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fCSIR, PO Box 17001, Congella 4013, Kwa-Zulu Natal, South Africa

gDepartment of Chemistry, Analytical and Marine Chemistry, Göteborg University, SE-412 96 Göteborg, Sweden
Abstract

Iron(III) photoreduction and the responses of phytoplankton under ultraviolet (UV) and photosynthetically

available radiation (PAR) were investigated with the presence of hydroxycarboxylic acid (glucaric acid (GA), a model

compound for organic acids excreted by phytoplankton). The incubation experiments were carried out on board using

seawater samples collected in the location of the winter ice edge (WIE) and the spring ice edge (SIE) of the Southern

Ocean. In this paper, we focus on the results of experiment in WIE. Throughout the experiments, dissolved Fe(II),

major nutrients and in vivo fluorescence were monitored regularly. In addition, Chl-a, POC/PON, cell densities of

phytoplankton and bacteria, bacterial production, organic peroxide, hydrogen peroxide and total CO2 were measured.

The results from the WIE show that iron enrichment had a substantial effect on phytoplankton growth rate. Fe(III)

addition in the presence of GA (FeGA) gave higher Fe(II) concentration and higher growth rate of phytoplankton than

those in controls. Our results suggest that hydroxycarboxylic acid had a significant chemical and biological impact. The

presence of GA influenced iron photochemistry and iron availability to phytoplankton. Phytoplankton growth

responses to iron enrichments in incubations under UV and PAR were completely dissimilar. It seems that FeGA
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addition prominently changes the harmful effect of UV on the phytoplankton population. This study provides

preliminary information on how the photoreduction of iron(III) and the phytoplankton growth are affected by iron

enrichment in the presence of hydroxycarboxylic acid.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The Southern Ocean is distinguished by being
far from the major terrestrial and anthropogenic
sources of iron, and its cold surface waters are
separated from other major oceans by the Ant-
arctic Polar Front. Due to its remoteness from
continents, iron concentrations are very low in the
surface layers of the Southern Ocean (Löscher et
al., 1997). Furthermore, the Southern Ocean is
known to be an important area in the world’s
oceans in regulating the oceanic carbon cycle, thus
playing a significant role in regulating atmospheric
CO2 (Bakker et al., 1997). Nitrate, phosphate and
silicate concentrations in the Southern Ocean may
reach above 30, 2.5 and 100mmolm�3, respec-
tively (Sakshaug et al., 1991). In addition, the
concentrations of chlorophyll a (Chl-a) and the
standing stock of phytoplankton are low, on
average 0.4mgm�3 and o3mgm�3 Chl-a in the
ice-free and deep-sea regions of the Southern
Ocean, respectively (El Sayed, 1988; Holm-Hansen
et al., 1989). Hence, the Southern Ocean, as well as
the equatorial Pacific, is a major high-nutrient and
low-chlorophyll (HNLC) zone.
This HNLC situation may result in light

limitation due to wind-induced deep mixing
(Sakshaug and Holm-Hansen, 1984; Sakshaug
et al., 1991) or iron limitation (Martin et al.,
1990) and grazing control (Banse, 1990). Light
and iron limitation may have a similar impact
(Sakshaug et al., 1991), while grazing is always
more or less important as a controlling factor at
certain times and in different locations. These
explanations are not mutually exclusive.
The importance of iron limitation of marine

phytoplankton has become increasingly apparent
in recent years. A breakthrough for the iron
hypothesis was the in situ iron enrichment experi-
ments with waters in the equatorial Pacific Ocean
(IronEx I & II) (Martin et al., 1994; Behrenfeld
et al., 1996; Coale et al., 1996). These mesoscale in
situ Fe experiments showed that Fe is a limiting
element in the equatorial Pacific Ocean. Fe
enrichment stimulates phytoplankton production
in the Southern Ocean (van Leeuwe et al., 1997;
Scharek et al., 1997).
Iron can exist in two different oxidation states in

seawater: Fe(III) and Fe(II). Fe(III) is thermo-
dynamically stable in oxic waters. Fe(II) may be
produced by photochemical reduction of Fe(III) in
surface seawater (Miller and Kester, 1994a). It is
believed that Fe(II) in seawater exists mainly as
‘‘free’’ Fe2+ ions and is much more soluble than
Fe (III) (Stumm and Morgan, 1996). Therefore it
may be effectively available for phytoplankton.
However, it has been argued that Fe(II) in
seawater oxidizes too rapidly with half life of a
few minutes (Millero et al., 1987; Morel et al.,
1991) to be important. Nevertheless, significant
concentrations of Fe(II) have been observed in
coastal waters (Kuma et al., 1992; Zhuang et al.,
1995). Dissolved organic matter (DOM) such as
humic acids and hydroxycarboxylic acids, which
inpart is released by phytoplankton (Kuma et al.,
1992, 1995), may play an important role in the
photoreduction of Fe(III) by providing an electron
source. Some DOM components can slow down
the re-oxidation rate by complexation with Fe(II)
(Hudson et al., 1992). However, it is not yet clear
to what extent this is important in seawater. On
the other hand, photochemically produced radi-
cals, for example, O2

