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The silica cycle in the Antarctic Ocean: 
is the Weddell Sea atypical? 

Aude Leynaert l ,  David M. ~ e l s o n ~ ,  Bernard Queguinerl, Paul ~reguer '  

'URA CNRS 1513, Institut d'Etudes Marines, BP 452, F-29275 Brest Cedex, France 
'College of Oceanography. Oregon State University, Corvallis, Oregon 97331-5503. USA 

ABSTRACT: The lowest biogenic silica production rates in the Southern Ocean (average of 2.59 mm01 
Si m-2 d-l) have been recorded in an area of heavy ice cover along a transect through the Weddell Sea 
from Joinville Island to Cap Norvegia (November-December 1990). The associated biomass was also 
very low (concentrations 50.6 pm01 1 - I  for biogenic silica and S0.8 pg I-' for chlorophyll a ) .  Based upon 
these direct measurements of biogenic silica production rates and other data available from the mar- 
ginal ice zone and open ocean areas, we estimated the annual production of biogenlc silica in the 
northern Weddell Sea to be 810 to 870 rnrnol m-2 yrrl. Thls leads to a revised estimate of the total annual 
biogenic sdxa  production in the Southern Ocean of between 11 and 32 Tmol Si yr-l. Comparing our 
annual production estimate to previous estimates of vertical flux of opal in the Weddell Sea, we 
conclude that no more than 1 % of the silica produced annually by phytoplankton in the upper water 
column reaches a depth of 800 m. This is consistent with the general distribution of high accumulation 
rates of opal in Southern Ocean sedirnents which evidence an unexplained gap in the Weddell Sea. 
Thus, regarding the cycling of biogenic s h c a  in the Southern Ocean, the Weddell Sea appears to be 
atypical. 

INTRODUCTION 

The major role of the Southern Ocean in the global 
production of biogenic silica (BSi) has been empha- 
sized by many studies (review in Treguer & van 
Bennekom 1991). Recently Treguer & van Bennekom 
(1991) gave an estimate of 50 Tmol Si yr-' for the total 
annual production of BSi in the Southern Ocean, but 
large uncertainties remain mostly because of impreci- 
sions in the estimates for several of the major subsys- 
tems that have been identified in this area (Treguer & 
Jacques 1992). 

Much attention has been given to the silica cycle of 
the seasonal ice zone (SIZ) especially in the Weddell 
Sea. BSi standing stocks in that system have been 
reported for winter (Cota et al. 1992), spring (Nelson et 
al. 1987, Leynaert et al. 1991, Qukguiner et al. 1991, 
Treguer et al. 1991), and late summer (Nelson et al. 
1989). Direct measurements of BSi production rates in 
the Weddell Sea have been reported only for spring 
(Queguiner et al. 1991, Treguer et al. 1991). However 2 
indirect estimates of seasonal BSi production have 

been calculated. By assuming interannual differences 
in winter nutrient distribution to be minimal, Jennings 
et al. (1984) estimated the average net production rate 
to be about 12 mm01 Si m-2 d-' for a 60 to 90 d period, 
from the depletion of shcic acid in the surface layer of 
the eastern Weddell Sea (along the Greenwich merid- 
ian) from winter to spring. Treguer & van Bennekom 
(1991) estimated the mean silica production rate in 
summer (November-April) to be about 7 mm01 Si m-2 
d-' in the South Scotia area and at the Weddell-Scotia 
Confluence, based upon 14C production rates and 
BSi/POC (particulate organic carbon) ratios. 

Indirect methods cannot give more than approxi- 
mate values for 2 reasons. First, large spatial and tem- 
poral variations have been shown for BSi/POC ratios in 
the Weddell Sea (range: 0.01 to 1.00 by moles; TrCguer 
et al. 1990, 1991, Leynaert et al. 1991, with the maxi- 
mum values corresponding to phytoplankton blooms 
dominated by highly silicified diatoms). Second, the 
exact duration of the different phases of the phyto- 
plankton growth is not easy to determine and this 
could lead to substantial errors in seasonal production 
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estimates. Thus, improved estimates of the annual BSI 
production for the Weddell Sea, the Southern Ocean or 
the world ocean require data based on direct measure- 
ments in the identifiable major subsystems, made dur- 
ing different seasons, and an improved understanding 
of how BSI production is related quantitatively to pri- 
mary productivity, phytoplankton species composition 
and food-web dynamics. 

The aims of this paper are: (1) to report standing 
stocks and production rates of biogenic silica and 
organic carbon in the Weddell Sea (along a transect 
from Joinville Island to Cap Norvegia; Fig. 1) for a pre- 
spring situation (i.e. in waters with significant ice cover 
during a period of ice retreat); (2) to explain the large 
seasonal variations of BSi/POC ratios reported both for 
standing stocks and for production rates, in relation to 
phytoplankton growth, species composition and activ- 
ity of the second trophic level; (3) to derive a new esti- 
mate ol ihe arlnual biogenic silica production in the 
Weddell Sea; and (4) to propose a new silica budget for 
the Southern Ocean based on our Weddell Sea data 
and estimates from other Antarctic and subantarctic 
systems. 

METHODS 

All data were collected during the ANT IX-2 cruise 
aboard RV 'Polarstern' between 22 November and 
20 December 1990. One transect (Fig. 1) was con- 
ducted across the Weddell Sea, from Joinville Island 
(63" 12' S, 53" 41' W) to Cap Norvegia (71" 06' S, 
11" 23' W). Eleven stations were sampled for biogeo- 
chemical measurements, of which only the first and the 
last were in open water. At each station, vertical pro- 
files of temperature and salinity were obtained using a 
Neil Brown Mark IIIB CTD. Seawater samples were 

collected in rosette-mounted, 12 1 Niskin bottles from 
11 depths between the surface and 400 m to determine 
nutrient concentrations (silicate, nitrate, nitrite, ammo- 
nium, phosphate), chlorophyll a (chl a), POC, particu- 
late organic nitrogen (PON), and BSI. For production 
experiments sampling depths were determined with 
reference to vertical irradiance profiles (respectively 
100, 25. 10, 3, 1 and 0.1 % of surface incident light 
measured as photosynthetically available radiation 
(PAR) at wavelengths from 400 to 700 nm using a LI- 
COR 92SB quantameter). 

