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INTRODUCTION

Iron and light may co-limit primary production in
vast areas of the world’s oceans. For photoautotrophs,
light is the primary and often only source of energy.

The penetration and intensity of the light in the water
column determines the volume in which photosynthe-
sis can take place (Mitchell et al. 1991, Nelson & Smith
1991). Similarly, iron is indispensable for many major
biochemical processes, including photosynthesis. The
majority of the required iron (70 to 80%) in phyto-
plankton is needed in the photosynthetic electron
transport (PET) chain (Raven 1990). As a consequence,
iron limitation is most readily observed in the photo-
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ABSTRACT: The interaction between iron and light limitation was investigated in 3 marine diatom
species: 2 Antarctic diatom isolates, Chaetoceros brevis and C. dichaeta, and an isolate from temper-
ate waters, C. calcitrans. In C. calcitrans and C. brevis, grown in the laboratory using trace metal
buffered medium, both iron and light limitation affected growth rates, cellular chlorophyll a fluores-
cence, spinal index (i.e., the number and size of spines) and cell size. Growth rates and cell size
declined at lower iron concentrations and lower light intensities. Cellular chlorophyll a fluorescence
increased with lower light, but decreased due to iron limitation. The spinal index, based on the ratio
of side scatter to forward scatter, increased in iron- and light-limited cells. The large diatom C.
dichaeta, grown in natural Southern Ocean water (without ethelenediaminetetraacetic acid [EDTA])
showed qualitatively similar responses to co-limitation by iron and light. C. dichaeta only grew under
long-day light conditions. This response was further modified by the availability of iron. Addition of
iron resulted in higher growth rates. In contrast, ambient iron concentrations did not limit the growth
rate of the small Antarctic diatom C. brevis. However, iron limitation could be induced by addition of
the natural iron binding ligand desferrioxamine B (DFOB). Addition of iron to Fe-depleted cultures of
C. dichaeta and C. brevis reversed the effects of DFOB, as evidenced by rapid increases (within 24 h)
in photochemical quantum efficiency (Fv/Fm) and decreases in effective absorption of the cross-
section of photosystem II (σPSII), the turnover time of the photosynthetic unit (τ) and the electron
transfer rate (1/ τ), followed by an increase in growth rates after 48 h. The interactions between iron
and light in Antarctic diatoms are sufficient to explain the observation that in the Southern Ocean
some species (i.e., the small C. brevis) thrive under low iron and low light conditions, whereas
other species (i.e., the large C. dichaeta) can bloom only under conditions of relatively high iron
concentrations and favorable high light intensities or a long-day light period. These differences in
physiological responses will have consequences for primary production, the carbon cycle and bio-
geochemical cycles.
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synthetic apparatus (Greene et al. 1994). Iron greatly
affects the rate of light utilisation by phytoplankton
(Raven 1990) and thus primary productivity (Geider &
LaRoche 1994). Diagnosis of Fe limitation in marine
phytoplankton can therefore be done based on varia-
tions in the photochemical energy conversion effi-
ciency of photosystem II (PS II) (Behrenfeld et al. 1996),
using the concentration or activity of components of
the PET chain (Kolber et al. 1994, Behrenfeld & Kolber
1999). Given the strong biological coupling between
availability of iron and light and their effects on phyto-
plankton growth rates and the accumulation of phyto-
plankton biomass, co-limitation is likely to occur (Mal-
donado et al. 1999). This would be possible in so-called
high nutrient, low chlorophyll (HNLC) regions, for
example, the Southern Ocean, since there is ample
evidence for both iron limitation (de Baar et al. 1995,
Timmermans et al. 1998, Boyd et al. 2000) and light
limitation (Mitchell et al. 1991, Behrenfeld & Kolber
1999) of phytoplankton photosynthesis. The exact im-
pact of both iron and light limitation may be variable as
species-specific differences in responses to iron and
light availability seem to exist (Sunda & Huntsman
1997, Henley & Lin 1998). 

The interaction between iron and light was exam-
ined in 3 diatom species: Chaetoceros calcitrans, a
temperate isolate, and C. brevis and C. dichaeta, both
Antarctic isolates. Apart from their origin of collection
and thus temperature preference, the species differed
also in size and morphology: C. calcitrans and C. bre-
vis are small (4 to 6 µm diameter) single-cell species, C.
dichaeta is a large (60 to 80 µm diameter), chain-form-
ing species with long (up to 100 µm) spines. The co-
limitation by iron and light was examined in the labo-
ratory using seawater amended with the artificial
chelator ethelenediaminetetraacetic acid (EDTA), and
in unamended Southern Ocean seawater in order to
examine growth under more natural conditions. State-
of-the-art metal speciation calculations were combined
with fast repetition rate fluorometry, flow cytometry
and light microscopy. Insight into the effects of iron
and light limitation can lead to a better understanding
of phytoplankton growth in the Southern Ocean and
their effect on the carbon and other biogeochemical
cycles. 

