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a b s t r a c t

Global change is associated to the increase in temperature (T), nutrient inputs (Nut) and solar radiation in
the water column. To address their joint impact on the net community production [NCP], respiration [CR]
and PSII performance (FPSII) of coastal phytoplankton communities from the South Atlantic Ocean over a
seasonal succession, we performed a factorial design. For this, we used a 2 � 2 � 2 matrix set-up, with
and without UVR, ambient and enriched nutrients, and in situ T and in situ T þ 3 �C. The future scenario of
global change exerted a dual impact, from an enhancement of NCP and FPSII during the pre-bloom to an
inhibition of both processes towards the bloom period, when the in situ T and irradiances were lower and
the community was dominated by diatoms. The increased inhibition of NCP and FPSII during the most
productive stage of the annual succession could produce significant alterations of the CO2-sink capacity
of coastal areas in the future.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal areas represent a small fraction (~5%) of the total oceanic
surface, however, they constitute the most productive ecosystems
on Earth (Rousseaux and Gregg, 2014; Uitz et al., 2010). These areas
are also considered biogeochemical hot spots because they receive
large inputs of nutrients (Nut) and organic carbon from land and
open ocean thus supporting high metabolism and primary pro-
duction (Cloern et al., 2014). Coastal areas also present highly var-
iable environmental conditions e.g., light, temperature (T) among
others, making them particularly interesting model systems to
evaluate the responses of organisms in a scenario of global change.
Global change is a process largely related to human-derived ac-
tivities e.g., the release of high amounts of CO2 into the atmosphere
due to industrialization (IPCC, 2013). Such atmospheric changes
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derive in more acidified and warmer water bodies, receiving higher
levels of solar radiation (including ultraviolet radiation [UVR,
280e400 nm]) due to increased stratification of the water column
(Williamson et al., 2014). In addition, due to the increasing human
pressures through agriculture, livestock, and industry, higher
population densities in areas close to the coast, and consequently
higher waste removal (Cloern et al., 2016), coastal areas are incur-
ring greater nutrient inputs through rivers, and these inputs ex-
pected to intensify during the next few decades (Rabalais et al.,
2009).

The effects of variables associated to global change on coastal
communities have been largely explored individually in both, lab-
oratory and field studies. The validity of such approaches, however,
is being challenged by recent research that reveals interactive ef-
fects among environmental variables that affect the responses as
compared to the individual effects (Boyd et al., 2015, 2016). Thus,
studies assessing multi-variable impacts are more appropriate as
they provide more reliable information about future impacts of
global change on aquatic ecosystems. For example, solar UVR is an
abiotic factor that strongly influences the responses of phyto-
plankton under global change conditions. Although a huge body of
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literature has shown the negative effects of UVR on several targets
(e.g., photosystem II [FPSII], proteins, DNA) and processes (e.g.,
growth, nutrients uptake, photosynthesis, respiration) (H€ader et al.,
2015) other studies have also found positive effects (e.g., higher
photorepair of DNA, enhanced photosynthesis; Gao et al., 2007;
Barbieri et al., 2002). Part of these contrasting responses, howev-
er, occurs due to the interaction of UVR with other variables In this
sense, nutrient enrichment generally tends to counteract the
negative effects of solar UVR exposure (Agustí et al., 2009; Harrison
and Smith, 2013; Villafa~ne et al., 2014) therefore acting antago-
nistically. Increased temperature frequently acts in an antagonistic
manner with UVR either on short- (e.g. Sobrino and Neale, 2007)
and mid-term scales (Helbling et al., 2011). This antagonistic effect
improves phytoplankton photochemical performance (Helbling
et al., 2011; Villafa~ne et al., 2015; Wong et al., 2015), increasing
growth rates (Mor�an et al., 2010) or even protein synthesis and
nitrogen uptake (Toseland et al., 2013), especially when the tested
organisms are below their optimal thermal limit.

