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Multiple stressors are altering primary production in coastal and estuarine systems; however, it is difficult to
predict their combined impacts due to the scarcity of multifactorial experiments. Photosynthesis, respiration,
and PSII photochemical performance of Alexandrium tamarense, Chaetoceros gracilis, Dunaliella salina
and Isochrysis galbana were studied during daily cycles using a combination of two radiation treatments
(UVR + PAR and PAR), two nutrient concentrations, and three temperatures (14, 17 and 20 °C). UVR exerted
a negative impact in all species decreasing photosynthesis and quantum yield of PSII under low nutrient concen-
trations and temperatures up to 20 °C. At higher temperatures (global change scenario of 4 °C increase) and
increased UVR and nutrients, C. gracilis and I. galbana reversed their responses by increasing photosynthesis
and repair rates, respectively; they also showed a decrease in respiration rates. In contrast, A. tamarense and
D. salina showed further decrease in photosynthesis and repair rates compared to present conditions. Our
modeled responses to warming under a scenario of increased nutrients and UVR suggest that diatoms and
haptophytes will benefit from these conditions and possibly will outcompete chlorophytes and dinoflagellates.
If this is a generalized response, itmight influence primary production and affect foodweb interactions in coastal
ecosystems.

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

Phytoplankton is responsible for ca. 50% of the global primary pro-
duction (Field et al., 1998) and coastal systems, including estuaries,
are among the most productive areas of the planet (Cloern et al.,
2014); therefore, coastal phytoplankton has been the focus of many
investigations aiming to understand the effects of multiple stressors
associated to global change (Kennish et al., 2014). Many studies were
devoted to evaluate the effects and impacts of higher fluxes of ultravio-
let radiation (UVR, 280–400 nm), either due to depletion of the ozone
layer or as the result of increased stratification (Häder et al., 2011;
Helbling and Zagarese, 2003; McKenzie et al., 2011); the increase in
surface seawater temperature associated to global warming (Häder
et al., 2011; Luo et al., 2008; Winder and Sommer, 2012); and the
increase of nutrient inputs into coastal marine ecosystems by rivers or
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atmospheric deposition due, in turn, to increased rainfall and/or stron-
ger and more frequent wind events (IPCC, 2013).

It is already known that UVR produces negative effects on phyto-
plankton e.g., by affecting photosynthesis and respiration (Beardall
and Raven, 2004; Beardall et al., 1997) and damaging vital cellular
targets such as the DNA molecule (Buma et al., 2003), proteins and
membrane lipids (Abo-Shady et al., 2008; Arts and Rai, 1997; Guihéneuf
et al., 2010; Skerratt et al., 1998). However UV-A (315–400 nm) has
been shown to stimulate photosynthesis under low photosynthetic
active radiation (PAR, 400–700 nm) or under fast mixing (Barbieri
et al., 2002; Helbling et al., 2003), and has also been involved in photo-
repairing UV-B (280–315 nm)-induced DNA damage (Buma et al.,
2003). Higher nutrient inputs, on the other hand, generally benefit
primary production (Lagaria et al., 2011), increase growth of algae
(Toseland et al., 2013) and decrease photoinhibition (Bergmann et al.,
2002); although it has also been reported that high nutrients unmask
the negative UVR-effects on algal development (Carrillo et al., 2008;
Korbee et al., 2012). Recent studies have determined variable effects
of increased temperature, increasing maximum quantum yield of
PSII in the dinoflagellate Symbiodinium sp. (Takahashi et al., 2013),
producing shifts towards smaller-sized species (Thomas et al., 2012)
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or reducing UVR-induced photoinhibition in the diatom Thalassiosira
pseudonana (Sobrino and Neale, 2007). This is probably due to the
increases in depoxidation rate of the xantophyll pigment cycle and
consequently higher repair rates of PSII (Dimier et al., 2009; Kulk
et al., 2013) or higher RUBISCO activity (Helbling et al., 2011). In
contrast, increased temperature resulted in inhibition of growth of
some tropical diatoms (Halac et al., 2013) and exacerbated the harmful
UVR effects on effective photochemical quantum yield in some sub-
Antarctic brown-algae (Cruces et al., 2013). These contrasting findings
are due not only to different experimental conditions, but also to the
species-specificity of responses. Moreover, the effects of a single factor
(or stressor) on a particular organism or process is usually different
from when considered in combination with other factors, due to the
antagonistic or synergistic nature of interactions (Folt et al., 1999).
Another potential cause of differences in responses tomultiple stressors
lies on the evolutionary traits achieved through time i.e., allowing
acclimation, that in turn result in differential sensitivity to changing
environmental factors.

