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This study was part of the Antarctic Environment and Southern Ocean

Study (AESOPS) program, whose main goal was to investigate the role of the biota

in the carbon flux from the atmosphere to the interior of the ocean. We quantified

the abundance of the major phytoplankton classes and examined the physical and

chemical controls of their distribution during a cruise in JanuaryfFebruary 1998

near the Antarctic Polar Front (APF). In order to extrapolate our knowledge of the

phytoplankton class distribution over the entire season we explored possible

physical and optical proxies that allow us to map the class distribution for the entire

growing season using mooring or drifter data.

Chlorophyll a in the APF region had declined since the bloom in early

summer, but was high at the location of the Southern Antarctic Circumpolar

Current Front (SACCF), and coinciding with the location of the meridional silicic

acid gradient. The APF separated the diatom-dominated phytoplankton south of the
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front from the nanoflagellate-dominated phytoplankton (mostly prymnesiophytes)

to the north. The absence of diatoms north of the front is most likely due to silicic

acid limitation. Their dominance south of the front is likely a consequence of

increased silicic acid and iron flux from below the surface mixed layer south of the

front, where nutrient concentrations below the mixed layer are significantly higher.

The dominance of diatoms over flagellates is negatively correlated with

temperature (r = -0.83), particularly within the PF region. Therefore sea surface

temperature could be used to estimate diatom dominance in this particular region.

The optical data from the drifter released during the JanuaryfFebruary cruise

indicate a higher ratio of upwelling radiance at 555 nm to downwellng irradiance at

490 nm (Lu555IEd490) associated with increased diatom dominance. This ratio

normalized to chlorophyll is an indicator for backscattering properties of the algal

community. The community with the higher diatom dominance has a significantly

higher Lu555fEd49OIchl a ratio and it appears that the backscattering properties

could be used to distinguish between the diatoms and prymnesiophytes in the

Southern Ocean.
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INTRODUCTION TO PHYSICAL, CHEMICAL, AND BIOLOGICAL
CONTROLS OF PHYTOPLANKTON IN TIlE SOUTHERN OCEAN
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PROBLEM DEFINITION

In the early 1980's the scientific community widely recognized that the

atmospheric carbon dioxide (CO2) levels had significantly increased as a result of

human activities such as deforestation and fossil fuel burning (Longhurst, 1991).

The role of CO2 and other green house gases in controlling the global climate, by

trapping heat in the earth's atmosphere, has been known for many years

(Arrhenius, 1896; Chamberlin, 1899; Callendar, 1938; Longhurst, 1991). As a

consequence of the global scale of this problem scientists initiated a global

collaboration, the Joint Global Ocean Flux Study (JGOFS), with the central goal to

investigate the role of the ocean in the global carbon budget (McCarthy, 2000).

The ocean can potentially be a sink for atmospheric CO2 in two ways. The

geochemist's view is that the most important flux of CO2 from the atmosphere to

the ocean today is purely based on diffusion and solubility (Broecker, 1982). This

is due to the positive balance between the CO2 flux to the ocean in high latitudes,

where bottom water is formed and CO2 moved to the deep ocean, and the CO2 flux

to the atmosphere in regions of upwelling. This unbalance results in a net uptake of

CO2 by the ocean based purely on the dissolution and the solubility of CO2 in the

ocean and the ocean's buffering capacity. However, this disequilibrium is only due

the increase of atmospheric CO2 over the past thousands of years. On average

bottom water is ventilated after about 800-1000 years at which point the flux out of
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the ocean will equal today's flux into the ocean at high latitudes. This first

mechanism can be referred to the 'physical-chemical pump'.

The second mechanism of oceanic sequestration of CO2 is often called the

biological pump'. The biological pump is defined as the process by which

photosynthetically fixed carbon is transported to the interior of the ocean

(Longhurst, 1991; Dugdale et al., 1995). This process results in either temporary or

permanent storage of carbon in the ocean. The biological pump increases the rate

by which carbon is transported into the deep ocean due to gravitational forces on

particulate carbon. In addition, a small fraction of the sinking organic matter

eventually gets buried in the sediments. This is the major difference compared to

the diffusion-driven geochemical mechanism of CO2 sink to the ocean. The burial

in sediments results in a permanent removal from the atmosphere and the

biosphere. Although only a very small fraction of the particulate carbon gets

buried, it is the only mechanism that is truly a reversal of fossil fuel burning.

The efficiency of this biological pump is strongly dependent on the sinking

rates of the particulate matter and inversely dependant on the rates of

remineralization by heterotrophs in the surface layer (Michaels and Silver, 1988).

Therefore this biological pump will move carbon from the atmosphere to the

bottom of the ocean more efficiently with fast-sinking phytoplankton species

present. Large phytoplankton such as diatoms, have high sinking rates and are also

more likely than smaller phytoplankton to escape grazing due to their size

(Smetacek, 1985; Fowler and Knauer, 1986). As a consequence, diatom blooms are
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very often associated with areas of higher transport efficiency of fixed carbon out

of the surface layer into the interior of the ocean, resulting in higher CO2 drawdown

(Claustre, 1994). It is thus important to gain knowledge of the phytoplankton

species dominating the biomass in terms of carbon (or chlorophyll) in order to

assess the fate of the organic matter.

BACKGROUND

Southern Ocean's role in the CO2 budget

The Southern Ocean is of particular importance to the global CO2 cycle for

two reasons: The Southern Ocean is, next to the North Atlantic, the most important

source of bottom water. Secondly, it is a large High Nutrient Low Chlorophyll

(HNLC) region, presumably iron limited (de Baar et al., 1995; Martin et al., 1990;

Banse, 1996). This implies that this region could become a more efficient

biological pump if iron supply was to increase.

Although controversial, sediment records suggest that the Southern Ocean

was 50 - 100 % more productive during the last glacial maximum (Tréguer, 1994).

Additionally, Antarctic Bottom Water (AABW) formation was higher during the

last glacial maximum resulting in a higher transport of CO2 to the deep ocean.

These two mechanisms combined imply that the Southern Ocean could

significantly influence global climate through its impact on the carbon cycle.
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Climate change is likely to affect the hydrography of the Southern Ocean by

changing the extent of seasonal sea ice. The interaction of sea-ice formation with

strong winds is believed to be the main mechanism responsible for bottom water

formation in the Southern Ocean. Therefore global warming can potentially result

in a less effective 'physical-chemical pump' in the Southern Ocean, were the ice

extent to decrease in response to global warming. The effects of climate change on

Southern Ocean biology and the biological pump' are far more complicated to

predict. The most predictable effect results from the decrease in the extent of the

Seasonal Ice Zone (SIZ), which will decrease the area that experiences surface

stabilization due to low salinity water from ice melt. This stabilization of the

surface mixed layer often results in phytoplankton blooms (Nelson and Smith,

1991; Smith and Nelson, 1986). However, changes in global climate will affect

Southern Ocean biology in much more complex ways, for example by changing the

rate of iron supply via eolian dust deposition. Therefore determining the present

physical and chemical (Si, Fe, N, P) controls of the phytoplankton and their control

by herbivory is most crucial in order to model and eventually predict the role of the

Southern Ocean biology in the global carbon budget and its response to a changing

climate.

The Polar Front's role in the Southern Ocean

The most prominent feature of the Southern Ocean is the Antarctic

Circumpolar Current flowing eastward around the Antarctic continent. Several
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frontal features separate this current into characteristic zonal bands. One of these

fronts, the Polar Front (PF), has received much attention in the last years. The

location of the PF often coincides with the occurrence of elevated biomass as seen

from satellite images (Comiso et al., 1993; Moore and Abbott, in press). Analysis

of the position of this front based on Advanced Very High Resolution Radiometer

(AVHRR) satellite imagery revealed that the position of the PF is highly variable,

especially in the region south of New Zealand (Moore et al., 1999). This variability

is associated with strong meandering of the frontal jet. Such meandering results in

increased upwelling of nutrients (Flierl and Davis, 1993; Pollard and Regier, 1992).

The main working hypothesis at present is that the increased nutrient upwelling, in

particular iron, associated with these frontal meanders are responsible for the

elevated chlorophyll biomass seen in satellite imagery (Moore and Abbott, in

press). Another possible mechanism allowing for increased phytoplankton growth

is the upwelling of a phytoplankton population that was low-light adapted to higher

light levels as a result of the meandering. The correlation between available light

and increases in chlorophyll measured by drifters suggest that the upwelling

impacted the biology mostly through increased light availability and less through

increased nutrients (Abbott et al., submitted).
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Major Phytoplankton Species in the Southern Ocean and their Role in the
Carbon Budget

The most prevalent phytoplankton species in the Southern Ocean, south of

the Sub-Tropical Front (STF), are diatoms, pryrnnesiophytes and dinoflagellates

(Bidigare et al., 1996; Prézelin et al., 2000; Moline and Prézelin, 1996; Moline et

al., 1997; Buma et al., 1990). The coccolithophorids, as part of the

prymnesiophytes, are generally limited to waters warmer than 2 °C (Eynaud et al.,

1999; McIntyre and Be, 1967). Although the majority of the Southern Ocean tends

to be dominated by these three algal classes, chiorophytes and cryptophytes have

been observed to account for a significant proportion of the phytoplankton biomass

in certain areas (Prézelin et al., 2000; Mura et al., 1995; Moline and Prézelin, 1996;

Moline etal., 1997).

In general, large-sized phytoplankton species result in higher ratios of new

production to total production (f-ratio) (Michaels and Silver, 1988; Dugdale and

Wilkerson, 1992), which results in a higher transport efficiency of carbon into the

interior ocean. For example, diatom blooms are associated with high f-ratios, due to

their high growth and sinking rates as copepod fecal pellets or ungrazed aggregates

(Fowler and Knauer, 1986; Smetacek, 1985). In addition, Arrigo et al. (1999)

observed a higher CO2 drawdown associated with a prymnesiophyte (Phaeocystis

spp.) bloom than with a diatom bloom in the Ross Sea. This could be a

consequence of Phaeocystis forming colonies, which in turn result in large

aggregates that tend to sink rapidly. Therefore knowledge of the species
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composition making up the bulk phytoplankton biomass will greatly improve the

ability to estimate export production.

