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INTRODUCTION

Light is an important factor controlling phyto-
plankton growth in the marine environment. Adapta-
tion of microalgae to fixed light regimes has received
considerable attention and has provided detailed
knowledge on the structure and functioning of their
photosynthetic apparatus (e.g. Falkowski 1980,
Falkowski & LaRoche 1991). Photoacclimation of
phytoplankton to variable light conditions, as gener-
ally experienced by phytoplankton in the natural envi-
ronment, is less well described (e.g. Marra 1978, Galle-
gos et al. 1983, Ibelings et al. 1994). Wind mixing and

surface waves induce turbulence in the upper water
column, by which micro-algal cells are transported
through the euphotic zone at various scales of length
and time. Within hours, cells may experience light
intensities from inhibiting, at the surface, to near limit-
ing, deeper in the water column (Harding et al. 1987).
The response of cells towards ambient light conditions
involves optimization of their photosystems in such a
way that energy generation and utilization are in bal-
ance (Henley & Ramus 1989), (Kana et al. 1997). At
high light intensities, more energy will be generated
than can be used, which results in photodamage. The
response to prevent this not only includes a reduction
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in size of the photosynthetic apparatus, but also the
synthesis of photoprotecting pigments and associated
changes in membrane structure. Under low light con-
ditions on the other hand, cells need to expand their
light-harvesting complexes. Such responses involve
time scales of hours to days (Marra 1980). The process
of photoacclimation to a dynamic climate runs on much
shorter time scales, i.e. minutes to hours (e.g. Post et al.
1984, Cullen & Lewis 1988). In this case, photoacclima-
tion does not depend so much on the synthesis of struc-
tural components, but rather requires flexibility of the
photosystems and is primarily aimed at preventing
photoinhibition during exposure to higher irradiance
levels. Several non-photochemical quenching pro-
cesses that are involved in the regulation of energy
distribution in the short-term have been described (see
Horton et al. 1996, Muller et al. 2001 for review).
Energy-dependent quenching (qE) and state-transi-
tion quenching (qT) are processes that operate on time
scales in the order of minutes to hours. Energy-
dependent quenching is pH-dependent and activates
conversion of the pigments of the xanthophyll
cycles (diatoxanthin, diadinoxanthin, violaxanthin,
antheraxanthin and zeaxanthin) (Demmig-Adams et
al. 1996). The importance of the qT component is spe-
cies dependent. Moreover, the efficiency of energy dis-
sipation based on state transitions is still a topic of
debate. (Saito et al. 1983, Allen 1995). The importance
of the 3-dimensional structure of the thylakoid mem-
brane has also increasingly been receiving more atten-
tion (e.g. Gilmore 1997).

Various algal groups possess different types of photo-
systems, with varying pigment composition and associ-
ated differences in the architecture of the membrane
structure (Richardson et al. 1983). The nature of these
photosystems may affect the flexibility of the mem-
branes and thus, the capacity of photoacclimation. In
view of the ecological significance of rapid fluctuations
in light, the question arises as to whether species that
carry different photosystems are equally capable of
photoacclimation. This question is especially relevant
in vast areas of the Southern Ocean, where frequently
occurring storms induce severe mixing of the water col-
umn (Mitchell & Brody 1991). Here, the various habi-
tats, which can be defined according to light climate,
are characterized by a typical algal distribution.
Whereas small flagellates dominate areas with a dy-
namic light regime, diatoms appear to be the bloom-
forming species under stable light conditions in frontal
zones and at the marginal ice zone (Cailliau et al. 1996).
Both algal groups have distinctly different pigment sig-
natures and so may display different means of photoac-
climation. Diatoms appear tolerant to high levels of irra-
diance (e.g. Richardson et al. 1983); however,
contradictory insights remain on their susceptibility to

variable light conditions (Hegseth 1989, Ibelings et al.
1994, Flameling 1998). Very little is known about the
sensitivity of non-diatom species to photoinhibition
(e.g. Kroon 1994, Flameling & Kromkamp 1995).