The aim of this study is to evaluate the photosynthetic and respirato-
ry responses, together with PSII photochemical activity, of key marine
phytoplankton species, representatives of four different phytoplankton
phyla, under the combination of UVR, temperature and nutrients, con-
sidering a global change context. In particular, it was hypothesized
that a combined increase in temperature and nutrients will exacerbate
the potential negative UVR-effects on photosynthesis–respiration and
photochemical activity on phytoplankton comparedwith current ambi-
ent conditions. To test this hypothesis, experiments were carried out in
whichmonospecific cultures of different phytoplankton groups charac-
teristic of coastal areas were exposed to different combinations of vari-
ables associated to global change i.e., two radiation, two nutrients and
three temperature conditions and the photosynthetic/photochemical
and respiratory responses during short term incubationswere followed.
The data obtained, in turn, allowed predicting the responses of key
phytoplankton species in a future global change scenario as expected
by year 2100 (IPCC, 2013).
2. Material and methods

2.1. Culture conditions

Experiments were carried out during the Austral Autumn (March–
June, 2013). The phytoplankton species used in this studywere isolated
from the Patagonian coast and maintained in the Algal Culture
Collection of Estación de Fotobiología Playa Unión (EFPU). The dinofla-
gellate Alexandrium tamarense (Lebour) Balech, the diatom Chaetoceros
gracilis Schütt, the chlorophyteDunaliella salina (Dunal) Teodoresco and
the haptophyte Isochrysis galbana Parke were grown and maintained in
exponential growth (chlorophyll a values ranging between 50 and
60 μg l−1) in either a high-nutrient (f/2) (hereafter HN) or a low-
nutrient (f/40) medium (hereafter LN) (Guillard and Ryther, 1962),
under three experimental temperatures, 14 °C, 17 °C and 20 °C, inside
an environmental illuminated chamber (Minicella, Argentina). Control
treatments of nutrient and temperature represent the mean values of
either the contributions of nitrate, nitrite, phosphate and silicate of the
Chubut River during low-tide (f/40) and the average sea water temper-
atures (14 °C) through end-March to mid-May (Helbling et al., 1992,
2010).

Semi-continuous cultures were maintained in non-aerated 1-l
bottles, filled up to 50% of their volume and maintained in exponential
growth by diluting them every day with 250 ml of fresh medium to
maintain the initial volume. The cultures were pre-acclimated for
seven days to both temperature and nutrient conditions as described
above before being used in experimentation. During this acclimation
period the cultures grew under a 12 h L:12 h D photoperiod, under
illumination provided by fluorescent tubes (Phillips daylight), receiving
300 μmol photons m−2 s−1 of photosynthetic active radiation (PAR,
400–700 nm).

2.2. Experimental set-up

In order to assess the combined impact of UVR (i.e., factor Rad),
nutrient (i.e., factor Nut) and temperature (i.e., factor Temp) on the
four species (i.e., factor Spp) considered in this study, a 2× 2×3×4ma-
trix was implemented. Triplicate samples for each radiation and
nutrient condition were placed into 40 ml round quartz vessels for
measurements of photosynthesis and respiration, while another set of
triplicate samples was placed in 40ml quartz tubes to measure fluores-
cence parameters. The two radiation treatments were: (1) PAB, with
samples receiving UVR + PAR (N280 nm), uncovered quartz tubes,
and (2) P, with samples receiving only PAR (N400 nm), quartz tubes
covered with Ultraphan film (UV Opak 395 filter, Digefra). The two
nutrient treatments consisted inHNand LNmedia,while the three tem-
perature treatments were 14, 17 and 20 °C, as mentioned above for the
pre-acclimation period. The samples were placed in an illuminated cul-
ture chamber (Sanyo MLR-350, Japan) that kept the wanted tempera-
ture constant, while the radiation conditions were provided by 10
Philips daylight fluorescent tubes for PAR and 5 tubes Q-Pannel UVA-
340 for UVR. The cultures were exposed to irradiances of 164.1
(754.9 μmol photons m−2 s−1), 42.8, and 0.7 W m−2 for PAR, UV-A
and UV-B, respectively, which represent the mean daily values for the
experimental period (Helbling et al., 2005). The spectral output of the
lamps was checked with a spectroradiometer (Ocean Optics model HR
2000CG-UV-NIR), and no UV-C radiation output was measured. The ra-
diation exposure period lasted 6 h in order to get a radiation dose com-
parable with natural daily doses during the period of experimentation.
Therefore samples received a daily dose of 3.5 MJ m−2 for PAR,
910 kJ m−2 for UV-A and 15 kJ m−2 for UV-B. After exposure, the cul-
turesweremaintained inside the chamber for another 8 h in darkness;
this time periodwas chosen based on preliminary measurements, and
also to obtain various data points to calculate respiration.

3. Analysis and measurements

3.1. Photosynthesis and respiration measurements

Oxygen concentration was measured using a Presens system
(PreSens GmbH, Germany) consisting of sensor-spot optodes (SP-
PSt3-NAU-D5-YOP) and an optic-fiber oxygen transmitter (Fibox 3)
connected to a computer equipped with an Oxyview 6.02 software to
register the data. The system was calibrated by a two-point calibration,
together with data of atmospheric pressure and temperature before
each experiment, following the manufacturer's recommendations.
Measurements were made at the initial time (t0) and then every hour
during the 6 h of exposure to artificial radiation, every 30 min during
the first 2 h of darkness, and then every 1.5 h until the end of the dark
period (8 h).

