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NUTRIENT LIMITATION AND HIGH IRRADIANCE ACCLIMATION REDUCE
PAR AND UV-INDUCED VIABILITY LOSS IN THE ANTARCTIC DIATOM

CHAETOCEROS BREVIS (BACILLARIOPHYCEAE)1

Willem H. van de Poll,2 Maria A. van Leeuwe, Jan Roggeveld, and Anita G. J. Buma

Department of Marine Biology, Center for Ecological and Evolutionary Studies, University of Groningen,

P.O. Box 14, 9750 AA Haren, The Netherlands

The effects of high PAR (400–700 nm), UVA (315–
400 nm), and UVB (280–315 nm) radiation on via-
bility and photosynthesis were investigated for
Chaetoceros brevis Schütt. This Antarctic marine di-
atom was cultivated under low, medium, and high
irradiance and nitrate, phosphate, silicate, and iron
limitation before exposure to a simulated surface
irradiance (SSI) treatment, with and without UVB
radiation. Light-harvesting and protective pigment
composition and PSII parameters were determined
before SSI exposure, whereas viability was meas-
ured by flow cytometry in combination with a via-
bility stain after the treatment. Recovery of PSII
efficiency was measured after 20 h in dim light in a
separate experiment. In addition, low and high ir-
radiance acclimated cells were exposed outdoors
for 4 h to assess the effects of natural PAR, UVA, and
UVB on viability. Low irradiance acclimated cells
were particularly sensitive to photo induced viabil-
ity loss, whereas no viability loss was found after
acclimation to high irradiance. Furthermore, nutri-
ent limitation reduced sensitivity to photo induced
viability loss, relative to nutrient replete conditions.
No additional viability loss was found after UVB
exposure. Sunlight exposed cells showed no addi-
tional UVB effect on viability, whereas UVA and
PAR significantly reduced the viability of low irra-
diance acclimated cells. Recovery of PSII function
was nearly complete in cultures that survived the
light treatments. Increased resistance to high irra-
diance coincided with an increased ratio between
protective- and light-harvesting pigments before the
SSI treatment, demonstrating the importance of
nonphotochemical quenching by diatoxanthin for
survival of near-surface irradiance. We conclude
that a sudden transfer to high irradiance can be
fatal for low irradiance acclimated C. brevis.

Key index words: Antarctic diatoms; flow cytometry;
irradiance acclimation; nutrient limitation; oxida-
tive stress; photosynthesis; pigments; UVA radia-
tion; UVB radiation; viability

Abbreviations: MAA, mycosporine-like amino acids;
rETRmax, relative maximal photosynthetic electron

transport rate; ROS, reactive oxygen species; SSI,
simulated surface irradiance

Phytoplankton productivity and community com-
position in the Southern Ocean depends on many abi-
otic factors, such as the availability of iron, silicate, and
light quality and quantity (De Baar et al. 1990, Cullen
and MacIntyre 1991, Agustı́ and Duarte 2000, Sarmiento
et al. 2003). Together with the seasonal and diurnal
cycle, weather conditions and wind-driven vertical
mixing impose dramatic changes on the irradiance
conditions of phytoplankton. These changes can be
abrupt or slow and can last for seconds up to weeks.
Deeper in the water column, light can be limiting,
which requires investment in maximizing light absorp-
tion and photosynthetic efficiency. However, when re-
siding close to the surface, algae can experience
irradiances that exceed the requirement for photosyn-
thesis by 10- to 20-fold. Here, protective de-excitation
mechanisms become important. Apart from high PAR
(400–700 nm), phytoplankton can encounter harmful
levels of UVA (315–400 nm) and UVB (280–315 nm)
radiation in the upper part of the water column, the
latter of which can be enhanced by stratospheric ozone
depletion in the Southern Hemisphere (WMO 2002).
The degree of exposure depends on absorption char-
acteristics of the water column and the near-surface
residence time of the algae. It has been shown that
high PAR, UVA, and UVB can exercise a negative ef-
fect on the productivity of phytoplankton assemblages
from the Southern Ocean (Smith et al. 1992, Neale
et al. 1994). Effects of excessive PAR and UVA are pri-
marily mediated in the chloroplast, where light is ab-
sorbed and reactive oxygen species (ROS) are formed
when chl becomes an alternative electron acceptor af-
ter over-saturation of the photosynthetic electron
transport chain in the presence of oxygen (Salin
1987, Asada and Takahashi 1987). The reaction cen-
ter of the PSII protein–pigment complex and enzymes
from the Calvin cycle are highly sensitive to ROS. Ad-
ditional UVB exposure increases ROS formation and
damage to PSII, whereas reduction of the RUBISCO
pool and DNA damage are also reported (Schofield
et al. 1995, Lesser 1996a,b, Lesser et al. 1996,
Malanga et al. 1997, Rijstenbil et al. 2000, Rijstenbil
2001, Buma et al. 2001). Because UVB coincides with
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high UVA and PAR, UVB-induced stress always co-oc-
curs with UVA and PAR stress.

Survival of these unpredictable irradiance condi-
tions is mediated by tolerance mechanisms that oper-
ate on very short (seconds and minutes) and longer
(hours and days) time scales. Diatoms respond imme-
diately to excessive irradiance by de-epoxidation of di-
adinoxanthin to diatoxanthin, which allows dissipation
of absorbed energy as heat, upstream of the photosys-
tems (Olaizola and Yamamoto 1994, Lavaud et al.
2002). Furthermore, ROS can be detoxified by
enzymatic and nonenzymatic antioxidants. Increased
antioxidant capacity was found in Chlamydomonas
reinhardtii, benthic diatoms, dinoflagellates, and mac-
roalgae in response to high irradiance and chronic UV
exposure (Lesser et al. 1996, Rijstenbil et al. 2000,
Rossa et al. 2002, Trebst et al. 2002). On a time scale
of days, light absorption can be adjusted to the pre-
vailing irradiance conditions by balancing antenna size,
photosystems, and the activity of the dark reactions
(Falkowski and LaRoche 1991). Over a similar tempo-
ral scale, some phytoplankton species accumulate mi-
crosporine-like amino acids (MAAs), which reduce UV
exposure of cellular components (Karentz et al. 1991a,
Helbling et al. 1996). Moreover, efficient repair path-
ways for UVB-induced DNA damage that operate
within hours are presumably present in all algae
(Karentz et al. 1991b, Buma et al. 2003).