To obtain greater insight into factors controlling the
Antarctic ecosystem, a study was carried out on pho-
toacclimation towards rapid changes in light intensity
by 2 typical Antarctic phytoplankton species, namely
the diatom Chaetoceros brevis and the flagellate Pyra-
mimonas sp. We show that, despite apparent photo-
acclimation, the diatom experiences growth reduction
at moderate rates of light fluctuations. For our pur-
poses, photosynthetic efficiency was studied by means
of fluorescence analyses. The light-harvesting capacity
was determined by analyses of the pigment composi-
tion and recording of in vivo absorption spectra.

MATERIALS AND METHODS

Culture conditions. Experiments were carried out
with 2 common Antarctic microalgae: Chaetoceros bre-
vis (Bacillariophyceae) (CCMP 163) and Pyramimonas
sp. (Prasinophyceae; isolated from the Weddell Scotia
Confluence, RUG collection, Buma et al. 1991). Before
starting the experiments, the cultures were precondi-
tioned for several generations to the experimental con-
ditions. Cultures were grown in 1 l Erlenmeyer flasks
on F/10 medium (140 µM NO3, 7.5 µM PO4; based on
Admiraal & Werner 1983) at 4°C and kept in suspension
by daily shaking. Three different light regimes were
enforced by means of a Venetian Blind system that was
mounted between the cultures and the light source
(Philips MHN-TD). The system consisted of horizontal
slats, of which the position could be altered by a step
motor. Two independent units were used to enforce
variable light conditions; the diurnal intensity of solar
irradiance was simulated by a sinusoidal light course
(referred to as the ‘sinusoidal’ light regime; see Fig. 1).
Vertical mixing was simulated by 2 different oscilla-
tions (1:1 h and 3:3 h of high vs. low light; referred to as
the ‘1:1 h’ and the ‘3:3 h’ light regimes) that were
superimposed on the solar pattern (see Fig. 1). The time
scales that were chosen relate to near-surface wind-
mixing associated with Langmuir circulation (Denman
& Gargett 1983). The Venetian blinds used to enforce
vertical mixing were equipped with neutral density
filters transmitting 30% irradiance. The maximum in-
tensity of irradiance (400 µmol photons m–2 s–1) was
chosen as the average ambient irradiance level at 5 to
15 m (based on an attenuation coefficient of 0.06 m–1;
see van Oijen et al. 2003) and was similar for all condi-
tions. The total photon flux density (PFD) received by
the algae over the full light period was similar for the
3:3 h and 1:1 h light regimes, and measured 70% of the
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PFD under ‘non-mixing’ conditions. We chose to main-
tain maximum intensities during midday at a similar
level, in order to be able to interpret the data in terms of
potential effects of photoinhibition. The light inside the
flasks was measured with a spherical sensor (Bio-
sperical Instruments QSL-100).

Photosynthetic parameters. Growth rates: Cell num-
bers were determined by inverted microscopy after fix-
ation with Lugol’s solution. Growth rates were calcu-
lated following the formula:

µ =  1/t [ln(Nt/N0)] (1)

where µ (d–1) is the growth rate, t is the period of time
after the start t = 0 of the experiment and N is the num-
ber of cells. Cell volume was determined with a
Coulter counter.

Fluorescence measurements: Chlorophyll a fluores-
cence was measured with a dual-modulated fluorome-
ter (Photosystem Instruments) (Trtílek et al. 1997).
Minimal (F0) and maximum fluorescence (Fm) were
recorded after dark adaptation (5 min at 4°C, sufficient
to attain stabilization of the fluorescence signal for all
light regimes). The maximum quantum yield of photo-
synthesis (Φm; referred to as photosynthetic efficiency)
was calculated as (Fm – F0)/Fm (Krause & Weis 1991).

Absorption spectra: In vivo light absorption spectra
(400–700 nm) were recorded using a Varian-Cary inte-
grating sphere. Data were corrected for scattering by
subtracting a baseline value as measured at 725 nm.
Baseline correction was applied against the back-
ground of filtered seawater medium. The total spectral
irradiance absorbed per cellular carbon (AQph, mmol
photons mol C–1 s–1) was calculated as:

(2)

where ac(λ) is the wavelength-specific absorption (m2

mol C–1), Q(λ) is spectral irradiance (mmol photons m–2

s–1) and δ(λ) is the wavelength interval of the spectral
band (2 nm). The spectrally averaged chl a-specific
absorption cross-section (–aph, m2 mg–1 chl a; in which
achl(λ) is expressed in m2 mg–1 chl a) was calculated as:

(3)