3.2. PSII fluorescence measurements

In vivo photochemical parameters were obtained using a pulse am-
plitude modulated (PAM) fluorometer (Walz, Water PAM, Effeltrich,
Germany). Aliquots of 3 ml of sample were taken every 15 min during
the first hour of exposure, and then with the same periodicity as men-
tioned before for oxygen measurements; the samples were placed in a
cuvette, and measured six times immediately after sampling, without
any dark-adaptation. The quantum yield of PSII (ΦPSII) was calculated
using the equations of Genty et al. (1989) and Maxwell and Johnson
(2000) as:

ΦPSII ¼ ΔF=F0m ¼ F0m−Ft
� �

=F0m



Fig. 1. Mean chlorophyll-specific oxygen concentration (in μmol O2 μg Chl a−1) of
Alexandrium tamarense (A), Chaetoceros gracilis (B), Dunaliella salina (C) and Isochrysis
galbana (D) during 6 h exposure to UVR + PAR (PAB, open symbols) and PAR only
(P, black symbols), and 8 h of darkness at 17 °C. The horizontal white and black bars on
the top indicate the radiation (exposure) and dark periods, respectively. Samples were
grown and incubated at high (HN, circles) and low nutrient (LN, triangles) conditions.
Each symbol represents the mean of triplicate samples while the vertical lines indicate
the standard deviation.
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where F′m is the maximum fluorescence induced by a saturating
light pulse (ca. 5300 μmol photons m−2 s−1 in 0.8 s) and Ft is the
current steady state fluorescence induced by a weak actinic light of
~492 μmol photons m−2 s−1 in light-adapted cells.

The non-photochemical quenching (NPQ) of chlorophyll a (Chl-a)
fluorescence, used as a proxy of the dissipation of the excess light
energy, was obtained directly using the PAM fluorometer. The
software stores the Fm value that is then used with every sample
to calculate the NPQ. In this study Fm values for each species were
determined and stored every time just before any exposure to solar
radiation using a few dark-acclimated samples, and thus the NPQ
data obtained with the PAM software based on these values were
routinely used. Previous studies carried out by our group (Halac
et al., 2010) showed that there were no significant differences be-
tween NPQ values calculated when Fm was determined for each indi-
vidual sample and those obtained directly using the PAM fluorometer
software.

3.3. Chlorophyll-a concentrations and UV-absorbing compounds

Aliquots of 50ml of samplewere filtered onto GF-C filters (Munktell,
Sweden) and photosynthetic pigments and UV-absorbing compounds
were extracted in 5ml of methanol. The tubes containing themethano-
lic extract were firstly sonicated at 20 °C for 20min, followed by 40min
of extraction. After this, the samples were centrifuged for 20 min at
2000 rpm and the absorption spectra of the supernatant were obtained
by doing scans between 250 and 750 nm with a spectrophotometer
(Hewlett Packard,model HP8453E). Chl-a concentrationwas calculated
with the equation of Porra (2002) and the same sample was used to
calculate Chl-a concentration from the fluorescence of the extract
(Holm-Hansen and Riemann, 1978) before and after acidification (1 N
HCl) using a fluorometer (Turner Designs, model TD 700). There were
no differences between Chl-a concentrations determined by the two
methods, thus values calculated with the equation of Porra (2002)
were used. Once the scans (250–750 nm) for UV-absorbing compounds
(UVAC) were obtained, the raw data were processed using a baseline
correction and considering the entire area delimited under the peak at
337 nmand the peak height. Since both values gave similar information,
the peak height at 337 nmwas used as previously described in Helbling
et al. (1996).

3.4. Data and statistical analysis

Photosynthesis and respiration rates (in μmol O2 μg Chl-a−1 h−1)
were calculated as the slope of the regression line of chlorophyll-
specific oxygen concentrations versus time.

The net UVR effect on photosynthesis and/or respiration was
calculated as:

UVR effect ¼ O2½ �PAB– O2½ �P;

where [O2]PAB is the photosynthesis or respiration rate in the PAB-
treatment, and [O2]P is the photosynthesis or respiration rate in the
P-treatment.

Inhibition (k — in min−1) and recovery (r — in min−1) rates were
estimated as the decrease and increase, respectively, inΦPSII by applying
an exponential regression fit during the radiation exposure (inhibition)
and darkness (recovery) periods to the data:

ΦPSII ¼ A � e−kt or
ΦPSII ¼ A � er t

where ΦPSII is the quantum yield of PSII, A is a constant, k/r represents
inhibition/recovery, respectively, and t is the time.
The net UVR effect on k and r of PSII was calculated as:

UVR effect ¼ kð ÞPAB– kð ÞP

UVR effect ¼ rð ÞPAB– rð ÞP

where k and r are the mean values of inhibition and recovery, respec-
tively, for any of the measurements done in the PAB and P radiation
treatments.

A four-way analysis of variance (ANOVA)was used to determine in-
teractions among radiation, nutrients, temperature and species on
photosynthesis, respiration, inhibition and recovery rates. The normal-
ity (by Shapiro–Wilk'sW test or Kolgomorov–Smirnov) and homosce-
dasticity (using Cochran, Hartley & Bartlett or Levene's tests) were
checked for each data group before the ANOVA application. A post
hoc test (Fisher's least significant difference) was used to determine
significant differences within and among the different factors. A 95%
confidence limit was used in all tests and all analyses were performed
with the STATISTICA v7.0 software (Statsoft Inc., 2005).

Based on the photosynthesis and respiration rates, the UVR effect for
each experimental condition for each species was calculated, and such
values were fitted using a polynomial model. Error propagations were
used to calculate the variance of the UVR effects. The model was also
used to extend a prediction of the combined effects of temperature
and nutrients at temperatures higher than the experimental 20 °C
used in our study (i.e., up to 24 °C).



