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Abstract We compared the responses of two estuarine phy-
toplankton communities, one from a temperate (Chubut River
estuary (CH), Argentina) and one from a sub-tropical site
(Babitonga Bay (BB), Brazil), in a scenario of nutrient enrich-
ment under solar ultraviolet radiation (UVR) exposure.
Seawater samples were exposed in microcosms to two
nutrients, ambient vs. enriched, and two radiation conditions,
with and without UVR, and exposed to solar radiation for
4 days. We evaluated the short- (PSII photochemistry, during
90 min light and 90 min dark cycles, before and after the
4 days of acclimation) and mid-term effects (growth and tax-
onomic changes) of the phytoplankton communities. Before
acclimation, short-term UVR effects were dominant in CH,
whereas in BB, nutrient effects prevailed. Such differences
were related to the previous light history of the cells and to
the ambient nutrient status. After acclimation, an overall im-
provement of the photosynthetic performance was observed at
both sites, either by reducing the relative inhibition or by

increasing the recovery of the effective photochemical quan-
tum yield. Interactive effects of UVR and nutrients on growth
at CH were antagonistic, while at BB, no differences were
observed between the interactive and the sum of effects. Part
of the differences in the mid-term observed responses can be
attributed to taxonomic changes, with the CH community
dominated by diatoms throughout the experiment, but with a
shift from a diatom to a flagellate-dominated community in
BB. Temperature differences between both sites might have
favored higher growth rates and flagellates dominance in BB
under the nutrient enriched conditions.

Keywords PSII photochemistry . Global change . Ultraviolet
radiation . Taxonomic changes . Nutrients enrichment .

Specific growth rates

Introduction

Changes in several abiotic variables, either due to the natural
variability or due to anthropogenic activities, collectively
named as Bglobal change,^ are profoundly affecting the me-
tabolism and performance of aquatic organisms as well as
ecosystems’ goods and services (Chapin et al. 2000; de
Groot et al. 2002; IPCC 2013). The release of large amounts
of greenhouse gases and chlorofluorocarbons into the atmo-
sphere has been translated into increases of surface water tem-
perature (IPCC 2013) and of solar radiation levels (particular-
ly of ultraviolet radiation (UVR) 280–400 nm) due to increas-
ing stratification of the water column (Häder et al. 2014). In
addition, coastal ecosystems and particularly estuaries will
continue to receive increased amounts of nutrients due to a
combination of urban-derived activities, agriculture (Rabalais
et al. 2009), and global change issues that also result in higher
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amounts of dissolved organic matter (DOM) and sediments
(due to river runoff) into the system (Cloern et al. 2014; Häder
et al. 2014; IPCC 2013). This situation will not only enhance the
eutrophication (Cloern 2001; Rabalais et al. 2009) but will also
change the penetration of solar radiation in coastal environments
as compared to that from pelagic areas (Häder et al. 2014). Due
to this relatively dark underwater light environment and thus a
previous light history of low irradiances, coastal phytoplanktons
are more sensitive to solar radiation (Litchman and Neale 2005)
and/or because they generally have lower amounts of
photoprotective compounds (Ayoub et al. 2012).

Some different latitudinal trends of the effects of global
change variables on marine organisms have been observed
(Tittensor et al. 2010; Thomas et al. 2012). For example, when
considering only the effects of solar UVR upon phytoplankton
primary productivity, tropical species are more resistant than
polar ones, due to previous acclimation to high levels of solar
radiation (Helbling et al. 1992). Similarly, the effects of in-
creased temperature are generally more beneficial in temper-
ate species than in tropical ones, because the latter may be
already at their upper tolerance limit (Banaszak and Lesser
2009; Thomas et al. 2012). Thus, latitudinal comparisons are
very useful, as they provide information on a range of re-
sponses that can occur when different communities are ex-
posed in a similar manner to variables or stressors affected
by global change.