In spite of the ecological and socio-economic importance that
implies the prediction of the effects of multiple global change
variables on aquatic ecosystems, up to date scarce experimental
studies have considered how the interaction between UVR, Nut and
T could impact on primary producers (Cabrerizo et al., 2014; Doyle
et al., 2005; Dur�an et al., 2016). These studies have reported a wide
range of effects under a multi-factor scenario, ranging from inhi-
bition of phytoplankton growth (Doyle et al., 2005) to enhance-
ment of photosynthesis and of excretion of organic carbon (Dur�an
et al., 2016). One study carried by our group (Cabrerizo et al.,
2014) further highlighted the species-specificity of responses un-
der the joint effect of these variables e UVR, Nut and T. Moreover,
most of the studies simulating a scenario of global change, how-
ever, have been performed during rather short periods of time,
neglecting the natural environmental heterogeneity that can also
alter the biological responses of phytoplankton. This is especially
important, as aquatic ecosystems experience natural variations in
their physical and chemical parameters, together with a temporal
succession of species. Thus, and to address this gap of knowledge
i.e., the responses of organisms to global change conditions tied to
the natural variability of the environment, we designed experi-
ments to quantify how a future scenario of UVR under increased
Nut and Tcould alter the physiology of phytoplankton communities
during the pre-bloom to bloom period in coastal South Atlantic
Ocean waters. Thus we worked not only with communities that
changed along the season but that also had different light and
thermal history due to variable irradiances/mixing conditions, and
in situ T due to the transition from fall to winter. We performed
experiments during almost three months, manipulating simulta-
neously the Nut concentrations, T and radiation quality. Over this
period, we measured the net community production [NCP], com-
munity respiration [CR] and the effective photochemical quantum
yield (FPSII) on different phytoplankton communities of Patagonian
coastal waters.

Despite that between 6 and 11% of the global primary produc-
tivity occurs in the South Atlantic Basin (Rousseaux and Gregg,
2014; Uitz et al., 2010) and although Patagonian waters constitute
one of the most important fishery areas of the Atlantic Ocean Basin
(De Carli et al., 2012; G�ongora et al., 2012), they continue to be a
relatively unexplored area. The area has continuous inputs of nu-
trients from the river into the sea due to agricultural and urban
activities (Helbling et al., 2010), and a clear bloom (dominated by
diatoms, mainly Odontella aurita) during winter time and pre- and
post-bloom periods (dominated by pico-nanoplankton cells,
mainly flagellates) have also been reported for this site (Villafa~ne
et al., 2004, 2013).

With this background in mind, our working hypothesis was that
a future global change scenario will reduce the NCP and FPSII per-
formance, and will enhance the CR in the pre-bloom as compared
to the bloom communities, as increased T will displace such com-
munities above of the optimal growing temperatures experienced
inside the annual thermal limits (17e9 �C). Thus, through our
simulations of future global change conditions we tested the im-
pacts of a multi-variable scenario on the communities varying
during the seasonal succession.

2. Material and methods

2.1. Study site and sampling

Water samples were collected at the seawater side of the Chubut
River estuary, in Patagonian coastal waters (Chubut Province, South
Atlantic Ocean, Argentina) (Fig. 1). The experiments were done
during the period April 5 to June 14, 2013, with field samples
collected every week (10 experiments in total). Surface seawater
(salinities > 31) samples (ca. 20 L) were collected in the afternoon-
evening of the day previous to the experimentation at Egi station
(43� 20.50 S, 65� 02.00 W) (Fig.1) during high tide. The samples were
pre-screened through a 180 mm Nitex mesh to eliminate meso-
zooplankton, and put into an acid-cleaned (1 N HCl) opaque
container and immediately transported to the Estaci�on de Foto-
biología Playa Uni�on (EFPU, 10e15 min away from the sampling
site) where experiments were performed as described below. Once
at the laboratory, samples were pre-acclimated to the in situ T
registered during the sampling moment or either to the in situ
T þ 3 �C overnight before being used in experimentation.

2.2. Experimental set up

The UVR � Nut � T effects on NCP, CR and FPSII were assessed
using a factorial design set up with a 2 � 2 � 2 matrix. All exper-
imental units were run in triplicate. The original seawater sample
was divided in two sub-samples that were put into two opaque
containers. In one of them, the nutrients were kept under ambient
conditions (i.e., without modification, as at the time of collection)
whereas the other was enriched in macronutrients by 45 mM for
nitrate þ nitrite, 1.8 mM for phosphate, and 5.5 mM for silicate over
their respective ambient concentration, simulating larger inputs by
the Chubut river. Samples from these two Nut conditions were
placed in 50 mL quartz round vessels, 24 for oxygen and 24 for FPSII
measurements, and exposed to: a) two radiation treatments, PAB
(UVR þ PAR, >280 nm), uncovered vessels, and P (PAR, >400 nm)
vessels covered with UV Opak 395 filter (Difegra); and, b) two T
treatments (in situ and in situ þ 3 �C). The increase in 3 �C repre-
sents predicted values by the end of century for South Atlantic
surface waters by IPCC (2013, scenario RCP 8.5).