d�, H2O2, HO2
d0 and OHd, can

participate in secondary oxidation and reduction
of Fe species in seawater (Faust and Zepp, 1993;
King et al., 1995; Voelker et al., 1997).
In photoreduction experiments, it has been

shown that the fastest rate of Fe(III) reduction is
achieved in the presence of certain DOM compo-
nents such as glucaric acid (GA), which can act as
an electron donor (Kuma et al., 1992, 1995). A
similar type sugar acid, 0.8 mM gluconic acid, was
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detected in surface water during a spring bloom in
Funka Bay (Japan) (Kuma et al., 1992, and
references therein). GA can form strong complexes
with Fe(III) in seawater (Log KFeL ¼ 24; Kuma
et al., 1995).
In a system containing GA, a simplified photo-

reduction scheme might be

FeðIIIÞ2GA complexþ hn) FeðIIÞ þGA � (1)

(ligand to metal charge transfer (LMCT)). GA* is
oxidation product of GA.

FeðIIÞ þGA� ) soluble FeðIIIÞ2GA

ðKuma et al:; 1995Þ: (2)

DOM is both a potentially important electron
source for photoreductive Fe(II) production and
an important source for secondary reducing
radicals such as O2

d� (Faust and Zepp, 1993),
while at the same time being important for the re-
oxidation of Fe(II) to Fe(III). This duality results
from DOM being a source of many photo-
produced radicals (e.g. H2O2, HO2

d0, O2
d� and

OHd) that can oxidize Fe(II).
The roles of DOM and light on the speciation,

photochemistry and complexation of iron neces-
sarily has a profound impact on iron availability
for phytoplankton. We therefore designed a deck
experiment on HNLC water from the Southern
Ocean. In these experiments we tested the effect of
iron enrichment and photoreduction on the
phytoplankton growth rate in the presence of
GA under natural light with different wavelength
ranges: PAR (400–700 nm), and UVAB and PAR
(280–700 nm). In this paper we have focused on
the results of experiments from WIE water. The
results of experiments from SIE have not been
presented here, but mentioned only briefly for the
purpose of giving a more holistic picture.
2. Materials and methods

The incubation experiments were performed on
S.A. Agulhas during a cruise in December 1997
and January 1998. The study area was in the
locations of the winter ice edge (WIE) and the
spring ice edge (SIE) (see Fig. 1 in Turner et al.,
2004). The position and depths for water samples
to be incubated were determined based on in vivo
Chl-a and light transmittance measurements. Sea-
water samples at the WIE (at station D233;
561300S, 61E) were collected from 15m depth
using a peristaltic pump with acid-washed tubes
attached to a Kevlar hydrowire. Seawater samples,
at station D013 (601540S, 051540E) in the SIE, were
collected from 30m depth (Chl-a maximum) using
an acid-washed 30 l Go-Flo sampler deployed on
Kevlar hydrowire.
The incubation carboys had been sequentially

washed, first with microdetergents, then with
Milli-Q water, methanol, Milli-Q water and 3M
HCl and kept for 2 weeks in 0.1M Ultrapure HCl.
Finally, all carboys were rinsed with copious
amounts of Milli-Q water.
Incubations were performed in 12 l polycarbo-