Photosystem II (PSII) is one of the main targets of UVR
which negatively affects the maximum quantum yield and
electron transport rates (ETR) of phytoplankton (Liang et al.
2006). However, the interaction between variables can poten-
tiate or mitigate the individual effects of them. It is well doc-
umented that nutrient addition generally counteracts the neg-
ative effects of solar UVR on phytoplankton photosynthesis
(Beardall et al. 2009; Häder et al. 2011); thus, the combined
effects of both variables are generally antagonistic (Marcoval
et al. 2007; Harrison and Smith 2013), although synergistic
effects can also occur (Carrillo et al. 2008). Previous studies
have shown that the interactive effects of global change vari-
ables are rather ubiquitous on plankton communities
(Christensen et al. 2006; Crain et al. 2008); however, the type
of interaction, as well as their extent, varies in spatial and
temporal sense, making global predictions rather difficult to
obtain. These responses are also complicated by the fact that
the communities tend to acclimate to the experimental vari-
ables; thus, the responses generally differ over short-, mid-,
and long-term periods (Litchman and Neale 2005; Sobrino
et al. 2008).

The aim of this study is to compare and to obtain a range of
photosynthetic responses when two estuarine phytoplankton
communities (one from a sub-tropical site and one from a
temperate site) are exposed in a similar manner to solar ultra-
violet radiation under predicted conditions, for coastal areas,
of high input of nutrients (e.g., IPCC 2013). We further

considered how the potential acclimation of phytoplankton
over a 4-day period would affect the growth and species com-
position of these communities exposed to solar UVR and in-
creased nutrients conditions. Our working hypotheses are as
follows: (1) at both sites, short-term nutrient enrichment does
not affect the PSII photochemistry, as both areas normally
receive high amounts of nutrients carried by their rivers; and
(2) solar ultraviolet radiation has a higher impact on growth in
the temperate community as compared to the sub-tropical one
due to the previous light history to high radiation levels at
lower latitudes.

Materials and Methods

Study Sites

This study was carried out in two estuaries of the southern
Hemisphere: the Chubut River estuary, a temperate site
(Chubut Province, Argentina, 43° 20.5′ S, 65° 02.0′W), here-
after CH, and the Babitonga Bay estuary, a sub-tropical site
(Santa Catarina State, Brazil, 26° 09′ S; 48° 33.5′W), hereaf-
ter BB, both on the Atlantic coast of South America (Fig. 1).
The general characteristics of the study sites are the following:

1. Chubut River estuary: It is a coastal plain meso-tidal es-
tuary (Piccolo and Perillo 1999), characterized by a wide
range of physical, chemical, and biological conditions due
to the interaction between the river and the sea (Helbling
et al. 2010; Villafañe et al. 2004). The site has a charac-
teristic seasonal succession, with a microplankton diatom
bloom that usually occurs during June–August (winter
time; Barbieri et al. 2002; Villafañe et al. 2004;
Vil lafañe et a l . 2013; Helbl ing et al . 2005) .
Phytoplankton from CH have gained much attention due
to their outmost importance as the base of a highly pro-
ductive aquatic food web (Pájaro et al. 2005; Skewgar
et al. 2007). Also, in the context of global change, these
natural phytoplankton communities have been the focus
of several studies that evaluated the joint effects of solar
radiation and of other abiotic variables on their physiolo-
gy and ecology (Barbieri et al. 2002; Villafañe et al. 2013;
Villafañe et al. 2015; Helbling et al. 2015).

2. Babitonga Bay estuary: It is the largest estuary of the
Santa Catarina State (area: 1567 km2), with several rivers
discharging into the bay. This is an area of economic and
social relevance, as activities such as intense fishing are
carried out in its surroundings, with two large ports locat-
ed within the bay. Some areas of the bay are severely
contaminated due to sewage disposal from nearby cities
(Martins et al. 2014). Several phytoplankton studies have
been performed in BB, mainly focusing on the distribu-
tion and the temporal variability of communities, with a
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microplankton diatom bloom occurring during spring/
early summer (Pereira Camacho and Souza-Conceição
2007; Parizzi 2014), as well as on the taxonomy of species
(Brandini et al. 2006; Fernandes and Pereira Brandini
2010; Parizzi 2013, 2014). Recently, one study carried
out by our research group has addressed the responses
to global change variables of phytoplankton from the inlet
waters of this estuary (Villafañe et al. 2014).

