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In the wake of global climate change, phytoplankton productivity and species composition is expected to
change due to altered external conditions such as temperature, nutrient accessibility, pH and exposure to
solar visible (PAR) and ultraviolet radiation (UVR). The previous light history is also of importance for the
performance of phytoplankton cells. In order to assess the combined impacts of UVR and temperature on
the dinoflagellate Gymnodinium chlorophorum we analyzed the effective photochemical quantum yield
(Y), relative electron transport rate vs. irradiance curves (rETR vs. I), percentage of motile cells and
swimming velocity. Cells were grown at three different temperatures (15, 20 and 25 �C) and two PAR
intensities: low light (LL, 100 lmol photons m�2 s�1) and high light (HL, 250 lmol photons m�2 s�1).
Pre-acclimated cells were then exposed to either PAR only (P), PAR + UV-A (PA) or PAR + UV-A + UV-B
(PAB) radiation at two different irradiances, followed by a recovery period in darkness. The Y decreased
during exposure, being least inhibited in P and most in PAB treatments. Inhibition was higher and recov-
ery slower in LL-grown cells than in HL-grown cells at 15� and 20 �C, but the opposite occurred at 25 �C,
when exposed to high irradiances. Maximal values of rETR were determined at t0 as compared to the
different (before and after exposure) radiation treatments. The effects of temperature and UVR on rETR
were antagonistic in LL-grown cells (i.e., less UVR inhibition at higher temperature), while it was
synergistic in HL cells. Swimming velocity and percentage of motile cells were not affected at all tested
temperatures and exposure regimes, independent of the light history. Our results indicate that, depending
on the previous light history, increased temperature and UVR as predicted under climate change condi-
tions, can have different interactions thus conditioning the photosynthetic response of G. chlorophorum.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Phytoplankton are the major biomass producers in aquatic
ecosystems, being responsible for about half of the biological
uptake of atmospheric CO2 [1]. Even though their standing crop
is only about 1% of that of all plants, their primary productivity
equals that of all terrestrial ecosystems taken together [2,3].
In addition to picoplanktonic cyanobacteria and diatoms, dino-
flagellates play a key ecological role at the base of the food web [1].
Furthermore they constitute important components of the micro-
bial loop [4] and, as zooxanthellae, they play a central role in build-
ing-up coral reefs [5]. Dinoflagellates often cause red tides,
generally blooms of toxic organisms in coastal waters [6], which
are responsible for poisoning of humans and animals after inges-
tion [7–9]. The occurrence of these harmful algal blooms has
increased since the cysts of these dinoflagellates are spread glob-
ally being carried by marine transport in ballast water [10] and
the severity of the blooms is enhanced by increasing temperatures
as expected in a global climate change scenario [8].

While some dinoflagellates are heterotrophic [11,12], most use
photosynthesis for their energy generation. For this they have to
dwell in the photic zone where they are simultaneously exposed
to solar ultraviolet radiation (UVR, 280–400 nm). In the past years
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the bloom-forming dinoflagellate Gymnodinium [13–15] has
received considerable attention, with many studies evaluating
the effects of different variables and stressors on its physiology
and ecology [16–18]. Also, a number of studies have investigated
the effects of UVR on different species of Gymnodinium and have
highlighted the variability in its responses, depending on the target
being involved [19–21]. For example, in experiments carried out
with G. breve Evens et al. [22] determined that this species was
rather resistant to UVR exposure in terms of the epoxidation state
of xanthophyll cycle pigments as well as maximum quantum yield.
On the other hand, and when evaluating the effects of UVR on the
motility of Gymnodinium chlorophorum, Richter et al. [23] found a
slight decrease in swimming speed and percentage of motile cells
after UVR exposure.