Nutrient analyses were performed immediately after 
collection, using the Alpkem RFA-300 continuous flow 
analysis system (Alpkem Corp. 1986). For chl a deter- 
mination~ 500 m1 were filtered onto Whatman GF/F 
filters, and immediately frozen on board at -20 "C. Fur- 
ther analyses were performed at the Institut dlEtudes 
Marines (Brest, France), using a fluorometric method 
(Neveux 1975). At each station, Lugol's-preserved sam- 
ples were obtained from surface water for phytoplank- 
ton species identification and counting (Utermohl1931). 

POC and PON concentrations were measured by fil- 
tering 2.5 1 through 25 mm precombusted Whatman 
GF/F filters. Each filter was dried at 60°C for 12 h and 
stored at -20°C in glass vials. They were analysed 
using the combustion method of Strickland & Parsons 
(1972) with a modfied Carlo Erba analyser, model 
NI500 (blank = 0.1 pm01 1-' for C and < 0.02 pm01 1-' 
for N).  BSi was collected by filtering 2.5 1 of seawater 
through a 47 mm Nuclepore membrane (0.4 pm pore 
size); each filter was dried at 60°C for 12 h and stored 
in a polystyrene petri dish. BSI was determined using 
the NaOH digestion method (Paasche 1973) as modi- 
fied by Nelson et al. (1989). 

Production experiments were carried out under 
natural daylight conditions using a transparent Plexi- 
glas incubator maintained at sea-surface temperature 
(+ 1 "C) by a continous flow of surface seawater. In situ 
light conditions were simulated by using neutral den- 

-50' sity nickel screens (100, 25, 10, 3, 1 and 0.1 % of sur- 
face light). For carbon production experiments, 300 m1 

-55' seawater collected in polycarbonate bottles was inocu- 
lated with 20 pCi (740 kBq) of NaH14C03. After 24 h in- 

-60' cubation, samples were filtered onto Whatman GF/F 
filters which were placed into scintillation vials. After 

-65' addition of ACF Amersham scintillation cocktail, 
counting was done on board using a Packard 1600 TR 
scintillation counter. 

-70' For silica production experiments, 1.0 1 of seawater 
from each depth was drawn into a polycarbonate incu- 
bation bottle covered with neutral density screen to 

-75' simulate the irradiance at the depth from which it had 
-80' -70' -60- -50' -40' -30' -20' -10' 0' 10' been collected. Samples from most stations were 

~ i ~ .  1, position of the biological stations during ANT I X / ~  enriched with 13 m1 of 3 0 ~ i  tracer solution (93.5 %, 
cruise (Nov-Dec 1990) 1.5 mM). For Stns B4, B5 & B6, 2 9 ~ i  (95.6%, 1.45 mM) 



Leynaert et a1 . Silica cycle in the Antarctic Ocean 3 

Table 1 .  Bottom and photlc depth (0.1 % of surface irradiance), hydrological parameters, and nutnent concentrations in surface 
waters for b~ological stations studied during the ANT IX/2 cruise 

Stn Bottom Ice cover Photic depth Temperature Salinity 
(m) (0-10) (m) ("C) (PSU) 

p04 Si(OH)( NO3 WH.1 
(PM) (PM) (PM) (PM) 

2 05 72.4 29 5 0 28 
2.10 81 .5  31 .3  0 06 
2 06 80  2 29.6 0 15  
2 01 77 8 28 8 0 14 
2 03 73.1 27.6 0 14 
1 85  73.2 28 1 0.18 
1.12 61.1 30.0 0 09 
2.08 61.2 30.2 0 19 
2.08 62.5 30.5 0.15 
1.98 72.3 28.7 0 15  

was used. After the 24 h incubation period, each sam- 
ple was filtered through a 0.4 pm Nuclepore filter, 
dried at 60°C and stored in a polystyrene petri dish. 
The silicon isotope analysis was performed on a mass 
spectrometer (Nuclide Corp. Model 3-60) as described 
by Nelson & Brzezinski (1990). The analytical uncer- 
tainty (AV) of the specific uptake rate ( V )  is estimated 
as: 

where 3 0 ~ r  = atom % 30Si of the final particulate shcon;  
3 0 ~ ,  = atom % 30Si of natural silicon; 30A, = initial atom 
30Si of the total (ambient plus labeled) silicic acid pool; 
t = duration of the incubation (h). 

Repetitive analysis of isotopic standards on our in- 
struments indicates that the mass spectrometry deter- 
mination of 3 0 ~ f  and 3 0 ~ n  is accurate to within * 0.03 
atom %. Time was always measured to within 1 %. The 
accuracy of the calculated 3 0 ~ ,  depends on that of the 
measured volume, concentration and isotopic composi- 
tion of the tracer solution, the volume of the sample 
and the ambient silicate concentration (Nelson & 
Goering 1977). For these samples the accumulated un- 
certainty in 3 0 ~ ,  is 5 4  %. Eq. 1 shows that the uncer- 
tainty in V is 5 11 % when ( 3 0 ~ f  - 3 0 ~ n )  is 21.0 atom %. 

RESULTS 

Ice coverage, hydrographic and chemical conditions 

For most stations, ice coverage ranged between 6 
and 9/10 (Table 1). There was open water at Stn B1 
situated at the western end of the transect near 
Joinville Island (Antarctic Peninsula), Stn B10 at the 

eastern end of the transect, close to Cap Norvegia 
and Stn B11, north from Stn B10. Stns B1 & B10 are 
coastal stations (bottom depths are 405 and 480 m 
respectively). Stn B11 is a typical oceanic station 
(bottom depth 4247 m),  situated in the seasonal ice 
zone. 

Distributions of temperature, salinity and silicic acid 
in the upper 500 m are presented in Fig. 2a to c. We 
found: 

(a) The Winter Water (Carmack & Foster 1975) 
in the surface layer throughout the whole area (WW: 
-1.84"C, 34.4 PSU), with silicic acid, nitrate and phos- 
phate concentrations ranging from 61 to 80, 27.6 to 
31.3, and 1.85 to 2.12 pM respectively (Table 1). The 
general domed structure of the isolines shown in 
Fig. 2 can be explained by the anticyclonic circula- 
tion of the Weddell gyre (Fahrbach et al. 1991), which 
is associated with an upwelling trend in the central 
zone (Stns B5 & B6). There was no homogeneous 
mixed layer from Stns B2 to B9; this differs from 
the mid-winter situation (e.g. Muench 1990). As the 
winter water is progressively subjected to seasonal 
warming its characteristics change slightly; by late 
November it had become warmer (from -1.8 to 
-1.6"C) and fresher (from 34.4 to 34.3 PSU) due to ice 
and snow melting. However, at the western and east- 
ern boundaries of the transect intense vertical mixing 
caused nearly vertical isolines of temperature and 
nutrients (Fig. 2a, c). 