Sampling and Experimentation

The experiments were carried out in CH during September 9–
12 (Julian days 252–255), 2014, whereas those performed in
BB were done during March 16–19 (Julian days 77–80),
2011. These dates were chosen in order to conduct the exper-
iments with post-bloom phytoplankton communities from
both sites. In addition, both phytoplankton communities had
similar light histories, and during the exposure to solar radia-
tion, they received comparable energy ratios PAR/UV-A/UV-
B (see below).

The experimental setup was identical for both sites:
Samples for experimentation were collected in a site close to
the mouth of the estuaries, at their seawater end (Fig. 1).
Surface (i.e., from the upper 0.5 m) water samples were col-
lected late in the afternoon on the day before the experiment
started, using acid-clean (HCl 1 N) dark containers and

immediately transported to the laboratory (~15–30 min away
from the sampling sites). At each site, samples were pre-
screened through a 200 μm Nitex mesh to eliminate large
zooplankton and put into 12 10 l (microcosms) UV-
transparent bags (Alpax Trade Lab, São Paulo, Brazil; 72 %
transmission at 280 nm). A 2 × 2 experimental matrix, using
triplicates, was implemented, with solar radiation and nutri-
ents as factors as follows: Six microcosms were maintained
with nutrients at their ambient concentration at the sampling
time, whereas in the other six microcosms, macronutrients
were added (i.e., 60 μmol of NO3

−, 50 μmol of PO4
3−,, and

20 μmol of SiO3
2− per liter of sample). The 12 microcosms

containing the samples were put in tanks with circulating wa-
ter to keep the in situ temperature and exposed to full solar
radiation under two radiation treatments: (1) with UVR
(+UVR), samples receiving PAR + UV-A + UV-B, uncovered
microcosms; (2) without UVR (−UVR), samples receiving
only PAR (>400 nm), microcosms wrapped with Ultraphan
UV Opak 395 Digefra film. By using this set up (which mim-
icked the worst case scenario for solar radiation, as the cells
were under a few centimeters of water), we obtained the four
different nutrients and radiation treatments of our experimen-
tal matrix, and throughout the text they will be referred as (1)
Namb−UVR, samples under ambient nutrient concentration
without UVR; (2) Namb+UVR, samples under ambient nutri-
ent concentration receiving UVR; (3) Nenr−UVR, samples
under increased nutrient concentration without UVR; and (4)
Nenr+UVR, samples under increased nutrient concentration

Fig. 1 Map of the study areas
indicating the sampling sites in
the Chubut River estuary, Egi
station, 43° 20.5′ S, 65° 02.0′ W
(Chubut, Argentina) and
Babitonga Bay, Mouth station,
26° 09′ S; 48° 33.5′ W (Santa
Catarina, Brazil)
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receiving UVR. The microcosms were filled the night previ-
ous to the exposure to solar radiation, and the samples were
subjected to the different experimental conditions for 4 days.

To determine the short-term photosynthesis responses
(PSII photochemistry) to the different nutrient/radiation
conditions, samples were taken at day 1 and at day 4 (i.e.,
end of the acclimation period), placed in 50-ml quartz
tubes, and exposed to full solar radiation under two condi-
tions, PAB (>280 nm—as above) and P (>400 nm—as
above), for 90 min (Blight^ period i.e., from 10:30-11:00
to 12-12:30 h), followed by 90 min recovering under dim
PAR light (Bdark^ period, under a PAR level of ca. 50 μmol
photon m−2 s−1).

At day 1, we used sub-samples (i.e., Namb and Nenr) from
the initial water that did not have any previous acclimation to
the new solar radiation conditions (sampled at ca. 9:30 a.m.).
So, for day 1, we had a total of 12 tubes, i.e., triplicates for
Namb−UVR, Namb+UVR, Nenr−UVR, and Nenr+UVR.
However, since at day 4, we had samples coming from the
12 microcosms and we exposed sub-samples of them to 2
radiation treatments, the total number of tubes in this set up
was 24 for each sampling site. The whole setup of quartz tubes
was put in a water bath for temperature control, with samples
kept at their respective in situ temperature that were 10 ± 1 °C
(in CH) and 25 ± 1 °C (in BB) and exposed to solar radiation
around local noon. Mid-term effects, i.e., growth and taxo-
nomic changes, were also evaluated over the experimental
time frame.