MATERIAL AND METHODS

Algal strains and culture conditions. Chaetoceros
calcitrans (CCMP1315), C. brevis (CCMP 163) and C.
dichaeta were obtained from the NIOZ culture collec-
tion. Unialgal cultures were grown under batch condi-
tions in polycarbonate square bottles (125 or 250 ml).
Rigorous precautions were taken to prevent trace

metal contamination. Rinsing and subsequent hand-
ling of all materials coming in contact with the growth
medium were done under trace metal clean conditions.
Prior to use, the culturing bottles were cleaned for
24 h in 1 N HCl, followed by triple rinsing with de-
ionised (Milli-Q) water. Finally, the bottles were steril-
ized using boiling de-ionised water. This procedure re-
sulted in trace-metal-clean, sterile bottles. Cell counts
and cell properties (size, fluorescence, spines/cell
surface) of C. brevis and C. calcitrans cultures were
analysed using a Coulter XL flow cytometer. C. di-
chaeta was inspected microscopically (numbers, cells
per chain, dimension per cell) in 4 ml settling chambers
using a Zeiss Axiovert 25 inverted microscope.

Laboratory experiments. Chaetoceros calcitrans
and C. brevis: Aged natural seawater was used as
medium. The seawater was collected under clean con-
ditions in the Gulf of Biscay in September 1998 and
prepared for use as growth medium. The seawater was
filter sterilized using Sartorius Sartobran filter capsules
(0.07 µm nominal size cut-off). Then, under trace metal
clean and sterile conditions, major nutrients were
added: phosphate (6.5 × 10–6 M), silicate (100 × 10–6 M)
and nitrate (100 × 10–6 M, all final concentrations). As
commercially available reagent grade silicate is highly
contaminated with Fe, a home-made solution of sili-
cate was used. Elemental Si was dissolved at elevated
temperature and pressure in concentrated nitric acid.
Thus a combination of silicate and nitrate was made.
The acidic nature of this mixture made it necessary to
use NaOH (Suprapure) to neutralize pH. The pH of the
medium at the start of the experiments was 8.0 to 8.2.
A mix of 3 essential vitamins was added: biotin (0.16 ×
10–9 M), thiamine-HCl (59 × 10–9 M) and B12 (0.59 ×
10–9 M). Finally, a mixture of zinc, cobalt, copper,
molybdenum, selenium and manganese was added
giving final concentrations of 10 × 10–9, 20 × 10–9, 40 ×
10–9, 1.43 × 10–9, 100 × 10–9 and 450 × 10–9 M, respec-
tively, and a trace element mixture (KBr: 92 × 10–6 M,
SrCl2 · 6H2O: 13 × 10–6 M, AlCl3: 0.1 × 10–6 M, LiCl:
0.07 × 10–6 M, KI: 0.06 × 10–6 M, H3BO3: 3.23 × 10–6 M
and RbCl: 0.25 × 10–6 M, final concentrations). A fixed
concentration of EDTA (500 × 10–6 M) and variable
amounts of FeCl3 were added to obtain the desired
range in Fe concentration. The clean handling and use
of clean reagents resulted in a basic medium with rel-
atively low trace metal concentrations. Routine mea-
surements of the background concentrations of the
most important bioactive trace metals showed that Fe
concentrations were 8.0 ± 0.5 × 10–9 M, Zn concentra-
tions were 10.6 ± 3.0 × 10–9 M, Co concentrations were
61 ± 10 × 10–12 M, Cd concentrations were 120 ± 16 ×
10–12 M (total dissolved concentrations, average ± SD,
n = 3). Light was provided by cool white fluorescence
tubes (Phillips, TLD 36W/54). All manipulations of the
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phytoplankton cultures were done in a Class 100 lami-
nar flowbench.

Metal speciation in laboratory experiments: Metal
speciation and complex formation were calculated by
an iterative process as follows: First, the free metal
concentrations were calculated based only on the
formation of the inorganic complexes using the inor-
ganic side reaction coefficient α. Second, the metal-
EDTA complexes were calculated. Third, the free
metal concentrations were calculated again incorpo-
rating the metal-EDTA complex into the side reaction
coefficient, after which the metal-EDTA complex was
calculated for the second time. This was repeated for a
third time.

The speciation of Fe(III) in the culture medium at the
start of the experiments was calculated using an
adapted version of MINEQL+ (Secher & McAvoy 1992).
MINEQL+ was used to obtain conditional stability con-
stants at a salinity of 35, with the exception of those of
the dissolved Fe(III) hydroxides and the calculation of
dissociation of carbonic acid. The conditional hydro-
lysis constants of the 4 dissolved Fe hydroxides were
from Millero (1998). The carbonate concentration was
calculated according to Roy et al. (1993a,b). 

Speciation was calculated considering the following
inorganic species: Fe3+, Fe(OH)2+, Fe(OH)2

+, Fe(OH)3
0,

and Fe(OH)4
– for Fe (using K ’ values from Millero

1998). Complexation of the Fe by dissolved natural
organic ligands was not taken into account as these
ligands will be outcompeted by the surplus of EDTA. 