Much of the current knowledge on phytoplankton
UV sensitivity is based on experiments documenting
the effects on photosynthesis after short PAR and UV
radiation exposure (Cullen et al. 1992, Neale et al.
1994, Boucher and Prézelin 1996). Action spectra for
inhibition of photosynthesis showed that the acclimat-
ion state of algae influences PAR and UV sensitivity in
assemblages from the Southern Ocean. High irradi-
ance acclimation reduced light sensitivity compared
with samples that were obtained from a low irradiance
environment (Neale et al. 1994). Furthermore, a dis-
crepancy in UV sensitivity between algae from the field
and those cultivated in the laboratory was observed,
with the latter being less sensitive (Lesser et al. 1996,
Neale et al. 1998). Nutrient limitation, and particularly
nitrate limitation, has been associated with increased
vulnerability to photoinhibition by PAR and UV in
dinoflagellates and diatoms (Cullen and Lesser 1991,
Lesser et al. 1994, Litchman et al. 2002, Shelly et al.
2002). Nutrient availability has a pronounced effect on
pigment composition and photosynthetic performance
and consequently may affect light sensitivity of algae
(Geider et al. 1993). Furthermore, low iron concentra-
tions restrain phytoplankton productivity in vast parts
of the Southern Ocean, possibly by reducing photo-
synthetic efficiency (Geider and LaRoche 1994, De
Baar et al. 1995, Van Oijen et al. 2004). However,
how iron limitation affects sensitivity to the high irra-
diance periodically experienced near the surface is
presently unclear. It was shown that a considerable
part of a phytoplankton assemblage from the North
Atlantic could be classified as nonviable, suggesting

that viability loss due to suboptimal conditions may be
an important variable in the field (Veldhuis et al.
2001). Here, we explore if near-surface PAR and UV
irradiance affect phytoplankton viability. Experiments
are described where viability and photosynthesis of the
small (� 5mm) Antarctic diatom, Chaetoceros brevis,
were used as indicators for UV and high PAR sensitiv-
ity after cultivation under various irradiance and
nutrient conditions.

MATERIALS AND METHODS

Three series of experiments were performed to gain insight
into the light sensitivity of C. brevis. In the first and second ex-
periments, C. brevis was cultivated under seven conditions be-
fore 4 h of simulated surface irradiance (SSI) exposure. The
first experimental series focused on viability loss during the
time course of the SSI treatment. Here, cultures were diluted
to 5.6 � 104 cells �mL�1. In the second series, PSII efficiency
was determined before and 20 h after SSI exposure, whereas
viability was measured directly after exposure. In this exper-
imental series, the concentration was adjusted to
9 � 105 cells �mL�1 to facilitate fluorescence measurements.
In the third experimental series, viability was determined dur-
ing 4 h of sunlight exposure of low and high irradiance accli-
mated C. brevis (diluted to 5.6 � 104 cells �mL�1).

Cultivation conditions. Chaetoceros brevis (strain CCMP 163)
was grown in a batch regime under three irradiance levels and
four nutrient limitation conditions in 100–300 mL F/2-en-
riched autoclaved seawater of 35 psu (unless stated otherwise)
at 41 C under a 16:8-h light:dark cycle. Low (6mmol pho-
tons �m� 2 � s�1) and medium irradiance (75mmol pho-
tons �m� 2 � s�1) conditions were created in a refrigerated
cabinet equipped with 12-W biolux lamps (Osram GmbH,
Munich, Germany), whereas a higher irradiance level
(220mmol photons �m�2 � s�1) was achieved with ten 36-W Os-
ram biolux lamps in combination with a temperature-control-
led water bath. Irradiance was measured in air with an LI-250
light meter with a flat sensor (LI-COR, Lincoln, NE, USA).

All nutrient limitation experiments were performed under
medium irradiance. Nitrate and phosphate limitation was im-
posed by growing the algae in autoclaved seawater where, re-
spectively, nitrate and phosphate were omitted. Silicate
limitation was induced by suspending cells in silicate-free arti-
ficial seawater (Veldhuis and Admiraal 1987) in polycarbonate
vessels after harvesting by mild centrifugation. Iron limitation
was achieved by growing the cells for 4 weeks in seawater from
the Southern Ocean in polycarbonate vessels. Seawater and
nutrients (except Si stock) were passed over a Chelex-100 col-
umn (Chelex, Rochester, NY, USA) to remove iron, and EDTA
was added (10mM final concentration) to bind remaining iron.
Iron limitation cultures were handled in a clean room to pre-
vent contamination, and seawater was refreshed every 7–10
days. After the experiments, 10 nM iron (final concentration)
was added to the iron-limited cultures, and growth and fluo-
rescence parameters were measured 4 days after iron addition
to test whether iron was the limiting factor.

Growth under medium irradiance was monitored for 10
days before SSI exposure. Medium irradiance acclimated
C. brevis was used for low and high irradiance and nutrient
limitation experiments. After the transfer to low and high irra-
diance, growth was followed for 16 and 10 days, respectively, to
accumulate sufficient biomass for the SSI experiments and
other measurements. For the nutrient limitation experiments,
cells were considered nutrient limited when exponential
growth stopped, that is, cell division was inhibited. At this
point the SSI exposure experiments were performed. Growth
inhibition was observed after 10 and 7 days under nitrate- and
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phosphate-limiting conditions, respectively. Cell numbers in
silicate free medium were monitored for 4–5 days, and for 7
days for iron limitation. Chlorophyll fluorescence measure-
ments and pigment samples were taken from the cultures on
the same day as SSI exposure. For these parameters and
growth rate measurements, three individually growing cul-
tures were used as replicates.

Simulated surface irradiance exposure. Light was provided by
a combination of two UVA 340 lamps (Q-panel, Cleveland,
OH, USA) and a 250-W Philips MHN-TD powertone lamp
(Philips, Aachen, Germany), resulting in 350 W �m�2 PAR,
42 W �m�2 UVA, and 0.47 W �m�2 UVB, as was measured
with a MACAM SR9910 double monochromator scanning
spectroradiometer (Macam Photometrics, Livingston, UK)
and a cosine sensor in air (Fig. 1). The PAR corresponded
to 1580 mmol photons �m�2 � s�1 when measured with a LI-
COR LI-250 light meter and a flat sensor. The purpose of this
treatment was to mimic the sunlight algae can experience
near the water surface, that is, moderate UVB radiation in
combination with a high UVA and PAR background. The al-
gae were exposed from below in a polystyrene box with a
(UV) transparent bottom from PMMA (Vink NV, Heist op
den Berg, Netherlands). Inside the box, algae were placed
either on a WG 305 or a WG 335 filter (Schott, Mainz,
Germany) to discriminate between UVB effects and those
of PAR and UVA (Fig. 1). Using the WG 305 filter, biologi-
cally effective UVB irradiance was 0.041 and 0.084 W �m�2

when weighted by the DNA damage action spectrum (Setlow
1974) and the generalized plant damage action spectrum
(Caldwell 1971), respectively (both normalized to 1 at
300 nm). The water temperature of the algae was maintained
at 41 C by regularly adding ice to the box for the duration of
the exposure and by cooling the lamps with a fan.

