
This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the

author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without

limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s

administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,

or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission

may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial

http://www.elsevier.com/locate/permissionusematerial


Aut
ho

r's
   

pe
rs

on
al

   
co

py

ARTICLE IN PRESS

Deep-Sea Research I 54 (2007) 747–773

Primary productivity, differential size fraction and
pigment composition responses in two Southern Ocean

in situ iron enrichments

V.P. Lancea,�, M.R. Hiscocka,1, A.K. Hiltinga,2, D.A. Stuebea,3, R.R. Bidigareb,
W.O. Smith Jr.c, R.T. Barbera

aNicholas School of the Environment and Earth Sciences, Duke University, 135 Duke Marine Lab Road, Beaufort, NC 28516, USA
bDepartment of Oceanography, University of Hawaii at Manoa, 1000 Pope Road, Honolulu, HI 96822, USA

cVirginia Institute of Marine Science, College of William and Mary, Gloucester Point, VA 23062, USA

Received 3 June 2006; received in revised form 22 February 2007; accepted 25 February 2007

Available online 12 March 2007

Abstract

Two in situ iron-enrichment experiments were conducted in the Pacific sector of the Southern Ocean during summer

2002 (SOFeX). The ‘‘north patch,’’ established within the Subantarctic Zone (�561S), was characterized by high nitrate

(�21mmolm�3) but low silicic acid (2mmolm�3) concentrations. North patch iron enrichment increased chlorophyll

(Chl) by 12-fold to 2.1mgm�3 and primary productivity (PPEU) by 8-fold to 188mmolCm�2 d�1. Surprisingly, despite

low silicic acid concentrations, diagnostic pigment and size-fraction composition changes indicated an assemblage shift

from prymnesiophytes toward diatoms. The ‘‘south patch,’’ poleward of the Southern Boundary of the Antarctic

Circumpolar Current (SBACC) (�661S), had high concentrations of nitrate (�27mmolm�3) and silicic acid

(64mmolm�3). South patch iron enrichment increased Chl by 9-fold to 3.8mgm�3 and PPEU 5-fold to

161mmolCm�2 d�1 but, notably, did not alter the phytoplankton assemblage from the initial composition of �50%

diatoms. South patch iron addition also reduced total particulate organic carbon:Chl from �300 to 100; enhanced the

presence of novel non-photosynthetic, but fluorescent, compounds; and counteracted a decrease in photosynthetic

performance as photoperiod decreased. These experiments show unambiguously that in the contemporary, high nitrate

Southern Ocean increasing iron supply increases primary productivity, confirming the initial premise of the Martin Iron

Hypothesis. However, despite a 5-fold increase in PPEU under iron-replete conditions in late summer, the effect of iron on

annual productivity in the Southern Ocean poleward of the SBACC is limited by seasonal ice coverage and the dark of

polar winter.
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1. Introduction

Advocates of its importance in climate dynamics
claim the Southern Ocean has a large impact on the
global carbon cycle due to its size, its reservoir of
macronutrients and its role in deep water formation
and re-distribution (Sigman and Boyle, 2000;
Sarmiento et al., 2004). Martin’s (1990) Iron
Hypothesis postulated that during dry, dusty glacial
periods an increase in atmospheric deposition of
iron into the high nutrient waters of the Southern
Ocean would increase primary productivity and
increase particulate carbon flux into the deep ocean,
ultimately resulting in the redistribution of atmo-
spheric carbon dioxide into the deep ocean carbon
reservoir. A decade of bottle experiments and
mesoscale in situ iron-enrichment experiments in a
variety of high nutrient, low chlorophyll (HNLC)
waters has now conclusively demonstrated that iron
addition does indeed increase primary productivity
in HNLC waters (de Baar et al., 2005; Boyd et al.,
2007).

Diatoms, which have been thought to play a
particularly significant role in the export of carbon
to the deep sea (Smetacek, 1985; Dugdale et al.,
1995) and therefore are expected to be involved in
maintaining the inorganic carbon gradient between
the surface mixed layer and deep water, have an
absolute requirement for silicic acid. In bottle
experiments using natural phytoplankton assem-
blages, interactions between iron and silicic acid
uptake have been demonstrated repeatedly (Takeda,
1998; Hutchins et al., 2001; Franck et al., 2003).
Understanding in situ interactions of silicic acid
availability with iron availability in relation to
primary productivity and subsequent carbon parti-
tioning, then, is integral to understanding and
quantifying carbon processes, particularly in the
Southern Ocean where the extreme range of
imbalanced Si:N ratios (anomalously low in the
Subantarctic Zone and anomalously high poleward
of the Southern Boundary of the Antarctic Circum-
polar Current (SBACC)) in euphotic, surface
waters may have global biogeochemical implica-
tions (Sarmiento et al., 2004).

Prior to the 2002 Southern Ocean Iron Experi-
ment (SOFeX) experiments reported here, two in
situ iron-enrichment experiments had been con-
ducted in the HNLC Southern Ocean. The Southern
Ocean Iron-Enrichment Experiment (SOIREE)
took place during late austral summer (February
1999) in the Pacific Sector just poleward of the

Antarctic Polar Front and equatorward of the
Southern Antarctic Circumpolar Current Front
where silicic acid concentrations were
�10mmolm�3 (Boyd et al., 2000). The Eisen
Experiment (EisenEx) was carried out in the
Antarctic Polar Front Zone of the Atlantic Sector
in austral spring (November 2000) at a time and
place where the silicic acid concentration again was
�10mmolm�3 (Gervais et al., 2002). Both of these
iron addition experiments resulted in increases in
chlorophyll (Chl) biomass and primary productivity
and some shift in the relative composition of the
phytoplankton assemblage over the course of their
13-d (SOIREE) and 22-d (EisenEx) durations.

Both SOIREE and EisenEx were conducted
within a narrow band of the Southern Ocean
between the Subantarctic Zone and SBACC where
nitrate remains above limiting concentrations
(�20–25mmolm�3) (Boyd et al., 2000; Gervais
et al., 2002), but where a seasonally transitional,
steep silicon gradient exists (Nelson et al., 2001;
Hiscock et al., 2003). In distinction from these
earlier experiments, the SOFeX experiments were
conducted in the Subantarctic Zone with perpe-
tually low silicic acid (�2mmolm�3) concentrations
(‘‘north patch’’ experiment) and in the region
poleward of the SBACC with perpetually high
silicic acid (�60mmolm�3) concentrations (‘‘south
patch’’ experiment) (Coale et al., 2004). Here we
define low concentrations of nutrients as those
concentrations in the linear portion of the Michae-
lis–Menton-like uptake hyperbola and high concen-
trations as those that are saturating but not
inhibiting uptake. Nelson et al. (2001) saw the onset
of Si uptake limitation at about 8–10mmolm�3

silicic acid for most regions of the Southern Ocean,
although limitation values poleward of the SBACC
were much higher (�40–50mmolm�3 silicic acid).
Together, the Subantarctic Zone plus the seasonally
ice covered zone poleward of the SBACC make up
approximately 80% of the circumpolar Southern
Ocean (from Table 2 in Moore et al., 2000). SOFeX
was designed to test the proximate role of iron
availability in Martin’s Iron Hypothesis in regulat-
ing primary production, community structure and
carbon export in these two disparate, but wide-
spread and perhaps globally significant Southern
Ocean biogeochemical environments.