Use of Marker Pigments in Identification of Different Taxonomic Groups

Carotenoid concentrations as well as chlorophyll a, b, and c concentrations

can be quantified as a result of advancements in pigment separation techniques

using chromatography, in particular High Pressure Liquid Chromatography

(HPLC) (Jeffrey, 1997). Methods have been developed to recognize different

microalgal classes based on their characteristic carotenoid or chlorophyll content.

The integration of many field and laboratory studies have produced a

comprehensive listing of the phytoplankton classes and their marker pigments

(Table 1.1). As apparent from the table, certain phytoplankton classes share the

same marker pigments, such as bacillariophyta and raphidophyceae, cyanophyta

and rhodophyta, and chlorophyceae and euglenophyta. In order to ascribe the right

class to the occurrence of any of these pigments, microscopic observations or

covariance analysis with the other characteristic pigments are necessary in addition

to the quantification of the marker pigments. In some cases, enough of the

distribution of these algal classes in the world's ocean is known to preclude

coexistence. For example, the raphidophyceae are unlikely to be confused with

bacillariophyta in the open ocean, since they occur predominantly in freshwater or

coastal waters.
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Table 1.1: Phytoplankton classes and their respective marker pigments.

Phytoplankton Marker Pigment Other Characteristic
Class Pigments
Cyanophyta Zeaxanthin Biliproteins
(Cyanobacteria)

Prochlorophyta Divinyl Chlorophyll a & b Zeaxanthin

Bacillariophyta Fucoxanthin Chlorophyll ci & c2,

(Diatoms) Diadinoxanthin
19'-Prymnesiophyceae 19'-Hexanoyloxy-
Butanoyloxyfucoxanthin,fucoxanthin(Prymnesiophytes) Fucoxanthin, Chlorophyll
C1, c & C3

Cryptophyta Alloxanthin Chlorophyll c2

Dinophyta Peridinin Chlorophyll c2

Chrysophyceae 19'-Butanoyloxy- Fucoxanthin, Chlorophyll
fucoxanthin C2 & C3

Prasinophyceae Prasinoxanthin Chiorphyll b, MgDVP, P-
457 & P468, Violaxanthin

Chlorophyceae Chlorophyll b Lutein, Neoxanthin,
Violaxanthin

Euglenophyta Chlorophyll b Diadinoxanthin

Eustigmatophyta Violaxanthin Vaucheriaxanthin ester

Rhodophyta Zeaxanthin Biliproteins

Raphidophyceae Fucoxanthin Chlorophyll c1 & c2,
Diadinoxanthin

(Adapted from Jeffrey and Vesk, 1997)
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OBJECTIVES

In response to the increased need for a better understanding of the global

carbon cycle the international JGOFS program was formed. One of the U.S. JGOFS

program's main objectives was to determine biogeochemical processes governing

the carbon cycle in the Southern Ocean. This resulted in the formation of the

Antarctic Environmental and Southern Ocean Process Study (AESOPS) program.

An important aspect was to better understand the controls of phytoplankton

biomass and growth in light of the high concentrations of macronutrients. The

following are the four main hypotheses proposed to be tested in this particular

HNLC region:

1) The li-radiance-Mixing Hypothesis: Phytoplankton, due to the strong winds and

therefore deep mixing, are light limited (critical depth is shallower than the

mixed layer depth) (Sverdrup, 1953).

2) The Silicate Hypothesis: Silicate limits diatom growth (culture studies of

Antarctic diatoms suggest low affinity of these organisms for silicate) (Jacques,

1983; Nelson and Tréguer, 1992).

3) The Iron Hypothesis: Iron limits phytoplankton photosynthesis and growth.

Low eolian input of dust (including iron) and phytoplankton response to iron-

enrichment suggests that iron availability is limiting (Martin et al., 1990).

4) The Grazing Hypothesis: Grazing maintains phytoplankton stocks at low levels

(Banse, 1996).
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The first objective of our study was to investigate the abundance of

phytoplankton biomass and secondly to examine the distribution of the major

classes of phytoplankton in relation to their physical and chemical environment.

The strong meridional gradient in water properties across the Polar Front and the

Southern Antarctic Circumpolar Current Front (SACCF) constitutes a natural

laboratory to test whether three of the above hypotheses would be true also for

controlling the spatial distribution of different phytoplankton classes:

1) The Irradiance-Mixing Hypothesis: The dominance of different algal classes is

controlled by the difference in available light due to changes in mixed layer

depths relative to the euphotic depths.

2) The Silicate Hypothesis: Silicate availability controls the dominance of

different algal classes.

3) The Iron Hypothesis: Iron availability controls the dominance of different algal

classes.

Chapter 2 describes in detail the distribution of the algal classes as

determined from BPLC analysis. In chapter 2 we also discuss the above three

factors in potentially controlling the observed algal class distribution across the PF.

No conclusions can be made regarding the irradiance-mixing hypothesis due to a

lack of sufficient data. However, some conclusions are drawn in chapter 2
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regarding the distribution of algal classes in response to iron and silicic acid

availability. Since the HPLC pigment data collected on the JanuaryfFebruary cruise

represents only a snapshot in time, the goal was to examine ways to extrapolate the

phytoplankton class information gained on that cruise over the entire growing

season. Our objective was to find proxies for phytoplankton class composition for

which a continuous seasonal record exists, such as optical or physical data collected

via a moored instrument array (Abbott et al., in press). This was addressed in

chapter 3 by exploring the correlation between either physical or optical data and

phytoplankton composition, particularly the diatom dominance.

CHRONOLOGY OF EVENTS PRIOR TO OUR STUDY

The AESOPS program conducted a series of four cruises along the 17O W

line between New Zealand and McMurdo, Antarctica, with the objective to study

the Polar Front region in detail (Table 1.2). The location of the cruises was selected

to cover both the region north and south of the PF but also the remaining fronts

(Smith et al., in press): the SACCF, the Subantarctic Front (SAF) and the STF

(Figure 1.1).
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Table 1.2: AESOPS cruise dates and objectives.

Dates Objectives

Oct. 20 - Nov. 24 1997 Investigate mesoscale variations of the region's fronts,
deploy bio-optical moorings

Dec. 2 1997- Jan. 3 1998 Investigate rate processes during the period of in-
creased productivity/biomass in the Polar Front region

Jan. 8 - Feb. 8 1998 Investigate mesoscale variations in the Polar Front
region during austral summer

Feb. 13 - March 19 1998 Investigate rate processes during austral summer in the
Polar Front region
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Figure 1.1: Location of the AESOPS cruises to the 17O W line southeast of New
Zealand. Cruisetracks are in red and vary slightly between the different cruises,
particularly in the southward extent. Red box indicates the location of the
mesoscale surveys, investigating details of the Polar Front (PF). The approximate
position of the PF and the Southern Antarctic Circumpolar Current Front (SACCF)
are indicated with a blue line.

A moored physical and bio-optical array of instruments and two cruises early and

late austral spring 1997 revealed the initiation and progression of a 'spring bloom'.

During the first cruise in October/November the ice-edge was only approximately

200 km south of the Polar Front. Phytoplankton biomass was generally low, but
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increased substantially within filaments of the Polar Front, particularly downstream

of regions of meander-driven upwelling (Barth et al., submitted). Drifter data from

that cruise reveal low apparent quantum yields of fluorescence and little change in

this property before the onset of the bloom (Abbott et al., submitted). This

physiological indicator and the good correlation between available light and

changes in chlorophyll implies that increased light availability as a result of

upwelling was more likely than increased nutrients the factor contributing to the

onset of the bloom at that location (Abbott et al., submitted). The bloom in the

Polar Frontal region as observed from the moorings developed fully during early to

mid-December (Abbott et al., in press). On the November/December cruise, the ice

edge had moved southward. The strong meridional silicate gradient, located at the

PF at the beginning of the growing season, had moved south as a consequence of

biological drawdown (Brzezinski et al., in press; Nelson et al., submitted). During

the time of the second cruise (Nov/Dec 1997) bloom-like conditions where

observed both at the Polar Front and at the location of the steepest meridional

silicic acid gradient (Abbott et al., in press; Brzezinski et al., submitted). As

observed from the optical sensors both on the moorings and the drifters, nutrients

seemed to become limiting during the time of the January/February cruise (Abbott

et al., in press; Abbott et al., submitted). It is important to view the results for this

study in the context of the seasonal evolution of biomass concentrations and

nutrient drawdown.
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CHAPTER 2

PHYTOPLANKTON PIGMENT DISTRIBUTION IN RELATION TO THE
PHYSICS ACROSS THE ANTARCTIC POLAR FRONT, 1700 W, DURING

AUSTRAL SUMMER

C. Mengelt, M. R. Abbott, J. A. Barth, R. M. Letelier, C. I. Measures, and S. Vink

Submitted to Deep-Sea Research Part II,

Elsevier Science Ltd., Oxford, U.K.

April 2000, submitted.
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ABSTRACT

In order to. study the factors controlling phytoplankton group distribution

across the Antarctic Polar Frontal Zone (APFZ) surface pigment samples were

collected during the U.S. JGOFS survey II cruise (January/February 1998) near

1700 W. The samples were analyzed for phytoplankton marker pigments using

High Pressure Liquid Chromatography (HPLC). The large scale phytoplankton

group distribution was investigated on a transect along 170 °W from 59 S to 68

S. Two surveys in the APFZ (200 km by 150 km), centered near 170 W,

examined the mesoscale pigment patterns across the Polar Front jet.

The transect indicates that both the Polar Front (PF) and the Southern

Antarctic Circumpolar Current Front (SACCF) were regions of enhanced

accumulation of pigment biomass. Despite overall low chlorophyll a in the vicinity

of the APFZ during summer, two distinct phytoplankton communities were

observed on either side of the front. The jet of maximum eastward velocity in the

center of the APFZ separated the diatom-dominated phytoplankton south of the

front from the nanoflagellate-dominated phytoplankton (mostly prymnesiophyte) to

the north.

Although no correlation was found between the surface distribution of the

major phytoplankton groups and dissolved iron or silicic acid, the location of the

strongest silicic acid and iron gradient with depth coincides with the maximum

abundance of diatoms. In addition, a positive relationship was observed between

the relative dominance of diatoms over prymnesiophytes and the shallower mixed
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layers (r2 = 0.38, n = 36, p<zO.01 and r2 = 0.40, n = 36, p<0.Ol for the first and

second mesoscale survey, respectively). Increased nutrient flux to the upper mixed

layer is a consequence of both decreased mixed layer depth and increased vertical

nutrient gradient and can account for the elevated diatom biomass at the location of

the highest silicic acid gradient. The observed high half-saturation constants and

the low silicic acid concentrations at the Antarctic Polar Front during austral

summer (Nelson et al., submitted; Franck et al., in press) suggests that the relative

abundance of diatoms is regulated by the supply rate of silicic acid and the

phytoplankton biomass is regulated by the supply of iron.