The observed responses can be also affected by the synergistic
or antagonistic influence of different variables [24] i.e., responses
to single stressors may be different when analyzed using a multi-
variable approach. This is particularly interesting in the context
of global change, where variables associated with this process
e.g., temperature, mixing, nutrients and UVR, among others, are
expected to considerably change, thus affecting significantly
responses of phytoplankton organisms [1] including dinoflagel-
lates [25]. Working with G. sanguineum, Litchman et al. [26] found
that nitrogen-limited cultures were more sensitive to UVR than
those grown in N-replete media. This was attributed to a reduced
synthesis of mycosporine-like amino acids (MAAs), which act as
Fig. 1. Effective photochemical quantum yield (percentage of values at time zero),
at three different temperatures, of cultures exposed at 95 cm from the solar
simulator under three radiation treatments, receiving 184 (846 lmol photons
m�2 s�1), 35 and 0.64 W m�2 for PAR, UV-A and UV-B, respectively. Closed and open
symbols represent LL- (100 lmol photons m�2 s�1) and HL- (250 lmol photons
m�2 s�1) acclimated samples, respectively. Symbols indicate mean values of the
different radiation treatments (P squares, PA circles, PAB diamonds) with standard
deviation.
sunscreens in this species [26], in the N-limited cultures, thereby
reducing the photoprotection potential of these compounds as
well as causing changes in both defense and repair mechanisms.
Doyle et al. [27] observed a growth reduction in Gymnodinium sp.
when exposed to UVR at lower, but not at higher tempera-
tures without nutrient addition. Helbling et al. [20] found that
artificially increased mixing speed within the upper mixed layer
significantly increased UVR-induced inhibition of carbon fixation
in G. chlorophorum.

The aim of our study was to determine the combined effects of
global change variables (i.e., increased radiation and temperature)
on a dinoflagellate grown with different light histories. We used a
key model organism such as G. chlorophorum, which is known to
cause blooms in coastal waters [15,28]. Specifically, the present
study was designed to assess the impact of increased UVR and
temperatures levels on two important physiological targets,
photosynthesis and motility. Often exposure experiments are car-
ried out with cultures grown under defined light and temperature
conditions. Since the light history plays an important role in the
response to external stress factors, due to the adaptation capabili-
ties of the organisms, we grew the cells at either low (LL) or high
light (HL) irradiances, and then exposed them to increased irradi-
ances, simulating a decrease in the upper mixed layer (UML) depth
(which will cause a higher irradiance exposure by phytoplankton
cells) as they would occur under an increasing temperature
scenario [29].
Fig. 2. Effective photochemical quantum yield (percentage of values at time zero),
at three different temperatures, of LL pre-acclimated cultures (black symbols)
exposed to 146 (671 lmol photons m�2 s�1), 27 and 0.5 W m�2 for PAR, UV-A and
UV-B, respectively, and HL pre-acclimated cultures (open symbols) exposed to 268
(1232 lmol photons m�2 s�1), 49 and 0.89 W m�2 for PAR, UV-A and UV-B,
respectively. Symbols indicate mean values of the different radiation treatments
(P squares, PA circles, PAB diamonds) with standard deviation.
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2. Materials and methods

2.1. Culture conditions

The dinoflagellate G. chlorophorum, Elbrächter & Schnepf was
obtained from the Culture Collection at the Friedrich-Alexander
Universität (FAU, Erlangen, Germany) and grown in f/2 medium
[30]. Cultures were pre-acclimated for at least a week in a culture
chamber at three different temperatures: 15, 20, 25 �C and under
two irradiances: 100 (LL) and 250 (HL) lmol photons m�2 s�1 pro-
vided by six daylight fluorescent tubes. The idea behind the pre-
acclimation to two irradiances i.e., low light (LL) and high light
(HL) was to have cultures with two different light history condi-
tions, one below and one above the light saturation parameter
(Ik), that was determined in preliminary measurements done with
the cultures growth conditions at FAU. An additional temperature
was also tested i.e., 30 �C, but since the cultures did not grow,
experiments were not conducted under this condition.

