
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Temperature benefits the photosynthetic performance of the diatoms
Chaetoceros gracilis and Thalassiosira weissflogii when exposed to UVR

S.R. Halac a,b, V.E. Villafañe a,c, E.W. Helbling a,c,*

a Estación de Fotobiología Playa Unión, Casilla de Correos No. 15, 9103 Rawson, Chubut, Argentina
b Instituto Nacional del Agua, Ambrosio Olmos 1142, 5000 Córdoba, Argentina
c Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Argentina

a r t i c l e i n f o

Article history:
Received 14 May 2010
Received in revised form 1 July 2010
Accepted 8 July 2010
Available online 15 July 2010

Keywords:
Chaetoceros gracilis
Thalassiosira weissflogii
Temperature
UVR
Patagonia
Photosynthesis

a b s t r a c t

The aim of this study was to assess the combined effects of temperature and UVR on the photosynthesis
performance of two diatoms – Chaetoceros gracilis and Thalassiosira weissflogii. In particular, we evaluated
the role of UVR in inducing photoinhibition and the potential mitigation of this negative effect by an
increase in temperature. Cultures were pre-acclimated at two temperatures – 18 �C and 23 �C – and
exposed to different radiation treatments – UVR + PAR (280–700 nm); UV-A + PAR (315–700 nm) and
PAR only (400–700 nm) under two temperatures: 18 �C (local surface summer water temperature) and
23 �C (simulating a potential increase estimated by the year 2100). Exposure to natural solar radiation
resulted in UVR-induced photoinhibition that was significantly higher in T. weissflogii than in C. gracilis.
Both species benefited from the higher temperature (23 �C) resulting in a lower photoinhibition as com-
pared to samples exposed at 18 �C. Inter-specific differences were determined in regard to the heat dis-
sipation processes (NPQ) which were higher at high temperatures, and much more evident in C. gracilis
than in T. weissflogii. The analyses of inhibition and recovery rates under different irradiances indicate
that the balance between negative (inhibition) and positive (repair-dissipation) effects shifted towards
a more positive balance with increasing temperature. Our results highlight for a beneficial effect of tem-
perature on photosynthesis performance during exposure to UVR, although important inter-specific dif-
ferences are found, probably due to differences in cell size as well as in their distribution within the
oceanic realm (i.e., coastal versus oceanic species).

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Climate change is a very complex process that has two main
outcomes of anthropogenic origin, i.e., the increase of greenhouse
gases with the concomitant increase of temperature, and the
enhancement of ultraviolet radiation-B (UV-B, 280–315 nm) levels
due to ozone depletion events [1]. There is, therefore, an increasing
interest in evaluating the magnitude and extent of climate change
on organisms and ecosystems. On the one side, enhanced UV-B
radiation causes stress on aquatic organisms, although now is
recognized that even normal levels of ultraviolet radiation (UVR,
280–400 nm) can cause significant damage to diverse cellular com-
ponents and processes [2]. For phytoplankton, effects such as
reduced growth and productivity rates and damage to the DNA
molecule and proteins have been reported ([3,4] and references
therein). In regard to increased temperature levels, studies have
shown changes in phenology and biodiversity [5] but a rather

positive feedback [6] in processes such as photosynthesis, as seen
in a comparative study determining Photosynthesis versus Irradi-
ance (P versus E) relationships in different phytoplankton taxa [7].

While there is vast literature on the effects of these two stress-
ors acting separately on phytoplankton, the impact of both of them
at the same time has resulted rather difficult to assess as they can
act synergistically or antagonistically; moreover, responses seem
to have a high degree of species-specificity. The temperature
dependence of UVR effects on pigment composition, growth rates,
and photosynthetic characteristics were assessed in Antarctic cya-
nobacteria [8]. These authors found that UVR-induced inhibition of
growth increased linearly with decreasing temperature, whereas
there was no apparent effect of temperature on the magnitude of
UVR-induced inhibition of photosynthesis. Other studies carried
out in alpine lakes [9] determined that UVR depressed growth rates
in all phytoplankton species tested at 6 �C regardless nutrients
conditions, whereas at 14 �C, the negative effect of UVR was not
observed for any species in the absence of nutrient; only with
the addition of nutrients did UVR exposure depressed the growth
of a diatom and a dinoflagellate. Finally, research carried out in
mountain lakes of USA found that the cold temperatures,
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zooplankton, and UVR had negative effects on the rates of increase
in phytoplankton biomass [10]. These results further demonstrated
the importance of indirect as well as direct effects of climate forc-
ing by UVR and temperature on phytoplankton community compo-
sition in mountain lakes.

One of the main targets of UVR in phytoplankton organisms is
the photosynthetic apparatus [4]. UVR is known to cause photoin-
hibition, i.e., the reduction of photosynthetic rates [11] by damag-
ing the photosystem components [12], particularly the D1 protein
of the photosystem II (PSII). Recovery from the UVR-induced dam-
age implies enzymatic activity to degrade the damaged PS complex
proteins, as well as for re-synthesizing PS components [13]. Since
temperature is a key factor that enhances enzymatic activity, an in-
crease in its levels would, in principle, benefit species that have
suffered UVR-induced damage in their photosynthetic apparatus.
In fact, in a study carried out with the diatom Thalassiosira pseudo-
nana, it was found that UVR-induced sensitivity (i.e., as assessed
through biological weighting functions for photoinhibition) was
highly affected by temperature, so that its extent increased with
decreasing temperature; however, and over long periods of time,
these photoinhibitory effects were slightly modified (i.e., reduced)
due to acclimation processes [14].

Because of the outmost importance of Patagonia within a pho-
tobiology context, i.e., the region normally receives high levels of
UVR and it is periodically under the influence of ozone depletion
events [15] is that we designed experiments to assess the com-
bined effects of temperature and UVR on the photosynthesis per-
formance of two characteristic diatoms of the area: Chaetoceros
gracilis and Thalassiosira weissflogii. In particular, we evaluated
the role of UVR in inducing photoinhibition in these species, and
we asked whether a potential increase in temperature would mit-
igate these effects and, if so, to what extent. The increase in tem-
perature that we used in these experiments (+5 �C) represents a
crude but realistic value in a scenario of climate change by the year
2100 [16].

2. Materials and methods

2.1. Culture collection/study site

T. weissflogii (Grunow) G. Fryxell & Hasle and C. gracilis Schütt
(Bacillariophyceae) from the Microalgae Culture Collection at Esta-
ción de Fotobiología Playa Unión (EFPU, Argentina) were grown in
1-L Erlenmeyer flasks in f/2 medium [17] with a photoperiod
12L:12D in a growth chamber (Sanyo model ML 350). Cells were
pre-acclimated either at 18 �C or at 23 �C for 2 weeks prior to
experimentation under Photosynthetic Active Radiation (PAR,
400–700 nm) (235 lmol photons m�2 s�1). Light was provided by
cool white fluorescent lamps (Philips daylight) and photon flux
densities were measured with a spherical micro quantum sensor
(Walz GmbH, model US-SQS/WB). Cells were harvested during
the exponential growth phase and used in the experiments as de-
scribed below. Experiments to determine the short-term effects of
both solar and artificial radiation on T. weissflogii and C. gracilis
were carried out during the late austral winter (27 August–7 Sep-
tember, 2009) at the Estación de Fotobiología Playa Unión
(43�18.70S; 65�02.50W) located in the Patagonian coast of
Argentina.