In this study, we quantify the responses of
phytoplankton production to iron addition in two
distinct regions of the Southern Ocean and interpret
those responses with respect to distinguishing
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between the effect of iron addition on phytoplank-
ton physiology and phytoplankton assemblage in
the water column. Specifically, we show that,
despite low silicic acid concentration, the Suban-
tarctic Zone (561S) responded to iron enrichment
with a dramatic shift to a diatom-dominated
assemblage in a qualitatively similar manner to
previous iron addition experiments in the Southern
Ocean and elsewhere (de Baar et al., 2005; Barber
and Hiscock, 2006). That is, absolute Chl concen-

trations and primary productivity increased in all
phytoplankton size fractions and functional groups
(as indicated by photosynthetic pigments), but the
proportional dominance of Chl biomass and pri-
mary production shifted from small non-diatoms to
large diatoms. The new information in this experi-
ment is that the waters poleward of the SBACC
(661S) responded to iron enrichment in a funda-
mentally different way from the responses in all
other iron-enrichment experiments to date. That is,

ARTICLE IN PRESS

Fig. 1. (a) Map of experimental north and south patch locations. Dotted lines indicate latitudinal positions where the major fronts and

boundaries cross 1721W longitude (Orsi et al., 1995). Shading indicates bathymetry (Schlitzer, 2003). (b) Activity timeline for both

experimental patches. Hatch marks represent time periods of iron fertilization.
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while absolute Chl concentrations and primary
productivity increased several-fold in all size frac-
tions and functional groups, the proportional dis-

tribution of Chl concentrations and primary

production remained relatively unaffected by iron

enrichment poleward of the SBACC.

2. Methods

2.1. Experimental design

The SOFeX experimental design exploited the
sharp silicon gradient of the Southern Ocean to test
the productivity response to iron enrichment in both
high and low silicic acid regions of HNLC waters
and is explained in Coale et al. (2004) but reviewed
here briefly to provide context. Iron was added to
two sites, both characterized by year-round high
nitrate concentrations, at two latitudes in the Pacific
Sector of the Southern Ocean along longitude
1721W (Fig. 1a) during mid- to late austral summer
(January–February 2002). Acidified iron sulfate
mixed with seawater was released at a depth of
about 5m aft of the ship’s propellers. Sulfur
hexafluoride (SF6), an inert tracer gas, accompanied
the initial iron infusion at each patch (Wanninkhof
et al., 2004). Initial patches of approximately
15 km� 15 km were established in a period of about
2 d by releasing iron and SF6 as the ship traversed
parallel tracks in a Lagrangian grid (Coale et al.,
2004). The north patch site (561S, 1721W), equator-
ward of the Antarctic Frontal Zone and within the
Subantarctic Zone where year-round silicic acid
concentration is low, was initially fertilized on 12
January 2002, re-fertilized 1 week later and then
fertilized a third time 1 month later. Total elapsed
time from the day of initial enrichment to final
observation was 40 d (Fig. 1b). The south patch site
was located poleward of the SBACC at 661S where
year-round silicic acid concentration is high. The
south patch was initially fertilized on 24 January
2002 and re-fertilized three additional times over the
subsequent 2-week period. The south patch was
monitored continuously for a period of 23 d with
additional observations in mid-February from
patch days 21 to 27, giving a total elapsed coverage
from day of first enrichment of 27 d (Fig. 1b).

2.2. Water sample collection

Samples for phytoplankton pigments were col-
lected from conventional rosettes using Niskin

bottles fitted with Teflon-coated closing springs.
Primary productivity samples were collected from
rosettes which had epoxy-painted frames and were
fitted with acid-cleaned Go-Flo bottles (Fitzwater
et al., 1982). Samples were collected on stations
as ships transited through the iron-fertilized
regions. Additionally, discrete fluorometric Chl
samples were collected underway from the ships’
seawater flow-through systems. Although SF6

and drifters were deployed to mark the iron-
enriched regions (Coale et al., 2004), the gradient
of Chl concentrations was used to operationally
differentiate In versus Out (or edge) stations
(Figs. 2a and b).

2.3. Chl and other pigments

Chl concentrations were determined fluorometri-
cally. Water samples were filtered in parallel onto
25mm Whatman glass fiber filters (GF/F—nomin-
ally a 0.7 mm size fraction), and 5 and 20 mm Poretics
polycarbonate filters (25mm diameter). Volumes
filtered were nominally 275ml for GF/F samples,
1 L for 5 mm samples and 2L for 20 mm samples in
accordance with pigment filtration protocols by
Bidigare et al. (2004). Pigments were extracted
into 8ml of 90% acetone for at least 24 h
but not more than 48 h in the dark at �20 1C.
Fluorescence was measured on a Turner model
10AU fluorometer before and after the addition of
10% HCl. Chl concentrations were calculated from
coefficients determined by instrument calibrations
performed using a commercially available Chl a

standard.
Phytoplankton pigment concentrations were de-

termined by high performance liquid chromatogra-
phy (HPLC) (Bidigare et al., 2004). The suite of
pigments analyzed included Chls, photosynthetic
carotenoids (PSCs) and photoprotective carote-
noids. Chls included Chl a, chlorophyllide a,
Chl b and Chl c. PSC included peridinin (PER),
190-butanoyloxyfucoxanthin (BUT), fucoxanthin
(FUCO), 19’-hexanoyloxyfucoxanthin (HEX) and
prasinoxanthin. Photoprotective carotenoids in-
cluded violaxanthin, diadinoxanthin, alloxanthin,
diatoxanthin, zeaxanthin, a-carotene, and b-caro-
tene. Water samples were filtered onto 25mm
diameter Whatman GF/F filters then stored in
liquid nitrogen until analyzed. Volumes filtered
were 0.5 L for GF/F samples, 2 L for 5 mm
samples and 4L for 20 mm samples (Bidigare et al.,
2004).
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2.4. Primary productivity

Net primary productivity (PP) was measured
using radiolabeled carbon incorporation during
24-h on-deck incubations (Barber et al., 1996).
Water samples were collected opportunistically, at
any time of day, into sterile 75ml polystyrene tissue
culture flasks and inoculated with �10 mCi of 14C-

carbonate stock solution. For each station, one
replicate surface sample for each size fraction was
filtered immediately to provide time-zero method
controls. Remaining samples were incubated for
24 h on deck in acrylic incubators screened with blue
plastic plus neutral density screening to achieve a
given percentage of surface irradiance [Ed(0

�)],
nominally 100%, 50%, 10% and 1% or 100%,
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Fig. 2. Time-series of chlorophyll (fluorometric) concentrations and primary productivity in the two iron-enriched patches at 561S and

661S. Left panels are Subantarctic Zone (north patch) properties; right panels show properties for the region poleward of the SBACC

(south patch). (a, b) Surface chlorophyll a from discrete analyses of filtered samples collected from both the CTD stations as well as from

the ships’ underway seawater systems. IN vs. OUT distinctions have not been made because discrete underway samples were collected

during transects through the patches and therefore represent a continuum of OUT, edge and IN values. (c, d) POPT (mmolCm�3 d�1) is

the highest water column primary productivity in a 24-h, on-deck, simulated light-level incubation. (e, f) PPEU (mmolCm�2 d�1) is the

areal primary productivity integrated to the depth at which PAR is 1% of the surface incident irradiance [Ed(0
�)]. Gray bars represent the

time periods of iron fertilization. The horizontal dotted lines represent the JGOFS AESOPS 1998 late summer mean values of each

parameter within each corresponding region (Hiscock et al., 2003).
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47%, 30%, 16%, 10% and 1%, depending upon
incubator availability. The 24-h incubation period
integrated diel effects of light availability and cell
growth cycles. No dark bottle controls were
measured. Incubator temperatures were main-
tained by a continuous flow of surface seawater.
After incubation, parallel samples were filtered
onto 25mm Whatman GF/F filters and 5 and
20 mm Poretics polycarbonate filters then acidified
with 0.5ml of 0.5N HCl for 24 h to liberate
unincorporated inorganic 14C. Ecolume scintillation
fluid (7ml) was added. To determine total
added activity, subsamples (0.1ml) were removed
from select inoculated samples prior to filtering
and added to a vial containing 0.1ml b-pheny-
lethylamine and 7ml of Ecolume scintillation
fluid.