The quantum efficiency of growth (Φµ) could then be
calculated according to Falkowski et al. (1985):

Φµ =  (µ × POC × F)/(–aph × chl × I0) (4)

where Φµ is the efficiency of conversion of quanta into
carbon (µmol C mol quanta–1), µ is the specific growth

rate (d–1), POC is the cellular carbon content (pg cell–1),
–aph is the spectrally averaged, chl a-specific absorption
cross-section (m2 mg–1 chl a), chl is the cellular chl a
content (pg cell–1) and I0 is the incident irradiance (mol
quanta m–2 s–1). F is a constant used to convert units
from pg C to µmol C and from µmol quanta m–2 s–1 to
mol quanta m–2 d–1 (i.e. 16 h daylight).

Chemical analysis. POC and PON : Particulate car-
bon (POC) and nitrogen (PON) were analyzed on a
CHNS elemental analyzer type EA 1110 (Interscience)
after gentle filtration (<15 kPa) of small aliquots over
pre-combusted GF/F Whatman filters.

Pigments : Samples were filtered gently (<15 kPa)
over GF/F Whatman filters and subsequently flash-
frozen in liquid nitrogen. Samples were freeze-dried to
increase extraction efficiency and to retard possible
deleterious enzyme activities. After freeze-drying, pig-
ments were extracted in 90% acetone and analyzed by
high-performance liquid chromatography on a Waters
system equipped with a photodiode array, according to
(Kraay et al. 1992). A Waters DeltaPak reversed-phase
column (C18, fully end-capped) was used. The sample
was injected via a cooled autosampler (6°C) between
2 plugs of water. Pigment standards were obtained
from Sigma.

Intracellular dissolvable carbohydrates: Cells were
collected on pre-combusted GF/F Whatman filters
under low vacuum (<15 kPa). The filters were treated
for 1 h with hot water (80°C) to extract total water-
extractable carbohydrates. Carbohydrates were deter-
mined as glucose equivalents by the phenol-sulphuric
acid method using glucose as a standard (Liu et al.
1973). Samples were only collected from cells cultured
under the 3:3 h and 1:1 h light regimes.

Sampling strategy and statistical analyses. Experi-
ments were performed in triplicate, albeit not sampled
at all time intervals (see Figs. 1 to 3). All parameters
were determined within the same culture. Measure-
ments were always made using cells in the early expo-
nential phase. The cell densities were such that all
cells received similar light intensities as shelf-shading
did not yet play a role. For each parameter, samples
were taken during the day (n = 4 to 14, depending on
the light regime and the parameter involved), during
maximum and minimum irradiances. Differences
between treatments were tested for significance by 
1-factor ANOVA.

RESULTS

General growth characteristics

For both Chaetoceros brevis and Pyramimonas sp.,
maximum growth rates were recorded under the 1:1 h
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light regime (Table 1). The highest rates of 0.62 d–1

were recorded for C. brevis. The diatom suffered 30%
growth reduction under the 3:3 h light regime
(ANOVA, p < 0.05). In the flagellate Pyramimonas sp.,
no significant differences were measured between the
sinusoidal and 3:3 h light regimes.

Pyramimonas sp. had a significantly larger cell
volume and carbon content than Chaetoceros brevis
(respectively ca. 200 vs. 60 µm3 and >40 vs 11 pg cell–1;
Table 2). In Pyramimonas sp., the greatest cell volume
and carbon content was measured under the 1:1 h light
regime (ANOVA, p < 0.05). The carbon to nitrogen
ratio was rather variable in C. brevis and was not sig-
nificantly affected by the light regime. In the flagellate,
the highest carbon to nitrogen ratio (7.32) was
observed under the 3:3 h light regime (ANOVA, p <
0.05). Chl a per cell and the ratio of chl a to POC were
not significantly affected by the light regimes, in either
species (Table 2).

Fluorescence analyses

As for growth, the highest values for the maximum
quantum yield of photosynthesis (Φm) were recorded
under the 1:1 h light regime, with the highest value for
Chaetoceros brevis (ANOVA, p < 0.05; Table 1; daily

average). For both the diatom and the flagellate, low-
est values were recorded under the sinusoidal light
regime. The generally low values for Φm compare
poorly to relatively high values (~0.6) in open ocean
areas (Falkowski & Kolber 1995) but are not unknown
in the Antarctic realm (0.1 to 0.3; e.g. Sosik & Olson
2002). The relatively high growth rates confirm the
healthy status of the cells.