(b) The Warm Deep Water (Foster & Carmack 1976) 
is characterized by a salinity maximum of 34.7 PSU and 
a temperature maximum of 0.8"C (at 150 m depth) in 
the eastern part of the transect and 0.4 "C in the west 
(G. Rohardt unpubl.), evidencing the inflow of the 
Weddell gyre in the east and the outflow in the west. In 
that water mass, nutnent concentrations were higher, 
reaching 110 FM for Si(OH),, 33.8 pM for NO3 and 
2.34 pM for PO, (at 150 m depth). 
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Biomass distribution (chl a, BSi, POC, PON) 

Generally speaking, similar distributions were ob- 
served for chl a, BSI, POC and PON, although the 
maxima did not coincide for chl a, as compared with 
the other parameters (Fig. 3). Phytoplankton biomass 
(as indicated by chl a and BSi; see also phytoplankton 
cell counts, Table 2) was very low and we did not 
encounter anythng that could be characterized as a 
spring bloom. Stns B1 & B1 1, which had characteristics 
significantly different from the others, showed a situa- 
tion more advanced in the season with higher biomass: 
BSi concentrations at the surface were 0.47 pm01 1-' 
at Stn B1 and 0.58 pm01 1-' at Stn B11 (not shown in 
Fig. 3), i.e. 3 to 5 times those at the other stations. In the 
same way, POC and PON reached their maximum 
values at the coastal station (Bl):  8.40 and 0.80 pmoll-' 
respectively. Chl a concentrations were also relatively 
high, reaching 0.64 pg 1-' at Stn B1. The general bio- 
mass distribution in this portion of the Weddell Sea ap- 
pears to have been almost symmetrical about the cen- 
ter of the gyre, situated around Stn B5. Concentrations 
of suspended particulate matter increased from the 
periphery to the center, where a chl a maximum was 
encountered (0.76 pg 1-l) together with BSI concentra- 
tions higher than in the surrounding waters. 
Elsewhere, biomass was very low, <0.2 pm01 I- '  for BSi 
and ~ 0 . 1 4  pg 1-' for chl a. Surface POC and PON 
values also increased toward the center, ranging from 
3.02 to 5.08 pm01 1-' for POC and from 0.33 to 
0.61 pm01 1-' for PON (average: 4.43 and 0.49 pm01 1-' 
respectively). These concentrations are very similar to 
those found previously in the Weddell Sea marginal ice 
zone in winter (Cota et al. 1992). All biomass 
parameters (chl a, BSi, POC and PON) typically 
decreased with depth within the photic zone, except 
at the boundaries where vertical mixing resulted in 
nearly uniform concentrations. 

Phytoplankton cell numbers at 10 m depth were in 
the order of 105 cells 1-' (Table 2). The specific diversity 
(Frontier 1969) was high: H= 3.25 f 0.25, suggesting a 

Table 2. Cell counts (cells 1-') In surface water samples from 6 sl 
nd: not determined 

Stn Nanophyto- mcrophyto- % empty % dlatoms of 
plankton plankton frustules of total rnicro- 

total &atoms phytoplankton 

B 1 2.54 X 105 1.75 X 104 nd 94 
B5 3.29 X 105 1.83 X 104 nd 83  
B6 2.27 X 105 1.50 X 104 37 7 8 
B9 2.22 X 105 1.02 X 10" 40 82 
B10 6.78 X 104 2.80 X 103 49 56 
B11 1.68 X 105 2.68 X 104 43 4 9 

population in a growing stage. Phytoplankton assem- 
blages in all regions were dominated in number by 
small autotrophic nanoflagellates (Table 2). Micro- 
phytoplankton (20 to 200 pm) was dominated by small 
diatoms and Nitzschia curta was the most representa- 
tive species. For example, at Stn B6, the cell densities 
were 6880, 1200 and 1200 cells 1-' for N. curta, N. 
longissima and N. kerguelensis respectively. However, 
a large amount of empty frustules (also dominated by 
N. curta) were observed, suggesting the important in- 
fluence of biogenic matter released by melting ice and 
its role in seeding the water column (Lancelot et al. 
1991). 

Production of organic carbon and biogenic silica 

We encountered a pre-spring biological situation 
confirmed by low rates of primary productivity. The 
photic layer (depth of 0.1 % of surface irradiance) was 
very deep and displayed a large range of variations, 
from 52 to 158 m depth (Table 1).  The photoperiod 
ranged from 20 h for the northern stations to 24 h for 
the southern ones. Vertical profiles of production rates 
usually Wfered for carbon and biogenic sihca (Fig. 4). 
Unlike the rate of photosynthetic carbon production 
which is strongly light-dependent, as evidenced by the 
rapid decrease with depth (Figs. 4 & 5a), the rate of 
BSi production was much more uniform in the water 
column (Figs. 4 & 5b).  As was the case for biomass 
distributions, higher rates of BSi production were 
encountered in open waters where they reached 0.09 
and 0.05 pm01 Si 1-' d-' (Stns B1 & B11). Carbon 
primary production rates were also relatively high in 
these waters reaching 0.50 pm01 C 1-' d-' at Stn B11 
(Fig. 5). 

Along the transect, a slight but noticeable increase in 
carbon and silica production rates was evident toward 
the center of the transect as shown by Fig. 5a, b. These 
rates ranged from 0.15 to 0.54 pmol C 1-' d-l, and from 
0.017 to 0.039 pm01 Si 1-' d-' respectively, with maxi- 

mum values being reached at Stn B5 for carbon 
and at Stn B6 for sihca. 

tahons. Integrated vertically for the photic zone, bio- 
genic silica and carbon production rates show 
little spatial variabhty (Table 3). The inte- 
grated BSI production rates are the lowest ever 
reported for the Southern Ocean, averaging 
about 30% lower than those obtained by 
Nelson & Gordon (1982) in the Antarctic 
Circumpolar Current (ACC) in very early 
spring, whereas those of carbon are compara- 
ble to those from Treguer et al. (unpubl.) in 
autumn in the SIZ of the Weddell Scotia Sea. 
Carbon production rates were 3 to 10 times 
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Fig. 4. Vertical profiles of biogenic silica production (PBSi) 
and carbon primary production rates (PPC) at Stns B10 & B11 

higher than those observed in the Weddell Sea in win- 
ter (Cota et al. 1992). 

