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Controls on the carbon isotopic composition of Southern Ocean 
phytoplankton 
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Abstract. Carbon isotopic compositions of suspended organic matter and biomarker compounds 
were determined for 59 samples filtered from Southern Ocean surface waters in January 1994 
along two north-south transects (WOCE SR3 from Tasmania to Antarctica, and across the Princess 
Elizabeth Trough (PET) east of Prydz Bay, Antarctica). Along the SR3 line, bulk organic matter 
show generally decreasing 13C contents southward, which are well correlated with increasing 
dissolved molecular carbon dioxide concentrations, CO2(aq). This relationship does not hold along 
the PET transect. Using concentrations and isotopic compositions of molecular compounds, we 
evaluate the relative roles of several factors affecting the •513C of Southern Ocean suspended 
particulate organic matter. Along the WOCE SR3 transect, the concentration of CO2(aq) plays an 
important role. It is well described by a supply versus demand model for the extent of cellular 
CO2 utilization and its associated linear dependence of isotopic fractionation (ep) on the reciprocal 
of CO2(aq). An equally important factor appears to be changes in algal assemblages along the 
SR3 transect, with their contribution to isotopic fractionation also well described by the supply 
and demand model, when formulated to include the cell surface/volume control of supply. 
Changes in microalgal growth rates appear to have a minor effect on ep. Along the PET transect, 
algal assemblage changes and possibly changes in microalgal growth rates appear to strongly 
affect the carbon isotopic variations of suspended organic matter. These results can be used to 
improve the formulation of modem carbon cycle models that include phytoplankton carbon 
isotopic fractionation. 

1. Introduction 

The physical circulation of the Southern Ocean contributes 
dramatically to global climate control by directly linking surface 
waters with the deep sea in the three major ocean basins and by 
redistributing waters among them via the Antarctic Circumpolar 
Current. Biological activity in the Southern Ocean may also be 
important to global climate. Enhanced primary production rates 
in the Southern Ocean have been suggested as a means of 
explaining low-atmospheric CO2 concentrations during the last 
glacial period [e.g., Knox and McElroy, 1984; Sarrniento and 
Toggweiler, 1984]. Several causal scenarios have been 
hypothesized and include (1) iron-stimulated increases in export 
production in the Subantarctic and Polar Frontal Zones of the 
Southern Ocean [Martin, 1990], (2) iron-stimulated increases in 
export production north of the Antarctic Polar Front (PF) [Kumar 
et al., 1993], and (3) increased surface water stratification south of 
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the PF [Franqois et al., 1997]. The two former explanations 
represent "biological" processes, while the latter is principally a 
physical phenomenon. Carbon isotopic records of Southern 
Ocean sedimentary organic matter show clear and dramatic 
changes from the time of the last glacial maximum to the present 
and may contain important information about changes in both 
biological carbon fixation and oceanic circulation during this 
interval [Fischer et al., 1997] because phytoplankton carbon 
isotopic compositions appear to reflect a balance of environmental 
CO2 supply and biological demand [e.g., Rau et al., 1992; 
Franqois et al., 1993; Goericke et al., 1994]. Before quantitative 
constraints can be placed on biological and physical factors from 
the •513C of sedimentary organic materials, fundamental 
information on the mechanisms controlling the isotopic 
compositions of phytoplankton and bulk suspended, sinking, and 
sedimented particulate organic matter in the Southern Ocean is 
needed. 

Stable isotopic characterization of marine organic matter 
provides important insights into the environmental conditions 
under which carbon fixation occurs. Early on, Sackett et al. 
[1965; 1974] found that Southern Ocean plankton and sediments 
have significantly lower 13C/12C ratios relative to those at lower 
latitudes. Subsequent studies of the isotopic composition of 
marine particulate organic matter at high latitudes [Wada et al., 
1987; Rauet al., 1989, 1991a, b; Bathmann et al., 1991; Fischer, 

1991; Dunbar and Leventer, 1992; Rogers and Dunbar, 1993; 
Franqois et al., 1993; Goericke and Fry, 1994; Kennedy and 
Robertson, 1995; Kopczynska et al., 1995; Dehairs et al., 1997; 
Fischer et al., 1997] have confirmed the extreme isotopic nature 
of Southern Ocean organic matter, which some have related to 
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Southern Ocean Sections, January 1994 
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Figure 1. Map of sample collection sites, along the World Ocean 
Circulation Experiment (WOCE) SR3 (Hobart to Antarctica, 
cruise track from 45ø55'S, 140øE to 65ø24'S, 140øE) and across the 
Princess Elizabeth Trough (PET), from the West Ice Shelf to the 
Kerguelen Plateau (58ø55'S, 82ø01'E to 65ø19'S, 84 ø 43'E). The 
cruise was carried out in January 1994 onboard Australia's 
icebreaker R/V Aurora Australis. Samples were collected while 
stopped for CTD work by filtering the ship's clean seawater 
supply. 

low sea surface temperature and the consequent high saturation of 
CO2(aq). It has been assumed that availability of CO2(aq) is a 
major factor controlling carbon isotopic compositions of 
phytoplankton [e.g., Arthur et al., 1985; Hayes et al., 1989; Rau et 
al., 1989; Popp et al., 1989; Jasper and Hayes, 1990; Hollander 
and MacKenzie, 1991 ]. This has led to the use of stable carbon 
isotope measurements for reconstructing paleo-pCO2 records 
[e.g., Jasper et al., 1994]. However, additional factors such as 
temperature, light intensity, nutrient availability, species 
composition, growth rate, and active dissolved inorganic carbon 
(DIC) transport have also been suggested to be important in 
determining the 513C of phytoplankton [e.g., Rau et al., 1992; 
Franf'ois et al, 1993; Goericke et al., 1993; Laws et al., 1995; 
Bidigare et al., 1997a; Laws et al., 1997; Popp et al., 1998]. 

In this paper we examine variations in carbon isotopic 
composition of Southern Ocean suspended particulate organic 
matter, and individual compounds, some of which are exclusively 
derived from phytoplankton (e.g., phytol, steroIs), from surface 
water samples collected in the Southern Ocean south of Australia. 
We infer the fractionation behavior of different phytoplankton as 
reflected in the isotopic composition of individual compounds and 
examine how it affects the carbon isotopic composition of bulk 
suspended particulate organic matter. We document isotopic 
variability in individual compounds of up to 10%o in a single 
sample and its influence on bulk suspended organic matter 
isotopic compositions. We discuss the factors which contribute to 
this isotopic variability, among them CO2(aq) concentrations, the 
isotopic composition of CO2, microalgal growth rates, algal 
community structure, and details of the physical oceanographic 
environment. Our general hypothesis is that fractionation varies 
as a function of CO2(aq) concentration, algal growth rates, and 

community structure. We speculate on the implications of these 
results for interpreting the 513C of suspended particulate and 
sedimentary organic materials. 