We assumed that the dissolved Fe species were in
equilibrium, and that the α coefficients (K ’[Lx–]) gov-
erned the distribution over the species as shown
below. The mass balance of a constituent can be
rewritten using the conditional stability constant

(1)

in which L stands for ligand, into 

[FeL]  =  K ’[Lx–]n[Fe3+] (2)

defining αL as

αL =  K ’[Lx–]n (3)

Substituting Eq. (3) into Eq. (2) gives

[FeL]  =  αL[Fe3+] (4)

The mass balance

[Fet]diss =  [Fe3+] + [Fe(OH)2+] + [Fe(OH)2
+] + 

[Fe(OH)3
0] + [Fe(OH)4

–] + [FeEDTA] + 
[Fe(OH)EDTA] + [ FE(OH)2EDTA] (5)

then becomes

[Fet]diss =  [Fe3+] + α i[Fe] + αEDTA[Fe3+] (6)

in which α i is called the inorganic side reaction, being
the sum of the 4 inorganic α values and αEDTA being the
sum of the 3 side reactions of Fe with EDTA. It was
assumed that Fe’ (all inorganic Fe species) determined
the biological response in the phytoplankton (in addi-
tion to variations in the light intensities).

In Expt A, Chaetoceros calcitrans was grown at
15°C, at continuous light with high (HL: 200 µmol pho-
tons m–2 s–1) or low (LL: 20 µmol photons m–2 s–1) light
intensities at continuous light and a gradient from 0.1
to 15 × 10–12 M Fe’. Growth rates, cellular chlorophyll a
fluorescence (standardised per cell size), forward scat-
ter (FS, approximation of cell size) and spinal index
(ratio of side scatter [SS] per FS) were determined
(Table 1).

In Expt BI, Chaetoceros brevis was grown at 4°C, at
high (HL: 60 µmol photons m–2 s–1) or low (LL: 15 µmol
photons m–2 s–1) light intensities in a 16:8 h light:dark
regime, and a gradient of 0.1 to 50 × 10–12 M Fe’. In the
parallel Expt BII, under iron-replete conditions, the
effects of HL and LL conditions on growth rates, cellu-
lar autofluorescence, forward scatter and spinal index
were determined in C. brevis (Table 1).

Shipboard experiments. Chaetoceros brevis and C.
dichaeta: During the ANT XVI/3 expedition (RV
‘Polarstern’, March 18 to May 10, 1999) in the Southern
Ocean, C. brevis and C. dichaeta were grown in
freshly collected filtered (0.2 µm) seawater without
addition of artificial (iron) complexing agents or major
nutrients. Seawater south of the Polar Front with sili-
cate concentrations above 15 × 10–6 M and nitrate con-
centrations above 20 × 10–6 M was collected and
treated using clean sampling and handling techniques
(de Jong et al. 1998). Dissolved iron (Fediss) concen-
trations were 0.2 × 10–9 M. Light was provided by cool
white fluorescence tubes (Phillips, TLD 36W/54). All
manipulations of the phytoplankton cultures were
done in a Class 100 laminar flowbench.

The effects of light and iron were assessed based on
growth rates of the phytoplankton in response to dis-
solved iron concentrations (or addition of desferriox-
amine B [DFOB], see below) and light intensity in
experiments only slightly different from the first set of
laboratory experiments. The necessary cell counts for
the calculation of the specific growth rates (and thus
maximum specific growth rates [µmax] and half-satura-
tion values [Km]), as well as cell size and cellular
chlorophyll a fluorescence were made using a flow
cytometer (Chaetoceros brevis) or using a microscope
(C. dichaeta). Both species were further probed using
fast repetition rate fluorometry (FRRF). The principles
of the FRRF fluorescence method are described in
Kolber et al. (1994). Briefly, fluorescence was measured
using a Chelsea Instruments FASTtracker (Chelsea
Instruments Ltd, West Molesey, Surrey, UK). FRRF was
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used to determine the ratio of variable to maximum
fluorescence (Fv/Fm), as well as determination of the
effective cross-section of PS II (σPSII), the turnover time
(τ) and electron transfer rate (1/τ).1 Samples were
removed daily for these measurements and precondi-
tioned in the dark for 30 min prior to analysis. The sam-
ples were transferred into a measuring chamber that
was placed in the light path of the instrument. Whilst
Fm provided an index of chlorophyll concentrations, Fv

was used to indicate the abundance of functional PSII
reaction centres. The ratio of variable to maximum
fluorescence is indicative of PSII efficiency, which
itself is dependent upon the nutritional (iron) status of
the phytoplankton cells (Geider & LaRoche 1994). σPSII

is a less commonly used biophysical diagnostic index
of nutrient limitation, with values increasing under
iron limitation (Greene et al. 1991). The value of τ, the
turnover time, indicates the time taken for electron
transport through the PET, and is governed by the
slowest electron transfer reaction from H2O to the ter-
minal electron acceptor (e.g., CO2) (Myers & Graham
1971). Whilst this rate-limiting step in the overall path-
way has been the subject of speculation (summarised
by Falkowski & Raven 1997), changes in the abun-
dance of components of the PET, occurring as a result
of nutrient deficiency, may increase τ values (and
hence decrease 1/τ) (Greene et al. 1991).

In Expt C, Chaetoceros dichaeta was grown over a
range of Fe additions, both in a short-day (Expt CI,
12:12 h light:dark) and in a long-day (Expt CII, 20:4 h

light:dark) light regime. Moreover, Fv/Fm, σPSII, τ (and
1/τ) were determined in a control culture (Fediss 0.2 ×
10–9 M), a culture with 2.0 × 10–9 M Fe addition and a
culture amended with 7.0 × 10–9 M DFOB (Expt CIII,
Table 1). The addition of DFOB, a strong iron-binding
ligand (logK ’ of 24.5; E. Rue, University of California,
Santa Cruz, USA, pers. comm.) lowered available Fe
concentrations below ambient levels.