Stn B10, located in a narrow polynya, has a very 
deep photic zone (158 m) and is of particular interest: 
although very low biomass concentrations were found 

150 - ( b l  PBSi nmol I" d-' 
m I I I 

500 1000 1500 km 

150- 
m 

Fig. 5. Distribuhon of biogenic shca  production (PBSi) and 
carbon primary production rates (PPC) in the photic layer, 
along a transect across the Weddell Sea during ANT IW2 

cruise 

-1 1 
(a] PPC ymol I d- 

I I r 

Table 3. Vertically integrated (in the photic depth) rates of 
biogenic s~llca production (PBSi) and carbon production 
(PPC). Specific growth rates are calculated as: 

p = log [(BSi + PBSi)/BSi] X l / t  X l /log (2) 

500 1000 l500 km 

Stn PBSi P PPC 
(mmol m-2 d-') (db d-l) (mmol m-2 d-l) 

B2 2.31 0.25 13.95 
B3 2.06 0.29 13.13 
B4 2.59 0.28 17.35 
B5 2.91 0.28 22.00 
B6 2.84 0.24 18.12 
B8 2.75 0.19 17.25 
B9 2.69 0.18 20.05 
B10 3.18 0.24 15.20 
B11 1.97 0.12 10.05 

Mean 2.59 0.23 16.34 
SD 0.38 0.05 3.46 

and the lowest production rates of the cruise reported 
(0.15 pm01 C 1-I d-' and 0.017 pm01 Si 1-' d-l, at 0 m) 
the magnitude of the production rates, when inte- 
grated to the photic layer, was similar to those at the 
other stations. This suggests that deeper mixing causes 
a dilution of phytoplankton biomass by mixing it more 
evenly through the upper water column, with rela- 
tively little effect on the integrated productivity, as 
suggested by Wilson et al. (1986) for the Ross Sea. We 
observed an abundance of algae in the brown ice at 
this station, suggesting a very pre-bloom situation in 
which most of the autotrophic biomass and productiv- 
ity are located in the ice rather than in the water. 

The measured rates of biogenic silica production per 
unit of biomass indicate growth rates ranging from 
0.12 to 0.29 doublings d-' for the diatom assemblage 
(Table 3). The overall mean division rate of 0.23, al- 
though significantly lower than the maximum division 
rate to be expected at -2°C (ca 0.7 doublings d-'; 
Eppley 1972), is in good agreement with previous esti- 
mates reported from ice-edge phytoplankton blooms 
in the Ross Sea (Nelson & Smith 1986, Nelson et al. 
1991) and in the Weddell Sea (Queguiner et al. 1991). 
We are aware of the potential inaccuracies and biases 
introduced by this procedure, but it does provide a 
means by which growth rates can be compared within 
the bloom. Underestimates of growth rates will occur if 
significant amounts of detrital silica are present. 

DISCUSSION 

Chemical composition of particulate organic matter 

In early spring the particulate organic matter was 
characterized by especially high POC/chl a ratios, 
ranging from 73 to 823 (g/g) in the photic layer, the 
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lowest values being found in the center of the gyre. 
The overall mean of 370 suggests that micro- 
heterotrophs and detritus comprised a significant frac- 
tion of the particulate organic material (Banse 1977). 
Previous studies have also reported large ranges of 
variations for POC/chl a ratios for Antarctic particulate 
matter, from 31.8 in a spring bloom (Nelson et al. 1987) 
to 530 in mid-winter (Cota et al. 1992). 

The mean POC/PON mole ratio was 8.2 f 0.6 (Fig. 6), 
which is somewhat higher than the typical value of 6.6 
found by Redfield et al. (1963). It is considerably lower 
than the ratio of 10.2 reported by Cota et al. (1992) for 
the Weddell Sea marginal ice zone in winter and 
comparable to that measured by von Bodungen et al. 
(1986) for the photic zone of the marginal ice zone of 
the Antarctic Peninsula in spring. 

BSi/POC mole ratios reached 0.1 in the upper layer 
at Stns B1 (coastal station) and B11 (open water) but 
were ~ 0 . 0 6  eisewhere. There is no evidence that the 
BSi/POC ratio changed systematically with depth; val- 
ues were very uniform through the water column and 
showed little variability throughout the transect. Ratios 
of vertically integrated BSi to vertically integrated 
POC in the photic layer (Table 4) ranged between 0.02 
and 0.06, with a mean of 0.04. They are in the same 
range as those reported by Cota et al. (1992) who 
found a mean BSUPOC ratio of 0.05 in the marginal ice 
zone of the Weddell Sea in winter. This value is lower 
than any BSUPOC ratio reported for productive sea- 
sons in the Southern Ocean (e.g. Nelson & Smith 1986, 
Nelson et al. 1987, 1989, Leynaert et al. 1991). Low 
BSUPOC ratios reflect the importance of non-siliceous 
phytoplankton (Table 2) and the presence of non- 
siliceous microheterotrophs in suspended matter, as 
evidenced by the high POC/chl a ratios. 