nate (PC) carboys (for PAR) and polyethylene
(PE) bags (for UVAB–PAR). PE bags and PC
carboys transmitted wavelengths 4220 nm and
4370 nm, respectively. The enrichments were iron
(Fe), iron+glucaric acid (FeGA), and no addition
(control, C) replicates (two carboys or bags for
each treatment) for PAR and UVAB–PAR irra-
diance, respectively. Additional incubations under
UVA–PAR were performed in addition to PAR
and UVAB–PAR in SIE. In these incubations,
UVB was excluded by using a Mylar filter (which
transmits wavelength4320 nm). The GA solution
was cleansed of iron by passing it through a
Chelex-100 column, which was previously pre-
pared and washed with 1 l of Milli-Q water to
minimize the possible leakage of functional groups
of Chelex-100 into GA solution. In order to out-
compete other natural organic complexes in sea-
water, at least at the beginning of the experiments,
the FeGA mixture was prepared 2 days before
addition. First additions of Fe, and FeGA to the
incubation carboys were done after 24 h of
phytoplankton acclimatization to deck conditions.
Iron was added as FeCl3 solution (pH 2) to make a
final concentration of X5 nM. Iron–GA mixture
was added to a final concentration of X5 nM Fe
and to make a final GA concentration of 1.2 mM.
For every light treatment, there were Fe, FeGA
and control treatments. Additions of Fe and
FeGA to WIE water were done at the beginning
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of the experiment and on day 10 (+3nM Fe and
1.2 mM GA) of the 14-day-long experiment. The
amount of added Fe was determined according to
natural iron fluxes to the oceans. The atmospheric
fluxes to the Atlantic Ocean range from
18mmolm�2 y�1 west of North Africa to
0.02mmolm�2 y�1 in the Atlantic sector of the
Southern Ocean (Duce and Tindale, 1991). Simi-
larly, fluxes of iron to the Pacific Ocean also
ranged from ca. 18mmolm�2 y�1 east of Japan to
0.02mmolm�2 y�1 in the equatorial Pacific. For
50m mixing-layer depth, the maximum natural
atmospheric input of Fe to the ocean would be ca.
1 nmol l�1 d�1. Additions of 5+3nM iron for 14-
day incubations (ca. 0.5–0.6 nmol l�1 d�1) lie be-
tween the range of atmospheric iron inputs found
in the Pacific and Antarctic Oceans. Moreover, the
added iron may have been removed by precipita-
tion or by adsorption onto the wall of carboys and
become less available to phytoplankton. Addition-
ally, photochemically produced Fe(II) may have
been re-oxidized quickly. Therefore, we added
extra iron and GA to meet the increased demand
of iron when phytoplankton began growing. The
amount of added GA (1.2 mmol l�1) was chosen
higher than the detected value of similar hydro-
xycarboxylic acid in nature (ca. 0.8 mmol l�1;
Nakabayashi et al., 1993, cited in Kuma et al.,
1995) in order to ensure the presence of GA during
incubations. The carboys were incubated on the
helicopter deck. All incubation carboys and PE
bags were covered by PE bags and carefully sealed
to prevent contamination. PVC grey mosquito
nets were used for irradiance adjustment. Incuba-
tion light was kept around 50% of ambient PAR.
Running seawater was used to keep the incubation
temperature close to the ambient level (1 1C). On
occasions it rose to 1–2 1C higher than ambient
temperature.
PC carboys and PE bags had tap systems that

were tightly closed during incubation. All samples
were drawn either by an all-polypropylene (PP)
syringe connected to a Teflon tube or by a
peristaltic pump without opening the carboys,
through the sample out port. The air input taps
were connected with a double 0.2 mm Teflon filter
to keep out contamination in the air during
sampling and kept closed during incubations. All
tubing was previously acid-washed Teflon or
Bevaline. Sampling during the experiment with
WIE water was done in a dust-free (class 100)
container through tapping tubes, without opening
the carboys and bags. Fe(II) was determined with
a stopped-flow luminol chemiluminescence meter
(SFL-CL) (O’Sullivan et al., 1995; King et al.,
1995; Powell et al., 1995) immediately after
sampling and filtration through a 0.4 mm filter in
an all-PP syringe filter holder in a clean container.
This method has a detection limit of 0.06 nM Fe.
Measurements of in vivo fluorescence were done
immediately by using a Turner Design fluorom-
eter. Ten replicates were done repeatedly for each
sample. Samples for POC and PON and Chl-a
were filtered on pre-combusted GF/F filters,
packed in pre-combusted aluminum foil, and
stored at �18 1C until analysis in the shore
laboratory. POC and PON were determined on a
CHN Analyzer (Carlo Erba). For Chl-a determi-
nations, samples filtered onto GF/F filters were
extracted with 90% methanol for 12 h and
analyzed by a Turner Design fluorometer. Total
peroxides (H2O2 and organic peroxides) concen-
trations were measured with a spectrofluorometer
(excitation: 313 nm; emission: 400 nm) using horse-
radish peroxidase and dimerization of p-hydro-
xyphenylacetic acid (Miller and Kester, 1994b, and
references therein). Organic peroxides were mea-
sured similarly with the addition of enzyme
catalase together with horseradish peroxidase.
Nano- and picophytoplankton were counted by

flow cytometry. The microphytoplankton were
counted by light optical microscope. Phytoplank-
ton samples from the incubation carboys were
fixed by Lugol and formaline solutions (20%) in
500 and 150ml bottles. After arrival at Trondheim
Biological Station, samples were transferred
to the sedimentation chambers. Volumes of 2, 10,
30 and 50ml were selected depending on
phytoplankton abundance. The samples were
kept in sedimentation chambers for at least 3
days. Counting and species determination
were done by inverse microscopy. At least 24
repeated counts were done for each sedimentation
chamber.
Samples for bacterial abundance were preserved

in formaldehyde (2% final concentration) and
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were analyzed by flow cytometry as described by
del Giorgio et al. (1996). All analyses were
performed on board within 1 week of sampling.
Bacterial production was measured according to
the Leucine incorporation method (Smith and
Azam, 1992).
3. Results and discussion