In Expt D, changes in Fv/Fm in Chaetoceros brevis in
response to iron addition and iron deprivation were
quantified using FRRF. In these experiments, C. brevis
was grown in a culture with background Fe concentra-
tions (control, 0.2 × 10–9 M Fediss), a culture receiving a
2.0 × 10–9 M Fe addition, and a culture receiving a 7.0 ×
10–9 M DFOB addition. DFOB addition was necessary
for C. brevis, as it was shown in previous experiments
that this species was not iron limited at the ambient
Fediss of 0.2 × 10–9 M in the Southern Ocean seawater
used (Timmermans et al. 2001). Flow cytometry was
used in the same experiment to quantify the effects on
growth rates (Table 1). 

In Expt E, the responses of Chaetoceros brevis to
variations in light intensity (HL and LL: 80 and 20 µmol
photons m–2 s–1) were studied in relation to varying
iron concentrations. The culture originally grown at
standard HL conditions was divided into 3 bottles
(Expts EI–III). Bottle EI had ambient Fediss concentra-
tion (0.2 × 10–9 M) and standard HL (80 µmol photons
m–2 s–1). Bottle EII was transferred to reduced light
(LL: 20 µmol photons m–2 s–1) without modifying the
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Species Expt Fe’ EDTA Light intensity Light period Parameters
(×10–12 M) (×10–6 M) (µmol photons m–2 s–1) (L:D, h)

Laboratory experiments
Chaetoceros calcitrans A 0.1–15 500 HL: 200, LL: 20 24:0 Numbers, FS, SS, FL3
Chaetoceros brevis BI 0.1–50 500 HL: 60, LL: 15 16:8 Numbers

BII >20 500 HL: 60, LL: 15 16:8 Numbers, FS, SS, FL3

Species Expt Fediss DFOB Light intensity Light period Parameters
(×10–9 M) (×10–9 M) (µmol photons m–2 s–1) (L:D, h)

Shipboard experiments
Chaetoceros dichaeta CI 0.2–8.2 – 80 12:12 Numbers

CII 0.2–8.2 – 80 20:4 Numbers
CIII 0.2 – 80 20:4 Numbers, Fv/Fm, σPSII, τ

2.2 – 80 20:4 Numbers, Fv/Fm, σPSII, τ
0.2 7.0 80 20:4 Numbers, Fv/Fm, σPSII, τ

Chaetoceros brevis D 0.2 – 80 12:12 Numbers, Fv/Fm

2.2 – 80 12:12 Numbers, Fv/Fm

0.2 7.0 80 12:12 Numbers, Fv/Fm

Chaetoceros brevis EI 0.2 – 80 12:12 Numbers, FL3
EII 0.2 – 80 → 20 12:12 Numbers, FL3
EIII 0.2 7.0 80 → 20 12:12 Numbers, FL3

Table 1. Overview of the experiments. EDTA: ethelenediaminetetraacetic acid; DFOB: desferrioxamine B. HL, LL: high or low 
light. Flow cytometer parameters: SS: side scatter; FS: forward scatter; FL3: chlorophyll a autofluorescence
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iron concentration (Fediss: 0.2 × 10–9 M). Bottle EIII was
transferred to reduced light (LL: 20 µmol photons m–2

s–1), and also had reduced available iron concentration
by addition 7.0 × 10–9 M DFOB. The effects of variation
in light and iron concentration were assessed using
cell counts (growth rates) and changes in cellular
chlorophyll a fluorescence as parameters. Towards the
end of the experiment the effect of addition of DFOB
was countered by addition of 10 × 10–9 M Fe (Table 1). 

RESULTS

Laboratory experiments

Growth rates of Chaetoceros calcitrans varied as a
function of Fe’ at both 200 µmol photons m–2 s–1 (HL)

and 20 µmol photons m–2 s–1 (LL) intensities (Expt A,
Fig. 1A). Besides a moderate reduction in µmax (HL:
0.96 d–1 to LL: 0.70 d–1), Km values for growth doubled
between high and low light (HL: Km of 0.75 × 10–12 M
Fe’, LL : Km of 1.5 × 10–12 M Fe’). 

In addition, forward scatter (FS; approximation of
cell size) showed distinct differences (Fig. 1B). In HL
conditions Chaetoceros calcitrans FS declined with
decreases in Fe’. However, Fe’ did not greatly affect
cell size under low light. Generally, cells were smaller
in LL conditions than in HL conditions. At the lowest
iron concentrations, cell sizes in the HL and LL cultures
were about equal. 

Cells grown in the LL cultures had about 3 times
higher chlorophyll a fluorescence than those grown in
HL cultures (Fig. 1C). Availability of iron also modified
the chlorophyll a fluorescence signal. In both light
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Fig. 1. Chaetoceros calcitrans (Expt A) under HL (200 µmol photons m–2 s–1) and LL (20 µmol photons m–2 s–1) conditions (contin-
uous light). (A) Growth rate (µ) vs Fe’. (B) Flow cytometer parameter forward scatter (FS, approximation of the particle size) vs
Fe’. (C) Flow cytometer parameter FL3 (approximation of chlorophyll a autofluorescence), standardised per FS (approximation of
the particle size) vs Fe’. (D) Flow cytometer parameters side scatter (SS), normalised per FS used for the calculation of a 

spinal index
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regimes chlorophyll fluorescence gradually dropped
with decreasing Fe’ concentrations. The decrease in
fluorescence was observed at higher Fe’ concentra-
tions in the LL cultures than in the HL conditions. 