INTRODUCTION

With growing concerns about the impact of elevated atmospheric carbon

dioxide (CO2) on the global climate, international effort has been increased to

understand the role of the ocean in the CO2 cycle (Keeling et al., 1996; Longhurst,

1991; Berger and Wefer, 1991; Boden et al., 1994). In particular, regions of bottom

water formation such as the North Atlantic and the Southern Ocean have the

potential to be a net sink for atmospheric CO2 (Knox and McElroy, 1984; Martin et

al., 1990). Biological activity can increase the net sequestration ofCO2 (Berger and

Wefer, 1991; Peng and Broecker, 1991; Sarmiento and Orr, 1991) by increasing

sinking and sedimentation rates. Diatoms, due to high sinking rates and because

their large size may lead to reduced grazing pressure by zooplankton, have been

shown to increase the efficiency of the biological pump relative to other smaller
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phytoplankton species (Dugdale et al., 1995). Two nutrients have been identified as

key elements effecting the biological pump in the Southern Ocean. On one hand

silicic acid availability enhances diatom growth, and will hence increase the

efficiency of the biological pump. On the other hand, increased iron availability is

considered to decrease the extent of the Southern Ocean High Nutrient Low

Chlorophyll (HNLC) region, and therefore suggested to increase the flux of organic

carbon to the sediments (Martin et al., 1990). The sequestration of atmospheric

CO2 is therefore enhanced by silicic acid as a result of a change in the pelagic

community structure, and by iron as a result of increased carrying capacity of the

ecosystem.

It is an ongoing debate, however, whether the low biomass in the Southern

Ocean HNLC region can be attributed to iron limitation alone, light limitation, or

grazing (Banse, 1996; HoIm-Hansen et al., 1977; Martin et al., 1990; Nelson and

Smith, 1991; Tréguer and Jacques, 1992). While much work has been done in the

continental shelf regions, particularly near the Antarctic Peninsula where large

blooms occur in the wake of the retreating ice edge and localized blooms occur

throughout the summer, less is known about phytoplankton dynamics in the open

ocean regions (Prézelin et al., 1992; Prézelin et al., 2000; Smith and Nelson, 1990).

Recent studies have shown that diatom growth north of the APFZ is limited both by

low silicic acid and iron availability (de Baar et al., 1999). In frontal regions, such

as the Antarctic Polar Front (de Baar et al., 1995) and the Bellingshausen southern

Polar Front (Savidge et al., 1995), spring blooms are observed but these blooms
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typically end before macronutrients are depleted, likely due to iron limitation (de

Baar Ct al., 1999). The regions near the retreating seasonal ice-edge are generally

areas of high biomass (Smith and Nelson, 1990; Smith and Nelson, 1986);

however, recent studies in the Atlantic sector have observed a negligible build-up

of biomass in the marginal ice zone (Smetacek et al., 1997).

The differences in magnitude and factors controlling phytoplankton blooms

in the Southern Ocean make apparent the importance of considering each distinct

region with its unique constitution of physical properties, seasonality and limiting

growth factors (Treguer and Jacques, 1992). Moore and Abbott (submitted)

mapped the different ecological regions for the time of our cruise (Fig. 2.la) and

the two previous cruises (Fig. 2.lb). Only the regions relevant to our study are

discussed here. The Sub-Antarctic Water Ring (SWR) includes the area north of the

APFZ and south of the Subtropical Fronts (Banse, 1996; Moore and Abbott,

submitted) and is relatively nutrient poor compared to the waters south of the Polar

Front (PF). The SWR is an area of low biomass and displays little seasonality

(Moore and Abbott, submitted).
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Figure 2.1: A) Ecological regions of the Southern Ocean for January, 1998. The
displayed regions include the Weddell-Ross Region (WRR), the Seasonal Ice Zone
(SIZ), the Marginal Ice Zone (MIZ), the Permanently Open Ocean Zone (POOZ),
the Polar Front Region (PER), Subantarctic Water Ring (SWR), the Mid-latitude
Coastal Region (MCR), and the Mid-latitude Gyre Region (MGR). B) same as A)
but for November, 1997. C) cruise track for U. S. JGOFS survey II cruise aboard
the R/V Revelle during January/February 1998. (Adapted from Moore and Abbott,
submitted)
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The APFZ is defined as the area within 1 0 latitude north and south of the

PF. The PF is the location of a strong horizontal gradient in temperature and

salinity. It marks the transition between Sub-Antarctic and Antarctic Surface

Waters (Orsi et al., 1995). The PF is associated with an intensified eastward current

and strong mesoscale meandering. Potential vorticity conservation predicts that the

meandering of this jet will result in stretching or squeezing of the upper water

column resulting in a shallower or deeper (respectively) mixed layer (Moore et al.,

1997). The shoaling of the mixed layer depth could be critical to the initiation of a

bloom (Nelson and Smith, 1991; Sverdrup, 1953). The meandering is also

associated with areas of upwelling and downwelling and will increase rates of

nutrient upwelling in the cyclonic bend of the meander (Flierl and Davis, 1993;

Barth et al., submitted). The variability associated with the meandering of the jet

will hence influence the environment for phytoplankton growth by varying the

upwelling rate of nutrients and the depth of the mixed layer. In fact, satellite images

(Moore and Abbott, submitted) indicate enhanced phytoplankton biomass at the

Polar Front. Consistent with that observation, high chlorophyll a (chi a) biomass

was observed downstream of a cyclonic meander, where nutrient upwelling is

expected, during an earlier cruise in Nov/Dec 1997 (Barth et al., submitted).

The Permanently Open Ocean Zone (POOZ) extends south of the APFZ to

the Seasonal Ice Zone (SIZ) and is typically an area of high macro nutrient

concentration, which often contrasts the low phytoplankton biomass observed in
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the POOZ. The SLZ is defined as the area covered with > 5 % ice cover during the

winter prior to the growing season and < 70 % ice cover during the summer

(seasonal minimum ice extent). The Marginal Ice Zone (M[Z) is a subset of the SIZ

and is the area of recent sea ice melting, which is usually associated with high

biomass, due to the strong stratification and the input of micro nutrients from

melted sea ice (Smith and Nelson, 1986). The Weddell-Ross Region (WRR)

includes areas south of S within the Weddell and Ross Seas. In the vicinity of

170° W the SIZ extends almost as far north as the APFZ due to a southward bend

of the PF (Moore and Abbott, submitted). As a result the extent of the POOZ is

minimal, suggesting that bloom favorable conditions associated with the MIZ could

span almost the entire region between the WRR and the APFZ along 170° W.

The purpose of the U.S. Joint Global Ocean Flux Study (JGOFS) Southern

Ocean study was to gain insight into the magnitude and the controls of carbon flux

in the open ocean region of the Southern Ocean, particularly in the APFZ. As part

of this U.S. JGOFS study, we were interested in determining physical factors

controlling the taxonomic group composition of phytoplankton in the Antarctic

Polar Frontal Zone (APFZ) and the Antarctic Circumpolar Current (ACC). The

main objective of our study was to identify the key factors controlling the

distribution of the dominant phytoplankton groups (based on marker pigment

distribution) across the APFZ. The strong gradient in hydrography across this front

makes the site an ideal natural laboratory to study the controls regulating the

dominance of different phytoplankton groups. Our goal was to determine whether
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the variability in the euphotic depths, the mixed layer depths or in the nutrient

distribution across the APFZ could explain the patterns of phytoplankton species

distribution.

MATERIAL AND METHODS

Sample collection

Pigment samples were collected aboard the R/V Roger A. Revelle, during

the Survey II cruise, January 8 - February 8, 1998. The sample collection occurred

during the same period as the SeaSoar surveys along the ship track shown in figure

2.lc. Water samples were collected from the ship's surface seawater intake system

at approximately 4 meters depth. Duplicate 2L aliquots were filtered onto GF/F

Whatman filters. Filters were frozen and stored in 800 C freezer until analyzed on

shore.

Sample analysis

Samples were extracted in 3mL of 100% acetone with the addition of 0.1

mL of internal standard canthaxanthin, sonicated for 90 seconds, and extracted for

12 hours at -20° C. They were then pre-concentrated by evaporation under constant

flow of nitrogen for 10 minutes. Phytoplankton pigment concentrations were

determined using a High Pressure Liquid Chromatography (HPLC) system

composed of a Perkin-Elmer pump, an Ultrasphere analytical column (150 mm x
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4.6 mm), and a SpectraSystem UV2000 absorption detector (dual wavelength, at

436 & 665 nm). The mobile solvent system method was adapted from Wright and

Jeffrey (1997). The instrument was calibrated using commercial pigment standards

(Sigma Chemicals and VKI, Denmark). The detection limit for the pigment

concentrations was 0.005 p.g/L. The following carotenoids and chlorophylls were

used as marker pigments to determine the taxonomic group composition:

chlorophyll a (chi a) for phytoplankton biomass, fucoxanthin (fuco) for diatoms,

19' -hexanoyloxyfucoxanthin (hex) for prymnesiophytes, 19'-

butanoyloxyfucoxanthin (butanoyl) for chrysophytes, peridinin (pen) for

dinoflagellates, alloxanthin (allo) for cryptophytes, and chlorophyll b (chi b) for

chiorophytes (Jeffrey and Vesk, 1997; Bidigare et al., 1996). Butanoyl has also

been found in the prymnesiophyte species Phaeocystis spp. (Wright and Jeffrey;

1987; Buma et al., 1991; Vaulot et al., 1994). However, Phaeocystis is

predominantly associated with ice-edge blooms and rarely found offshore (Bidigare

et al., 1996; Fryxell and Kendrick, 1988). Pigment data was linearly interpolated to

generate the contour plots (Fig. 2.4 and 2.5) with a grid spacing of 0.05 longitude

and 0.1 °latitude.

