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ABSTRACT: The region between Elephant Island and the South Orkney Islands (53.5" S, 46.5" W) was 
occupied by Winter Weddell Sea water and a thck  layer of summer and surface modified Weddell 
Water. High correlations between nutrients (nitrate, total inorganic carbon, silicate) and oxygen with 
salinity were found in the upper 150 m near the ice-edge. Nutrient depletion was calculated and cor- 
related with the melting ice processes. When 1 m of ice melts, the average amount of total carbonate 
and nutrients removed is equivalent to a production of 33 g C m-' yr-'. Increases of oxygen were 
detected with high rates of nutrient and carbon depletion. However, significant oxygen losses in the 
melting water body were estimated from the conservative 'NO' parameter. The amount of nutrients 
removed during pack-ice melting was about 3 times higher than that taken up in the water column. 
Analyses of particulate material in the ice samples showed similar C:N ratios to those estimated by the 
decrease of nutrients in the water column. 
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INTRODUCTION 

It is well known that an intense, large-scale up- 
welling south of the Antarctic Convergence gives rise 
to high nutrient concentrations in the euphotic layer 
(Treguer & Jacques 1986,1992, Bennekom et al. 1989). 
This upwelling is known to generate water masses 
with low stability (Deacon & Moorey 1975, Deacon & 
Foster 1977), where horizontal and vertical mixing 
rates are too fast to maintain sizable phytoplankton 
populations able to take up these vast amounts of 
nutrients (Sakshaug & Holm-Hansen 1984). 

Small-scale convergences near the ice-edge may 
become stabilized by the accumulation of melt-water, 
and give rise to areas with high chlorophyll concentra- 
tions. As seawater density is controlled mainly by 
salinity at low temperatures, ice melting provides a 
mesoscale stability where a moderate biomass of 
phytoplankton develops. Thus, in summer, stability 
can be generated mainly by a decrease in surface 
salinity rather than a rise in temperature. In a compan- 
ion paper (Perez et al. 1994), the dynamics of water 
masses affected by the marginal ice-zone were 
described, as well as the different levels of stratifica- 

tion and associated concentrations of nutrients and 
chlorophyll. Similar physical distributions have been 
described by several authors in Antarctic seas (El- 
Sayed & Taguchi 1981, Sakshaug & Holm-Hansen 
1984, Nelson et al. 1989), and also in the Bering Sea 
(Alexander & Niebauer 1981). 

High nutrient levels and surface light promote ele- 
vated concentrations of chlorophyll in cultures main- 
tained on board (Baar et al. 1989). In contrast, it is dif- 
ficult to measure chlorophyll values greater than 6 pg 
1-' in the sea, although nutrient consumption could 
theoretically produce chlorophyll concentrations 
greater than 25 pg 1-' (Bennekom et al. 1989), or even 
40 to 80 pg 1-' (Sakshaug & Holm-Hansen 1984). 

Microalgal concentrations near frazil ice may 
increase primary production in the pack-ice. Garrison 
et al. (1989) showed that frazil ice can contain 2 to 4 
times more organisms than the underlying water. 
Smith & Nelson (1986) calculated that overall pelagic 
primary productivity for the entire Southern Ocean 
would be increased by at least 60 % if the effects of the 
receding ice-edge were taken into account. 

Although some of the organic carbon produced by 
the phytoplankton is lost by sinking, grazing and 
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59" Grasshoff 1983). Nitrate was deter- 
,$ mined after reduction to nitrite in a 

Cd-Cu column (Mourifio & Fraga 
1985). 

A 'Metrohm' E-654 pH meter, with 

600 an Orion 81-04 electrode calibrated 
with 7.413 NBS buffer, was used to 
determine pH. Temperature was mea- 
sured in parallel with a Pt-100 resis- 
tance thermometer which allows tem- 
perature correction of pH. All pH 
values refer to 15°C (pHl5) (Perez & 
Fraga 1987a). An automatic titration 
system 'Metrohm' E-425 was used to 

61 " measure alkalinity with HC1 to final pH 
54" 52" 50" 48" W 46" 4.44 (Perez & Fraga 1987b). TIC was 

Fig. 1. Position of stations and the sea ice-edge during the cruise BIOMASS IV. 
calculated using the equations of the 

(----) Sihcate distributions nearby the Scotia-Weddell Confluence; (---) salinity system and the de- 
distributions in the eastern front termined by Mehrbach et al. (1973). 