2.2. Experimentation/sampling protocol

The experiments to evaluate the short-term combined effects of
UVR and temperature on the photosynthesis performance of T.
weissflogii and C. gracilis were conducted under solar and artificial
radiation conditions as follows:

(i) Experiments under solar radiation: The samples were put in
50 ml quartz tubes under three radiation treatments (dupli-
cates for each treatment): (a) Full solar radiation – UVR + -
PAR (280–700 nm) – uncovered tubes – PAB treatment; (b)
UV-A + PAR (320–700 nm) – tubes covered with UV cut-off
filter foil (Montagefolie, No. 10155099, Folex, Dreieich, Ger-
many) – PA treatment; and (c) Only PAR (400–700 nm) –
tubes covered with Ultraphan film (UV Opak, Digefra,
Munich, Germany) – P treatment. The spectra of these fil-
ters/materials are published in Figueroa et al. [18]. Samples
were put in thermostatic water baths (Frío 21, Argentina)
with two independent circuits that kept temperature at both
18 �C and 23 �C. Different combinations of pre-acclimation/
exposure temperatures were tested: (1) Cultures pre-accli-
mated at 18 �C and exposed at 18 �C (18_18); (2) Cultures
pre-acclimated at 18 �C and exposed at 23 �C (18_23); (3)
Cultures pre-acclimated at 23 �C and exposed at 23 �C
(23_23). In all experiments, samples were exposed to solar
radiation during 8 h (i.e., from 10 am to 6 pm, local time)
and measurements of various fluorescence parameters were
obtained continuously throughout the duration of the exper-
iments by taking alternately samples from the different radi-
ation treatments (thus, a particular sample was measured
every �30–35 min). Additionally, sub-samples were col-
lected for analysis of chlorophyll-a (chl-a), carotenoids,
UV-absorbing compounds and cell concentrations at the
beginning of each experiment. All experiments done with
C. gracilis (18_18; 18_23 and 23_23) were carried out on
August 31, 2009, whereas those with T. weissflogii were done
on September 3 (18_18 and 23_23) and September 4, 2009
(18_23).

(ii) Experiments under artificial radiation: Samples (duplicates)
were put into 50 ml quartz tubes under three radiation
treatments (as above) and exposed to three different UVR–
PAR irradiances by adjusting the distance from the samples
to a solar simulator (Hönle System Sol 1200, Hönle, Ger-
many): (1) UV-B: 0.73 W m�2, UV-A: 28.5 W m�2, PAR:
375 lmol photons m�2 s�1; (2) UV-B: 1.45 W m�2, UV-A:
58.9 W m�2, PAR: 698 lmol photons m�2 s�1; (3) UV-B:
2.19 W m�2; UV-A: 89.4 W m�2, PAR: 1041 lmol photons
m�2 s�1. The samples were exposed submerged in a water
bath just below the solar simulator. The whole set-up was
placed inside an environmental chamber (Minicella, Argen-
tina) for temperature control, but when needed, ice was
added so that the temperature never rose more than 1 �C
from 18 or 23 �C (depending on the experiment). The differ-
ent combinations of pre-acclimation/exposure temperatures
were as described above. Each experiment consisted of 1 h of
exposure under the solar simulator and 1 h of recovery
under dim light (30 lmol photons m�2 s�1) with measure-
ments of fluorescence parameters done continuously during
these periods. An extra measurement of recovery was per-
formed 1 h after the last recovery measurement.

2.3. Analyses and measurements

The following measurements and analyses were done:

2.3.1. Radiation and temperature measurements
Solar radiation reaching the cultures was continuously moni-

tored using a broad-band filter radiometer (ELDONET, Real Time
Computer, Möhrendorf, Germany) that measures UV-B (280–
315 nm), UV-A (315–400 nm) and PAR (400–700 nm) every
second, averages data over 1-min interval and stores them in a
computer. This instrument is calibrated every year by a solar cali-
bration procedure. The radiometer is permanently installed on the
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roof of the Estación de Fotobiología Playa Unión. Water tempera-
ture inside the thermostatic baths was controlled with sensors at-
tached to each temperature channel and adjusted automatically
throughout the experimental period.

2.3.2. Fluorescence measurements
The photosystem II efficiency of charge separation is related to

the proportion of photochemically active (PSII) reaction centers.
This was determined by measuring the in vivo chl-a fluorescence
emission using a portable pulse amplitude modulated fluorometer
(Water-ED PAM, Walz, Germany). The PSII effective photochemical
efficiency of charge separation (DF/F 0m or Y) was calculated using
the equations of Genty et al. [19] as:

Y ¼ DF=F 0m ¼ ðF
0
m � FtÞ=F 0m ð1Þ

where F 0m is the instantaneous maximum intensity of chl-a fluores-
cence in an irradiated cell induced by a saturating white light pulse
(�5300 lmol photons m�2 s�1 in 0.8 s) in the presence of a weak
actinic light, and Ft the current steady-state fluorescence induced
by weak actinic light in light-adapted cells. The non-photochemical
quenching (NPQ) of chl-a fluorescence is a proxy of the non-radia-
tive dissipation of light energy absorbed in excess, and it is the most
important short-term photoprotective mechanism activated by sat-
urating PAR intensities. NPQ was determined measuring Fm at the
beginning of the experimentation in samples maintained in dark-
ness during 5 min and F 0m during the exposure time, and it was cal-
culated as:

NPQ ¼ ðFm � F 0mÞ=F 0m ð2Þ

There were no significant differences between NPQ values cal-
culated in this way and those obtained directly using the PAM fluo-
rometer therefore, we used the data obtained with this instrument.
In all cases, the chl-a fluorescence measurements were made six
times for each sample.

2.3.3. Cell concentration and pigments quantification
Aliquots of cell cultures (10 ml) were fixed with buffered forma-

lin (final concentration of formaldehyde in the sample = 0.4%) and
counted with a Neubauer chamber under a compound microscope
(Zeiss model D-7082, Germany). Chl-a concentration was mea-
sured by filtering 20–50 ml of sample onto a Whatman GF/F filter
(25 mm) and extracting the photosynthetic pigments and UV-
absorbing compounds in absolute methanol [20]. A scan between
250 and 750 nm was done using a Hewlett Packard spectropho-
tometer (model HP 8453E) and chl-a and carotenoids concentra-
tion were calculated using the equations of Porra [21]. UV-
absorbing compounds were estimated by the peak at 337 nm
[22]. We are aware that other studies [23] suggested the use of
20% methanol as the best extraction solvent for these compounds.
Nevertheless, and since we were limited by the volume of samples,
we considered that this procedure was appropriate for the pur-
poses and aim of our investigation, even it might slightly underes-
timated the amount of UV-absorbing compounds. Once scanned,
the same sample was used to determine the chl-a concentration
fluorometrically [24].