- 1 
PON (pm01 l ) 

Fig. 6. Particulate organic carbon (POC, pm01 I-') versus 
particulate organlc nitrogen (PON, km01 1-l). Regression line 

(see text) 

Table 4 Biogenic shca  and particulate organlc carbon: com- 
parison of biomasses (BSiIPOC) and producbon (PBSdPPC) 

molar ratios. nd: not determined 

S tns BSdPOC PBSi/PPC 

B1 0.05 nd 
B2 0.03 0.17 
B3 0.04 0.16 
B4 0.04 0.15 
B5 0.04 0.13 
B6 0.04 0.16 
B8 0.03 0.16 
B9 0.04 0.13 
B10 0.02 0.21 
B11 0.06 0.20 

Mean 0.04 0.16 
SD 0.01 0.03 

The ratio of BSI production to carbon production 
(PBSUPPC) was significantly higher than that for 
standing stock (Table 4). Large variations in BSi/POC 
ratios for both standing stocks and primary production 
have been reported in the Antarctic ecosystems 
(Nelson & Smith 1986, Treguer et al. 1991). To interpret 
these variations, we advance the following hypothesis: 

During winter, phytoplankton is dominated by non- 
siliceous species, such as small autotrophic nanoflagel- 
lates (Nothig et al. 1991). Si/C ratios are low (generally 
<0.06; Cota et al. 1992). In early spring, ice melting en- 
hances water-column stability and releases ice algae, 
some of which survive in the water column (Garrison et 
al. 1987) and could act as an efficient inoculum to initi- 
ate a phytoplankton bloom (Lancelot et al. 1991). But 
since water-column biomass is still low, SUC biomass 
ratio is largely influenced by the biogenic matter 
released from the melting ice, and a large range of 
variations has been observed: 0.04 to 0.46 (Leynaert 
unpubl.). This could reflect variations in taxonomic 
composition of epontic algae or their physiological 
state (release of dead or senescent phytoplankton). As 
the phytoplankton bloom develops, Si/C production 
ratios increase (Nelson & Smith 1986, Treguer et al. 
1991, this study) and become >0.13, the average found 
by Brezinski (1985) for diatoms in culture grown in 
nutrient-replete conditions, indicating a shift toward 
an actively growing, mostly siliceous population. 
Epontic algae, such as Nitzschia spp., often proliferate 
(Smith & Nelson 1985, Wilson et al. 1986, thls study). 

Then during spring, ecological succession usually 
leads to a dominance of highly silicified diatoms 
( Chaetoceros neglecturn, Corethron cnophilurn, 
Thalassiosira gravida, with mean size > 10 pm; Jacques 
& Panouse 1991). This step of phytoplankton succes- 
sion corresponds to maximum values of Si/C ratios. 
Mean values reaching 0.65 for biomass and 0.57 for 
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production have been encountered in the western Ross 
Sea during a diatom-dominated ice edge bloom (Nel- 
son & Smith 1986, Nelson et al. 1987). 

In the final step of the succession, we can distinguish 
2 different cases: 

(a) Intense grazing (Weddell Sea): due to selective 
feeding by krill on larger cells (Quentin & Ross 1985), 
large diatoms are preferentially eaten and biogenic 
silica is rapidly exported to depth via fecal pellets. 
Heavy grazing pressure may cause the decline of the 
bloom and a shift in the species composition of phyto- 
plankton from a diatom-dominated to a nanoflagellate- 
dominated community (Jacques & Panouse 1991). Si/C 
ratios diminish. This situation has been clearly ob- 
served during Epos2, where the Si/C biomass ratio fell 
from 0.30 to 0.17 (Leynaert et al. unpubl.) after intense 
grazing by krill. Cryptophyceans, prymnesiophytes, 
naked flagellates, green flagellates and small diatoms 
were identified and 78 % of the total silicic uptake rate 
was in the < 10 pm fraction of suspended matter, indi- 
cating that only small diatoms were allowed to remain 
abundant (Jacques & Panouse 1991). 

(b) Low grazing pressure (Ross Sea): low zooplank- 
ton stocks allow large phytoplankton blooms with very 
high BSi levels (up to 40 pm01 Si 1-'; Nelson & Smith 
1986). Because of micronutrient limitation (Martin et 
al. 1990) and/or self shading (Nelson & Smith 1991), 
growth rates become lower as the physiological state of 
the phytoplankton changes. The Si/C production and 
biomass ratios remain high. This could be explained by 
the fact that light and micronutrient limitations could 
both be expected to affect photosynthesis and carbon 
metabolism more severely than silicification, produ- 
cing cells with high Si/C ratios as a result of organic 
matter deficiency. Mass sedmentation may cause the 
decline of the bloom (Smetacek 1985, von Bodungen et 
al. 1986 in the Bransfield Strait) and the removal of 
biogenic silica stock from the photic layer. 

Estimated annual production of biogenic silica in the 
northern Weddell Sea 

Table 3 presents the first data on production rates of 
biogenic silica in partially ice-covered surface waters 
in the Southern Ocean. Because these data were ob- 
tained during the period of maximum solar irradiance 
(November and December) and show relatively little 
variability in vertically integrated production rates 
(Table 3), the mean value of 2.59 mm01 m-2 d-' pro- 
vides the best available estimate of the rate of silica 
production in areas of significant partial ice cover in 
summer. These rates can be combined with available 
data from the marginal ice zone (Queguiner et al. 1991, 
Treguer et al. 1991) and from open ocean areas remote 

from the ice edge (Nelson & Gordon 1982) to derive an 
estimate of the annual production of biogenic silica at 
60 to 62's. The resulting annual estimate can be 
compared with data on seasonal nutrient depletion 
(Jennings et al. 1984), annual primary productivity 
(Smith & Nelson 1986, Smith et al. 1988) and the sea- 
sonal cycle of particulate opal flux (Fischer et al. 1988) 
from the same region to characterize the major feature 
of the biogenic silica cycle in the Weddell Sea. 

We have estimated the annual silica production in the 
northern Weddell Sea in a manner similar to that 
employed in the carbon productivity estimates for the 
same region derived by Smith & Nelson (1986) and 
Smith et al. (1988). The year is divided into 4 character- 
istically different periods: a winter period of negligible 
productivity, a well-lit but partially ice-covered period, a 
bloom period developing after the ice edge has passed, 
and an open-ocean, deep mixed period in late summer. 

Winter 

At 60 to 62" S, the maximum daily irradiance under 
cloudless skies would be < 15 E m-' d-' from 1 April 
through 1 October (Campbell & Aarup 1989) and 
clouds further reduce irradiance to an average of 
ca 5 E m-' d-' for most of this period (Cota et al. 1992), 
resulting in a lightlmixing regime that is highly un- 
favorable to phytoplankton growth (Nelson & Smith 
1991). In addition, the 60 to 62"s zonal band in the 
Weddell Sea is typically ice-covered from May through 
September (Zwally et al. 1983), diminishing the light 
availability in the water column to virtually zero. Our 
annual silica budget thus assumes negligible produc- 
tion for a 6 mo (April to October) period. 