All vessels containing the samples were put in a rotating system,
to ensure homogeneous exposures, inside an illuminated envi-
ronmental chamber (Sanyo MLR-350, Japan). The chamber kept the
desired temperature in situ or in situ þ 3 �C constant for each
experimental condition. Due to logistical limitations inside the
environmental test chamber, it was first set to the in situ water
temperature and the following day to the increased temperature.
To avoid alterations in the acclimation conditions and in the
physiological state of the communities, we took new samples for
the in situ þ 3 �C experiments. We found no significant differences
between samples taken during two consecutive days for each
experiment (data not shown). Radiation levels were provided by 10
Philips daylight fluorescent tubes for PAR and 5 Q-Pannel UVA-340
tubes for UVR. The samples were exposed to constant irradiances of
164.1, 42.8 and 0.7Wm�2 for PAR, UV-A and UV-B, respectively. The
spectral output of the lamps was checked using a



Fig. 1. Map of South America indicating the relative location of the Chubut province, Argentina. The enlarged area shows the sampling site (Egi station) outside the Chubut River
estuary in Bahía Enga~no.
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spectroradiometer (Ocean Optics HR 2000CG-UV-NIR); no UV-C
output was measured. The radiation exposure period lasted 6 h
hence 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, and the response to
UVR of all samples was tested under the same conditions although
the samples had a different light history (and different taxonomic
composition) as the season progressed. After the exposure period,
the experimental units were maintained for 8 h in darkness for
respiration measurements (see below).

2.3. Analysis and measurements

2.3.1. Net community production and community respiration
Oxygen concentration was measured using an optode-probe

system (Fibox 3, PreSens GmbH, Germany) equipped with fiber
optics and sensor-spots (SP-PSt3-NAU-D5-YOP) together with the
Oxyview 6.02 software to register the data. The systemwas initially
calibrated using a two-point calibration for 100% and 0% oxygen
saturation, at the desired temperature and at atmospheric pressure.
Oxygen concentration measurements were done at the beginning
of each experiment (t0); then, every hour during the 6 h light-
exposure period to determine the NCP rates. In addition, mea-
surements of oxygen concentrationwere done every 30 min during
the first 2 h of darkness and then every 1.5 h until finishing the 8 h
dark period to determine CR rates.

2.3.2. Fluorescence measurements
Sub-samples of 3mLwere taken (with the same frequency as for

oxygen concentration measurements) to measure in vivo chloro-
phyll a (chl a) fluorescence, using a pulse amplitude modulated
(PAM) fluorometer (Walz, Water PAM, Effeltrich, Germany). Each
sample was measured six times immediately after sampling, with
each measurement lasting 10 s, therefore the total time for
measuring each sample was 1 min. The effective photochemical
quantum yield of PSII (FPSII) was calculated using the equations of
Genty et al. (1989) and Maxwell and Johnson (2000) as:

FPSII ¼ DF
�
F0m ¼ �

F0m � Ft
��

F0m (1)

where F0m is the maximum fluorescence induced by a saturating
light pulse (ca. 5300 mmol photons m�2 s�1 in 0.8 s) and Ft the
current steady state fluorescence induced by a red actinic light
~492 mmol photons m�2 s�1 in light-adapted cells.

2.3.3. Chlorophyll a
The chlorophyll a (chl a) content of the samples was measured

by filtering two aliquots (50 mL) of the original sample onto MG-F
glass fiber filters (25 mm, Munktell, Sweden) and the photosyn-
thetic pigments were extracted in absolute methanol (Holm-
Hansen and Riemann, 1978). After 1 h of extraction and 10 min of
centrifugation at 2000 rpm, the supernatant was scanned
(250e700 nm) using a spectrophotometer (Hewlett Packard, model
8453E, USA). The chl a concentration was calculated from these
scans using the equation of Porra (2002).

2.3.4. Taxonomic analyses
Aliquots from the original samples were placed in 125mL brown

glass bottles and fixed with buffered formaline (0.4% final con-
centration of formaldehyde in the sample). Sub-samples of 25 mL
were settled in a Uterm€ohl chamber (Hydro-Bios GmbH, Germany)
for 24 h to ensure complete sedimentation of cells. The samples
were counted under 200� for microplankton (>20 mm) and under
400� magnification for nanoplankton cells (<20 mm); a drop of
Rose Bengal was added to the sample to better distinguish between
organic material and detritus. Species were identified and
enumerated using an inverted microscope (Leica, model DM IL,
Germany) following the technique described in Villafa~ne and Reid
(1995). The biovolumes of the phytoplankton cells groups
analyzed were calculated following Hillebrand et al. (1999). Bio-
volumes were converted into carbon content (i.e., biomass) using
the equations of Strathmann (1967).