Fluorescence was measured with a 
Turner Design 1000 R fluorometer. 

export from the area (El-Sayed 1984, Baar et al. 1989, Samples were allowed to adapt to darkness at labora- 
Jacques & Panouse 1989), oxygen, nutrients and total tory temperature for 20 min (Falkowski & Kiefer 1985). 
inorganic carbon (TIC) remained in the water as a Two types of measurements were made: in vivo fluo- 
record of the photosynthesis from an  earlier period. rescence and maximum fluorescence after adding 
The aims of this study are (1) to study the relationship DCMU (Fd). Chlorophyll a was estimated from Fd read- 
between nutrient depletion, oxygen production and ings. For calibration, 100 m1 of water was filtered 
salinity decreases and (2) to estimate the production of through Whatrnan GF/F filters and the chlorophyll ex- 
organic carbon due to ice melting from the amount of tracted with 90 % acetone. Fluorescence of the extracts 
nutrients removed from the water column. was measured with the same instrument. Chlorophyll 

concentrations were corrected for phaeopigments 
(Yentsch & Menzel 1963, Holm-Hansen et al. 1965). 

MATERIAL AND METHODS The coefficient of determination obtained for the rela- 
tionship between the calculated chlorophyll values 

An oceanographic cruise (BIOMASS IV) was carried and the Fd reading was 0.98 (n = 20). 
out between December 29, 1988 and January 9, 1989, For the analysis of particulate carbon and nitrogen, 
on board RV 'Professor Siedlecki'. Measurements of 2 1 of water was filtered through Whatman GF/F 
water temperature, salinity and dissolved oxygen were 25 mm diameter filters. The analyses were carried out 
conducted at 29 stations located in a 40 km zone off with a Perkin Elmer 240 Elemental Analyser, accord- 
the ice-edge between Elephant (54.5" W) and South ing to Fraga (1976). Blanks for C and N were 0.8 and 
Orkney Islands (46.5' W) (Fig. 1). Profiles of conductiv- 0.06 pmol, respectively. Reproducibility of the method 
ity, temperature and dissolved oxygen were obtained was * 0.1 pM for C and * 0.02 pM for N. 
with a Neil-Brown CTD-O2 probe between 0 and 
1000 m. The CTD probe was calibrated with reversing 
thermometers (Gohla-Kiel, Germany) and a Plessey RESULTS 
Model 6230 N Laboratory salinometer. The dissolved 
oxygen sensor was calibrated using the modified Nutrient depletion 
Winkler method (Carritt & Carpenter 1966). 

Water samples were collected at 0, 10, 20, 30, 40, 50, Perez et al. (1994) described the dynamic pattern 
75, 100 and 150 m and analyzed for silicate, nitrate, due to mesoscale physical structures in the region. 
pH, alkalinity and chlorophyll. Nutrients were de- They showed divergent areas (51 to 53S0W) with 
termined by colorimetric methods, using a Techni- low stability water column where the highest salinity 
con autoanalyzer. For silicates, a modified Grasshoff and silicate concentrations were found (Fig. 1). The 
method was used, in which an isomer of silicomolyb- physico-chemical characteristics of these bodies of 
denic acid is reduced with ascorbic acid (Hansen & water corresponded to Weddell Water (WW). In the 
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Table 1. Representative characteristics of Weddell Water (WW) obtained from samples taken at 150 m at 30 stations. S: salinity; 
T: temperature; TIC: total inorganic carbon; Alk.; alkalinity; pHls: temperature-corrected pH, all values refer to 15 'C 

I S T 0 2  N o 3  Sic)., TIC 'NO' 'CAO' 'SiO' Alk. pH15 I 

western part of the study area, the Scotia-Weddell 
Confluence (SWC) was detected by the strong gradient 
of silicate. In the eastern part, a lens of low salinity 
water (MW) generated by pack-ice melting was found. 
MW is formed from WW which has been modified by 

Fig. 2. Vertical profiles of salinity (%), silicates (pmol kg-'), 
oxygen (m1 I-'), chlorophyll a (pg 1-l), pHlS, 'CAO1 (pm01 
kg-'), nitrates (pmol kg-') and 'NO' (pm01 kg-') in the 

transect close to the ice-edge 

heating and mixing with melting ice, and was charac- 
terized by salinity values lower than 34 psu. The MW 
forms a saline front with the WW along 49" W. 

