 1990). 
However, the close proximity of the second grid to the 
continental shelf suggests that iron was probably not 
limiting phytoplankton production during our study. It 
appears, therefore, that the low production rates 
recorded during the second grid are the result of a 
combination of factors rather than any single one. 

The microplankton assemblages found during this 
investigation were entirely dominated by protozoans 
with densities ranging between 1650 and 2850 cells I-' 
(Table 2). Our estimates of abundance are in the same 
range as those obtained in a recent study conducted in 
the MIZ of the Bellingshausen Sea (Burkill et al. 1995). 
In a review article, Garrison (1991) suggested that typ- 
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ical densities of larger protozooplankton in Antarctic 
waters range between 102 and 103 cells I - ' .  The high 
microplankton densities recorded during this study 
probably reflect the higher chlorophyll concentrations 
typically associated with the retreating ice (El-Sayed 
1988, Jacques 1989). Indeed, during this study, 
microplankton densities were strongly correlated to 
nano- and picophytoplankton concentrations (p c 0.05 
in both cases). The decrease in microplankton densi- 
ties during the second grid survey probably results 
from both a decrease in the availability of their pre- 
ferred food particles, i.e. picophytoplankton (Hansen 
et al. 1994, Peters 1994), or predation by larger zoo- 
plankton species (Froneman et al. 1996). It should be 
pointed out, however, that the use of Lugol's solution to 
fix the microplankton samples may have resulted in 
the underestimation of the contribution of dinoflagel- 
lates to total cell counts (James 1991, Leakey et  al. 
1994). Also, we were unable to differentiate between 
the autotrophic and heterotrophic components of the 
microplankton assemblages. However, in a previous 
study using epifluorescent techniques we have shown 
that c25  % of the protozoans counted could be consid- 
ered mixotrophic or autotrophic (Froneman & Perissi- 
notto 1996a). 

The protozoan grazing impact on phytoplankton 
during the repeat grid survey showed a strong tempo- 
ral pattern (Tables 6 & 7). During the first grid, when 
small phytoplankton cells (120 pm) dominated total 
chlorophyll biomass, protozoans removed on average 
71 % of the potential phytoplankton production com- 
pared to -23% of the potential production removed 
during the second grid when microphytoplankton 
dominated the total biornass (Tables 6 & 7) .  The high 
grazing impact of the protozoans recorded during this 
study are consistent with results obtained in similar 
studies conducted in other MIZs throughout the South- 
ern Ocean (Garnson et al. 1993, Burkill et al. 1995, 

I Froneman et al. 1996a). Our results are,  however, in 
direct conflict with those of Mathot et al. (1992) and 

l Burkill et  al. (1995) which showed that the highest 
grazing impact of protozoans in the MIZ is associated 
with open waters. Differences in the results can proba- 
bly be related to the size structure of the primary pro- 
ducers. Our results show that grazing by protozoans is 
sufficient to check the growth of phytoplankton only 
when small phytoplankton cells (<20 pm) dominate 
total chlorophyll. This is consistent with the results 
obtained in a similar study conducted in the MIZ of the 
Weddell Sea which showed that grazing by protozoans 
was sufficient to control the development of an ice- 
edge phytoplankton bloom dominated by nano- and 
picophytoplankton (Lancelot et  al. 1993). The increase 
in the contribution of the microphytoplankton was, 
however, accompanied by a dramatic decrease in the 

grazing impact of the protozoans (Table 7) .  The inabil- 
ity of protozoans to feed on microphytoplankton 
appears to reflect morphological constraints. 

Along both grids the zooplankton communities were 
dominated by common high Antarctic copepods, 
(mostly Calanoides acutus and Metridia gerlachei) 
which accounted for between 60 and 98% of total zoo- 
plankton (Table 3). The species composition and esti- 
mates of zooplankton abundance during this study 
compare well with those obtained in previous studies 
conducted in the Southern Ocean (Conover & Huntley 
1991, Voronina et  al. 1994, Atkinson & Shreeve 1995). 
Although it is traditionally thought that the Antarctic 
krill Euphausia superba is the most important compo- 
nent of the zooplankton assemblage in the region of 
the Antarctic Slope Front (Pakhomov 1995), densities 
of krill were always CO.? ind. m-3 during this study 
(Table 3). The low densities of E. superba during this 
survey were probably related to the presence of large 
numbers of salps, mainly Salpa thompsoni, in the area.  
Previous studies have shown these 2 species a re  often 
spatially segregated (Pakhomov 1993). Our results are  
consistent with recent studies which have shown that 
copepods can be regarded as the most important com- 
ponent of the zooplankton assemblage in the high 
Antarctic (Voronina et al. 1994, Voronina in press). 
Indeed, using a data set spanning more than 20 yr, 
Voronina (in press) has shown that copepods account 
for >93% of the total zooplankton production in the 
Southern Ocean. Although it is well documented that 
the larger zooplankton species reach their maximum 
biomass later during summer than copepods (Voronina 
et  al. 1994), no such increase was evident during the 
second grid survey. Amongst the larger zooplankton 
the tunicate S. thompsoni was generally the most 
abundant (Table 3). Recent studies conducted in the 
vicinity of the MIZ have shown that, at times, S. 
thompsonj may be the most abundant component of 
the zooplankton assemblages (Perissinotto & Pakho- 
mov in press). 