Physical data and Mixed Layer Depths

The conductivity, temperature and depth (CTD) data were collected by

cycling SeaSoar on a cable from 0 down to 400 m and back every 8-10 minutes.

Details of data collection and processing are described in Barth and Bogucki (2000)
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and Barth et al. (submitted). The Mixed Layer Depth (MID) is defined as the depth

at which the density anomaly differs by 0.01 kg m3 from its surface value

(Brainerd and Gregg, 1995). Shipboard Acoustic Doppler Current Profiler (ADCP)

velocities were obtained in 8 m bins, down to 300-350 m depending on sea state

every 2.5 minutes along the ship track, using a hull-mounted 153.6-kHz narrow-

band RD Instruments system (Barth et al., submitted). Water velocity relative to

the earth was obtained by subtracting the ship's motion computed by time-

differencing the P-Code GPS ship location.

Iron Data

Surface samples (-1 m depth) were collected from a "fish" towed by a

boom extended approximately 4 m outboard from the aft quarter of the ship (Vink

et al., 2000). Surface water was peristaltically pumped on board through Teflon-

lined polyethylene tubing. The outlet of this tubing was passed into a plastic tent

mounted over a sink. Discrete samples for determination of total dissolved iron (Fe)

were collected from this outlet while the ship was underway. These samples were

filtered in a class 100 flow bench through a 0.2gm acid leached Gelman acro-50A

filter.

Vertical profile samples were collected from either Go-Ho bottles mounted

on a trace metal clean rosette or from Niskin bottles mounted on a resin-coated

clean rosette. No significant or systematic differences were found between results

obtained from these different sampling systems. These samples were also filtered
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in a class 100 flow bench through the same 0.2 m filters as the underway samples.

Iron concentrations were determined using the method of Measures et al. (1995).

Samples were pre-concentrated in-line for 3 minutes onto a resin of immobilized 8-

hydroxyquinoline (Landing et al., 1986). Iron concentrations were determined by

the spectrophotometric detection of dimethyl-p-phenylenediamine dihydrochioride

(DPD) oxidized by Fe. Standards were made by addition of known amounts of a

commercial Fe standard (Fisher Scientific) to filtered, acidified seawater collected

underway. The technique had a precision of 3-4% during this cruise.

Silicic Acid Data

Silicic acid (H4SiO4) data were provided by M.A. Brzezinski and D.M.

Nelson for surface samples, and by L.A. Codispoti and J.M. Morrison for the

H4SiO4 profiles. Surface H4SiO4 data were collected using the pump described

above in connection with the towed fish. Silicic acid concentrations for surface

samples were measured using the high sensitivity acid-molybdate method

(Brzezinski and Nelson, 1989). More details are described in Brzezinski et al.

(submitted). H4SiO4 profile data were obtained from regular CTh rosette and

analyzed following JGOFS protocols (DOE, 1994). Analyses were performed on a

5-channel Technicon H AA system.
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RESULTS

Southbound Transect along 170 W

Position of the Fronts - During the transect along 170 °W (Fig. 2.lc),

January 13 - 16, the subsurface expression of the Antarctic Polar Front was

observed at 60.5 °S, where the 2 °C isotherm first descended below 200 m. The

steepest surface temperature gradient was to the south, between 61°S and 61.2 °S,

consistent with the position calculated from AVHRR satellite SST data (Moore et

al., 1999). The center of the intensified eastward jet was observed around 61.1 °S

(Barth and Cowles, in prep.). This agrees well with the observation on the previous

survey I cruise (OctfNov 1997), where the center of the eastward jet was positioned

just north of the steepest temperature gradient (Barth et al., submitted). The

position of the Southern Antarctic Circumpolar Current Front (SACCF) was

observed between 64.5 °S and 65 °S, corresponding with the position of intensified

eastward jet associated with that front (Barth and Cowles, in prep).

Phytoplankton Pigment Distribution - Surface chi a concentrations

measured during the southbound transect yielded two local maxima, one at the PF

and one near the SACCF (Fig. 2.2a). At the latter, chi a reached values as high as

1.2 .tgIL. At the location of the SACCF the contribution of chlorophyllide a, a

degradation product of chl a, to the total chi a concentration is highest (data not

shown). Fucoxanthin and hex were an order of magnitude more abundant than the
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other marker pigments analyzed. Fucoxanthin concentrations spanned the highest

range of values from near the detection limit to 1 pgIL (Fig. 2.2b) and hex ranged

from just above detection limit to 0.25 pgIL (Fig. 2.2c). The prymnesiophyte

marker pigment hex and the diatom marker pigment fuco displayed a meridional

distribution similar to that observed for chi a (Fig. 2.2 b & c), with increased

concentrations at the location of the two physical fronts. However, north of the PF,

hex was more abundant than fuco, which was reflected in the peak in the hex fuco

ratio north of the PF (Fig. 2.2d). The remaining marker pigments pen, allo, and

butanoyl (marker pigments for dinoflagellates, cryptophytes, and chrysophytes,

respectively) also showed a trend of increased concentrations near the PF and the

SACCF, but their maximum concentrations remained low compared to hex and

fuco (Fig. 2.2e). Throughout the entire ACC region south of the PF, diatoms

appeared to dominate the phytoplankton assemblage, indicated by the ratio of fuco:

(peri+butanoyl+hex+allo) greater than one (Fig. 2.20. North of the PF this ratio

was less than one, suggesting that nanoflagellates, prymnesiophytes in particular,

dominated the phytoplankton assemblage (Fig. 2.2!).
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Figure 2.2: Pigment concentration for surface samples collected during the south
bound transect along 170 °W. The shaded areas indicate the location of the
Antarctic Polar Frontal Zone (APFZ) and the Southern Antarctic Circumpolar
Current Front (SACCF). The following pigments are shown: A) Total chlorophyll a
concentration (tg/L); b) fucoxanthin concentration (j.ig/L), which is a marker
pigment for diatoms; c) 19'-hexanoyloxyfucoxanthin concentration (tWL), which
is a marker pigment for prymnesiophytes.
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Figure 2.2 (continued): Pigment concentration for surface samples collected
during the south bound transect along 170 °W. The shaded areas indicate the
location of the Antarctic Polar Frontal Zone (APFZ) and the Southern Antarctic
Circumpolar Current Front (SACCF). The following pigments are shown: d) the
ratio of 19'-hexanoyloxyfucoxanthin to fucoxanthin (wt:wt), as an estimate of the
dominance of either group; e) Peridinin indicated by crosses (x), 19'-

butanoyloxyfucoxanthin indicated by closed diamonds () and alloxanthin
concentration indicated by open squares (o) (.igIL) and 0 the ratio of fucoxanthin
to the sum of hex, butanoyl, pen, and allo (wt:wt) as an estimate of overall diatom
dominance. The bold line in figure d) and 1) markes the 1:1 ratio.
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Nutrient Distribution - Surface silicic acid concentrations measured

during the transect were very low (<3 pM) north of the meridional H4SiO4 gradient

at 65 S with the exception of higher and more variable values in the APFZ,

ranging from 1 to 6.5 pM (Fig. 2.3) (Brzezinski et al., submitted; Nelson et al.,

submitted). The strong meridional H4SiO4 gradient, where surface concentrations

increased from < 3 pM to> 50 pM H4SiO4, was located at the southern edge of the

SACCF (between 65° and 66°S). This meridional gradient resulted from biological

draw-down of the surface H4SiO4 in the region between the H4SiO4 gradient at 65

°S and the APFZ by elevated biomass observed on the survey I (Oct/Nov 1997) and

a bloom observed during the process I (NovfDec 1997) cruise (Brzezinski et al.,

submitted; Nelson et at., submitted). Similar to the trends in H4SiO4, iron

concentrations were elevated within the APFZ relative to adjacent waters and

increased dramatically just south of the SACCF (Fig. 2.3). However, increased iron

concentrations were also observed between 63.5 and 65 S where surface waters

were depleted in H4SiO4. Nitrate and phosphate concentrations were high

throughout our study area. Average nitrate concentration in the upper mixed layer

never declined below 18 pM and average phosphate was always greater than 1 pM.
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Figure 2.3: Silicic acid (pM) and iron (nM) concentrations on the transect along
170 °W from 57°S to 68 °S. The shaded areas indicate the location of the Antarctic
Polar Frontal Zone (APFZ) and the Southern Antarctic Circumpolar Current Front
(SACCF).

Mesoscale Surveys of the Polar Frontal Zone at 170 °W

Physics Across the Polar Front - The Antarctic Polar Frontal Zone was

revisited seven days after the transect and surveyed twice (January 21 - 25 and

January 30 - February 3) towing a SeaSoar, which yielded two high-resolution

CTh maps. The two surveys were centered on 170 °W and extended from 169.4

W to 171.9 ow and from 60° S to 61.6 ° S (Fig. 2.lc). The surface temperatures

were about 2 °C higher than observed during the survey I cruise (Oct/Nov 1997)

throughout the survey area (Barth and Cowles, in prep.). Both mesoscale SeaSoar

surveys revealed a surface water temperature gradient of 1.7 °C per degree latitude,
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with surface temperature dropping from 5 °C to 2.5 °C between 60 and 61.5 S

(Barth and Cowles, in prep.). The surface temperature gradient across the APFZ

was weaker than observed during the survey I cruise (Barth et al., submitted),

where temperature decrease 2.4 C per degree latitude between 60 to 61.5 S.

Horizontal velocities, based on ADCP data, were maximal in a relatively

narrow band centered over the location of the strongest meridional temperature

gradient (at around 61.1 'S), were primarily eastward and reached values of 0.25 m

s during the first survey (Barth and Cowles, in prep.). However the second survey

revealed velocities in excess of 0.25 m s' over a broader latitudinal range (60.1 to

61.4 OS). Drifters were released within the center of this jet during the first

mesoscale survey (Abbott et al., submitted). These drifters stayed well within the

center of the jet and for the purpose of the following discussion the drifter tracks

are used to mark the PF (Fig. 2.4 and 2.5). Currents mapped during these surveys

revealed only weak meandering in contrast to observations from the survey I cruise

(Oct/Nov 1997) (Barth et al., submitted; Abbott et al., in press).