A diel rhythm was observed under all light condi-
tions (Fig. 1), with decreasing values of Φm coinciding
with increases in irradiance (significant negative rela-
tionship between PFD and Φm; ANOVA, p < 0.05).
Under the 3:3 h light regime, no close relation between
photosynthetic efficiency and PFD was observed; Φm

was still dominated by the solar sine (Fig. 1c,d). During
the day, the strongest decrease (ca. 50%) was recorded
in Pyramimonas sp. The decrease for the diatom mea-
sured 30 to 35%. Photosynthesis was much more
dynamic under the 1:1 h light regime (Fig. 1e,f);
although the influence of the solar sine was still appar-
ent, Φm closely followed the more rapid fluctuations of
PFD. Again, the dynamics were more pronounced for
Pyramimonas sp. than for Chaetoceros brevis (a 40 vs
30% decrease). For both species, minimum and maxi-
mum fluorescence values were inversely related to the
PFD, under both the 3:3 h and 1:1 h light regimes
(Fig. 2).

12

µ Φm
–aph AQph Φµ µC

Chaetoceros brevis Sinusoidal 0.55 (0.03) 0.10 (0.04) 0.018 0.1540 0.0516 6.32
3:3h 0.47 (0.03) 0.21 (0.05) 0.024 0.1822 0.0373 5.31
1:1h 0.62 (0.01) 0.25 (0.03) 0.020 0.1835 0.0488 7.12

Pyramimonas sp. Sinusoidal 0.22 (0.01) 0.12 (0.05) 0.023 0.2138 0.0149 9.01
3:3h 0.25 (0.03) 0.19 (0.05) 0.014 0.1390 0.0260 10.68
1:1h 0.29 (0.03) 0.20 (0.04) 0.013 0.1356 0.0309 14.35

Table 1. Chaetoceros brevis and Pyramimonas sp. Growth efficiency parameters. µ: d–1; –aph: m2 mg–1 chl a; AQph: mmol photons
mol C–1 s–1; Φµ: µmol C mol quanta–1; µC (see ‘Discussion’): d–1. Values are means ± SD. Values for growth are based on triplicate
growth curves (4 to 6 data points). Values for fluorescence yield and those related to absorption parameters are based on 

3 experiments (7 to 14 data points over the day)

Cell volume POC C:N Chlorophyll a Chlorophyll a Chl a/POC
(µm3) (pg cell–1) (w:w) (pg cell–1) (ng µm–3)

Chaetoceros brevis Sinusoidal 62.6 (2.54) 11.49 (2.12) 5.40 (0.35) 0.20 (0.04) 3.23 0.018 (0.001)
3:3 h 58.06 (3.89) 11.29 (1.49) 6.85 (1.26) 0.18 (0.04) 3.07 0.017 (0.003)
1:1 h 58.73 (0.10) 11.49 (1.09) 6.80 (1.47) 0.22 (0.01) 3.76 0.015 (0.005)

Pyramimonas sp. Sinusoidal 206.27 (8.27) 40.94 (2.77) 6.21 (0.55) 0.79 (0.14) 3.82 0.019 (0.005)
3:3 h 199.9 (2.64) 42.71 (6.09) 7.32 (0.95) 0.88 (0.11) 4.42 0.025 (0.007)
1:1 h 198.58 (5.73) 49.48 (4.47) 6.40 (0.25) 1.09 (0.32) 5.47 0.020 (0.004)

Table 2. Chaetoceros brevis and Pyramimonas sp. Biochemical characteristics. Values are means ± SD, based on 3 experiments 
(4 to 14 data points over the day)
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Pigment composition

Besides chlorophyll a (chl a), Chaetoceros brevis
contained the light-harvesting pigments chl c2 and
fucoxanthin, and the photoprotectors diadinoxanthin
and diatoxanthin (dd and dt; Table 3). Pyramimonas
contained chl a, chlorophyll b (chl b), neoxanthin and
lutein, and the photoprotectors violaxanthin, anthera-
xanthin and zeaxanthin (VAZ-pool) (Table 3).