Viability during SSI exposure. In the first series of experi-
ments, the algae were diluted and transferred to 1.5-mL
quartz vessels (diameter 0.5 cm, length 7.5 cm, Boelen et al.
1999) that were sealed with Parafilm. Twenty-one of these
vessels were prepared for each cultivation condition, which
were exposed for 0, 1, 2, and 4 h to the two spectral condi-
tions, with three replicates per condition per time point. Af-
ter exposure, the cells were incubated with Sytox Green
viability stain (Molecular Probes, Eugene, OR, USA) (see be-
low). In the second series of experiments, a higher cell con-
centration was used and the cells were exposed to 4 h SSI in
larger quartz vessels (see below). In both experiments, un-
exposed samples were used as controls.

Viability during sunlight exposure. During the third series,
low (6 mmol photons �m�2 � s� 1) and high (220 mmol pho-
tons �m�2 � s�1) irradiance acclimated cells were exposed to
4 h of sunlight around noon in Groningen on a clear day
(11:30 a.m. to 3:30 p.m. on 9 August 2004) in 1.5-mL quartz
vessels. Viability samples were harvested after 2 and 4 h of
exposure. The algae were cooled to approximately 61 C in a
cryostat controlled water bath and were covered by Ultra-
phan URUV farblos (Digefra GmbH, Munich, Germany),
Folex 320 (Dreireich, Germany), and UBT 300 foil (Digefra)
to discriminate between PAR, PARþUVA, and
PARþUVAþUVB, respectively. This experiment was car-
ried out with two replicate cultures.

Flow cytometry. Cell counts and viability estimates were
performed on a Coulter XL-MCL flow cytometer (Beckman
Coulter, Miami, FL, USA) with a 15-mW argon ion laser (ex-
citation at 488 nm). Forward scatter, side scatter (estimates
for particle shape, size, and density), and red fluorescence
(4660 nm, originating from chl a autofluorescence) signals
were used to separate C. brevis from other particles. For cell
counts, the sample volume was determined by taking the
weight before and after measurement on an analytical bal-
ance.

Viable and nonviable cells were distinguished and quanti-
fied after incubating the sample with Sytox Green (10mL
of 100 times diluted stock solution, Molecular Probes) for 1 h
on ice in darkness (performed after Veldhuis et al. 2001).
This dye selectively stains DNA of permeable cells, which
can be detected as green fluorescence (520 � 15 nm) when
excited at 488 nm. Cells with at least 20 times enhanced green
fluorescence after Sytox incubation were considered nonvia-
ble. Earlier tests had shown that viable and nonviable (0.1%
formalin fixed cells) C. brevis could be separated in this way.
Membrane permeability has been acknowledged as a late ir-
reversible stage before lyses (Kroemer et al. 1995, Naganuma
1996). Our tests confirmed that Sytox staining detects dead
cells, as the number of nonviable cells remained constant
during 24 h in dim light after high irradiance exposure of
C. brevis (i.e. cells do not recover from this condition; results
not shown).

Chlorophyll fluorescence after SSI exposure. Information on
PSII efficiency was gathered during the second experimental
series. The algae (1.35 � 108 cells in 15 mL) were transferred
to a quartz cuvette (12 � 5 cm surface), resulting in an ap-
proximately 4-mm layer. Two replicate cuvettes per irradi-
ance condition were placed in the box (see above) and
exposed to 4 h of SSI. Afterward, the algae were allowed to
recover for 20 h under dim light (10 mmol pho-
tons �m�2 � s�1) at 41 C, before fluorescence measurements
were performed (after Van Oijen et al. 2004). Algae were
transferred to a filter (GF/F, 113 mm diameter, Whatman,
Maidstone, UK) by mild vacuum. Filtration was stopped be-
fore the filter dried, and the filter was placed in a cooled
seawater cuvette (51 C). Chlorophyll fluorescence parameters
were measured with a PAM 2000 pulse amplitude modulated
fluorometer (Walz, Effeltrich, Germany). Maximal quantum
yield of PSII was determined after 5 min of dark acclimation,
and afterward a rapid light curve was recorded (0 to
430 mmol photons �m�2 � s�1, 30 s each) from the same sam-
ple. Relative maximal photosynthetic electron transport rate
(rETRmax) and saturating irradiance for electron transport
were calculated from the rapid light curve as described by
Van Oijen et al. (2004). Maximal quantum yield is a measure
for photosynthetic efficiency, whereas ETRmax is indicative
for the activity of the Calvin cycle and alternative electron
sinks such as the Mehler reaction (Bischof et al. 2002, Miyake
and Asada 2003). Fluorescence parameters of SSI exposed
algae were compared with untreated controls that were
placed in dim light.

FIG. 1. Spectral irradiance in the PARþUVAþUVB and
PARþUVA treatments during SSI exposure. Irradiance is
shown on a logarithmic scale to highlight differences between
treatments.
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Pigments. Pigment samples (30–75 mL) were taken before
SSI exposure. The samples were filtered through GF/F filters
(Whatman), immediately frozen in liquid nitrogen, and
stored at � 801 C. Filters were extracted in 90% acetone for
48 h after freeze drying. The pigments were separated and
quantified according to Kraay et al. (1992) by HPLC, which
consisted of a Waters 2690 separation module, 996 photodi-
ode array detector, and a C18 5 mm DeltaPak reversed-phase
column (Waters, Milford, MA, USA). Three replicates were
analyzed for each condition. Pigment data were expressed as
pg per cell.

Statistics. Differences between groups of data were tested
for significance using one-way analysis of variance or multi-
ple analyses of variance. Post-hoc tests were performed to
further specify differences. Differences were considered
significant at Po0.05.