In this study we consider only the bodies of water of 
Weddell Sea origin situated to the southeast (SWC), 
close to the ice-edge (47 to 53'W), and characterised 
by high silicate concentrations (Fig. 1). The sharpest 
gradients were found along the ice-edge. Thus, the 
transect crossing the front separating MW from WW 
was selected to describe the hydrographic pattern. The 
salinity distribution along this transect (Fig. 2) shows 
the vertical spreading of MW into W. The maximum 
influence of MW was located along 48" W, extending 
down to 50 m. WW dominated the areas of greater 
homogeneity and the layer situated below MW. 

The distributions of chemical variables were similar 
to that of salinity. Low values of nitrate and silicate and 
high values of pH and O2 were found in MW, whereas 
high values of nitrate and silicate and low pH and oxy- 
gen were associated with higher proportions of WW. 
The low variability of the physico-chemical properties 
observed below 100 m enables us to characterize the 
properties of WW by averaging the samples taken at 
150 m in each station (Table 1). Bennekom et al. (1989) 
showed similar characteristics for 'Winter Water' in the 
Weddell Sea and for the 'Under Ice Water Layer'. 

A clear correlation was apparent between salinity 
and nutrients, pH and oxygen. The percentage of vari- 
ance explained by the linear regression of the different 
nutrients and oxygen against salinity was greater than 
70%, reaching almost 80 % with nitrate and TIC 
(Table 2). Correlation was still stronger between pHl5 
and NO3 (r = 0.92). This correlation structure indicates 
that mixing of WW with melt-water is the major factor 
affecting the distribution of nutrients observed in this 
region, i.e. they behave in a quasi-conservative way, 
and therefore the concentration of nutrients in any 
sample could be calculated from the ratio of WW and 
MW. 

Using the coefficients RC and RN shown in Table 2 
and the N:P ratio obtained by linear regression of the 
data published by Alvarez (1989) in the Orkney Islands 
(r2 = 0.92 and N:P = 15.1 * 0.1), the ratio 02:C:N:P was 
determined as 142: 111 : 15: 1, which corresponds to the 
oxidation of organic material of the empirical formula 
C113H183069N15P. These stoichiometric equations are 
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Table 2. Coefficients of the linear statistical fit of oxygen, 'NO' N%- '%' 
nitrates, silicates, total carbon (pm01 kg-'), pHl5 and chloro- 700 

360 
phyll against salinity. Total inorganic carbon (TIC) corrected 
according to Rios et al. (1989) for alkalinity variations due 
to precipitation or redissolution of calcium carbonate. The 
slopes of linear regressions between oxygen and nutrients are 330 

shown by R, 

300 

2 70 

Y Slope 9 R, = -(std 02)/(std Y) 

0 2  -103 0.72 
NO3 11.5 0.79 RN = +9.4 
Si(OH)4 18.2 0.71 Rs, = +5.6 
TIC 83 0.78 = +1.28 
PHIS -0.20 0.70 
Chl -2.7 0.44 30 

ATIC/AN03 = RN/& = 7.3; AS~(OH)~/ANO~ = = 1.7 

'NO' NO? " - 
360 

similar to those reported for other oceanic regions 330 

(Broecker 1974, Takahashi et al. 1985, Rios et al. 1989), 
but the coefficients RC and RN obtained here are 8% 
lower than those given by Takahashi et al. (1985) and 300 

Nos et al. (1989). 
The distribution of chlorophyll a (chl a) showed a 

similar pattern. The highest values of chl a were in MW 270 
and a strong gradient was measured in the saline front, 

33.2 33.4 33.6 33.8 34 34.2 34.4 
whereas low values were found in WW. To the east of S 

SCW, the diatom Corethron criophilum was dominant, 
Fig. 3. Plots of oxygen, nitrates and 'NO' (all in p 0 1  kg-') 

ranging 50 93% of P ~ Y ~ ~ P ~ ~ ~ ~ ~ ~ ~  abun- salinity (%a) at (a) Stn 52 and (b) Stn 58. The ratio 
dance (Figueiras et al. 1994). However, at Stn 61, between the scales of O2 and NO3 is RN (Table 2) 
Phaeocystis spp. was relatively abundant (23 %). 