2.3.5. Solar radiation, temperature and conductivity
Incident solar radiation was continuously monitored using an

European Light Dosimeter Network broadband filter radiometer
(ELDONET, Real Time Computers, Germany) that measures UV-B
(280e315 nm), UV-A (315e400 nm) and PAR (400e700 nm)
every second and averages the data over a 1 min interval. The
radiometer is permanently installed on the roof of the Estaci�on de
Fotobiología Playa Uni�on and is calibrated every year using a clear
sky solar calibration procedure together with model outputs (Bj€orn
and Murphy, 1985). Seawater temperature and conductivity was
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measured for every field sampling day using a multiparameter
probe (Yellow Spring Instruments, model 600 XLM, USA).
2.4. Data and statistical analyses

NCP and CR rates were calculated as the slope of the regression
fit of increases (for NCP, light period) and decreases (for CR, dark
period) in the oxygen concentration versus time. As the community
structure and species changed along the study period, we
normalized the NCP and CR rates (in mmol O2 L�1 h�1) by the chl a
concentration to be able to compare the oxygen rates (in mmol O2
mg chl a�1 h�1).

Inhibition (k, in h�1) and recovery (r, in h�1) rates of FPSII were
estimated by applying an exponential regression fit to the data
obtained during the light or dark periods, respectively, as:

FPSII ¼ A � ebt (2)

where FPSII is the effective photochemical quantum yield of PSII, A
is a constant, b is either the inhibition (k) or the recovery (r), and t is
the time (in hours).

We calculated the single effects of UVR, Nut and T on NCP, CR, k
and r as:

Single effect ð%Þ ¼
�
control� variablesingle

�.
ðcontrolÞ � 100

(3)

where the control represents samples under the P treatment,
ambient nutrient and in situ temperature in all cases, and varia-
blesingle represents:(i) samples under the PAB treatment, ambient
nutrient and in situ temperature for UVR effects, (ii) samples under
the P treatment, enriched nutrients and in situ temperature for Nut
enrichment effects and, (iii) samples under the P treatment,
ambient nutrients and in situ temperature þ 3 �C for increased T
effects.

The interactive effect of UVR � Nut � T on NCP, CR, k or r rates
were calculated as:

Interactive effect ð%Þ ¼
�
control� variablemultiple

�.
ðcontrolÞ

� 100

(4)

where the control represents samples under the P treatment,
ambient nutrient and in situ temperature, and the variablemultiple
represents samples under the PAB treatment, enriched nutrients
and in situ temperature þ 3 �C treatments. Error propagation was
used to calculate the variance of single and interactive effects (%).
The single and interactive effects on k and CR were multiplied
by �1; thus, negative values represent an enhancement whereas
positive values an inhibitory effect on the process considered.

A four-way ANOVA were used to determine differences on NCP,
CR and FPSII performance (as k and r) rates with UVR, Nut and T and
sampling days (Date) as factors. Assumptions of normality and
homoscedasticity were checked for each data set before ANOVA
application (Zar, 1999). When significant differences were deter-
mined, a Bonferroni post hoc test's was performed. Due to the
multiple comparisons possible between treatments for NCP, CR, k
and r rates it was impractical to add all symbols in the figures to
denote significances; hence they are mentioned in the text only
when it is appropriate.

We used forward stepwise multiple linear regression (MLR)
analyses to assess the relative strength of abiotic (i.e., in situ T and
previous light history) and biotic variables (i.e., biomass of diatoms
and flagellates) to explain the variability observed in the single and
interactive effects of UVR, Nut and T on NCP, CR, r and k rates over
the experimental period. The previous light history received by the
communities was assessed as the mean daily solar irradiance of the
previous 5e7 days of the sampling day, as this period has been
shown enough for acclimation of the cells (Buma et al., 2009).
Previous to the MLRs analyses, assumptions of linearity were
verified through residual analyses. Multicollinearity among inde-
pendent variables was also verified by correlation analysis and
controlled by specifying 0.6 as the minimum acceptable tolerance;
homoscedasticity was verified through normal probability scatter-
plot analysis.

3. Results

3.1. Seasonal physical and biological conditions

The study period was characterized by variable radiation con-
ditions, although with a predominance of cloudy days. Also, a
characteristic trend of decreasing daily doses over time was
determined, from 5.39 to 1.97 MJ m�2, 0.72 to 0.24 MJ m�2 and
14.14 to 3.10 kJ m�2, for PAR, UV-A and UV-B, respectively (Fig. 2A
and B). The mean daily irradiances during this period varied be-
tween ~111 and 33 (Fig. 2C), ~13-4 and 0.30e0.04 W m�2 (Fig. 2D)
for PAR, UV-A and UV-B, respectively.