Table 1
Results of statistical analysis for the effects of radiation (Rad), nutrients (Nut), tempera-
ture (Temp), and species (Spp), and their interactions, on photosynthesis and respiration.
All F values are rounded to two significant digits. Radiation (PAB and P), nutrient (HN and
LN), and temperature (14, 17 and 20 °C). df, degrees of freedom; n.s., not significant.

Treatment df Photosynthesis Respiration

F p F p

Radiation 1 104.08 b0.001 6.38 b0.05
Nutrient 1 21.78 b0.001 21.42 b0.001
Temperature 2 57.72 b0.001 15.96 b0.001
Specie 3 23.88 b0.001 15.93 b0.001
Rad ∗ Nut 1 0.19 n.s. 4.57 b0.05
Rad ∗ Temp 2 4.15 b0.05 0.33 n.s.
Nut ∗ Temp 2 40.99 b0.001 48.62 b0.001
Rad ∗ Spp 3 1.59 n.s. 1.99 n.s.
Nut ∗ Spp 3 18.90 b0.001 29.12 b0.001
Temp ∗ Spp 6 32.88 b0.001 69.31 b0.001
Rad ∗ Nut ∗ Temp 2 0.65 n.s. 0.33 n.s.
Rad ∗ Nut ∗ Spp 3 3.01 b0.05 1.77 n.s.
Rad ∗ Temp ∗ Spp 6 2.62 b0.05 3.39 b0.01
Rad ∗ Temp ∗ Spp 6 4.82 b0.001 26.71 b0.001
Rad ∗ Nut ∗ Temp ∗ Spp 6 1.97 n.s. 1.76 n.s.
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4. Results

4.1. Dynamics of photosynthesis and respiration

Representative data of oxygen evolution (i.e., production and respi-
ration) at 17 °C, normalized to the initial Chl-a concentration, for the
four species studied are shown in Fig. 1 (only this temperature is
shown for simplicity, as the trends were similar at 14, 17 and 20 °C).
For all species, the general pattern was of an increase in chlorophyll-
specific photosynthesis (i.e., production) during the radiation exposure
period, whereas the concentration was reduced (i.e., respiration) to-
wards stabilization during the dark period. However, the responses
were clearly species-specific, according to the radiation and nutrient
treatments imposed to the samples. Overall, two clear and distinct
patterns were observed: In the case of A. tamarense (Fig. 1A), nutrient
concentration had greater impact on photosynthesis than radiation
conditions, resulting in higher O2 concentrations in cells grown under
HN, regardless of the radiation treatment. On the other hand, as in the
cases of C. gracilis (Fig. 1B), D. salina (Fig. 1C), and I. galbana (Fig. 1D),
radiation exposure caused more significant effects than nutrient
concentration, and thus samples incubated under the P-treatment
had higher oxygen concentration than those under the PAB-treatment,
regardless of the nutrient concentration.

The species-specific responses to each variable and condition are
best seen in the rates of photosynthesis and respiration (Fig. 2). There
were significant interactions between factors (i.e., Rad × Nut; Rad
× Temp; and Nut × Temp) with the exception of Rad × Nut on
respiration (Table 1). For A. tamarense (Fig. 2A) and under HN treat-
ment, photosynthesis rates were higher at high temperatures (20 °C),
with values of ~0.36 and 0.44 μmol O2 μg Chl a−1 h−1 under PAB and
P, respectively; an opposite trend was observed under LN conditions,
with photosynthesis rates being lower at high temperatures. Similar
Fig. 2. Rates (in μmol O2 μg Chl a−1 h−1) of photosynthesis (positive values) and
respiration (negative values) of Alexandrium tamarense (A), Chaetoceros gracilis
(B), Dunaliella salina (C) and Isochrysis galbana (D). Samples were grown and incubated
at high (HN) and low nutrient (LN) conditions; three temperatures: 14, 17, and 20 °C,
and exposed to two radiation treatments: UVR + PAR (PAB, white and gray bars) and
PAR only (P, dashed and black bars). The lines on the top of the bars indicate the standard
deviation. Significance of post hoc comparisons between radiation treatments for each
nutrient condition and temperature is represented with small and capital letters for
production and respiration rates, respectively.
to photosynthesis, absolute respiration rates were somehow higher at
20 °C under HN conditions whereas they were lower at higher temper-
ature under LN conditions. C. gracilis (Fig. 2B) under HN conditions
showed an increase in production rates with increasing temperature;
however the highest production (~0.46 μmol O2 μg Chl a−1 h−1) was
determined at 14 °C in the LN treatment. For this species, and under
HN conditions, no significant changes were observed in absolute
respiration rates; however, they were lower with increasing tempera-
ture at LN conditions. InD. salina (Fig. 2C) photosynthetic rateswere sig-
nificantly lower at 14 and 20 °C as compared to 17 °C in both nutrient
conditions. In this species, absolute respiration rates were higher at
high temperatures in theHN condition, andmaximal valueswere deter-
mined at 17 °C under LN conditions. Finally, I. galbana (Fig. 2D) exhibit-
ed a clear trend of increasing photosynthesis rates with increasing
temperature under both nutrient conditions. Absolute respiration rates
were also higher with increasing temperature in both nutrient
conditions.