POPT (mmolCm�3 d�1) is the maximum produc-
tivity per unit volume measured within the water
column. Areal productivity (PPEU, mmolCm�2 d�1)
is the water column productivity integrated through
the euphotic zone, defined as the depth to which 1%
of the incident photosynthetically active radiation
(PAR) just below the surface [Ed(0

�)] penetrates.
Integrals were determined by summing the trape-
zoidal areas as defined by the average PP over the
change in depth. Photosynthetic performance (PB

OPT,
mmolCmgChl�1 d�1) is the highest Chl-normalized
productivity in the water column in a 24-h primary
productivity incubation. For example, in a water
column with uniform Chl distribution PB

OPT will be
at the depth with the highest productivity (POPT)
(usually near or just below the surface). Hourly
PB
OPT (mmolCmgChl�1 h�1) is daily PB

OPT divided
by the photoperiod. Photoperiod is the number of
hours from sunrise to sunset minus 2 h to account
for acute sun angles to water surface at sunrise and
sunset.

The 1% euphotic depth (zEU1%) was determined
at the time of the cast using the average attenuation
coefficient (Kd) calculated from irradiance measure-
ments made with scalar 4p PAR sensors at several
depths throughout the water column for each
hydrocast. Widely fluctuating PAR values due to
wave focusing effects from near surface depths were
excluded (Kirk, 1994). Ships were positioned to
minimize ship shadows during hydrocasts (Kirk,
1994). Because skies were overcast during most of
the experiment, intermittent cloud effects on PAR
measurements (Kirk, 1994) during the shallow
biological casts were negligible. Euphotic depths
(zEU) during night casts were estimated based on

previous daytime values from a similar patch
location.

2.5. Size-fraction calculations

As described above, Chl and primary productiv-
ity were determined for total phytoplankton as well
as for three size classes of phytoplankton. Samples
collected on GF/F filters were considered total
phytoplankton and samples filtered with 20 mm
Poretics filters were considered microplankton
(420 mm) following conventional usage. Although
our size-fraction definitions for pico- and nano-
plankton differ slightly from conventional usage
(o2 mm, and 2 to 20 mm, respectively) we adopt the
terms here for brevity. Picoplankton (o5 mm) were
determined by subtracting the 5 mm filter values
from GF/F values, and nanoplankton (5–20 mm)
were determined by subtracting 20 mm filter values
from 5 mm filter values.

2.6. Total particulate organic carbon (POC) to Chl

ratio

Total POC data from the SOFeX data website
(http://www.mbari.org/sofex/) were used with the
permission of Craig Hunter (Moss Landing Marine
Laboratories), Mark Altabet and David Timothy
(University of Massachusetts—Dartmouth) to cal-
culate POC:Chl ratios. POC was measured follow-
ing JGOFS protocols (Kadar et al., 1993;
Altabet and Francois, 2001). Because the POC
samples were not necessarily collected from the
same hydrocast bottles as the Chl samples, the mean
POC values of the upper 50m were divided by the
upper 50m mean Chl values to calculate POC:Chl
(g:g) for each station where both measurements
were available.

3. Results

3.1. Physico-chemical conditions and iron enrichment

A brief overview of the physico-chemical condi-
tions is provided here. Further details can be found
in Coale et al. (2004). The Subantarctic Zone
surface temperatures ranged from 6.5 to 9 1C,
nitrate was �21mmolm�3 while silicic acid con-
centration in the surface was �2.0mmolm�3 (data
from http://www.mbari.org/sofex/). North patch
iron enrichment achieved about 1.2 mmolm�3

dissolvable iron or about 10x ambient concentration
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(0.09–0.13 mmolm�3) in the surface. In contrast, the
south patch, poleward of the SBACC, was much
colder with higher concentrations of both nitrate
and silicic acid. Surface temperatures ranged
from �0.2 to �0.7 1C. Mean surface concentrations
of nitrate and silicic acid were �27 and
�64mmolm�3, respectively (data from http://
www.mbari.org/sofex/). Surface iron concentration
inside the patch reached twice that of ambient
iron or about 0.7 compared to 0.2–0.4 mmolm�3

(Coale et al., 2004). At both sites, macronutrient
drawdown by phytoplankton was evident but
tempered by entrainment of nearby ambient
waters (Coale et al., 2004; Hiscock and Millero,
2005). Mixed layer depths were well defined
and relatively shallow (with respect to Sverdrup’s
critical depth criterion) at about 40m in the
Subantarctic Zone and about 45m poleward of
the SBACC. Notably, mixed-layer depths were
unaffected by short term variations in wind speed,
which ranged from 12 to 30m s�1 in the north patch
and from 7 to 35m s�1 in the south patch (Coale
et al., 2004).

3.2. Subantarctic Zone (north patch)

3.2.1. Total Chl (fluorometric) and primary

productivity (Subantarctic Zone—north patch)

Total Chl concentrations and primary productiv-
ity increased dramatically in response to iron
enrichment. Maximum Chl concentrations and
primary productivity were observed 25–26 d
after initial fertilization. Total Chl in the iron-
enriched surface layer increased 12-fold at stations
in the experimental patch relative to ambient Chl
concentrations outside the patch. Surface Chl
increased from 0.17mgm�3 prior to iron addition
to 2.1mgm�3 (Table 1) while ambient concentra-
tions outside the patch were unchanged. Underway,
discrete Chl measurements ranged even higher, to
2.6mgm�3 (Fig. 2a). Primary productivity re-
sponded to repeated iron additions with about a
15-fold increase in the maximal water column
productivity (POPT) and an 8-fold increase in
the integrated water column productivity (PPEU).
POPT increased from a mean of 0.44mmolCm�3

d�1 outside the patch to a maximum of
6.7mmolCm�3 d�1 observed within the patch.
The depths of most POPT observations were
near the surface both in and out of the iron-
enriched patch (Fig. 4a). PPEU increased from a
mean OUT value of about 23mmolCm�2 d�1 to a

maximum of 188mmolCm�2 d�1 (Table 1; Figs. 2c
and e).

3.2.2. Size-fractionated Chl (fluorometric) and

primary productivity (Subantarctic Zone—north

patch)

Surface Chl, POPT and PPEU increased in the iron-
enriched north patch for all three size fractions
measured (Table 1; Figs. 3 and 4). Picoplankton,
the smallest size fraction, had modest increases in
Chl and primary productivity. Chl reached a maximum
of 0.36mgm�3 compared to the mean OUT
value of 0.12mgm�3, while POPT reached over
2mmolCm�3d�1 compared to the mean OUT value
of 0.32mmolCm�3d�1. The mid-sized nanoplankton
Chl increased to 0.29mgm�3 from 0.04mgm�3.
Nanoplankton POPT increased to 2.8mmolCm�3d�1

from about 0.1mmolCm�3d�1. Chl in the largest
microplankton size fraction increased about 100-fold to
more than 1mgm�3 compared to the mean OUT value
of 0.011mgm�3. Microplankton POPT reached about
2mmolCm�3d�1 compared to the mean OUT value
of 0.044mmolCm�3d�1.

