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Abstract

During the 1996-1998 Antarctic Environment and Southern Ocean Process Study (AESOPS), a component of US
JGOFS, we obtained seasonal or longer-term data sets on the rates of production, vertical transport, remineralization
and burial of particulate organic carbon (POC) and biogenic silica (BSiO,) in the Southern Ocean at 170°W between
55°S and 68°S. The AESOPS data records enable us to construct vertical C and Si budgets for the water column and
upper sediments, with all estimates derived from direct measurement of the relevant fluxes.

We constructed annual C and Si budgets for each of four ecologically distinct zonal bands within the system. For
both POC and BSiO, the greatest annual delivery to the sea floor (~200 and 1400 mmolm 2yr~!, respectively) and
burial (~6 and 160 mmolm 2 yr~", respectively) were observed in the southern Antarctic Circumpolar Current (ACC)
between 61.5°S and 65.5°S. That pattern is consistent with our observation that a diatom bloom propagated southward
through the southern ACC during the spring and summer of 1997-1998, following the receding ice edge, and that this
bloom was the main source of both POC and BSiO; in the system on an annual basis. In the other zones the annual
fluxes of POC and BSiO; to the sea floor ranged from 19% to 67% of those in the zone traversed by the summer diatom
bloom. The higher benthic fluxes of both POC and BSiO, in the southern ACC imply that blooms similar to the one we
observed in 1997-1998 occur commonly in the southern ACC, and that their high-productivity signature is transmitted
to the sea floor.

The data show preferential preservation of BSiO, over POC throughout the water column and upper seabed. In the
four zonal bands we consider, BSiO, and POC are produced in mole ratios of 0.1-0.4, exported from the upper 100 m in
ratios of 0.2-0.6, arrive at 1000 m in ratios of 1.5-4.5, reach the sea floor in ratios of 2.2-7.6, and are buried in ratios of
11.6-28. Despite the preferential preservation of BSiO,, accumulation of opal-rich sediments beneath the ACC does not
result from unusually efficient preservation of siliceous material. The estimated BSiO, preservation efficiency
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(burial-production) ranges from 1.2% to 5.5%, indistinguishable from the global average of 3%. Instead, opal-rich
sediment accumulation in this region reflects very high annual rates of BSiO, production in surface waters, along with
very low accumulation rates of other sedimentary components (e.g., CaCO; and detrital material).

The observed high ratios of BSiO, production to POC production in surface waters are consistent with the known
tendency for the Si/C ratio of diatoms to increase when [Fe] is low. If greater Fe availability during the last glacial
maximum permitted diatoms in the Southern Ocean to grow with lower, more normal Si/C ratios, export of diatom-
produced POC could have occurred at 2-3 times its present rate. A corresponding increase in opal export or opal
sediment accumulation is unlikely because silicic acid is almost totally depleted north of 65°S under present conditions.
Thus, even large increases in POC production and export during glacial periods would not be reflected in the opal
accumulation record. © 2002 Elsevier Science Ltd. All rights reserved.

Résumé

Dans le cadre du programmme AESOPS/US-JGOFS une étude de processus a ét¢ menée de 1996 a 1998 dans le
secteur Pacifique de I'Océan Austral (le long de 170°W). L’objectif est la détermination des flux annuels et des variations
saisonnieres de la production primaire dans la couche de surface, du flux vertical du carbone organique particulaire
(POQ) et de la silice biogene (BSiO,) dans la colonne d’eau ainsi que des flux de recyclage des éléments biogenes. Quatre
bandes zonales sont considérées de 55 a 68°S. Les flux de POC et de BSiO, les plus élevés sont mesurés dans la
bande zonale sud du Courant Antarctique Circumpolaire (ACC), de 61,5 a 65,5°S, ou les floraisons de diatomées se
déplacent au printemps-été vers le sud, dans le sillage des glaces; au niveau de I'interface eau-sédiment les flux sont de
200 et 1400 mmolem~2an~' respectivement, les flux nets enfouis correspondant étant de 6 et 1600 mmolem Zan~".
Dans les autres bandes zonales les flux annuels a I'interface eau-sédiment ne représentent que 19 a 67% des valeurs
observées dans la bande zonale précédente. Le fait de trouver des flux benthiques élevées dans la bande zonale sud du
Courant Antarctique Circumpolaire indique que les sédiments de cette bande zonale sont régulicrement alimentés par
des flux élevés de matiere biogene.

Au cours du transport vertical la BSiO, est mieux préservée que le POC comme I'indique la variation des rapports
molaire de silice et de carbone en fonction de la profondeur. Pour I'ensemble des quatre bandes zonales ces rapports
passent de 0,1-0,4 pour la production dans la couche de surface a 0,2-0,6 pour la production exportée a 100m. A
1000 m ils montent a 1,5-4.5, s’¢lévent a 2,2-7,6 a l'interface eau-sédiment, et atteignent 11,6-28 dans les dépots
sédimentaires. En dépit de cette préservation privilégié de I'opale, méme dans la bande zonale ou les dépots
sédimentaires sont particuliérement riches en opale, le rapport de préservation (rapport du flux sédimentaire net sur le
flux de production) n’est que de 1,2-5,5%, ce qui n’est pas significativement différent de la moyenne de 3% pour I’océan
mondial. La richesse en opale des sédiments antarctiques s’explique donc non pas par une préservation d’opale
exceptionnelle dans les sédiments mais par une production de silice biogene ¢élevée dans la couche de surface, et ceci par
rapport aux autres flux de matiere biogene (carbonate de calcium et détritus) beaucoup plus limités.

Les rapports BSiO,/ POC élevés mesurés dans le matériel planctonique des eaux de surface s’expliquent par 'impact
d’un déficit en fer des eaux de surface sur la croissance des diatomées. Au dernier maximum glaciaire une plus grande
disponibilité en fer dans la couche de surface de I'Océan Austral a du se traduire par des rapports Si/C dans le matériel
exporté 2 a 3 fois plus faibles qu’actuellement. Ainsi il est peu probable qu’au dernier maximum glaciaire, méme si les
flux de POC étaient plus élevés que dans I’océan moderne, les flux de silice biogéne exportée aient été plus importants
qu’actuellement, d’autant que la croissance des diatomées aunord de 65°S est limitée par la disponibilité en acide
silicique.

1. Introduction

The Southern Ocean is the largest of several
high-nutrient, low-chlorophyll (HNLC) regions in
the world’s oceans. This region plays a major role
in regulating the global net transfer of carbon
dioxide between the ocean and the atmosphere, in

part because the annual photosynthetic uptake of
CO, by phytoplankton and resulting export of
particulate organic carbon (POC) to the deep
ocean are significantly less than the available
macronutrients nitrogen and phosphorus would
sustain (e.g., Sarmiento et al., 1998). Changes in
the efficiency of this ““biological pump” (Volk and
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Hoffert, 1985; Longhurst and Harrison, 1989)
have been hypothesized to play a major role in
regulating atmospheric CO, concentrations on
glacial/interglacial time scales (Knox and McEI-
roy, 1984; Martin, 1990; Moore et al., 2000).

The relatively low primary productivity of the
Southern Ocean went unrecognized for decades.
As recently as the mid 1970s global productivity
maps showed either large regions or a broad
circumpolar band within the Antarctic Circumpo-
lar Current (ACC) where primary productivity
was >200g Cm 2yr ' (e.g., Lieth, 1975). The
perceived high productivity was based mainly on
two lines of indirect evidence; the high biomass of
seals, seabirds and other large carnivores in the
region (Croxall and Prince, 1979; Brown and
Lockyer, 1984) and the presence of diatom-rich
siliceous sediments underlying much of the ACC
(Goodell et al., 1973; DeMaster, 1981). However,
the first large-scale '*C productivity surveys in the
ACC showed very low productivity throughout
most of the region, even during the relatively short
summer growing season (El-Sayed and Turner,
1975; Holm-Hansen et al., 1977). As a conse-
quence, productivity estimates for the ACC were
revised downward to as low as 16g Cm 2 yr~' (El-
Sayed, 1978). Somewhat higher estimates were
obtained by accounting for the effects of ice-edge
phytoplankton blooms (Smith et al., 1988) and
areas of high productivity near the Antarctic Polar
Front (APF) (Laubischer et al., 1993), but no '*C-
based estimate has ever approached the 200g
Cm 2yr ! level estimated from indirect evidence.
Subsequent estimates based on satellite ocean
color, sea-surface temperature and irradiance data,
applied to temperature-dependent photosynthesis/
irradiance models (Antoine et al., 1996; Behrenfeld
and Falkowski, 1997; Moore and Abbott, 2000),
indicate primary productivity of <50g Cm Zyr !
throughout most of the ACC south of 55°S. That
is less than half the annual productivity
determined by '*C uptake at time-series sites in
the Sargasso Sea near Bermuda (Michaels et al.,
1994) and North Pacific Central Gyre near
Hawaii (Letelier et al., 1996), implying that most
of the ACC is less productive on an annual basis
than even the classically oligotrophic mid-ocean

gyres.

The opal sediment record is the most obvious
long-term signal emanating from biological pro-
cesses in the ACC. Opal (hydrated amorphous
silica, which in the Southern Ocean consists almost
exclusively of diatom remains) comprises from
~50% to >90% (by weight) of modern abyssal
sediments beneath the ACC (Broecker and Peng,
1982), making the region a major oceanic sink for
Si (DeMaster, 1981; Tréguer et al., 1995). Sub-
sequent estimates of opal burial rates beneath the
ACC, using **°Th-normalized accumulation rates
to account for sediment focusing, have lowered the
estimated burial rate by about a factor of two, but
burial remains a major removal term in the global
oceanic Si budget (DeMaster, 2002). Several recent
studies have addressed what Pondaven et al. (2000)
termed the “opal paradox’ in the Southern Ocean:
the accumulation of opal-rich diatom sediments in
an area of low primary productivity. This accu-
mulation has been hypothesized to result either
from unusually efficient preservation of biogenic
silica in the water column (Nelson et al., 1995) or
from an unusually high production of biogenic
silica in surface waters (e.g. Pondaven et al., 2000).
Understanding the processes generating the opal
sediments beneath the ACC is important in any
attempt to reconstruct paleoproductivity patterns
in the region. Do past changes in opal accumula-
tion rates reflect changes in total primary
productivity, in diatom productivity alone, in
preservation efficiency, or in some combination
of the three? Moreover, the organic carbon
content of the sediments in the Southern Ocean
is low, as is typical of many open-ocean environ-
ments (Van Bennekom et al., 1988; DeMaster
et al., 1991). Are the cycles of carbon and silicon
decoupled in the Southern Ocean to a degree that
precludes use of the opal sediment record as an
indicator of primary productivity or POC export
to the deep sea, or can useful paleoproductivity
information be derived from that record (e.g.,
Ragueneau et al., 2000)?