The total background Fe concentration at a
depth of 15m in WIE was 0.4770.13 nM (n ¼ 3).
Daily maximum irradiation of UVA, UVB and
PAR was in the range of 21.1–53.8, 1.6–4.2 and
125–415Wm�2, respectively (Wängberg et al.,
2004).
WIE
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Fig. 1. In vivo fluorescence (IVF) data for phytoplankton

growth following incubations in the location of the winter ice

edge (WIE) of the Southern Ocean under IVF data for

phytoplankton growth following the incubations of WIE

seawater under PAR (A) and UVAB–PAR (B). The arrows

indicate additions of Fe and FeGA.
3.1. In vivo fluorescence and phytoplankton

response to iron addition

In vivo fluorescence of different treatments
started to diverge on day 7 (Fig. 1A). There was
a very clear response from Fe and FeGA treat-
ments compared to the controls. In vivo fluores-
cence was significantly higher in Fe and FeGA
treatments (t-test, Po0:05). FeGA treatments
yielded the highest in vivo fluorescence at the end
of the experiments (t-test, Po0:05). In UVAB–
PAR treatments, the highest in vivo fluorescence
was observed up to day 10 in the control (Fig. 1B)
and the lowest in vivo fluorescence in the FeGA
treatments. Differences of in vivo fluorescence
between control and FeGA treatments after day 10
were siginificant (Po0:05). At the end of the 14-
day-long incubations, in Fe and FeGA treatments
under PAR, the dominating phytoplankton species
were Pseudonitzschia spp., Nitzschia spp. and
Phaeocystis spp. A considerable increase in the
number of Rhizosolenia spp. was observed in
FeGA–PAR treatment. In the control treatments,
the predominant species was Phaeocystis spp. A
shift from nano–picophytoplankton to microphy-
toplankton was evident in Fe and FeGA treat-
ments under PAR (Fig. 2A and B). Under
UVAB–PAR, Phaeocystis spp. was dominant.
After the enrichment with Fe and FeGA, the
number of nano–picophytoplankton also in-
creased considerably (Fig. 2B).
These data suggest that Fe and FeGA additions

dramatically alter the species composition from
nano–pico to diatoms420 mm in the WIE (Fig. 2).
This was particularly pronounced in FeGA treat-
ments. The increase in diatoms after the addition
of Fe is in agreement with previous Fe enrichment
studies in HNLC regions (Coale, 1991; van
Leeuwe et al., 1997; Scharek et al., 1997).
Our results suggest that microphytoplankton

(mainly diatoms 420 mm) respond favorably to
the addition of FeGA and Fe in the WIE waters.
Presumably, nano–pico plankton has an advan-
tage under Fe-limited conditions, due partially to
their relatively low iron requirements (Sunda et al.,
1991) and/or their greater surface area : cell
volume ratio, ensuring more efficient Fe uptake.
Under UVAB–PAR, however, FeGA treatments
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Fig. 2. Initial and final cell densities (cell ml�1) for micro-

phytoplankton (A) and nano–picophytoplankton (B) for each

treatment and controls for incubation in WIE.
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M. Öztürk et al. / Deep-Sea Research II 51 (2004) 2841–28562846
yielded the lowest phytoplankton biomass. This
has also been observed in the SIE (data not
shown). Under UVAB–PAR, FeGA may enhance
the harmful effects of UV, probably due to
photochemical reactions in which FeGA plays a
role. It has also been reported that nutrient stress
may cause increased release of organic matter
(Lancelot and Billen, 1985; Verity et al., 1988),
that is, after enrichment with FeGA, under
UVAB–PAR, phytoplankton may release less
UV-protective organic matter, thus less protection
against UV.

3.2. Fe(II), organic peroxides and H2O2

After the addition of FeGA, Fe(II) increased
dramatically (Fig. 3A), especially under PAR. On
day 4, concentrations of Fe(II) were 1.7 and
2.6 nM in the FeGA treatments under PAR. The
high level of Fe(II) on day 4 indicates photo-
reductive Fe(II) production due to the presence of
GA. When the phytoplankton began growing, the
Fe(II) concentration started to decrease, reaching
the detection limit on day 10. Then, new additions
(+3nM Fe,+3 nM�1.2 mMFeGA ) were made to
meet the increased Fe demand. Fe(II) was still
detectable 3 days after the second addition
(Fig. 3A and B). Fe(II) concentrations in the
FeGA treatment under UVAB–PAR varied simi-
lar to those of PAR treatments, albeit Fe(II)
concentrations under UVAB—PAR–FeGA treat-
ments were much lower than under PAR–FeGA
treatments (Fig. 3B).
Peroxide concentration (H2O2+organic perox-

ides) under PAR was low at the beginning and
then increased to 150–250 mmolm�3 on day 10,
and decreased to 15–40 mmolm�3 on day 13
(Fig. 4A and C) in all treatments. In the controls,
organic peroxides were a little higher than in iron
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treatments. Under UVAB–PAR, the highest con-
centrations of H2O2 and organic peroxides were
observed in the Fe treatments (Fig. 4B and D).
The lowest concentrations of H2O2 and organic
peroxides were observed in FeGA treatments. The
organic peroxides concentration increased when
there was little phytoplankton activity and started
to decrease at the end of incubations in all
treatments under UVAB–PAR. Concentrations
of H2O2 and organic peroxides in all treatments
of SIE were almost one order of magnitude lower
than in the treatments of WIE.
After the formation of Fe(II), components of