Based on the ratio of side scatter (SS) to FS, a spinal
index was calculated. A straightforward response in
relation to iron concentration and light intensity was
observed in Chaetoceros calcitrans (Fig. 1D). With
ample light and iron, the spinal index of the cells
decreased compared to the iron-/light-limited cells.

Chaetoceros brevis showed nearly identical re-
sponses to iron and light co-limitation. Maximum
growth rates varied from 0.53 d–1 at 60 µmol photons
m–2 s–1 (HL) to 0.27 d–1 at 15 µmol photons m–2 s–1 (LL)
under iron-replete conditions (Expt BI, Fig. 2). With
decreasing Fe’ concentrations, the growth rates
dropped in both the HL and LL cultures. Under HL
conditions, the Km for growth was 2 × 10–12 M Fe’. The
Km for growth could not be calculated properly for the
LL cultures due to a lack of data at the lower end of the
growth curve, but it was estimated to be lower than
2 × 10–12 M Fe’. 

The growth rates of Fe-replete Chaetoceros brevis
were slightly higher in Expt BII (Table 2). Growth rates
in LL cultures were 40% lower than in the HL cultures.
FS, which provides a measure of cell size, increased at
the higher irradiance, but red autofluorescence (FL3)
which provides a measure of cell chlorophyll a content
declined (Table 2). These are the expected responses
for photoacclimation to high irradiance. As in the pre-
vious experiment with C. calcitrans, the spinal index
(SS/FS) was higher in the LL cultures of C. brevis.

Shipboard experiments with single species cultures
of Antarctic diatoms

Despite several attempts, Chaetoceros dichaeta did
not grow in a series of increasing Fediss concentrations
under a ‘short-day’ 12:12 h light:dark regime (Expt CI,
HL: 80 µmol photons m–2 s–1) (no data shown). This
species was only able to grow only under a typical
‘long day’ (20:4 h light:dark), but at relatively low light
intensities (Table 3, Expt CII). Under these conditions,
µmax was 0.53 d–1 and the Km for growth was 1.1 ×
10–9 M Fediss. The morphology of the cells varied with
Fe concentration. At higher Fe concentrations there
were more cells per chain (>3 cells chain–1, no data
shown). Chain length dropped to less than 3 at low Fe
concentrations. In general, Fv/Fm increased with in-
creasing Fe concentrations (Fe addition > control >
DFOB, Expt CIII, Table 4). The C. dichaeta culture
grown with DFOB had the lowest Fv/Fm values. Upon
addition of iron to the latter culture, Fv/Fm went up
within 24 to 48 h. The σPSII values decreased upon
addition of Fe to the DFOB culture; σPSII values in the
culture grown with Fe were the lowest (Table 4). The
turnover time (τ) increased with decreasing Fe concen-
trations (Fe addition < control < DFOB, Table 4). In
time, τ decreased after addition of Fe to the DFOB cul-
ture. Growth, in terms of cell division, was delayed
compared to the response in Fv/Fm and increased only
after 48 to 72 h (no data shown). 

Chaetoceros brevis was grown under control condi-
tions (ambient Fediss: 0.16 nM) and elevated (2 × 10–9 M
Fe addition) and reduced Fe concentrations (7.0 ×
10–9 M DFOB addition) (Expt D, Fig. 3). In the control
and Fe amended culture, the highest Fv/Fm values and
growth rates were observed. Addition of DFOB caused
reductions in growth rate and Fv/Fm (Fig. 3). As for C.
dichaeta, the effect of DFOB could be reversed by
addition of iron. Full recovery of Fv/Fm and growth rate
(to values comparable to those of control / Fe amended
culture) was achieved within 24 h following the addi-
tion of Fe. 
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Fig. 2. Chaetoceros brevis: µ vs Fe’ (Expt BI) under HL
(60 µmol photons m–2 s–1) and LL (15 µmol photons m–2 s–1)
conditions in a 16:8 h light:dark regime. In the HL experi-
ment, 2 data sets were combined: (h) experimental results 

<5 × 10–12 M Fe’, (s) experimental results >5 × 10–12 M Fe’

Parameter Units LL HL

Growth rate d–1 0.47 ± 0.09 0.77 ± 0.12
Forward scatter a.u. 38.5 ± 0.7 42.2 ± 0.7
Autofluorescence a.u. 119.4 ± 12.9 79.8 ± 4.4
Spinal index SS/FS ratio 0.075 ± 0.002n0.063 ± 0.005