RESULTS

Growth rates. The cultivation conditions resulted in
different growth rates of C. brevis (Table 1). Highest
growth rates were found under medium irradiance
cultivation, whereas high and low irradiance inhibit-
ed growth. Exponential growth was observed under
low, medium, and high irradiance, whereas growth
rates declined after some time under nitrate- and
phosphate-limited conditions. No growth was ob-
served in silicate-free medium. Instead, cell numbers
declined up to 21% over a 5-day period. Iron limita-
tion also reduced growth rates. After iron addition,
normal growth was observed in all cultures (results
not shown).

Viability during simulated surface exposure. Clusters
of viable and nonviable cells were readily separated
by the Sytox-specific green fluorescence signal. The
green fluorescence was on average enhanced 200-
fold in nonviable cells, raising the fluorescence level
from 0.2 in viable cells to approximately 100 fluores-
cence units in nonviable cells (not shown).

Differences in the number of nonviable cells were
observed before SSI exposure after cultivation under
various conditions. After cultivation in high irradiance,
10% of the cells were nonviable at the start of the first
experiment, whereas lower numbers of nonviable cells
were found in the second and third experiments (Figs.
2 and 4). Ten percent and 20% of silicate-limited cells

were nonviable before SSI exposure for the first and
second experiment, respectively. Other cultivation
conditions displayed lower levels of nonviable cells.

The cultivation conditions resulted in cells with dif-
ferent sensitivity to SSI-induced viability loss (Figs. 2
and 3). Because differences in viability between UVB
exposure and UVB exclusion treatments were not ob-
served (multiple analyses of variance, P 5 0.33), data
were pooled. Low irradiance cultivated cells were most

TABLE 1. Growth rates and photosynthetic parameters based on chl fluorescence of PSII from Chaetoceros brevis during three
irradiance and four nutrient limitation conditions.

Condition Growth (d–1) Fv/Fm rETRmax Ek

Medium light 0.56 � 0.03 0.534 � 0.018 45.9 � 8.0 91 � 15
High light 0.44 � 0.01 0.447 � 0.027 45.2 � 3.2 106 � 17
Low light 0.21 � 0.01 0.725 � 0.005 40.2 � 3.7 50 � 5
N limitation 0.20 � 0.03a 0.498 � 0.005 31.6 � 3.6 65 � 21
P limitation 0.12 � 0.02a 0.425 � 0.016 22.8 � 6.0 77 � 11
Si limitation 0b 0.436 � 0.023 16.6 � 0.51 34 � 2
Fe limitation 0.17 � 0.085 0.251 � 0.020 8.32 � 2.5 30 � 12

Values are means � SD shown for three replicates. Ek, irradiance where electron transport saturates; Fv/Fm, maximal quantum
yield.

aNonexponential growth, growth rate over the last time interval.
bCell numbers declined.

FIG. 2. First experimental series. Viability loss of Chaetoceros
brevis (cells with Sytox staining, expressed as a percentage of total
cells) during SSI after cultivation under several irradiance (A)
and nutrient limitation conditions (B). (A) Low (triangle), medi-
um (square), and high (diamond) irradiance. (B) Nitrate (dia-
mond), phosphate (triangle), silicate (hexagon), and iron (circle)
limitation. Each data point represents the mean and SD of six
replicates (PARþUVA and PARþUVAþUVB pooled), except
the control (n 5 3).
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sensitive. A significantly increased number of nonvia-
ble cells was detected after 1 h of SSI (45% of all cells),
whereas the entire population was nonviable after 2 h.
Similarly, all cells were nonviable after 4 h of SSI in the
second experiment that was performed at a higher cell
density (Fig. 3). Medium irradiance grown cells were
less sensitive than low irradiance grown cells. For the
former, increases in nonviable cells were not significant
after 1 h of SSI, but nonviable cells comprised 16% and
100% of the examined cells after 2 and 4 h of SSI ex-
posure, respectively. When performed at a higher cell
density in the second experiment, 30% of the cells
were nonviable after 4 h of SSI. No significant increases

in nonviable cells were observed for high irradiance
acclimated cells in either experiment. Similarly, no sig-
nificant increases in nonviable cells were observed after
SSI exposure of cells cultivated under nitrate, phos-
phate, and silicate limitation in both experiments.
Iron-limited cultures showed increased numbers of
nonviable cells after 2 h, whereas on average 65% of
the cells were nonviable after 4 h of SSI in the first ex-
periment. High variability was observed among repli-
cates for viability data of iron-limited cultures, with two
cultures having a significantly higher number of non-
viable cells (84%) after 4 h of SSI than the third rep-
licate (32%), when comparing pooled data for

FIG. 3. Second experimental
series. (A and B) Viability loss of
Chaetoceros brevis after 4 h of SSI
after growth under low, medi-
um, and high irradiance (A) and
phosphate (P-lim), nitrate (N-
lim), silicate (Si-lim), and iron
(Fe-lim) limitation (B). Mean
and SD are shown for two rep-
licates of untreated controls,
PARþUVA, and PARþUVAþ
UVB exposed samples. (C and
D) Ratio between diadino- and
diatoxanthin (DDþDT) and chl
a and fucoxanthin (Chl aþ
Fuco) as an indication for pro-
tective relative to light-harvest-
ing pigments in cultures grown
under low, medium, and high
irradiance (C) and phosphate (P-
lim), nitrate (N-lim), silicate (Si-
lim), and iron (Fe-lim) limitation
(D). Mean and SD are shown for
three replicates. (E and F) Max-
imal quantum yield of PSII
after SSI exposure followed by
20 h of recovery in dim light
(expressed as a percentage of
untreated controls of each con-
dition) in cultures grown under
low, medium, and high irradi-
ance (E) and phosphate (P-lim),
nitrate (N-lim), silicate (Si-lim),
and iron (Fe-lim) limitation (F).
Mean and SD are shown for two
replicates; bars indicated with
asterisks represent unreliable
measurements due to low fluo-
rescence.
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PARþUVA and PARþUVAþUVB exposed cells, re-
spectively. However, no significant increases in nonvi-
able cells were observed after 4 h in the second
experiments.

Viability during sunlight exposure. Two hours of sun-
light caused significant viability loss in low irradiance
acclimated cells that were exposed to PAR (5% non-

viable) and PARþUV radiation (35% nonviable,
Fig. 4). Viability loss was not significantly different
for PARþUVA and PARþUVAþUVB exposed
cells. More than 97% of low irradiance acclimated
cells were nonviable after 4 h of sunlight. No signif-
icant increase in nonviable cells was observed in high
irradiance acclimated cells after 2 and 4 h of sunlight
exposure.