For all species UVR had, in general, a negative impact on photo-
synthesis rates, under both nutrient conditions, up to 20 °C (Fig. 3A, B,
dotted area). The responses at higher predicted temperatures varied
among species with (i) an antagonistic effect among UVR and tempera-
ture on D. salina, with increasing temperatures counteracting the nega-
tive UVR effect under both nutrient conditions (Fig. 3A, B). A similar
effect was observed in A. tamarense under the LN condition (Fig. 3A)
and I. galbana under the HN condition (Fig. 3B); (ii) a synergistic effect
of temperature and UVR in C. gracilis and I. galbana under LN (Fig. 3A,
dotted area) and for A. tamarense and C. gracilis under HN (Fig. 3B, dot-
ted area). Overall, at predicted increased temperatures, high nutrient in-
puts together with UVR would benefit the photosynthesis of C. gracilis
and I. galbana, while they would decrease the photosynthesis of
A. tamarense andD. salina (Fig. 3C, striped bar). In the case of respiration
(Fig. 3D, E and F), the four species would have a continuous increase of
UVR impact under predicted higher temperatures and under LN condi-
tions (Fig. 3D, striped bar), being this effect more accentuated in
C. gracilis. In contrast, little effect as compared to current conditions
would be observed under HN conditions for all species (Fig. 3E). Finally,
and in contrast to photosynthesis, the net effect of UVR and high
nutrients would exert a positive effect on respiration, decreasing it
significantly in all cases, with the exception of I. galbana where it
would be slightly increased (Fig. 3F).

4.2. Dynamics of photochemical parameters

The dynamics of the quantumyield of PSII (ΦPSII) for the four species
studied showed a similar behavior at 17 °C (only this temperature is

image of Fig.�2


Fig. 3.UVR effect, evaluated as the difference between PAB and P treatments, on photosynthesis (A, B) and respiration (D, E) rates as a function of temperature, for Alexandrium tamarense
(circles), Chaetoceros gracilis (squares), Dunaliella salina (triangles), and Isochrysis galbana (diamonds) within the experimental temperature interval (temperatures up to 20 °C) and
within the increased temperature (i.e., predicted values, temperatures up to 24 °C). Samples were grown and incubated at high (HN) and low nutrient (LN) conditions, and three
temperatures, 14, 17, and 20 °C. The net effect of high nutrients under UVRwithin the experimental (temperatures up to 20 °C) and predicted temperature interval (i.e., predicted values,
temperatures up to 24 °C) on photosynthesis (C) and respiration (F) is shown. The lines (solid and broken) represent the best fit using a polynomial function, while the vertical lines
represent 95% confidence intervals, shown every 1 °C in the 14–20 °C interval and continuously in the 20–24 °C interval.
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shown for simplicity, as the trends were similar at 14, 17 and 20 °C)
(Fig. 4). All species displayed a decrease inΦPSII as soon as the radiation
exposure started, with values remaining low during the exposure,
followed by a partial or total recovery in darkness. In general, and
although there was some variability in the responses among species,
radiation was the factor that most affected ΦPSII, with values under
P being higher than those under the PAB-treatment, regardless of the
nutrient conditions. Based on the decrease and recovery of ΦPSII, the
inhibition (k) and recovery (r) rates (in min−1) for all species under
the different treatments were calculated (Fig. 5). As expected, signifi-
cant variability among species and treatments was determined. The
general trend, however, was of higher absolute k values as compared
to r, and also of higher values under the PAB as compared to P treat-
ments, for any temperature and nutrient condition. A significant inter-
action Rad × Nut × Temp × Spp on k and r was found (Table 2). For
A. tamarense (Fig. 5A) absolute k and r values decreased with increas-
ing temperature under HN, whereas the opposite occurred under LN.
For C. gracilis (Fig. 5B) and I. galbana (Fig. 5D) there was a general
trend of decreasing inhibition with increasing temperature under
both nutrient conditions, except for C. gracilis grown at LN that had
similar inhibition at all temperatures. In regard to recovery rates of
C. gracilis and I. galbana, therewere in general no significant differences
among temperatures under both nutrient conditions. Finally, in the
case of D. salina (Fig. 5C), the inhibition increased with temperature
under both nutrient conditions, while there were no differences in re-
covery rates.

Fig. 6 shows a representative example of the variations in non-
photochemical quenching (NPQ) throughout the radiation exposure
and recovery in darkness. In general, NPQ showed somehow opposite
responses as ΦPSII (Fig. 4), with increasing values during the radiation
exposure period, and decreasing during darkness. There was important
species-specific variability in NPQ responses, as seen in samples incu-
bated at 17 °C (Fig. 6). Higher NPQ values were determined in
A. tamarense (Fig. 6A) and D. salina (Fig. 6C) in samples under LN as
compared to those under HN. In contrast, C. gracilis (Fig. 6B) had higher
NPQ values in samples grown under HN as compared to those under LN
conditions. Finally, in I. galbana (Fig. 6D), a strong radiation effect was
determined, with high NPQ values in samples under the PAB treatment,
regardless of the nutrient condition. Overall, the lowest NPQ values
were determined in samples either under HN (i.e., A. tamarense,

image of Fig.�3


Fig. 4. Mean effective photochemical quantum yield (Y) of Alexandrium tamarense
(A), Chaetoceros gracilis (B), Dunaliella salina (C) and Isochrysis galbana (D) during the
6 h exposure to UVR + PAR (PAB, open symbols) and PAR only (P, black symbols), and
8 h of darkness. The horizontal white and black bars on the top indicate the radiation
(exposure) and dark periods, respectively. Samples were grown and incubated at high
(HN, circles) and low nutrient (LN, triangles) conditions. Each symbol represents the
mean of triplicate samples while the vertical lines indicate the standard deviation.