Spring-summer under partial ice cover 

The northern limit of > 15 % ice cover in the Weddell 
Sea is typically ca 57" S, with the 60 to 62's zone 
remaining >80 % covered from June to September 
(Zwally et al. 1983). The ice edge begins to retreat in 
late September or early October, and in 1983 the mean 
rate of retreat was 5 km d-' through the October to 
early January period (Nelson et al. 1987). In 1988, a 
similar rate of retreat (ca 5.5 km d-l) was observed dur- 
ing December (Leynaert et al. 1991). The mean rate of 
ice retreat apparently increases significantly during 
January of most years (Smith et al. 1988). Throughout 
the October-January period the zone of significant 
partial ice cover (20 to 80 %) is approximately 300 km 
in north-south extent (Zwally et al. 1983); thus a given 
location in the northern Weddell Sea would be under 
significant partial ice cover for approxin~ately 60 d 
(300 km at 5 km d-') each spring. This period would 
commence on about 1 October at 60°S, and later at 
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Table 5. Estimated annual production of biogenic silica in the 
Weddell Sea (estimates for the northern and southern parts 

calculated separately) 

Period Duration Production Total 
(d) (mm01 m-' d-l) (m01 m-') 

Between 60 and 65" S (4.9 X 106 km2) 
Partial ice cover 60 2.60 0.16 
Ice-edge bloom 40 10.90 0.44 
Post-bloom 70-90 3.00 0.44 
Total 170-190 4.58-4.76 0.81-0.87 

South of 6.5" S (1.2 X 106 km2) 
Partial ice cover 60 2.60 0.16 
Ice-edge bloom 30 10.90 0.33 
Post-bloom 60 3.00 0.18 
Total 150 4.47 0.67 

Total Weddell Sea 0.78-0.83 

more southerly locations. The mean rate of silica pro- 
duction in this zone is taken to be 2.6 mm01 m-' d-' 
(see Table 3), resulting in an integrated silica produc- 
tion of ca 160 mm01 m-' for the 60 d period (Table 5) .  

Ice-edge phytoplankton bloom 

As is the case in many other seasonally ice-covered 
regions of the ocean (e.g.  Niebauer & Alexander 1985, 
Smith & Nelson 1985), a phytoplankton bloom typically 
develops in the open water seaward of the receding ice 
edge in the Weddell Sea (Nelson et al. 1987). The 
north-south extent of this bloom was ca 200 km in 2 
spatial studies of biomass distributions in different 
years (Nelson et al. 1987, Leynaert et al. 1991). Silica 
production rates have been measured in 30Si and 32Si 
tracer studies in the marginal ice zone of the Weddell 
Sea in spring (Queguiner e t  al. 1991, Treguer et  al. 
1991), and are significantly higher than those we re- 
port here for the zone of partial ice cover; they range 
from 6.0 to 20.0 mm01 m-2 d-l, with a mean of 10.9. 
Using the 5 km d-' rate of ice retreat discussed above, 
the bloom would be present at  any fixed location for 
approximately 40 d (200 km at 5 km d- ') ,  resulting in 
an  integrated production of ca 440 mm01 m-2 during 
the bloom. 

Post-bloom period 

Using the approximations developed above. the ice 
edge and associated bloom have typically moved to the 
south of 60"s  by early January, and to the south of 
62"s  by late January. Phytoplankton blooms are ex- 
ceptionally rare or absent in open water remote from 
the ice edge (e.g. Holm-Hansen et al. 1977, Lancelot et 
al. 1991), and recent calculations suggest that chloro- 

phyll concentrations exceeding ca 1 pg 1-' may not be 
sustainable because of the relatively deep mixed sur- 
face layers present (Smith & Nelson 1986). However, 
the integrated daily solar irradiance is near its annual 
maximum in early January and does not begin to de- 
crease rapidly until late February (e.g. Campbell & 
Aarup 1989). Thus, some production of biogenic silica 
almost undoubtedly continues in the open-ocean re- 
gions of the Weddell Sea through the late summer. No 
data on silica production rates in this portion of the sys- 
tem are available, and the production during the open- 
ocean period following the bloom is the most uncertain 
term in our annual budget. However, Nelson & Gordon 
(1982) reported silica production rates ranging from 
0.9 to 6.8 mm01 m-' d-' (mean 3.0) in the open waters 
of the Pacific sector of the ACC in October. October is 
seasonally symmetrical with February with respect to 
solar irradiance, and we will use the 3.0 rnrnol m-2 d-l 
as a provisional mean rate. The open-ocean period 
lasts approximately 90 d (early January through late 
March) at 60°S, and 70 d (late January through late 
March) at 62" S as a result of the later passage of the ice 
edge. Thus our estimate of the integrated silica pro- 
duction in open water following the ice-edge bloom 
ranges from 210 mm01 m-2 at 62" S to 270 mm01 m-' at 
60" S. 

The calculations described above are summarized in 
Table 5. The resulting estimate of the annual rate of 
biogenic silica production in the northern Weddell Sea 
is 810 to 870 mm01 m-2 yr-l. We believe this estimate is 
conservative because it assumes zero production from 
April through September and because no production 
rate data are available from the marginal ice zone in 
late summer, when the bloom is Likely to be more in- 
tense than it is in November and December. Jennings 
et al. (1984), using data on seasonal nutrient depletion, 
calculated an  integrated silica production rate of 
850 mm01 m-2 in the Weddell Sea at 60"s for the period 
from the first appearance of open water until late 
January. We believe that estimate and ours to be in 
good agreement. The annual rate of silica production 
that we estimate for the northern Weddell Sea is about 
one third as high as has been estimated for the Ross 
Sea, where a very intense ice-edge diatom bloom 
develops and silica production rates often exceed 
30 mm01 m-2 d-' in summer (Jones et al. 1990, Nelson 
et al. 1991). 

Cycling of biogenic silica in the Weddell Sea: 
an anomaly in the Southern Ocean? 