2.2. Experimental conditions/sampling protocols

The cultures were placed in 50 ml quartz tubes and incubated at
the corresponding growth temperature under a solar simulator
(SOL 1200, Hönle System, Martinsried, Germany). Three radiation
Fig. 3. Inhibition rates (min�1) at three different temperatures for HL- or LL-acclimated s
219 Wm�2 (A, C, and E) or LL- and HL- acclimated samples exposed at 105 cm or 80 c
317 W m�2, respectively (B, D, and F), under three radiation treatments (PAB, PA, and P). T
the post hoc analyses within each temperature.
treatments were established: P [photosynthetic active radiation
(PAR), 400–700 nm] using tubes covered with Ultraphan UV Opak
395 filter; PA [PAR + UV-A (ultraviolet A), 315–700 nm) using tubes
covered with Montagefolie 320 filter, and PAB [PAR + UV-A + UV-B
(ultraviolet B), 280–700 nm], using tubes covered with Ultraphan
290 or acetate film to screen out UV-C emitted by the solar simu-
lator]. Two types of experiments were done, in which we increased
the amount of radiation received by the cells, thus simulating a
decrease in the UMLs depth. The conditions simulated in our
experiments described below correspond to changes in the UML
as those previously found at mid-latitudes during summer due to
transient thermoclines [31], and as predicted due to an increase
in temperature [29].

Experiment 1 (E1): Cultures, pre-acclimated either to LL or HL,
were exposed at a distance of 95 cm from the solar simulator,
under three radiation treatments (PAB, PA, and P), receiving 184
(846 lmol photons m�2 s�1), 35 and 0.64 W m�2 for PAR, UV-A
and UV-B, respectively, for 75 min, and then transferred to dim
light for recovery. Samples for measurements of different Chl a
fluorescence parameters (see below) during the exposure period
were taken at t0, 15, 40 and 75 min and then every 40–50 min dur-
ing the recovery phase in dim light (see below). This experiment
was designed to evaluate the role of previous light history (i.e.,
LL and HL) in the responses of cells when exposed to common
amples exposed at 95 cm from the solar simulator thus receiving a total radiation of
m from the solar simulator, respectively, thus receiving total radiation of 173 or
he bars show mean values with standard deviation. The letters indicate the result of
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increased irradiances. These irradiances simulated the mean radia-
tion levels received by cells in an UML of �2 m depth, at noon and
with an attenuation coefficient for PAR (kPAR) of 1 m�1 [32].

Experiment 2 (E2): Cultures, pre-acclimated to LL were exposed
to 146 (671 lmol photons m�2 s�1), 27 and 0.5 W m�2 for PAR,
UV-A and UV-B, respectively, at 105 cm distance from the solar
simulator, while HL pre-acclimated cultures were exposed to 268
(1232 lmol photons m�2 s�1), 49 and 0.89 W m�2 for PAR, UV-A
and UV-B, respectively, at 80 cm distance from the solar simulator.
After 20 min of exposure the samples were transferred to dim light
for recovery. Samples for measurements of Chl a fluorescence
parameters (see below) were taken at t0, 10 and 20 min during
the exposure, and every ca. 15 min during recovery. In these exper-
iments we simulated a decrease of the UML depth by exposing
samples pre-acclimated to LL to a mean irradiance in a UML of
�3 m depth, while in the case of HL samples we simulated a
UML of �1 m depth.
2.3. Analysis and measurements

2.3.1. Photosynthesis
Chl a fluorescence parameters were measured in vivo with a

pulse amplitude-modulated (PAM) fluorometer (Walz, Water
PAM, Effeltrich, Germany). Briefly, 3-ml aliquots were placed in a
cuvette and measured 4–6 times immediately after sampling.
Fig. 4. Recovery rates (min�1) at three different temperatures for HL- or LL-acclimated sa
219 Wm�2 (A, C, and E) or LL- and HL- acclimated samples exposed at 105 cm or 80 c
317 W m�2, respectively (B, D, and F), under three radiation treatments (PAB, PA, and P
result of the post hoc analyses within each temperature.
The effective photochemical quantum yield (Y) was calculated
using the equations of Genty et al. [33] and Weis and Berry [34] as:

Y ¼ DF=F 0m ¼ ðF
0
m � FtÞ=F 0m ð1Þ

where F 0m is the maximum fluorescence induced by a saturating
light pulse (ca. 5300 lmol photons m�2 s�1 for 0.8 s) and Ft the
current steady state fluorescence induced by an actinic light in
light-adapted cells. Other photosynthetic parameters, such as non
photochemical quenching (NPQ), were calculated using the soft-
ware provided by the manufacturer.

Relative electron transport rate (rETR) vs. I curves were
obtained at the beginning and at the end of the exposure period
by exposing the samples to increasing irradiances from 0 to
1818 lmol photons m�2 s�1 with the PAM fluorometer. The data
were analyzed and fitted, and parameters such as a (the light-lim-
ited slope of the ETR vs. I curve), ETRmax (the maximum electron
transport rate) and Ik (the light saturation parameter, i.e. the inter-
cept between the initial slope of the ETR vs. I curve and ETRmax)
were calculated using the equations of Eilers and Peeters [35].

2.3.2. Motility and swimming velocity
Samples were collected at the same time when chl a fluores-

cence was determined (see above) and transferred into a custom-
made observation chamber (0.1 mm depth � 20 mm diameter)
made from stainless steel with glass windows (Daimler-Benz
mples exposed at 95 cm from the solar simulator thus receiving a total radiation of
m from the solar simulator, respectively, thus receiving total radiation of 173 or

). The bars show mean values with the standard deviation. The letters indicate the
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Aerospace, Bremen, Germany). The number of motile cells and
their swimming velocity was quantified under a microscope using
a cell tracking system (WinTrack 2000, Real Time Computer,
Möhrendorf, Germany) [36]. Movement analysis was done with
the ‘track module’ of the software, and at least 10 fields of view
were analyzed for each sample. Image analysis was done in dark-
ness in order not to induce any phototactic or photophobic
response of the cells. Before the measurements the field of view
was calibrated with an object micrometer so that the software
could calculate real physical values (cell size, cells per volume,
velocity etc.).

2.3.3. Statistics and calculations
Duplicate samples from the different radiation treatments and

temperatures were used and the experiments were performed
twice for each pre-acclimation condition. Thus, four values of the
diverse chl a fluorescence parameters were obtained for each treat-
ment. The data are presented as means and standard deviation.

The reduction (inhibition) in the effective photochemical quan-
tum yield (Y) was calculated by comparing the initial value (Yt0)
and the lowest one during the exposure for each treatment (Yt1),
and normalized to the time lapse between them:

decrease rate of Y ¼ ðY t0 � Y t1Þ=ðt1 � t0Þ ð2Þ

The increase (recovery) rate of Y at the end of the dark phase
was calculated as:

increase rate of Y ¼ ðY tr � Y t1Þ=ðtr � t1Þ ð3Þ

where Y represents the effective photochemical quantum yield
under a particular radiation treatment (P, PA or PAB), and tr repre-
sents the time at the end of the ‘‘recovery’’ phase.

A one-way repeated measurements ANOVA was used to deter-
mine if there were significant differences in Y among radiation
treatments within the same temperature. A three way-ANOVA
was used to determine significant interactions between tempera-
ture, radiation and pre-acclimation conditions on inhibition and
recovery of yield, and on swimming velocity. When significant
differences were determined, a post hoc Fisher LSD test was
performed.
Fig. 5. Relative ETR vs. irradiance curves, at three different temperatures, of
cultures at the initial time (t0) and after 75 min of exposure at 95 cm from the solar
simulator, under three radiation treatments, receiving 184 (846 lmol photons
m�2 s�1), 35 and 0.64 W m�2 for PAR, UV-A and UV-B, respectively. Closed and open
symbols represent LL- (100 lmol photons m�2 s�1) and HL- (250 lmol photons
m�2 s�1) acclimated samples, respectively. The symbols show mean values with the
standard deviation.
3. Results