Seawater temperature, chl a and the biomass of the different
phytoplankton groups (Fig. 3) also varied during the study period.
Temperature continuously decreased from 16.9 �C in early April to
9.8 �C in mid-June (Fig. 3A). Although chl a concentrations gener-
ally ranged between 6 and 10 mg L�1, two clear peaks (i.e. 20 in late
April and ~45 mg L�1 in lateMay) were found, supporting the idea of
a transition from a pre-bloom (MarcheMay) to a bloom period (late
MayeJune). During the study period, the proportion of nano-
plankton cells (<20 mm in diameter) ranged between ~15 and 72%
of the total biomass (Fig. 3B). The biomass of diatoms was higher
than that of flagellates, especially in the two chl a peaks, where it
reached values of ~70 and 80 mg C L�1, respectively (Fig. 3B). The
dominating diatoms during these chl a peaks that occurred in the
two different stages of the succession were mostly chains of Tha-
lassiosira species (10e50 mm) in the first peak (pre-bloom), and
Odontella aurita in the second peak (bloom). The contribution of
dinoflagellates (e.g., small naked species, Prorocentrum micans and
Alexandrium tamarense) was very low throughout the study period,
accounting for < 1% of the total cellular biomass.

3.2. Impact of multiple global change variables on phytoplankton
physiology

Overall, NCP rates (Fig. 4) were significantly higher under
nutrient enrichment than under ambient treatments during the
pre-bloom (Bonferroni post hoc, p < 0.05) but as the season pro-
gressed, these differences were not significant. Nevertheless, a
significant UVR � Nut � T � date effect was found on NCP rates
(Table 1). At the in situ T, NCP rates were significant lower (Bon-
ferroni post hoc, p < 0.01) under UVR than under PAR during most
of the pre-bloom (Fig. 4A), but this difference between treatments
decreased towards the bloom. At the increased T (Fig. 4B), the UVR
effect was lower than that observed at the in situ T during the pre-
bloom; however, this inhibitory UVR effect increased during the
bloom, particularly under enriched treatments (Bonferroni post
hoc, p < 0.05). CR rates did not exhibit any clear response pattern
neither under UVR, nutrient nor T treatments throughout the
season, with mean CR rates being �0.12 (± 0.06) and�0.16 (± 0.09)
mmol O2 mg Chla�1 h�1 for the in situ T and in situ þ3 �C,
respectively.



Fig. 2. Daily doses (in MJ or kJ m�2) (A, B) and mean daily irradiances (in Wm�2) (C, D) for photosynthetically active radiation (PAR) and ultraviolet radiation A (UV-A, 315e400 nm)
and B (UV-B, 280e315 nm) from Julian day 88e165. The solid circles represent the sampling days and the open circles the previous light-history of communities sampled.

Fig. 3. Chlorophyll a concentration (in mg L�1) and in situ temperature (in �C) (A); biomass of flagellates and diatoms (in mg C L�1) (B), together with the percentage (%) of the
nanoplankton (<mm 20) fraction during the study period.
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A significant UVR � Nut � T � date interaction for FPSII rates
(Table 1) was only found on k. However, although k rates showed a
slight increase during the season it was only significant towards the
end of the bloom period under PAB, independently of the nutrients
treatment considered at the in situ T, and under PAB and ambient
nutrients treatment under increased temperature (Bonferroni post
hoc, p < 0.05) (Fig. 5). In contrast, r rates did not show a clear
response pattern, exhibiting similar values under all experimental
conditions throughout the study period.



Fig. 4. Normalized net community production (NCP) and community respiration (CR) rates (in mmol O2 mg chl a�1 h�1) as a function of time for samples under UVR þ PAR (PAB) and
PAR (P), two nutrient treatments: ambient (dashed lines) and enriched (solid lines) and two temperature treatments: (A) in situ and (B) in situ þ 3 �C. Each symbol represents the
mean of triplicate samples whereas vertical lines indicate the standard deviation.

Table 1
Results of four-way ANOVA for the single and interactive effects of ultraviolet ra-
diation (UVR), nutrients (Nut), temperature (T) and Date on normalized net com-
munity production (NCP) and community respiration (CR), inhibition (k) and
recovery (r) rates. Significance was set at p-value < 0.05. The numbers represent the
F- values, and the asterisks *, ** and *** the p < 0.05, p < 0.01 and p < 0.001,
respectively.