The estimate of annual production of biogenic silica 
in the northern Weddell Sea that we have derived from 
29Si, 30Si and 32Si tracer data (Table 5) and the earlier 
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estimate made by Jennings et al. (1984) from seasonal 
nutrient depletion in the surface layer both indicate 
that the production rate must exceed 810 mm01 m-2 yr-l. 
In contrast, studies of the vertical flux of opal through 
the water column based on long-tern~ deployment of 
sediment traps at several locations in the Weddell Sea 
indicate that the flux to depths of 800 to 900 m is no 
more than 5 mm01 m-2 yr-' (e.g. Fischer et al. 1988, 
Honjo 1991). The seasonality of the particle flux col- 
lected by traps matches the apparent seasonal cycle of 
biogenic silica production to a certain degree: there is 
a single strong maximum in summer, although the flux 
maximum appears to occur 1 to 2 mo later than the 
calculated maximum in productivity. The quantitative 
picture of the regional silica cycle that emerges from 
these studies, when taken together, is that 1 % of the 
silica produced annually by phytoplankton in the 
upper ocean reaches a depth of 800 m. Although ben- 
thic fluxes of silicic acid calculated by Rutgers van der 
Loeff & van Bennekom (1989) do not match these sedi- 
ment trap data, these authors also support the idea that 
biogenic silica fluxes in the central Weddell Sea are 
significantly lower than in other areas of the ACC. 

This relationship between production and flux 
suggests that the recycling of biogenic silica in the 
Weddell Sea must be dramatically different from that 
in the rest of the Southern Ocean (Table 6). Nelson & 
Gordon (1982) compared rates of silica production 
measured in the surface waters of the ACC with 
DeMaster's (1981) data on opal accumulation rates in 
Southern Ocean sediments and concluded that at least 
20 % of the annual silica production must reach the sea 
floor (typically at depths of 3000 to 5000 m). A recent 
coordinated study of biogenic silica cycling in the 
water column and sediments of the western Ross Sea 
has developed a regional silica budget which suggests 
that over 25 % of the silica produced annually by di- 
atoms, and ca 65% of the net silica production (pro- 
duction in excess of redissolution in the upper 50 m), is 
delivered to the seabed at depths of 600 to 700 m 
(Nelson et al. 1991, DeMaster et al. in press). Particle 
flux data from long-term sediment-trap deployments 
on the Ross Sea shelf also indicate that the annual opal 
flux to depths 35 m above the bottom is in the range of 

Table 6. Cychng of biogenic silica in the Southern Ocean. 
Is the Weddell Sea atypical? 

Production Accumulation Acc./prod. 
(m01 m-2 yr-l) (m01 m-' yr-l) (X)  

Weddell Sea 0.8 0.005 c l '70 
Ross Sea 2.0-3.0 1.060 35-50 % 

ACC 0.5-0.8 0.200 25-40 % 

25 to 50 % of the annual surface production (DeMaster 
et al. in press). On a large scale, sediment south of the 
Antarctic Polar Front has been identified as the main 
present site of opal accumulation in the oceans (e.g. 
DeMaster 1981, Ledford-Hoffman et al. 1986), despite 
the fact that the annual primary productivity of the 
Southern Ocean is quite low (El-Sayed 1978, Smith et 
al. 1988). This relationship would not be possible 
unless the fraction of surface-produced silica reaching 
the sea floor is considerably higher than the global 
average, wich has been estimated to be 2 to 5 %  
(Calvert 1983). 

The modern sediments of the Southern Ocean are 
rich in opal (50 to 80 % by weight) in a circumpolar 
band extending 80 % of the distance around the ACC, 
with one notable gap from ca 25 to 85O W (DeMaster 
1981). The gap is in the region of the Drake Passage, 
Scotia and western Weddell Seas, and thus includes 
the area where we calculate that < l  % of the annual 
silica production reaches a depth of 800 m. The avail- 
able data on biogenic silica production in the Weddell 
Sea (Queguiner et al. 1991, Treguer et al. 1991, this 
study) indicate that silica production by diatoms 
proceeds at rates that are reasonably high for the 
Southern Ocean, especially in the marginal ice zone. 
Thus, the low opal content of sediments in the Weddell 
Sea appears to result from the almost complete redis- 
solution of silica in the upper kilometer of the ocean, 
rather than from low rates of production in the 
euphotic zone or from near-bottom processes. 

It is not immediately clear what conditions in the 
Weddell Sea might make the biogeochemistry of 
siliceous material so very different from that in the 
Ross Sea and in most of the ACC. It  is known that there 
is a complex microheterotrophic food web in the mar- 
ginal ice zone of the Weddell Sea in summer (e.g. 
Hewes et al. 1985, Garrison & Buck 1989), and micro- 
zooplankton grazing on heavily silicified diatoms could 
result in much more intense recycling (and hence less 
vertical transport) of both organic and siliceous mater- 
ial than would be the case if most grazing were carried 
out by larger metazoans. Honjo (1991) noted that most 
of the biogenic particle flux in the northern Weddell 
Sea is in the form of 'relatively fast-sinking, more pro- 
tected fecal pellets', and that this flux is very low in 
comparison with that in the other major oceans. The 
relative importance of micro- and macroheterotrophic 
grazers is not clearly understood in any subsystem of 
the Southern Ocean, but if microzooplankton are far 
more important in the Weddell Sea than in the Ross 
Sea or the ACC at large it would help to explain the 
unusually intense recycling suggested by the relation- 
ship between silica production and vertical silica flux. 

Alternatively, van Bennekom et al. (1991) have sug- 
gested that the dissolution rate of biogenic silica in the 
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water column of the Southern Ocean may be consider- 
ably higher than expected for cold water because of a 
low AVSi ratio in the siliceous particles. Their data and 
experimental materials were obtained entirely from 
the Weddell and Scotia Seas: if the W S i  ratio of 
diatoms in this region is significantly lower than in 
other areas of the Southern Ocean the lower ratio 
could, in principle, result in less efficient preservation 
of silica through the water column. 

The 2 explanations offered above are not mutually 
exclusive. The unusual quantitative relationship 
among silica production, vertical silica transport and 
sediment composition in the Weddell Sea may result 
from the combined effects of food-web structure and 
particle chemistry, or from some other condition that 
has not yet been identified. Regardless of the mecha- 
nism, however, it appears that the cycling of biogenic 
silica in the upper water column of the Weddell Sea is 
very different from that in ihe resi of the Southern 
Ocean and that this difference is accurately recorded 
in the sediments. 