Fig. 5. Inhibition (k) (negative values) and recovery (positive values) (r) rates (in min−1)
of Alexandrium tamarense (A), Chaetoceros gracilis (B), Dunaliella salina (C) and Isochrysis
galbana (D). Samples were grown and incubated at two nutrient conditions, HN and LN;
three temperatures: 14, 17, and 20 °C, and exposed to two radiation treatments: UVR
+ PAR (PAB, white and gray bars) and PAR only (P, dashed and black bars). The lines on
the top of the bars indicate the standard deviation. Significance of post hoc comparisons
between radiation treatments for each nutrient condition and temperature is represented
with small and capital letters for r and k rates, respectively.

Table 2
Results of statistical analysis for the effects of radiation (Rad), nutrients (Nut), tempera-
ture (Temp), and species (Spp), and their interactions on inhibition and recovery of the
effective photochemical quantum yield. All F values are rounded to two significant digits.
Radiation (PAB and P), nutrient (HN and LN), and temperature (14, 17 and 20 °C). df,
degrees of freedom; n.s., not significant.

Treatment df Inhibition (k) Recovery (r)

F p F p

Radiation 1 201.00 b0.001 3.28 n.s.
Nutrient 1 16.50 b0.001 0.00 n.s.
Temperature 2 10.86 b0.001 1.38 n.s.
Specie 3 36.07 b0.001 1.80 n.s.
Rad ∗ Nut 1 5.75 b0.05 0.23 n.s.
Rad ∗ Temp 2 2.23 n.s. 0.07 n.s.
Nut ∗ Temp 2 5.92 b0.01 3.89 b0.05
Rad ∗ Spp 3 18.73 b0.001 4.30 b0.01
Nut ∗ Spp 3 11.32 b0.001 10.72 b0.001
Temp ∗ Spp 6 58.98 b0.001 20.63 b0.001
Rad ∗ Nut ∗ Temp 2 0.32 N0.05 4.60 b0.05
Rad ∗ Nut ∗ Spp 3 3.00 b0.05 13.61 b0.001
Rad ∗ Temp ∗ Spp 6 8.81 b0.001 5.92 b0.001
Rad ∗ Temp ∗ Spp 6 7.75 b0.001 2.18 n.s.
Rad ∗ Nut ∗ Temp ∗ Spp 6 2.72 b0.05 8.36 b0.001
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Fig. 6A and D. salina, Fig. 6C) and LN (i.e., C. gracilis, Fig. 6B) or under the
P-treatment (i.e., I. galbana, Fig. 6D).

To estimate the effectiveness of NPQ as a mechanism to cope with
excess energy, the rates of inhibition (k) vs. NPQ values were compared
for the different temperature and nutrient treatments (data not shown).
It was observed that for A. tamarense, C. gracilis and I. galbana under the
PAB-treatment and grown under HN conditions as well as I. galbana
under LN conditions, higher inhibition with decreasing temperature
was associated to increasing NPQ values. This pattern was not clear in
Fig. 6. Mean non photochemical quenching (NPQ) of Alexandrium tamarense
(A), Chaetoceros gracilis (B), Dunaliella salina (C) and Isochrysis galbana (D) during the
6 h of exposure to UVR + PAR (PAB, open symbols) and PAR only (P, black symbols),
and 8 h of darkness. The horizontal white and black bars on the top indicate the radiation
(exposure) and dark periods, respectively. Samples were grown and incubated at high
(HN, circles) and low nutrient (LN, triangles) conditions. Each symbol represents the
mean of triplicate samples while the vertical lines indicate the standard deviation.
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Fig. 7. UVR effect, evaluated as the difference between PAB and P treatments, on inhibition (A, B) (k) and recovery (D, E) (r) rates of Alexandrium tamarense (circles), Chaetoceros gracilis
(squares),Dunaliella salina (triangles), and Isochrysis galbana (diamonds) within the experimental temperature interval (temperatures up to 20 °C) andwithin the increased temperature
(i.e., predicted values, temperatures up to 24 °C). Samples were grown and incubated at high (HN) and low (LN) nutrient conditions, and three temperatures, 14, 17, and 20 °C. The net
effect of high nutrients under UVRwithin the experimental (temperatures up to 20 °C) and increased temperature interval (i.e., predicted values, temperatures up to 24 °C) on inhibition
(C) and recovery (F) is shown. The lines (solid and broken) represent the best fit using a polynomial function,while the vertical lines represent 95% confidence intervals, shown every 1 °C
in the 14–20 °C interval, and continuously in the 20–24 °C interval.
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samples under the P-treatment that had lower k values than when
receiving UVR for both nutrient conditions in all species.