3.2.3. Composition of phytoplankton size-fraction

assemblage (Subantarctic Zone—north patch)

The composition of the phytoplankton size assem-
blage changed significantly in response to iron
enrichment in the north patch. The proportional
size-fraction distribution of phytoplankton Chl in
ambient waters prior to iron addition and outside of
the iron-enriched patch was 70% picoplankton, 24%
nanoplankton and 6% microplankton Chl (Table 1
and Figs. 5a and 6a). The ambient proportion of both
total POPT and total PPEU was about 72% picoplank-
ton, 19% nanoplankton and about 9% microplank-
ton productivity (Table 1 and Figs. 6c and e). In
response to iron enrichment the new proportional
composition of total Chl was 15% picoplankton, 19%
nanoplankton and 66% microplankton Chl (Table 1
and Figs. 5a and 6a). The new, iron-enriched
proportional composition of total POPT and total
PPEU was about 36% picoplankton, 33% nanoplank-
ton and about 31% microplankton productivity
(Table 1 and Figs. 6c and e). In summary, the
dominant size fraction for Chl changed from pico-
plankton to microplankton with iron enrichment in
the north patch. Picoplankton dominated primary
productivity under ambient conditions and iron
addition resulted in a new distribution of primary
productivity that was about equal among the three
size fractions.
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3.3. Poleward of the SBACC (south patch)

3.3.1. Total Chl (fluorometric) and primary

productivity (poleward of SBACC—south patch)

Total Chl and primary production increased in
response to iron enrichment in the high silicic acid

south patch poleward of the SBACC. Maximum
Chl concentrations and primary productivity were
observed at the final stations 20–21 d after initial
iron fertilization. Surface layer Chl increased
10-fold, ranging from 0.4mgm�3 prior to iron
addition and outside of the iron-enriched patch to

ARTICLE IN PRESS

Table 1

North patch surface chlorophyll (fluorometric) and primary productivity determined at OUT and IN stations of the iron enrichment

experiment established in the Subantarctic Zone at 561S

Subantarctic zone (north patch)

Size fraction

Property

Total o5mm 5–20mm 420 mm

Surface chlorophyll (mgm�3)

Out

Mean of all OUT7SE 0.1770.02 0.1270.01 0.04070.01 0.01170.003

% of normalized total 70 24 6

Min–max 0.12–0.29 0.090–0.19 0.010–0.12 0.0058–0.030

n 9 9 9 9

In

Mean of three max full IN PP stations 7SE 1.570.3 0.2370.05 0.2870.002 0.9870.2

% of normalized total 15 19 66

Min—max range of all IN PP stations 0.17–2.1 0.13–0.36 0.029–0.29 0.0081–1.5

n of all 7 7 7 6

Popt (mmolCm�3 d�1)

Out

Mean of all OUT7SE 0.4470.04 0.3270.04 0.09570.01 0.04470.007

% of normalized total 70 21 9

Min—max 0.28–0.68 0.16–0.49 0.043–0.18 0.014–0.085

n 9 9 9 9

In

Mean of three max full IN PP stations 7SE 5.770.3 2.270.3 2.170.4 1.970.1

% of normalized total 35 34 31

Min—max range of all IN PP stations 0.33–6.7 0.22–2.8 0.11–2.8 0.042–2.1

n of all 7 7 7 7

PPEU (mmolCm�2 d�1)

Out

Mean of all OUT7SE 2373 1772 3.970.7 2.270.3

% of normalized total 74 17 9

Min—max 13–37 10–32 1.4–8.1 1.0–4.3

n 9 9 9 9

In

Mean of three max full IN PP stations 7SE 142723 5178.5 44713 4771.8

% of normalized total 36 31 33

Min–max range of all IN PP stations 20–188 13–67 5.2–70 2.3–50

n of all 7 7 7 7

Chlorophyll values are from the surface bottles at productivity stations only and do not include discrete underway observations. OUT

values are from all OUT productivity stations. IN values are represented in two ways: (1) the mean and standard error are calculated from

three maximum productivity IN stations where all size fractions were measured (‘‘full’’ stations) and (2) the range (min–max) of given

parameters are from all IN productivity stations. Abbreviations: n is number of observations; SE is standard error.
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and 2) along with maximum observed IN values binned by 20m depth intervals. North patch is on the left panels, south patch is on the

right panels (a, b ¼ total; c, d ¼o5mm; e, f ¼ 5–20mm; g, h ¼420 mm). Samples were filtered onto GF/F filters and 5 and 20mm
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3.8mgm�3 (Table 2; Fig. 2b). Primary productivity
responded to iron enrichment with about a 5-fold
increase. POPT increased from a mean of
0.73mmolCm�3 d�1 outside the patch to a max-
imum of 4.6mmolCm�3 d�1 within the patch
(Table 2; Fig. 2d). The depths of most POPT were
observed to be near the surface both in and out of
the iron-enriched patch (Fig. 4b). Mean PPEU

outside the patch was about 33mmolCm�2 d�1

and increased to a maximum of 161mmolCm�2d�1

23d after iron addition (Table 2; Fig. 2f). As for the

north patch, south patch enrichment effects within
the water column were confined to the mixed-layer
depth, which was approximately 45m in the south
patch (Fig. 3).

3.3.2. Size-fractionated Chl (fluorometric) and

primary productivity (poleward of SBACC—south

patch)

Surface Chl, POPT and PPEU increased in the iron-
enriched south patch for all three size fractions
measured (Table 2; Figs. 3 and 4). Picoplankton Chl
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Fig. 5. Time series of the percentage of total chlorophyll (fluorometric) represented in the420mm size fraction for (a) the north patch and

(b) the south patch. Solid lines are linear regressions for IN values; dashed lines are linear regressions for OUT values. Neither the IN nor

the OUT south patch regression slope is statistically different from zero.
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reached a maximum of 1.9mgm�3 compared to the
mean OUT value of 0.11mgm�3, and picoplankton
POPT reached 1.2mmolCm�3 d�1 compared to the
mean OUT value of 0.32mmolCm�3 d�1. Nano-
plankton Chl increased to a maximum of 1.1mgm�3

from the mean OUT of 0.075mgm�3, and nano-
plankton POPT increased to 1.5mmolCm�3 d�1 from
0.15mmolCm�3 d�1 mean OUT. Microplankton Chl
increased 9-fold to 1.6mgm�3 compared to the mean
OUT value of 0.18mgm�3, while microplankton

ARTICLE IN PRESS

Table 2

South patch surface chlorophyll (fluorometric) and primary productivity determined at OUT and IN stations of the iron enrichment

experiment established in the region poleward of the SBACC at 661S

Poleward of the SBACC (south patch)

Size fraction

Property

Total o5mm 5–20mm 420mm

Surface chlorophyll (mgm�3)

Out

Mean of all OUT7SE 0.4170.05 0.1170.008 0.07570.01 0.1870.02

% of normalized total 30 20 50

Min—max 0.24–0.89 0.085–0.16 0.031–0.14 0.0058–0.030

n 12 9 9 12

In

Mean of three max full IN PP stations7SE 1.670.3 0.3570.05 0.3370.2 0.9370.2

% of normalized total 22 20 58

Min—max range of all IN PP stations 0.31–3.8 0.041–1.9 0.00–1.1 0.14–1.6

n of all 28 20 20 27

Popt (mmolCm�3 d�1)

Out

Mean of all OUT7SE 0.7370.08 0.3270.05 0.1570.03 0.2970.05

% of normalized total 42 20 38

Min–max 0.43–1.4 0.12–0.53 0.036–0.28 0.079–0.72

n 12 9 9 12

In

Mean of three max full IN PP stations7SE 3.570.07 1.070.2 1.370.2 1.770.07

% of normalized total 25 33 43

Min–max range of all IN PP stations 0.92–4.6 0.18–1.2 Bd—1.5 0.23–2.0

n of all 28 19 19 27

PPEU (mmolCm�2 d�1)

Out

Mean of all OUT7SE 3373 1473 6.271 1372

% of normalized total 42 19 39

Min–max 21–50 6.4–25 2.3–13 5.1–26

n 12 9 9 12

In

Mean of three max full IN PP stations7SE 10477 2470.6 3376 4774

% of normalized total 23 32 45

Min–max range of all IN PP stations 47–161 7.7–36 Bd–29 9.5–65

n of all 28 19 19 27

Chlorophyll values are from the surface bottles at productivity stations only and do not include discrete underway observations. OUT

values are from all OUT productivity stations. IN values are represented in two ways: (1) the mean and standard error are calculated from

three maximum productivity IN stations where all size fractions were measured (‘‘full’’ stations) and (2) the range (min–max) of given

parameters are from all IN productivity stations. Abbreviations: n is number of observations; SE is standard error; Bd is below detection.
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POPT reached about 2mmolCm�3 d�1 compared to
the mean OUT value of 0.29mmolCm�3 d�1.