Phytoplankton Assemblage Across the Polar Front - The high resolution

(every 0.2 degrees of latitude, equal to 22 km north-south and -25km east-west)

mesoscale survey showed two areas of elevated chi a concentration on either side

of the PF (Fig. 2.4a & 2.5a). This pattern was more pronounced during the first

SeaSoar survey than during the second. Fuco concentrations were significantly

higher (p<0.Ol for both surveys; Mann-Whitney test) just south of the front during
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both surveys (Fig. 2.4b & 2.5b). The concentration of fuco was on average three

times higher south of the front during the first survey and two times higher during

the second survey. Hex was found in highest concentrations north of the PF, with

particularly low concentrations south of the PF during the first survey (Fig. 2.4c &

2.5c). Butanoyl concentrations were much lower than either hex or fuco (Fig. 2.4d

& 2.5d). Additionally, butanoyl concentrations had an equally high concentration

on either side of the PF, with very low to no butanoyl in the core of the frontal jet.

Alloxanthin and pen were present but in very low concentrations (data not shown)

on either side of the PF and the other marker pigments were below our detection

limit (0.005 .tg1L). Concentrations of the photoprotective pigment (PP)

diadinoxanthin were higher south of the PF compared to north of the front during

both surveys (Fig. 2.6a & 2.6c). However, the PP to chl a ratio reveals no bimodal

distribution across the front (Fig. 2.6b & 2.6d).
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Figure 2.4: Pigment concentration for surface samples collected during the first
SeaSoar survey (1/21 1/25/1998) at the Polar Front. Crosses indicate the sample
location. The small closed circles indicate the position of the Polar Front jet. a)
Total chlorophyll a concentration (j.tg/L); b) fucoxanthin concentration (tgfL),
which is a marker pigment for diatoms; c) 19'-hexanoyloxyfucoxanthin
concentration Q.tgfL), which is a marker pigment for prymnesiophytes; d) 19'-
butanoyloxyfucoxanthin concentration (tg/L), which is a marker pigment for
prymnesiophytes and chrysophytes.
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(1/30 2/03/1998) at the Polar Front.
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Figure 2.6: Photoprotective pigment (PP) concentration for surface samples
collected during the two SeaSoar surveys at the Polar Front. Crosses indicate the
sample location. The small closed circles indicate the position of the Polar Front
jet. A) Photoprotective pigments (PP) and B) PP: Chlorophyll a ratio for the first
survey (1/21 1/25/1998). C) PP and D) PP : Chlorophyll a ratio for the second
survey (1/30 2/03/1998).
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Light Levels and Mixed Layer Depths - Only spatially scarce euphotic

depth data are available because the SeaSoar surveys operated on a 24-hour

schedule and calculation of the euphotic depth requires measurements centered

over local noon. However, the available data indicates that the 1 % light depths

range between 50 and 80 m (Cowles, pers. comm.), about the same depth range as

the mixed layer depths. In addition, the locations of high biomass appeared to

coincide with shallower euphotic depths, likely as a result of the higher light

attenuation due to the increased phytoplankton pigment concentration.

The mixed layer depths ranged from 43 75 m during the first and from 47

- 83 m during the second SeaSoar survey and were generally deeper north of the

PF. A scatter plot of mixed layer depths and chlorophyll a reveals no correlation

(Fig. 2.7a, r2=O.02 & 2.7b, ?=O.02; Model H regression) during either mesoscale

survey. However, a weak negative correlation can be observed between the mixed

layer depth and the dominance of diatoms over prymnesiophytes (fuco: hex ratio)

(Fig. 2.7c, r2=O.38 & 2.7d, r2=O.40, Model H regression) during both surveys, with

slopes significantly different from zero (p<O.Ol for both surveys).
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c) and d) are plots for the ratio of fucoxanthin to 19'-hexanoyloxyfucoxanthin and
MLD (m), with a linear regression (Model II) fit to each plot.

Silicic Acid and Iron Across the Polar Front - During both mesoscale

surveys, surface silicic acid concentrations were low (< 10 M) and uniform across

the APFZ (Fig. 2.8). Surface iron concentrations were elevated compared to

adjacent waters and ranged from 0.1 - 0.27 nM Fe and from
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Figure 2.8: Surface silicic acid concentration collected during a) the first and b) the
second SeaSoar survey.

0.1 0.2 nM Fe during the first and second mesoscale survey, respectively. The

iron concentrations did not correlate with the chi a concentrations measured on

either mesoscale survey (data not shown). Similarly, a scatter plot of surface iron

concentrations and fuco : hex ratio shows no correlation between diatom



dominance and the iron concentration (Fig. 2.9a & 2.9b, for both r2 <0.1; Model

II).
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Figure 2.9: Scatter plot for the fuco to hex ratio and the iron concentration for
surface samples. Collected during a) the first SeaSoar survey (1/21 - 1/25/1998)
and b) the second SeaSoar survey (1/30 - 2/03/1998), with a linear regression
(Model II) fit.

However, silicic acid concentrations below the mixed layer were significantly

higher south of the PF at 62 °S (36 tM H4SiO4; Fig. 2.lOa) compared to north of

the PF at 60S (13 iM H4SiO4; Fig. 2.lOc). These higher H4SiO4 concentrations at

depth resulted in a three fold higher vertical H4SiO4 gradient south of the front

compared to north thereof (Table 2.1).
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Table 2.1: Estimates of silicic acid flux based on eddy flux.

62°S 61°S 60°S

dSildz; (mmol m) or iM m' 0.63 0.40 0.19

K(m2s1) 3x105 3x105 3x105

Eddy flux (mmol m2s') 1.89 x i05 1.19 x iø 0.56 x i0

Daily flux (mmol m2thy') 1.63 1.03 0.48

Daily production (mmol m2 day4Yl 7.0 4.3 5

Vertical velocity (m day') 0.50 0.43 0.29

a Estimate by Brzezinski et al. (submitted)

If all other terms are equal this would result in a three-fold increase in eddy flux of

H4SiO4 from below the mixed layer assuming a uniform eddy diffusivity coefficient

(Kr) of 3 x i0 m2 s (de Baar et al., 1995) (Table 2.1). We then estimated vertical

velocities necessary to supply the reminder of the silicic acid needed to support the

measured silicate production rates at the PF. They ranged between 0.29 and 0.5 m

day1 (Table 2.1). These values are well within the range of estimates of vertical

velocities based on Ekman pumping alone (Gargett, 1991).



44

In the case of iron, concentrations at depth were only slightly higher south

of the front, increasing from 0.16 nM Fe to 0.25 nM Fe between 60 °S and 62 0S

(Fig. 2.10 d and f). The resulting vertical gradient was negative north of the front (-

0.33 x iO nM m') and positive both within (0.05 x i0 nM m') and south (0.38 x

i0 nM m') of the front (Table 2.2). Therefore, any eddy flux north of the front

(61 0S) would result in a dilution of the measured mixed layer iron concentrations,

and in a increase in iron concentrations south (620S) of the front (Table 2.2).

Table 2.2: Estimates of iron flux based on eddy flux.

dFeldz; (p.mol m) or nM m'

K (m2 1)

Eddy flux (mol m2s')

Daily flux (mol m2 thy)

Daily production (j.Lmol m2 thy

62°S 61°S 60°S

0.38 x i0 0.05 x i0 -0.33 x i0

3x105 3x105 3x105

1.lSxlff8 0.15x108 -1.01x108

1.00 x i0 0.13 x i0 -0.87 x iO3

11.38 6.99 8.13

aEstimated using biogenic Si production estimates (Table 2.1) and average Si:Fe
ratios (Collier and Edmond, 1983; Martin and Knauer, 1973; Martin et al., 1976)
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DISCUSSION

During the first U.S. JGOFS Polar Front cruise (survey I) in austral spring

(Oct/Nov 1997) phytoplankton biomass was generally low except in a small area

just south of the PF jet (Barth et al., submitted, Brzezinski et al., submitted). It

appeared that the onset of stratification in this region facilitated the biomass

increase (>0.8 j.tg/L) (Barth et al., submitted). However, the distribution of chi a

along the PF was related to mesoscale meandering of the front (Barth et al.,

submitted), indicating the importance of the meander in regulating nutrient supply

via upwelling.

An intense diatom bloom was also observed to the south (-.63S) near the

retreating ice edge during the following process I cruise (Nov/Dec 1997), and

waters immediately north of the bloom were depleted in silicic acid (Brzezinski et

al., submitted). The location of this bloom coincided with the location of the

meridional surface H4SiO4 gradient (Brzezinski et al., submitted, Nelson et al.,

submitted). At the time of our cruise in Jan/Feb 1998, the strongest meridional

surface H4SiO4 gradient was within the SACCF (at 65 °S) and a bloom was again

observed coincident with the H4SiO4 gradient (Brzezinski et al., submitted; Barth

and Cowles, in prep.). Nelson et al. (submitted) found strong evidence for silicic

acid limitation in diatoms north of the H4SiO4 gradient (65 °S).
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The peak of chlorophyll a, observed within the SACCF, also co-occurred

with the location of the steepest meridional H4SiO4 gradient and with the location

of a meridional surface iron gradient. Although chi a concentrations were not much

higher than 1 .tg1L, biogenic silicate concentrations were high and comparable to

concentrations measured in coastal diatom blooms (Brzezinski et al., submitted).

Marker pigments confirm the dominance of diatoms over other phytoplankton

species within this bloom. However, both microscopic observations (Brown and

Landry, submitted b)) and the high concentration of chiorophyllide a (pigment of

senescent diatoms) indicate that the majority of the diatoms were senescent at the

time of the transect (Jan 13 16), which would explain the discrepancy between

very high biogenic silicate and relative low chi a concentrations. The

phytoplankton biomass decreased south of the SACCF despite high surface iron

and silicic acid concentrations.

With the low surface silicic acid concentrations observed north of 65 Os,

one would expect the community composition to shift to dominant groups other

than diatoms. However, the dominance of diatoms over prymnesiophytes based on

marker pigment ratios remains high north of the SACCF, with the ratio of fuco to

the sum of all other pigments declining only two fold between the SACCF and the

APFZ. However, the dominant diatoms species shifted from a centric to a pennate

diatom, (Brown and Landry, submitted b)), which has been shown to be better

adapted to low iron concentrations (Erdner, 1999). The low ambient iron

concentration and the increased grazing pressure on the smaller autotrophs (Brown
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and Landry, submitted b)) could be responsible for the absence of a major shift in

the group composition towards non diatom species.