2.3.4. Statistical and data analysis
Radiation treatments were done in duplicate. All data is re-

ported as the mean and half mean range. One-way repeated mea-
surements ANOVA test was used to determine differences among
irradiances, temperatures and species while a two-ways ANOVA
test was used to determine interactions between irradiance and
temperature, using a 95% confidence limit and one degree of free-
dom [25]. The normality and homoscedasticity of data were con-
firmed by using a Kolmogorov–Smirnov test and plotting the

residuals respectively. Thus, data transformation was not neces-
sary. A post hoc Newman–Keuls test was applied to differentiate
significant treatments effects. In the case of a significant interac-
tion between the two factors (radiation and temperature), a plot
of the mean Y inhibition versus the radiation levels were made
for each temperature treatment to determine if the combined ef-
fect was positive (synergic) or negative (antagonist) [26].

The decrease of Y at each wavelength interval (i.e., Y in the PAB
and PA treatments relative to that in the P control) over the incu-
bation period was calculated as:

Decrease due to UV-B ¼ ðYP � YPABÞ � ðYP � YPAÞ½ �=ðYPÞ � 100 ð3Þ
Decrease due to UV-A ¼ ðYP � YPAÞ=ðYPÞ � 100 ð4Þ

where YP, YPA, and YPAB are the PSII effective photochemical effi-
ciency of charge separation in the P, PA, and PAB treatments,
respectively. To compare the rates of photoinhibition and recovery
under the different radiation/temperature treatments, the slope DY/
Dt for each interval (exposure/recovery) was determined using a
linear fit.

3. Results

3.1. Solar radiation conditions

Solar radiation conditions during the study period are shown in
Fig. 1. In general, the conditions during the experimentation days
were of clear skies, but some cloud cover was evident during the

Fig. 1. Solar radiation conditions during the period August 31–September 5, 2009.
Experiments were carried out on August 31 (Julian day 243), September 3 (Julian
day 246) and September 4, 2009 (Julian day 247). Daily irradiance of: (A) PAR, 400–
700 nm (in W m�2); (B) UV-A, 315–400 nm (in W m�2) and; (C) UV-B, 280–315 nm
(in W m�2).
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morning of Julian days 245 and 246, and throughout the day on Ju-
lian day 248. Maximum PAR irradiance levels of �250 W m�2

(Fig. 1A) were similar during the experiments carried out with C.
gracilis (Julian day 243) and T. weissflogii – Julian days 246–247.
UV-A (Fig. 1B) and UV-B irradiances (Fig. 1C) followed the same
trends as PAR, with maximum values of �30 and �0.55 W m�2

for UV-A and UV-B, respectively.

3.2. Experiments under solar radiation

For simplicity, we are presenting only the data obtained in the
PAB and P treatments and the data obtained under the PA treat-
ment is presented in Table 1. Both C. gracilis and T. weissflogii had
a clear pattern of inhibition of Y as soon as the samples were ex-
posed to solar radiation in all radiation and temperature treat-
ments (Fig. 2). Nevertheless, recovery was observed during the
afternoon but in different degree for each species/temperature
combination (Fig. 2A, B, D and E). C. gracilis attained higher recov-
ery (Fig. 2A and B) than T. weissflogii (Fig. 2D and E) at the end of
the experiment. There was a net effect of solar radiation, as well
as of temperature on these daily cycles. Comparing temperature

treatments, the Y values under both radiation treatments were sig-
nificantly higher (p 6 0.001) in samples exposed at 23 �C than at
18 �C – i.e., either pre-acclimated at 18 �C and then exposed to
23 �C, or pre-acclimated and then exposed to 23 �C (Fig. 2A–E
and Table 1). Conversely, and for both species, the lower photosyn-
thetic performance was obtained in samples exposed at 18 �C. In
relation to radiation treatments, it was determined that in general,
the bulk of the Y inhibition was due to PAR (Fig. 2B and E); UVR
however, contributed to the observed inhibition by as much as
37% and 60% in C. gracilis and T. weissflogii, respectively, at 18 �C,
being this percentage lower at 23 �C (Fig. 2C and F, and Table 1).
Table 1 resumes the mean UVR-induced inhibition in C. gracilis
and T. weissflogii. In both species, samples exposed at 18 �C were
those that had higher photosynthetic inhibition during the daily
exposure (Fig. 2C and F, and Table 1). At 18 �C however, the inhibi-
tion in T. weissflogii was significantly higher (p 6 0.001) than that
in C. gracilis. Both species showed significantly lower inhibition
when exposed to the 23_23 treatment, i.e., 13% (p 6 0.001) and
15% (p 6 0.05) for C. gracilis and T. weissflogii, respectively as com-
pared to the 18_18 treatment. There were some interesting fea-
tures when comparing the responses of both species, e.g., the
percentage UVR-induced inhibition in the 18_23 treatment was
similar to that in the 18_18 in C. gracilis (Fig. 2C), but similar to
the 23_23 in T. weissflogii (Fig. 2F). The combined effects of temper-
ature and radiation factors were significant for all the treatments
in T. weissflogii, but only in some of C. gracilis (Table 3).

To evaluate the potential photoprotection mechanisms against
solar radiation stress in C. gracilis and T. weissflogii, we investigated
the non-photochemical (NPQ) responses occurring throughout the
daily cycles (Fig. 3). The most evident feature, when comparing the
response of both species was of much higher NPQ values in C. grac-
ilis (Fig. 3A and B) than that in T. weissflogii (Fig. 3C and D). The
highest NPQ values in C. gracilis were generally determined in

Table 1
Mean maximum (±SD) UV-A and UV-B inhibition (as percentage relative to P
treatment) of samples exposed to solar radiation under different temperature
treatments (i.e., 18_18 �C; 18_23 �C and 23_23 �C). Mean inhibition was calculated
from the period 12–15 h. Full explanation in the text.

Temperature
treatments

Chaetoceros gracilis Thalassiosira weissflogii

UV-A
inhibition

UV-B
inhibition

UV-A
inhibition

UV-B
inhibition

18_18 �C 29.8 ± 3.7 7.4 ± 4.0 46.1 ± 5.4 13.6 ± 3.2
18_23 �C 25.7 ± 5.8 7.8 ± 3.9 34.4 ± 4.8 5.3 ± 4.5
23_23 �C 15.9 ± 3.9 7.7 ± 3.8 36.7 ± 6.6 7.5 ± 3.9

Fig. 2. Photosynthetic responses of Chaetoceros gracilis (A–C) and Thalassiosira weissflogii (D–F) in experiments carried out under solar radiation conditions. Percentage of
change of yield (Y) relative to time zero (t0) in C. gracilis samples exposed to: (A) PAR + UV-A + UV-B (PAB treatment) and; (B) PAR only (P treatment). (C) Percentage UVR-
induced inhibition (relative to samples under the P treatment) during these daily cycles. Percentage of change of yield (Y) relative to time zero (t0) in T. weissflogii exposed to:
(D) PAR + UV-A + UV-B (PAB treatment) and; (E) PAR only (P treatment). (F) Percentage UVR-induced inhibition (relative to samples under the P treatment) during these daily
cycles. Symbols indicate the different temperature treatments: 18_18 (black circles), 18_23 (white circles) and 23_23 (white triangles). The vertical lines on top of symbols
are the half mean range.
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Fig. 3. Non photochemical quenching of PSII (NPQ) throughout exposure under solar radiation conditions in: (A) Chaetoceros gracilis samples exposed to full solar radiation
(treatment PAB); (B) C. gracilis samples exposed to PAR only (treatment P). No data are available for the 23_23 treatment; (C) Thalassiosira weissflogii samples exposed to full
solar radiation (treatment PAB) and; (D) T. weissflogii samples exposed to PAR only (treatment P). Symbols indicate the different temperature treatments: 18_18 (black circles)
and 18_23 (white circles). The lines on top of symbols are the half mean range.