3.3.3. Composition of phytoplankton size-fraction

assemblage (poleward of SBACC—south patch)

Whereas iron enrichment in the north patch
resulted in a significant shift of the phytoplankton
size assemblage from picoplankton-dominant to
microplankton-dominant, iron enrichment did not
markedly alter the proportional makeup of the
phytoplankton size-fraction assemblage over the
duration of study in the south patch. The propor-
tional size-fraction distribution of total phytoplank-
ton Chl in ambient waters prior to iron addition and
outside of the iron-enriched patch was 30%
picoplankton Chl, 20% nanoplankton Chl and
50% microplankton Chl (Table 2 and Figs. 5b and
6b). The ambient proportion of both total POPT and
total PPEU was about 42% picoplankton produc-
tivity, 20% nanoplankton productivity and about
38% microplankton productivity (Table 2 and Figs.
6d and f). In response to iron enrichment, the new
proportional composition of total Chl was 22%
picoplankton Chl, 21% nanoplankton Chl and 57%

microplankton Chl (Table 2 and Figs. 6d and f).
The new, iron-enriched proportional composition
of total POPT and total PPEU was about 24%
picoplankton productivity, 32% nanoplankton pro-
ductivity and about 44% microplankton productiv-
ity (Table 1 and Figs. 6c and e). Overall, while the
concentrations of Chl and the rates of primary
production increased with iron addition, the pro-
portional distribution of Chl and primary produc-
tivity throughout the three size classes remained
relatively unchanged in the south patch.

3.4. HPLC pigment compositions (north and south

patches)

In both the north and the south patches, iron
enrichment resulted in increases in the absolute
concentrations of four of the five PSC pigments
measured: PER, BUT, FUCO and HEX (Figs. 7a
and b). Prasinoxanthin was undetectable in the
mixed layers and was present in concentrations less
than 7 mgm�3 below the mixed layer both IN and
OUT of the iron-enriched north and south patches.
Over time, the concentration of PSCs increased
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faster than the concentration of photoprotective
carotenoids in both north and south experiments
(data not shown).

While absolute PSC concentrations increased in
both north and south patches, the changes in Chl-
normalized concentrations serve to differentiate the
responses of each region to iron addition (Figs. 7c
and d). In the Subantarctic north patch, iron
enrichment dramatically shifted the dominant PSC
from HEX, a pigment marker for prymnesiophytes,
to FUCO, the marker for diatoms (Fig. 7c). This
shift is quite apparent in the time series of diatom
Chl (Letelier et al., 1993) as a percentage of total
Chl (Fig. 8a). In contrast, FUCO was the dominant
PSC both in and out of the iron-enriched south
patch and the Chl-normalized relationships
among the PSCs changed very little (Fig. 7d). The
percentage of diatom Chl in the south patch was
rather variable over time, ranging from about 40%
to 60% outside of the iron-enriched south patch and
from 40% to 65% within the iron-enriched area
(Fig. 8b).

3.5. Non-photosynthetic chloropigments

The ratio of fluorometric Chl to HPLC-deter-
mined Chl a ranged from 1:1 to 3:1 depending upon
patch location, depth, and iron-enriched Chl
biomass. The ambient ratio of fluorescent chlor-
opigments to HPLC-determined Chl a in the north
patch was only slightly elevated in the upper
40–50m, specifically 1.1:1, compared to the ratio
in deeper water, which was 1:1 (Fig. 9a). This minor
disparity in the mixed layer was eliminated by
adding the concentration of chlorophyllide a to the
HPLC-determined Chl a concentration (Fig. 9c).
Iron enrichment had no effect on the extent or
distribution of these ratios in the north (Fig. 9a). In
contrast to the north patch, the ambient south patch
ratios in the upper 40–50m were initially about
1.7:1. This ratio increased inside the iron-enriched
south patch as the experimental patch developed
and reached a ratio of 3:1 in the near surface waters
late in the experiment when Chl biomass was at its
highest observed values (Fig. 9b). A second-order
polynomial regression fit the empirical change in
ratio as a function of time in the south patch, while
second-order equations did not substantially im-
prove upon linear regression models for the north
patch. The addition of chlorophyllide a to HPLC
Chl a reduced the discrepancy in the south patch
somewhat but was not sufficient to explain the

difference entirely (Fig. 9d). Chl b was usually
undetectable near the surface waters, which is where
the non-photosynthetic fluorescent chloropigments
showed the most effect.

3.6. Photosynthetic performance

Because HPLC Chl a measurements were not
available for every primary productivity station, we
estimated the parameter Chl�HPLC by fitting total
fluorometric Chl values to the regressions described
above. PB�

OPT is POPT normalized to Chl�HPLC and is
used to determine photosynthetic performance.
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PB�
OPT was highly variable in the north patch. The

limited number of observations showed no detect-
able change as a result of iron addition (Table 3).

Total PB�
OPT ranged from 2.1 to 4.4mmol

CmgChl��1HPLC d�1 outside the patch compared to

2.0–6.7mmolCmgChl��1HPLC d�1 within the iron-en-
riched patch.

Unlike the north patch, a distinct response to iron
addition was evident in measurements of total daily
photosynthetic performance (PB�

OPT) made in and
outside of the iron-enriched south patch. Although
IN and OUT PB�

OPT values are variable (Table 3),
both values tend to decrease throughout the course
of the experiment from about 5–6mmolCmg
Chl��1HPLC d�1 to about 2–3mmolCmgChl��1HPLC d�1

with the decrease being less pronounced within the
iron-enriched waters (Figs. 10a and b). Daily PAR

did not decrease systematically over this same
period and so could not explain this decline of
PB�
OPT (not shown). To account for the effect of

rapidly diminishing photoperiod as the south patch
experiment progressed during the early fall season
at this high latitude (661S), daily PB�

OPT was

converted to hourly PB�
OPT (mmolCmgChl��1HPLC h�1),

then plotted against photoperiod. As photoperiod
decreased, hourly PB�

OPT significantly decreased in the
ambient phytoplankton (p ¼ 0.004; Fig. 9c) but was
not correlated within the iron-enriched assemblage
(Fig. 10d). In the ambient waters outside the south

patch hourly PB�
OPT was not a function of daily PAR

(Fig. 10e); however, within the iron-enriched patch
hourly PB�

OPT tended to increase with higher daily
PAR albeit with a relatively poor r2 relationship
(40.3; Fig. 10f).