During the recently completed Antarctic Envir-
onment and Southern Ocean Process Study
(AESOPS), a component of US JGOFS, we
conducted a suite of biogeochemical studies
focused on the cycles of C, N and Si in the Pacific
sector of the ACC. Those studies were centered at
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170°W and extended from ~ 53°S (well north of
the APF) to ~71°S (well south of the Southern
ACC Front (SACCF) and into the Ross Gyre).
We thus obtained data across the full meridional
extent of the ACC and from waters to the south.
We measured fluxes (rates of production, reminer-
alization and vertical transport) of organic carbon,
organic nitrogen, and biogenic silica in surface
waters, in the subsurface water column, and in the
seabed between November 1996 and March 1998.
We have reported on a number of those individual
studies (Honjo et al., 2000; Sambrotto and Mace,
2000; Brzezinski et al., 2001; Buesseler et al., 2001;
Nelson et al., 2001; Dickson and Orchardo, 2001;
Sayles et al., 2001; Sigmon et al., 2002; see Table
1). Combining our data sets to estimate annual C
and Si fluxes in the upper ocean, deep ocean, and
seabed has enabled us to quantify most of the
important features of the C and Si cycles in the
system. In this paper we report those estimated
annual fluxes, use them to construct vertical
budgets for POC and biogenic silica (BSiO,) and
evaluate the quantitative relationships between the

Table 1

C and Si cycles throughout the water column and
upper sediments. The results provide insights into
the processes generating siliceous sediments in the
region, and the likely changes in those processes
on glacial/interglacial time scales

2. Methods
2.1. Study area and timing of observations

We collected samples and data in the Pacific
sector of the Southern Ocean southeast of New
Zealand during a series of cruises between
November 1996 and March 1998 aboard the
research vessels Nathaniel B. Palmer and Roger
Revelle. Those cruises sampled almost entirely in
the vicinity of 170°W, and extended from ~ 53°S
to ~71°S (Fig. 1). In late November 1996 bottom-
moored arrays of sediment traps were deployed
from the Palmer along 170°W at the locations
shown in Fig. 1. Bottom depths at those sites are
given in Table 2. Traps on these arrays collected

Experimental and analytical methods used, and papers presenting the individual data sets

Depth Process Method

Reference

A. Organic carbon data

Gross photosynthesis

Net community production
POC production

New production

Euphotic zone
Euphotic zone
Euphotic zone
Euphotic zone

d[O,]/dt
14C uptake

80 conversion from H,O to O,

1SNO;3 uptake

Dickson & Orchardo, 2001
Dickson & Orchardo, 2001

Barber & Marra, unpublished data
Sambrotto & Mace, 2000

50 m New production

100 m

Particulate flux

1,000 m Particulate flux
Sea floor Particulate rain
Sea floor Remineralization
Sea floor Long-term burial

B. Biogenic silica data

Euphotic zone
50 m

Gross production
Net production

50 m Export

100 m Particulate flux
1,000 m Particulate flux
Sea floor Particulate rain
Sea floor Remineralization
Sea floor Long-term burial

Seasonal NO3 drawdown

234Th deficit, > 70 pm POC

Sediment trap collections

Remineralization + burial

Pore-water NOj3, TCO, & alkalinity profiles
230Th-normalized accumulation

32Si uptake

Seasonal Si(OH)4 drawdown

Seasonal (Si(OH), + BSiO,) drawdown
234Th deficit, > 70 pm BSiO,
Sediment trap collections
Remineralization plus burial
Pore-water Si(OH), profiles
239Th-normalized accumulation

This paper
Buesseler et al., 2001
Honjo et al., 2000
This paper

Sayles et al., 2001
Sayles et al., 2001

Brzezinski et al., 2001
Sigmon et al., 2002
Sigmon et al., 2002
Buesseler et al., 2001
Honjo et al., 2000
This paper

Sayles et al., 2001
Sayles et al., 2001
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Fig. 1. The AESOPS study area, locations of main sampling sites and boundaries of sub-regions used for vertical budgets. Cruise
tracks of the R./V. Roger Revelle in October/November 1997 are shown in red, November/December 1997 in green, January/February
1998 in blue and February/March 1998 in yellow. Gross production and net production of POC and BSiO, in the euphotic zone and
export of both phases from the upper 100 m were measured along these cruise tracks over the time intervals shown in Table 2. Bottom-
moored sediment traps were deployed from late November 1996 to mid January 1998 to measure the sinking fluxes of POC and BSiO,
at the sites shown with stars. Benthic fluxes (remineralization and burial) of POC and BSiO, were also measured at the sites shown with
stars, and at the additional sites shown with rectangles. White dashed lines denote the boundaries of the four sub-regions selected for
vertical budgets based on data at ~170°W: the northern ACC (55°-59°S), polar frontal region (59°-61.5°S), southern ACC (61.5-
65.5°S) and Ross Gyre (65.5°-68°S). Reasons for placing the boundaries at those latitudes at 170°W are discussed in the text. The mean
positions of the Subtopical Front (STF), Subantarctic Front (SAF), PF, SACCF and southern boundary of the Antarctic Circumpolar
Current (SB_ACC) in the study area (from Orsi et al., 1995) are shown with black solid lines.

samples for predetermined intervals of 8.5-136 are given by Honjo et al. (2000). Each trap array
days from the time of deployment until late included a programmable, interval-collecting trap
January 1998. Details of the trap design and the at ~1000m (937-1031m) and the material col-
full data set on POC and opal fluxes at all depths lected in those traps forms the basis of the
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Table 2

Time intervals over which rates of organic carbon and biogenic silica production were measured, latitudes and bottom depths of
AESOPS sediment-trap mooring sites and benthic flux stations in the Southern Ocean

Sub-region
(55°-59 °S)

Northern ACC

Polar Frontal Region Southern ACC
(59°-61.5 °S) (61.5°-65.5 °S)

Ross Gyre
(65.5°-68 °S)

Time over which surface-layer rates were measured'

Gross and net photosynthesis Dec. 7-Feb. 19
POC production Dec. 7-Mar. 13
New production Dec. 7-Feb. 20
BSiO, production Dec. 6-Mar. 13
POC and BSiO, export? Oct. 24-Feb. 18
Latitude of sediment-trap mooring site (°S) 56.88
Bottom depth at sediment-trap mooring site (m) 4,969
Latitudes of benthic flux sites (°S) 56.88, 58.69
Bottom depths at benthic flux sites (m) 4,969, 4,345

Dec. 7-Feb. 21 Dec. 12-Mar. 10 —3

Nov. 1-Mar. 13 Oct 28—Mar. 10 Feb. 27-Mar. 7
Dec. 11-Feb. 21 Dec. 16-Mar. 10 —3

Nov. 2-Mar. 13 Oct. 29-Mar. 11 Jan. 16-Mar. 7
Nov. 1-Feb. 21 Oct. 28-Mar. 10 Jan. 17-Feb. 27
60.27 63.17 66.14

3,978 2,930 3,148

60.27 61.88, 63.17, 64.20 66.14

3,978 3,303, 2,930, 2,746 3,148

"During austral spring and summer, 1997 —1998.

2Export estimates are based on 2**Th deficits, which integrate export over the 2—4 weeks prior to sampling.
*HI®0, d[O,]/dt and '"NO3 incubation data in the Ross Gyre are insufficient to provide direct estimates of annual gross

photosynthesis, net community production or new production.

estimated 1000-m settling fluxes reported here. We
sampled from the Palmer to measure benthic
remineralization and burial fluxes of organic
carbon and biogenic silica at each of the four
mooring sites where sediment traps were deployed,
plus three other sites as shown in Fig. 1 and Table
2, during the mooring recovery cruise in February
1998 (Sayles et al., 2001).

We measured rates of organic matter and
biogenic silica production in the euphotic zone
and their export from the upper 100 m on a series
of four cruises aboard the Revelle between late
October 1997 and mid March 1998. Sampling on
each cruise was also centered on 170°W, and
extended from ~53°S to 63°-71°S, with the
southward extent of sampling increasing as sum-
mer progressed and the sea ice retreated (Fig. 1).
The first two cruises (in October/November and
December/January) sampled southward to the
edge of the retreating pack ice, which was located
at ~63°S and ~65°S, respectively. The third and
fourth cruises (in January and February/March)
encountered no pack ice and sampled to ~68°S
and ~71°S, respectively. We performed tracer
incubation experiments with '*0, '*C, '’N and **Si
to measure rates of gross photosynthesis, POC

production, NO3 uptake and BSiO, production
within the euphotic zone at stations along these
transect lines (Sambrotto and Mace, 2000; Brze-
zinski et al., 2001; Dickson and Orchardo, 2001)
and incubation experiments to measure net com-
munity production from the change in dissolved
[O,] with time (Dickson and Orchardo, 2001).
Dates over which we obtained each of these data
sets are presented in Table 2.

We also estimated seasonal net production of
POC and BSiO, from the observed seasonal
drawdown of nitrate and silicic acid in the upper
50m. We estimated export of POC and BSiO,
from the upper 100 m based on ***Th deficits in the
upper 100m, in combination with the POC and
BSiO, content of the >70 um particles presumed
to be the main agents of vertical transport in the
system (Buesseler et al., 2001). The spatial extent
of the combined measurements of ***Th deficits
and >70 um POC and BSiO, was greatest on the
cruises in December and February/March. Further
details of the sampling locations and dates, and all
measured rates of photosynthesis, nutrient uptake
and biogenic particle export used in the budgets
presented here, can be found at the US JGOFS
website: http://usjgofs.whoi.edu/southern.html.
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2.2. Rate measurements

The experimental and analytical methods used
for measuring carbon and silica fluxes are sum-
marized in Table 1, and are presented in detail in
the separate papers reporting the original data sets
(Honjo et al., 2000; Sambrotto and Mace, 2000;
Brzezinski et al., 2001; Buesseler et al., 2001;
Sayles et al. 2001; Dickson and Orchardo, 2001;
Sigmon et al., 2002). We present the main
features of those methods here, and refer the
reader to the papers cited above for more complete
descriptions.

Gross photosynthesis and net community produc-
tion. We measured the gross rate of photosynthetic
0O, production by adding '®O-labeled H,O to
seawater samples, incubating and measuring the
production of '®O-labeled dissolved O, (Bender
et al., 1987). We determined net community
production from changes in the concentration of
dissolved O, during incubation experiments. For
experiments of both kinds, we collected samples
from depths corresponding to 85%, 50%, 25%,
18%, 10%, 5% and 1% of surface irradiance.
Incubations were done on deck under natural
sunlight, in incubators maintained at sea-surface
temperature with running seawater and screened
with combinations of blue and neutral-density
photographic screening to achieve irradiance levels
that simulated those in situ. All incubations began
about 1h before sunrise and lasted ~24h.
Vertically integrated daily rates, in mmol
Cm 2d ', were calculated by trapezoidal integra-
tion of the data. Due to an over-collection of
incident radiation by the two incubators receiving
the highest irradiance levels, data from those
incubations were not included in the integrations.
Instead, gross and net O, production rates were
integrated by extending the production rate
measured at the third optical depth (25% of
surface irradiance) to the surface and integrating
the rest of the profile to the 1% light level
(Dickson and Orchardo, 2001). This modification
of the integration scheme increased the calculated
gross and net production by an average of
13% and 23%, respectively, in spring and
by 1% and 34%, respectively, in summer over
vertically integrated rates that do not correct for

photoinhibition in incubations performed at high-
er-than-ambient light levels.

We converted the measured rates of O, produc-
tion to carbon units using the equations:

Net Corg prod. = (Net O, prod./1.4), €))

Gross Cyry prod. = Net Co, prod.
+ ((Gross O prod. — Net O, prod.)/1.1), (2)

where all production rates are expressed in mmol
C or O,m 2d~'. We applied a photosynthetic
quotient (PQ) of 1.4 to the net O, production data
and a PQ of 1.1 to the difference between gross O,
and net O, production. The higher PQ assumes
that nitrogen is obtained as nitrate, which must be
reduced to be assimilated into organic matter, and
the lower PQ on use of the regenerated nitrogen-
ous nutrients ammonium and urea (Laws, 1991).