2. Materials and Methods 

Samples used for this study were collected from the locations 
shown in Figure 1 on a cruise of the R/V Aurora Australis from 
January to March 1994, along the WOCE SR3 line (Hobart to 
Antarctica) and along a section across the Princess Elizabeth 
Trough (PET), from the West Ice Shelf to the Kerguelen Plateau. 
Samples of suspended particulate organic matter (SPOM) were 
collected every -30 nautical miles, while the ship was stopped, 
along the transects from the ship's uncontaminated seawater 
system onto precombusted glass fiber filters (143 mm diameters 
Gelman A/E) using an in-line filter apparatus. Along the SR3 
line, 42 SPOM samples were collected at stations between 45 ø and 
65øS; across the PET, 17 samples were collected at stations 
between 58 ø and 67øS (Table 1). All SPOM samples were filtered 
from 160-200 L of water, immediately frozen and stored frozen 
until analysis. 

Physical oceanographic measurements, carbon analyses 
([DIC], fCO:z, alkalinity), biological studies (fluorescence 
profiles, nutrient analyses, plankton counts, and pigment analyses) 
were also performed. Surface water fCO:z was continuously 
monitored from the ship's uncontaminated seawater system and 
[CO2(aq)] calculated fromfCO2, temperature, and salinity, after 
Weiss [ 1974]. ThefCO 2 measurements were made by circulating 
air, which had equilibrated with a shower of water from the 
uncontaminated seawater line, through a infrared gas analyzer 
(LICOR Model 6252) [Metzl et al., 1999]. The air was dried prior 
to analysis, and standards referenced to the World Meteorological 
Organization (WMO) X85 mole fraction scale were used to 
calibrate the analyzer. The fCO2 data were corrected for warming 
between the seawater inlet in the ship's bow (water depth -5 m) 
and the equilibration chamber after Copin-Montegut [1988, 1989]. 
The concentrations of total dissolved inorganic carbon were 
determined coulometrically using a Single-Operator Multi- 
Metabolic Analyzer (SOMMA) system similar to that described 
by Johnson et al. [1993]. Phosphate, silicate, and nitrate plus 
nitrite were measured using the colormetric techniques of 
$trickland and Parsons [1972] on a Alpkem "Flow Solution" 
Autoanalyzer continuous flow system. Unfortunately, for reasons 
specific to the autoanalyzer sample sequence protocol [Rosenberg 
et al., 1995], reliable surface bottle phosphate concentration 
determinations were rare on this voyage, whereas silicate and 
nitrate plus nitrite were successfully determined in nearly all 
surface water samples. For this reason, in considering phosphate 
utilization, we primarily rely on estimates from surface bottle 
nitrate+nitrite concentrations assuming Redfield stoichiometry 
(N/P=16 (by atoms), Table 1), an approximation which involved 
little uncertainty when compared to phosphate determinations on 
samples collected deeper in the mixed layer (50-75 m). Salinity 
was determined using a YeoKal Mark 4 salinometer standardized 
with IAPSO P-series salinity standards following WOCE 
guidelines. Microscopic algal identifications and counts were 
done onboard. Chlorophyll a analyses were done on shore by 
high-pressure liquid chromatography using particles from 2 L 
seawater samples filtered through glass fiber filters (Whatman 
GF/F) stored in liquid nitrogen [Wright and Jeffrey, 1997]. 
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Microalgal growth rates were estimated in two ways from 
(1) the temperature, light, and nutrient dependent model of Six 
and Maier-Reimer [1996] and (2) shipboard inc uptake 
experiments [Mackey et al., 1995]. The first assumes the 
temperature-growth relationship of Eppley [1972], Michaelis- 
Menten nutrient dependence (half-saturation at 0.016 BM 
phosphate), and represents photosynthetically active radiation 
(PAR) as the average over the mixed layer of the exponentially 
attenuated surface irradiance. Community microalgal growth 
rates were calculated by combining mixed layer depth estimates 
from shipboard conductivity-temperature-depth (CTD) temper- 
ature and salinity profiles, with surface irradiance estimates for 
January 1991 from the model of Bishop and Rossow [1991], 
available at http://www.giss.nasa.gov/data/seawifs/data (data for 
1994 is not yet available and the 1991 data were typical of the 8 
years processed to date). Mixed layer column growth rates were 
estimated also from shipboard short-term (1 hour) 14C production 
versus irradiance (the so-called, P versus E experiment) carded 
out on samples from several depths, combined with chlorophyll- 
calibrated fluorescence profiles [see Mackey et al., 1995], and, 
like the Six and Maier-Reimer model, with mixed layer depths 

concentrations were obtained by addition of known quantities of 
an internal standard (5ot(H)-cholestane) to the total neutral 
fraction prior to analysis by gas chromatography (GC) and 
computerized gas chromatography-mass spectrometry (GC/MS). 
Compound-specific isotopic results reported here were from 
duplicate or triplicate analyses by isotope-ratio-monitoring 
GC/MS (irmGCMS, Ultra 1, 50 m) performed at the University of 
Hawaii using techniques described by Hayes et al. [ 1990], Merritt 
and Hayes [1994], and Merritt et al. [1995]. Isotopic analyses 
reported in standard •5-notation in Table 2 have been corrected for 
the addition of carbon during derivatization. Use of compound- 
specific isotopic analyses for environmental interpretations 
requires knowledge of the relationship between the isotopic 
composition of the compound(s) analyzed and that of the whole 
organism [see Hayes, 1993; Summons et al., 1994]. 

13 

œbiomarker ( • C organism + 1000 = - 1)1000 
• 13 C biomarker + 1000 

Following results of recent laboratory experiments [Bidigare et 
al., 1997b; Schouten et al., 1998], we adopt œsterol = 7%0 and 

estimated from CTD profiles and irradiances from the model of œphytol = 4%0. We calculate isotopic fractionation (œp [Freeman 
Bishop and Rossow [1991]. Ten percent respiration loss and a and Hayes, 1992])using standard formulation. Calculations of •p 
carbon/chlorophyll a ratio of 50 (weight/weight) were assumed in based on sterols and phytol include a correction for the difference 
order to calculate net production and thus growth rates. between the isotopic composition of the compound and that of the 