Analyses and Measurements

Fluorescence Parameters

Sub-samples (3 ml) were taken at the moment of the daily
sampling (ca. 9:30 a.m.) and then from the quartz tubes during
the short-term exposures to measure every 15–20 min in vivo
chlorophyll a (Chl-a) fluorescence parameters of the photo-
system II, using a portable pulse amplitude modulated (PAM)
fluorometer (Walz, modelWater-ED PAM). The samples were
measured six times immediately after sampling, with each
measurement lasting 10 s; therefore, the total time for measur-
ing each sample was 1 min, without any dark adaptation pe-
riod. The photochemical effective quantum yield (ΦPSII) was
calculated using the equations of Genty et al. (1990) andWeis
and Berry (1987) as

ΦPSII ¼ ΔF=F′m ¼ F′m�FtÞ=F′m� ð1Þ

where F′m is the maximum fluorescence in the light-exposed
cells induced by a saturating light pulse (ca. 5300 μmol
photons m−2 s−1 in 0.8 s) and Ft the current steady state fluo-
rescence induced by an act inic l ight (492 μmol
photons m−2 s−1—peak at 660 nm) in light-adapted cells.

The non-photochemical quenching (NPQ) of Chl-a fluo-
rescence, used as a proxy of the dissipation of the excess
energy as heat, was determined by measuring Fm, the maxi-
mum fluorescence in the original sample, and F′m during the
short-term exposures. For the determination of the maximum
fluorescence, the initial sample (collected late in the afternoon
before the experiment started) was left overnight in darkness
at the in situ temperature and measured early the following
morning; the obtained value was stored by the PAM software.
NPQ was calculated following the equation of Schreiber et al.
(1994) as

NPQ ¼ Fm�F′mÞ=F′mð ð2Þ

Chlorophyll-a

Chl-a concentration was measured on the initial samples as
well as on a daily basis up to the end of the experiment by
filtering 100–500 ml of sample (depending on the site and on
the time of collection during each experiment) onto Munktell
MG-F (CH) or Whatman GF/F (BB) glass fiber filters
(25 mm) and extracting the photosynthetic pigments in abso-
lute methanol (Holm-Hansen and Riemann 1978). A scan
between 250 and 750 nmwas done using a spectrophotometer
(Hewlett Packard model HP 8453E in CH, Shimadzu UV-
1601PC in BB), and Chl-a concentration was calculated using
the equations of Porra (2002).

Counting and Identification of Phytoplankton Cells

Samples for the identification and counting of phytoplankton
cells (>2 μm, i.e., nano- and microplankton) were collected at
day 1 and at day 4. The samples were placed in brown glass
bottles and fixed with buffered formalin (final concentration
0.4 % of formaldehyde in the sample). Sub-samples of 10–
25 ml were allowed to settle for 24 h in a Utermöhl chamber
(Hydro-Bios GmbH), and species were identified and enumer-
ated using an inverted microscope (Leica model DM IL) fol-
lowing the technique described by Villafañe and Reid (1995).

The specific growth rates (μ) in each treatment were calcu-
lated using both the Chl-a concentration and cell abundances;
no differences between the two methods used were observed.
Since the daily measurements of Chl-a demonstrated that the
samples were in the exponential growth phase, the initial and
final data points of cell abundances were used to obtain infor-
mation on the growth rates of the different taxonomic groups
(diatoms, flagellates, and dinoflagellates) as

μ ¼ ln N1=N0ð Þ= t1−t0ð Þ ð3Þ
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where N0 and N1 represent the initial and final cell concentra-
tion of cells at the initial time (t0) and at the end (t1) of the
experimental period.

Solar Radiation

Solar radiation was continuously monitored using an
European Light Dosimeter Network broadband filter radiom-
eter (ELDONET, Real-Time Computers) that measures UV-B
(280–315 nm), UV-A (315–400 nm), and PAR (400–700 nm)
every second, averages the data over a 1-min interval, and
stores them in a computer. This radiometer is routinely cali-
brated (once a year) using a solar calibration procedure. For
this calibration, the irradiance data during a clear sky condi-
tion was compared with the output of radiation transfer
models such as STAR (Ruggaber et al. 1994) and Daylight
(Björn and Murphy 1985). This same procedure was used
over a decade for radiometers of the ELDONET network dis-
tributed around the World (Häder et al. 2007).