POC production. We measured the conversion
of '"C-labeled bicarbonate (H'*CO3) to organic
matter retained by glass-fiber filters (GFF; nom-
inal pore size ~0.7um) during ~24-hr incuba-
tions. Depths sampled, incubation conditions and
vertical integration methods were as described
above for gross and net photosynthetic rates.
While the oxygen-based methods described above
measure the gross rate of organic carbon produc-
tion by phytoplankton and the net rate of organic
carbon production by the microplankton commu-
nity, '“C uptake measures the photosynthetic
production of POC that is not respired or released
as DOC on time scales <24 h.

Nitrate uptake. We measured rates of nitrate
uptake, and estimated rates of nitrate-based new
production (Eppley and Peterson, 1979), from
conversion of '’N-labeled nitrate ('’NO3) to
organic matter retained by glass-fiber (filters
(GFF; nominal pore size ~0.7um) similar to
those used for '*C measurements of POC produc-
tion rates (Sambrotto and Mace, 2000). Sampling
depths, incubation conditions and vertical integra-
tion methods were as described above for '*0 and
4C incubations, except that no correction for
photoinhibition was found to be necessary for the
>N measurements. Those incubations in a sepa-
rate set of incubators were not subject to the same
over-collection of light as those used for the 'C
and oxygen studies. We converted the measured
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rates of nitrate uptake to carbon-based estimates
of new production using the Redfield C:N mole
ratio of 6.6 (Redfield et al., 1963).

Biogenic silica production. We measured rates of
BSiO, production from the conversion of *2Si-
labeled silicic acid (**Si(OH),) to particulate
matter retained by polycarbonate membrane filters
(Poretics, Inc.) with a pore diameter of 0.4pum
(Brzezinski et al., 2001). Sampling depths, incuba-
tion conditions and vertical integration methods
were as described above for "N incubation
experiments, but we included a sample from the
depth of 0.1% surface irradiance in all profiles.
That deeper sample was added because data from
other areas have often shown that BSiO, produc-
tion extends to greater depths than does either
photosynthesis or nitrate uptake (e.g. Nelson and
Brzezinski, 1997). This was true also in the
AESOPS study (Brzezinski et al., 2001).

Seasonal net production of organic carbon and
biogenic silica. We estimated these from the
observed seasonal drawdown of NO3 and Si(OH)4
in surface waters. Nutrient conditions in the study
area at the beginning of the first Revelle cruise in
October 1997 indicate that little biological removal
had occurred since the time of deep convective
mixing the previous winter (e.g., Morrison et al.,
2001). Nutrient concentrations subsequently di-
minished as a result of biological uptake, with the
greatest drawdown occurring north of 66°S
(Morrison et al., 2001; Brzezinski et al., 2001).
We obtained minimum estimates of the seasonal
net production of POC and BSiO, from the
vertically integrated depletion of NOj3 and Si(OH),
in the upper 50-100m. We estimated net BSiO,
production directly from Si(OH); drawdown
(Sigmon et al., 2002) and POC production from
NOs3 drawdown multiplied by the Redfield ratio of
6.6 (Tables 1 and 3).

POC and BSiO; export from the upper 100 m.
We estimated POC and BSiO, export from
measurements of ***Th, a naturally occurring
particle-reactive radionuclide produced from a
long-lived soluble precursor, ***U (Buesseler,
1998 and references therein). We measured ***Th
activity profiles (generally 5 depths between the
surface and 100 m) during the four Revelle cruises
between October 1997 and March 1998. By

measuring the **Th deficit, calculated as the
vertically integrated difference between the ***Th
activity and that of its parent ***U (***U activity
can be estimated from salinity), we calculated the
export flux of ***Th on sinking particles. We used
these data and the measured ratios of particulate
Z4Th to the POC and BSiO, retained on 70-pm
screens to estimate POC and BSiO, fluxes at 100 m
(Buesseler et al., 2001). We obtained independent
estimates of BSiO, export from the upper 50m
based on seasonal changes in the total Si inventory
(vertically integrated [Si(OH)4]+ vertically inte-
grated BSiO,; Sigmon et al., 2002). No parallel
estimate of POC export from the upper 50 m was
made because we do not have adequate informa-
tion on changes in the dissolved organic carbon
(DOC) inventory in surface waters.

POC and opal fluxes to 1000m. The fluxes of
POC and BSiO, to 1000 m were calculated directly
from material collected by sediment traps at four
sites within the study area (Honjo et al., 2000).
There is increasing evidence that the trapping
efficiency of moored traps deployed in the
mesopelagic zone can be <100% (Yu et al.,
2001; Scholten et al., 2001). The thorium- and
protactinium-based efficiency estimates employed
by those authors are complicated in the Southern
Ocean by the presence of a large advective supply
of nuclides via upwelling of deep waters. Never-
theless, the 1000 m AESOPS traps collected a flux
of **Th ranging from 46% to 90% of its rate of
production by **U decay in the overlying water
column (Chase, 2001). This suggests trapping
efficiencies for the AESOPS traps were between
50% and 100%. Because of the uncertainty in
estimating advective fluxes of nuclides on a site-
specific basis, and because the <100% efficiencies
identified by deficits in scavenged isotopes may be
hydrodynamic and involve particle sorting in some
unknown, composition-dependent manner, we
have not corrected trap fluxes for possible under-
trapping. The reported particle flux estimates to
1000m thus represent minimum values, with
maximum values being about twice the reported
values.

Benthic remineralization of organic carbon and
biogenic silica. We calculated rates of biogenic
silica dissolution in the seabed from the efflux of



Table 3

Estimated annual fluxes of organic carbon and biogenic silica in the Southern Ocean at 170°W

Depth

Process

Method

Northern ACC

Polar Frontal Region

Southern ACC

Rose Gyre

(55°-59 °S) (59°-61.5 °S) (61.5°-65.5°S)  (61.5°-68.5 °S)
A. Organic carbon fluxes (molCm™2y™")
Euphotic zone  Gross photosynthesis 180 conversion from H,O to O, 16 12 15 2
Euphotic zone  Net community production  d[O,]/dt 1.6 32 6.6 2
Euphotic zone  POC production 14C uptake 6.9 8.5 8.7 3.7
Euphotic zone  New production ’'NO; " uptake 2.6 39 3.8 —2
50 m New production Seasonal NO;  drawdown 2.1 2.6 32 1.7
100 m Particulate export Z4Th deficit, > 70 um POC 2.5 23 2.7 1.7
1,000 m Particulate flux Sediment trap collections 0.17 0.17 0.21 0.14
Seabed Particulate rain Remineralization + burial’ 0.071 - 0.074 0.055 — 0.063 0.15-0.21 0.088-0.14
Seabed Remineralization Pore-water NOj profiles 0.070 0.061 0.20 0.14
Seabed Remineralization Pore-water TCO, & alkalinity profiles 0.073 0.053 0.14 0.087
Seabed Long-term burial 230Th-normalized accumulation 0.0012 0.0017 0.0062 0.0014
B. Biogenic silica fluxes (mol Si m—2y™")
Euphotic zone  Gross production 328i uptake 0.76 1.9 3.0 1.3
Euphotic zone  Net production Seasonal Si(OH)4 drawdown 0.35 0.95 2.4 0.69
50 m Export Seasonal (Si(OH)4+ BSiO,) drawdown 0.32 0.88 2.2 0.51
100 m Particulate export Z4Th deficit, > 70 um BSiO, 0.64 1.4 1.4 0.34
1,000 m Particulate flux Sediment trap collections 0.28 0.38 0.94 0.21
Seabed Particulate rain Remineralization plus burial 0.29 0.34 1.4 0.26
Seabed Remineralization Pore-water Si(OH), profiles 0.27 0.29 1.2 0.24
Seabed Long-term burial #%Th-normalized accumulation 0.016 0.048 0.16 0.016

'Range in POC rain represents that resulting from the two independent estimates of remineralization
2H180, d[0,]/dt and '*NOj incubation data in the Ross Gyre are insufficient to provide direct estimates of annual gross photosynthesis, net community production or

new production.
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Si(OH)4 from the sediment at the seven benthic
stations. We estimated rates of organic carbon
remineralization at those same stations by two
independent methods, one based on effluxes of
alkalinity and total CO, (7CO,), and the other
from efflux of NO3. Effluxes were estimated as
described by Sayles et al. (2001) from the measured
vertical profiles of pore-water solutes in the upper
20cm of the sediment, determined using in situ
pore-water sampling instruments exclusively for
alkalinity and 7CO, and combining in situ and
shipboard methods for Si(OH); and NOj3. Efflux
estimates were based on the assumption that all
flux is diffusive and proceeds in accordance with
Fick’s first law.

Long-term burial of organic carbon and biogenic
silica. We calculated organic carbon and opal
accumulation rates from measurements of opal,
organic carbon and **°Th in the top 4cm of
multicores collected at the seven benthic stations.
The **°Th method for obtaining vertical flux
assumes that the flux of **°Th to the sea floor is
constant and equal to its production from **U
decay in the overlying water column. Following
Francois et al. (1990) and Suman and Bacon
(1989), we derived the burial flux of organic
carbon and biogenic silica (Fs, in gem 2yr~ ') by
normalizing to the known constant flux of ***Th:

Fs = (Cs/Ath) X Pn, 3)

where Cs is the weight-fraction of the component
of interest, Arp is the activity of 23%Th in the
sediment, and Pry, is the 2°Th production rate, a
function of the depth of water overlying the coring
site (Sayles et al., 2001).

Rain of POC and opal to the sea floor. For both
POC and BSiO,, we estimated delivery to the sea
floor as the sum of benthic remineralization plus
long-term burial.

2.3. Sub-regions for constructing vertical budgets

Any attempt to construct a vertical elemental
budget based on measured fluxes hinges on the
assumption that changes in flux with depth result
mainly from the production and recycling pro-
cesses operating in that region. Lateral injection of
material produced where production rates are

either significantly higher or significantly lower
would cause the apparent vertical budget to be
aliased by lateral effects. The entire area under
consideration in this study is dominated by the
eastward-flowing ACC, with zonal transport
extending from the surface to the bottom (Gordon
and Molinelli, 1986). The Southern Ocean has
been characterized biogeochemically as a series of
zonal bands, in which properties change much
more rapidly in the meridional direction than in
the zonal direction (Tréguer and Jacques, 1992;
Banse, 1996; Moore et al., 2000). We have thus
divided the AESOPS study area into four hydro-
graphically and ecologically distinct sub-regions,
arranged spatially as zonal bands. We constructed
vertical budgets for organic carbon and biogenic
silica in each band, using fluxes measured in the
water column and upper seabed. The four bands
represent the following sub-regions:

1. The northern ACC (55°-59°S). This zone is
situated entirely north of the APF. It is
characterized by high surface nitrate and
phosphate concentrations (>15 and >2puM,
respectively), but relatively low silicic acid
concentrations (~ 10 pM) prior to the onset of
phytoplankton growth in spring (Morrison
et al., 2001). This sub-region lies within an
ecological zone that Banse (1996) referred to as
the ‘“‘subantarctic water ring”, where there is
relatively little seasonal change in chlorophyll.