Values of Y (as % with respect to t0) during the E1 experiments
are shown in Fig. 1. The initial Y values for LL- and HL-acclimated
samples were 0.32–0.35, 0.38–0.38 and 0.27–0.35 for 15, 20 and
25 �C, respectively. The general pattern showed a sharp decay in
Y during the first minutes of exposure for all treatments, with
samples under the P treatment being significantly (p < 0.05) less
inhibited (within the same temperature treatment) than those in
the PA or PAB treatments. After the initial Y decay, and towards
the end of the exposure, no further decrease or even an increase
in the percentage of Y was observed for the samples at 15 and
20 �C (Fig. 1A and B), while a continuous decrease was observed
at 25 �C (Fig. 1C). During the recovery phase in dim light Y
increased for all treatments; however, significant differences were
observed among different temperatures. For example, while
HL-acclimated samples reached higher Y values (within the same
radiation treatment) than LL samples at 15 �C (Fig. 1A), the oppo-
site was observed at 25 �C (Fig. 1C), with LL-acclimated samples
reaching higher Y values than the HL-acclimated ones. No signifi-
cant differences were observed between LL and HL samples at
20 �C (Fig. 1B).

In the E2 experiments (Fig. 2) the cells were exposed to two
irradiances of PAR, UV-A and UV-B and for shorter periods of time
than in E1. The initial Y values were 0.44, 0.51 and 0.43 for 15, 20
and 25 �C, respectively. As during E1, a strong decay in Y was
observed during the first minutes of exposure, which was espe-
cially evident at 15 �C (Fig. 2A) in the PA and PAB treatments. In
the samples under the P treatment, however, the reduction in
the percentage of Y was comparatively small. The observed
decrease of Y continued towards the end of the exposure at 20 �C
(Fig. 2B), while an increase in the percentage of Y after the initial
decay was observed in samples incubated at 15 �C and 25 �C
(Fig. 2A and C). For this experiment, the general trend was (within
all temperature treatments) to higher Y values (and in general bet-
ter photosynthetic performance) in samples pre-acclimated to LL.

The inhibition and recovery rates for the two experiments are
summarized in Figs. 3 and 4. There were significant interactions
between UVR, temperature and irradiance conditions on their
impact on inhibition rates (p < 0.05). The inhibition rates (Fig. 3)
show a clear trend with maximum inhibition rates in the PAB
treatment, followed by the PA, and lowest inhibition in the P treat-
ment (Fig. 3). At all experimental irradiances (but more evident in
samples exposed to the lowest and highest irradiances) inhibition
rates were lower in samples exposed at 20 �C than for those at 15�
or 25�. Recovery rates (Fig. 4) were rather similar for all experi-
mental conditions in E1, i.e., light history, radiation and tempera-
ture (Figs. 4A, C and E) showing increased values of Y of about
0.008 min�1. However, and with a few exceptions, higher recovery
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rates were observed during the E2 experiments as compared to E1,
especially in samples receiving UVR. In general, higher recovery
rates were determined (within the same temperature treatment)
in cells pre-acclimated to LL and exposed to the lower irradiance
in E2, and cells pre-acclimated to HL in E1 (except for 25 �C,
Fig. 4E) as compared to all other treatments. Samples under the P
treatment did not display a clear pattern, and in some cases they
even had a decrease in recovery rates (e.g., at 25 �C after LL pre-
acclimation, Fig. 4F).