Fig. 4. Photosynthetic responses of Chaetoceros gracilis (A–C) and Thalassiosira weissflogii (D–F) in experiments carried out under artificial radiation conditions (UV-B:
1.45 W m�2, UV-A: 58.9 W m�2, PAR: 698 lmol photons m�2 s�1). Percentage of change of yield (Y) relative to time zero (t0) in C. gracilis samples exposed to: (A) PAR + UV-
A + UV-B (PAB treatment) and; (B) PAR only (P treatment). (C) Percentage UVR-induced inhibition (relative to samples under the P treatment) during these daily cycles.
Percentage of change of yield (Y) relative to time zero (t0) in T exposed to: (D) PAR + UV-A + UV-B (PAB treatment) and; (E) PAR only (P treatment). (F) Percentage UVR-
induced inhibition (relative to samples under the P treatment) during these daily cycles. Symbols indicate the different temperature treatments: 18_18 (black circles), 18_23
(white circles) and 23_23 (white triangles). The lines on top of symbols are the half mean range. White and gray areas indicate the period of exposure and recovery,
respectively.
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the 18_23 treatment for both radiation treatments whereas the
lowest were found generally at 18_18 (Fig. 3A and B). Although sig-
nificantly lower NPQ values were determined in T. weissflogii as
compared to that in C. gracilis (Fig. 3C and D) throughout the exper-
iment, some differences were observed among temperature treat-
ments, with a relatively higher NPQ values in samples under the
23_23 treatment (Fig. 3C).

3.3. Experiments under artificial radiation

In order to get detailed information on the inhibition and recov-
ery of Y in C. gracilis and T. weissflogii exposed under increased radi-
ation conditions (i.e., as compared to that under solar radiation) we
designed several experiments under a solar simulator. As represen-
tative of the data obtained in these experiments, in Fig. 4 we pres-
ent the results obtained at intermediate irradiance conditions – i.e.,
UV-B: 1.45 W m�2, UV-A: 58.9 W m�2, PAR: 152 W m�2 (698 lmol
photons m�2 s�1). Similarly as with the experiments carried out
under solar radiation conditions, we determined a clear pattern
of inhibition and then recovery, once the stress was removed
(Fig. 4A–E). There were however, differences in the responses be-
tween C. gracilis and T. weissflogii. During exposure, the highest Y
values under PAB of C. gracilis (Fig. 4A) were determined in the
23_23 treatment, whereas the lowest ones were found in the
18_18 treatment. During the recovery however, Y values in the
18_23 treatment were significantly higher than in the rest of them.
Under PAR alone (Fig. 4B) the values in the 18_23 treatment were
significantly higher throughout the experiment (i.e., inhibition and

recovery). After 1 h of recovery, C. gracilis samples reached �90% of
the initial Y value in the PAB treatment, whereas ca. 100% under
PAR alone (Fig. 4A and B). For T. weissflogii however, much lower
Y values were obtained in the PAB (Fig. 4D) as compared to those
in the P treatment (Fig. 4E). Within any radiation treatment, the
highest Y values were determined under the 23_23 treatment,
and the lowest ones were obtained at 18 �C. T. weissflogii had a
much lower recovery during the first hour than C. gracilis, and
reached �60% and �80% in the PAB (Fig. 4D) and P (Fig. 4E) treat-
ments, but attained the initial value after 2 h. Fig. 4C and F shows
the contribution of UVR in inducing inhibition during these exper-
iments: For C. gracilis (Fig. 4C) the lowest inhibition values during
exposure were found in the 23_23, whereas the highest inhibition
values were determined in 18_23 treatment. For T. weissflogii
(Fig. 4F) the highest inhibition (up to 65%) was determined in the
18_18 whereas the lowest were found in the 23_23 treatment. Ta-
ble 2 shows the mean contribution of UV-A and UV-B in inducing
inhibition in C. gracilis and T. weissflogii during these experiments
under artificial radiation, being UV-A the waveband that contrib-
uted to the bulk in both species. In particular, and for C. gracilis,
the highest UV-A inhibition was generally registered in the
18_18 treatment, with a trend for increasing inhibition with irradi-
ance. Overall, the highest inhibition values (i.e., 61.35% and 28.45%
for UV-A and UV-B, respectively) were determined in the 18_18
treatment when samples were exposed to a UVR + PAR irradiance
of 315 W m�2. Similarly, and for T. weissflogii the highest UV-A-in-
duced inhibition value (i.e., �80%) was determined in the 18_18
treatment under the highest irradiances used in the experiments,

Table 2
Mean maximum (±SD) inhibition (as percentage relative to P treatment) of samples exposed to three levels of artificial radiation under different temperatures (i.e., 18_18 �C;
18_23 �C and 23_23 �C). Mean inhibition was calculated from the exposure period (1 h). No data are available for the highest irradiance under the 18_23 �C treatment. Full
explanation in the text.

Temperature treatments Radiation treatments Chaetoceros gracilis Thalassiosira weissflogii

UV-A inhibition UV-B inhibition UV-A inhibition UV-B inhibition

18_18 �C 110 W m�2 24.7 ± 5.7 13.4 ± 2.9 49.3 ± 3.8 10.0 ± 2.2
210 W m�2 36.5 ± 3.0 6.9 ± 3.9 53.2 ± 7.7 7.2 ± 4.1
315 W m�2 34.5 ± 5.7 6.5 ± 2.6 73.8 ± 4.0 15.1 ± 4.7

18_23 �C 110 W m�2 30.4 ± 4.9 3.4 ± 2.6 40.6 ± 3.7 10.0 ± 2.9
210 W m�2 31.9 ± 4.3 7.6 ± 2.9 50.5 ± 4.2 7.1 ± 3.5

23_23 �C 110 W m�2 21.0 ± 1.8 5.8 ± 1.8 32.2 ± 6.4 7.0 ± 4.9
210 W m�2 14.4 ± 2.1 0 41.7 ± 4.9 8.0 ± 5.5
315 W m�2 21.6 ± 3.9 0 55.4 ± 18.0 0

Table 3
Statistical results of one- and two-ways ANOVA to establish differences in Y inhibition between radiation treatments, between temperature treatments, and combined
radiation � temperature during the solar radiation exposures. Radiation treatments are: PAB = PAR + UV-A + UV-B; PA = PAR + UV-A; P = PAR. Temperature treatments:
a = 18_18 �C; b = 18_23 �C; c = 23_23 �C.