ARTICLE IN PRESS

Fig. 9. Representative depth profiles of the ratio of fluorometrically determined chlorophyll to HPLC-determined chlorophyll a

concentrations in the north patch (a) and south patch (b). Patch days refer to days since first iron fertilization in each patch. Dashed

vertical lines represent the ratio of 1:1. (c) North patch and (d) south patch regressions of fluorometrically determined chlorophyll versus

the sum of chlorophyll a and chlorophyllide a as determined by HPLC. Dashed diagonal lines represent the 1:1 ratio. In the north patch

(c), the addition of chlorophyllide a to the HPLC chlorophyll a makes the ratio 1:1. In the south patch (d) chlorophyllide a improves the

regression but does not make the ratio 1:1.
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3.7. POC to Chl ratios

In the iron-enriched south patch POC increased
at a faster rate than Chl�HPLC (Fig. 11a). The mean
of ambient POC:Chl�HPLC was 278 (713 standard
error, n ¼ 6). Iron addition considerably reduced
the ratio of POC:Chl�HPLC in the south patch to
about 100 over the course of the 27 d of observa-
tions (Fig. 11b). The limited number of north patch
observations was insufficient to characterize the
POC:Chl�HPLC response to iron in the Subantarctic
region.

4. Discussion and conclusions

4.1. Total and size-fractionated Chl (fluorometric)

and primary productivity (north and south patches)

Total Chl concentrations and primary productiv-
ity found initially and in subsequent OUT stations
of the SOFeX Subantarctic north patch were similar
to those observations made in the Subantarctic
Zone during the 1997–1998 US Joint Global Ocean
Flux Study—Antarctic Ecosystem Southern Ocean

Process Studies program (AESOPS) (Hiscock et al.,
2003) (Fig. 2) and increased dramatically in
response to iron enrichment. As with the north
patch, SOFeX south patch Chl concentrations and
primary productivity found initially and in subse-
quent OUT stations were similar to comparable
observations made in the region poleward of the
SBACC during AESOPS (Hiscock et al., 2003).
However, while the Subantarctic north patch
phytoplankton response to iron addition exceeded
expectations given the potentially limiting silicic
acid concentrations, the increases in Chl and
primary productivity in response to iron enrichment
in the south patch poleward of the SBACC,
although impressive, were less than might be
expected given the high concentrations of silicic
acid availability.

The depth to which iron-enrichment effects were
observed within the water column generally
matched the average mixed-layer depths in both
the north and south patches (Figs. 3 and 4). The
profile and PPEU results reported here differ slightly
from those we reported in Coale et al. (2004) where
PPEU was determined by using a Chl-dependent

ARTICLE IN PRESS

Table 3

Daily and hourly photosynthetic performance determined using HPLC-corrected fluorometric chlorophyll values (ChlHPLC�) for both

north and south patches

Daily PB�
OPT (mmolCmgChl��1HPLC d�1) Hourly PB�

OPT (mmolCmgChl��1HPLC h�1)

Subantarctic Zone (north patch)

Out

Mean of all OUT7SE 3.270.3 0.2270.02

Min—max 2.1–4.4 0.16–0.33

n 9 9

In

Mean of three max full IN PP stations7SE 4.971 0.3770.09

Min—max range of all IN PP stations 2.0–6.7 0.15–0.51

n of all 7 7

Poleward of the SBACC (south patch)

Out

Mean of all OUT7SE 3.170.4 0.1970.02

Min—max 1.6–5.9 0.098–0.34

n 12 12

In

Mean of three max full IN PP stations7SE 3.970.5 0.2570.03

Min—max range of all IN PP stations 1.7–6.2 0.11–0.37

n of all 28 28

Hourly PB�
OPT is daily PB�

OPT normalized to photoperiod. OUT values are from all OUT productivity stations. IN values are represented in

two ways: 1) the mean and standard error are calculated from three maximum productivity IN stations where all size fractions were

measured (‘‘full’’ stations) and 2) the ranges (min–max) of given parameters are from all IN productivity stations. The north patch stations

used in this table are the same as those used in Table 1. The south patch stations used in this table are the same as those used in Table 2.

Abbreviations: n is number of observations; SE is standard error.
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optical model (Morel, 1988) to derive zEU1%.
Morel’s (1988) model has served very well for
determining zEU in tropical and subtropical oligo-
trophic waters (Barber et al., 1997; Morel and
Maritorena, 2001); however, a discrepancy between

the Morel-modeled zEU and the Kd-estimated zEU in
the SOFeX data suggested a reconsideration of
methods. The Morel-modeled depths were overall
about 60–80% of the Kd-estimated sample depths
depending on patch conditions. For a limited
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number of near noon stations, we had appropriate
data with which to determine the actual depth at
which PAR measured with the submerged spherical
4p collector was 1% of measured shipboard cosine
irradiance. The Morel-modeled depths were about
78% of the measured zEU1%. Bracher and Tilzer
(2001) suggested alternative spectral absorption
models for particular regions of the Atlantic sector
of the Southern Ocean; however, none of the
nutrient conditions or phytoplankton assemblages
represented in their models appropriately des-
cribed the SOFeX nutrient and biotic conditions.
Revised models for standardizing the method for

determining zEU in the diverse regions of the
Southern Ocean are needed in order to make
comparisons of PPEU and to resolve the extent to
which ‘‘self-shading’’ of primary production (Coale
et al., 2004) occurs in the water column.

4.2. Significance of the results of size fraction and

phytoplankton pigment compositions (north and

south patches)

4.2.1. Significant change to the proportional

composition of size fractions and phytoplankton

pigments in the Subantarctic Zone north patch

The composition shift toward larger phytoplank-
ton and diatom dominance which was seen in the
north patch experiment has been common among
most in situ HNLC iron-enrichment experiments
(Coale et al., 1996; Boyd et al., 2000; Gervais et al.,
2002; Tsuda et al., 2003; Boyd et al., 2004; de Baar
et al., 2005). Importantly, as demonstrated by the
striking increase in the FUCO:Chl ratio (Fig. 7c),
iron addition enabled diatoms to grow despite a
potentially limiting silicic acid availability.
Although laboratory studies have shown that the
dominant PSC in iron-limited cultures of Phaeocys-

tis is HEX and BUT while the dominant PSC in
iron-replete Phaeocystis cultures is FUCO (van
Leeuwe and Stefels, 1998; Schoemann et al., 2005),
visual inspections of iron-enriched north patch
samples confirmed a predominance of pennate
diatoms (Brown et al., 2002; Jill Peloquin, pers.
comm.). Very few Phaeocystis colonies were ob-
served and those seen were small in size (Jill
Peloquin, pers. comm.).

4.2.2. No iron-enrichment effect on the proportional

composition of size fractions or phytoplankton

pigments poleward of the SBACC south patch

Remarkably, iron enrichment in the south patch
generated an increase in primary productivity with-
out a concomitant shift of the proportional compo-
sition of size fractions and phytoplankton pigments.
This result is unlike any other in situ iron-
enrichment experiment reported to date (including
the SOFeX north patch discussed above) where
increases in productivity as a result of iron additions
always co-varied with a shift in the phytoplankton
assemblage from picoplankton to microplankton
(Coale et al., 1996; Boyd et al., 2000; Gervais et al.,
2002; Tsuda et al., 2003; Boyd et al., 2004).
Tabulated results show an increase in the %
420 mm Chl from 50% to 58% (Table 2) consistent
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with the de Baar et al. (2005) interpretation.
However, as evidenced by the time series plots of
% 420 mm Chl (Fig. 5b) and % diatom ChlHPLC

(Fig. 8b), both IN patch and ambient data are
variable and quite similar to each other. Neither the
IN nor the ambient % 420 mm Chl linear regres-
sions versus day gave slopes that were significantly
different from zero, which confirms the null
hypothesis that there was no change in the %
420 mm Chl size fraction over the course of the
experiment (Fig. 5b). Although the mean of the IN
% diatom ChlHPLC was higher than the mean OUT
% diatom ChlHPLC, the time series data show this
difference was mainly a function of the one OUT
observation late in the experiment and that one
OUT observation was similar to some of the IN
observations (Fig. 8b). Because there was little
change to the composition of the phytoplankton
assemblage, we conclude that the iron-induced
increase in primary productivity was driven primar-
ily by the improved physiology of the existing
phytoplankton assemblage.