Both the cellular pigment content as well as pigment
concentration was significantly higher in Pyramimonas
sp. than in Chaetoceros brevis (ANOVA, p < 0.05;
Tables 2 & 3). In C. brevis, no clear response towards
the various light regimes was observed. An average
chl a content of ca. 0.2 pg cell–1 was recorded under all
light conditions. In Pyramimonas sp., a significant in-
crease in the cellular content of all pigments but vio-
laxanthin was recorded under the 3:3 h and 1:1 h light

regimes (ANOVA, p < 0.05). A minimum value of 0.79
pg chl a cell–1 was recorded under the sinusoidal light
regime.

Active xanthophyll cycling was observed in both spe-
cies under all light regimes (Fig. 3) (ANOVA, p < 0.05).
In Chaetoceros brevis, a significant relationship be-
tween a high ratio of dt to dd and a high PFD was ob-
served. The ratio fluctuated between 5 and 100% of the
maximum (Fig. 3a,c,e). Maximum quenching potential
was measured under the sinusoidal light regime (the
average dt:dd ratio was 0.25). A low average dt:dd ratio
of 0.08 was measured under the 3:3 h light regime. A
ratio of 0.15 was recorded for the 1:1 h light regime. In
Pyramimonas sp., the VAZ-pool displayed the highest
dynamics under the 3:3 h light regime (Fig. 3d). Under
the 1:1 h light regime, no direct relationship between
the zea:VAZ ratio and PFD could be observed, other
than the diel cycle. The zea:VAZ ratio varied between

13

Fig. 1. Chaetoceros brevis and Pyramimonas sp. The maximum quantum yield of photosynthesis (bars) determined over the day
under 3 different light regimes (sinusoidal, 3:3 h and 1:1 h) plotted alongside irradiance (---). Fluorescence dynamics are expressed 
in percentages, taking the maximum morning values as reference (i.e. 100%; n = 3). Blank columns indicate no samples taken
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10 and 100%. The ratio averaged 0.6 at
midday and was similar under all condi-
tions.

When normalized to chl a, the total
pool of photoprotective pigments was
higher for Chaetoceros brevis than for
Pyramimonas sp. (Fig. 4).

Light absorption

The chl a-specific absorption capac-
ity was higher for Chaetoceros brevis
than for Pyramimonas sp. under the
3:3 h and 1:1 h light conditions
(Fig. 5a,b; Table 1: –aph). Distinct peaks
were recorded at 675 nm (chl a),
650 nm (chl b), 470 nm (carotenoids)
and 430 nm (chl a). The absorption

spectra did not change over the day (data not shown).
When normalized to chl a absorption at 670 nm
(Fig. 5c,d), no response towards the different light
regimes was observed; similar spectra were recorded
for both C. brevis and Pyramimonas sp. The absorption
cross-section was inversely related to the chl a concen-
tration (compare Tables 1 & 2).

When normalized to cellular carbon, the total amount
of photons absorbed was higher for Chaetoceros brevis
than for Pyramimonas sp. under both the 3:3 h and 1:1 h
light regimes (Table 1: AQph). The quantum efficiency of
growth was higher for the diatom than for the flagellate
under all conditions (Table 1: Φµ). Very low values for Φµ

were measured for Pyramimonas sp. under the sinu-
soidal light regime, which related to the relatively high
values of –aph (see also Fig. 5).

Carbohydrates

The dynamics in the intracellular dissolvable carbo-
hydrates quota showed a similar trend in Chaetoceros
brevis and Pyramimonas sp. under both the 3:3 h and
1:1 h light regimes. The carbohydrate quota increased
until midday and remained constant thereafter (data
not shown). Whereas the quotas were highest in the
flagellate, the build-up of carbohydrates over the day
was much higher in C. brevis than in Pyramimonas sp.
(Table 4). In the diatom, afternoon values increased to
between 150 and 200% of the morning values. A
modest increase of 35 to 50% was measured in the
flagellate. Cell quota, as well as the measured increase
of carbohydrates over the day, was stronger under the
1:1 h than under the 3:3 h light regime (Table 4).
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Fig. 2. Chaetoceros brevis and Pyramimonas sp. Fluorescence
dynamics of photosynthesis (F0 and Fm), determined over the
day under 2 different light regimes (3:3 h and 1:1 h), plotted 

alongside irradiance

Sinusoidal 3:3 h 1:1 h

Chaetoceros brevis
chl c2 0.023 (0.004) 0.025 (0.004) 0.029 (0.002)
fucoxanthin 0.095 (0.013) 0.104 (0.017) 0.115 (0.003)
diadinoxanthin 0.058 (0.006) 0.051 (0.001) 0.052 (0.008)
diatoxanthin 0.010 (0.003) 0.003 (0.001) 0.005 (0.002)
chl a 0.202 (0.044) 0.178 (0.042) 0.221 (0.006)