rETR curves were obtained with cells from the different treat-
ments during E1 (Fig. 5). The general trend was that rETRmax was
reached at relatively low irradiances and decreased afterwards rel-
atively fast. After the exposure, the rETR vs. I curves showed lower
rETRmax values than at t0 in almost all the treatments, together
with an upward trend in Ik towards higher irradiances. Samples
under the P treatment had higher rETRmax than the samples receiv-
ing UVR at all temperatures and when compared within the same
pre-acclimation condition (Fig. 5). Under the LL pre-acclimation
condition, the rETRmax for samples under PAR was higher at 20 �C
(Fig. 5C) than under the other temperatures (Fig. 5A and E). It is
interesting to note that at 25 �C (Fig. 5E) there was a measurable
rETRmax in samples exposed to UVR, while at the lower tempera-
tures these values were zero (Fig. 5A and C). In the case of HL
pre-acclimated samples, rETRmax decreased from 15 �C (Fig. 5B)
to 25 �C (Fig. 5F).

In the motility experiments, no significant changes in the swim-
ming velocity were observed during the exposure and recovery
period (Fig. 6) regardless of the treatment of the cells. However,
Fig. 6. Swimming velocity (lm s�1) during exposure and recovery of samples exposed
(846 lmol photons m�2 s�1), 35 and 0.64 W m�2 for PAR, UV-A and UV-B, respectively
samples, respectively. Symbols indicate mean values of the different radiation treatmen
in general, the swimming velocity was higher at 15� and 20 �C
(Fig. 6A–D) (p < 0.05) than at 25 �C (Fig. 6E and F). Furthermore,
no apparent effect of any treatment was observed in the percent-
age of motile cells (data not shown).

4. Discussion

Our experiments, designed to assess the combined impact of
increased radiation levels and temperature in cells with two differ-
ent light histories, used an experimental set up mimicking differ-
ent conditions of decreasing depth in the upper mixed layer
(UML). Such a decrease in the UML depth, as a result of increasing
temperature in a global change scenario has been already pre-
dicted [29], taken into account that the mean annual temperature
in the oceans has risen constantly since 1900 by about 1 �C [37].
These temperature increases are expected to alter aquatic ecosys-
tems in terms of biomass productivity and species composition
[38–40]. It is also expected that algal blooms will increase in fre-
quency with global warming [41,42], because of several associated
phenomena such as longer seasons of elevated temperatures and
the increased vertical stratification intensity [41].

The rationale behind the experimental set up and the selected
target organism was based on previous data obtained for the Pata-
gonian coast: In mid latitudes of Patagonia the depth of the UML is
variable due to the combination of wind and solar heating [43])
thus we could expect such changes in the UML as we tested in
our experiments. Moreover, various combinations of attenuation
coefficients together with the incident solar radiation, mainly
at 95 cm from the solar simulator, under three radiation treatments, receiving 184
, at 15, 20 and 25 �C. Closed and open symbols represent LL- and HL-acclimated
ts (P squares, PA circles, PAB diamonds) with standard deviation.
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modulated by clouds, can result in variable levels of radiation such
as those used in our experiments. It should be noted, however, that
we used an attenuation coefficient for PAR to establish the levels of
irradiance, but solar radiation is attenuated differentially, with
UVR wavelengths being attenuated stronger in the water column
[44]. In coastal waters this attenuation is enhanced, depending
on the concentration of dissolved organic matter (DOM) and
particulate material [45]. Nevertheless, the proportion of energy
received in our experiments (UV-B/UV-A/PAR of 1/54/
287 W m�2) is comparable to the ones measured at mid latitudes
(i.e., 1/34/235 W m�2) [46]. So, in our experiments, cells received
slightly more UVR than in their natural habitats. Regarding the
organism used for this study i.e., a dinoflagellate, it is an important
component of the phytoplankton community in Patagonia during
summer [47]. Moreover, dinoflagellates are known to produce
blooms ([48]) and/or toxic events ([49]) thus, the implications of
our work are obvious to understand the physiology of key organ-
isms in a global change scenario as we proposed in this study.