Despite the depletion of surface H4SiO4 north of 65 °S by a bloom observed

earlier in the season, a local maximum in H4SiO4 concentration was detected in the

APFZ on the southbound transect during the process I (Nov/Dec, 1997) and our

cruise (Jan/Feb 1998) (Nelson et at., submitted, Brzezinski et al., submitted) (Fig.

2.3). Iron concentrations were also slightly elevated in the APFZ compared to

surrounding waters (Fig. 2.3). The increased iron concentration and the persistent

elevated silicic acid concentration at the APFZ suggests a re-supply of nutrients

from upstream or from below the mixed layer (Brzezinski et al., submitted). This

re-supply of nutrients in the APFZ appears to support higher biomass within the

APFZ compared to adjacent areas (Fig. 2.2). The phytoplankton assemblage

responsible for this increased chi a was dominated by diatoms on the southern edge

of the APFZ and by nanoflagellates, mostly prymnesiophytes, at the northern extent

of the APFZ (Fig. 2.2). The mesoscale surveys revealed a distinct boundary

between the two communities on either side of the PF jet consistent with the

observation on the transect. Diatoms dominated the assemblage south of the front

but were almost entirely excluded from waters north of the jet where

nanoflagellates were most abundant. However, nanoflagellates were not excluded

from the south and contributed on average 22 % to the biomass (based on hex and

butanoyl biomarkers). Microscopic observations confirm that diatoms dominated
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also in terms of carbon biomass estimates at the southern edge of the APFZ during

this transect (Brown and Landry, submitted b)).

Given the striking differences in phytoplankton assemblage across the

APFZ, we would also expect to observe a strong meridional gradient in mixed layer

nutrient concentrations, light availability or grazer abundance. Although surface

silicic acid and iron concentrations were elevated in the APFZ, the concentrations

of these dissolved constituents did not correlate with pigment concentrations (Fig.

2.8 and 2.9), thereby failing to account for the across-frontal differences in

phytoplankton assemblage. A lack of correlation between the available nutrients

and pigment ratios does not necessarily imply that nutrients are not an important

factor in controlling the pigment ratios but rather implies that nutrient supply rates

might be more important than concentrations. At low ambient nutrient

concentrations, nutrients are likely kept low by biological consumption, and supply

rates of those nutrients will control the standing stock and possibly the

phytoplankton assemblage (Nelson et al., 1989). Light availability was considered

as an other possible factor responsible for the across-frontal differences. The depths

of the 1 % light level spaned about the same range as the mixed layer depths and

were, in general, shallower where the mixed layer depths were shallow (Cowles,

pers. comm.). The coincidence of light depths and mixed layer depths suggests that

light was not limiting phytoplankton growth and differences in light availability do

not explain the differences in phytoplankton assemblages across the APFZ.
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The most plausible explanation for the dominance of diatoms south of the

PF, and absence north of the PF is the difference in H4SiO4 supply rates between

the two locations. The factors controlling the supply rate of nutrients from below

the mixed layer are wind-driven mixing, vertical motion driven by wind stress curl,

the gradient of nutrients with depth, the depth of the mixed layer and the strength of

stratification. Wind stress and direction are not likely to vary between the two

distinct populations seen just north and south of the PF (at -60'S and -62'S

respectively). However, the profiles of H4SiO4 on either side of the front clearly

indicate a three-fold increase of the H4SiO4 gradient with depth south of the front

(Fig. 2.10 a-c). Despite the narrow range over which the mixed layer depths varied

within the survey area, a trend between the decrease in mixed layer depth and an

increase in the fuco (diatom) dominance can be observed (Fig. 2.7 c and d). The

coincidence of shallower mixed layer depths and stronger vertical H4SiO4 gradient

south of the front resulted in an increased flux of H4SiO4 to surface waters from

below the mixed layer. An estimate for H4SiO4 eddy flux yields a flux of 1.6 mmol

H4SiO4 m2 day' south of the front (62'S) and 0.5 mmol H4SiO4 m2 thy' north of

the front (60'S). These flux estimates would support 23 % of the integrated silicic

acid production measured by Brzezinski et al. (submitted) at 62 'S and 10% of the

production estimates at 60 'S. The reminder of the silicic acid necessary to support

the measured production rates is likely to come from advection. The vertical

velocities necessary to advect the missing silicic acid into the mixed layers are in

the order of Ekman upwelling velocities estimated for this region (Gargett, 1991).
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The same calculation for iron flux yields a positive flux of iron south of the

front and a negative flux of the same magnitude north of the front (Table 2.2). This

would suggest that both silicic acid and iron limitation were alleviated south of the

front due to the positive flux of iron as opposed to north of the front, where iron

concentrations were diluted. However, when production rates of biogenic silicic

acid were translated into biogenic iron production rates based on Si:Fe ratios in the

literature (Collier and Edmond, 1983; Martin and Knauer, 1973; Martin et al.,

1976), iron eddy flux on either side of the front appeared negligible compared to

iron necessary to sustain such production rates (ratio Fe flux : Fe production

estimate = 0.0003) (Table 2.2). The comparison between estimated biogenic iron

production rates and iron eddy fluxes implies that even in regions of high meander-

driven upwelling regions, iron flux from below the mixed layer was likely too low

to alleviate iron limitation. Based on this discrepancy in iron flux and production

estimates, we conclude that differences in iron supply across the front were less

likely to account for the shift to diatom dominance south of the front than the

differences in silicic acid flux estimates across the front.
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CONCLUSION

Our work in the open Southern Ocean reveals three distinct areas in terms

of nutrient and phytoplankton dynamics within the Antarctic Circumpolar Current

during the austral summer (January/February, 1998). The APFZ can be compared

to a post-bloom region, where silicic acid has been drawn down to limiting

concentrations. However, similar to observations in the North Atlantic

(McGillicuddy et al., 1995) mesoscale mixing events re-supply crucial nutrients,

silicic acid and possibly some iron in our case, and allow for enhanced chlorophyll

a concentrations in the post-bloom stage. The region between the APFZ and the

strong meridional surface H4SiO4 gradient (- 65'S) was depleted in H4SiO4 and Fe

by a bloom that occurred earlier in the season, and H4SiO4 limitation of diatoms

was observed (Franck et al., in press; Nelson et al., submitted). As opposed to other

nutrient-limited post-bloom regions, a strong shift from diatoms to nanoflagellates

did not occur in waters of the open Southern Ocean, most likely due to co-

limitation by silicic acid and iron and due to the increased grazing pressure on

small phytoplankton (Brown and Landry, submitted b)). The location of the strong

meridional silicic acid and iron gradient in surface waters coincided with the

location of a bloom and the position of the SACCF at the time of our cruise. This

bloom was comparable in magnitude in terms of biogenic silicic acid

concentrations to a temperate coastal spring bloom observed in other locations

(Brzezinski, 1997) and showed no sign of silicic acid limitation (Franck et al., in

press). In these three regions, phytoplankton growth did not appear to be limited by
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nitrate or phosphate concentrations, since these values never decline below 18 p.M

and 1 p.M respectively in the upper mixed layer.

Silicic acid limitation at the APFZ is alleviated by increased upwelling of

nutrients from below the mixed layer. Although strong meandering was not

observed in our study area during the austral summer cruise (survey II), the

cumulative effect of frontal meandering and horizontal advection of high nutrients

from an up-stream meander could lead to overall higher nutrient supply rates into

the surface layer. The three-fold higher vertical H4SiO4 gradient, and subsequently

higher eddy flux, is the likely explanation for the higher diatom biomass at the

southern edge of the APFZ (Franck et al., in press; Brzezinski et al., submitted).

However the ambient concentration of H4SiO4 (2 - 8 pM) was very low compared

to the high half-saturation (Ks) values (2 - 40 pM H4SiO4) observed in the APFZ

(Franck et al., in press), suggesting that organisms would quickly become H4SiO4

limited in the absence of continual H4SiO4 input to surface waters. In the absence

of a meander, eddy flux alone (1.6 mmol m2 day4 at 62 °S; Table 2.1) would

support a substantial amount of the production rate (7 mmol biogenic Si m2 day'

at 62 °S; Table 2.1) measured in this region (Brzezinski et al., submitted). In order

to explain the continued presence of diatoms with such high K values, however, at

least sporadic occurrence of larger fluxes of H4SiO4 would be necessary. This

higher flux is likely to occur in the upwelling areas of the PF meandering.

Surprisingly, the iron gradient with depth appeared to be too weak to translate into

an eddy flux from below the mixed layer high enough to impact the biology
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significantly. Even in the presence of meander-driven upwelling, iron flux from

below the mixed layer might not be an important source of iron to the biology.

Other source terms for iron may be necessary to explain the persistence of even low

phytoplankton biomass. Alternatively, the estimated ratio of Si : Fe in

phytoplankton (Collier and Edmond, 1983; Martin and Knauer, 1973; Martin et al.,

1976), used in our calculation, may be higher for Antarctic diatom species.

Based on our observations, we can conclude that additional meander-driven

upwelling of silicic acid will stimulate the growth of diatoms at the southern edge

of the APFZ, which in turn would increase the efficiency of the biological pump in

exporting carbon. The significance of the meander-driven re-supply of iron to the

biology is less clear, due to a lack of information on the iron requirement for

Southern Ocean phytoplankton. In downwelling regions of a meandering front, the

export of the organic material out of the upper mixed layer will be further enhanced

(Flierl and Davis, 1993). This interplay between the upwelling and downwelling

region of the front has the potential to contribute significantly to the export of

organic carbon even after the occurrence of the bloom. Flux estimates of upwelling

nutrients and downwelling biomass in terms of carbon are necessary to assess the

overall importance of the APFZ to the carbon budget of the Southern Ocean.
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ABSTRACT

In order to better resolve in time and space the distribution of the major

phytoplankton classes in our study area, an attempt was made to find physical or

optical parameters as proxies for the phytoplankton class distribution. The ultimate

goal would be to use the highly resolved physical and optical data (collected via

moorings, drifters and SeaSoar) to model and examine controls of the

phytoplankton class distribution over the entire season.

The dominance of diatoms over flagellates (estimated using High Pressure

Liquid Chromatography data) correlates well with temperature, particularly within

the Polar Front (PF) region. This relationship can be extrapolated over the entire

season based on the correlation between biogenic silicate and temperature.