NCP CR k r

UVR 73.93*** 3.47** 21.24*** 18.30***
Nut 117.04*** 108.32*** 0.17 0.11
T 168.67*** 70.30*** 7.69** 10.52**
Date 996.36*** 1199.52*** 21.01*** 7.58***
UVR � Nut 0.43 2.08 12.55*** 0.01
UVR � T 5.48* 1.50 1.82 2.19
UVR � Date 4.14*** 20.25*** 1.56 2.36*
Nut � T 3.56 10.08*** 0.01 0.01
Nut � Date 90.86*** 46.63*** 8.41*** 4.33***
T � Date 17.27*** 19.34*** 8.01*** 4.76***
UVR � Nut � Date 3.48*** 0.98 1.36 1.06
UVR � T � Date 10.52*** 19.97*** 0.93 1.22
UVR � Nut � T 0.73 17.85*** 3.79 0.02
Nut � T � Date 44.97*** 50.98*** 7.14*** 1.32
UVR � Nut � T � Date 4.38*** 11.48 1.13** 0.71
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3.3. Modeling of single and interactive effects of multiple global
change variables

MLR analyses (Fig. 6, open symbols) showed that from all po-
tential predictors assayed, only the previous light history of
phytoplankton communities, the in situ T, and the diatom and
flagellates biomass significantly explained the variability of the NCP
and k. Thus, these variables were the only considered in the analysis
of the modeled single and interactive effects of UVR, Nut and T on
NCP and k (Table 2). The previous light history and the in situ T had
opposite relationships (negative vs. positive coefficients, Table 2)
hence both abiotic factors had an opposite impact on the magni-
tude of the effects of the variables tested (with the exception of UVR
on NCP) and their interaction on NCP and k. Moreover, the inhibi-
tory effect of UVR� Nut� T under the future scenario on NCP and k
was increasing and significantly higher towards the bloom which
matched with higher diatoms biomass (93% ± 4%) than that
observed during the pre-bloom (81% ± 6%).

Overall, the inhibitory UVR effect on NCP rates decreased
significantly (ca. 10%) as the seawater temperature was cooling
towards the winter (Fig. 6A). The Nut effect on NCP rates (Fig. 6B)
changed from a stimulation during the pre-bloom (negative values)
to an inhibition towards the bloom (positive values) when the
temperature decreased below 13.5 �C. The T effect (Fig. 6C) also
decreased significantly as the seawater temperature decreased,
resulting in inhibition of NCP rates during pre-bloom (in situ
temperatures > 15 �C) and stimulation towards the bloom (in situ
temperatures < 13.5 �C). The interaction of all variables studied
(Fig. 6D) exerted an enhancement of NCP rates during the first half
of the study period (negative values) hereafter caused an inhibitory
effect under in situ water temperatures < 13.5 �C.

The single effect of the studied variables on k changed from
negative values during the pre-bloom (temperature > 15 �C) to
positive values towards the bloom (temperature < 13.5 �C) for UVR



Fig. 5. Photosystem II inhibition (k) and recovery (r) rates (in h�1) as a function of time for samples under UVR þ PAR (PAB) and PAR (P), two nutrient treatments: ambient (dashed
lines) and enriched (solid lines) and two temperature treatments: (A) in situ and (B) in situ þ 3 �C. Each symbol represents the mean of triplicate samples whereas vertical lines
indicate the standard deviation.
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(Fig. 6E) and T (Fig. 6G) denoting higher inhibition of PSII when the
in situ T decreased. No significant relationship was found for Nut
effects as a function of the seawater temperature (Fig. 6F). The
interactive effect of all factors had an increasing negative effect on k
(positive values Fig. 6H) throughout the experimental period, with
maximal inhibition at lower temperatures.

4. Discussion

The effects that global change variables could have on phyto-
plankton greatly depend on the physiological status of the cells. The
changes in the community composition also need to be considered
together with the differential responses of species which in turn is
tied up to the environmental conditions experienced. In fact, the
characteristic phytoplanktonic succession of Patagonian coastal
waters with strong winter phytoplankton blooms is explained by
the stability of the water column and by the shallow UML due to
low wind speeds and frequencies (Helbling et al., 2005). Moreover,
phytoplankton also tends to be low-light and low-temperature
adapted during the winter as compared to summer or spring due
to the lower incident solar irradiance penetrating thewater column
and the fact that the cells undergoing temperatures of ~7 �C during
this stage of the year as compared with those that occurs during
summer (~18 �C) (Helbling et al., 2010); thus, organisms would
have higher growth under summer temperatures as compared to
those occurring during winter. Therefore one cannot expect that a
given variable or a combination of several of them would have the
same effect throughout the year. Thus, it is not surprising that our
study demonstrated that a future scenario of increased UVR, Nut
and T exerts a dual impact on coastal phytoplankton as the seasonal
succession progressed.