4.3. Significance of fluorescent, non-photosynthetic

chloropigments

Significant concentrations of non-photosynthetic
Chl derivatives have been reported for the Arabian
Sea during the late SW monsoon when diatoms
were abundant (Barber et al., 2001), in the Southern
Ocean ACC during the SOIREE experiment (Gall
et al., 2001), in Antarctic Polar Frontal Zone waters
in late austral summer (Hiscock et al., 2003) and in
the northeast Subarctic Pacific during summer
(Suzuki et al., 2005). In the Arabian Sea, much of
this non-photosynthetic fluorescence was attributed
to the presence of chlorophyllide a (Barber et al.,
2001). Gall et al., 2001 however, reported that
chlorophyllide a was not responsible for a similar
phenomenon observed during the SOIREE experi-
ment but did not elaborate. Hiscock et al. (2003)
corroborated that this discrepancy could not be
attributed solely to chlorophyllide a and must be
due to an unresolved factor affecting the fluoro-
metric determinations. During the AESOPS South-
ern Ocean cruises the abundance of non-
photosynthetic chloropigments increased as the
growing season progressed, which may have re-
flected a time-related mechanism (i.e. senescence of
ungrazed diatoms) as noted by Hiscock et al. (2003),
a space-related mechanism, or both, because each
consecutive AESOPS cruise progressed farther

poleward as the ice edge retreated. Suzuki et al.
(2005) reported this non-chlorophyllide a related
discrepancy during the Subarctic Pacific iron
enrichment (SEEDS) and concluded that the
relationship between the fluorometric and HPLC
measurements was ‘‘similar in timing and relative
change’’ without specific reference to any iron
addition effects.

As the SOFeX experiment progressed, one or
more non-photosynthetic fluorescent compounds
other than chlorophyllide a accumulated over the
27 d of observations in the iron-enriched surface
ocean of the region poleward of the SBACC
(Fig. 9b) where the proportion of diatoms in
relation to the total Chl remained relatively
unaffected by iron addition (Fig. 8b). Conversely,
such compounds did not accumulate in the Sub-
antarctic Zone where the phytoplankton assemblage
transitioned from mostly picoplankton to a large
component of diatoms over a period of 40 d. Thus,
the simple presence or absence of diatoms does
not correlate with the presence of this (these) as
yet unidentified compound(s). Other factors,
either in addition to or instead of the presence of
senescing diatoms, are necessary to explain this
phenomenon.

4.4. Significance of iron enrichment to PB�
OPT in the

southern ocean, poleward of the SBACC

In the ambient waters outside of the SOFeX
south patch, the observed decline of hourly PB�

OPT

was driven by the increase of Chl concentrations
while primary production remained at similar rates
throughout the experiment. Iron enrichment in the
south patch had two effects on photosynthetic
performance: (1) it counteracted the decline of
hourly PB�

OPT, effectively extending the functional
photosynthetic day length and (2) it enabled hourly
PB�
OPT to respond to daily PAR variability. Because

the proportional composition of the iron-enriched
south patch phytoplankton assemblage (based on
size fractions and indicator pigments) remained
comparable to that of the ambient assemblage, iron-
differentiated PB�

OPT reflected in situ changes in cell
physiology rather than a response due to a
compositional change in the phytoplankton assem-
blage present.

We note that primary productivity algorithms
(Campbell et al., 2002; Carr et al., 2006) that
employ PB

OPT modeled from sea surface temperature
(Behrenfeld and Falkowski, 1997) or mixed layer
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depth (Johnson and Howd, 2000) in conjunction
with remotely sensed Chl concentrations would
underestimate productivity for the iron-enriched
south patch SOFeX experiment because, while the
temperature and mixed layer depth were the same
for both ambient and iron-enriched waters, mea-
sured PB�

OPT was higher in the iron-enriched patch
than in ambient waters.

For the SOFeX south patch experiment phyto-
plankton biomass-specific primary productivity can
be inferred to have increased on the order of 3-fold,
based upon a �5-fold increase in PP, a 5-fold
increase in Chl�HPLC and a �3-fold decrease
POC:Chl�HPLC if the change in POC:Chl�HPLC was
due solely to a change in phytoplankton carbon (see
the discussion in Section 4.5).

4.5. Significance of iron enrichment to POC:Chl in

the Southern Ocean poleward of the SBACC

There are two main factors that may influence the
POC:Chl ratio, the first being an increase in Chl per
unit of algal carbon (physiological response) and the
second being an increase in algal associated carbon
relative to heterotrophic carbon (POC composi-
tion). High POC:Chl ratios are commonly found in
conditions where phytoplankton growth is limited
and living heterotrophic carbon biomass and non-
living detrital organic carbon particles fuel ‘‘micro-
bial loop’’ carbon recycling processes. Low
POC:Chl ratios are characteristic of phytoplankton
bloom conditions, where phytoplankton cells are
growing rapidly, outpacing the accumulation of
heterotrophs and particulate detritus.

In the open ocean, away from allochthonous,
refractory particle inputs, POC correlates well with
phytoplankton carbon (Cphyto). In situ POC:Chl,
therefore, tends to reflect the characteristic
Cphyto:Chl of the representative functional groups
that make up an assemblage in a given set of
environmental variables because Cphyto:Chl differs
inherently between species and between functional
groups. For example, diatoms have a lower
Cphyto:Chl than cyanobacteria (Falkowski and
Raven, 1997). This linkage between functional
group and Cphyto:Chl is demonstrated by the results
of the IRONEX 2 iron-enrichment experiment in
the eastern Equatorial Pacific: iron addition resulted
in a decrease of Cphyto:Chl from �150 under
ambient conditions to �70 at the peak of the iron-
stimulated bloom as the phytoplankton assemblage
shifted from being composed of predominantly

small cyanobacteria to large diatoms (Landry
et al., 2000b). In addition to the differences among
Cphyto:Chl ratios of different functional groups,
variations in response to iron limitation within a
single species also occur (Sunda and Huntsman,
2004) so that both physiological and assemblage
factors may influence this ratio simultaneously.

In the iron-enriched SOFeX south patch, while
both Chl and POC increased, Chl increased at a
faster rate than POC (Fig. 11a). The proportion of
bacterial carbon biomass in the POC was small
(about 4% in the iron-enriched patch and 7%
outside the enriched area (Oliver et al., 2004)) and is
negligible compared to the large changes in Chl and
POC and therefore has little effect on POC:Chl. An
increase in microzooplankton POC would act to
increase the water column POC:Chl. The decrease
seen in POC:Chl in response to iron enrichment in
the south patch poleward of the SBACC (Fig. 11b)
must be driven by Cphyto. This in situ observation is
consistent with single species cultures in which slow-
growing phytoplankton cells relieved of low light
availability or low temperature stress (Geider,
1987), or iron limitation (Sunda and Huntsman,
2004), grew larger and had a lower Cphyto:Chl than
resource limited, slow-growing phytoplankton. In
the SOFeX south patch, POC:Chl decreased 3-fold
in response to iron addition. Because the propor-
tional composition of the phytoplankton assem-
blage was relatively unchanged by iron addition,
this decrease in POC:Chl must have resulted from a
change in phytoplankton physiology.