DOM, in addition to GA, might be responsible for
keeping Fe(II) in solution. Some DOM com-
pounds which are produced from phytoplankton
could be important for Fe(III) photoreduction and
some others could cause retardation of oxidation
of Fe(II) and keep Fe(II) in solution by complexa-
tion. In order to understand the extent of primary
photochemical reduction of Fe by the help of GA
it is necessary to estimate the rate of oxidation/
reduction reactions. We adopted first-order rever-
sible photochemical oxidation/reduction reaction
equations suggested by Kuma et al. (1995):

FeðIIIÞGA ðdissolvedÞ þ hn  kox kred!

Fe ðIIÞ þGA � : (3)

The Fe(II) concentration as a function of time
can be written as

½FeðIIÞ�t ¼ ffkred½FeðIIIÞGA�0g=ðkred þ koxÞg

½12 expf�ðkred þ koxÞ tg�; (4)

where [Fe(III)GA]0, [Fe(II)]t, kred (min
�1) and kox

(min�1) are the concentrations of Fe(III)GA at t ¼

0 and Fe(II) at time t, and the rate constants of the
forward (reduction) and reverse (oxidation) reac-
tions, respectively. Kuma et al. (1995) reported
values of kox and kred at different temperatures (5,
10 and 15 1C) and different irradiances (1400, 1900
and 2300 mmolm�2 s�1). kred is independent of
temperature and increases linearly with increas-
ing irradiance (IL). We obtained kred dependence
on irradiance (kred ¼ 0:00004IL20:022; R2 ¼

0:996) and kox dependence to temperature (kox ¼
0:0087T þ 0:03; R2 ¼ 0:99) from the data of
Kuma et al. (1995). These estimations depend
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on the assumptions that kred and kox are linearly
related to irradiance (IL) and temperature (T),
respectively, in extrapolated zones. From these
approximations we calculated that maximum
steady-state concentration of Fe(II) could reach
40–50% of added FeGA concentrations at 0 and
�1 1C under 50% of ambient irradiance.
In the WIE, steady-state Fe(II) concentrations

were ca. 32–50% and 5% of the added Fe(III) in
PAR–FeGA and in UVAB–FeGA treatments,
respectively. These results imply that Fe photo-
reduction under PAR seems to be more efficient
than the secondary oxidation of Fe(II) by photo-
chemically produced radicals. The difference in
Fe(II) at the beginning of incubations between
PAR and UV treatments was probably related to
re-oxidation of photoreduced Fe(II) by photoche-
mically produced radicals under UV treatments.
Relatively high levels of H2O2 and organic
peroxides in UV treatments both in WIE and
SIE (data not shown) support this.
At high pH (typical for strong photosynthesis),

the rate of secondary reduction of Fe(III) by the
photochemically produced radical (HO2

d/O2
d�)

increases (Voelker et al., 1997). This rate is at
least 15 times higher than that of the Fe(II) re-
oxidation reaction with HO2

d/O2
d� (King et al.,

1995), implying that, at natural conditions under
PAR, Fe(III)GA could be a considerable source of
Fe(II) and a sink for HO2

d/O2
d�. The presence of Fe

does not seem to have been significant for the
formation of H2O2 and HO2

d/O2
d�.

Our results under PAR neither suggest that
organic peroxide formation depends on the pre-
sence of Fe, nor that there is a relationship
between phytoplankton activities and organic
peroxides in WIE or SIE. However, in the WIE
experiments under UVAB–PAR, the H2O2 con-
centration generally shows increase with phyto-
plankton productivity. In the SIE experiments,
despite the fact that the concentrations of H2O2
and organic peroxides in all treatments of SIE
were almost one order of magnitude lower than in
WIE, the trends of H2O2 and organic peroxides
variations, especially under UVAB–PAR treat-
ments, are almost the same as in WIE. The lowest
levels of H2O2 and organic peroxides were
observed in FeGA as the lowest values of POC
and Chl-a. Organic peroxides levels increased
when there was no phytoplankton activity and
decreased with increasing phytoplankton growth
at the end of incubations in all treatments under
UVAB–PAR. Thus, FeGA may have inhibited the
formation of organic peroxides, or some organic
peroxides may have been used to oxidize Fe(II)
back to Fe(III) by photochemically produced
radicals originating from organic peroxides. This
interpretation is supported by the relatively low
concentration of Fe(II) in FeGA treatments under
UVAB–PAR compared to under PAR. In the
FeGA treatments under UVAB–PAR, the same
process probably acted as a sink for photochemi-
cally produced peroxides and Fe(II). The most
probable reaction is

Fe ðIIÞ þH2O2)Fe ðIIIÞ þOH
� þOHd�: (5)