Therefore the sea surface temperature record from satellite images or from the

moored instrument array may be used to estimate diatom dominance within the PP

region. The ratio of upwelling radiance at 555nm (Lu555) and downwelling

irradiance at 490nm (Ed490) can be used as a measure of backscattering, and is

independent chlorophyll concentration. The optical data from drifters released

during the JanuaryfFebruary cruise indicate a higher Lu555IEd49O ratio associated

with increased diatom dominance. However, the lack of drifter data within the

prymnesiophyte-dominated region does not allow us to conclude with complete

confidence that the Lu5551Ed49O ratio can be used to distinguish between diatom

and prymnesiophyte blooms.
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INTRODUCTION

The highly dynamic nature of the Polar Frontal region requires almost

continuous temporal observations in order to resolve mesoscale changes in time

and space (Abbott et al., in press). During the 1997/1998 field season, highly

resolved spatial and temporal physical and optical data were collected via moored

array, drifters and SeaSoar for our study area (Abbott et al., in press; Barth et al.,

submitted). This abundance of physical and optical data contrasts with the sparse

information on phytoplankton community composition. However, knowledge of

the phytoplankton species contributing to the bulk biomass estimates obtained from

optical measurements is necessary in order to assess factors regulating the

abundance of different species and the potential fate of organic matter. The goal of

our study was to use simultaneous measurements of optical and physical

parameters and phytoplankton class distribution data (based on High Pressure

Liquid Chromatography) to explore the possibility of modeling the latter based on

the physical and optical data.

Although the phytoplankton bloom during JanuaryfFebruary 1998 was

mainly dominated by diatoms (see Chapter 2; Brown and Landry, submitted a)), the

initial biomass increase in early summer at the Polar Front (170 W) was dominated

by a mixture of diatoms (mostly Chaetoceros) and the prymnesiophyte Phaeocystis

(Brown and Landry, submitted a)). In general, Southern Ocean phytoplankton is

dominated by diatoms, prymnesiophytes (often Phaeocystis spp.), and some

flagellates (Savidge et al., 1995; Bidigare et al., 1996; Peeken, 1997; Prézelin et



66

al., 2000). Unfortunately, prymnesiophytes and diatoms have very similar light

absorption properties and these two classes are indistinguishable based on

absorption spectra (Johnsen et al., 1994). However, backscattering properties have

been used successfully in satellite oceanography to detect coccolithophorid blooms,

in particular Emiliania huxleyi blooms (Brown and Yoder, 1994). This is possible

due to the calcareous coccoliths unique to this group of prymnesiophytes, which

backscatter light efficiently. However, certain diatom species, such as Skeletonema

costatum, have high backscattering coefficients similar to that of E. huxleyi (Kirk,

1994), due to the silicate frustules and the presence of vacuoles. In the absence of

coccolithophorids, which was most likely the case for our study region south of the

PF (Brown and Landry, submitted a); Brown and Landry, submitted b)), we should

expect to see high backscattering properties associated only with a phytoplankton

community dominated by diatoms.

Another approach to infer algal species composition in this region relies on

the correlation of water mass properties with dominant algal species. Several

studies in the Southern Ocean related phytoplankton species distribution to water

mass properties, in particular temperature (Peeken, 1997; Eynaud et al., 1999).

Studies in temperate oceans have observed a correlation between colder water,

increased nutrients and diatom blooms (Abbott et al., 1990; Abbott and Barksdale,

1991). A similar correlation between regions of upwelling and diatom abundance

was found in the Antarctic Peninsula region (Prézelin et al., 2000). Additionally,

evidence from our study (Chapter 2) has linked increased upwelling to increased
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diatom dominance, suggesting water temperature as a suitable proxy for modeling

phytoplankton dominance by either diatoms or prymnesiophytes.

The aim of this study is to test the validity of using temperature and/or

optical measurements as a proxy for the dominance of diatoms or prymnesiophytes

in order to better resolve in time and space the factors controlling the abundance

and dominance of either phytoplankton class.

METHODS

Pigment samples were collected aboard the WV Roger Revelle, during the

Survey II cruise, January 8 February 8, 1998. The sample collection occuned

during the same period as the SeaSoar surveys. Details of sampling location,

sample collection and analysis are described in Chapter 2.

Biogenic silicate (BSi) data were provided by M.A. Brzezinksi and D.M.

Nelson. Surface samples were collected using a Go-Flo bottle. Profile data was

collected via Go-Flo bottles on either the Trace-Metal clean rosette or the regular

CTD rosette. Details of the analysis for biogenic silicate concentrations are

described in Brzezinski et al. (submitted).

Temperature data were collected by L.A. Codispoti and J.M. Morrison.

Data were obtained from U.S. JGOFS data system. Pigment data and biogenic

silicate data were merged using the time stamp, allowing for maximum time

difference between two samples of 15 minutes, or a maximum distance of 2.5 km.
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All correlation analyses were done using Model II regression (Peltzer, 2000). For

correlation of surface temperature and surface biogenic silicate, samples at depths

of less than 10 m were used. Mixed layer depths were calculated as the depth at

which sigma-t differs 0.01 kg m3 or more from the surface value (Brainard and

Gregg, 1995). Temperatures were averaged over the mixed layer depth range.

RESULTS & DISCUSSION

Temperature as a Proxy

A clear trend was observed in the correlation analysis of temperature and

fucoxanthin : (butanoyl + hexanoyl), the indicator for diatom prevalence in the

phytoplankton community, for the JanuaryfFebruary 1998 cruise (Fig. 3.la; r = -

0.755). The correlation improved when observations where restricted to the

mesoscale surveys at the Polar Front (Fig. 3.lb; r = -0.829).
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Figure 3.1 a: Scatter plot of surface temperature (°C) and the ratio of fuco: (hex +
but) during the U.S. JGOFS cruise in January/February 1998. Plot of all surface
samples collected during the transect and the two SeaSoar surveys in the Polar
Front region (n=133).
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Figure 3.1 b: Scatter plot of surface temperature (°C) and the ratio of fuco: (hex +
but) during the U.S. JGOFS cruise in January/February 1998, for surface samples
from the Polar Front region only (n=90).
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In order to test the validity of this relationship over the entire season we used

biogenic silicate concentration, another measure of diatom abundance, to correlate

with temperature for the three additional cruises during the growing season

1997/98. Within the PF region, surface biogenic silicate concentration correlates

well with the fuco (hex+but) ratio, confirming that biogenic silicate is a good

indicator of diatom dominance in our study area (r = 0.828, Table 3.1). The

scatterplot of biogenic silicate and fucoxanthin concentrations reveals a good

correlation between the two for the transect and the surveys at the PF on the

JanuaryfFebruary cruise 1998 (Fig. 3.2a; r = 0.990). Comparing the scatterplot for

the same
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Figure 3.2 a: Scatter plot of surface biogenic silicate concentrations and
fucoxanthin during the U.S. JGOFS cruise in January/February 1998. Plot of all
surface samples collected during the transect and the two SeaSoar surveys in the
Polar Front region (n=3 1).
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parameters based only on the data from the Polar Front surveys it is apparent that

the correlation was heavily influenced by the high biomass data points (Fig. 3.2b; r

= 0.872). Note that the slope of the correlation for the data from the Polar Front

surveys is lower than the slope for the transect and survey data combined. The

slope in figure 3.2a is mainly driven by the high biogenic silicate data from the

bloom at the silicate gradient. The high biogenic silicate samples had a higher

fucoxanthin to silicate ratio, implying that the diatoms were either more light-

limited, leading to increased pigmentation or they were less iron-limited, leading to

lower silicification (Franck et al., in press; Hutchins and Bruland, 1998).
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Figure 3.2 b: Scatter plot of surface biogenic silicate concentrations and
fucoxanthin during the U.S. JGOFS cruise in January/February 1998, for surface
samples collected during the two SeaSoar surveys in the Polar Front region only
(n=10).
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The good correlation between diatom dominance and biogenic silicate

allows us to validate the temperature and diatom (and their dominance) correlation

for data collected on all cruises in our study area (cruise Oct/Nov '97, Nov/Dec '97,

& Feb/March '98), using the biogenic silicate concentrations instead of

fucoxanthin.

When data for all cruises were pooled, the biogenic silicate concentrations

did not correlate well with temperature (data not shown). However, a trend emerges

when exploring this relationship within the Polar Frontal regions between 59 and

62 S. The surface biogenic silicate concentrations increased with decreasing

temperatures within this region for all cruises. The correlation coefficient varies

between -0.742 (Nov/Dec '97) and -0.986 (Feb/March '98). The slope varies

significantly between cruises becoming steeper as the season progresses (from

Oct/Nov to Jan/Feb) (Table 3.1). In fact, early spring (Oct/Nov '97) and late fall

(Feb/March '98) cruise data fall on one regression line (r = -0.934; m = -0.199) and

late spring (Nov/Dec '97) and summer (Jan/Dec '98) cruise data fall on another line

(r = -0.865; m = -2.096) (Fig. 3.3; Table 3.1).
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Surface Samples between 59.5 & 62 S for all cruises
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Figure 3.3: Scatter plot of surface temperature and surface biogenic silicate
concentrations within the Polar Front region for all cruises.