No measurements of the isotopic composition of total whole cell which occurs during biosynthesis of the compound, 
dissolved CO 2 ([13C-DIC) are available; therefore [13C-DIC was i.e., 
calculated using the model of Broecker and Maier-Reimer [1992]. •13Cc02 d- 1000 
This model assumes that •SI3C-DIC can be estimated from œP =( 13 -1)1000 
dissolved phosphate concentrations and a constant difference •5 Cbiomarke r +œbiomarker d- 1000 
between the isotopic compositions of DIC and phytoplankton 
(assumed here to be 20%0). Modeled variations in •S13C-DIC 3. Results and Discussion 
(Table 1) agree well with historical observations for the Southern 3.1. Oceanographic Setting 
Ocean [see Lynch-Stieglitz et al., 1995' Francois et al., 1993]. 
The isotopic composition of CO2(aq) was determined from •513C - The samples cover the complete range of open Southern Ocean 
DIC and the relative abundances of carbonate species. The latter environments (Figures 2 and 3). The Southern Ocean can be 
was determined from concentrations of DIC, phosphate, silicate, divided into several broad regions separated by major oceanic 
andfCO 2 following Millero [1995]. The dissociation constants fronts [Rintoul et al., 1997]. From the north to the south, these 
for carbonic and boric acids used in this calculation were from include the Subantarctic Zone (SAZ) from --40ø-50øS bounded to 
Dickson [1990a, b] and Roy et al. [1993] and corrected for the the north by the Subtropical Convergence (STC) and to the south 
effects of pressure using Millero [1979]. The potential error by the Subantarctic Front (SAF). The SAF marks the northern 
involved in using modeled fiI3C-DIC values is difficult to assess; edge of the eastward flowing Antarctic Circumpolar Current 
although, it is likely to be small relative to variation in the isotopic (ACC), usually centered around 50ø-51øS between 140 ø and 152øE 
composition of organic materials. A subsample of each filter was and is characterized by rapid temperature and salinity changes 
prepared for bulk •513C analyses using methods of Wedeking et al. (--8ø-5øC and -34.5 to less than 34.2, respectively) over about 30- 
[1983] after acid fuming (HC1 50% vol/vol for 12 hours). 50 nautical miles. Summer warming can often mask the change in 

Filters containing SPOM were processed for compound temperature across the SAF in surface waters. The Polar Frontal 
identification and compound-specific isotopic analysis at the Zone (PFZ) extends south from the SAF to the PF, a subsurface 
Skidaway Institute of Oceanography using procedures described feature marked by the northern-most extent of cold subsurface 
by Wakeham and Canuel [1988]. Approximately half of the waters (<2øC at about 200 m), typically found at about 54øS south 
samples collected along the WOCE SR3 section and all of the of Australia. The Polar Zone (PZ) extends on southward to the 
PET samples were processed. Briefly, the filters were Soxhlet Antarctic Divergence, which marks the transition from prevailing 
extracted with methylene chloride:methanol (2:1, vol/vol), and westerlies to coastal Antarctic easterlies, as well as the location of 
extractable lipids were partitioned into methylene chloride after upwelling of circumpolar deep water. South of the Antarctic 
addition of the 5% NaC1 solution. Neutral and acidic lipids were Divergence, the influence of sea-ice is large, and we refer to this 
separated by saponification using aqueous 0.5 N potassium region as the Seasonal Sea-Ice Zone (SSIZ). South of Australia, 
hydroxide in methanol followed by serial extraction from basic the PZ can be further divided into north and south zones by the 
solution (pH > 13) and acidic solution (pH < 2). The total neutral presence of a southern branch of the Polar Front (PF-S). The 
fraction was derivatized to trimethylsilyl-ethers with N,O- southern branch is less clearly defined than the northern but 
bis(Trimethylsilyl)trifiuoroacetamide and analyzed directly by gas generally occurs between 57 ø and 60øS. Indicators of the southern 
chromatography. Distributions of individual compounds and their PF include the region where there is a rapid change in depth of the 
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Figure 2. Distributions of temperature, salinity, and chlorophyll a along the SR3 transect in the top 100 m. 
Locations of oceanographic zones and the major fronts that divide them are shown, following Rintoul et al. [1997] 
and as described in the text. Temperature is quite uniform within the Subantarctic Zone (SAZ) and decreases across 
the Subantarctic Front (SAF), although seasonal surface warming broadens the thermal expression of the SAF in 
comparison to its north-south salinity change. The 2 ø isotherm marks the top of the subsurface temperature 
minimum layer, as well as defining the position of the Polar Front by the position of its northward extent. Salinity 
generally decreases from north to south. The Polar Zone (PZ) was extremely homogeneous in salinity; fresher 
waters formed from melting sea-ice inputs occurred near the serface in the Seasonal Sea Ice Zone (SSIZ). Upward 
intrusion of warm salty Circumpolar Deep Water occurred at the Antarctic Divergence (AD) (shading indicates 
salinities > 34.4). The relatively low salinity water (< 34.4) in the middle of the otherwise salty SAZ was the result 
of a large eddy which also brought cooler water into the region. The SAZ, SSIZ, and north PZ all contained 
relatively abundant chlorophyll a (shading indicates > 0.6 ug/L), with the PZ algae concentrated subsurface near the 
top of the colder waters. The Polar Frontal Zone and waters near the Antarctic Divergence contained very little 
chlorophyll a. 

temperature minimum layer, or where there is a steep gradient in 
salinity in the 150-300 m depth range between water with a 
salinity of 34.0-34.2 to 34.6, which is characteristic of upper 
Circumpolar Deep Water. 

All of the zones defined above can be characterized as high- 
nutrient, low-chlorophyll (HNLC) oceanic environments, 
although there are significant differences among them in terms of 
biological, physical, and chemical attributes. Levels of 
chlorophyll a generally decrease southward across the SAZ to the 
Antarctic Divergence and then increase again south of the 
Divergence (Figure 2). Algal distributions within the water 
column also vary. Note the subsurface chlorophyll maximum in 
the north Polar Zone along the SR3 section (Figure 2) and in the 
offshore portion of the PET section at the top of the winter water 

layer (Figure 3). The different Southern Ocean environments 
exhibit both overlap and differences in typical algal communities. 
For example, north of the SAF, coccolithophores are relatively 
common but are much less so south of the SAF and particularly in 
the diatom-dominated Polar and Seasonal Sea-Ice Zones. These 

biological variations are accompanied by changes in nutrient 
element abundances. Of particular note is that while nutrient 
levels generally increase southward, nitrate levels increase 
strongly across the SAF, but silicate levels remain low much 
farther south, until the southern branch of the PF is reached (Table 
1). Zonal homogeneity is of course only a first approximation to 
Southern Ocean environments, and there are also significant 
differences between the SR3 and PET sections. These include 

differences in water mass temperature-salinity compositions, deep 
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Figure 3. Distributions of temperature, salinity, and chlorophyll a along the PET transect in the top 100 m. Surface 
waters varied from nearly 2øC in the north to the freezing point in the SSIZ. Remnant subzero winter water 
(shaded) underlies the entire section at -50 m depth, effectively isolating surface waters. In the SSIZ, melting sea- 
ice observed during the cruise produced salinities below 33.6 (shaded). As in the SR3 section, relatively warm salty 
water intrudes upward into the mixed layer at the Antarctic Divergence (dotted line). Chlorophyll a levels were 
elevated (shading indicates >2.5 ug/L) in both the northerly shallow relatively warm surface waters and near the ice 
edge, with much lower levels at the AD. North of the AD, the algae were concentrated subsurface at the top of the 
remnant winter water. 