The grazing impact of the 7 most abundant zoo- 
plankton species increased from an average 19% of 
daily primary production during the first grid survey to 
-29% during the second grid (Table 8). These results 
are  in general agreement with the findings of other 
zooplankton grazing studies conducted during sea- 
sonal ice retreat in the Bellingshausen Sea (Atkinson & 
Shreeve 1995). The elevated grazing impact observed 
during the second grid is the result of a n  increase in 
zooplankton abundance which coincided with an  
increase in microphytoplankton concentrations. On 
this occasion, the correlation between zooplankton 
abundance and microphytoplankton was highly signif- 
icant (r2 = 0.74, p c 0.05). Shifts in the community struc- 
ture of the zooplankton assemblages may also have 
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contributed to the increased grazing impact during the 
second grid. For example, Metridia gerlachei, the dom- 
inant zooplankton species during the second survey, 
has been shown to have both the highest growth coef- 
ficients and the highest daily rations amongst the 4 
copepod species examined during this survey 
(Conover & Huntley 1991). Similarly, the highest graz- 
ing impact (48 % of daily production) during the entire 
investigation was recorded at Stn G098, where the 
tunicate Salpa thompsoni dominated total zooplankton 
(Table 8). This species has been shown to have a very 
high grazing impact, becoming at times the most 
important consumer of phytoplankton production in 
the zooplankton assemblages of the Southern Ocean 
(Perissinotto & Pakhomov in press). 

During the first grid survey, grazing impact of the 
protozoans was sufficient at times to control the growth 
of phytoplankton when it was dominated by nanophy- 
toplankton (Table 6). The microzooplankton grazing 
studies were, however, conducted in the absence of 
potential predators such as copepods, krill and salps. 
Carnivory by larger zooplankton on microzooplankton 
is well documented (Hopkins & Torres 1988, 1993, 
Atkinson 1995, Froneman et al. in 1996b). Feeding 
rates of larger zooplankton on protozoans can be 
expected to be high in regions dominated by small 
phytoplankton cells, since larger zooplankton are 
unable to feed efficiently on food particles <2  pm 
(Stoecker & Capuzzo 1990, Fortier et al. 1994). Our 
estimates of protozoan grazing impact can, therefore, 
be regarded as overestimated. It should be noted that 
trophic cascading resulting from the increased pre- 
dation impact of the larger protozoans on the nano- 
heterotrophs in the absence of large zooplankton may 
cause a shift in the community structure (Wickham 
1995). 

In conclusion, the results of this study show that dur- 
ing ice melt a shift in the partitioning of carbon in the 
planktonic food web was mediated by a change in the 
size structure of the phytoplankton assemblages. Dur- 
ing early spring when small cells (<20 pm) dominated 
the total chlorophyll, protozoans represented the most 
important grazers and were at times able to control the 
growth of phytoplankton. A shift in the size composi- 
tion of the phytoplankton assemblages associated with 
the release of epontic cells during ice melt was associ- 
ated with the larger zooplankton becoming the most 
important grazers of phytoplankton production. The 
grazer-mediated downward flux during the 2 grid sur- 
veys can be crudely estimated assuming firstly, that 
protozoans do not contribute to vertical flux; secondly, 
that the meso- and macrozooplankton have an average 
assimilation efficiency of 70%; and finally, that the 
unconsumed primary production (proportion of pri- 
mary production not consumed by protozoans and 

larger zooplankton) settles to depth. Using the mean 
values presented in Tables 6 to 8, the grazer-mediated 
carbon downward flux was calculated to be equivalent 
to -35 % of the primary production during Grid 1 and 
-15% during Grid 2. This result shows that although 
the highest grazing impacts of larger zooplankton 
were recorded during the second grid, the efficiency of 
the grazer-mediated biological pump was twice as effi- 
cient during the first grid. Furthermore, the result also 
shows that the sinking of phytoplankton cells, particu- 
larly during the second grid survey, represented the 
most important mechanism for the transfer of carbon 
from the surface waters to depth. This result is consis- 
tent with a previous study conducted in the Weddell 
Sea which showed that maximum particle flux rates 
coincided with the retreat of sea ice (Fischer et al. 
1988). 
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