The correlation between biogenic silicate and temperature for both depth

integrated and surface concentrations exhibited the same trend. The late spring and

the austral summer cruise data fall on a different line than the other two cruises

with a significantly different slope (Table 3.1; Fig. 3.4). Although the correlation

coefficients are relatively high, more data within the PF are necessary to conclude

with confidence that this correlation can be used to predict biogenic silicate

concentrations, let alone the dominance of diatoms over other species.
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Figure 3.4: Scatter plot of average mixed layer temperature and depth integrated
biogenic silicate within the frontal region for all cruises. Diamonds (0) are data
points from the Nov/Dec '97 and the Jan/Feb '98 cruise, stars (*) are from the
Oct/Nov '97 and the Feb/March '98 cruise. Black lines are the regression lines (m =
-27.13, n=3 and -81.93, n=6).
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Table 3.1: Correlation statistics

Figure X Y m b r sm sb

3.la Temperature Fuco/ -1.08 5.56 -0.755 0.07 0.26
(Hex+But)

3.lb Temperature Fuco/ -0.76 4.03 -0.829 0.05 0.20
(Hex+But)

Bsi Fuco/ 1.07 -0.49 0.828 0.22 0.38
(Hex+But)

3.2a Bsi Fucoxanthin 0.06 -0.04 0.990 0.00 0.01

3.2b Bsi Fucoxanthin 0.05 -0.03 0.872 0.01 0.02

(OctlNov) Temperature Bsi -0.25 0.89 -0.845 0.07 0.10

(NovfDec) Temperature Bsi -1.81 9.21 -0.742 0.75 1.67

(Jan/Feb) Temperature Bsi -1.70 8.32 -0.975 0.27 0.89

(Feb/Mar) Temperature Bsi -0.19 1.05 -0.986 0.02 0.09

3.3 Temperature Bsi -2.10 9.34 -0.865 0.54 1.41

3.3 Temperature Bsi -0.20 1.014 -0.934 0.03 0.08

3.4 Average Integrated BSi -27.13 106.49 -0.957 7.98 18.60
Temp

3.4 Average Integrated BSi -81.93 409.19 -0.867 21.13 61.52
Temp

m = slope of regression line; b = y-intercept; r = correlation coefficient; sm = one
standard deviation of the slope; sb = one standard deviation of the y-intercept;
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Optical Parameters as a Proxy

Based on our knowledge of the algal classes present in our study regions we

expect to see some variation in the backscattering associated with changing algal

class composition. The drifters measured upwelling radiance (Lu) at seven different

wavelengths (412, 443, 490, 510, 555, 670, and 683nm) all of which are strongly

influenced by the amount of phytoplankton chlorophyll present except for Lu 555.

Due to the fact that the absorption of water at 555 nm is relatively independent of

chlorophyll concentrations we can use Lu 555 as a measure of optical properties

other than carotenoids or chlorophyll absorbance. By normalizing Lu 555 to a

measure of downwelling irradiance (Ed490) we get an estimate of backscattering

by phytoplankton and other particles in the water, with little interference from

absorption properties of the different algal classes.

The ratio of upwelling radiance at 555 nm and the downwelling irradiance

at 490 varied significantly with time (Fig. 3.5). The time and location of drifter 86

deployment coincides with the location of the maximum chlorophyll a

concentration, dominated mainly by diatoms (Chapter 2; Brown and Landry,

submitted b)). Since Lu 555 should be largely independent of the biomass we can

attribute this increase to the increase in diatom dominance at the location of drifter

86 compared to the location of drifters 23 and 22.



0.01

0.01

0

uJ

0
U,
0

0.005

Dflter 86= stars; Dfl*er 23= dIamonds: Dflter 22= dots

*

**
* *

*

*** * * ** *** *** *
*

: +* *4f
* **

' t%*s***
****4**

*

.

0

0

20 30 40 50 60 70 80 90 100 110

Julian Day (local)

77

Figure 3.5: The ratio of Lu555fEd49O plotted against local time (Julian Days)
since deployment. Drifter 86 (*) was deployed near the Southern ACC front and
Drifter 23 (0) & 22 (") were deployed in the Polar Frontal region.

Although not conclusive, the Lu555/Ed490 did correlate to some extent with

temperature (Fig. 3.6). This strengthens the argument that increased scattering is

correlated with increased diatom dominance since temperature has been shown to

correlate well (Fig. 3.1 a & b) with diatom dominance. When Lu555/Ed490 is

normalized to chlorophyll (estimated based on optical drifter data (Abbott et al.,

submitted)) it becomes clear that the communities at the location of drifter 86 and

22 are optically distinct. The phytoplankton community with the higher diatom

dominance displays significantly higher backscattering properties (p<O.Ol; Rank-

Sum test) (Fig. 3.7).
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Figure 3.6: Scatter plot of the Lu555JEd49O ratio and surface temperature for
Drifter 86 (*) and 22 ().
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Figure 3.7: The ratio of Lu555/IEd49O normalized to chlorophyll plotted against
surface temperature for Drifter 86 (*) and 22 ().
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When comparing the drifter data with pigment measurements made on the same

day less than 0.06 degrees latitude from the location of the drifters, there was

agreement between the ratio of fuco : (hex+but) (as an indicator of diatom

dominance) and the Lu555fEd490 (Fig. 3.8).
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Figure 3.8: Scatter plot of the ratio of Lu555fEd490 and the fuco/(hex+but)
pigment ratio (n=5).

CONCLUSION

Within the PF region temperature was highly correlated with our

measurements of diatom abundance and dominance during the JanuaryfFebruary

cruise. Using biogenic silicate as a diatom dominance estimate in lieu of the

pigment ratios allows us to validate this relationship over the entire season.
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However the slope of the regression varies with time. Data from the spring and fall

cruise fall on the same line and the slope is lower then during austral summer,

likely as a result of lower diatom abundance. The two equations will allow us to

calculate an upper and lower limit for biogenic silicate based on temperature and

qualitatively assess the dominance of diatoms in the Polar Frontal region. The

conversion of biogenic silicate to carbon estimate will be more difficult due to

highly variable ratios. Together with continuous optical in situ estimates of total

phytoplankton biomass, the biogenic silicate to temperature relationship gives

valuable insight into the relative amount of algal biomass associated with diatoms.

Although not conclusive, evidence can be found for a correlation between

backscattenng at 555 nm (measured as Lu555fEd49O) and the increase in diatom

biomass. The use of the Lu555IEd49O ratio as an estimate of diatom prevalence

within the phytoplankton community in our study area needs to be tested using data

from both diatom and prymnesiophyte dominated waters. Unfortunately, we are

lacking drifter data from within prymnesiophyte dominated water. However, light

absorption and attenuation data collected at nine different wavelenghts during the

SeaSoar surveys in January/February could be used to confirm or falsify this

relationship.
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The main objective was to test whether iron, silicic acid or light availability

controls the distribution of the major phytoplankton classes. During the austral

summer cruise, light availability played little role in controlling the distribution of

the dominant phytoplankton classes. The silicic acid concentration was low north

of the strong meridional surface silicic acid gradient and limiting diatom growth.

Detailed analysis at the PF revealed that silicic acid re-supply at that location was

adequate to allow for elevated diatom abundance at the southern edge of the PF

region. However, north of the front the deep water silicic acid concentrations were

too low to sustain upwelling high enough for diatom growth at the northern edge of

the PF region.

As observed in other study areas (Turner and Owens, 1995; Peeken et al.,

1997) of the Southern Ocean, our study region was divided into latitudinal bands in

terms of water mass chemistry and biology. These bands appear to be distinct in

terms of ecological controls on the phytoplankton. The northernmost band, north of

the PF is characterized by low silicic acid and iron concentrations as well as low

abundance of phytoplankton. In this band, both grazing and the availability of

silicic acid and iron are the dominant controls. The PF region, another distinct

band, is an area of elevated and highly variable silicic acid and iron concentration,

elevated chlorophyll a concentration, and higher diatom abundance at the southern

edge of the frontal region. This confirms our notion of the PF being an area of

meander-driven nutrient upwelling and enhanced chlorophyll concentration. Our
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observations indicate strong control of the phytoplankton biomass by the rate of

silicic acid and possibly iron upwelling. The third band is sandwiched between the

PF region and the location of the meridional silicic acid gradient. It is characterized

by low silicic acid and iron concentration and low phytoplankton biomass. The next

band south coincides with the location of the strong silicic acid gradient, where the

silicic acid surface concentration increase from less than 10 j.tM to 50 pM within

2 latitudes. The highest concentration of both biomass and diatom abundance is

observed within this band despite relative low iron concentrations. The fifth band

south of the silicic acid gradient is characterized by high silicic acid

concentrations, low iron concentrations and considerably lower chlorophyll a

concentrations. This was the only band where iron addition experiments resulted in

increased phytoplankton growth (Franck et al., in press), implying that this was the

only area where iron availability was the sole factor limiting growth and abundance

of phytoplankton. Diatoms are still abundant but less dominant than within the

fourth band. During the time of our study, this band coincided with the transition of

ACC water to Ross Sea gyre water south of the SACCF.

These five distinct bands make apparent the variable factors controlling the

abundance of phytoplankton. During the austral summer, silicic acid and iron

appear to be the most important factors controlling phytoplankton biomass besides

grazing. However, the continuous observation of the seasonal evolution of the

phytoplankton biomass at the PF indicates that light was limiting the phytoplankton

growth in the spring (Abbott et al., in press). Given the variability in factors
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controlling the abundance of phytoplankton, the classification of the Southern

Ocean as a simple HNLC region becomes obsolete and misleading. Instead,

emphasis should be placed on studying the various controls on smaller scales

within ecologically distinct water masses. In order to do so in such a vast and

remote area, study approaches that employ remote sensing, moored instruments,

floats, and drifters collecting continuous data are indispensable to obtain the

necessary spatial and temporal coverage.

At this point, however, only a few studies have been successful at resolving

algal class information from such instrumentation (Brown and Yoder, 1994).

Preliminary results from our analysis suggest that the Southern Ocean is an area

where algal class information could be retrieved from optical or physical

instruments. The problem of identifying the dominant algal class within a bloom in

this area is simplified by the fact that often only two algal classes, either diatoms or

prymnesiophytes, are responsible for the bulk of the biomass. Unfortunately, their

respective pigments have very similar absorption spectra, which makes it very

difficult to distinguish the two based on this criterion. On the other hand, their

physical shape, size and cell coating are distinct, possibly resulting in distinct

scattering functions. Our results suggest that this property could be used to

distinguish between prymnesiophyte and diatom blooms. However, laboratory

studies are necessary to resolve in detail the backscatteringloptical properties of the

dominant Southern Ocean species.
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Future research should aim at investigating optical properties of the most

important Southern Ocean diatom and prymnesiophyte species, in particular

Phaeocysitis spp. Knowledge of their absorption and particularly scattering

properties can be used to develop algorithms and optical instrumentation that will

allow us to distinguish these two major classes based on their optical properties.

This is essential for a more synoptic view of the Southern Ocean. It is important to

start viewing the Southern Ocean as a composite of several ecologically different

water masses and scale our research efforts accordingly. Under-sampling in the past

has resulted in the underestimation of the phytoplankton biomass and export fluxes

in many regions. The past decade of intense research efforts in the Southern Ocean

has taught us to revise some of our low estimates of surface production (Pondaven

et al., 2000). The next few years of synthesis and modeling efforts are likely to

result in a less uniform picture of the Southern Ocean, resolving the substructure

regarding hot spots of production and export fluxes.
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