Pyramimonas sp.
neoxanthin 0.024 (0.013) 0.035 (0.003) 0.043 (0.015)
violaxanthin 0.024 (0.010) 0.025 (0.011) 0.035 (0.003)
antheraxanthin 0.023 (0.014) 0.035 (0.004) 0.049 (0.018)
lutein 0.046 (0.024) 0.062 (0.007) 0.074 (0.022)
zeaxanthin 0.048 (0.031) 0.069 (0.010) 0.068 (0.024)
chl b 0.261 (0.144) 0.391 (0.035) 0.479 (0.162)
chl a 0.787 (0.140) 0.883 (0.107) 1.087 (0.325)

Table 3. Chaetoceros brevis and Pyramimonas sp. Cellular pigment content (pg
cell–1). Values are means ± SD, based on 3 experiments (4 to 14 data points over
the day). A slight increase in pigment content over the day was determined not 

to be significant
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DISCUSSION

The diatom Chaetoceros brevis and the flagellate
Pyramimonas sp. displayed different strategies of pho-
toacclimation. In the flagellate, strong down-regula-
tion of potential photosynthetic efficiency was ob-
served during the day. The dynamics in photosynthesis
were less pronounced in the diatom. We discuss the
hypothesis that the diatom adjusted to the average
irradiance received, a strategy that has previously
been suggested in other diatom species (e.g. Dijkman
2001). Pyramimonas sp. on the other hand, acclimated
readily to changes in light intensity. Following these
differences in photoacclimation, a growth reduction
during moderate rates of mixing, i.e. the 3:3 h light
regime, was only observed in C. brevis. We argue that

the relatively high values for the quantum yield of pho-
tosynthesis in themselves do not exclude the possibility
of photodamage. Higher turnover rates and enhanced
investment in maintenance costs (Kana et al. 2002) can
serve in sustaining high photosynthetic rates, yet will
result in reduced growth rates due to enhanced losses
associated with increases in respiration.

Pyramimonas sp. displayed strong kinetics in photo-
synthetic parameters during the day. A morning
increase in PFD was always closely matched by a
decrease in photosynthetic efficiency that recovered
again with decreasing PFD in the late afternoon. Such
diel rhythms in photosynthetic efficiency have previ-
ously been described; they primarily serve to prevent
photoinhibition during maximum irradiance at midday
(e.g. Harding et al. 1987, Prézelin 1992). A similar

15

Fig. 3. Chaetoceros brevis and Pyramimonas sp. Dynamics of the xanthophyll cycle in C. brevis (ratio of diatoxanthin to diadinox-
anthin, dt: dd) and Pyramimonas sp. (zeaxanthin [zea] as a fraction of the VAZ-pool; see ‘Results’ section ‘Pigment composition’).
The ratios are expressed as percentages of maximum values at midday plotted alongside irradiance (n = 3). The maximum dt:dd
ratio in C. brevis appeared relatively late in the afternoon. Note that in (c) and (d), dt and zea were sometimes below detection

limit at the end of the day. Blank columns in a, b, e and f indicate no samples taken
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strong correlation between Φm and PFD was observed
during the rapid changes of irradiance experienced
under the 3:3 h and 1:1 h light regimes. The high
activity of the photoprotective pigment cycle (conver-
sion of violaxanthin into the heat-dissipating pigment
zeaxanthin) suggested active control of photosynthetic