The net effect of UVR on k and r values as a function of temperature
for the two nutrient conditions is shown in Fig. 7. As observedwith pho-
tosynthesis, species-specific responses were found: UVR had a negative
impact on PSII, increasing the inhibition rates in all species, regardless
of the nutrient conditions, up to 20 °C (Fig. 7A, B, dotted area). At
predicted increased temperatures it was found that: (i) Under LN con-
ditions (Fig. 7A, striped bar), a synergistic effect of UVR and tempera-
ture was determined for I. galbana as with higher temperatures,
inhibition rates increased. However, increasing temperatures had
antagonistic effects with UVR counteracting its negative impact in
C. gracilis. Increased temperature did not modify the UVR inhibitory
effect in A. tamarense and D. salina (i.e., striped bar). (ii) Under HN
conditions (Fig. 7B, striped bar), increased temperature enhanced the
UVR inhibition (i.e., synergistic effect — dotted area) in D. salina and
I. galbana, but it counteracted the negative UVR effects in A. tamarense
and C. gracilis. Overall, a combination of increased temperature and nu-
trients will significantly counteract UVR inhibition in A. tamarense and
C. gracilis but will enhance it in I. galbana and D. salina (Fig. 7C, striped
bar).

In the case of r under LN conditions (Fig. 7D), increasing tempera-
tures resulted in an increase in recovery for all species, with the excep-
tion of I. galbana, that presented an opposite effect. The addition of
nutrients changed this pattern, with C. gracilis and I. galbana (Fig. 7E)
benefiting from the increase in temperature and thus having higher
recovery rates than under LN conditions. A. tamarense and D. salina, on
the other hand, had in general a decrease of r as temperature increased.
These patterns between LN and HN conditions resulted in an increased
recovery capacity of C. gracilis and I. galbana, but not of A. tamarense and
D. salina, under net increased nutrients and predicted temperature
(Fig. 7F).

5. Discussion

The main goal of this study was to simultaneously evaluate the
impact of multiple variables (i.e., UVR exposure, nutrient inputs and
temperature) on photosynthetic responses and respiration of key
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Fig. 8. Conceptual graphical model on the combined impact of UVR, nutrient inputs and increased temperature on photosynthetic and respiratory processes in Alexandrium tamarense,
Chaetoceros gracilis, Dunaliella salina and Isochrysis galbana. Within each cell we represented a chloroplast (green), and a mitochondria (orange) and the processes evaluated in these or-
ganelles: photosynthesis (P), respiration (R), inhibition (k) and recovery (r) under current (white-rectanglewith arrows) andpredicted (yellow-rectanglewith arrows) conditions of UVR,
nutrients and temperature. Themiddle panel shows in detail the specific location and development of these processes, aswell as the underlying-relatedmechanisms that are occurring in
the photosystem II. The scale bar represents 5 μm.
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phytoplankton species representative of four marine taxa found in
estuarine and coastal waters. To the best of our knowledge, this is the
first study that evaluated these responses considering both a current
and a future environmental scenario in a context global change. Our
study also highlights the importance of carrying out multifactorial
experiments to better predict interactive effects among global change
variables as well as their impact on aquatic organisms.

5.1. Current environmental scenario

Overall, our study shows a synergistic UVR-effect under current am-
bient conditions of relatively low nutrients and temperatures b20 °C
(Fig. 8, white-rectangle arrows) as all species have a reduction in photo-
synthesis (Fig. 8, P). It has been reported that the oxygen evolving com-
plex (OEC) seems to be UVR-sensitive, especially to UV-B (Kataria et al.,
2014). Vass et al. (1996) measured the effects of UVR on different com-
ponents of PSII, and found that OEC appeared to be the most sensitive,
concluding that the primary damage by UVR occurs in this complex. In
this sense, any damage in the OEC due to UVR would produce an alter-
ation in the water-splitting reaction, triggering a decrease in
photosynthesis (i.e., oxygen production) as shown in all of our species
tested (Fig. 8, P; white-rectangle arrows). Besides, the decrease in pho-
tosynthesis was coupled with a strong inhibition in PSII (Fig. 8, k). Radi-
ation damages the PSII, and the increase in PSII-photoinhibition could
be due to: (i) a direct UVR-impact on PSII (i.e. increasing damage and
decreasing repair rates) and (ii) an indirect consequence of an alteration
in the OEC. Such alteration in the OEC could also produce a decrease in
the proton gradient, which is involved in NPQ-activation (Lavaud
et al., 2012), resulting in low NPQ values observed in all species under
current conditions. This mechanism of dissipation of excess energy de-
creased in the four species tested, in almost all conditions as tempera-
ture increased. Similar results were obtained in other studies working
with diatoms (Helbling et al., 2011; Li et al., 2012), and the decrease
of NPQwith increasing temperaturewas related to increasingmetabolic
pathways (i.e., RUBISCO) resulting in a better utilization of radiation and
thus reaching higher production (Helbling et al., 2011). The evaluation
of the presence of UVACs (data not shown) revealed no significant
amounts of these compounds in our experiments with the exception
of a small peak in A. tamarense. These UVACs, which could help to miti-
gate the harmful effects produced by UVR, have been determined both
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in isolated species (Hannach and Sigleo, 1998) as well as in phytoplank-
ton communities (Oubelkheir et al., 2013) and have a well-known
photoprotective role.