Plots of 'NO', nitrate and oxygen concentrations 
against salinity are shown in Fig. 3a for a single station. 
They indicate an almost linear relationship between 
these 2 variables, and also that a strong symmetrical 
relationship exists between the distribution of nitrate 
and oxygen. The slope of the regression line between 
oxygen and nitrate (Table 2) is similar to that used by 
Broecker (1974) to define the parameter 'NO' = O2 + 
RN X NO3, which is independent of both photosynthetic 
activity and remineralization because oxygen varia- 
tions are compensated by changes in nitrate. Minster & 
Boulahdid (1987) also estimated similar values of RN = 
9.3 in Atlantic seawater. As can be seen in the profiles 
shown in Fig. 3, 'NO' values remained constant and 
independent of salinity in the entire water column, 
except in the uppermost layer (0 to 20 m) of eastern 
stations (Figs. 2 & 3), where oxygen increases did not 
completely balance the observed nitrate deficit. 

Other mixed stoichiometric parameters can be 
defined by following the same procedure. The parame- 
ters 'NO', 'CAO' and 'SiO' [= O2 + 6 X Si(OH),] will be 
calculated by assuming the stoichiometric coefficients 
determined by linear regression shown in Table 2. The 
effect that precipitation and redissolution of CaC03 

introduces in the variability of the carbonic system was 
corrected with the equation: 

'CAO' = O2 + RC [TIC - '/2(Alk + NO3)] (1) 

where Alk is alkalinity (Broecker & Peng 1982, Taka- 
hashi et al. 1985, Rios et al. 1989). In the same way as 
at stations shown in Fig. 3, TIC was compensated by 
dissolved oxygen, generating an almost constant distri- 
bution of the parameter 'CAO' (Fig. 2) except in the 
surface layer of the easternmost stations. The homo- 
geneity in 'NO' and 'CAO' (Fig. 2) distributions indi- 
cates that the 2 bodies of water previously considered, 
WW and MW, derive from a common body of water, 
being the MW of more recent and local origin. 

The maximum decrease of salinity from WW to MW 
is 1.2 X 10-3. This decrease means a dilution of WW 
with fresh water of 3.5 %. The concentration of nitrate 
expected from this dilution of WW (Table 1) should 
be 31.5 pm01 kg-'. However, the concentrations mea- 
sured in MW are much lower (23 pm01 kg-'), sug- 
gesting that during the formation and evolution of 
MW, a consumption of nutrients and production of 
oxygen at the salinity minimum occurred in order to 
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keep the 'NO' and 'CAO' parameters constant. Given 
that the distributions of TIC, nutrients and salinity 
showed a linear relationship, the consumption of nu- 
trients is likely to take place where MW is formed. 
Thus, by relating ice melting and the corresponding 
decrease in nutrients, it is possible to estimate the 
amount of organic carbon produced per m2 that 
would be derived from the calculated consumption of 
nutrients. 

In order to estimate the amount of fresh water of ice 
origin, we assume that the salinity decrease from WW 
was due only to ice melting and that the haline and 
chemical properties at 150 m depth (Table 1) were not 
affected by the melting of ice (Nelson et al. 1989). In 
order to avoid the vertical variability due to dynamic 
patterns (Perez et al. 1994), the anomalies of physico- 
chemical variables corresponding to WW were inte- 
grated down to 150 m. The decrease in integrated 
salinity (-6s) is proportional to the total amount of 
melting ice diluted in the water column, 

where SW is the salinity of WW (Table 1). Then the 
height of the melted ice (H,,) or the quantity of fresh 
water per m2 is determined according to the equation 

Similarly, using the concentrations of TIC, nutrients 
and oxygen concentrations given in Table 1 as a refer- 
ence for WW, and integrating the profile for each vari- 
able down to 150 m, the nutrient deficit and associated 
oxygen increase was determined for the 30 sampling 
stations. 

Integrated depletions for NO3, TIC and O2 (Fig. 4) 
were correlated and showed a similar distribution to 
that of salinity. Greater nutrient deficits were found in 
low salinity areas where MW is dominant. There is also 
a clear parallel with the distribution of integrated 
chlorophyll. 

The linear reuression between nitrate de~letion 
(NO3) and the equivalent height of melted ice is 1-2 = Fig. 4. Average anomalies of salinity (%), nitrates ( p 0 1  kg-'), 

0.74 with a slope of 0.28 m01 ~0~ rn-3. ~ l t h ~ ~ ~ h  Oxygen ( ~ 0 1  kg-') and TIC (pm01 kg-'). ~ v e r a ~ e  anomalies 
were calculated using Eq. (2). The distribution of integrated 

ammonium and nitrite values are not available to com- chlorophyll a (pg I-') to 150 m is also given 
plete the inorganic nitrogen budget, the low concen- 
trations measured in nearby regions (Bennekom et al. 
1989, Nelson et al. 1989) suggest that they cannot (PON) and particulate organic carbon (POC) in ice 
explain by themselves the observed nitrate deficits. In samples (see below). 
a recent review, Treguer & Jacques (1992) reported 
significant subsurface values of ammonium, about 
2 pM. However, the maximum values of ammonium Composition of particulate organic matter 
integrated down to 150 m were about 0.8 pM. 