Physical, Optical, and Chemical Characteristics of the Water
Column

Vertical profiles of temperature, conductivity, dissolved oxy-
gen, and pH were obtained using a multiparameter probe
(Yellow Spring Instruments, model 600XLM in CH;
HANNA HI 9828 with HI 769828 sensor in BB) at noon on
the sampling day. Chemical characteristics of seawater were
also measured, i.e., phosphate, silicate, nitrate + nitrite by
standard techniques (Strickland and Parsons 1972) using a
spectrophotometer (Hewlett Packard model HP 8453E) in
CH, and kit reagents and a spectrophotometer (Hach
Odyssey DR 2500) in BB. The underwater radiation field
was measured with a spectroradiometer (Ocean Optics, HR
2000CG UV-NIR) at both sites.

Data Treatment and Statistics

The microcosms were set up in triplicates, so during each
short-term exposure triplicates were used for each radiation/
nutrient condition. Thus, mean values and standard deviations
are reported in the figures.

Since the phytoplankton communities at both sites were
different, and consequently the fluorescence responses (i.e.,
ΦPSII) were different as well, we calculated the inhibition
(%) and recovery (%) as compared to the initial effective pho-
tochemical quantum yield (ΦPSII) within each sampling site
community as

Inhibition ΦPSII %ð Þ ¼ ΦPSIIto−ΦPSIItLð Þ=ΦPSIIto � 100 ð4Þ
Recovery ΦPSII %ð Þ ¼ ΦPSIItD−ΦPSIItLð Þ=ΦPSIIto � 100 ð5Þ

whereΦPSIIto andΦPSIItL are the effective photochemical quan-
tum yield of PSII at the initial time and at the end of the expo-
sure period (i.e., after 90 min of exposure), respectively, while
ΦPSIItD is the effective photochemical quantum yield of PSII at
the end of the dark period (i.e., after 90 min under dim light).

We calculated the single effects of UVR and nutrient en-
richment on the specific growth rates as:

Single effect %ð Þ ¼ variablesingle−control
� �

=control� 100 ð6Þ

where the control represents samples at ambient nutrients
without UVR (i.e., Namb−UVR) in all cases, and variablesingle
represents (i) samples under ambient nutrients with UVR
(N

amb
+UVR) for UVR effects and (ii) samples under enriched

nutrients without UVR (Nenr−UVR) for nutrients enrichment
effects. Error propagation was used to calculate the variance of
UVR and nutrient enrichment (%).

The interactive effects of nutrient enrichment × UVR on
specific growth rates were calculated as

Interactive effects %ð Þ ¼ variablemultiple−control
� �

=controlÞ � 100

ð7Þ
where the control represents samples at ambient nutrients
without UVR (Namb−UVR), and the variablemultiple represents
samples under enriched nutrients with UVR (Nenr+UVR).
Error propagation was also used to calculate the variance of
the interactive effects (%).

Three-way ANOVAs were used to determine differences in
inhibition and recovery as a function of the nutrient and radia-
tion treatments for the initial samples, while four-way ANOVAs
were used for the data obtained at the end of the experimental
period, with nutrients, light acclimation history, radiation expo-
sure treatments, and processes (i.e., inhibition–recovery) as fac-
tors. Three-way ANOVAs were also used to determine differ-
ences in the specific growth rates as a function of nutrients, light
acclimation history, and taxonomic group. Two-way ANOVAs
were used to determine differences in the effects (i.e., single
variables, interactive, and sum) on growth rates of the main
taxonomic groups between sites. When significant differences
were determined, post hoc Tukey’s tests were performed. For all
statistical analysis, normality and homoscedasticity of the data
set were tested using the Kolmogorov–Smirnov and Levene
tests, respectively. Significance between the samples exposed
to different treatments was established using a 95 % confidence
limit (Zar 1999).