2. The polar frontal region (59°—61.5°S). This is
the zone in which the maximum meridional
gradients in both surface and subsurface
temperature and density are located at all times
of year (Moore et al., 1999) and the site of the
main meridional gradient in surface-layer
[Si(OH)4] in early spring (Morrison et al.,
2001). It is also the zone of maximum mean
eastward velocity of the ACC and maximum in
mesoscale variability and eddy energy (Barth
et al., 2001). This zone has been reported to be
the site of intense phytoplankton blooms in the
Atlantic sector of the ACC during spring and
summer (e.g., Laubischer et al., 1993; Bath-
mann et al., 1997).

3. The southern ACC (61.5°-65.5°S). This zone
lies entirely within the ACC, south of the APF.
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In the vicinity of 170°W the southern ACC is
almost completely ice-covered in late winter and
is entirely ice-free by late summer. It has high
surface [Si(OH),] (35-55uM) in late winter
(Morrison et al., 2001), and is the zone within
which we observed the main biological event in
surface waters during the spring and summer of
1997-1998: A diatom bloom developed between
the southern edge of the APF and the winter ice
edge in early December, and then propagated
southward across the southern ACC between
December and early February, depleting sur-
face [Si(OH)4] to <2puM, and occasionally to
<1pM, to at least as far south as 65°S
(Brzezinski et al., 2001).

4. The Ross Gyre (65.5°—68°S). This zone lies
south of the SACCF, and surface waters
passing through 170°W at these latitudes come
mainly from the Ross Sea shelf (e.g. Gordon
and Molinelli, 1986). This zone is ice-covered
for all but ~ 100 days each year, and is south of
the area from which there is evidence of a
diatom bloom during either 1996-1997 or 1997—
1998 (Honjo et al., 2000; Brzezinski et al.,
2001).

Each of these zones included one sediment-trap
mooring site, one to three stations at which
benthic fluxes were measured, and 4-24 stations
at which surface-layer rate data were obtained
during AESOPS. The latitude and bottom depth
of each mooring site and benthic site and the time
interval during which surface-layer rate measure-
ments were made within each of these zones are
shown in Table 2.

2.4. Estimation of annual POC and BSiO; fluxes

The available rate data are most readily
compared when they are expressed as estimated
annual fluxes, in mol C or Sim 2yr~'. Of the data
sets obtained, only the 1000-m sediment-trap data
permit an annual flux per m~2 to be calculated
directly (Honjo et al.,, 2000). Our other rate
measurements integrate over shorter or longer
time scales: 1 day for photosynthesis and nutrient
uptake in surface waters (Sambrotto and Mace,

2000; Brzezinski et al., 2001; Dickson and Orch-
ardo, 2001), several weeks for seasonal nutrient
drawdown and ***Th-based export (Buesseler et al.,
2001; Sigmon et al., 2002), several months to
several years for benthic remineralization, and
more than 1000 years for burial (Sayles et al.,
2001). We have thus either extrapolated or
interpolated those rate data as described below
to estimate annual fluxes.

Primary production, new production biogenic
silica production and export of C and Si. We
obtained vertical profiles of C, NO3 and Si(OH),
uptake rates between the sea surface and the base
of the euphotic zone (1% of surface irradiance for
photosynthesis and NOj3 uptake, 0.1% of surface
irradiance for Si(OH); uptake). The measured
rates were generally very low at the greatest depth
sampled (Dickson and Orchardo, 2001; Brzezinski
et al., 2001). We thus obtained reasonably direct
measurements of the vertically integrated daily
rate of each process, (in mmol C, N or Sim 2d ")
at the location sampled on the date when the
experiment was performed. Within each sub-
region our data set consists of 4-24 daily
measurements of vertically integrated photosynth-
esis or nutrient uptake, taken over some known
period of time in spring and summer (Table 2).
Those periods ranged from 9 to 134 days, with all
in the three most northerly sub-regions being > 72
days. All data records from the Ross Gyre were
<50 days long because ice cover prevented the
ship from operating there until mid January.

We estimated export of POC and opal from the
upper 100m based on **Th deficits in the upper
100 m, which included the full depth range over
which such deficits were measurable (Buesseler
et al.,, 2001). We therefore obtained reasonably
direct estimates of POC and opal export, averaged
over the several-weeks time scale on which >**Th
deficits integrate (e.g. Buesseler et al., 1992). We
collected ***Th data over time intervals similar to
those for photosynthesis and nutrient uptake data
(113-134 days in the ACC, 41 days in the Ross
Gyre).

We used several different methods to estimate
the time-integrated productivity, nutrient uptake,
and export during the period covered by the data.
Temporal integration methods differed because of
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differences in the temporal coverage. We measured
rates of BSiO, production, POC export from the
upper 100m and BSiO, export from the upper
100m during all four cruises, and calculated the
time-integrated rates of those processes within
each sub-region by trapezoidal integration of the
time-course data within the appropriate latitude
band. We measured rates of gross photosynthesis,
POC production, new production and net com-
munity production on only the December/January
and February/March cruises. That sampling strat-
egy missed little biological activity during the
October/November cruise, which was conducted
before spring stratification and the onset of net
nutrient drawdown (Morrison et al., 2001). How-
ever, it produced a ~40-day gap (early January
through mid February), which coincided with the
peak of the summer diatom bloom in the southern
ACC (e.g. Brzezinski et al., 2001). We integrated
through that part of the growing season based on
empirical relationships between measured rates
and other properties that were measured on all
cruises.

Vertically integrated photosynthetic rates were
strongly correlated with surface irradiance in
December, early January and late February/
March (R. Barber and J. Marra, unpublished
data). We therefore used measured surface irra-
diance and the observed relationship between
irradiance and productivity to estimate POC
production between early January and mid Feb-
ruary, when no direct measurements were made. It
was not necessary to correct surface irradiance
data for ice cover in the three sub-regions located
within the ACC because the entire ACC was ice-
free by late December (Smith et al., 2000). Primary
productivity in the Ross Gyre was measured only
during late February and early March (Table 2),
and the measured rates were extrapolated to the
100-day ice-free period in that sub-region.

We estimated new production during January
and early February based on the observed ratio of
vertically integrated 'NO3 uptake to surface
chlorophyll during December, late February and
early March. That ratio was nearly constant at
~5mmol Nm~2d~" (ug Chl a1™")~" until late in
the season when it decreased somewhat (Sambrot-
to and Mace, 2000). We used that relationship,

along with surface chlorophyll estimated from
NASA'’s SeaWiFS sensor, to estimate new produc-
tion in each sub-region during the temporal gap in
the '°N data record. No estimate of annual gross
photosynthesis, net community production or '*N-
based estimate of annual new production in the
Ross Gyre is possible, because of the small number
of 0 and "’N incubation experiments performed
there.

The time-integrated production and export in
spring and summer are lower than the correspond-
ing annual fluxes because they do not account for
the rest of the year. However, our data record
clearly included the period of maximum phyto-
plankton productivity and export (e.g., Brzezinski
et al., 2001; Buesseler et al., 2001). Therefore, we
estimated the annual flux estimates by a uniform
extrapolation method that draws upon the one
genuinely year-round data record we have in each
sub-region, the particle fluxes collected by sedi-
ment traps at ~1000m (Honjo et al., 2000).

The sediment-trap data from all AESOPS sites
show that the fluxes of both POC and BSiO, to
1000m were greatest in summer, with a long
period of much lower flux through the autumn,
winter and early spring (Honjo et al., 2000). All
upper-ocean production and export measurements
were made in the spring and summer (Table 2). We
therefore estimated annual production and export
based on the assumption that our sampling period
included the annual production and export max-
ima for both POC and BSiO,. Mathematically, we
assumed that the time period included in our data
record (Tp) was the most productive period of
that length during the year. We then identified the
period of comparable length in the sediment-trap
record (7T'r) that had the highest integrated POC or
BSiO, flux to 1000 m at the mooring site located in
the same sub-region (Honjo et al., 2000). For
example, our record on BSiO, production rates in
the polar frontal region (59°-61.5°S) covers 132
days, from November 2 1997 through March 13
1998 (Table 2). The period of similar length that
yields the highest mean BSiO,; flux to 1000 m at the
mooring site within that sub-region (60.27°S) was
a 134-day period from November 30 1996 through
April 13 1997. (The data records consistently show
a seasonal lag between the period of maximum
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production in surface waters and that of maximum
particle flux to 1000m.) We then calculated the

annual production or export (Ps) in mol C or
2

Sim 2yr ! as
TeFa
Py=P 4
=P @

where Pp is the time-integrated production or
export during the period covered by data
(mol C or Simfz); Fa is annual flux to
1000m (mol C or Sim 2yr '), Fp is flux to
1000 m during the highest-flux period of a length
similar to that of the data record on production
(mol C or Sim™?)

This estimation method assumes that the shape
of the seasonal time course of upper-ocean
productivity and particle export parallels that of
the seasonal time course of particle flux to 1000 m,
but it is unaffected by the time lag between
production in surface waters and arrival at
1000m. The upper-ocean rate estimates derived
in this way are conservative, as we cannot be
certain that (in the example given above)
the 132-day period covered by our data is the
single most productive 132-day period that
could have been chosen during the year. But this
scheme provides a far more realistic estimate than
could be obtained either by ignoring production
and export during autumn and winter or by
extrapolating spring and summer rates to the
entire year.

Net production of BSiO, and POC and export of
BSiO; based on nutrient drawdown and changes in
BSiO, with time. Nutrient drawdown calculations
are useful only for spring and summer, when
surface-layer nutrient concentrations decreased
with time. They provide minimum estimates of
annual net production because they contain no
information for the autumn and winter when rates
of nutrient resupply by upwelling and
mixing exceed those of nutrient uptake by
phytoplankton. Even the spring/summer estimate
1s conservative, because it is based on the excess of
net nutrient use in surface waters over resupply by
upwelling and mixing (e.g., Jennings et al., 1984).
There are no reliable criteria for evaluating the
uncertainty in estimates of this kind; they provide
a hard minimum, but no information on the

maximum. The resulting minimum estimates of net
BSiO; and POC production are reported primarily
for comparison with others, which can be extra-
polated to consider potentially significant rates in
autumn and winter (e.g., annual new production
based on '>NOj uptake or export based on >**Th
deficits).

Benthic remineralization and burial of POC and
opal. Benthic remineralization estimates are based
on measurements made at a single time point for
each region (March—April 1998). In calculating
annually averaged fluxes, we considered the
possible effects of temporal variability on fluxes
(Sayles et al., 2001). The estimated temporal
variability was small at the southernmost site
(66.14°S), with maximum fluxes estimated to be
25% greater than the annual mean. This difference
is similar to the spatial variability found in the
Ross Gyre region. The potential temporal varia-
bility is most significant at 63.17°S, where a fluff
layer was observed just above the sediment surface
and the maximum flux was estimated to be 1.6-2.3
times the annual mean (Sayles et al., 2001). If this
site is representative of all those at which a fluff
layer was present (61.88°S, 63.17°S and 64.20°S),
then a correction would have to be applied to
fluxes calculated from high-resolution pore-water
data at each of these sites. The corrected fluxes,
calculated from high-resolution pore-water pro-
files of NOg3, are higher than fluxes calculated from
lower resolution alkalinity and TCO, profiles by
about 40%. This difference is similar to the spatial
variability that was averaged to give the regional
flux estimate for the southern ACC region in
Table 3. Modeling indicates that no seasonal
variability in POC remineralization was likely at
sites within and north of the polar frontal region
(Sayles et al., 2001). The NO3-based fluxes shown
in Table 3 have been corrected for the model-
derived effect of seasonal variability. The fluxes
calculated from alkalinity and 7CO, data, which
are based on profiles with coarser depth resolution
below the sediment-water interface, do not include
the correction.