Specifically, we have found that both CR and recovery of FPSII (r)
were not significantly affected by global change variables (indi-
vidually or interacting) at any time of the seasonal succession.
These findings contrast with previous studies that showed that CR
increased under high UVR levels (Agustí et al., 2014; Carrillo et al.,
2015), nutrient inputs (Smith and Kemp, 2003) and/or warming
(Yvon-Durocher et al., 2010). It is possible that the lack of a clear
pattern in respiration or FPSII (r) throughout our study could be due
to a low chronic damage during the short-term exposures as re-
ported by Heraud and Beardall (2002) and that any potential
damagewas quickly repaired (i.e., dynamic inhibition) as shown for
diatoms under a global change condition (Cabrerizo et al., 2014).

On the other hand, the same global change variables tested here
had a differential impact on NCP and FPSII (k) at the same stage of
the seasonal succession, and conversely, the impact was different
when considering the same process at different times of the study
period (i.e., pre-bloom vs. bloom). Contrary to our initial hypothe-
sis, we found a positive impact, with an increase in NCP (Fig. 6D)
during the pre-bloom, and a negative impact, with a significant
inhibition of NCP and FPSII during the bloom (Fig. 6H). When
considering the timing of these effects, it is seen that the increasing
inhibition in both physiological processes under the future condi-
tions imposed in our study came together with a decrease in solar
radiation levels, lower in situ T and higher dominance of large di-
atoms. In the following paragraphs we will discuss how the indi-
vidual effects of climate change related variables changed along the
season but most important, how the interactive effects of them



Fig. 6. Single and interactive quantified effects (solid symbols) and modeled (open symbols) by multiple linear regression for ultraviolet radiation (UVR) (A, E), nutrients (Nut)
enrichment (B, F), increased temperature (T) (C, G), and their interaction on the normalized net community production (NCP) and inhibition (k) rates (D, H) throughout the
experimental period as a function of the in situ temperature. The solid line indicates the regression fit for quantified effects and the dashed lines indicate the 95% confidence limits
for the quantified values. Vertical lines in quantified and modeled values indicate the standard deviation calculated using error propagation. Positive values (white area) indicate an
inhibitory effect and negative values (gray area) an enhancement effect. Note the different scales in the y-axes.
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deviated or not from the single effects.
Our results show that the UVR impact on FPSII of the pre-bloom

phytoplankton community (Fig. 6E) was significantly lower than
that during the bloom, and this is in agreement with previous
studies assessing the effects of these wavebands on different
cellular targets for photosynthesis (Helbling et al., 2011; Villafa~ne
et al., 2013). This could be a consequence of the light acclimation
towards darker conditions during the transition from fall to winter
(Fig. 2) or the fact that during winter the communities are domi-
nated mostly by diatoms instead of flagellates, which possess sili-
ceous cell walls with optical qualities similar to quartz, and
therefore, are highly transparent to UVR. Thus, a low-light accli-
mation together with cells highly transparent to radiation may
translate as increased sensitivity to harmful effects of enhanced
UVR levels, as proposed in a previous study by Llabr�es and Agustí
(2010). This increased sensitivity to UVR could explain the higher
PSII-k found during the bloom than pre-bloom period. In addition,
the constant radiation intensities used in our experimental set-up
throughout the study period could have exacerbated the
observed impact of UVR on our communities, as the UV-A and UV-B
levels were higher than mean daily irradiances (Fig. 2C and D) and
thus, mean daily doses received by organisms towards bloom
during our exposures were between 3- (for UV-A) and 4-fold (UV-
B) higher than those received in the environment (Fig. 2A and B).
However, this behavior was not clearly seen in the NCP (Fig. 6A) as
the inhibitory effect of UVR slightly decreased towards the bloom.



Table 2
Results of forward stepwise multiple linear regression (MLR) analysis with the best-fitting models for single (UVR, Nut and T) and interactive effects (UVR � Nut � T) on the
normalized net community production (NCP) and FPSII inhibition (k) rates. Parameters (in bold) include the daily mean photosynthetically active radiation received by
communities the previous week of the experimentation (light history), diatoms and flagellates biomass, and in situ temperature (T), as predictor variables, whereas numbers in
parentheses represent the percentage of variance explained by each predictor variable. F represents F-values, *p < 0.05, **p < 0.01 and ***p < 0.001 and R2 determination
coefficient. Note that one experimental day was excluded in all cases.