efficiency (Demmig-Adams & Adams 1996). Besides
the quenching by zeaxanthin, other processes must
have contributed to the down-regulation in Pyrami-
monas sp. under the 1:1 h light regime, the fluctuating
fluorescence signal was not directly correlated to the
conversion of violaxanthin to zeaxanthin. The de-
epoxidation process is not fast enough to keep pace
with the changes in irradiance imposed on the algae.
State transition may explain the decrease in F0 and Fm,
and concordant decreases in Φm. State transition is an
efficient quenching mechanism that can occur within
minutes and offers the additional advantage of contin-
ued energy production in a controlled way (Allen et al.
1981, Saito et al. 1983). Continued activity of photosys-
tem I allows the production of ATP via cyclic electron
flow and thus, constitutes a favorable means of pho-
toacclimation. Alternative processes that serve to
avoid photodamage in the short-term (e.g. migration of
photosynthetic units) require a mobility of photosys-
tems as has been described for higher plants (Ander-
son et al. 1995). Indeed, green algae possess a flexible
photosynthetic apparatus and such alternative pro-
cesses may, therefore, well be envisioned to play a
role.

Photosynthetic efficiency varied much less in the
diatom. The variation in Φm in relation to PFD was only
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ca. 30%; in Pyramimonas sp. this was up to 50%.
Diatoms do not show the heterogeneity in photosyn-
thetic membranes typical of green plants and green
algae; membrane systems are apparently less flexible
(Briantais et al. 1982, Anderson et al. 1995). This
implies that only limited means of rapid photoacclima-
tion are available for Chaetoceros brevis. The main
process of non-photochemical quenching in this spe-
cies consisted of heat dissipation through the photo-
protective pigment cycle of dt to dd. The conversion of
diadinoxanthin into diatoxanthin usually takes less
than a few minutes (Demers et al. 1991, Olaizola et al.
1994). In our study, the dt to dd cycle was found to be
effective under all light regimes. Despite the variations
in growth response, the cellular pigment signatures
were similar under all light regimes and the ratio of
photoprotectors to chl a was not significantly affected
by the light. No sign of an induction of xanthophyll
pigments was discerned, not even under the poten-
tially stressful 3:3 h light regime. Moreover, a maxi-
mum dt:dd ratio of 0.25 is not exceptionally high (in
C. brevis, ratios up to 0.5 have been observed: M.A.
van Leeuwe, W.H. van de Poll unpubl. data). Even so,
an increase in xanthophyll cycle pigments would have
been discernable in the Soret region of the absorption
spectra; no such change in the spectra was observed.

These results suggest that the diatom adapted to the
average light intensity rather than to the maximum
irradiance. This confirms previous findings by Ibelings
et al. (1994) and Dijkman (2001). Notably, this strategy
renders diatoms vulnerable to photoinhibition. The
occurrence of photodamage may explain the observed
growth reduction. During exposure to high irradiance,
down-regulation of photosynthetic efficiency is re-
quired to prevent the generation of an energy excess
that can result in radical formation and consequent
photodamage. Such damage is not necessarily re-
flected in a reduction in the quantum yield. It was pre-
viously shown by Kana et al. (2002) and Behrenfeld et
al. (1998) that algae find many ways to optimize carbon

fixation. Under a dynamic light regime, cells acclimate
in such a way that, during conditions of low light, the
light-harvesting capacity is sufficient to generate
enough reducing power to support active growth.
Simultaneously, during exposure to high irradiance,
the consequences of induced photodamage, due to the
generation of an energy excess, are compensated for
by maintaining a so-called inner capacity of increasing
PS II turnover rates (Kana et al. 2002). Alternatively,
we suggest that a high photosynthetic efficiency may
be maintained by increased turnover rates of protein
synthesis (e.g. D1 protein) that allows the immediate
repair of damaged photosystems. Both strategies
require enhanced maintenance costs that may result in
reduced net growth rates. A decoupling between car-
bon acquisition and the quantum yield of photosynthe-
sis was previously demonstrated by Flameling &
Kromkamp (1998), who also ascribed the mismatch
under high light conditions to increased respiration
costs.

The impact of photodamage suffered during periods
of high irradiance is time-dependent (Han et al. 2000,
Marshall et al. 2000). When exposure to high irradi-
ance is only brief, little damage will be suffered and
repair processes require relatively few costs. The 1:1 h
light regime, used in our study, provided conditions
that allowed for the best balance between damage and
regeneration processes. These results again conform to
previous studies (Ibelings et al. 1994, also modelled by
Lizon et al. 1998), where it was also found that rapid
fluctuations in irradiance (1 to 2 h light-dark) did not
negatively affect growth rates. The 3:3 h light climate
was clearly less favorable.