Other flow cytometry parameters. Red fluorescence as
measured by flow cytometry was significantly differ-
ent for cells from all cultivation conditions (Table 2).
Red fluorescence decreased with increasing irradi-
ance and further decreased in phosphate-, nitrate-,
and iron-limited cultures. Silicate limitation caused a
doubling of red fluorescence per cell compared with
medium light grown nutrient-replete cells. The SSI
treatment initiated a rapid decline in red fluores-
cence for cells from all cultivation conditions. The
decline in red fluorescence was not different for
PARþUVAþUVB and PARþUVA exposed cells
(not shown).

Forward scatter and side scatter showed little varia-
tion among irradiance and nutrient conditions, with
the exception of silicate limitation. Here, scatter pa-
rameters doubled compared with silicate-replete con-
ditions. Cells that were classified nonviable after Sytox
staining also exhibited a marked (on average 38%)
decline of the forward scatter signal.

Pigments. Cultivation conditions caused significant
differences in the pigment composition of C. brevis.
When compared with growth under medium irradi-
ance (Table 3), the light-harvesting pigments chl a,
chl c2, and fucoxanthin increased during low irradi-
ance cultivation ( � 200% of medium irradiance),
whereas chl c2 and fucoxanthin were significantly
lower after high irradiance cultivation ( � 50% of
medium irradiance). The cellular diadino-þdi-
atoxanthin pool increased significantly during
growth under high irradiance (230% of medium ir-
radiance) but was not different from medium light
after low light cultivation. Furthermore, 52% of the
diadino-þdiatoxanthin pool was de-epoxidized dur-
ing high irradiance cultivation, compared with

FIG. 4. Third experimental series. Viability loss of after 2 and
4 h of sunlight in high (A) and low (B) irradiance acclimated
Chaetoceros brevis when exposed to PAR, PARþUVA, and
PARþUVAþUVB. Control samples are shown at t 5 0 h.
Mean and SD are shown for two replicates.

TABLE 2. Flow cytometry parameters for medium light (ML), low light (LL), and high light (HL) grown and nutrient-limited
Chaetoceros brevis before and after 4 h of SSI exposure.

ML LL HL P(-) N(-) Si(-) Fe(-)

Forward scatter
Before 43 � 3 38 � 3 44 � 6 46 � 3 43 � 1 84 � 4 42 � 12
4 h SSI 25 � 6 25 � 1 45 � 1 45 � 1 43 � 1 80 � 5 22 � 6

Side scatter
Before 5.4 � 0.5 4.9 � 0.5 6.7 � 1 7.9 � 0.3 7.2 � 0.2 14 � 0.4 8.1 � 4
4 h SSI 4.0 � 0.7 4.8 � 0.1 6.5 � 0.2 7.4 � 1.5 7.1 � 0.3 13.4 � 2 6.6 � 1

Red fluorescence
Before 40 � 0.2 65 � 5 25 � 4 23 � 0.6 17 � 1 68 � 3 36 � 6
4 h SSI 2.5 � 0.3 2.5 � 0.3 7.4 � 0.9 5.4 � 1 4.3 � 0.3 16 � 2 5.4 � 4

Forward scatter and side scatter give information on particle size, volume, density, and shape, whereas red fluorescence originates
from cellular chl. Means � SD are shown for data from the first experiment. Data from UVB exposed and unexposed cells were
pooled. Phosphate, P(-); nitrate, N(-); silicate, Si(-); and iron limitation, Fe(-).
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approximately 1.7% for medium and low irradiance
grown cells. When compared with nutrient-replete
conditions under medium irradiance, nitrate- and
phosphate-limited cells contained significantly less
light-harvesting chl a, chl c2, and fucoxanthin
( � 45% of medium light), whereas changes in cellu-
lar diadino-þdiatoxanthin were not significant. Cel-
lular chl a and chl c2 from silicate and iron-limited
cultures were not different from nutrient-replete
conditions, but fucoxanthin was significantly lower
under iron limitation (71% of medium light). Cellular
diadino-þdiatoxanthin increased significantly under
silicate limitation (228%), and 18% was de-epoxi-
dized. The increase in diadino-þdiatoxanthin was
not significant for iron-limited cultures.

The changes in pigment composition resulted in a
significant change in the ratio between pigments with a
protective function (diadino-þdiatoxanthin) and light-
harvesting pigments (chl aþ fucoxanthin) (Fig. 3). This
ratio decreased in low irradiance grown cells (�30% of
medium irradiance) and increased in high irradiance
grown cells (320% of medium irradiance). When com-
pared with medium irradiance grown cells, nutrient
limitation caused a significant increase in this ratio
( � 185% of medium irradiance).

Chlorophyll fluorescence. Maximal quantum yield of
PSII (Fv/Fm) significantly decreased with growth un-
der increasing irradiance, whereas differences in
rETRmax were not significant (Table 1). Photosynthe-
sis of low irradiance grown cells saturated at a lower
irradiance than that of medium and high irradiance
grown cells (50 vs. 97 mmol photons �m� 2 � s� 1, re-
spectively). Differences in Fv/Fm and rETRmax were
not significant between nitrate-limited and -replete
conditions, whereas these parameters were signifi-
cantly reduced under all other nutrient-limited con-
ditions. Iron limitation caused the most pronounced
decreases in Fv/Fm and rETRmax and photosynthetic
electron transport saturated at low irradiance
(30 mmol photons �m�2 � s� 1) when compared with
nutrient-replete cells. After iron addition to iron-lim-
ited cultures, fluorescence parameters became iden-
tical to those of medium irradiance grown cells
(results not shown).

After SSI exposure, followed by 20 h in dim light,
low and medium irradiance cultivated cells showed
extremely low fluorescence values compared with the

other samples (Fig. 3). After 20 h of dim light, Fv/Fm of
SSI-exposed high irradiance and nitrate-limited cul-
tures was significantly lower than that of untreated
controls for these conditions (88% and 65% of control,
respectively), whereas this was not significant for other
conditions (Fig. 3). Relative ETRmax was not signifi-
cantly different from the untreated controls for any
condition (not shown). Significant differences in Fv/Fm

and rETRmax between PARþUVAþUVB and
PARþUVA exposed cells were not observed after
20 h of recovery (Fig. 3).