It seems that, in FeGA treatments, the oxidation
of Fe(II) with H2O2 (Fenton reaction) may have
been an important source of OHd under UVAB–
PAR. Hence, it may have caused oxidation of UV-
protective DOM. This is also supported by the
relatively low concentrations of H2O2 and organic
peroxides, and the low phytoplankton productiv-
ity and biomass in the FeGA treatment compared
to Fe and the control treatments.
The secondary reducing mechanisms, such as

fast reduction of dissolved Fe(III) by the super-
oxide radical (Voelker and Sedlak, 1995), may also
contribute to a build-up of the high steady-state
Fe(II).
On the other hand, some DOM fractions may

inhibit the re-oxidation of Fe(II) by oxidative
radicals in two possible ways: (a) Organic matters
are themselves oxidized by photochemically pro-
duced radicals, that is, Fe(II) oxidation by photo-
chemically produced radicals is out-competed by
oxidation of DOM by photochemically produced
radicals. (b) Fe(II) is stabilized by organic com-
plexation against oxidation by photochemically
produced radicals.

3.3. Carbon and nitrogen assimilation: POC and

PON

Under PAR, particulate organic carbon (POC)
in all treatments began to diverge on day 7 until
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the end of the experiments (Fig. 5A) and POC
levels were significantly higher in Fe and FeGA
treatments (t-test, Po0:05) compared to controls.
POC values on day 13 in FeGA and Fe treatments
were about. 2.2 and 1.9 times higher, respectively,
than the POC in the controls (Po0:05). Moreover,
on day 13, POC levels were significantly higher in
FeGA (Po0:05) compared to POC levels in Fe
treatments (Fig. 5A). Under UVAB–PAR, carbon
build-up was very low in all treatments. However,
POC in Fe treatments was ca. 1.8 times higher
than that in both FeGA and control treatments
(Po0:05). The lowest POC was detected in FeGA
treatment under UVAB–PAR (Fig. 5B).
Particulate organic nitrogen (PON) showed

similar trends as POC. The final PON levels were
significantly higher in Fe and FeGA treatments
(Po0:05). Under PAR, the difference of PON
(90mgm�3) between FeGA and controls on day
13 was higher than that between Fe and control
treatments (67mgm�3) (Fig. 5C). PON values on
day 13 in FeGA and Fe treatments were ca. 2.6
and 2.2 times higher than that in the control,
respectively. Under UVAB–PAR, the build-up of
N was also very low in all treatments (Fig. 5D)
Primary production rates (based on increases in

POC) in Fe and FeGA treatments under PAR
were similar and ca. 2.5 times higher than that in
the control on day 10. (Fig. 6). On day 13, the
primary production rates in the Fe treatments
were again ca. 2.5 times higher than that in the
control. On the other hand, production rates in the
FeGA were ca. 3.5 times higher than the controls.
In the SIE, under UVAB–PAR, FeGA and control
treatments also yielded the lowest and highest
POC buildup, respectively, as in FeGA and C
treatments in WIE under UVAB–PAR.

3.4. Chlorophyll-a

Under PAR, Chl-a enhancement clearly resulted
from the additions of Fe and especially FeGA in
our experiments (Fig. 7A). The levels of Chl-a on
days 10 and 13 were significantly higher than
the levels of Chl-a in the controls (Po0:05). Fe
and FeGA treatments showed the largest Chl-a
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increase between days 7 and 10. After day 10, the
increase was tempered in the Fe treatments and
stopped in the FeGA treatments. Chl-a concentra-
tions in day 10 in the FeGA and Fe treatments
were ca. 3.6 and 2.9 times higher than in the
controls, respectively. The highest Chl-a produc-
tion rate (3.16mgChl-am�3 d�1) was observed
between days 7 and 10 in the FeGA treatments,
and was ca. 2.3 and 0.5mgChl-am�3 d�1 in the Fe
and control treatments, respectively. That is, Chl-a
production rates in the FeGA and Fe treatments
between days 7 and 10 were ca. 6 and 4.6 times
higher than that in the control, respectively.
Chl-a synthesis was apparently enhanced by Fe

enrichment (Fe and FeGA) (Fig. 8A). However,
Chl-a values under UVAB–PAR are quite low
relative to values for corresponding treatments
under PAR. In contrast to under PAR treatments,
the Chl-a concentration began to increase after
day 10. FeGA treatments under UVAB–PAR
yielded the lowest Chl-a build up (Fig. 7B).
Chl-a increases resulting from the addition of Fe

and FeGA were also evident in SIE PAR and
UVA–PAR incubations (data not shown). The
fPR � Chl� aFeGA : PR� Chl� acont:g : fPR� POCFeGA : PR� POCcont:g ffi 2:4

and fPR� Chl� aFe : PR� Chl� acont:g : fPR� POCFe : PR� POCcont:g ffi 1:8:
enhanced Fe(II) concentration apparently also had
an impact on phytoplankton growth in SIE
although it does not change the species composi-
tion. In SIE incubations, under UVAB–PAR, the
highest Chl-a build-up was observed in control
treatments, and the lowest Chl-a build-up was in
FeGA treatment as it was in FeGA treatments in
WIE incubations under UVAB–PAR.
The ratio of Chl-a production rates (PR-Chl-a)

between FeGA and the control, and between Fe
and the control treatments (FeGA/control and Fe/
control) during exponential growth in WIE under
PAR were higher than the corresponding ratios for
carbon production rates (PR-POC):
This possibly indicates that Fe enrichment first
triggered Chl-a synthesis and then the biomass
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Fig. 8. Rates of Chl-a (A) and carbon synthesis during

exponential growth in water from WIE under PAR.