Radiation treatments Temperature treatments Radiation � temperature

C. gracilis 18_18 �C (a) p 6 0.001 p 6 0.05 PABa = PABb = PABc; p > 0.05
PAB = PA – P PAB c = b – a PABa – PABc; p < 0.05

Pa – (Pb, Pc); p < 0.05
18_23 �C (b) p 6 0.001 p 6 0.001 Pb = Pc; p > 0.05

PAB = PA – P PA c = b – a PABa – (Pa, Pb, Pc); p < 0.05
PABb – (Pc, Pb); p < 0.05

23_23 �C (c) p > 0.05 p 6 0.001 PABb = Pa; p > 0.05
P c – b – a PABc = (Pa, Pb, Pc); p > 0.05

T. weissflogii 18_18 �C (a) p 6 0.001 p 6 0.05 PABa – (PABb; PABc); p < 0.05
PAB = PA – P PAB c = b – a PABb = PABc; p > 0.05

Pa – (Pb; Pc); p < 0.05
Pb = Pc; p > 0.05

18_23 �C (b) p 6 0.001 p 6 0.001 PABa – (Pa; Pb; Pc); p < 0.05
PAB = PA – P PA c – b – a PABb – (Pb; Pc); p < 0.05

PABb = Pa; p > 0.05
23_23 �C (c) p > 0.05 p 6 0.001 PABc – (Pb; Pc); p < 0.05

P c – b – a PABc = Pa; p > 0.05
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although a high value (�74%) was also registered in the 23_23
treatment. Finally, UV-B induced inhibition reached the highest va-
lue in the 18_18 treatment, i.e., �20% under the highest irradiances
used for these experiments.

Fig. 5 resumes the photochemical dynamics of C. gracilis and T.
weissflogii exposed to the different irradiance and temperature lev-
els. For simplicity we are presenting the rates of inhibition and
recovery in the PAB and P treatments as a function of irradiance.
When analyzing the rates of inhibition and recovery (Fig. 5) two
outcomes are clearly observed: One is that with increasing irradi-
ance the inhibition rates increased, while the recovery rates de-
creased in both species and radiation/temperature conditions. In
addition, temperature increase had a significant effect in decreas-
ing the inhibition rates, but rather little effect on the recovery
rates. When comparing the particular responses of the two species
tested, it is seen that inhibition rates in C. gracilis are somehow
lower under the P treatment (Fig. 5A and B); in T. weissfloggii these
differences were much more evident (Fig. 5C and D). In regard to
the recovery rates, the rates of change with increasing irradiance
were steeper in C. gracilis under the PAB treatment as compared
to that under P (Fig. 5A and B) as also determined for T. weissflogii
(Fig. 5C and D).

4. Discussion

Our research focused on the combined effects of PAR/UVR and
temperature on photosynthesis (as assessed through measure-
ments of chl-a fluorescence of the PSII) of two diatom species –
C. gracilis and T. weissflogii, and the main outcome of our work
was of a beneficial effect of temperature by partially counteracting

the UVR-induced inhibition of photosynthesis. Similarly, previous
studies carried out with the diatom Thalassiosira pseudonana [14]
determined that during short-term exposures this organism had
higher sensitivity towards UVR when exposed to cold tempera-
tures. However, this beneficial response is not universal, as other
studies carried out with symbiotic dinoflagellates [27] have shown
stronger UVR effects under high temperatures, due to the produc-
tion of high amounts of superoxide radicals. In another study car-
ried out with planktonic cyanobacterial surface bloom [28]
elevated temperatures were more damaging to photosynthesis
when cells were simultaneously exposed to high irradiance. On
the other hand, Roos and Vincent [8] did not find any effect of tem-
perature on UVR-induced photosynthesis in the cyanobacterium
Phormidium murrayi pre-acclimated to 20 �C and exposed to UVR
and PAR at 5, 10, 15 and 20 �C. So it is obvious, on the one hand,
the species-specificity in responses and, on the other hand, the
complexity of process taking place when exposing organisms to
multifactor variables. For example, sub-optimal temperature ef-
fects on photosynthesis include rate limitation by enzymatic reac-
tions due to thermodynamic constraints, limitation for inorganic
phosphate, and feedback inhibition resulting from accumulation
of photosynthetic end products [29].

Our results presented here demonstrate that photosynthesis of
both C. gracilis and T. weissflogii, acclimated to 18 �C, similarly as if
they were in surface waters in our study area during summer [30]
is inhibited by both solar as well as by artificial radiation, as seen in
the consistently reduction of Y during exposure (Figs. 2 and 4). As
seen in other studies assessing spectral solar radiation effects on
PSII photochemical efficiency of phytoplankton, most of the inhibi-
tion was due to PAR [4]; however, additional inhibition was ob-
served due to the UVR. The observed UVR inhibition was

Fig. 5. Inhibition and recovery rates in Chaetoceros gracilis (A and B) and Thalassiosira weissflogii (D and E) calculated from data obtained in experiments done under artificial
conditions and under increasing irradiances. Rates of C. gracilis under: (A) PAR + UV-A + UV-B (PAB treatment) and; (B) PAR only (P treatment). Rates of T. weissflogii under: (C)
PAR + UV-A + UV-B (PAB treatment) and; (D) PAR only (P treatment). White and black symbols indicate inhibition and recovery rates, respectively. Circles, squares and
triangles are samples exposed to the 18_18, 18_23 and 23_23 treatments. The lines on top of symbols are the half mean range.
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significantly higher in T. weissflogii as compared to that in C. gracilis
(Figs. 2C and F and 4C and F) thus highlighting for a higher sensi-
tivity of T. weissflogii during short-term exposures. Part of this dif-
ferential sensitivity might be related to the cell size of the two
species tested – T. weissflogii (�20 lm) and C. gracilis (�5 lm). In
fact, previous studies have shown that large cells were more sensi-
tive than small cells when considering photosynthetic inhibition
[31] probably due to the fast acclimation kinetics of small cells
[32] related in turn to the high surface/volume ratio. The size
dependence of UVR effects are also related to the capacity of cells
of synthesizing protective UV-absorbing compounds which is more
important in large than in small cells, probably due to the fact that
in small ones it would be energetically too costly [33]. During the
time frame of our study, we did not register significant amounts of
these protective compounds in any of the species tested (data not
shown) but during long-term experiments (7 days of duration) it
was determined that they were able to synthesize them in small
amounts [34]. Thus although we did find obvious inter-specific dif-
ferences in the photosynthetic responses, we do not know if they
would vary over longer periods of time, i.e., if UV-absorbing com-
pounds can reduce or even counteract the negative effects caused
by UVR.