Results

General Characteristics of the Study Sites

The mean initial characteristics of surface waters of the two
estuaries sampled are shown in Table 1. Surface waters
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collected in CHwere colder, more saline, and with higher Chl-
a concentration than those from BB. Nutrients also displayed
some differences among sites: CH had ca. three times higher
phosphate concentration as compared to that in BB; however,
silicate concentrations were higher (ca. three times) in BB than
in CH. On the other hand, similar concentrations of nitrate +
nitrite were found in both study sites. Also, waters from CH
were more turbid than those from BB, with PAR and UVR
attenuation coefficients (kPAR and kUVR, respectively) that
were ~2 and 1.5 times higher in CH, respectively. The mean
daily irradiances received by the cells during the experiments
carried out at BB were slightly higher than those at CH; how-
ever, the ratios PAR/UV-A/UV-B were rather comparable
(i.e., 1/0.14/0.0026 for CH and 1/0.14/0.0038 for BB) al-
though with higher relative UV-B in the sub-tropical site, as
expected due to different solar zenith angles in the two study
sites.

Short-Term Responses: ΦPSII Dynamics

Chubut River Estuary

The ΦPSII decreased as soon as the exposure started and
remained low throughout the light period; partial or almost
complete recovery was observed once the stress was removed
(Fig. 2). In the initial condition (Fig. 2a), there were clear
differences among radiation treatments, with samples under
the P treatment having higher ΦPSII than those under PAB
treatment, regardless of the nutrient conditions. These differ-
ences, however, were reduced after acclimation with UVR
(+UVR; Fig. 2b) or without UVR (−UVR; Fig. 2c). A fine
detail of the inhibition and recovery dynamics (expressed as

inhibition and recovery percentages at the end of the exposure
and recovery periods, respectively; see Eqs. 4 and 5) during
these short-term experiments (Fig. 3) showed that at the initial
time (Fig. 3a), samples incubated under the PAB had signifi-
cantly higher inhibition than those under the P treatment, with-
in any nutrient conditions; similarly, recovery was higher in
the PAB than in the P treatment. Moreover, all inhibition
values were significantly higher than the recovery within

Table 1 Water column characteristics for the Chubut River estuary
(CH) and Babitonga Bay estuary (BB) at the initial sampling

Variable CH BB

Temperature (°C) 10 (0.2) 25.3 (0.2)

Salinity 34 (0.1) 31 (0.1)

Chlorophyll a (mg m−3) 17.2 (2.3) 3.1 (0.5)

Nitrate + nitrite (μmol l−1) 5.4 (0.4) 6.3 (0.5)

Phosphate (μmol l−1) 2.7 (0.2) 0.8 (0.1)

Silicate (μmol l−1) 1.2 (0.1) 3.5 (0.3)

kPAR (m−1) 0.99 0.5

kUVR (m−1) 1.06 0.7

Irradiance PAR–UV-A–UV-B (Wm−2) 152–21.2–0.34 184–25.3–0.7

The values for temperature, salinity, chlorophyll-a, and nutrients are the
mean (and SD) of three independent measurements of samples collected
at surface waters (upper 0.5 m). The values for the attenuation coefficients
for PAR and UVR (kPAR and kUVR, respectively) represent the mean of
three independent casts down to 10 m depth. The values for irradiances
are the daily mean (sunrise to sunset) for the 5 days that lasted our
experiments

Fig. 2 Mean effective photochemical quantum yield (ΦPSII) of
phytoplankton communities from the Chubut River estuary during
90 min exposure under solar radiation (horizontal white bar on top) and
90 min recovery under dim light (horizontal gray bar on top) at the
beginning (a) and at the end of the experiment, i.e., after acclimation
(b, c). Samples were acclimated to two radiation treatments, with UVR
(+UVR) (b) and without UVR (−UVR) (c), and two nutrient conditions,
ambient (Namb, white symbols) and enriched (Nenr, black symbols), and
exposed to two radiation treatments, PAB and P (circles and squares,
respectively). The vertical lines around the symbols indicate the
standard deviation. The initial measurement of ΦPSII is plotted at time 0
for simplicity but it was measured ca. 1 h before the starting of the short-
term incubation
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any radiation treatment and nutrient condition (Fig. 3a), indi-
cating that the recovery was not complete. Exposure in the
+UVR (Fig. 3b) or in the −UVR (Fig. 3c) reduced, in most
cases, the differences between inhibition and recovery, partic-
ularly under ambient nutrients (Namb), so that almost complete
recovery was achieved after the dim light period.