M. Öztürk et al. / Deep-Sea Research II 51 (2004) 2841–2856 2851
increase. This effect was most pronounced in the
FeGA treatments in WIE under PAR. Moreover,
the rates of Chl-a synthesis in FeGA were slightly
higher than those in the Fe treatments (Fig. 8A).
The C:Chl-a ratios indicate that production of
Chl-a is fastest in the Fe treatments, especially in
the FeGA treatments in WIE under PAR.

3.5. Nutrients

Our results showed a significant increase of
nutrient uptake by phytoplankton in Fe and
FeGA treatments compared to the controls under
PAR (Fig. 9A and B) (t-test, Po0:05 for both
NO3+NO2 and Si). Towards the end of the
experiment (day 13), removal of NO3+NO2 in
FeGA, Fe, and control treatments were ca. 24, 23
and 12mmolm�3, respectively. Similarly, Si in
FeGA, Fe and controls treatments decreased from
ca. 60mmolm�3 to ca. 15, 21 and 33mmolm�3,
respectively (Fig. 9B). The removal of Si in FeGA
was significantly higher than the removal of Si in
Fe treatments (Po0:05). Despite the fact that
diatoms species were not dominant in the controls
under PAR, removal of Si was considerably high
in control treatments (Fig. 9B). During the
incubations under PAR, Si removal values against
C build-up (DSi:DPOC) are 0.970.03, 0.670.02
and 0.5770.01 for control, Fe and FeGA treat-
ments, respectively. The highest DSi:DPOC ratio in
control indicates that Si uptake is increased with
Fe stress. This is in agreement with the observation
that diatoms from low-Fe waters do have high Si
cell quotas (Hutchins and Bruland, 1998; Boyle,
1998). The decrease of NO3+NO2 was between
ca. 5 (in FeGA) and 8mmolm�3 (in Fe and
control) under UVAB–PAR (Fig. 9C). These were
quite low values compared to the decrease in
NO3+NO2 in all treatments under PAR. Re-
movals of Si under UVAB–PAR are ca. 10, 8 and
7mmolm�3 in the control, Fe and FeGA treat-
ments. These are low, nevertheless considerable
values. Although the diatom community was not
high in these treatments UV stress might have
caused heavier silicification per diatom as light,
temperature, N and iron stress (Flynn and Martin-
Jézéquel, 2000) in the treatments under UVAB–
PAR.

3.6. Bacteria

Under PAR, both the FeGA and the Fe
treatments resulted in an enhanced yield of
bacterial cells. The average cell counts were
approximately 2.4-and 2-fold of the control levels,
respectively (Fig. 10A). At the end of experiment,
bacterial production in Fe and FeGA treatments
was significantly higher than that of controls
(Po0:05). There was a strong increase in bacterial
productivity in Fe treatments compared to the
production in the FeGA treatment and in the
controls (Fig. 10c). This increase in bacterial
production coincided with a decrease in primary
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productivity in incubations enriched with Fe under
PAR (Fig. 6).
Under UVAB–PAR, bacterial density (Fig. 10B)

did not differ between treatments. On the other
hand, at the end of experiment, bacterial produc-
tivity in FeGA (Fig. 10D) was significantly higher
(Po0:05) than that in the Fe treatments and
controls. A moderate increase both in bacterial cell
density and bacterial productivity was observed in
the last part of the incubation period for all
treatments.
The role of bacteria in the elemental cycles, the

regeneration of nutrients, and in the trophody-
namics of marine ecosystems is widely recognized
(Pakulski et al., 1996; Tortell et al., 1999).
However, in most of the deck experiments related
to iron-deficient HNLC zones, data on bacterial
responses to addition of Fe have been obtained in
very few studies (Pakulski et al., 1996; Tortell et
al., 1999). The stimulatory effects of iron enrich-
ment on bacterial growth could be both direct and
indirect results of the Fe enrichment; Fe could
directly increase the bacterial growth by being an
essential nutrient, while it also increases the
amount of bioavailable organic matter as a result
of Fe-induced phytoplankton growth and organic
matter release.
In Fe treatments under PAR in the WIE, there