Other compounds however, are also important in helping cells
to cope with excess radiation as it is the case of the enzymatic con-
version of xanthophylls that protect cells from high PAR [35] as
well as from UVR stress [36,37]. The de-epoxidation of diadinoxan-
thin, violaxanthin and antheraxanthin helps the energy dissipation
of excess light and thus reduce any potential damage to PSII [38].
This de-epoxidation is triggered by the acidification of the chloro-
plast lumen and occurs within minutes from transfer of cells to ex-
cess irradiance [39] and can be adjusted on a longer time-scale
(days) via by de novo synthesis of pigments [40]. Differences in
the contribution of the xanthophyll cycle have been observed not
only between green algae and diatoms [36,41] but also differences
in down regulation capacity of excess energy were observed
among diatom species [42]. One way to estimate this down regula-
tion capacity is by analyzing the non-photochemical quenching
process (NPQ) which occur in almost all photosynthetic eukary-
otes, and help to regulate and protect photosynthesis in environ-
ments in which light energy absorption exceeds the capacity for
light utilization [39]. In our study, this mechanism seemed to be
significant in C. gracilis but in much less extent (or almost null)
in T. weissflogii (Fig. 3). Recent studies [38] however, suggested that
T. weissfloggii had the capacity for down regulation of excess en-
ergy via xanthophyll cycling but in those experiments the cells
were exposed to higher solar irradiances (i.e., during summer time
– January–February) than in those used by us. Also, Buma et al. [37]
found increased down regulation capacity of T. weissflogii when
acclimated to summer (high) irradiances but in our study it seems
that the previous light history of this organism was not high en-
ough to enhance it, as also seen in other studies [43,44]. Moreover,
in a study carried out with diatoms with different spatial distribu-
tion, it was observed that the NPQ of oceanic diatoms was induced
at low light intensities; on the other hand, the NPQ of estuarine
diatoms was triggered only when the light intensities were 3–5
times higher than the light intensity at which the diatoms were
grown [42]. The adaptation of estuarine diatoms to a variable light
regime is such that NPQ can be standing-by and be readily trig-
gered only if the PSII redox-state is very close to saturation [45].
Therefore, the different responses observed in the two studied spe-
cies seems to be adaptive (i.e., genetic). Another explanation for
the very low NPQ values in T. weissflogii could be the fact that
NPQ in diatoms presents different phases: (i) A transient compo-
nent generated immediately upon illumination, (ii) A steady-state
component during later stages of the high-light illumination, and
(iii) A fast relaxing component upon a transition of high-light to

darkness [46]. In our study, the NPQ measurements were made rel-
ative to Fm measured after short dark incubation, so one possibility
is that this time was not enough for relaxing some components of
NPQ, and consequently, NPQ values might have been slightly
underestimated (i.e., T. weissflogii).

In the previous paragraphs we considered the responses of cells
when they were acclimated to the in situ summer temperature
(18 �C). However, in our study we also considered a potential tem-
perature increase of 5 �C as it would occur due to climate change
by the year 2100 [16]. We simulated this temperature change in
two ways, i.e., one as a sudden increase (within minutes) by incu-
bating cells previously acclimated to 18 �C and exposing them to
23 �C, and the other by acclimating cells for a longer period of time
to 23 �C. Although a sudden increase in temperature might seem
unreal at first sight, previous studies deploying floats suggested
that phytoplankton cells were trapped in a very shallow transient
upper mixed layer (UML) in which they were exposed not only to
high irradiances but also to a sudden increase in temperature [47].
Our data supported the initial view that cells of C. gracilis and T.
weissflogii benefited from the increase in temperature, having a
better performance by counteracting (at least partially) the UVR
stress. In fact, the antagonic effects between temperature and
UVR was clearly observed in all the treatments for T. weissflogii
(but only some of C. gracilis, Table 3) that showed a negative inter-
action with UVR on yield inhibition (figure not shown; see also
[26]). The differences in the PSII photochemical efficiency re-
sponses not only showed that species benefited from the pre-accli-
mation to 23 �C (i.e., under the 23_23 treatment) but also that they
were able to respond very fast to the sudden temperature increase
(i.e., from 18 �C to 23 �C). This resulted in an improved response
not only by reducing the inhibition of Y (Figs. 2 and 4) but also
increasing the down regulation of excess energy via NPQ, espe-
cially in C. gracilis (Fig. 3). In agreement with our findings, a better
response in the photochemical activity in cells that had a fast accli-
mation to a high temperature was also observed in T. pseudonana
acclimated to 20 �C and exposed to 15, 20 and 25 �C [14].

One main target for photoinhibition is the D1 protein of the PSII,
which controls the electron transport after the primary photon
absorption; this protein is subsequently removed by proteases
resulting in a reduced photochemical efficiency [48]. During recov-
ery, however, a new protein is restored and this process is facili-
tated by a rapid turn-over of the protein [49]. In our case, we
expected that an increase in temperature would have resulted in
a faster metabolism activity and thus a fast turn-over of the D1
protein as seen in other studies [50–52], or in a fast recovery as
seen in T. pseudonana [14]. However, this was not clearly evident
from our data, as there were slight differences during recovery
among the various temperatures and irradiance conditions
(Fig. 5). During exposure however, it was clear that a temperature
increase diminished the rates of inhibition (Fig. 5). This indicates
that during exposure the balance between negative (inhibition)/
positive (repair-dissipation) effects shifted towards a more positive
balance with increasing temperature, suggesting that although
maximum inhibition was reached during our experiments,
repair-dissipation was enhanced by rising the temperature. Of
course this balance also showed some limitations, as the tempera-
ture difference was observed at the two lowest irradiances, but it
was not so evident at the highest irradiance used. This fact could
be related to a boundary of temperature dependence at saturating
irradiances. In fact, Miller et al. [53] found that the degree of
temperature stress (as assessed through measurements of carbon
assimilation) was dependent upon light intensity, and this
light-dependent temperature effect may have involved both
reduced photochemical efficiency at sub-saturating irradiances
and low saturating irradiances at both supra-and sub-optimal
temperatures.
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The question on why the species respond differently to the
same variables can also be related to the use of different niches.
It is known that a light gradient exists in the marine environment
that ranges from dynamic and turbid estuarine waters, to calm and
clear oceanic waters [54]. In fact, the species used in our work are
characteristic from different niches, being T. weissflogii an estuarine
species whereas C. gracilis is often coastal. Therefore, the better
performance under UVR stress displayed by C. gracilis could be a
consequence of adaptation to higher irradiances, including UVR,
experienced during ocean water stratification events, whereas T.
weissflogii, adapted to turbid estuarine waters with continuous
mixing, has limited capability to tolerate a prolonged exposure at
simulating surface water irradiances.

In summary, our data highlight the differential responses of
species, due to their species-specific sensitivity as well as to their
variable acclimation capacity as a consequence of different under-
water light climate. These observed differences in responses
among phytoplankton species are critical at the time to asses any
impact of climate change. In this manuscript we demonstrated,
that temperature increase might counteract the UVR negative im-
pact. However, we are aware that extrapolation of simulated in situ
short-term experiments needs to be considered carefully, as this
type of data might explain only part of the responses due to cli-
matic change of organisms living in natural ecosystems. In fact,
studies comparing short- and long-term combined effects of radi-
ation and temperature have shown that organisms response is
quite different depending on the time-scale [14]. Moreover, and
as discussed above other species/system respond differently, thus
leaving a variability that would affect in various ways different re-
gions. Therefore, more investigations considering the combined
temperature-radiation effects on natural phytoplankton popula-
tions over longer periods of time need to be done in order to obtain
a better understanding of possible consequences of climate change
in Patagonia.