Our results show clearly that the effective photochemical quan-
tum yield for PSII decreases significantly during radiation exposure
and recovers during the subsequent dim light period. As expected,
the inhibition was largest and the recovery slowest for samples
receiving UVR, and to a lesser extend to the ones receiving only
PAR, as seen in many studies (see review by Villafañe et al. [50]).
However, both the degree of inhibition and recovery strongly
depended on the light history (low or high irradiance during the
acclimation period) and the temperature. Samples pre-acclimated
to HL showed in general less inhibition and higher recovery than
those pre-acclimated to LL. Various studies either speculated with
this and/or conducted experiments to determine the role of the
previous light history [51]. The acclimation processes involve
many factors, which include the synthesis of UV-absorbing com-
pounds under high irradiance conditions [52] as well as a higher
epoxidation and epoxidation rates involving the xanthophyll cycle
[53]. These mechanisms help high light acclimated cells to cope
with the excess radiation stress which thus have a better photo-
synthetic performance.

However, and as mentioned before, temperature also plays an
important role in the observed results, and regardless of the light
acclimation levels, G. clorophorum had a better performance at
20 �C in our controls (i.e., PAR exposed cells), with higher yield
and rETRmax, than samples incubated at 15 or 25 �C. However,
the combined effects of increased UVR and temperature were
different depending on the light history. For example, cells pre-
acclimated to LL had a complete inhibition in samples exposed to
UVR (i.e., PAB and PA treatments) at 15 and 20 �C (Fig. 5). However,
the increased temperature acted antagonistically with UVR, and
low values of rETR could be measured (Fig. 5). In contrast, in HL
pre-acclimated cells, the inhibition was lower and rETR values
were measured at all temperatures (Fig. 5). This differential inter-
active effect between temperature and UVR, points to a situation in
which opaque environments, with relative low mean irradiances
within the UML, the cells might benefit from an increase in tem-
perature to counteract the negative effects of UVR.

Short wavelengths of solar radiation, especially UV-B, affect
many physiological and morphological functions in phytoplankton
[54–56]. Cellular targets are proteins and lipids [57], the nuclear,
mitochondrial and chloroplast DNA [58,59] and the photosynthetic
apparatus [47,60]. Solar UV-B has been found to damage the D1
protein, involved in the electron transport chain in photosystem
II [61], which is subsequently proteolytically removed from its site,
reducing the overall photosynthetic electron transport rate and the
quantum yield and biomass productivity [62]. Previous studies
[63,64] have shown that increased temperature can counteract
some of these negative UVR effects, as an increased metabolic
activity help the cell to cope with UVR. However, this is not always
the case, as increased temperatures might in fact act synergistically
with UVR, further harming cells growing at their upper limit of
temperature tolerance [65].

Many phytoplankton organisms use active or passive migration
to optimize their vertical position in the water column with
respect to the light intensity using either active swimming [66]
or changes in buoyancy [67,68]. Dinoflagellates, such as Peridinium,
Amphidinium and Prorocentrum use phototaxis and gravitaxis to
move upward or downward in the water column depending on
the prevalent irradiance [69,70]. However, exposure to excessive
solar PAR and UVR impairs both the orientation mechanisms and
the motility in flagellates [71,72]. However, at the irradiance levels
used during the exposure of Gymnodinium in the present study, no
inhibition of swimming velocity or the percentage of motile cells
was detected.
5. Conclusions

Our results indicate that the previous light history of exposure
of the cells is critical at the time to determine their response
to the combined impact of increasing UVR and temperature,
with their interactive effects changing from antagonistic (in
LL-acclimated cells) to synergistic (in HL-acclimated cells). Partic-
ularly, when evaluating photochemical responses, the degree of
inhibition and recovery strongly depends on the previous light his-
tory of the cells and the prevalent water temperature, supporting
the notion that phytoplankton abundance and productivity is sig-
nificantly affected by global climate change [73,74]. Since different
taxa and cellular targets have different sensitivities to variations in
environmental factors, changes in the species composition as well
as in physiological responses, due to climate change, are to be
expected, with significant consequences for the whole food web
in the aquatic ecosystems [75,76].
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