New silica budget for the Southern Ocean 

The data on silica production rates in ice-covered 
waters in early spring (Table 3) enable us to improve 
estimates of the annual silica production in the 
Southern Ocean. Table 7 presents a revised estimate of 
the annual BSi production in the Southern Ocean, 
based on information from 3 characteristically different 
systems: the Weddell Sea, the Coastal and Continental 
Shelf Zone (CCSZ) (both of which experience seasonal 
ice cover), and the permanently ice-free waters of the 
ACC. 

To estimate a budget, the Weddell Sea is somewhat 
arbitrarily defined as the entire oceanic region adjoin- 
ing the Antarctic continent between 60" W and 20°E 
and south of 60"s. The northern limit coincides rea- 
sonably well with the maximum extent of >80% ice 
cover in September in this area (Zwally et al. 1983). 

Table 7. New s h c a  budget for the Southern Ocean 

Area Surface Production Total % Total 
(km2) (m01 m-2 yr-') (Tmol yr-') 

Weddel' 6.10 x 106 0.8 Sea 4.9 15-43 

Continental 105 
shelves 3.5 0.6-3.2 3-23 

ACC 3.00 X 10' 0.2-0.8 6.0-24.0 42-81 

Antarctic 3.70 x 107 0.3-0.8 11.5-32.1 Ocean 

This definition reflects more a biological ensemble 
than any regime of circulation or hydrography. The 
method described above to estimate annual BSi pro- 
duction can be extended as far south as 65"s (see 
Table 5 ) .  However, south of 65" S the ice-free period is 
shorter and the length of each different period of 
productivity is thus affected. This area is mostly ice- 
covered until early January, and is permanently ice- 
covered in the western part. In February, after having 
reached its minimum extent, the ice begins to advance 
again, cutting short the ice-edge bloom and the after- 
bloom periods to about 30 and 40 d respectively. 
Calculations are summarized in Table 5 and give an 
estimated annual BSi productivity ranging from 0.81 to 
0.87 m01 m-2 yr-' for the northern Weddell Sea and of 
0.67 m01 m-' yr-' for the southern part. Accounting for 
the permanently ice-covered region in the southwest- 
ern Weddell Sea, where productivity must remain very 
low at all times, these rate estimates yield a total BSi 
production of 4.7 to 5.0 Tmol Si yr-' for the Weddell 
Sea. 

BSi production data for the CCSZ come only from the 
Ross Sea, which is the only continental-shelf area in 
the Antarctic that has been extensively studied. Nelson 
& Smith (1986) reported the highest BSI production 
rates ever encountered in the Southern Ocean: 2.3 m01 
m-' yr-',and this estimates has now been revised up- 
ward to 3.5 m01 m-' yr-' by including data from later in 
the spring production season (DeMaster et al. in press). 
Thus if the Ross Sea is typical of the CCSZ with respect 
to silica production, this region is a significant term in 
the Southern Ocean total in spite of its small surface 
area (Table 7). We have estimated the overall annual 
silica production in the CCSZ by assuming that it 
ranges between 2 limits: the lower limit is obtained 
taking into account only the production in the Ross Sea 
and assuming that the production is negligible any- 
where else in the CCSZ (i.e. by applying the 3.5 m01 
m-2 yr-' value only to the 1.6 X 105 km2 area of the Ross 
Sea shelf). The upper limit is obtained by extrapolating 
the BSi production of the Ross Sea to the entire CCSZ, 
an area of approximately 9.2 X 105 km2. 

The ACC is known to be an area of low productivity 
and many satellite images have confirmed that idea 
(e.g. Smith & Sakshaug 1990, Mitchell et al. 1991). 
The only data available on silica production rates in 
the open waters of the ACC were obtained in October 
(Nelson & Gordon 1982), and these averaged 3 mm01 
m-2 d-'. Without more seasonal information, espe- 
cially from mid summer, it is virtually impossible to 
derive an annual estimate from the available direct 
measurements, so we have attempted to place upper 
and lower limits on this term from indirect informa- 
tion. As a first approximation, we can consider that 
the maximum annual rate of silica production in the 
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oceanic region influenced by the seasonal ice retreat 
should not be higher than that it is in areas that expe- 
rience an ice-edge phytoplankton bloom. Thus, we 
took our estimate of the annual silica production in 
the northern Weddell Sea (0.8 m01 Si m-2 yr-'; see 
previous section) as an upper limit. As a lower limit, 
we took primary productivity data from El Sayed 
(1978) 16 gC m-* yr-' (= 1.3 m01 C m-2 yr-') and con- 
verted this value to an estimated rate of silica produc- 
tion using a BSi/POC ratio of 0.13 (Brzezinski 1985). 
The resulting lower limit is 0.2 m01 Si m-2 yr-l, or one- 
fourth of the maximum estimate. The culture-derived 
BSi/POC ratio of 0.13 pertains only to diatoms 
(Brzezinski 1985), and still lower estimates of silica 
production in the ACC could be obtained by using a 
lower ratio to characterize the mixed phytoplankton 
assemblages of the region. However, BSi/POC ratios 
<0.13 in Southern Ocean surface waters have been 
reported only in the unproductive winter period and 
in ice-covered waters (e.g. Cota et al. 1992; see also 
Table 4), and considerably higher values are com- 
monly observed in spring and summer (e.g. Nelson et 
al. 1989). 

The resulting annual estimate for the Southern 
Ocean (Table 7)  presents what we believe to be a 
range that represents the highest and lowest estimates 
that can be reasonably supported by the available 
data, rather than a single estimate of the annual BSi 
production of the Southern Ocean. The range we cal- 
culate in this way, ca 11.7 to 32.1 Tmol Si yr-l, is lower 
than in previous works. For example, it is only about 25 
to 65 % of the estimate recently obtained by Treguer & 
van Bennekom (1991). If we compare our data to the 
carbon productivity estimate of Smith et al. (1988; 
1 Gt C yr-l, which equates to ca 83 Tmol C yr-l) we ob- 
tain a PBSi/PPC ratio for the Antarctic phytoplankton 
ranging from 0.14 to 0.39. Comparison with the more 
recent primary production estimate of Lancelot et al. 
(1991) gives lower ratios, ranging from 0.07 to 0.20. 
Both of these results are in a range that is consistent 
with field data. The large uncertainties remaining are 
primarily a result of uncertainties for the ACC, where 
we cannot yet estimate the annual rate of silica pro- 
duction from direct measurements, but which appear 
from indirect estimates (Table 7) to account for about 
45 to 80 % of the total. 
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