Net community production (NCP)

Light history Flagellates Diatoms T F R2

UVR 0.09 (9%) 2.95 (1%) ¡0.43 (44%) 1.45 (1%) 38.53*** 0.86
Nut ¡1.17 (27%) ¡8.18 (16%) ¡0.02 (1%) 6.33 (1%) 3.56* 0.45
T ¡0.16 (1%) 19.35 (19%) ¡0.32 (1%) 21.89 (81%) 77.93*** 0.93
Interactive 0.01 (2%) ¡0.76 (3%) 1.01 (13%) ¡3.13 (27%) 3.07* 0.45

FPSII (k)

UVR 1.35 (1%) ¡4.24 (1%) 0.70 (1%) ¡35.83 (68%) 13.38*** 0.71
T ¡6.23 (5%) 22.01 (3%) ¡4.18 (22%) 4.89 (61%) 53.99*** 0.91
Interactive ¡7.64 (13%) 130.48 (12%) ¡7.42 (18%) 47.85 (29%) 14.66*** 0.72
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Part of the differences in the UVR impact on FPSII at different times
during the seasonal succession was previously attributed to the
reduced repair rates of FPSII during the winter bloom (Villafa~ne
et al., 2004, 2013). The increasing inhibitory effect on FPSII to-
wards the bloom might also partially be related to the lower in situ
T occurring at this time of the year, due to the fact that with lower
temperatures the excitation pressure on PSII tends to increase
(Maxwell et al., 1995; Derks et al., 2015). One interesting point is
that the increased temperature simulated in our future condition
did not counteract the higher excitation pressure during the low in
situ T period, and in fact, the inhibition of FPSII increased towards
the bloom (Fig. 6G). On the other hand, increased temperatures of
the future scenario resulted in enhancement of NCP as the in situ T
decreased (Fig. 6C), supporting the view that an increase in T was
more effective at lower in situ T to enhance the cell metabolism, as
also seen in studies carried out in marine ecosystems worldwide
(García-Corral et al., 2014; Holding et al., 2013).

There was not a clear effect of Nut enrichment on FPSII during
the study period (Fig. 6F), contrasting with previous studies that
showed an enhancement of FPSII performance under such condi-
tions (Harrison and Smith, 2013; Marcoval et al., 2007). The
different responses observed between those studies and ours could
be related to the fact that species need time to acclimate to the new
experimental conditions whereas our short-term experimental
study did not allow for such acclimation. Despite that we found no
nutrient effect over the season, a recent study by Villafa~ne et al.
(2016) in tropical coastal waters has shown that the short-term
impact of nutrient addition is highly dependent on the type of
community tested. For example, these authors found that diatom-
dominated communities exhibited a significant increase in the
FPSII (~10%) within a few hours of nutrient addition, but when these
communities were dominated by flagellates such increases in the
FPSII performance were not detected nor at mid-term scales. Still,
there was a slight inhibitory effect of Nut in NCP towards the winter
(Fig. 6B). In the study area, nutrient concentrations are generally
high and do not seem to be a limiting factor, but this depends on the
continuous riverine input (Helbling et al., 2010). However, the
phytoplanktonic bloom is dominated by large diatoms (Fig. 3) that
generally has low ability to uptake nutrients as compared to fla-
gellates (Mercado et al., 2014). Besides, nutrient uptakes are T-
dependent and the half-saturation constant increase with T
(Litchman et al., 2015) hence it could have been reduced or, in the
worst case, even inhibited under the low in situ T experienced by
communities during the bloom. Thus it is probable that in this
condition of cold in situ T, the increased temperature was not
enough to counteract this inhibitory effect.
5. Conclusions

Overall, in the present study we call on attention to the fact that
the effects of global change variables on communities should be
centered not only on their interactions on diverse biological targets
(e.g., oxygen-evolving complex and FPSII) but also on the timing
and length of the experimentation. This is important, as the sea-
sonal variations concurs with global change variables conditioning
the physiological status of phytoplankton and hence their re-
sponses. Although our results should be interpreted cautiously as
we did not assess the potential acclimation of communities to
global change variables (Yvon-Durocher et al., 2010; Villafa~ne et al.,
2016) an increased inhibition of FPSII performance and NCP, due to
the interaction of multiple variables, during the most productive
stage of the phytoplankton succession could severely alter the
current key role that coastal ecosystems are playing in the global
carbon cycle as CO2 sinks.
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