DISCUSSION

Here we demonstrated that surface irradiance ex-
posure can have a pronounced effect on the Antarctic
diatom C. brevis. Apart from reversible inhibition of
photosynthesis, surface irradiance exposure potential-
ly caused rapid viability loss. Furthermore, our exper-
iments showed that irradiance and nutrient conditions
mediate differences in sensitivity to near-surface irra-
diance exposure in this small diatom. Acclimation to
low irradiance reduced survival during SSI, whereas
survival was enhanced by nutrient limitation relative to
nutrient-replete conditions. Viability loss was probably
mediated by photo-induced oxidative stress that was
imposed by the sudden transfer to SSI or sunlight.
Over-reduction of the photosynthetic electron trans-
port chain by high irradiance promotes the formation
of super oxide, which can be transformed into a hy-
droxyl radical via hydrogen peroxide in the (Haber-
Weiss) Fenton reaction. These radicals can initiate a
lipid peroxidation chain reaction that can cause loss of
membrane integrity, which is a characteristic of non-
viable cells (Dix and Aikens 1993). Specifically, poly-
unsaturated fatty acids that are abundant in thylakoid
membranes of low irradiance acclimated phytoplank-
ton are vulnerable to lipid peroxidation (Thompson
et al. 1990, Hideg and Vass 1996, Mock and Kroon
2002a,b). De-epoxidation of diadinoxanthin can pre-
vent over-reduction of the photosynthetic electron
transport chain, because this enhances energy dissipa-
tion as heat in the light-harvesting antennae. This
process constitutes a general feature of photoprotec-
tion in diatoms, comparable with the violaxanthin-
antheraxanthin-zeaxanthin cycle in higher plants
(Olaizola et al. 1994, Lavaud et al. 2004). In agree-

TABLE 3. Pigment composition of Chaetoceros brevis, expressed as pg per cell.

Condition Chl a Chl c2 Fucoxanthin DiadinoþDiato Diato (%)

Medium light 0.117 � 0.016 0.035 � 0.004 0.091 � 0.013 0.031 � 0.006 1.65 � 0.31
High light 0.099 � 0.017 0.020 � 0.003 0.051 � 0.007 0.071 � 0.015 52.23 � 0.49
Low light 0.298 � 0.024 0.065 � 0.004 0.200 � 0.013 0.021 � 0.002 1.75 � 0.38
N limitation 0.051 � 0.009 0.013 � 0.002 0.028 � 0.004 0.022 � 0.005 6.21 � 2.43
P limitation 0.070 � 0.014 0.003 � 0.001 0.044 � 0.012 0.031 � 0.007 2.75 � 1.77
Si limitation 0.110 � 0.009 0.029 � 0.016 0.081 � 0.032 0.065 � 0.029 19.46 � 5.00
Fe limitation 0.124 � 0.012 0.023 � 0.002 0.066 � 0.007 0.039 � 0.006 0.59 � 1.00

Means � SD are shown for three replicates. The last column shows diatoxanthin as a percentage of the total diadino–diatoxanthin
pool.
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ment with observations for other diatoms, de-epoxi-
dation of diadinoxanthin to diatoxanthin was observed
within minutes during SSI exposure (not shown),
which coincided with a sharp decline of maximal quan-
tum yield of PSII ( � 2% of control, not shown). In
addition, a marked decline in cellular red fluorescence
was observed, irrespective of the cultivation conditions.
This may indicate quenching of chl a fluorescence by
diatoxanthin, but also chloroplast contraction, PSII in-
activation, or cellular loss of chl a by oxidative stress or
a combination of these, making the interpretation of
this flow cytometer signal difficult (Neale et al. 1989,
Demers et al. 1991).

Cultivation under different irradiance conditions
caused changes in pigmentation that affected the ratio
between protective and light-harvesting pigments. Be-
cause C. brevis was cultivated in a batch regime, chang-
es in cell number inevitably influenced the irradiance
in the culture over time. Therefore, the irradiance re-
ceived by the algae that were used for SSI exposure
was probably lower than that stated in Materials and
Methods. Low irradiance grown cells contained more
than twice the amount of chl a and fucoxanthin and
displayed a 36% increased maximal quantum yield of
PSII compared with medium irradiance grown cells,
demonstrating a highly expanded light-harvesting ca-
pacity and photosynthetic efficiency. However, cellular
concentrations of protective pigments remained un-
changed. Not surprisingly, low irradiance acclimated
cells were extremely sensitive to SSI and sunlight.
Nonviable cells were observed within 1–2 h, showing
that photodestruction of these cells proceeds at high
rates at near surface irradiance. In contrast, high irra-
diance acclimation enhanced the resistance to surface
irradiance, and a 4-h exposure did not increase the
number of nonviable cells. Lower sensitivity corre-
sponded to a doubled cellular diadino-þdiatoxanthin
pool and a reduced light-harvesting pigment concen-
tration, causing a highly increased ratio between
protective and light-harvesting pigments.

Nutrient limitation reduced growth, maximal quan-
tum yield, and rETRmax, regardless of the limiting nu-
trient. Furthermore, nutrient limitation reduced
sensitivity to photo-induced viability loss in C. brevis.
All nutrient-limited cells shared an increased ratio be-
tween protective and light-harvesting pigments. Dur-
ing nitrate, phosphate, and iron limitation, this was
caused by a reduction in light-harvesting pigments,
whereas cellular concentrations of protective pigments
remained relatively unchanged, underlining their im-
portance for survival of near-surface irradiance (Lavaud
et al. 2002). Differences in pigmentation and photo-
synthetic responses were observed between the specific
nutrient limitation conditions. In iron-limited cells, the
reduction in maximal quantum yield did not coincide
with a large reduction in light-harvesting pigments, as
was observed during phosphate and nitrate limitation.
This agrees with previous observations for iron-limited
C. brevis and Phaeocystis sp., where minor reductions
were observed under saturating light conditions (Van

Leeuwe and Stefels 1998, Van Oijen et al. 2004). How-
ever, the pronounced reduction in growth rates
showed that C. brevis was severely iron limited in com-
parison with other studies (Timmermans et al.
2001a,b). A subtle increase in the ratio between pro-
tective- and light-harvesting pigments significantly in-
creased resistance to photo-induced loss of viability
during iron limitation. The degree of viability loss of
iron-limited cells was different for the two experimen-
tal series. This may be related to differences in cell
concentration during SSI exposure. Presumably, a
higher cell concentration increased self-shading and
consequently decreased individual cell exposure and
photo-induced viability loss in the second experimen-
tal series. A similar reduction was observed for medi-
um irradiance acclimated cells when the experiment
was performed at a higher cell concentration.