The corrected NOs-based fluxes are about 40%
higher than those calculated from alkalinity and
TCO,. This difference is similar to the spatial
variability that was averaged to give the regional
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flux estimates for the southern ACC in Table 3.
Thus the range of estimates for the Ross Gyre and
southern ACC may reflect both spatial variability
and the difference between two independent
methods of calculation. Additional modeling
demonstrated that the time scale of opal reminer-
alization in sediments throughout the region is
long enough that no seasonal variability in benthic
dissolution rates is likely for opal. The regional
average benthic remineralization values reported
for the northern ACC have large uncertainty
(£80% for POC and +50% for opal) because
they combine data from two sites (58.69°S, water
depth 4345m, and 56.88°S, 4969 m) with very
different benthic fluxes (Sayles et al., 2001).

2.5. Uncertainty in the estimated annual fluxes

As noted above, some of our individual flux
estimates are subject to quantifiable uncertainty of
up to a factor of two. In addition, while rates of
biological processes in surface waters are inher-
ently measured to within +5% by isotopic tracer
methods, vertical integration and seasonal extra-
polation of those rates introduce additional errors,
which cannot be quantified well by analytical or
statistical criteria. Burial fluxes estimated by
29Th-normalization have an uncertainty of up to
+30% associated with the assumption that the
flux of »°Th is equal to its production rate
(Henderson et al., 1999). Further uncertainty is
introduced by the fact that the various rate
measurements integrate over time scales ranging
from 1 day to > 1000 years, and that the surface-
layer and 1000m data were obtained during
different years. Fluxes of POC and opal to
1000 m were measured mostly during 19961997,
while upper-ocean fluxes were measured only
during the spring and summer of 1997-1998. The
cumulative effect of these uncertainties is that
small differences between estimated fluxes should
not be interpreted as having any significance.
While there is no reliable way to evaluate the
uncertainty associated with the estimated annual
fluxes, we believe that estimates for the same
phase (i.e. opal or POC) are distinguishable from
one another only if they differ by at least a factor
of two.

3. Results and discussion

All estimated annual fluxes of POC and BSiO,
in the Pacific sector of the Southern Ocean
between November 1996 and March 1998 are
presented in Table 3. Estimates are reported to two
significant figures for consistency but, as noted
above, small (<2-fold) differences between flux
estimates should not be interpreted as having
significance. Many of the estimated differences are
much greater than a factor of two, however, and
they show several major features of the C and Si
cycles in the region:

3.1. Relationships among gross photosynthesis, net
community production and POC production

The estimated annual gross photosynthesis, net
community production and POC production in
the three sub-regions located within the ACC are
presented in Fig. 2. Data records for gross photo-
synthesis and net community production obtained
in the Ross Gyre are not long enough to permit
estimates of annual production. Estimated annual
POC production based on '*C uptake ranged from
6.9 to 8.7mol Cm 2yr~'. Estimated gross photo-
synthesis ranged from 12 to 16mol Cm yr ',
1.4-2.3 times annual POC production, in those
sub-regions. Like POC production, gross photo-
synthetic rates were fairly uniform across the ACC
(Fig. 2). Estimated net community production
increased southward from 1.6mol Cm 2yr ! in
the northern ACC to 6.6mol Cm 2yr ! in the
southern ACC. The ratio of net community
production to gross photosynthesis increased
southward, from 0.10 in the northern ACC, to
0.27 in the polar frontal region and 0.43 in the
southern ACC. That ratio estimates the fraction of
photosynthetically produced organic matter that is
available for export from the euphotic zone, with
high ratios indicating efficient export and low
ratios intense near-surface recycling. The data thus
suggest that 57-90% of gross photosynthetic
production was remineralized within the euphotic
zone across the entire region, with intensity of
recycling diminishing to the south.

The difference between the estimates of annual
gross photosynthesis and annual POC production
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Fig. 2. Estimated annual gross photosynthesis (from rates of transformation of '*0 from H,O to O,) POC production (from rates of
4C conversion from HCO; to POC) and net community production (from net rates of change in dissolved [O-]) estimated from
incubation data in each of the three sub-regions of the ACC selected for constructing vertical POC budgets: the northern ACC (55°—
59°S), polar frontal region (59°-61.5°S) and southern ACC (61.5°-65.5°S). Data records for gross photosynthesis and net community
production obtained in the Ross Gyre (65.5°—68°S) were not long enough to permit estimates of annual production.

is not an artifact arising from the temporal
extrapolation methods, as it is apparent in the
original station data. Moreover, gross photosyn-
thetic rates estimated by the difference between
d[O,]/dr measured in light and dark bottles
averaged 92% of the gross production rate
measured with '®O during the spring cruise,
providing support for the isotopic measurements
(Dickson and Orchardo, 2001). Differences be-
tween gross photosynthesis and POC production
can arise from a variety of autotrophic metabolic
processes and from heterotrophic respiration
(Bender et al., 1999; Laws et al., 2000). The data
imply that 30-60% of the carbon fixed photo-
synthetically by phytoplankton was respired back
to inorganic C and/or released as DOC within
24 h. On an annual basis, net community produc-
tion was <50% of gross photosynthesis in every
sub-region, and reasonably close to POC produc-
tion only in the southern ACC. The apparent

differences between annual net community pro-
duction and annual POC production are due to net
heterotrophic conditions that existed over much of
the region in the late summer (Dickson and
Orchardo, 2001). Unlike net O, production rates,
14C uptake rates can never be negative. These
relationships suggest that respiration and release
of DOC in surface waters combine to make annual
POC production significantly lower than annual
gross photosynthesis in the Pacific sector of the
ACC.

Export of organic carbon from surface waters is
dominated by the downward transport of POC,
and several of our data sets (e.g. >>*Th removal
from the upper 100m and particle fluxes to
sediment traps at 1000m) specifically measure
the POC flux. We will therefore use POC produc-
tion, as measured by '*C uptake, as the main
surface source term in the organic carbon budget.
Using gross photosynthesis would increase that
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Fig. 3. Estimated annual fluxes of POC (A) and BSiO; (B) in each of the four sub-regions. See text for descriptions of the data sets and
estimation methods used. The estimated POC flux to the seabed represents the sum of burial plus the mean of the two independent

estimates of benthic remineralization shown in Table 3.

surface source term by ~40% in the polar frontal
region, and by 75-130% in the southern and
northern ACC (Fig. 2). The estimated fraction of
surface-produced organic matter exported from
surface waters, reaching 1000 m or delivered to the
seabed in the northern and southern ACC would
thus decrease by approximately a factor of two if
we considered gross photosynthesis as the surface
source term.

3.2. Vertical budget for particulate organic carbon

The estimated annual fluxes of POC in each of
the four sub-regions are shown in Fig. 3a. It is
clear from these estimates that the annual down-
ward flux of POC diminishes dramatically with
depth. Several other features of the carbon cycle in
this sector of the Southern Ocean are apparent
from this budget.

Primary productivity. The annual production of
POC in surface waters was 6.9-8.7mol Cm Zyr~'
(~80-105g Cm 2yr ') in each sub-region
except the Ross Gyre, where it was ~3.7mol
Cm 2yr ' (~45g Cm 2yr ). The lower annual

productivity in the Ross Gyre resulted from the
combined effects of a shorter ice-free season and
the fact that no significant phytoplankton bloom
developed there during the ice-free period. The
estimated POC production throughout the AE-
SOPS study area between 55°S and 65.5° S is
somewhat higher than most other estimates of
annual primary productivity in the Southern
Ocean south of 55°S, which are generally <50¢g
Cm 2yr!' (Antoine et al., 1996, Behrenfeld and
Falkowski, 1997).

New production and POC export from the upper
100 m. The AESOPS data permit three indepen-
dent estimates of new production or POC export.
These are:

1. annual new production estimated from '°N
tracer measurements of nitrate uptake,

2. seasonal new production in spring and summer
estimated from the observed drawdown of
nitrate in surface waters, and

3. annual POC export from the upper 100m
estimated from >**Th deficits in surface waters
and the POC content of the >70 um particles
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assumed to be responsible for most ***Th
export.

Fig. 3a shows that these three estimates of new
or export production are in excellent agreement,
and that all indicate this export term to be ~30-
40% of annual POC production throughout this
sector of the ACC. No '°N-based estimate of new
production can be made for the Ross Gyre, but the
new-production estimate based on nitrate draw-
down agrees closely with the export estimate based
on **Th in that system as well. Both suggest that
~50% of the POC produced annually is exported.
There is considerable—and difficult to quantify-
—uncertainty associated with each of these
estimates, but they are based on completely
different data sets and thus genuinely independent.
One feature of the individual data sets not
apparent in the annual estimates is that there
was a significant temporal offset between new
production and POC export. During December
1997, when the main diatom bloom was develop-
ing and propagating southward (Brzezinski et al.,
2001), vertically integrated new production calcu-
lated from measured rates of '’NO3 uptake greatly
exceeded POC export from the upper 100m
calculated from ***Th deficits and POC content
of large particles (Sambrotto and Mace, 2000;
Buesseler et al., 2001). By February, when no
phytoplankton bloom was observed in the study
area and there were extensive areas of net
heterotrophy in surface waters (Brzezinski et al.,
2001; Dickson and Orchardo, 2001), 234Th-based
measurements of POC export significantly ex-
ceeded '"NO3-based measurements of new produc-
tion (Sambrotto and Mace, 2000; Buesseler et al.,
2001). This temporal offset is similar to that
observed between the start of elevated new
production during the southwest monsoon in the
Arabian Sea and the initial increase in ***Th
deficits (Buesseler et al., 1998; Sambrotto, 2001).
The offset may represent the accumulation of
biomass in surface waters between the initial
establishment of favorable growth conditions and
the increase in sinking and grazing losses.

Data from AESOPS thus provide robust
evidence that new production and POC export

were 1.7-3.8mol Cm 2yr~ ' throughout the ACC
at 170°W during 1997-1998. These estimates are in
the same general range as new-production esti-
mates based on seasonal nitrate drawdown the
Indian Ocean sector of the ACC, which range
regionally from 0.9 to 3.5mol Cm 2yr~' (Ponda-
ven et al., 2000). They are somewhat lower than
the mean new production of 5.1mol Cm Zyr'
over the Ross Sea shelf estimated from '"NO;
uptake rates (Nelson et al., 1996). Our three
independent estimates of new production and
POC export in the AESOPS study area are also
in the general range predicted by the recent
biogeochemical model of Schlitzer (2000), which
estimates POC export from ocean circulation
patterns and the distributions of dissolved oxygen,
nutrients and 7CO,. Those model results predict
export fluxes of 2-6mol Cm yr~' throughout
the Pacific sector of the Southern Ocean (see
Schlitzer’s Fig. 9). Our results are also in general
agreement with recent estimates of new production
based on seasonal drawdown of HPO3~ (Louanchi
and Najjar, 2000), which suggest a mean new
production of 2-2.5mol Cm Zyr~' throughout
the Southern Ocean south of 40°S. The Pacific
sector at 170°W thus seems to be quite typical of
the Southern Ocean with respect to annual POC
export.