The molar slope of the linear regression between Fig. 5a shows the relationship between PON and 
TIC and NO3 was 7.6, close to a C:N molar ratio of 7.9 chl a. A strong correlation was found (? = 0.87) with a 
obtained by analysis of particulate organic nitrogen slope of 1.05 * 0.05 pg chl a pmol-' PON. However, the 
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Fig. 5. Relation between (a) PON and chlorophyll and (b) POC and PON in 
suspended organic matter in seawater. (*) Pack-ice sample, value X 100 

ChI/PON=1.28?0.23 

r2 =0.77 A 

- A 
A 

- 

A 
A 

Chl/PON=0.52t0.04 

r 2  =0.71 iJ 

data are distributed in 2 groups, probably related to 
different populations inhabiting the 2 bodies of water. 
The highest chlorophyll values were found in melt- 
waters with salinities lower than 33.9% (Fig. 2). The 
slope of the regression is 1.28 rt 0.23 pg chl a pmol-l 
PON (C : chl a ratio for MW is about 42), close to that of 
Dortch (1987). This gave a ratio of 1.8 pg chl a pmol-l 
protein nitrogen, equivalent to 1.44 pg chl a pmol-l 
PON. At salinities higher than 33.g0A, characteristic of 
Weddell Water, low PON and chl a values are found, 
and the slope of the relationship falls to 0.52 * 0.04 pg 
chl a pmol-l PON (C : chl a ratio about 143), which sug- 
gests a significant contribution of non-photosynthetic 
particulate material. As a first approximation, the 
value of the y-intercept in these regressions can be 

0 1 2 3 4 5 
Chlorophyll (pgll) 

used as an estimator of the amount of detri- 
tal, or at least non-chlorophyllous, particu- 
late material. At stations dominated by MW 
and with moderate chl a concentrations, the 
y-intercept is about 1.2 p 0 1  PON 1-l (about 
5.5 pm01 POC 1-l), indicating that 35% of 
the particulate matter is non-chlorophyllous. 
At stations dominated by Winter Weddell 
Water, with low chl a, the y-intercept 
is about 0.1 pm01 PON I-', equivalent to 
0.6 pm01 POC 1-l which indicates that the 
fraction of non-chlorophyllous particulate 
carbon is about 9 % of average POC. 

The relationship between POC and PON 
shows a similar behavior (Fig. Sb). Two clus- 
ters of data are clearly differentiated by their 
PON content and C:N ratios. Samples from 
melt-water form a group characterized by 
high PON values and a mean C:N ratio of 
4.5, which indicates vigorously growing 
phytoplankton and/or high bacterial bio- 
mass. The low POC levels associated with 
samples from WW with low chlorophyll lev- 
els result in a C:N ratio of 6.2. 

The analysis of POM made on 14 ice sam- 
ples (Fig. 5b) showed some samples with 
very high POC contents and a C:N ratio of 
7.9, close to that obtained from TIC and NO3 
in the water column. 

Phytoplankton biomass and nutrient deficit 

A significant difference was found 
between the nutrient deficit integrated over 
the upper layer and integrated chlorophyll 
concentration. The average chlorophyll con- 
centration integrated from surface to 150 m 
(Fig. 4) in the area was 75 mg m-' with min- 
imum and maximum values of 40 and 130 mg 
m-' corresponding to homogeneous WW 