Silicate limitation does not directly affect photosyn-
thesis but limits the ability of diatoms to construct new
frustules. In anticipation of division, the cells double in
organelles and size, as was indicated by the scatter sig-
nals from the flow cytometer. Red fluorescence also
doubled, in contrast to cellular chl a content, which was
not different from normal cells. We presume that this
phenomenon was caused by a reduced package effect
(self-shading of pigments) of chl a, after being divided
among the newly synthesized chloroplasts (Greene
et al. 1991). In addition, this may explain the increased
concentration of protective pigments. A reduced pack-
age effect of chl a increases the relative light absorption
and may require active photoprotection by de-epoxi-
dation of diadinoxanthin. Growth arrest due to silicate
limitation appeared to be stressful for C. brevis, because
10%–20% of the cells were nonviable after 4–5 days in
silicate-free medium. However, this viability loss was
not related to irradiance stress because SSI exposure
did not increase the number of nonviable cells. Rather,
this may reflect the absolute requirement for silicate of
diatoms, although we cannot completely exclude that
viability loss was caused by the centrifugation of the
cells.

In the current experiments, UVB exposure in ad-
dition to UVA and PAR did not change the results
compared with treatments where UVB was omitted.
Effects of UVA and PAR were not considered sepa-
rately during SSI exposure. However, experiments in
sunlight showed that viability loss was enhanced by
UVA radiation in low irradiance acclimated cells,
whereas no additional UVB effect was observed. This
demonstrates that UVA radiation can have a pro-
nounced effect on viability, as was previously found
for photosynthesis (Turcsányi and Vass 2000). No sig-
nificant UVB-related changes were observed in the
number of nonviable cells and in efficiency parameters
of PSII after 20 h of recovery. Therefore, UVB did not
interact with the effects of PAR and UVA in C. brevis.

This implies that low irradiance acclimated and
nutrient-limited cells did not have increased UVB
sensitivity compared with high irradiance acclimated
cells in terms of viability loss. This contradicts some
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previous studies on photosynthesis, which showed low
light acclimated and nitrate-limited cells were more
sensitive to UV exposure (Cullen and Lesser 1991,
Neale et al. 1994). Both stimulation and reversal of de-
epoxidation of diadinoxanthin have been reported for
UVB-exposed Phaeodactylum tricornutum (Goss et al.
1999, Mewes and Richter 2002). However, these ex-
periments were conducted at high UVB irradiances
with a relatively low UVA and PAR background. In our
experiments, no evidence was obtained for increased
light sensitivity as a result of UVB exposure, and we
assume that deviations from previous results can be
attributed to differences in UV radiation and PAR.
During SSI and sunlight exposure, photosynthesis was
completely impaired by thermal energy dissipation or
ROS-induced damage, and these processes were
clearly dominated by PAR and UVA.

Chaetoceros brevis does not produce significant
amounts of MAAs, as the characteristic absorption
peak was not found in methanol extracts from this
species (results not shown). Nitrate limitation increased
UVB sensitivity of photosynthesis of two dinoflagel-
lates, probably by reduced MAA production (Litchman
et al. 2002). On the other hand, no interaction be-
tween nitrate limitation and UVB exposure was found
for growth of Phaeodactylum tricornutum (Behrenfeld
et al. 1994). Apparently, C. brevis has a relatively high
resistance to periodic UVB exposure without the pro-
tection of MAAs and can efficiently repair UVB-in-
duced DNA damage (unpublished data).

We have shown that photo-induced viability loss
may occur in the Antarctic diatom C. brevis when rel-
atively low irradiance acclimated cells are suddenly ex-
posed to near surface irradiance. Although the abrupt
transition from very low to 200-fold increased irradi-
ance is arguably not natural, wind-induced vertical
mixing can bring about changes from 1% to surface
irradiance in 30 min, which leaves little time for accli-
mation (Denman and Gargett 1983). Consequently,
dramatic irradiance changes are not unusual for
phytoplankton. Veldhuis et al. (2001) demonstrated
that up to 50% of a population of small eukaryotes in
samples from the North Atlantic was nonviable in the
upper part of the photic zone, in contrast to samples
from greater depths where the nonviable fraction com-
prised only 10% of the population. Further experi-
ments are needed to determine whether natural
phytoplankton assemblages are sensitive to photo-in-
duced viability loss. Obviously, the irradiance exposure
of individual cells depends on the density (self-shad-
ing) of the algae, as was observed in our experiments,
and on other factors that influence the attenuation of
irradiance in water (Barros et al. 2003). Weather con-
ditions, ice cover, season, the diurnal cycle, and water
transport imposed by mixing determines the rate of
change in irradiance experienced by the algae. These
dynamic irradiance conditions are in sharp contrast to
the light:dark cycle that was used in our experiments.
However, it was shown previously that there was little
variation in pigment composition of C. brevis when

grown under different dynamic irradiance regimes
that mimic mixing of the water column (Van Leeuwe
et al. 2005). Apparently, pigment composition was not
regulated by peak irradiances but by the average irra-
diance received by the algae. It appears that pigmen-
tation is the main determinant in photo-induced
viability loss in C. brevis, with a central role for the dia-
dino-þdiatoxanthin pool. A high ratio of protective
relative to light-harvesting pigments allowed high ir-
radiance acclimated and most nutrient-limited cells to
survive prolonged near-surface irradiance exposure,
without apparent damage after 20 h of recovery in dim
light. Because phytoplankton species have diverse pig-
ment composition, effects of near-surface exposure
may be species specific. Therefore, photo-induced
viability loss may affect species composition and
abundance in the upper part of the photic zone.

We thank Han van der Strate and Monika Tyl for their help
with silicate limitation experiments.
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Villafaňe, V. E. 1996. Photoacclimation of Antarctic marine
diatoms to solar ultraviolet radiation. Mar. Biol. 204:85–101.

Hideg, E. & Vass, I. 1996. UV-B induced free radical production in
plant leaves and isolated thylacoid membranes. Plant Sci.
115:251–60.

Karentz, D., Cleaver, J. E. & Mitchell, D. L. 1991a. Cell survival
characteristics and molecular responses of Antarctic phyto-
plankton to ultraviolet-B radiation. J. Phycol. 27:326–41.