A simple mathematical exercise provides further
support for the concept of photoinhibition-related
growth reduction. In both species, the quantum effi-
ciency of growth was apparently high; quantum
requirements of 20 to 30 and 35 to 70 photons carbon
atom–1 for Pyramimonas sp. and Chaetoceros brevis,
respectively were calculated (20 to 180; see for com-
parison (Falkowski et al. 1985). Under the 3:3 h and
1:1 h light regimes, the diatom was more efficient than
the flagellate; both Φm and Φµ were always higher for
C. brevis than for Pyramimonas sp. In addition, when
expressed per unit carbon (i.e. the energy-carrying
component of the cell), the diatom showed a higher
absorption capacity (AQph) than the flagellate. Yet,
growth rates expressed as a carbon basis (µC, Table 1)
showed apparently contradictory results; µC was
higher for Pyramimonas sp. than for C. brevis under all
light conditions. The apparent mismatch between µC

and the quantum efficiency in C. brevis can only be
explained by assuming that a large fraction of the fixed
carbon was used for respiratory processes rather than
converted into growth. Enhanced photodamage expe-
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Start of End of Increase
photoperiod photoperiod

Chaetoceros brevis
3:3 h 1.29 (0.014) 3.80 (0.039) 2.52 (0.025)
1:1 h 2.99 (0.030) 6.81 (0.069) 3.82 (0.039)

Pyramimonas sp.
3:3 h 4.68 (0.022) 6.28 (0.029) 1.60 (0.007)
1:1 h 6.49 (0.025) 9.62 (0.037) 3.13 (0.012)

Table 4. Chaetoceros brevis and Pyramimonas sp. Cellular
content of intracellular dissolvable sugars (pg cell–1). Values
are means ± SD, based on 3 experiments (4 to 14 data points 

over the day
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rienced under variable light conditions can explain the
increased demand for energy consumed by mainte-
nance processes. Indeed, the discrepancy between the
growth parameters was only observed under the 3:3 h
and 1:1 h light regimes. Under the sinusoidal light
regime, the relatively low values for µC were, in fact,
supported by relatively low values for Φm, Φµ and AQph.
Under the more stable light conditions, C. brevis
apparently invested more energy in photoprotection.
Additional support for the notion of potential photo-
damage in C. brevis under the 3:3 h light regime was
provided by the relatively high accumulation of carbo-
hydrates during the day (the increase under this light
regime was almost double the morning values, com-
pared to Pyramimonas sp.). The strong diel signal sug-
gests unbalanced growth in the diatom, which can be
ascribed to a higher investment in repair processes
that continue through the night (Cosper 1982, Ibelings
et al. 1994). The metabolic processes that are involved
in the repair of photodamage require a high turnover
of the low molecular weight pool, in order to replace
damaged proteins that make-up the photosynthetic
apparatus. Respiratory processes may form an impor-
tant sink of photosynthetic energy that can be highly
variable between species (e.g. Flameling & Kromkamp
1995, Milligan & Cosper 1997, Flameling & Kromkamp
1995) and may have played a significant role in con-
trolling net growth in C. brevis.

ECOLOGICAL IMPLICATIONS

In the open ocean, light conditions are generally
highly variable. In this study, it was shown that the fla-
gellate readily acclimated to dynamic light conditions.
The diatom rather adjusted to the average light condi-
tions, which supported findings by Dijkman (2001). It
was previously suggested that when diatoms seek to op-
timize rates of carbon fixation (Behrenfeld et al. 1998),
they tend to adjust to lower irradiance levels, which
leaves them more susceptible to photoinhibition at high
irradiance. Due to their high intrinsic growth rates,
Chaetoceros brevis will always outcompete Pyrami-
monas sp., even though the diatom may be experiencing
a relatively stronger reduction in growth than the flagel-
late. Yet, in the open ocean, a major role in biogeochem-
ical cycles is played by the larger bloom-forming diatom
species. Larger species generally have a lower growth
rate and assuming that repair correlates with growth, it
is expected that they will suffer more under variable
light conditions. If our findings on C. brevis are indeed to
be extrapolated to larger diatoms, we may begin to un-
derstand why such diatoms only form large blooms un-
der stable light conditions, such as those encountered in
frontal systems or near the ice edge.
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