Babitonga Bay Estuary

The ΦPSII values of the initial sample (Fig. 4a) were higher
under nutrient enrichment (Nenr) than under ambient nutrient
conditions (Namb), independently of the radiation treatment.
However, the general patterns of ΦPSII throughout this short-
term experiment were rather similar under both nutrient con-
ditions, with ΦPSII values decreasing during the exposure

Fig. 3 Inhibition (slashed bars) and recovery (black bars) percentage of
phytoplankton communities from the Chubut River estuary after the
90 min exposure under solar radiation and 90 min recovery under dim
light at the beginning (a) and at the end of the experiment, i.e., after
acclimation (b, c). Samples were acclimated to two radiation treatments,
with UVR (+UVR) (b) and without UVR (−UVR) (c), and two nutrient
conditions, ambient (Namb, white symbols) and enriched (Nenr, black
symbols), and exposed to two radiation treatments, PAB and P (circles
and squares, respectively). The bars with the same letters (a) are not
significantly different (p > 0.05); the different numbers on top of the
bars (b, c) identify the treatments, whereas the lines at the bottom
connect treatments (numbers) that are not significantly different

Fig. 4 Mean effective photochemical quantum yield (ΦPSII) of
phytoplankton communities from Babitonga Bay during 90 min
exposure under solar radiation (horizontal white bar on top) and 90 min
recovery under dim light (horizontal gray bar on top) at the beginning (a)
and at the end of the experiment, i.e., after acclimation (b, c). Samples
were acclimated to two radiation treatments, with UVR (+UVR) (b) and
without UVR (−UVR) (c), and two nutrient conditions, ambient (Namb,
white symbols) and enriched (Nenr, black symbols), and exposed to two
radiation treatments, PAB and P (circles and squares, respectively). The
vertical lines around the symbols indicate the standard deviation. The
initial measurement of ΦPSII is plotted at time 0 for simplicity, but it
was measured ca. 1 h before the starting of the short-term incubation
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period, and partially recovering under dim light. After accli-
mation in the +UVR treatment (Fig. 4b), the ΦPSII response
had a similar pattern regardless the treatment imposed to the
samples. However, samples acclimated to −UVR (Fig. 4c) had
also similar pattern of responses in all treatments, but with
higher ΦPSII values under Nenr as compared to Namb condi-
tions. The inhibition in the initial samples (Fig. 5a) was sig-
nificantly higher than recovery for all treatments, regardless of
the nutrient conditions. Samples under the P treatment, how-
ever, had significantly higher recovery than those exposed to
full solar radiation, in both nutrient conditions. At the end of
the experimental period, samples under +UVR (Fig. 5b) had
relatively similar inhibition and recovery percentages in all
treatments; thus, any inhibition/damage that occurred during
the exposure period was, in general, completely reversed un-
der dim light. Samples under −UVR (Fig. 5c), however, had
significantly higher inhibition in the PAB treatment under the
Namb condition than in all others; recovery was similar to
inhibition within each treatment, with the exception of sam-
ples exposed to the P treatment under Nenr conditions that had
higher recovery than inhibition.

Dissipation of Excess Energy

The general pattern of the dissipation of excess energy (esti-
mated through measurements of non-photochemical
quenching (NPQ)) at both sites and in all treatments (Fig. 6)
was of increasing NPQ values during the exposure period and
decreasing under dim light to reach values similar to those at
the beginning of the short-term exposure. In the initial com-
munity at the CH site (Fig. 6a), NPQ reached values ca. 2.5 in
Nenr samples under the PAB treatment, whereas in the rest of
the treatments, the highest values were ~1.5. After exposure
under +UVR and −UVR (Fig. 6b, c), the range of NPQ values
was comparable to those at the initial sample; however, sam-
ples under Namb conditions had higher NPQ values than in the
Nenr conditions. This was especially evident in samples accli-
mated to −UVR (Fig. 6c). In the BB community, NPQ reached
high values (~7) in the initial sample under Namb conditions;
on the other hand, in Nenr samples, NPQ values were <0.5
(Fig. 6d). Exposure under +UVR and −UVR resulted in low
NPQ that had maximal values of ~0.8 and 0.4, respectively,
under the PAB treatments (Fig. 6e, f). Samples in the Nenr

condition had NPQ values that were very low or even null,
regardless the light acclimation condition.