Karentz, D., McEuen, F. S., Land, M. C. & Dunlap, W. C. 1991b.
Survey of mycosporine-like amino acids compounds in Ant-
arctic marine organisms: potential protection from ultraviolet
exposure. Mar. Biol. 108:157–66.

Kraay, G. W., Zapata, M. & Veldhuis, M. J. W. 1992. Separation of
chlorophylls c1, c2 and c3 of marine phytoplankton by re-
versed-phase-C18-high-performance-liquid-chromatography.
J. Phycol. 28:708–12.

Kroemer, G., Petit, P., Zamzami, N., Vayssière, J. L. & Mignote, B.
1995. The biochemistry of programmed cell death. FASEB J.
9:1277–87.

Lavaud, J., Rousseau, B. & Etienne, A. L. 2004. General features of
photoprotection by energy dissipation in planktonic diatoms
(Bacillariophyceae). J. Phycol. 40:130–7.

Lavaud, J., Rousseau, B., van Gorkom, H. J. & Etienne, A. L. 2002.
Influence of the diadinoxanthin pool size on photoprotection
in the marine planktonic diatom Phaeodactilum tricornutum.
Plant Physiol. 129:1398–406.

Lesser, M. P. 1996a. Acclimation of phytoplankton to UV-B
radiation: oxidative stress and photoinhibition of photosyn-
thesis are not prevented by UV-absorbing compounds in the
dinoflagellate Prorocentrum micans. Mar. Ecol. Prog. Ser. 132:
287–97.

Lesser, M. P. 1996b. Elevated temperatures and ultraviolet radia-
tion cause oxidative stress and inhibit photosynthesis in sym-
biotic dinoflagellates. Limnol. Oceanogr. 41:271–83.

Lesser, M. P., Cullen, J. J. & Neale, P. J. 1994. Carbon uptake in a
marine diatom during acute exposure to ultraviolet B radia-

tion: relative importance of damage and repair. J. Phycol.
30:183–92.

Lesser, M. P., Neale, P. J. & Cullen, J. J. 1996. Acclimation of Ant-
arctic phytoplankton to ultraviolet radiation: ultraviolet-ab-
sorbing compounds and carbon fixation. Mol. Mar. Biol.
Biotechnol. 5:314–25.

Litchman, E., Neale, P. J. & Banaszak, A. T. 2002. Increased sen-
sitivity to ultraviolet radiation in nitrogen-limited dinoflagel-
lates: Photoprotection and repair. Limnol. Oceanogr. 47:86–94.

Malanga, G., Calmanovici, G. & Puntarulo, S. 1997. Oxidative
damage to chloroplasts from Chlorella vulgaris exposed to
ultraviolet-B radiation. Physiol. Plant. 101:455–62.

Mewes, H. & Richter, M. 2002. Supplementary ultraviolet-B radi-
ation induces a rapid reversal of the diadinoxanthin cycle in
the strong light-exposed diatom Phaeodactylum tricornutum.
Plant Physiol. 130:1527–35.

Miyake, C. & Asada, K. 2003. The water-water cycle. In Larkum, A.
W. D., Dougles, S. E. & Raven, J. A. [Eds.] Advances in Photo-
synthesis and Respiration: Photosynthesis in Algae. Kluwer Aca-
demic Publisher, The Netherlands, pp. 183–204.

Mock, T. & Kroon, B. M. A. 2002a. Photosynthetic energy conver-
sion under extreme conditions. I. Important role of lipids as
structural modulators and energy sink under N-limited
growth in Antarctic sea ice diatoms. Phytochemistry 61:41–51.

Mock, T. & Kroon, B. M. A. 2002b. Photosynthetic energy conver-
sion under extreme conditions. II. The significance of lipids
under light limited growth in Antarctic sea ice diatoms. Phyto-
chemistry 61:53–60.

Naganuma, T. 1996. Differential enumeration of intact and dam-
aged planktonic bacteria based on cell membrane integrity.
J. Aquat. Ecosyst. Health 5:217–22.

Neale, P. J., Banaszak, A. T. & Jarriel, C. R. 1998. Ultraviolet sun-
screens in Gymnodinium sanguineum (Dinophyceae): my-
cosporine-like amino acids protect against inhibition of
photosynthesis. J. Phycol. 34:928–38.

Neale, P. J., Cullen, J. J. & Yentsch, C. M. 1989. Bio-optical infer-
ences from chlorophyll a fluorescence: What kind of fluores-
cence is measured in flow cytometry? Limnol. Oceanogr.
34:1739–48.

Neale, P. J., Lesser, M. P. & Cullen, J. J. 1994. Effects of ultraviolet
radiation on the photosynthesis of phytoplankton in the vicin-
ity of McMurdo station, Antarctica. Antarct. Res. Ser. 62:125–42.

Olaizola, M., LaRoche, J., Kolber, Z. & Falkowski, P. G. 1994. Non-
photochemical fluorescence quenching and the diadinoxan-
thin cycle in a marine diatom. Photosynth. Res. 41:357–70.

Olaizola, M. & Yamamoto, H. Y. 1994. Short-term response of the
diadinxanthin cycle and fluorescence yield to high irradiance
in Cheatoceros muelleri (Bacilariophyceae). J. Phycol. 30:606–12.

Rijstenbil, J. W. 2001. Effects of periodic, low UVA radiation on cell
characteristics and oxidative stress in the marine planktonic
diatom Ditylum brightwellii. Eur. J. Phycol. 36:1–8.

Rijstenbil, J. W., Coelho, S. M. & Eijsackers, M. 2000. A method for
the assessment of light-induced oxidative stress in embryos of
fucoid algae via confocal laserscan microscopy. Mar. Biol.
137:763–74.

Rossa, M. M., de Oliveira, M. C., Okamoto, O. K., Lopes, P. F. &
Colepicolo, P. 2002. Effects of visible light on superoxide di-
smutase (SOD) activity in the red alga Gracilariopsis tenuifrons
(Gracelariales, Rodophyta). J. Appl. Phycol. 14:151–7.

Salin, M. L. 1987. Toxic oxygen species and protective systems of
the chloroplast. Physiol. Plant. 72:686–9.

Sarmiento, J. L., Gruber, N., Brzezinski, M. A. & Dunne, J. P. 2003.
High latitude controls of thermocline nutrients and low lati-
tude biological productivity. Nature 427:56–60.

Schofield, O., Kroon, B. M. A. & Prézelin, B. B. 1995. Impact of
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