4.6. Diatom dominance poleward of the SBACC

Two points should be stressed regarding the
proportional composition of the phytoplankton
assemblages poleward of the SBACC relative to
other HNLC regions. In the ambient waters in late
summer, there were both (1) a greater proportion of
diatoms than has been observed in other HNLC,
low iron environments (e.g. �50% in ambient south
patch vs. �410% elsewhere, including SOFeX
ambient north patch) and (2) a relatively low
proportion of picoplankton compared to other
HNLC environments (e.g. �30% in ambient south
patch vs. �470–80% elsewhere, including SOFeX
ambient north patch). This uncommon composi-
tional balance could be maintained either by
conditions relatively favorable for diatoms, by
conditions relatively unfavorable for picoplankton,
or by a combination of both factors.
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Dominance of diatoms is a consistently observed
characteristic of the Southern Ocean poleward of
the SBACC (Deacon, 1963) and may result from a
series of conditions that differentially favor diatom
growth and survival relative to other taxa. An early
spring diatom bloom is likely facilitated by seasonal
sea ice cover and subsequent melting due to a
combination of optimal conditions: seasonal max-
imum nutrient and micronutrient concentrations
(Sedwick and DiTullio, 1997; Hiscock et al., 2003);
stratification (Smith et al., 2003); and perhaps
diatom ‘‘seeding’’ (Gran, 1900; Garrison et al.,
1987; Lizotte, 2001). Silicic acid concentrations well
in excess of nitrate concentrations (Brzezinski et al.,
2003; Sarmiento et al., 2004) may facilitate diatom
productivity despite waning iron concentrations as
the season progresses. An abbreviated polar grow-
ing season may not be long enough for picoplank-
ton, with large surface-to-volume ratios, to exhibit
their nutrient uptake advantage over larger diatoms.
Grazing pressure may be reduced in the Southern
Ocean because of low temperatures that may inhibit
specific grazing rates (Huntley and Lopez, 1992;
Clarke, 2003; Iguchi and Ikeda, 2005) and heavily
silicified diatoms as prey, which would reduce
assimilation efficiency and specific growth rates of
grazers.

In previous iron-enrichment experiments, the
‘‘bloom’’ of the diatom population is explained by
grazing rates that lag behind phytoplankton growth
rates, whereas the lack of a picoplankton ‘‘bloom’’
is due to micrograzing rates that rapidly match
picoplankton specific growth rates (Landry et al.,
2000a; Barber and Hiscock, 2006). In the Southern
Ocean poleward of the SBACC, micrograzing did
not prevent the accumulation of picoplankton.
Micrograzers may be slower to match the increased
abundance of picoplankton in these cold waters
than in temperate waters.

4.7. Seasonal context of primary productivity in the

high latitude southern ocean

Primary productivity results of SOFeX and
AESOPS (Figs. 2e and f) should be considered in
a seasonal context with respect to light availability
and ice cover (Comiso, 1999) (Fig. 12). In the north
patch, iron enrichment allowed primary productiv-
ity to far exceed values measured in the same region
during the AESOPS cruise earlier in the season (but
different year) when irradiance was near maximal
(Fig. 12a), supporting the hypothesis that primary

productivity is iron-limited rather than PAR-limited
in late summer in the Subantarctic Zone. No annual
sea ice forms at the latitude of the north patch. In
the south patch, iron enrichment took place near the
middle of the short seasonal growing season with
respect to daily PAR and open, ice-free water
(Fig. 12b). Iron addition increased PPEU despite
waning daily PAR. No early season AESOPS data
are available for comparison because those cruises
did not extend to this region, which was ice covered
in 1998. Poleward of the SBACC, as winter
advances, light availability decreases to zero,
seasonal ice cover increases to nearly 100%, and
primary production will cease regardless of micro-
nutrient concentration. The resulting 3- to 5-fold
increase in daily PPEU under iron-replete conditions
(Table 2) is valid only for the brief portion of the
dynamic season during which the south patch
experiment was conducted. Annual productivity in
an iron-replete Southern Ocean poleward of the
SBACC would be much less than 3–5 times higher
than annual present day productivity because of the
limits imposed by seasonal ice coverage and polar
darkness.

4.8. Seasonal implications of the SOFEX experiment

poleward of the SBACC (south patch)

An iron-enrichment experiment in the high silicic
acid waters poleward of the SBACC performed
either earlier in the spring or later in the fall
probably would have a different outcome from that
of the SOFeX south patch experiment, which took
place during the late summer. Specifically, in spring
the south patch region would be exposed to
increasing seasonal irradiance and stratification
while surface waters would contain their annual
maximum ambient iron and macronutrient concen-
trations. We hypothesize that because the region
would be optically and biogeochemically primed to
support a natural bloom, experimental iron enrich-
ment would produce little or no biological response
in the ambient phytoplankton. An iron addition
experiment performed later in autumn, as solar
irradiance rapidly diminishes, would give more
insight into the role of iron in enhancing photo-
synthetic performance under low light, short photo-
period conditions. This enhancement, in effect,
would expand the Antarctic growing season. The
consequences of this potential expansion could be
significant in terms of high latitude phenology of
the food web (Edwards and Richardson, 2004) or
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biogeochemical partitioning of carbon (Buesseler
et al., 2003).

5. Summary

Primary productivity and Chl: Iron enrichment
of the cold, low silicic acid north patch waters
of the Subantarctic Zone at about 561S and of the
very cold, high silicic acid south patch region
poleward of the SBACC at about 661S increased
total productivity and Chl biomass by 5-fold or
more at both sites. Productivity and Chl biomass
increased in all size fractions. Total producti-
vity and Chl biomass responses to iron addition
were remarkably similar in these two dissimilar
habitats.

Size composition: Iron enrichment differentially
affected the size-fraction proportions of the phyto-
plankton assemblages at the north and south patch
sites. The proportion of the microplankton size
fraction increased greatly in the low silicic acid
north patch waters but was virtually unchanged by
iron addition in the high silicic acid south patch
waters where large microplankton were responsible
for about 50% of total productivity both before and
after iron enrichment.

Pigment composition: In parallel with the size-
fraction response, iron enrichment differentially
affected the phytoplankton assemblage composition
of the two sites. Despite the low silicic acid
concentration in the north patch waters, diatoms
(as determined from indicator pigments) greatly
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increased in both absolute and relative abundance.
In the high silicic acid south patch, the initial
assemblage was about half diatoms and iron
addition did not affect this proportional diatom
component notwithstanding a large absolute in-
crease in diatom abundance.

Non-photosynthetic chloropigments: Unidentified,
non-photosynthetic but fluorescent chloropigments
were present in ambient waters and accumulated to
about 2-fold that of the ambient concentrations in
the iron-enriched, high silicic acid south patch
waters as the bloom developed. This unidentified
fluorescence was not observed in the low silicic acid
north patch in either ambient waters or the iron-
enriched patch.

Photosynthetic performance: At the high silicic acid
south patch site the ambient hourly photosynthetic
performance (PB�

OPT) decreased as a function of
decreasing daily photoperiod at 661S. Iron addition
significantly reduced this seasonal decrease in photo-
synthetic performance, in effect lengthening the
functional growing season and enabling photosyn-
thetic performance to respond to daily available PAR.

Carbon to Chl ratio: In the high silicic acid south
patch waters the initial POC to Chl ratio was high
(�300:1) but decreased in response to iron addition
to 100:1. Because the proportional taxonomic
composition did not change, the change in this
ratio represents primarily a physiological response,
rather than a shift in the phytoplankton assemblage.

Significance of iron enrichment: Despite a poten-
tial 3- to 5-fold increase in primary productivity
(PPEU) under iron-replete conditions in late sum-
mer, the effect of iron on annual productivity in the
Southern Ocean poleward of the SBACC is limited
by seasonal ice coverage and the dark of polar
winter.
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