as well as surface water nutrient concentrations, local circulation 

patterns including sea-ice drift, and mixed layer depths. Full 
details of these variations are beyond the scope of this paper; 
those pertinent to carbon isotopic variations are discussed further 
in section 3.2. Recent discussions include Rintoul et aL [1997], 

Wong et al. [1998], and Worby et al. [1998]. 
Concentrations of CO2(aq) in surface waters along the SR3 line 

vary from 13.1 to 23.5 gmol kg -1, are near equilibrium with the 
atmosphere, and vary mainly as a function of temperature 
(Figure 4) except near the retreating ice edge where enhanced 
phytoplankton production likely caused a drawdown of CO2(aq), 
consistent with lower phosphate concentration. The [CO2(aq)] 
along the PET transect vary from 14.6 to 22.0 gmol kg -1 and are 
generally below that expected for equilibrium with atmospheric 
CO2 (Figure 4). Unlike the majority of SR3 results, [CO2(aq)] is 
poorly correlated with sea surface temperature suggesting 
biological activity strongly influenced [CO2(aq)] along the PET 
transect. Several authors have suggested that the concentration of 
CO2(aq) mainly controls the carbon isotopic composition of 

Southern Ocean phytoplankton [e.g., Rau et al., 1991a, b; 
Bathmann et al., 1991; Fischer, 1991; Dunbar and Leventer, 

1992; Rogers and Dunbar, 1993; Francois et al., 1993; 
Kopczynska et al., 1995; Dehairs et al., 1997; Fischer et al., 
1997]. Although collected within 20 days of each other on the 
same voyage, 813C-SPOM was related to [CO2(aq)] quite 
differently in the two sections (Figure 4). Along the SR3 transect, 
8•3C-SPOM is negatively correlated with CO2(aq) concentrations 
(•13C =-0.89[CO2(aq)] - 9.29, r 2 = 0.91, Figure 4). Similar 
correlations between the isotopic composition of SPOM and 
[CO2(aq) ] have been found by Rau et al. [199 lb], Francois et al. 
[1993], and Dehairs et al. [1997] from the Southern Ocean. In 
contrast, despite similar ranges of CO2(aq) and 813C values, a 
poor correlation between SPOM isotopic composition and 
CO2(aq) concentration was found along the PET line (•13C = 
-0.71[CO2(aq)] - 13.40, r 2 = 0.52, Figure 4). Because the 
relationship between [CO2(aq)] and 8•3C-SPOM is so different in 
each of these oceanic regions, we discuss the SR3 and PET 
transects separately before comparing them. 
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Figure 4. Distributions of surface aqueous CO2, •513C-SPOM, and the isotopic compositions of phytol and the five 
major steroIs. Front locations are the same as in Figure 2. CO2 levels were generally close to atmospheric 
equilibrium values (dashed line) along SR3 but deviated from equilibrium in the far south and north of $R3 and in 
all of the PET. Individual sterol isotopic compositions, while generally decreasing southward, exhibit greater 
variations than those of bulk $POM or phytol. Sterol I, cholesta-5,22E-dien-315-ol; sterol II, cholest-5-en-315-ol; 
sterol III, 24-methylcholesta-5,22E-dien-315-ol; sterol IV, 24-methylcholesta-5,24(28)-dien-315-ol; sterol V, 24- 
ethyl-5ot-cholest-7-en-315-ol. 

3.2. WOCE SR3 Transect 

Although the [CO2(aq)] can explain a large amount of the 
variation in ;513C of SPOM along the SR3 transect, variability in 
the carbon isotopic composition of individual compounds along 
these transects (Figure 4) indicate that other factors affect the 
•S13C-SPOM. Recent results of modeling [Goericke et al., 1994; 

Rau et al., 1996, 1997] and laboratory experiments [Laws et al., 
1995; 1997; Bidigare et al., 1997a; ?oppet al., 1998] suggest that 
microalgal growth rate and cell size and shape also contribute to 
the carbon isotopic composition of phytoplankton, essentially as a 
balance of CO2 supply and demand. Contributions from 
heterotrophic carbon sources can also play a role [Fry, 1988; 
Hayes, 1993; Kenig et aL, 1994]. We now examine these factors 
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Figure 5. Comparison along the SR3 section of community 
phytoplankton mixed layer growth rates from shipboard InC-based 
production versus irradiance experiments with those predicted 
from temperature, light, and major nutrient distributions using the 
model of Six and Maier-Reimer [1996]. Also shown are 
production rates at saturating irradiance (Pmax values) from the 10 
m depth shipboard samples. 

from measurements of algal growth rates, community structure, 
and biomarker compound abundances and isotopic compositions. 

3.2.1. Growth rates. The model of Six and Maier-Reimer 

[1996] predicts growth rates ranging from 0.5 to 0.9 d -1, which 
decrease to the south and are controlled mainly by temperature 
(Figure 5). Mixed layer depth variations (of typically 40-125 m) 
play a secondary role, followed by cloud cover driven irradiance 
variations. High surface water phosphate concentrations (Table 1) 
preclude phosphate growth limitation in the model despite the 
relatively high half-saturation constant. The model growth rates 
are generally higher than growth rates estimated for Southern 

Ocean diatoms by various investigators during the austral summer 
(Table 3), as well as the shipboard 14C results discussed next. 

In contrast to the Six and Maier-Reimer [ 1996] model, mixed 
layer column growth rates estimated from shipboard 14C 
measurements are lower, averaging 0.48 + 0.17 d -l, and exhibit no 
systematic change with latitude (Figure 5). Both variations in 
photosynthetic response (as estimated from the 14C P versus E 
experiments) and changes in the vertical distributions of the algae 
in the water column (determined from the fluorescence profiles) 
contribute to the variations in column growth rates. For example, 
maximum 14C uptake rates at saturating irradiances (Pmax values 
at 10 m) were quite constant from 45 ø to 60øS, and the lower 
column growth rates from 49 ø to 52øS are primarily the result of 
the deeper mixed layers and algal distributions at the SAF and in 
the PFZ. In contrast, south of the Antarctic Divergence (-64øS), 
the small diatom dominated algal community exhibited relatively 
low Pmax values, but their near surface location leads to column 
growth rates that are similar to the rest of the transect. 

These observations highlight some of the issues involved in 
estimating growth rates appropriate to assessing 13C fractionation 
from 14C P versus E experiments. Using mixed layer column 
growth rates assumes that the observed vertical algal distributions, 
P versus E parameters, and climatological irradiances are typical 
of the period over which the 13C compositions have been 
determined. It also assumes that the surface SPOM samples 
obtained from 10 m depth have experienced the column weighted 
mean growth rate, i.e. that the surface layer has indeed been well 
mixed over the residence time of the cells. The observations 

provide two ways to evaluate these assumptions. First of all, 
dividing column chlorophyll inventories by production rates 
suggests residence times (i.e. the biomass replacement e folding 
time) of 1-3 days, so that more than 95% of biomass will have 
accumulated in the past 3-9 days. This suggests that storm 
timescale events which deepen mixed layers and change cloud 
levels could be important. Comparison of clear sky i•adiances 

Table 3. Growth rates of Antarctic Diatoms Estimated by Various Investigators During the Austral Summer 

Reference Growth Rates, d -1 Comments 

Sakahaug and Holm- 
Hansen [1986] 

mean = 0.24 

range = 0.1-0.34 

Spies [ 1987] mean = 0.52 
range = 0.26-0.92 

Tilzer and Dubinsky mean = 0.14 
[ 1987] range = 0.04-0.19 

Wilson et al. [1986] surface rates = 0.26-0.36 

integrated rates = 0.10-0.15. 