Table 2. Chaetoceros brevis, (Expt BII): growth rates, forward
scatter (FS, ‘cell size’), autofluorescence (FL3 channel from
flow cytometer, ‘chlorophyll a content per cell’) and spinal
index (ratio of SS to FS) under LL (15 µmol photons m–2 s–1)
and HL (60 µmol photons m–2 s–1) conditions and replete Fediss

concentrations during exponential growth. Parameters are 
expressed as averages (n = 8) ± SD
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The interactions of iron and light in Chaetoceros bre-
vis (Expt E) are shown in Fig. 4. In the control Bottle EI,
with ambient Fe (0.2 × 10–9 M Fediss) and standard HL
conditions, cellular autofluorescence remained fairly
constant (Fig. 4A, black bars). Growth rates in this bot-
tle were low (0.10 d–1). Reduced light intensity (Bottle
EII) resulted in an almost instantaneous increase in cel-
lular autofluorescence (Fig. 4A, white bars). In addi-
tion, growth rates dropped by about half of the control.
Depriving C. brevis of Fe (addition of DFOB, E III)
under reduced light intensity yielded cells with auto-
fluorescence intermediate to the control and light-lim-
ited culture (Fig. 4A, hatched bars). Upon addition of

10 × 10–9 M iron to Bottle EIII, an immediate and very
strong increase in fluorescence signal was observed.
This rapid change in cellular autofluorescence was
accompanied by a short period of population decline
indicating mortality in the population (Fig. 4B). Cell
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Fe additions (×10–9 M) µ (d–1)

0.0 0.12
0.5 0.17
1.0 0.31
1.5 0.40
2.0 0.41
4.0 0.51
6.0 0.51
8.0 0.53

Table 3. Chaetoceros dichaeta: Fediss vs growth rates (µ)
under long-day (Expt CII, 20:4 h light:dark regime, 20 µmol
photons m–2 s–1) light conditions. Filtered water from RV
‘Polarstern’ cruise ANT XVI/3, Stn 174 (69° 50’ S, 6° 40’ E),
50 m depth. Fediss: 0.16 × 10–9 M, NO3

–: 22.9 × 10–6 M, SiO3
2–: 

49.1 × 10–6 M, PO4
3–: 1.44 × 10–6 M

Fig. 3. Chaetoceros brevis (Expt D): Fv/Fm (a.u.) and growth
rates in control culture (cont), in a culture with 2 × 10–9 M Fe
addition (Fe), and a culture with 7 × 10–9 M DFOB addition
(DFOB), and the change in Fv/Fm after 24 h after addition of
surplus Fe (10 × 10–9 M) to the DFOB culture. Filtered water
from RV ‘Polarstern’ cruise ANT XVI/3, Stn 174 (69° 50’ S,
6° 40’ E), 50 m depth. Concentrations of the nutrients at the
start of the experiment were as follows: Fediss: 0.16 × 10–9 M, 
NO3: 22.9 × 10–6 M, SiO3: 49.1 × 10–6 M, PO4: 1.44 × 10–6 M

Cont DFOB Fe

t = 0 h
Fv/Fm 0.41 ± 0.01 0.27 ± 0.01 0.50 ± 0.01
σPSII 779 ± 26 1023 ± 76 632 ± 20
τ 2629 ± 263 11874 ± 10000 2104 ± 119
1/τ 380 84 475

t = 24 h
Fv/Fm 0.40 ± 0.01 0.30 ± 0.01 0.46 ± 0.01
σPSII 774 ± 24 1064 ± 70 629 ± 20
τ 2939 ± 710 7426 ± 4500 2103 ± 128
1/τ 340 135 475

t = 48 h
Fv/Fm 0.36 ± 0.01 0.35 ± 0.01 0.39 ± 0.01
σPSII 692 ± 24 833 ± 39 610 ± 28
τ 2849 ± 295 2187 ± 700 2420 ± 607
1/τ 351 457 413

t = 72 h
Fv/Fm 0.35 ± 0.01 0.39 ± 0.01 0.42 ± 0.01
σPSII 663 ± 26 670 ± 24 572 ± 25
τ 3432 ± 340 2120 ± 309 2510 ± 315
1/τ 291 472 398

Table 4. Expt CIII, Chaetoceros dichaeta. Fv/Fm (a.u.), effec-
tive cross-section of photosystem II (σPSII) (a.u.), turnover time
τ (ms) and electron transfer rate 1/τ (ms–1) measured in a con-
trol culture (cont), in a culture with 2 × 10–9 M Fe addition
(Fe), and a culture with 7 × 10–9 M DFOB addition (DFOB) at
t = 0, 24, 48 and 72 h. At t = 24 h, surplus Fe (10 × 10–9 M) was
added to the DFOB culture. FRRF measurements generated
values of Fv/Fm, σPSII, τ and 1/τ. Each measurement consisted
of 20 to 50 acquisitions; the data from each acquisition were
derived from the average fluorescence results from 10 flash
sequences. Data presented are average values calculated
from a minimum of 6 acquisitions. SDs are calculated from the
number of acquisitions averaged. The number of acquisitions
used in calculating the data sets varied because only data
measured at a single instrument sensitivity (gain) setting was
used. Filtered water from RV ‘Polarstern’ cruise ANT XVI/3,
Stn 174 (69° 50’ S, 6° 40’ E), 50 m depth. Concentrations of the
nutrients at the start of the experiment were as follows: Fediss:
0.16 × 10–9 M, NO3: 22.9 × 10–6 M, SiO3: 49.1 × 10–6 Μ, PO4: 