In each sub-region of the ACC new production
estimated from the '’NO; uptake measurements
somewhat exceeds POC export fluxes based on
234Th deficits (Fig. 3a). None of these differences
reaches the factor-of-two level that is necessary to
accept a difference in fluxes as genuine. However,
sediment-trap collections indicate that some of the
discrepancy may be attributed to the nitrogen-rich
nature of the sinking material in this region,
particularly at the end of the growing season
(Honjo et al., 2000).

Our data provide no evidence that annual gross
photosynthesis, POC production, net community
production or POC export is higher in the polar
frontal region than in the waters to the north or
south (Figs. 2 and 3a). The data also provide no
indication that annual production or export of
BSiO;, is higher in the polar frontal region than in
the rest of the ACC at 170°W (Fig. 3b). Upwelling
associated with mesoscale meanders in the APF



1662 D.M. Nelson et al. | Deep-Sea Research II 49 (2002) 1645-1674

has been shown to be a potential source of both
macro- and micronutrients to the surface layer in
this sector (Barth et al., 2001), and the APF is the
site of intensified primary productivity in other
sectors of the ACC (e.g. Laubischer et al., 1993;
Bathmann et al., 1997). However, production and
export rates measured at 170°W suggest that any
stimulation of either process by enhanced nutrient
supply within the APF is negligible on an annual
basis.

Transport of POC to the deep ocean and the
seabed. The flux of POC to 1000 m ranged from
~140 to ~210mmol Cm * yr ' (Table 3,
Fig. 3a). Those fluxes, which were -calculated
directly from year-round sediment-trap collections
(Honjo et al., 2000), contain less uncertainty than
do estimates extrapolated from spring and summer
data. POC fluxes to 1000m are consistently
between 6% and 8% of the ***Th-based estimate
of POC export from the upper 100 m. Even if the
1000-m fluxes are systematically underestimated
by 20-40% due to under-collection of sinking
POC (Yu et al., 2001; Scholten et al., 2001), the
clear implication is that ~90% of the POC
exported from the upper 100m is remineralized
at depths <1000 m. This is a common observation
in the ocean (e.g. Lee et al., 1998), supported in
other systems by data showing that both the
settling flux of POC and respiratory consumption
of O, decrease quasi-exponentially with depth
between 100 and 500m (Martin et al., 1987,
Jenkins and Goldman, 1985).

Remineralization of sinking POC in the upper
1000 m has particular significance for the carbon
cycle in the Southern Ocean. If we seek to evaluate
the rate at which biological pumping extracts CO,
from the atmosphere and delivers it to the deep
ocean as POC, that carbon must be exported to at
least the shallowest depth that will not be
ventilated during the following winter. Carbon
remineralized at shallower depths will be released
back to the atmosphere at the time of ventilation,
resulting in no net transport to depth. Winter
ventilation depths in the ACC are generally 200—
300m, and can be as deep as 500 m (Gordon and
Molinelli, 1986). Thus the annual extraction of
carbon from the atmosphere by biological pro-
cesses in the Southern Ocean may be seriously

overestimated by quantities such as new produc-
tion and export production, which are well defined
only for the upper 100m and do not account for
relatively shallow (100-500m) subsurface recy-
cling. Respiration below the euphotic zone but
within the ventilated layer also may reduce the
amount of material exported to depth. Daily net
community production rates determined from
incubations were more than twice those estimated
from mixed-layer oxygen saturation levels (Dick-
son and Orchardo, 2001). This difference was
found in spring, when mixed-layer depths greatly
exceeded the depth of the euphotic zone and it was
attributed to respiration of material below the
euphotic zone. Lack of reliable information on
organic matter remineralization between 100 and
500m thus appears to be a major gap in our
present ability to characterize the carbon cycle of
the Southern Ocean.

A relatively high fraction (30-85%) of the POC
that does penetrate to 1000 m, apparently reaches
the sea floor. The most efficient transport of POC
from 1000m to the sea floor appears to occur
south of the APF, where POC rain to the sea floor
is 55-85% (and hence indistinguishable from
100%) of the flux to 1000m. In contrast, we
estimate that 30-45% of the POC that reaches
1000 m reaches the sea floor in the polar frontal
region and northern ACC (Table 3). Bottom
depths at 170°W are considerably shallower in
the southern ACC and Ross Gyre than they are in
the polar frontal region and northern ACC
(Fig. 1). Depths at the sites where we measured
benthic fluxes in the two more southerly sub-
regions were ~2750-3300m, as opposed to
~3980-4970m to the north (Table 2). Thus the
more efficient transport of POC from 1000m to
the sea floor in the northern part of the study area
may result from the simple fact that the vertical
distance those particles must travel is less. In
general, the ~90% loss of POC between 100 and
1000m and relatively efficient transport from
1000m to the sea floor imply that pelagic
remineralization of organic matter is much less
intense below 1000 m than at shallower depths.

Benthic remineralization and burial. Benthic flux
studies during AESOPS indicate that 97-99% of
the POC that reaches the sea floor is remineralized
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in the upper sediment and diffuses back to the
water column as dissolved inorganic carbon
(Table 3; see also Sayles et al.,, 2001). As a
consequence, organic carbon is buried at a rate
of only 1.2-6.2mmol Cm 2yr ' beneath the
Pacific sector of the ACC (Table 3). This burial
represents only 0.02-0.07% of annual POC
production and 0.008-0.04% of gross photosynth-
esis in surface waters (Table 3).

3.3. Vertical budget for biogenic silica

The estimated annual fluxes of biogenic silica in
each of the four sub-regions are shown in Fig. 3b.
While these estimates show that the downward
flux of opal diminishes with depth, comparison
with POC fluxes (Fig. 3a) shows that BSiO, flux
decreases much less with depth than does POC
flux. Several other features of the silica cycle and
its relationship with the carbon cycle in the Pacific
sector of the Southern Ocean are apparent from
this budget.

Biogenic silica production in surface waters. The
zone of relatively high and meridionally constant
annual POC production between 55°S and 65.5°S
is characterized by pronounced southward in-
creases in both gross silica production (as esti-
mated from measured rates of >Si uptake) and net
silica production (as estimated by seasonal draw-
down of Si(OH),). Estimated gross production of
biogenic silica was 0.76, 1.9 and 3.0mol
Sim 2yr ' in the ACC north of, within and south
of the polar frontal region, respectively (Table 3,
Fig. 3b). Net silica production ranged from
0.35mol Sim 2yr~' (~45% of gross BSiO,
production) in the northern ACC to 2.4mol
Simyr ! (~80% of gross BSiO, production)
in the southern ACC where the main diatom
bloom was observed (Table 3, Fig. 3b).

Within each sub-region the difference between
estimated gross and net BSiO, production was
generally smaller than the factor-of-two difference
that is needed to provide an interpretable estimate
of silica dissolution in surface waters. There is,
however, an additional data set that tends to
corroborate the observed difference. *°Si tracer
experiments showed that vertically integrated silica
dissolution in surface waters averaged 20-30% of

vertically integrated BSiO, production during the
main diatom bloom and 60-70% of silica produc-
tion during periods of low productivity before and
after that bloom (Brzezinski et al., 2001). The
spatial and temporal coverage of 2°Si silica
dissolution rate measurements are not sufficient
to permit annual estimates comparable to the
others reported here. However, the approximate
magnitude of the difference between gross and net
silica production indicated by the direct measure-
ments of silica dissolution rates agrees well with
those inferred by comparing silicic acid drawdown
to gross silica production (Table 3).

The main factor controlling the southward
increase in both gross and net BSiO, production
between 55°S and 65.5°S appears to be the
standing stock of Si(OH), in surface waters at
the end of winter. Before the onset of net diatom
growth in spring, surface-layer [Si(OH),] was
~10uM in the northern ACC (55°-59°S) and
35-55uM in the southern ACC (61.5°-65.5°S),
with a strong gradient of southward-increasing
concentrations in the polar frontal region (59°-
61.5°S) (Morrison et al., 2001). Surface-layer
[Si(OH);] was drawn down to <2uM, and
occasionally to <1uM, everywhere north of
65°S and the low residual concentrations were
strongly limiting to further uptake by diatoms
(Nelson et al., 2001). On a seasonal basis, 70 —-80%
of the initial standing stock of Si(OH), in the
upper S50m within each 1° latitude interval
between 58°S and 65°S was exported as biogenic
silica, resulting in seasonally integrated opal
export that ranged from ~0.4mol Sim 2 at 58°S
to ~2.2mol Sim 2 at 64°S (Sigmon et al., 2002).
Thus the Si(OH); initially available in surface
water was exported efficiently throughout the
ACC at 170°W and both BSiO, production and
BSiO, export increased from north to south
because that initial standing stock was lowest in
the subantarctic, intermediate in the gradient
region around the APF and highest south of the
APF.

Biogenic silica export from surface waters and
flux to the deep ocean and sea floor. Opal fluxes
decreased between 100 and 1000 m, but by much
less than did POC fluxes (Fig.3). BSiO, flux
decreased by an estimated 73% between 100 and
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1000 m in the polar frontal zone, and by 33-55%
in the other three sub-regions (Table 3). Thus an
estimated 27-67% of the BSiO,, as opposed to 6—
8% of the POC, exported annually from surface
waters penetrates to 1000 m in this sector of the
Southern Ocean. The percentages calculated above
would be aliased by any significant difference
between BSiO, export in 1996-1997 (when the
1000-m fluxes were measured) and 1997-1998
(when export from the upper 100m was mea-
sured). However, the selective preservation of opal
that is apparent in Fig. 3 cannot be an artifact
resulting from interannual differences unless opal
export was much higher in 1996-1997 than in
1997-1998. As discussed above, surface [Si(OH)4]
was depleted to <2 uM everywhere between 55°S
and 65°S during 1997-1998. This nearly complete
removal of the available Si(OH)4 in 1997-1998
makes it highly unlikely that opal export could
have been significantly higher during the previous
year.

Our estimates imply that a very high fraction
of the BSiO, that reached 1000m reached
the sea floor. Estimates for the four sub-regions
range from 89% to 145% (Table 3), none of
which is distinguishable from 100% given the
uncertainty inherent in such estimates. The carbon
budget shows that there was also relatively
little remineralization of POC in the water
column below 1000 m. The efficient transport of
both BSiO, and POC from 1000m to the sea
floor in all four sub-regions could have at least two
contributing causes. It is possible that the
particulate material —both organic and sili-
ceous—produced in surface waters already has
had its most reactive components remineralized
(for POC) or dissolved (for BSiO,) by the time it
reaches 1000m. It is also possible that those
particles that penetrate to 1000 m do so by sinking
so rapidly that they cover the remaining distance
to the sea floor in a very short time. Both processes
may be significant; the sediment-trap records
indicate a time lag on the order of 17 days between
the maximum POC and opal fluxes to ~ 1000 m
and the maximum fluxes to deeper traps at
~2900-4900m (Honjo et al., 2000). That time
lag is consistent with a bulk settling rate of
~200md .