was much stronger bacterial response to the iron
enrichment compared to the FeGA treatments,
even though the FeGA treatments were enriched
with extra organic matter (glucaric acid). How-
ever, the considerably higher phytoplankton
growth in this treatment (compared to the Fe
treatment) suggests that bacteria and phytoplank-
ton may compete for iron, and that the speciation
of iron influences the ability of these organisms to
compete for this nutrient. There are some reports
showing an increase in bacterial growth rate with
iron experiments conducted in the dark (no extra
organic matter from enhanced photosynthetic
production) (Pakulski et al., 1996). Hence, it is
likely that the direct effect of iron (especially Fe
(III) in Fe treatments) on bacterial production is
important. Our data are not sufficient to make
conclusive suggestions on the role of Fe on
bacterial growth and the role of bacteria in the
cycling of Fe in the euphotic layer of the Southern
Ocean. However, we believe that the role of
bacteria in the biogeochemical cycling of Fe
deserves further attention, particularly with re-
spect to possible competition between bacteria and
phytoplankton for iron as a scarce resource.

3.7. Total dissolved inorganic carbon (SCO2)

SCO2 was determined only for the WIE experi-
ments. The significant decrease in SCO2 was
observed in FeGA treatments (ca. 140mmolm�3

during incubation) and in Fe (ca. 100mmolm�3)
treatments under PAR (Fig. 11). SCO2 decrease in
control treatments was around 40mmolm�3.
Under UVAB–PAR, a small decrease in SCO2,
ca. 13mmolm�3 ,was observed in the controls. Fe
additions did not cause any change in SCO2.
When we compare POC accumulation and

decrease in SCO2 in all treatments in WIE experi-
ments, the ratio of POC accumulation to SCO2
decrease in FeGA, Fe and control under PAR is
found to be 0.59, 0.64 and 0.73, respectively. The
difference between SCO2 decrease and accumulated
POC can be attributed to the production of dissolved
organic carbon (DOC), implying that DOC produc-
tion in FeGA, Fe and control under PAR in WIE
experiments may constitute 41%, 36% and 27% of
total fixed carbon, respectively. This is important to
understand the effect of Fe enrichments on CO2 flux
in euphotic zones. Since biologically labile DOC will
eventually turn back relatively quickly into the pool
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of SCO2, and only refractory DOC and sinkable
POC contributes to the export of SCO2 from surface
water to deep water and sediment as a POC, it is
important to understand the qualitative and quanti-
tative DOC production compared to POC produc-
tion due to enhancement of phytoplankton
productivity with the enrichment of Fe.
4. Conclusions

Our enrichment experiments indicate that Fe
and FeGA enrichments significantly increase
phytoplankton biomass build-up and cause a
higher growth rate compared to control treatments
in the WIE under PAR (and, to some extent, in
SIE under UVA–PAR). This implies that iron has
an important role as a limiting factor, especially in
the WIE of the Southern Ocean. Most of the
biomass increase in Fe and FeGA treatments was
due to diatoms 420 mm, suggesting that this
diatom community was particularly limited by
the supply of Fe.
In the WIE under PAR, Fe stimulated Chl-a

synthesis prior to carbon build-up. The effect of
GA on the availability of Fe appears to be
considerable. This could be explained by the
effects of GA on the Fe(III) photoreduction by
primary photochemical processes. Secondary pro-
cesses (by photochemically produced radicals) may
play some role for observable Fe(II) but their
mechanisms are not yet fully understood. These
mechanisms may enhance the production of
available iron and make Fe(II) available from a
pool of Fe(III) which is already present.
Apparently, the primary and secondary photo-

chemical reduction of Fe(III) and re-oxidation of
Fe(II) by photochemically produced radicals are
affected by the spectral quality of light, speciation
of Fe(III) and DOM, as well as by competitive
reactions of DOM, Fe(III) and Fe(II) with
photochemically produced radicals.
The role of iron for the formation of peroxide

and hydroxide–superoxide radicals seems insignif-
icant under PAR. On the contrary, under UV
secondary oxidation of Fe(II) by photochemically
produced radicals probably is an important sink
for both Fe(II) and H2O2.
Related to UV and PAR dependence of iron
photoreduction, our preliminary data did not show
whether any particular wavelength band can reduce
Fe(III) more effectively than others. Contrary to
expectations of more effective photoreduction of
Fe(III) in both UVB and UVA (based on data
from inorganic Fe photoreduction experiments;
Stumm and Morgan, 1996), our results show that
the presence of GA causes efficient photoreduction
of Fe(III) under PAR as well as in UV.
Both in the WIE and SIE, in incubations

exposed to UVAB–PAR, FeGA treatments in-
variably yielded the lowest phytoplankton produc-
tivity. Thus the protective mechanism of
phytoplankton to UV seems to be affected by
FeGA. Fe photoreduction may enhance the
negative effects of UV, contrary to the anticipation
that the detrimental effects of UVB in the South-
ern Ocean could be counteracted by the photo-
reduction of iron (Palenik et al., 1991) as a result
of increased photoreductive dissolution of Fe(III)
under UV. This point needs further investigation.
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