1.44 × 10–6 M

1The accuracy of the extremely high values of τ (e.g.,
>5000 µs), seen in DFOB-treated cultures, could not be confi-
dently assessed. The data processing provided by Chelsea
Instruments appeared to assign a value to τ even when the
fluorescence emissions (data not shown) showed little or no
decline during the relaxation flash sequence (Kolber et al.
1998). These extremely high values should therefore be re-
garded as indicative of very slow turnover of the photosyn-
thetic unit. Changes to the period and intervals in the FRRF
flash sequences may have resolved these numbers more ac-
curately, but possibly at the cost of accuracy in other para-
meters measured
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death was further supported by SYTOX staining of the
cells (no data shown, Veldhuis et al. 2001). A full re-
covery in growth rate, to a value even higher than
measured in the control culture, was found after 48 h. 

DISCUSSION

The laboratory experiments and shipboard experi-
ments with the 3 diatom species clearly demonstrated

the interaction between iron and light. A classic hyper-
bolic growth response to increases of iron concentra-
tions was observed in all 3 diatom species tested. This
response was modified by light intensity as well as
light period. Both the maximum growth rates and the
values of Km of Fe for growth of Chaetoceros calcitrans
and C. brevis were lower under low-light conditions.
Similar findings were reported by Sunda & Huntsman
(1997) for diatoms and by Kudo & Harrison (1997) for
Synechococcus. 

Besides growth rates, several other cellular charac-
teristics were affected by iron and light. As expected,
cellular chlorophyll a fluorescence was directly linked
with light intensity. High chlorophyll a fluorescence
was observed under low light and vice versa. This
response was modified by iron concentrations, with
lower cellular chlorophyll a fluorescence at low iron
concentrations. This is similar to the response observed
in Synechococcus, where Fe stress led to lower cellular
chlorophyll a contents (Kudo & Harrison 1997). 

Cell size also varied with light and iron (Sunda &
Huntsman 1997). At high Fe concentrations, Chaeto-
ceros calcitrans cells were twice as large as in the high-
light cultures. With decreasing Fe’ concentrations, the
differences between high- and low-light cultures
became smaller. Our results are similar to those re-
ported by Muggli & Harrison (1997), who reported that
both Fe limitation and light limitation lead to reduction
in cell volume in Emiliania huxleyi. For C. calcitrans
and C. brevis, the spinal index, i.e., the side scatter to
forward scatter ratio, was directly linked to iron and
light. Under unfavorable conditions (either light or
iron) the spinal index remained relatively high. Micro-
scopic examination showed that spinal index was
related to the number and extent of spines on the
cell surface. The smaller cells possessed more/longer
spines. More or longer spines may reduce sinking rates
and thus reduce loss of cells from the euphotic zone,
and/or reduce grazing pressure. Longer residence
time in the euphotic zone and reduced grazing pres-
sure are effective depressors of mortality, often
ignored ways of increased survival (Smetacek 1999).
Alternatively, the spinal index can also be interpreted
as a more general measure of refraction or granularity.
Under unfavorable conditions the cells may induce
more compact internal structures or a rougher sur-
face, the latter possibly associated with increased
uptake sites. The responses documented in our study
and by others (Muggli & Harrison 1997, Sunda &
Huntsman 1997) show a multitude of morphological/
physiological changes with iron limitation. Thus, phyto-
plankton possess a great variety of responses that may
alleviate the low growth rate that is a consequence of
iron limitation. However, it is clear that there are limits
to these adaptations. 

294

Fig. 4. Chaetoceros brevis (Expt EI–III): Changes in (A)
chlorophyll fluorescence (flow cytometer parameter FL3) and
(B) growth rates in a standard HL regime (Expt EI: 12:12 h
light:dark, 80 µmol photons m–2 s–1, black bars), after a shift to
LL (Expt EII: 20 µmol photons m–2 s–1, white bars) and after a
shift to LL (Expt EIII: 20 µmol photons m–2 s–1, hatched bars)
conditions after addition of 7 × 10–9 M DFOB. New medium
was added to the control culture at t = 96 h. Expt EIII received
a 10 × 10–9 M Fe addition at t = 96 h. Filtered water from RV
‘Polarstern’ cruise ANT XVI/3 Stn 174, as indicated above 

(see Fig. 3)
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Experiments with relevant phytoplankton species, in
relevant culture media, i.e., without surplus artificial
complexing agents, are scarce (Gerringa et al. 2000).
The shipboard experiments described in this paper are
the first experiments ever done with unialgal phyto-
plankton cultures under natural conditions (no EDTA)
and confirm previous findings of shipboard experi-
ments (Timmermans et al. 2001). Both Chaetoceros
dichaeta and C. brevis are common species in open
Southern Ocean waters (Bathmann et al. 1997). The
use of natural (untreated) Southern Ocean waters
should allow a more realistic assessment of Fe limita-
tion in nature. However, we note that the laboratory
experiments under less natural conditions (i.e., with
EDTA) gave results very similar to the shipboard
experiments. 