Benthic dissolution and burial. The benthic flux
data indicate that 83-95% of the BSiO, reaching
the sea floor dissolves in the upper sediment
(Sayles et al., 2001; see also Table 3). While this
represents substantial recycling, it is considerably
less intense than the 97-99% remineralization
calculated above for the POC that reaches the
sea floor. This differential recycling continues a
process that appears to occur throughout the
water column: POC is remineralized more rapidly
than BSiO, within every depth interval, from
surface water to the seabed. The cumulative effect
is that the preservation efficiency (burial in the
seabed/production in surface waters) is much
greater for BSiO, than for POC. Estimated
preservation efficiencies for BSiO, range from
1.2% in the Ross Gyre to 5.5% in the southern
ACC, while those for POC range only from 0.02%
in the northern ACC to 0.08% in the southern
ACC.

Although the preservation efficiency for BSiO,
appears to be ~ 60 times greater than that for POC
throughout the AESOPS study area, it is not
unusually high in comparison with opal preserva-
tion efficiencies elsewhere in the ocean. The 1.2—
5.5% range of opal preservation efficiency calcu-
lated for the AESOPS study area is indistinguish-
able from the global mean of 2.5-3% estimated by
Tréguer et al. (1995). Thus the AESOPS results
from the Pacific sector are consistent with those
recently presented by Pondaven et al. (2000) from
the Indian sector: Opal preservation efficiency is
not enhanced in the Southern Ocean, and thus is
not the reason why extensive diatom-rich sedi-
ments are forming beneath low-productivity sur-
face waters.

A consistent spatial pattern in the silica cycle.
The southern ACC between 61.5°S and 65.5°S
represents a local maximum in almost every Si flux
estimated in the upper ocean, the deep ocean or
the seabed (Fig. 3b). The sole exception to that
pattern is opal export from the upper 100 m, where
the maximum is somewhat broader and includes
both the polar frontal region and the southern
ACC. It is important to note in this regard that the
different estimates consider not only different data
sets but also different time intervals. Estimates of
gross and net BSiO, production in surface waters
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and opal export from the upper 100m are all
derived from data obtained in the spring and
summer of 1997-1998 (Brzezinski et al., 2001;
Sigmon et al., 2002; Buesseler et al., 2001; see also
Table 2). Opal fluxes to 1000m were measured
from November 1996 through January 1998 and
the estimated annual fluxes are influenced most
strongly by data from the spring and summer of
1996-1997 (Honjo et al., 2000). Benthic dissolu-
tion fluxes (the main term in the estimated flux to
the seabed) integrate time periods ranging from
several months to several years, and all benthic
fluxes were measured on material that reached the
sea floor before February/March of 1998 (Sayles
et al., 2001). The estimated burial rates integrate
time periods on the order of 1000+ years (Sayles
et al., 2001). The emergence of the southern ACC
as the zone of maximum BSiO, flux in all pelagic
estimates thus provides evidence that it was the
zone of maximum BSiO, production and export in
both 1996-1997 and 1997-1998. The benthic data,
which integrate over longer time scales, further
imply that those fluxes may have been maximal in
the southern ACC quite consistently during the
past 1000+ years.

A temporally persistent pattern of the kind
described above is exactly what would be expected
if the control of BSiO, production and export is as
Sigmon et al. (2002) have proposed. Briefly, they
showed that during the spring and summer of
1997-1998 diatoms exported 70-80% of the Si that
was available in the upper 50m at the end of
winter, at all latitudes north of 65°S. As a result,
BSiO, export was greatest in the southern ACC,
where initial surface-layer [Si(OH)4] was 35—
55uM, least in the northern ACC where initial
concentrations were ~10uM and intermediate in
the intervening gradient region associated with the
APF. South of 65°S the initial [Si(OH)4] in surface
waters was > 55 uM, but relatively little of that Si
was used due to the combined effects of a short ice-
free season and possible Fe limitation. Thus
annual production and export of BSiO, are
maximal between 59°S and 65°S because they are
limited by low late-winter [Si(OH)4] north of 59°S
and by prolonged ice cover and possible Fe
limitation south of 65°S. Both of those conditions
are persistent features in the Southern Ocean,

which are probably not subject to major changes
on millennial or shorter time scales. Thus the
southern ACC should be the zone of maximum
BSiO, production and export every year. Vertical
budgets derived from the several AESOPS data
sets combine to suggest that the expected persis-
tent maximum in all Si fluxes in the southern ACC
does in fact occur.

3.4. Selective preservation of opal over organic
matter

Fig. 4 presents the estimated annual fluxes,
expressed as BSiO,/POC flux ratios. Those ratios
increase systematically with depth throughout the
water column and upper sediments. Estimated on
an annual basis, phytoplankton produced BSiO,
and POC in a mole ratio of ~0.1 in the northern
ACC, and 0.2-0.4 in the polar frontal region,
southern ACC and Ross Gyre. The mean BSiO,/
POC ratio measured in pure diatom cultures
growing under nutrient-replete conditions is
~0.13 (Brzezinski, 1985). Thus the observed
BSiO,/POC production ratios of 0.1-0.4 imply
that diatoms accounted for a large fraction of the
annual POC production throughout the system,
and that those diatoms had unusually high Si/C
production ratios in the polar frontal region,
southern ACC and Ross Gyre. As also reported
by Buesseler et al. (2001), ratios of opal export to
POC export from the upper 100 m ranged region-
ally from 0.2 to 0.6, and the BSiO,/POC ratio
increased to 1.5-4.5 in the material reaching
1000 m. The large compositional change between
100 and 1000 m reflects the ~90% remineraliza-
tion of POC discussed above, while biogenic silica
fluxes decreased by only 10-70% (Fig. 3b). POC
remineralization continued to a diminished extent
in the >1000m water column, at least in the
northern ACC and the polar frontal region, while
opal passed from 1000 m to the sea floor without
measurable loss. This caused the mole ratio of opal
to POC in material delivered to the sea floor to
range from 2.2 to 7.6. While 83-95% of the BSiO,
that reached the sea floor dissolved in the
upper sediments, 97-99% of the POC reaching
the sea floor was remineralized, with the result that
the ratio of long-term opal burial to long-term
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Fig. 4. Annual flux estimates reported in Fig. 3, expressed as BSiO,/POC flux ratios (mol/mol).

POC burial increases to 11.6-28. It is clear
from these data that one reason why opal-
rich, organic-poor sediments are accumu-
lating beneath the ACC is that the biogenic
material produced by phytoplankton is selectively
stripped of organic matter at every stage in its
passage through the water column and into the
seabed. Another reason, as noted by Sayles et al.
(2001), is that other sedimentary components such
as CaCO; and terrigenous material accumulate
only very slowly in the abyssal sediments of the
ACC.

3.5. Comparison of POC and BSiO; fluxes in the
ACC with those in other oceans

POC fluxes. The estimated annual '*C primary
productivity in the ACC at 170°W (6.9-8.7mol
Cm yr ') is somewhat higher than the mean
annual productivity in the ACC south of 55°S
estimated from satellite ocean-color and surface
irradiance data (Antoine et al., 1996, Behrenfeld
and Falkowski, 1997). Subsequent estimates,
based on ocean-color data obtained concurrently
with our observations (October 1997-September



Table 4

Estimated fluxes of particulate organic carbon and biogenic silica in the Pacific sector of the Sothern Ocean, compared with those in selected other ocean systems.

Region POC New or export POC flux BSiO, Net or export BSiO, flux to Reference(s)
production POC to ~1,000 m production BSiO, ~1,000 m
(molCm 2y production molCm2y™"y (molSim?y~') production (mol Sim™2y ™)
(molCm~2y™h (mol Si m™2
yh

Southern Ocean @ 6.9 — 8.7 2.1 -3.8 0.17 - 0.21 0.8 -3.0 03-24 0.28 — 0.94 This study

170°W

Ross Sea shelf ' 11.9 5.1 0.41° 2.0 0.71 0.48° Nelson et al., 1996

Sargasso Sea near 9-15 25-26 0.08 - 0.13° 0.24 0.03 - 0.05 4 Michaels et al.,

Bermuda 1994; Nelson &
Brzezinski, 1997;
Buesseler et al.,
2000; W. Deuser,
unpublished data

N. Pacific Gyre near 12 — 17 0.8 0.1° 4 4 0.02 Letelier et al.,

Hawaii 1996; Karl et al.
1996; Scharek
et al., 1999

Equatorial Pacific 22 - 41 1863 0.1 4 4 0.12 Barber et al., 1996;
McCarthy et al.,
1996; Honjo et al.,
1995

Arabian Sea 23 - 43 1.0 - 3.4 0.17 - 0.56 4 4 0.2 Honjo et al., 1999;
Lee et al., 1998

Global average 10 - 13 2.6 0.2 0.6 -0.8 03-04 0.15 Antoine et al.,

1996; Behrenfeld
& Falkowski,
1997; Nelson et al.,
1995; Schlitzer,
2000; Honjo, 1997

!'Shelf-wide mean fluxes reported
2Fluxes to sediment traps at 250 m; mean bottom depth of the shelf is 550 m.

3Traps were located at 500 and 1500 m; the higher value shown is the flux to 500 m, the lower value the flux to 1500 m.

4No data-based estimate is available.
Include carbonate, so overestimates POC flux.
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1998) suggest that zonally averaged primary
productivity in the ACC ranges from ~2.4mol
Cm “yr ! in seasonally ice-covered waters to
~6mol Cm2yr~! in the polar frontal region
(Moore and Abbott, 2000). Spatially integrated
productivity in the polar frontal region and all
waters to the south, an area of 3.07 x 10’ km?, was
estimated in that study to be 1.42Pg Cyr ' (1
petagram (Pg)=10""g), a mean productivity of
~46g Cm 2yr ' (~3.9mol Cm 2yr'). Those
recent estimates remain somewhat lower than our
4C-based estimate for the AESOPS study area,
but they are generally within the factor-of-two
range that must be exceeded before differences in
annual estimates are meaningful. These estimates
thus suggest that the annual primary productivity
we have estimated at 170°W is close to the
circumpolar average for the ACC. The highest
recent estimate of primary productivity in the
Southern Ocean is 3.2-4.0 Pg C yr ™', integrated for
all waters south of 50°S (Arrigo et al., 1998), an
area of 4.6 x 10’ km? (Moore and Abbott, 2000).
The regional productivity estimate of Arrigo et al.
(1998) thus represents a mean productivity of
~70-90g Cm 2yr ' (~5.8-7.5mol Cm Zyr '),
which is indistinguishable from our estimate of
6.9-8.7mol Cm 2yr ! for the ACC at 170°W.

While approximately average for the ACC,
primary productivity of 6.9-8.7mol Cm 2yr ' is
considerably lower than that in most other oceans
(Table 4). For example, multi-year records of '*C
productivity at the JGOFS Bermuda Atlantic
Time Series (BATS) site in the Sargasso Sea range
interannually from 9 to 15mol Cm 2yr—' (Mi-
chaels et al., 1994) and those at the JGOFS Hawaii
Ocean Time-series (HOT) site in the North Pacific
Central Gyre from 12 to 17mol Cm Zyr '
(Letelier et al., 1996). Thus our '*C-based pro-
ductivity estimate in each of three sub-regions of
the ACC at 170°W is somewhat lower than '*C-
based productivity estimates from the classically
oligotrophic subtropical gyres.