Growth rates based on chlorophyll measurements in batch 
cultures. Scotia/Weddell Seas. Temperature = -1 to 4øC. 
Cultures dominated by diatoms--Chaetoceros 
tortissimus Gran, Nitzschia, Fragilariopsis spp. and 
Thalassiosira sp. 

Growth rates determined by successive cell counts on 
natural populations incubated in polycarbonate bottles. 
Weddell Sea. Temperature =-IøC Thalassiosira, 
Eucampia, Chaetoceros, Rhizosoleina, Nitzschia, 
Thalassiothrix, Coscinodiscus and others. 

Growth rates based on C-14 incubations and assumed C:chl 

ratio of 50. Southern Drake Passage. Temperature = -2 
to +8øC. Net plankton dominated by diatoms Corethron 
criophilum, Chaetoceros spp., Thalassiosira sp. and 
Rhizosolenia alata. 76% of chlorophyll in cells which 
pass through a 20 gm filter. 

Growth rates determined from autoradiography and carbon 
estimates based on cell volume. Receding ice edge in 
Western Ross Sea. Mainly Nitzschia curta with some 
Nitzschia closterium. 
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Figure 6. Distribution of cell counts and biomarker compound 
abundances along the SR3 section. The legends for cell counts 
and sterol abundances list the components in order from most to 
least abundant. While individual species abundances were not 
quantified, Nitshia, Coretheron, Chaetocerosis, and 
Fragillariopsis were important constituents. Individual sterol 
abundances generally vary little with latitude compared to the 
large variation in their isotopic composition (see Figure 4). 
Sterol I, cholesta-S,22E-dien-3[•-ol; sterol II, cholest-S-en-3•-ol; 
sterol III, 24-methylcholesta-S,22E-dien-3•-ol; sterol IV, 
24-methylcholesta-S,24(28)-dien-3[•-ol; sterol V, 24-ethyl-Sct- 
cholest-7-en-3[•-ol. 

with cloud-covered values suggests irradiance changes would not 
exceed a factor of 2 [Bishop and Rossow, 1991 ]. For typical light 
attenuation lengths of-40 m, storm-driven deepening of an 
initially very shallow mixed layer from 20 to 100 m would 
decrease mean light levels two-fold, with similar misestimation of 
growth rate. Second, because growth rates estimated from the 10 
m bottle samples alone (not shown) are very similar to the column 
growth rate, and because profiles of algal community 
compositions show little variation with depth (H. Marchant, 
unpublished observations, 1994), the assumption that the 7 m 
depth underway SPOM sampling obtained algae which 
experienced the column weighted mean growth rate appears well 
justified. 

Overall the ]4C-based growth rates appear appropriate for 
assessing growth rate contributions to 13C fractionation, although 
the methodology is not without uncertainties (see review by 
Sakshaug et aL [1997]). For example, the possibility exists that 

carbon/chlorophyll ratios changed systematically with latitude, 
although we have neither any reason to expect this nor any data to 
rule it out. We used a shipboard estimate of carbon/chlorophyll 
which is slightly lower than the average from the literature 
[Sakshaug and Hobn-Hansen, 1986; Figueiras et al., 1994; Smith 
et al., 1996; DiTullio and Smith, 1996], but the uncertainty is 
rather large (> 30%). Because the ]4C based growth rates 
correspond to estimates of Southern Ocean diatoms (Table 3) 
better than those predicted from the Eppley [1972] temperature 
dependence of the Six and Maier-Reimer [1996] model, the 
simplest conclusion remains that growth rates were reasonably 
independent of latitude, temperature, and CO2(aq) concentrations 
along the SR-3 transect in January 1994 (although this may not be 
true in other seasons). This interpretation implies that variations 
in microalgal growth rates contributed only variance to the 
observed correlation of •5•3C-SPOM with CO2(aq), rather than 
influencing its average nature. In fact, latitude by latitude 
comparison of the sparse •4C-based growth rates with the 
variability of the •5•3C-SPOM correlation with CO2(aq) reveals no 
consistent effect of growth rate at all; for example, regions in 
which the •4C data suggest relatively low growth rates (e.g. near 
50 ø and 62øS) do not exhibit relatively low •5]3C-SPOM values 
given their CO2(aq) concentrations. Furthermore, lower than 
maximum growth rates are consistent with recent data suggesting 
that micronutrients, in particular bioavailable iron, may exert 
strong controls on Southern Ocean phytoplankton growth rates 
[Martin et al., 1990; Banse, 1996; $edwick and DiTullio, 1997]. 
It appears that factors other than algal growth rates are more 
important in controlling the carbon isotopic composition of 
SPOM. 

3.2.2. Community Structure. Effects of community structure 
on •513C-SPOM were evaluated by comparing distributions of 
flora (microscopic cell counts) with the concentration and isotopic 
composition of algal biomarkers. Importantly, •5•3C-phytol and 
•SI3c-SPOM values are well correlated ([13Cphyto I = 1.15 * 
•j13CsPoM - 0.86, t a = 0.91) with a mean difference of 4.7_+1.2%o 
(Tables 1 and 2), a result expected since all oxygenic 
photoautotrophs produce chlorophyll a, the major source of phytol 
and SPOM. The mean difference is slightly higher than that 
obtained from phytoplankton cultures (-4%o [Hayes, 1993; 
Bidigare et aL, 1997b; Shouten et al., 1998]), but is consistent 
with minimal heterotrophic contributions to $13C-SPOM [see Fry 
and Sherr, 1984]. However, phytoplankton community changes 
do play an important role in controlling ep. 

Diatoms dominate the flora along most of t•e SR-3 transect 
(Figure 6). Large diatoms (>20 !.tm) make up -30% of the counted 
cells throughout the transect. Small diatoms (<20 gm) increase 
steadily southward from very low levels (-5%) nolth of the SAF 
to 10% in the PFZ, 25% in the PZ and reach 80-90% south of the 
Antarctic Divergence in the SSIZ. Coccolithophores also exhibit 
very low levels north of the SAF and increase southward, 
reaching relative abundances of-20% in the PFZ and PZ before 
disappearing further south. Flagellates exhibit a maximum of 
-20% in the PFZ, contribute -15% in the PZ, but are present in 
very low abundances in both the far north (SAZ) and far south 
(SSIZ). 