and the lens of MW, respectively. Based on the mean 
POC, PON and chl a values, the chl a:PON ratio was 
0.63 g chl a mol-I N and the molar C:N ratio 6.23. Thus 
the mean PON and POC values are 120 and 748 mm01 
m-', respectively. These values contrast with the inte- 
grated deficit values of NO3- and TIC of 300 and 2100 
mm01 m-', respectively (Table 3). So, the amount of 
particulate matter present in the water only accounts 
for 35 % of nutrient depletion, whereas about 65 % of 
the nutrients consumed by photosynthesis was either 
exported out of the upper layer by grazing and sinking 
(El-Sayed 1984, Holm-Hansen 1985, Smith & Nelson 
1986, Jacques & Panouse 1989, 1991, Nelson et al. 
1989), incorporating the pack-ice microalgae, or made 
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Table 3. Mean of integrated anomalies to 150 m for the 24 stations on the BIOMASS IV cruise carried out at the ice-edge 
( ~21600  km2) for salinity (g m-'), oxygen, NO3-, Si(OH),, TIC, 'NO', 'CAO', and 'SiO'. Height of ice (0.80 m) was made equiva- 
lent to the salinity decrease in the water column (see Eq. 3). From the stoichiometric ratio shown in Table 2 and the atomic weight 

of C, these integrated nutrient anomalies are converted to biomass in g C m-2 

Anomaly -27 3150 -300 -570 -2100 -240 -330 
Biomass (g C m-') 29 26 29 25 

-330 l 
up the pool of dissolved organic matter. The ratio 
between the amount of particulate matter and nutrient 
depletion is slightly higher in the homogenous WW 
(about 40%) than in MW (about 25 %), due in part to 
differences in the ratios PON : chl a and POC : PON. 

The calculated silicate deficit was about 570 mm01 
m-' (Table 3). The GSi(OH),:GTIC estimated by aver- 
age anomalies (5?0/2100) is about 0.27, and that 
obtained by regression of integrated anomalies (Fig. 4) 
is 0.26 * 0.04 (r = 0.73, n = 22), within the ranges of Si:C 
ratios given by Nelson et al. (1989) and Treguer et al. 
(1988) for southern seas. Although we did not measure 
biogenic silica, it can be estimated by using the 
obtained Si:C ratio. This estimation yielded a concen- 
tration of biogenic silica of 202 mm01 m-', which is 
very close to the 200 mm01 m-'reported by Nelson et 
al. (1989) in a 150 m water column in the Weddell Sea 
close to the Marginal Ice Zone (MIZ) during March 
1986. The regression between silicate depletion and 
chl a gives a slope of 4.5 * 0.5 (r = 0.5). Nelson et 
al. (1987) reported similar values of 4.15 for the 
si1ica:chlorophyll ratio in particulate matter. 

Fig. 6 shows the relationship between integrated 
NO3- + NO2- and 0 2  data published by Alvarez (1989) 
for samples obtained during the ANTARTIDA 8611 
expedition carried out in January 1987 in the same 
area, but when the ice-edge was located further to 
the south and the pack-ice melting had finished. Ni- 
trate concentrations were lower than those observed 
here, while the oxygen gradient was slightly greater. 
In the same figure, a line representing the theoretical 
oxygen was drawn taking into account the average 
value of nitrate and oxygen of W located between 
150 and 250 m depth during the same cruise. When 
the observed oxygen concentration were close to 
saturation, oxygen concentrations were lower than 
those estimated from nitrate values. However, oxygen 
values found during the BIOMASS IV and ANTAR- 
TIDA 861 1 cruises rarely exceed saturation values 
(Foster & Carmack 1976). The lowest nitrate concen- 
tration was found at the surface during both cruises 
and was associated with oxygen values close to satu- 
ration. Average anomalies of nitrate and oxygen in 
the upper 150 m water column calculated from Al- 

4 40 

'ANTARTIDA 861 1 ' 
Jan 1987 

Fig. 6. Relation between integrated average nitrates and dis- 
solved oxygen (in pM) in samples from the Orkney Island 
area (Alvarez 1989). (-) Reference line taking into account 
the nitrate of intermediate Water (150 to 250 m) and stoichio- 

metric slope; (- - -) oxygen saturation for salinity of 34% 

varez's data gives an average nitrate deficit of 4.2 PM 
(630 mm01 m-2) and a 23% oxygen loss with regard 
to the oxygen potentially produced by the consump- 
tion of nitrate. 

Considering the stoichiometric ratios obtained here 
(Table 2), the pattern showed by the deficits of NO3, 
TIC and Si(OH), and the increase in O2 are in close 
agreement (Table 3) yielding the same primary pro- 
duction estimates. The potential primary production 
rates estimated from these average nutrient deficits 
was about 34 g C m-' when pack-ice of 1 m depth was 
melted. Taking into account an average depth of pack- 
ice of 1.6 * 0.5 m (Sullivan et al. 1988), a production of 
54 g C m-2 results due to the melting of pack-ice when 
the ice-edge retreats. These results are in agreement 
with those calculated here using data from the 
ANTARTIDA 861 1 expedition (Alvarez 1989). 