A slight synergistic effect of UVR on respiration (i.e., increase) was
only observed in C. gracilis (Fig. 8, R) but not in the other three species.
This lack of UVR effect on respiration rateswas observed in other studies
carried out with microalgae that suggested that respiration is not
appreciably altered during short-term exposures to UVR (hours) due
to a low damage or by relatively fast repair once the damage had oc-
curred, therefore without a measurable signal (Heraud and Beardall,
2002; Larkum and Wood, 1993). However, the results obtained in our
study partially agree (Fig. 8, R in C. gracilis) with those carried out by
Beardall et al. (1994) who reported an enhancement in respiration
rates after pre-exposure to high photon fluxes in two microalgae
species.

5.2. Predicted global change scenario

Under predicted environmental conditions an antagonistic UVR-
effect will be observed under increased concentrations of nutrients
and higher temperatures (Fig. 8, yellow-rectangle arrows) as compared
to current conditions. The changes included an increase in photosynthe-
sis of C. gracilis and I. galbana (Fig. 8, P), whereas respiration will
decrease in all species, except for I. galbana, probably due to an increase
in metabolic oxygen demand with increasing temperature (Clarke,
2003) (Fig. 8, r). On the other hand, the combined effects of increasing
nutrients and temperature would result in higher UVR inhibition of
PSII in D. salina and I. galbana (Fig. 8, k), while recovery would diminish
in D. salina and A. tamarense (Fig. 8, r).

Despite the variability in the responses among the studied species,
our results suggest that under the expected global change scenario,
diatoms (C. gracilis) and haptophytes (I. galbana) would be benefited
as the combined impact of increasing Rad × Nut × Temp would
improve both photosynthesis (i.e., increasing oxygen production) and
photochemical performance (i.e., increasing repair rates). For dinofla-
gellates (A. tamarense), and while photosynthesis would decrease, the
rate of photosynthetic inhibition would decrease as well, and this, in
the short term, might be associated with the content of UVACs. In
contrast, chlorophytes (D. salina) would be the most damaged group
as predicted conditions would cause greater inhibition and an overall
decrease in photosynthesis. This could be related to the fact that
chlorophytes have a xanthophyll-cycle acquired through evolution
based exclusively on Violaxanthin (Vx), whereas in the other groups it
is based on Diadinoxanthin (Ddx) or even though they have low levels
of the Vx cycle. The Vx-cycle comprises two de-epoxidations while the
Ddx-cycle involves only one de-epoxidation (Goss and Jakob, 2010),
and thus reduces the response time to cope with any damage. Besides,
algae with Ddx-cycle can also synthesize the xantophylls of the Vx-
cycle, but in both cases the pigments of the Vx-cycle can only be avail-
able when algae are illuminated for long-periods (Lohr and Wilhelm,
1999). This supports our view of their low acclimation capacity over
short-term exposures under the expected environmental changes im-
posed in our experiments. In contrast, and as seen in Fig. 8, an increase
in photosynthesis seems to be a consequence of a suitable functioning of
OEC (e.g. by favoring the water-splitting), which could produce: (i) an
increase in the proton gradient that will entail an activation of NPQ,
dissipating the excess of energy received as heat and, (ii) an increase
in electron gradient. Both gradients could indirectly explain the increase
in photosynthesis observed and in the PSII-repair rates for C. gracilis and
I. galbana.

The observed metabolic changes under UVR might also be a conse-
quence of a faster response and higher tolerance of small species
(C. gracilis and I. galbana) as compared to large cells, as observed
when assessing the impact on photosynthesis (Helbling et al., 2001).
Partially in agreement with our results, previous studies have found a
beneficial temperature-effect in small-sized species (Daufresne et al.,
2009; Halac et al., 2013), which also agrees with the temperature–size
rule (Hessen et al., 2013). Besides, it cannot be discarded that part of
the variability in the observed responses are also related to the nutrient
conditions, as cell volume is also amajor determinant of nutrient uptake
(Tambi et al., 2009). Small cells have generally higher uptake affinities
for nutrients as compared to large cells due to their higher surface
area to volume quotient (Finkel et al., 2007).

In summary, it was found that an increase in nutrients and temper-
ature will counteract the UVR-inhibition on photosynthesis and photo-
chemical performance of two (i.e. diatoms and haptophytes) out of four
groups of marine phytoplankton. Since the interaction between UVR,
nutrients and temperature conditions has not been previously exam-
ined by experimental manipulation on different phytoplanktonic
groups, it is clear that more research is necessary to fully understand
the responses by primary producers in a scenario of global change.
Modeling and experimental approaches such as these developed in
this study would help to improve our understanding about the interac-
tive effects of global change variables on key eco-physiological process-
es. Although the approach used in this study constitutes a simplification
of the events occurring in nature, it could be considered a novel way to
explore and evaluate the acclimation to the future global change in
phytoplankton key groups. These changes would not only affect the
photosynthesis and primary production in estuaries and coastal areas,
but it might also influence trophic interactions since a future scenario
under these conditions could favor differentially smaller size organism
(diatoms and haptophytes) bloom-development in contrast to other
larger size taxonomic groups.
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