Five major sterols, four known to occur in diatoms [e.g., 
Volkman, 1986], comprise -60% of the sterols along the SR-3 
transect. One of the five, 24-methylcholesta-5,22E-dien-3[•-ol 
(sterol III), exhibits a small increase in the SSIZ in the far south 
where small diatoms dominate (Figure 6), and a less abundant 
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Figure 7. Assessment of the role of community structure 
variations along the SR3 transect. Solid lines show regression 
analysis for œp versus g/(CO 2*SAV), whereas dotted lines show 
regression analysis for Ep versus It/CO2. Consideration of the 
mean diatom surface area/volume ratio change with latitude 
(SAV) for phytol, SPOM, and sterol III decreases the slope of the 
regression and yields an intercepts consistent with results of 
laboratory experiments suggesting changes in community 
structure influence fractionation of phytol, SPOM, and sterol III. 
Regression of œp onto g/CO 2 for sterols I and II yields an intercept 
consistent with results of laboratory experiments suggesting 
changes in community structure do not affect the isotopic 
composition of these sterols. The œp values for steroIs IV and V 
are poorly correlated with It/CO 2 implying that these biomarkers 
are derived from a variety of organisms across the section (data 
not shown). 

sterol, 24-ethyl-5•x-cholest-7-en-313-ol (sterol V), shows doubled 
relative concentrations in the PZ where cocolithophores increase 
similarly, although there are no reports of this latter compound in 
Emiliania huxleyi, the dominant cocolithophore in this region [see 
Sikes et al., 1997]. In general, the sterol relative abundance 
exhibits much less variation with latitude than the organism 
counts (Figure 6). This suggests that several of the organism 
classes (at least the small and large diatoms certainly) contribute 
to the production of the major steroIs and with similar relative 
sterol abundances in each organism class. In contrast, individual 
sterol isotopic compositions change with latitude more 
significantly than their relative concentrations, and in different 
ways than those of either SPOM or phytol. The isotopic 
composition of sterol III exhibits a trend toward progressive 
depletion in 13C relative to phytol toward the south, despite its 
relatively invariant fractional abundance (Figures 3 and 6). 
Comparison to the cell counts suggests the simplest interpretation 
is that it is produced by both the large and small diatoms and that 
the smaller diatoms, which increase in relative abundance to the 
south, are the dominant source of this molecule in the south. 

To evaluate the role of community structure in controlling/513C 
compositions, • was calculated for SPOM, individual sterols, and 
phytol, and the relationships between •, It, and [CO2(aq)] were 
then compared with results of recent laboratory experiments 
[Laws et al., 1995, 1997; Bidigare et al., 1997a; Popp et al., 1998] 
which found that a supply versus demand model for CO2 uptake 
and associated isotopic fractionation could describe a wide range 
of algal species isotopic compositions if cell size and shape 
variations were taken into account. For this comparison we 
assumed Ebiomarke r values of +4%0 for phytol and +7%0 for the 
steroIs; the modeled isotopic compositions of DIC and that 
demand for CO2(aq) by the cell was constant and is represented 
by phytoplankton growth rate (It = 0.48 d]). As noted previously 
[Franfois et al., 1993], isotopic variations in DIC account for a 
small fraction of the variation in œp. The œp values for 24- 
methylcholesta-2,24(28)-dien-313-ol (IV)and 24-ethyl-5a-cholest- 
7-en-315-ol (V) are poorly correlated with It/CO2 implying that 
these biomarkers are derived from a variety of organisms across 
the section (data not shown). However, œp for SPOM, phytol, and 
the remaining steroIs are well correlated with g/CO2; however, 
the slope and intercept of the lines describing these data are quite 
different. 

Several authors have recognized that the supply of CO2 to a 
microalgal cell is affected by [CO2(aq)] and cell size [Franfois et 
al., 1993; Goericke et al., 1993' Laws et al., 1995; Rau et al., 

1996], and recently, Popp et al. [1998] showed that the slopes of 
the lines describing relationships between œp and g/[CO2(aq)] for 
eukaryotic algal species are a direct function of differences in the 
surface area and volume of microalgal cells. In addition, for 
eukaryotic algae, Poœp et al. [1998] showed in the limit as g/CO2 
--> 0 that œp should approach •, the maximum fractionation 
associated with the flux-weighted average of all carbon-fixing 
reactions in the cells. Maximum fractionations of 25-28%0 have 

been suggested by Raven and Johnson [ 1991] and by Goericke et 
al. [1994]. To determine if cell surface area and volume changes 
contributed to the relationship between œp and g/CO2 across the 
SR3, we considered changes in the mean cell size of the dominant 
diatom flora as a function of latitude as determined by light 
microscopy. It was assumed based on distributions of diatom 
species (H. Marchant, unpublished observations, 1994), that the 
counted small (<20 Itm) and large diatoms (>20 Itm) had 
equivalent spherical diameters of 2 and 16 Itm, respectively. 
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These choices represent well the surface area and volume 
characteristics of the mix of distinctly nonspherical cells in the 
observed diatom fractions (e.g., many pennate >20 gm diatoms 
have lengths of 40-50 gm but widths of <10 gm). Using this 
approach, mean spherical diatom cell diameter changed from 13 
gm in the north to 5 gm in the south indicating an increase in 
mean diatom cell surface area/volume ratio. 

Changes in cell size and shapes with latitude affect the 
relationship between ep and g/CO 2 for phytol sterol III 
significantly (Figure 7). Specifically, for phytol and sterol III, the 
slope of the ep versus g/CO 2*SAV (where SAV is the surface 
area to volume ratio of the diatom) decreases three-fold and the y 
intercept of a linear fit to the data converges on the expected value 
of 25-28%o. Without consideration of changes in cell size and 
shape, regression analysis predicts unreasonably high values for 
ef. These results are consistent with the laboratory-derived 
relationship between ep, g, [CO2(aq)], and cell surface 
area/volume of Popp et al. [1998] and imply that changes in cell 
size had a significant influence on the isotopic composition of 
sterol III, phytol, and SPOM along the SR3 transect. The steep 
slope of ep versus g/CO 2 uncorrected for SAV for cholest-5-en- 
315-ol (sterol II) and cholesta-5,22E-dien-31S-ol (sterol I), and an 
intercept of-25%o are consistent with derivation of these 
compounds from large cells with no significant change in the 
mean surface/volume. The fact that the slope of the line 
describing the ep - B/CO2*SAV relationship for phytol is 
intermediate between that of sterol UII and sterol III (Figure 7) 
indicates that both large and small cells contributed to phytol. In 
comparison to the sterol III correlation, the lower coherence of the 
cholesterol and phytol ep versus g/CO2 correlations (Figure 7) 
probably arises from contributions from a wider range of 
organisms including surface/volume changes, species specific 
growth rate variations, and possibly heterotrophic effects, 
although recent studies suggest very little isotopic fractionation of 
sterols during their incorporation by zooplankton [Grice et al., 
1998]. The relationships shown in Figure 7 exemplify the added 
value of isotopic information to biomarker approaches generally 
and specifically constrain the way by which community structure 
contributions to the phytol and •S13C-SPOM values can be 
assessed. 