DISCUSSION 

Deficits of NO3, TIC and Si(OH), along with O2 
increases in the MIZ reflect an intense biological activ- 
ity which takes place over the same time scale as pack- 



Mar. Ecol. Prog. Ser. 112: 143-153, 1994 

ice melting. The ratios between the deficits of the dif- 
ferent nutrients and the increases in oxygen allow us to 
estimate the averaged stoichiometric equation of the 
synthesis of organic matter. This equation is similar to 
that given by previous authors (Takahashi et al. 1985, 
Rios et al. 1989) suggesting that the origin of the 
observed nutrient deficits derives from the synthesis of 
organic matter. 

Our observations show that increasing stability due 
to ice melting gives rise to higher nutrient removal 
associated with moderate accumulation of phytoplank- 
ton biomass as has been previously reported (El-Sayed 
& Taguchi 1981, Holm-Hansen 1985, Bennekom et al. 
1989). In addition, we found 4 results of relevance: 
(1) the 2 water masses observed near the pack-ice 
(MW and WW) had the same origin, MW being a mod- 
ification of WW by dilution with melt-water; (2) high 
linear correlations between nutrient distributions and 
salinity were observed; (3) the observed oxygen values 
were rarely higher than saturation, when high nutrient 
depletion occurs; and (4) the ratio FTIC: &NO3 is close 
to the C:N ratio found in the sampled algae in the 
pack-ice, which is significantly higher than those 
found in the water column. 

The exact location where the nutrients are taken up 
by phytoplankton is difficult to assess given their 
quasi-conservative behaviour. If nutrients were de- 
pleted in the water column as in saline frontal systems 
of temperate regions, a deep oxygen and chl a maxi- 
mum should be generated and, as a consequence, the 
distributions of nutrients and oxygen would not be cor- 
related with salinity. If the chlorophyll distribution 
would show moderate correlation with salinity as is the 
case here, nutrient uptake might be linearly related to 
saline variability and, therefore, a nutrient pattern like 
the one described here would be likely to occur. How- 
ever, this possible model would not explain results (3) 
and (4). 

An alternative model would be that nutrient deple- 
tion in the pack-ice occurs on similar time scales as the 
melting process. This possibility would explain the 
high linear correlation observed between nutrients 
and salinity, resulting from nutrient decreases gener- 
ated in the pack-ice. Therefore, the fact that photo- 
synthetic activity was taking place close to the atmos- 
phere-water boundary would explain the oxygen 
losses from the seawater when their values were close 
to saturation and, also, the agreement in the C:N ratio 
in nutrient depletions and ice-biomass. 

This last model would mean that a large part of nutri- 
ent consumption had been carried out by the high bio- 
mass of algae associated with ice during the spring 
(Ackley et al. 1979, Palrnisano & Sullivan 1983, Garri- 
son et al. 1989) over temporal and spatial scales close 
to the process of ice melting, or alternatively, by ice 
algae released to the water after melting. Recently, 
Arrigo et al. (1993) have shown very high values 
of chlorophyll in the thick platelet layer (between 
280 and 1090 mg m-*) in McMurdo Sound between the 
end of October to the beginning of December, with a 
strong increase of algal biomass occurring in the last 
fortnight of November. In addition, Prego (1991) 
reported values of total organic carbon (TOC) in the 
MW which were 3 times higher than those measured in 
WW. High values of TOC in MW (>l50 pM) would 
result from processes of degradation and/or exudation 
of POC associated with an important pool of biomass. It 
does not appear to be possible that the phytoplankton 
present exclusively in the water column could account 
for these high TOC levels, but that ice-algae are most 
likely to be responsible for this release of TOC. 