Acknowledgements

We thank V. Fiorda Giordanino and E. Heimsch for their help
during experiments; I. Albarracín helped with cultures’ mainte-
nance. This work was supported by Agencia Nacional de Promoción
Científica y Tecnológica (PICT2007-01651, Argentina); Consejo
Nacional de Investigaciones Científicas y Técnicas (Argentina) –
Deutsche Forschungsgemeinschaft (Germany) (CONICET-DFG-
2009); Ministerio de Ciencia, Tecnología e Innovación Productiva
(Argentina) – Consejo Nacional de Ciencia y Tecnología (Mexico)
(Project No. MX/09/13) and Fundación Playa Unión, Argentina. This
work is in partial fulfillment of the Ph.D. thesis of SRH, supported
by a scholarship from Agencia Nacional de Ciencia and Instituto
Nacional del Agua (Argentina). This is Contribution No. 118 of Esta-
ción de Fotobiología Playa Unión.

References

[1] D.P. Häder, H.D. Kumar, R.C. Smith, R.C. Worrest, Effects of solar UV radiation
on aquatic ecosystems and interactions with climate change, Photochem.
Photobiol. Sci. 6 (2007) 267–285.

[2] E.W. Helbling, H.E. Zagarese, UV Effects in Aquatic Organisms and Ecosystems.
Comprehensive Series in Photochemical and Photobiological Sciences, The
Royal Society of Chemistry, Cambridge, 2003.

[3] A.G.J. Buma, P. Boelen, W.H. Jeffrey, in: E.W. Helbling, H.E. Zagarese (Eds.), UV
Effects in Aquatic Organisms and Ecosystems, The Royal Society of Chemistry,
Cambridge, 2003, pp. 291–327.

[4] V.E. Villafañe, K. Sundbäck, F.L. Figueroa, E.W. Helbling, in: E.W. Helbling, H.E.
Zagarese (Eds.), UV Effects in Aquatic Organisms and Ecosystems, The Royal
Society of Chemistry, Cambridge, 2003, pp. 357–397.

[5] F.J. Wrona, T.D. Prowse, J.D. Reist, R. Beamish, J.J. Gibson, J. Hobbie, E. Jeppesen,
J. King, Climate change effects on aquatic biota, ecosystem structure and
function, Ambio 35 (2006) 359–369.

[6] G.M. Hallegraeff, Ocean climate change, phytoplankton community responses,
and harmful algal blooms: a formidable predictive challenge, J. Phycol. 46
(2010) 220–235.

[7] K. Hancke, T.B. Hancke, L.M. Olsen, G. Johnsen, R.N. Glud, Temperature effects
on microalgal photosynthesis-light responses measured by O2 production,
pulse-amplitude-modulated fluorescence, and C assimilation, J. Phycol. 44
(2008) 501–514.

[8] J.C. Roos, W.F. Vincent, Temperature dependence of UV radiation effects on
Antarctic cyanobacteria, J. Phycol. 34 (1998) 118–125.

[9] S. Doyle, J.E. Saros, C.E. Williamson, Interactive effects of temperature and
nutrient limitation on the response of alpine phytoplankton growth to UV
radiation, Limnol. Oceanogr. 50 (2005) 1362–1367.

[10] C.E. Williamson, C. Salm, S.L. Cooke, J.E. Saros, How do UV radiation,
temperature, and zooplankton influence the dynamics of alpine
phytoplankton communities?, Hydrobiologia 648 (2010) 73–81

[11] C.B. Osmond, What is photoinhibition? Some insights from comparisons of
shade and sun plants, in: N.R. Baker, J.R. Bowyer (Eds.), Photoinhibition of
Photosynthesis, from Molecular Mechanisms to the Field, Bios Scientific, 1994,
pp. 1–24.

[12] W.F. Vincent, P.J. Neale, Mechanisms of UV damage in aquatic organisms, in:
S.J. de Mora, S. Demers, M. Vernet (Eds.), The Effects of UV Radiation on
Marine Ecosystems, Cambridge Univ. Press, 2000, pp. 149–176.

[13] J.N. Bouchard, S. Roy, D.A. Campbell, UVB effects on the photosystem II-D1
protein of phytoplankton and natural phytoplankton communities,
Photochem. Photobiol. 82 (2006) 936–951.

[14] C. Sobrino, P.J. Neale, Short-term and long-term effects of temperature on
photosynthesis in the diatom Thalassiosira pseudonana under UVR exposures, J.
Phycol. 43 (2007) 426–436.

[15] E.W. Helbling, E.S. Barbieri, M.A. Marcoval, R.J. Goncalves, V.E. Villafañe,
Impact of solar ultraviolet radiation on marine phytoplankton of Patagonia,
Argentina, Photochem. Photobiol. 81 (2005) 807–818.

[16] J.T. Houghton, Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai, K.
Maskell, C.A. Johnson, Climate Change 2001, Cambridge Univ. Press, New York,
2001.

[17] R.R.L. Guillard, J.H. Ryther, Studies of marine planktonic diatoms. I. Cyclotella
nana Husted, and Detonula confervacea (Cleve), Gran, Can. J. Microbiol. 8 (1962)
229–239.

[18] F.L. Figueroa, S. Salles, J. Aguilera, C. Jiménez, J. Mercado, B. Viñegla, A. Flores-
Moya, M. Altamirano, Effects of solar radiation on photoinhibition and
pigmentation in the red alga Porphyra leucosticta, Mar. Ecol. Prog. Ser. 151
(1997) 81–90.

[19] B. Genty, J. Briantais, N.R. Baker, The relationship between the quantum yield
of photosynthetic electron transport and quenching of chlorophyll
fluorescence, Biochim. Biophys. Acta 990 (1989) 87–92.

[20] O. Holm-Hansen, B. Riemann, Chlorophyll a determination: improvements in
methodology, Oikos 30 (1978) 438–447.

[21] R.J. Porra, The chequered history of the development and use of simultaneous
equations for the accurate determination of chlorophylls a and b, Photosynth.
Res. 73 (2002) 149–156.

[22] E.W. Helbling, B.E. Chalker, W.C. Dunlap, O. Holm-Hansen, V.E. Villafañe,
Photoacclimation of antarctic marine diatoms to solar ultraviolet radiation, J.
Exp. Mar. Biol. Ecol. 204 (1996) 85–101.

[23] B. Tartarotti, R. Sommaruga, The effect of different methanol concentrations
and temperatures on the extraction of mycosporine like amino acids (MAAs) in
algae and zooplankton, Arch. Hydrobiol. 154 (2002) 691–703.

[24] O. Holm-Hansen, C.J. Lorenzen, R.W. Holmes, J.D.H. Strickland, Fluorometric
determination of chlorophyll, J. Cons. Int. Explor. Mer. 30 (1965) 3–15.

[25] J.H. Zar, Biostatistical Analysis, fourth ed., Prentice Hall, Englewood Cliffs, NJ,
1999.

[26] R.P. Dunne, Synergy or antagonism—interactions between stressors on coral
reefs, Coral Reefs 29 (2010) 145–152.

[27] M.P. Lesser, Acclimation of phytoplankton to UV-B radiation: oxidative stress
and photoinhibition of photosynthesis are not prevented by UV-absorbing
compounds in the dinoflagellate Prorocentrum micans, Mar. Ecol. Prog. Ser. 132
(1996) 287–297.

[28] B.W. Ibelings, Changes in photosynthesis in response to combined irradiance
and temperature stress in cyanobacterial surface waterblooms, J. Phycol. 32
(1996) 549–557.