In summary, although the size and shapes of individual algal 
species along the SR3 were not determined, estimates of 
community cell size changes from the phytoplankton size class 
counts suggests both surface m'ea/volume and [CO2(aq)] changed 
roughly by a factor of 2 across the SR3 transect and thus that 
changes in [CO2(aq)] and community structure were equally 
important in controlling the isotopic composition of 
phytoplankton and •S13C-SPOM along SR3. This result must of 
course be tempered by the fact that it assul•es that the community 
growth rate estimates are representative of all the organism 
classes. 

3.3. PET Transect 

Clearly the [CO2(aq)] explains a much smaller amount of the 
variation in the •513C of SPOM along the PET transect in 
comparison to the SR3 results (Figure 4), particularly in the 
offshore PZ portion where low CO2(aq) is not accompanied by 
13C-enriched SPOM. Thus growth rate and ecosystem changes 
probably played a larger role than along SR3. Unfortunately, no 
14C-based growth rates were determined during the PET transect. 
While surface temperatures varied minimally (Figure 3) so that 
the Six and Maier-Reirner [1996] model predicts relatively 

constant growth, this approximation may well not be applicable, 
particularly given the strong changes in environmental conditions 
and vertical algal distributions along the PET transect. In the PZ, 
there was a strong subsurface chlorophyll maximum within the 
strong density gradient between summer-warmed surface waters 
and the cold winter water layer (Figure 3). This density gradient 
was absent in the vicinity of the Antarctic Divergence, and 
although chlorophyll again exhibited a subsurface maximum, 
abundances were much lower. South of the Antarctic Divergence 
melting sea-ice was present during the transect, with an associated 
cold and fresh, shallow stratified layer, within which algal 
abundances rose dramatically (Figure 3). Thus, while we have no 
data on growth rates, there are good reasons to expect variations. 
Nonetheless, while keeping in mind these caveats, it is 
informative to examine community structure contributions to the 
large range of sterol ;513C compositions. 

Both cell counts and sterol biomarker abundances illustrate 

significant algalassemblage changes across the PET section 
(Figure 8). Smatl diatoms dominate the waters close to the 
Antarctic Divergence (AD) but give way dramatically to large 
diatoms both to the north in the PZ and to the south in the SSIZ. 

The sterol distributions also show a difference between the AD 

waters, where methyl-cholesterols are fairly abundant (sterols III 
and IV, Figure 8) and elsewhere where they are in low 
concentration. In addition, the sterols discriminate strongly 
between the PZ where sterol V is the most abundant sterol and the 

SSIZ where it is virtually absent. Notably sterol V was relatively 
rare along SR3 (Figure 6). 

As in the SR3 transect, ;S13C-phytol and •S13C-SPOM reflect a 
mix of contributions from several sources which is illustrated by 
their latitudinal relations to sterol isotopic compositions 
(Figure 4). Phytol •5•3C again generally lies between the 
relatively heavy nonmethylated sterols and the lighter methyl 
sterols. However, in the PZ, •S13C-phytol is much more depleted, 
approaching methyl sterol values, in association with the abundant 
presence of the extraordinarily isotopically light 24-ethyl-5ot- 
cholest-7-en-31S-ol (sterol V, •13C approximately-43%•). The 
overall range of sterol isotopic compositions in the PZ is extreme, 
exceeding 10%• in a single sample, and if a constant offset 
between sterol and phytoplankton carbon isotopic composition is 
assumed (gsterol =7%•, see above), it implies that algae with a wide 
range of cell sizes and/or growth rates contribute to •S13C-SPOM. 
Although notably, there is no suggestion of a contribution from 
sea-ice hosted algae even in the SSIZ, which are known to exhibit 
heavy •513C, up to -10%•, in response to strong depletion of 
inorganic carbon [e.g., Dunbar and Leventer, 1992; Gibson et al., 
1999]. 

The source organism producing the extraordinarily isotopically 
light A7-sterols (sterol V) in these samples is unknown. 
Furthermore, A7-sterols generally have not been previously 
reported in any Southern Ocean organisms. Several diatoms and 
green algae from non-Southern Ocean locations contain low 
abundances of A 7- and As,7-sterols [Volkman, 1986; Patterson, 
1992; Volkman et al., 1993; Barrett et al., 1995] as does a 
dinoflagellate, Scrippsiella trochoidea [Harvey et al, 1988]. The 
A7-sterols are relatively abundant in sponges [Voogt, 1976; 
Ballantine et al., 1979a, b], tunicates [Ballantine et al., 1977] and 
holothurians [Ballantine et al., 1981 ]. The fact that when sterol V 
is present the isotopic composition of phytol is affected indicates 
that the organism producing this compound is a photoautotroph. 
Large diatoms appear to dominate the flora in the region in the 
PET where this A7-sterol is abundant suggesting that a large 
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Figure 8. Distribution of cell counts and biomarker compound 
abundances along the PET transect. The legends for cell counts 
and sterol abundances list the components in order from most to 
least abundant. The sterol distributions also show a difference 

between the AD waters, where methyl-cholesterols are fairly 
abundant (sterol III and IV) and elsewhere where they are lower. 
In addition, the sterols discriminate strongly between the PZ 
where sterol V is the most abundant sterol and the SSIZ where it 

is virtually absent (sterol V was relatively rare along SR3, see 
Figure 6). Sterol I, cholesta-5,22E-dien-315-ol; sterol II, cholest-5- 
en-3•-ol; sterol III, 24-methylcholesta-5,22E-dien-3•-ol; sterol 
IV, 24-methylcholesta-5,24(28)-dien-3[5-ol; sterol V, 24-ethyl-5c•- 
cholest-7-en-3•-ol. 

diatom could be the source organism even though the occurrence 
of sterol V in Southern Ocean diatoms has not been previously 
noted [e.g., Nichols et al., 1986, 1990, 1991, 1993' Skerratt et al., 
1995]. Sterol V occurred in low concentrations in samples from 
the WOCE SR-3 section between 52ø-60øS where large diatoms 
are also abundant. In that region the carbon isotopic composition 
of sterol V was also extraordinarily depleted in 13C (Figure 6). It 
is possible that our microscopic observations overlooked some 
very small cells which produced this A 7 sterol. However, given 
the unusually high abundance of this A7-sterol, it is difficult to 
understand how the source organism could have been missed even 
if it was very small. 