The average primary production estimated for the 
MIZ was approximately 54 g C m-'. This result is sim- 
ilar regardless of whether NO3, TIC, Si(OH)., or O2 
anomalies are used for the calculations, and is also sim- 
ilar to values estimated with data from the ANTAR- 

Table 4. Mean values of selected phytoplankton biomass in 3 marginal ice zones of the Southern Ocean 

Region Chl a POC PON C : c h l a  C:N Source 
( 9  m - 7  (pm01 kg-') (g  g-l)  (m01 mo1-') 

Weddell (Feb-Mar 1977) 
North and Central 
Southern 

Weddell-Scoha (Nov 1983) 

Western Ross (Jan-Feb 1983) 

West Weddell (Mar 1986) 

Indian Sector (Jan-Feb 1984) 

Weddell (1989) 
Melting Water 
Weddell Water 

El-Sayed & Taguchi (1981) 

Nelson et al. (1987) 

Nelson & Smith (1986) 

Nelson et al. (1989) 

Treguer et al. (1988) 

Thls study 
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TIDA 8611 cruise. Jennings et al. (1984), estimating 
primary production using a similar method similarly 
based on nutrient depletion, reported that, during a 
period of 60 to 90 d, nutrients decreased by 300,27 and 
850 mm01 m-2 for NO3, PO,H and Si(OH), respectively 
in the Weddell Sea. The decrease in NO3 coincided 
with that obtained here, while the silicate decrease 
was 33 % lower. 

Assuming a mean gross productivity of about 1.5 g C 
g-' chl a h-' for the phytoplankton in Antarctic open 
water (Holm-Hansen 1985, Lancelot & Mathot 1989, 
Figueiras et al. 1994), and a phytoplankton biomass 
given by the average measured chl a (75 mg chl a m-'), 
the carbon take up in the water column was estimated 
to be 112 g C m-* yr-l. Then, the production calculated 
by nutrient depletion in the MIZ due to ice melting 
represents half of that value, as was found in the global 
estimate by Smith & Nelson (1986). 

In the Weddell Sea, Smith & Nelson (1990) calcu- 
lated new production in the MIZ to be ca 49 g C m-' 
yr-l from November to March. Since estimated nitrate 
depletion represents integrated new production, the 
MIZ must be considered an important area for new 
production (Smith 1991). 

The amounts of particulate matter and the ratios 
between the concentrations of chl a, POC and PON are 
closely related to the physical environment. The low 
C:chl a and C:N ratios in MW suggest that environ- 
mental conditions were physiologically favorable for 
phytoplankton growth or that bacterial biomass made 
up a significant fraction of the total particulate mater- 
ial. El Sayed & Taguchi (1981) found a very similar pat- 
tern in 2 regions of the Weddell Sea with different 
hydrographic characteristics. They found different 
C:N and C:chl a ratios for 2 regions with different 
depth of the euphotic zone (Table 4). In areas with 
shallower euphotic zones (20 m), the C : chl a and C:N 
ratios were 35 and 7, respectively, whereas in areas 
with a thicker euphotic layer (57 m), these ratios were 
416 and 9.1. 

More recently Nelson et al. (1987), studying particu- 
late matter in this area close to the MIZ in spring, 
found similar results to those shown here in an MW 
lens, although their C:N ratios were higher (Table 4). 
By the end of summer in the MIZ situated in the west- 
ern Weddell Sea, Nelson et al. (1989) reported POC, 
PON and chl a values similar to those found in the bod- 
ies of water characterized as WW. In the MIZ of the 
Ross Sea, Nelson & Smith (1986) obtained low C:N 
ratios, which are slightly higher than those shown 
here. The ratio between depleted Si(OH), and NO3 
obtained here (2.9 * 0.5, r = 0.60) is similar to those 
obtained by Le Jehan & Treguer (1983) in the Indian 
Sector (0.8 to 4). The values of the ratio between 
depleted Si(OH)4 and TIC (0.26) could be compared to 

the biogenic Si:C ratio. In the Indian Sector Treguer et 
al. (1988) show a biogenic Si:C of 0.19, while in the 
Weddell Sea during spring, Nelson et al. (1987) 
obtained a ratio of 0.13. During late summer in the 
Weddell Sea, Nelson et al. (1989) reported a Si:C ratio 
about 0.51. 

These results indicate that 2 different environments 
exist close to the MIZ. These environments have dif- 
fering physico-chemical characteristics and a distinc- 
tive chemical composition of particulate matter, shap- 
ing a small-scale structure similar to those described 
by Sullivan et al. (1988) from satellite imagery. The 
strong photosynthetic activity measured in regions 
influenced by ice melting characterized the distribu- 
tion of nutrients and oxygen, making up an important 
fraction of the primary production in the MIZ. This pro- 
duction represents a large fraction of the new produc- 
tion generated in the area, and occurs over similar spa- 
tial and temporal scales as the process of ice melting. 
The high levels of TOC (Prego 1991) and the large 
proportion of non-photosynthetic particulate material 
in the water column suggest the predominance of het- 
erotrophic activity in the water column. 
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