ISN-based estimates of annual new production
and ***Th-based estimates of annual POC export
in the four sub-regions of the AESOPS study area
range from 1.7 to 3.9mol Cm 2 (Table 3a,
Fig. 3a). These two independent estimates both
indicate that the f ratio (new production/total

POC production; Eppley and Peterson, 1979) is
~0.4 on an annual basis throughout the system
(Table 3a). These f ratios are significantly higher
than those in other open-ocean systems. For
example, f ratios are generally <0.15 in subtro-
pical gyres (e.g. Eppley and Peterson, 1979;
Harrison et al., 1996) and have been estimated to
be only 0.04-0.08 in the Arabian Sea (Lee et al.,
1998) and 0.02-0.10 in the equatorial Pacific
(Buesseler, 1998).

The relatively high f ratios and export efficien-
cies we observed in the Southern Ocean at 170°W
result in annual POC export that is similar to that
in more productive systems at lower latitudes, in
spite of the lower primary productivity (Table 4).
Our estimated export of 1.7-3.8mol Cm 2yr~' in
the ACC and Ross Gyre is indistinguishable from
the 2.6mol Cm Zyr~' estimated for the Sargasso
Sea by Michaels et al. (1994) from seasonal
drawdown of dissolved inorganic C and the
2.5mol Cm 2yr ! estimated for that same system
by Buesseler et al. (2000) from ***Th deficits and
the POC/***Th ratio of the sinking material
collected by neutrally buoyant sediment traps.
The annual POC export we estimate in the ACC is
also similar to that reported in the Arabian Sea,
even though annual primary productivity in the
Arabian Sea is estimated to be 3-5 times that in
the AESOPS study area (Lee et al., 1998; sce
Table 4).

Eppley and Peterson (1979) noted a large-scale
pattern in which f ratios increase with increasing
total primary productivity, implying that POC
export from eutrophic surface waters should be
many times greater than that from oligotrophic
systems. However, the relationship presented by
Eppley and Peterson was based entirely on data
from tropical and subtropical areas, and does not
appear to hold in polar oceans of either the
northern or southern hemisphere (e.g. Smith and
Harrison, 1991). Instead, f ratios in high-latitude
systems generally range from ~0.3 to ~0.7, in
productive and unproductive regions alike (data
from numerous studies, summarized by Nelson,
1992). A consequence of this relationship is that
POC export from low-productivity surface waters
in polar oceans may be significantly higher than
that from low-productivity areas in the tropics or
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subtropics. Buesseler (1998) examined this export
efficiency throughout the world’s oceans and
attributes high export efficiency in the polar
oceans to diatom-dominated food webs. The
AESOPS data are consistent with that high-
latitude pattern, with the result that annual new
production and POC export in the ACC at 170°W
are approximately average for the global ocean
despite low primary productivity (Table 4).

Annual POC fluxes to 1000 m ranged from 0.14
to 0.21 mol Cm™? (Table 3, Fig. 3a), about twice
the global average (Honjo et al., 2000). The carbon
budget thus indicates that POC export efficiency is
high (remineralization efficiency is low) through-
out the upper 1000m in the ACC. The overall
result of this high export efficiency is that,
although annual primary productivity is lower
than that in most other ocean habitats, annual
POC export from surface waters is somewhere
near the global average and annual POC flux to
the deep ocean is about twice the global average
(Table 4).

Opal fluxes. In contrast to the low annual
production of POC, estimated annual rates of
BSiO, production are substantially higher in the
ACC than in most other oceans (Table 4). The
AESOPS data indicate that BSiO, production in
the Pacific sector of the ACC ranges from ~0.8 to
3.0mol Sim ?yr~!' (Fig. 3b). Those rates are 3—12
times the annual BSiO, production reported at the
BATS site, and BSiO, production in all sub-
regions except the northern ACC is well above the
global average of 0.6-0.8mol Sim Zyr ! (Table
4). High rates of BSiO, production in surface
waters appear to be quite common in the Southern
Ocean. Nelson et al. (1996) estimated a mean
production of 2.0mol Sim ?yr~' over the Ross
Sea shelf, Pondaven et al. (2000) estimated rates
ranging regionally from 1.6 to 3.3mol Sim Zyr !
in the Indian Ocean sector of the ACC and
Rutgers van der Loeff et al. (2002) estimated silica
production to be 1.6mol Sim ?yr~' in the polar
frontal region of the Atlantic sector.

Net BSiO, production and export from the
upper 100 m, as estimated from AESOPS data, are
also considerably higher in the ACC than that in
other oceans (Table 4). The estimated net BSiO,
production (~0.4-2.4mol Sim yr') and export

(~0.3-1.4mol Sim 2yr ") are an order of magni-
tude greater than at the BATS site and 2-5 times
the estimated global mean. As is the case for BSiO,
production, high rates of net BSiO, production
and export appear to be widespread in the
Southern Ocean. Net BSiO, production has been
estimated to average 0.7mol Sim Zyr ' over the
Ross Sea shelf (Nelson et al.,, 1996), to range
regionally from 0.7 to 2.3mol Sim Zyr~! in the
Indian Ocean sector of the ACC (Pondaven et al.,
2000) and to be 0.4-1.1mol Sim 2yr ' in the
polar frontal region of the Atlantic (Rutgers van
der Loeff et al., 2002).

Taken together, the high rates of BSiO,
production and export, low primary productivity
and moderate POC export imply that the relation-
ship between the cycles of carbon and silicon in
Southern Ocean surface waters is very different
from that in other oceans, as was suggested
recently by Ragueneau et al. (2000). The ACC is
among the most productive, highest-export sys-
tems in the ocean with respect to biogenic silica.
But for POC, the main form in which biological
processes transport carbon to the deep ocean,
export in the ACC is only average and primary
productivity lower even than that in the mid-ocean

gyres.

3.6. Potential causes and implications of Si-
enriched, C-depleted primary production and export

The reasons for the observed low rates of POC
production with high accompanying rates of
BSiO, production and export in the Southern
Ocean are not yet apparent. One clear possibility,
however, is the effect of low [Fe] on the elemental
composition of diatoms, coupled with the abun-
dant supply of Si(OH); to surface waters via
upwelling. Studies in several systems, including the
Southern Ocean, have shown that Fe deficiency
increases the Si/N and Si/C uptake ratios of
diatoms by a factor of 2-3 (Hutchins and Bruland,
1998; Takeda, 1998). Fe limitation has been
hypothesized to be the main cause of the HNLC
character of the Southern Ocean (Martin, 1990),
and has now been demonstrated experimentally in
several other sectors of the ACC (Van Leeuwe
et al., 1997; Boyd et al., 2000). Mixed-layer [Fe]
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was consistently <0.3nM throughout the AE-
SOPS study area (Measures and Vink, 2001), and
experiments performed during AESOPS indicate
that Si/N uptake ratios were increased by as much
as a factor of six under the resulting Fe limitation
(Franck et al., 2000). During AESOPS a diatom
bloom developed, which was intense enough to
deplete surface [Si(OH),] from 35-50puM to
<2uM throughout the entire north—south extent
of the southern ACC leading Brzezinski et al.
(2001) to conclude that Fe has little effect on the
annual yield of siliceous biomass in this region
even if Fe limitation slows the rate at which silicic
acid is depleted. Primary production, N and P
drawdown and new production in this same bloom
were modest (Sambrotto and Mace, 2000, Dickson
and Orchardo, 2001; Morrison et al., 2001), and
Fe deficiency caused Si to be taken up in high
proportions to both C and N (Franck et al., 2000).
Thus several data sets obtained during AESOPS
are consistent with the hypothesis that the
observed Si-enriched, C-depleted character of
phytoplankton production and particle export in
the ACC is a consequence of low Fe availability.

One implication of the above scenario is that
low [Fe] limits the annual production and export
of organic matter in the Southern Ocean while
having little or no effect on the annual production
or export of biogenic silica. If so, then selective Fe
control of the annual production of organic
matter, with no accompanying control of annual
BSiO, production, must be considered in any
attempt to reconstruct Southern Ocean paleopro-
ductivity from the opal sediment record. Data
records from the Vostok ice core in Antarctica
show that each of the last four glacial epochs was
characterized by low atmospheric CO, (Petit et al.,
1999), implying that the biological pumping of
CO, from the atmosphere to the ocean may have
been more efficient during glacial times. It also has
been argued, based on Vostok ice core data, that
Fe was much more readily available in Southern
Ocean surface waters during the last glacial
maximum (Martin, 1990). The potential cause-
and-effect relationship is obvious: Release from Fe
limitation during glacial times would have per-
mitted diatoms to grow with significantly higher
N/Si and C/Si ratios. Annual production and

export of BSiO, would not have been significantly
higher than they are today, as the available Si in
surface water is almost completely used under
present conditions (Brzezinski et al., 2001; Sigmon
et al.,, 2002). In contrast, POC production and
export would have been at least twice as high,
perhaps as much as six times as high, as they are at
present. If this reasoning is correct, then POC
production and export during glacial times could
have been 2-6 times their present values without
increasing either the accumulation rate or the opal
content of the sediments being generated.

There is little evidence that opal accumulation
rates south of the APF were higher during glacial
times than they are at present. Some data in fact
suggest that those rates were lower during the last
glacial maximum (Mortlock et al., 1991; Kumar
et al., 1995; Anderson et al. 2002) and that residual
silicic acid concentrations in surface waters were
higher (De La Rocha et al.,, 1998). There is,
however, a growing body of evidence that the ratio
of organic carbon burial to opal burial south of
the APF was significantly higher during glacial
times. Anderson et al. (2002) have presented
sediment core data from the Atlantic sector of
the ACC indicating that this ratio was approxi-
mately three times higher during each of the past
two glacial periods than during the ensuing
interglacials. If those changes reflect changes in
the ratio of POC export to BSiO, export from
surface waters, then there was approximately three
times as much POC export per unit BSiO, export
during each of the last two glacial maxima as there
is at present. That difference exactly matches the
change in diatom elemental composition that is
known to occur when the cells are released from
Fe deficiency.

It has recently been suggested that the Southern
Ocean was a much stronger sink for atmospheric
CO; during the last glacial maximum than it is at
present, with total POC export 2.9-3.6Pg Cyr'
greater than it is now (Moore et al., 2000).
According to those calculations about half of the
hypothesized increase in POC export occurred in
subantarctic waters north of 55°S, implying
increased export of ~1.5-1.8Pg Cyr ' within
the ACC proper. The mean POC export we
estimate in the ACC south of 55°S at 170°W is
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2.5mol Cm 2yr~' (Table 3). Extrapolating that
export to the area of the ACC (3.3 x 10" km?;
Tréguer and Jacques, 1992) yields an estimated
present export of 8.3 x 10 mol Cyr~' (~1.0Pg
Cyr ") in the region. Thus if POC export in the
ACC was 1.5-1.8 Pg Cyr~' higher during the last
glacial maximum as hypothesized by Moore et al.,
it would have been approximately 2.5-2.8Pg
Cyrfl, or 2.5-2.8 times its present value. As we
calculated above, POC export could have been
increased by almost exactly that amount, with no
corresponding increase in opal export, if diatoms
were permitted to grow with the normal elemental
composition characteristic of Fe-replete condi-
tions.
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