It is unclear why sterol V is so depleted in 13C relative to the 
other compounds analyzed. Large fractionation is expected in 
small, slow growing phytoplankton [e.g., Francois et al., 1993' 
Goericke et al., 1994; Laws et al., 1995; Popp et al., 1998]. 
However, this is inconsistent with observations: Sterol V 

concentrations are high when large diatoms dominated the flora 

and when chlorophyll a concentrations were high, strongly 
suggesting that the A7-sterol was not derived from small, slow 
growing microalgae. Recently, Laws et al. [1997] showed that 
large fractionations can result from active transport of CO2(aq) by 
diatoms. Although we have no data to show that any plankton 
along the PET were acquiring CO 2 by means other than diffusion, 
the simplest conclusion most consistent with our observations are 
that large diatoms grew while actively transporting inorganic 
carbon and synthesized sterol V. Alternatively, differences in the 
isotope effect associated with biosynthesis of the A 7 sterol ([e.g., 
Schouten et al., 1998] could affect the calculation of Ko and 
possibly invalidate the interpretation that these cells actively 
transported inorganic carbon. Of particular note is that whatever 
the source of sterol V, when this organism is abundant, it can 
strongly affect the isotopic composition of SPOM indicating that a 
single fractionation-[CO2(aq)] global relationship [e.g., Rau, 
1994] may not adequately describe isotopic variations in Southern 
Ocean phytoplankton. 

Why does the PET transect display a much stronger effect of 
algal assemblage variations than occurred along SR3? First, the 
extent of nutrient utilization and biological drawdown of CO2(aq) 
concentration is much greater along PET. This results from both 
the "bloom" conditions and the strong stratification present 
inshore in response to melting sea-ice inputs and offshore above 
an intense winter water layer. The greater "evolution" of the PET 
system may have led to a greater diversity of growth rates and 
nutrient concentrations both spatially and temporally, so that the 
conditions measured at the time of sampling may not represent as 
well those that contributed to biomass formation. Second, the 

PET transect is more strongly affected by coastal Antarctic 
oceanographic processes than the SR3 transect. Sea-ice exhibits 
strong offshore movement in the PET region, in contrast to the 
long-shore westerly drift dominant throughout East Antarctica 
[Worby et al., 1998]. Just to the west, Prydz Bay exhibits a 
clockwise gyre circulation [Wong, 1998]. In combination these 
lead to an East Antarctic maximum in the seasonality of sea-ice 
extent in the PET region [Worby et al., 1998], and a 
corresponding large coastal contribution to algal production 
processes. In contrast, circulation and sea-ice drift are dominantly 
zonal at the longitude of the SR3 section, confining coastal effects 
to a narrow band. 

4. Conclusions 

Using the sterol biomarker approach we have been able to sort 
out the relative roles of several factors contributing to the carbon 
isotopic composition of Southern Ocean suspended particulate 
organic matter. Across the open Southern Ocean along the 
WOCE SR3 transect in early summer, the [CO2(aq)] plays a 
strong role, which is well described by a supply versus demand 
model for the extent of cellular CO2 utilization and its associated 
linear dependence of isotopic fractionation (œp) on the reciprocal 
of CO2(aq)• concentration. Changes in algal assemblages are also 
important to carbon isotopic compositional changes along the SR3 
transect. Their contribution is also well described by the supply 
and demand model, when formulated to include cell 

surface/volume ratio control of supply. These conclusions rely 
partly on the determination of essentially constant growth rates 
along the SR3 transect obtained from shipboard community •4C 
primary production studies, and therefore possible growth rate 
variations among different algal classes could have contributed to 
a portion of the carbon isotopic compositional changes presently 
attributed to algal assemblage changes. 
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Along the PET transect, contributions from growth rate 
variations are likely given the wide range of mixed layer 
conditions and possible inputs of bioavailable iron from the 
melting ice [e.g., Sedwick and DiTullio, 1997]. However, the 
phytoplankton class counts, and presence of unusual biomarkers 
with extreme isotopic compositions nonetheless point to changes 
in algal assemblage as an important control. 

These results should be used to improve the formulation of 
modern carbon cycle models. To date many models have 
approximated phytoplankton carbon isotopic fractionation as 
either constant [e.g., Maier-Reirner, 1993; Lynch-Stieglitz et al., 
1995] or as directly dependent on CO2(aq) concentration [e.g., 
Bacastow et al., 1996]. Clearly a formulation expressing ep as the 
reciprocal of CO2(aq) has now emerged as the best approach [e.g., 
Francois et al., 1993' Rau et at, 1997: Bidigare et at, 1997a; this 
work], and growth rate and cell size/shape effects should also be 
included [Laws et al., 1995; Rau et al., i997' Popp et al., 1998; 
this work]. 

The results are also useful to guide the study and interpretation 
of Southern Ocean sedimentary records. The inverse dependence 
of fractionation on CO2(aq) concentrations means that cold waters 
with high-dissolved carbon dioxide levels will exhibit relatively 
low sensitivity of phytoplankton 13C compositions to CO 2 
changes (as noted previously by Francois et al. [1993]), and 
therefore growth rate and size/shape effects will need to be very 
carefully considered in interpretations of high-latitude sediments. 
Biomarker isotopic measurements will be useful in this regard to 
assess algal community changes generally and more specifically 
the possible presence of the organism responsible for the 
extremely 13C-depleted 4-ethyl-5{x-cholest-7-en-315-ol observed in 
the PET section which affected õ•3C-SPOM so strongly. The 
biomarker approach using long chain alkenones which are derived 
almost exclusively from a few species of haptophyte algae has 
been very successful in warm waters [e.g., Jasper and Hayes, 
1990; Bidigare et al., 1997a], and there is a need to expand their 
use to the Southern Ocean. Because of the specificity of 
alkenones to select haptophytes [e.g., Volkrnan et-al., 1991], 
variations in surface area-to-volume ratio should be relatively 
small. Bidigare et aL [1997a] also showed that the carbon 
isotopic fractionation of alkenone-producing algae in natural 
marine environments varied systematically with the concentration 
of dissolved phosphate. These authors suggested that where both 
Cd/Ca and the isotopic composition of C37 alkadienones can be 
determined, it may be possible to use relationships between [PO4] 
and Cd/Ca ratios in shells of planktonic foraminifera 
[e.g., Mashiotta et al., 1997] to constrain growth rate variations 
and accurately estimate paleo-[CO2(aq)], although the exgct 
relationship between PO 4 and fractionation of the alkenone- 
containing haptophytes may be unique in the Southern Ocean. 
Since much of the algal assemblage derived variability in the ep 
versus 1/CO2(aq) relationship for Southern Ocean phytoplankton 
occurs in the SSIZ [this work; Dehairs et al., 1997] and in the 
vicinity of major fronts [this work; Francois et al., 1993, Dehairs 
et al.' 1997], the open PZ appears to be the most promising area 
for application of this approach for reconstructions of past surface 
Southern Ocean CO2(a q) concentrations. However, even within 
this region, further studies of modem carbon isotopic fractionation 
are needed to address seasonal changes and the relationships 
between suspended phytoplankton and sedimented organic matter 
carbon isotopic compositions. 
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