[29] S. Falk, D.P. Maxwell, D.E. Laudenbach, N.P.A. Hunter, in: N.R. Baker (Ed.),
Photosynthesis and the Environment, vol. 5, Kluwer Academic Publishers,
Dordrecht, The Netherlands, 1996, pp. 367–385.

[30] E.W. Helbling, D.E. Pérez, C.D. Medina, M.G. Lagunas, V.E. Villafañe,
Phytoplankton distribution and photosynthesis dynamics in the Chubut
River estuary (Patagonia, Argentina) throughout tidal cycles, Limnol.
Oceanogr. 55 (2010) 55–65.

[31] E.W. Helbling, A.G.J. Buma, M.K. de Boer, V.E. Villafañe, In situ impact of solar
ultraviolet radiation on photosynthesis and DNA in temperate marine
phytoplankton, Mar. Ecol. Prog. Ser. 211 (2001) 43–49.

[32] E.W. Helbling, V.E. Villafañe, E.S. Barbieri, Sensitivity of winter phytoplankton
communities from Andean lakes to artificial ultraviolet-B radiation, Rev. Chil.
Hist. Nat. 74 (2001) 391–400.

[33] F. Garcia-Pichel, A model for internal self-shading in planktonic organisms and
its implications for the usefulness of ultraviolet sunscreens, Limnol. Oceanogr.
39 (1994) 1704–1717.

[34] M.A. Marcoval, V.E. Villafañe, E.W. Helbling, Interactive effects of ultraviolet
radiation and nutrient addition on growth and photosynthesis performance of

204 S.R. Halac et al. / Journal of Photochemistry and Photobiology B: Biology 101 (2010) 196–205



Author's personal copy

four species of marine phytoplankton, J. Photochem. Photobiol. B: Biol. 89
(2007) 78–87.

[35] M. Olaizola, J. La Roche, Z. Kolber, P.G. Falkowski, Non-photochemical
fluorescence quenching and the diadinoxanthin cycle in a marine diatom,
Photosynth. Res. 41 (1994) 357–370.

[36] L. Zudaire, S. Roy, Photoprotection and long-term acclimation to UV radiation
in the marine diatom Thalassiosira weissflogii, J. Photochem. Photobiol. B: Biol.
62 (2001) 26–34.

[37] A.G.J. Buma, R.J.W. Visser, W.H. van de Poll, V.E. Villafañe, P.J. Janknegt, E.W.
Helbling, Wavelength-dependent xanthophyll cycle activity in marine
microalgae exposed to natural ultraviolet radiation, Eur. J. Phycol. 44 (2009)
515–524.

[38] W.H. van de Poll, A.G.J. Buma, R.J.W. Visser, P.J. Janknegt, V.E. Villafañe, E.W.
Helbling, Xanthophyll cycle activity and photosynthesis of Dunaliella
tertiolecta (Chlorophyceae) and Thalassiosira weissflogii (Bacillariophyceae)
during fluctuating solar radiation, Phycologia 49 (2010) 249–259.

[39] P. Müller, X.P. Li, K.K. Niyogi, Non-photochemical quenching. A response to
excess light energy, Plant Physiol. 125 (2001) 1558–1566.

[40] M. Kana, R.J. Geider, C. Critchley, Regulation of photosynthetic pigments in
micro-algae by multiple environmental factors: a dynamic balance hypothesis,
New Phytol. 137 (1997) 629–638.

[41] H. Wagner, T. Jakob, C. Wilhelm, Balancing the energy flow from captured light
to biomass under fluctuating light conditions, New Phytol. 169 (2006) 95–108.

[42] J. Lavaud, R. Strzepek, P. Kroth, Photoprotection capacity differs among
diatoms: possible consequences on the spatial distribution of diatoms
related to fluctuations in the underwater light climate, Limnol. Oceanogr. 52
(2007) 1188–1194.

[43] P. Falkowski, J. La Roche, Acclimation to spectral irradiance in algae, J. Phycol.
27 (1991) 8–14.

[44] W.H. van de Poll, M.A. van Leeuwe, J. Roggeveld, A.G.J. Buma, Nutrient
limitation and high irradiance acclimation reduce PAR and UV-induced
viability loss in the Antarctic diatom Chaetoceros brevis (Bacillariophyceae), J.
Phycol. 41 (2005) 840–850.

[45] A.V. Ruban, J. Lavaud, B. Rousseau, G. Guglielmi, P. Horton, A.L. Etienne, The
super-excess energy dissipation in diatom algae: comparative analysis with
higher plants, Photosynth. Res. 82 (2004) 165–175.

[46] I. Grouneva, T. Jakob, C. Wilhelm, R. Goss, A new multicomponent NPQ
mechanism in the diatom Cyclotella meneghiniana, Plant Cell Physiol. 49 (2008)
1217–1225.

[47] P.J. Neale, E.W. Helbling, H.E. Zagarese, in: E.W. Helbling, H.E. Zagarese (Eds.),
UV Effects in Aquatic Organisms and Ecosystems, Comprehensive Series in
Photochemical and Photobiological Sciences, The Royal Society of Chemistry,
Cambridge, 2003, pp. 107–134.

[48] D. Hanelt, K. Huppertz, W. Nultsch, Daily course of photosynthesis and
photoinhibition in marine macroalgae investigated in the laboratory and field,
Mar. Ecol. Prog. Ser. 97 (1993) 31–37.

[49] J. Komenda, H.A.G. Hassan, B.A. Diner, R.J. Debus, J. Barber, P.J. Nixon,
Degradation of the photosystem II D1 and D2 proteins in different strains of
the cyanobacterium Synechocystis PCC 6803 varying with respect to the type
and level of psbA transcript, Plant Mol. Biol. 42 (2000) 635–645.

[50] D.H. Greer, I.A. Berry, O. Bjorkman, Photoinhibition of photosynthesis in intact
bean leaves: role of light, temperature and requirement for chloroplast-
protein synthesis during recovery, Planta 168 (1986) 253–260.

[51] R. Rae, C. Howard-Williams, I. Hawes, W. Vincent, in: W. Davison, C. Howard-
Williams, P. Broady (Eds.), Antarctic Ecosystems: Models for Wider Ecological
understanding, SCRA VII Proceedings, The Caxton Press, New Zealand, 2000,
pp. 183–189.

[52] J.N. Bouchard, D.A. Campbell, S. Roy, Effects of UV-B radiation on the D1
protein repair cycle of natural phytoplankton communities from three
latitudes (Canada, Brazil, Argentina), J. Phycol. 41 (2005) 287–293.

[53] S.R. Miller, C.E. Wingard, R.W. Castenholz, Effects of visible light and UV
radiation on photosynthesis in a population of a hot spring cyanobacterium, a
Synechococcus sp., subjected to high-temperature stress, Appl. Environ. Microb.
64 (1998) 3893–3899.

[54] H.L. MacIntyre, R.J. Geider, The effect of water motion on short-term rates of
photosynthesis by marine phytoplankton, Trends Plant Sci. 5 (2000) 12–17.

S.R. Halac et al. / Journal of Photochemistry and Photobiology B: Biology 101 (2010) 196–205 205