The shipboard observations that Chaetoceros brevis
grew well at the low ambient Fediss concentrations,
whereas C. dichaeta growth was low at ambient Fe
concentrations, make it clear that, assuming that Fe is
the only governing factor, under low iron concentra-
tions C. brevis is the superior competitor. Obviously,
the small diatom C. brevis had a low Fe requirement
and was quite indifferent to the light regime, as
growth was observed both under the 12:12 and 20:4 h
light:dark regimes. Light intensity (HL or LL) on the
contrary did affect growth rates, as demonstrated in
the laboratory experiments. If resource limitation of
growth were the only factor that affected abundance in
the sea, then we would expect an absolute dominance
of such small diatom species in the Southern Ocean. As
field observations show that these small diatoms did
not reach high biomass, some other factor must limit
net population growth. The most likely factor is grazer
control of the population size of the small cells in an
iron-limited ecosystem (Price et al. 1994). Shipboard
observations support substantial micro- and meso-
zooplankton grazing activity (Alheit et al. 2000). The
large diatom C. dichaeta, in contrast, was iron and
light limited under ambient Fe and ambient light:dark
conditions. This species could only reach high growth
rates with increased Fe concentrations in combination
with longer light periods. This is consistent with the
observations in the field that large diatoms are capable
of formations of blooms (Scharek et al. 1999). However,
in the Southern Ocean this only will be the case with
favorable Fe and light conditions (Smetacek 1999).
This observation appears to explain the absence of
high numbers of C. dichaeta in the 12:12 h light:dark
regime as observed during the ANT XVI/3 expedition.

Of all variables examined, the most rapid responses
to iron limitation and restoration of availability of iron
were those of photosystem II efficiency and turnover
time (and its reciprocal, the electron transfer rate) as
revealed by FRRF measurements. Iron limitation re-

duces the number of functional PSII reaction centres,
and therefore the quantum efficiency of photosynthe-
sis as manifested by changes in fluorescence charac-
teristics. Iron limitation lowered Fv/Fm in both Chaeto-
ceros dichaeta and C. brevis, in agreement with field
and laboratory observations (Greene et al. 1994, Kol-
ber et al. 1994, Behrenfeld et al. 1996, Behrenfeld &
Kolber 1999, Maldonado et al. 1999). In general, the
Fv/Fm recovered within 24 h upon addition of surplus
Fe. The response of σPSII, i.e., high values under Fe lim-
itation and rapid decrease upon relief from Fe limita-
tion, supports the use of this parameter as an indicator
of nutrient limitation (Geider & La Roche 1994). The
turnover time τ (and 1/τ) showed similar rapid re-
sponse to Fe concentrations. It is important to empha-
sise that the values of these parameters, used indepen-
dently, cannot confidently be used to confirm iron
limitation. Rather, the observed differences in these
parameters between the cultures grown under the var-
ious iron treatments and changes which occurred in
response to iron amendment revealed the nutritional
status of the cultures examined. It is acknowledged
that Fv/Fm, σPSII and τ also vary in response to N and P
starvation (Geider & La Roche 1994), but we feel that
the significant differences and changes detected in
these parameters strongly support the conclusions
made about the nutritional status of cells grown under
the different culture conditions.

The use of DFOB very efficiently reduced bioavail-
able iron, as both Chaetoceros dichaeta and C. brevis
grew slower, had lower Fv/Fm values and higher τ val-
ues in the presence of the Fe-immobilizing DFOB. The
fact that addition of surplus Fe resulted in a restoration
of both fluorescence characteristics and growth rates is
seen as a strong indication that the only effect of DFOB
was on the availability Fe and not on the availability of
other trace elements. The effect of DFOB on the iron
availability, and thus on the photosynthetic apparatus
and chlorophyll a fluorescence, was also clear in the
experiment in which iron removal was combined with
lowering light intensity (Expt E, C. brevis). Upon trans-
fer to low-light conditions, the cultures without added
DFOB (Bottle EII) were able to increase cellular chloro-
phyll a fluorescence and thus acclimate to the lower
light intensities, most likely by some re-arrangement
of internal Fe. In contrast, transfer to low light in com-
bination with addition of DFOB reduced the rate and
extent of acclimation of cellular chlorophyll a fluores-
cence. Only after addition of surplus Fe did fluores-
cence increase rapidly. However, when the algal cells
were relieved from Fe limitation (under the remaining
low-light conditions), the new growth conditions led to
increased mortality. Thus, some cells were no longer
able to resume growth. Other cells were able to
resume growth, given the fact that this initial negative
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response of growth rate was followed 24 h later by
increased growth rates. From these experiments with
C. brevis, it can be concluded that light limitation
decreases the viability of Fe-limited cells. Alterna-
tively, relief from Fe limitation alleviates light limita-
tion. These findings emphasise the strong coupling
between Fe and light limitation in marine phytoplank-
ton.

The present results confirm the hypothesised role of
iron in structuring Southern Ocean ecosystems (Tim-
mermans et al. 2001). From an ecological point of view,
low-iron and low-light conditions will favour growth of
small diatoms. However, the populations of these
diatoms appear to be kept in check by protozoan graz-
ers in a carbon- and iron-retaining microbial foodweb.
With increased iron availability, for example, as the
result of an episodic dust event or the upwelling of
iron-rich waters, a shift to large diatoms might occur if
the light conditions are favourable. In practice, this will
be a period of reduced wind velocities, stabilising the
water column and reducing the wind-mixed layer.
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