Mid-Term Responses: Taxonomic Changes and Specific
Growth Rates

The phytoplankton taxonomic composition and abundance, as
well as the growth rates throughout the experiments, were
different at the two sites. At the beginning of the experiment
in CH (Fig. 7a), the phytoplankton community was dominated

by diatoms, i.e., ~900 cells ml−1, which accounted for ca.
70 % of the total abundance (typically Thalassiosira sp.
forming chains (10–20 μm in diameter) and to a lesser extent,
Odontella aurita), whereas the rest of the community was
characterized by unidentified flagellates (i.e., ~500
cells ml−1). The abundance of dinoflagellates was negligible

Fig. 5 Inhibition (slashed bars) and recovery (black bars) percentage of
phytoplankton communities from Babitonga Bay after the 90 min
exposure under solar radiation and 90 min recovery under dim light at
the beginning (a) and at the end of the experiment, i.e., after acclimation
(b, c). Samples were acclimated to two radiation treatments, with UVR
(+UVR) (b) and without UVR (−UVR) (c), and two nutrient conditions,
ambient (Namb, white symbols) and enriched (Nenr, black symbols), and
exposed to two radiation treatments, PAB and P (circles and squares,
respectively). The bars with the same letters (a) are not significantly
different (p > 0.05); the different numbers on top of the bars (b, c)
identify the treatments, whereas the lines at the bottom connect
treatments (numbers) that are not significantly different
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(<1 % of total abundance) at the beginning as well as through-
out the experiment and for all treatments (data not shown); no
small grazers were observed in any of the samples. The pro-
portion and abundances of diatoms and flagellates were rather
maintained throughout the duration of the experiment in sam-
ples under Namb conditions. On the other hand, in Nenr condi-
tion, the abundance of diatoms rose to ~2400 and 4500
cells ml−1 (under +UVR and −UVR, respectively) which rep-
resented >85 % of total abundance of the community; the
most conspicuous diatom genus was small Thalassiosira sp.
forming chains. The abundance of flagellates at the end of the
experiment in samples from both nutrients conditions and ex-
posed to +UVR was similar to that at the beginning, but it
changed in samples exposed to −UVR, resulting in significant
differences in the specific growth rates (μ) (Fig. 7b). Diatoms
under Nenr conditions had significantly higher μ than those in
flagellates (Fig. 7b). In samples exposed to −UVR under

Namb, however, their abundance decreased (and so, μ had a
negative value) as compared to the initial condition.

In BB (Fig. 7c), the community was initially dominated by
diatoms which accounted for ca. 61 % of the total abundance
(~5000 cells ml−1) with Leptocylindrus spp., small
Thalassiosira species (10–20 μm in diameter) and
Skeletonema costatum being the most representative species.
The rest of the community was characterized by flagellates
and dinoflagellates (data not shown for this later group which
accounted for <1 % of the total). At the end of the experiment,
an important change in the taxonomic composition was ob-
served with respect to the initial sample, with higher abundance
of flagellates (mostly chlorophtes and prymnesiophytes), as
compared to that of diatoms in all treatments. Particularly,
and in samples under Namb conditions, the abundance of flagel-
lates was similar under both light acclimations (~3000
cells ml−1) and higher than that of diatoms (~750 cells ml−1).

Fig. 6 Mean non-photochemical
quenching (NPQ) of
phytoplankton communities from
the Chubut River estuary (a–c)
and Babitonga Bay (d–f) during
90 min exposure under solar
radiation (horizontal white bar on
top) and 90 min recovery under
dim light (horizontal gray bar on
top) at the beginning (a, d) and at
the end of the experiments.
Samples were acclimated to two
radiation treatments, with UVR
(+UVR) (b–e) and without UVR
(−UVR) (c–f), and two nutrient
conditions, ambient (Namb, white
symbols) and enriched (Nenr,
black symbols), and exposed to
two radiation treatments, PAB
and P (circles and squares,
respectively). The vertical lines
around the symbols indicate the
standard deviation. Note the
different scales in the y-axes
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In the Nenr condition, the abundance of flagellates was also
similar among light acclimations; however, these values
(~21,000 cells ml−1) were higher than those in the Namb condi-
tion. With the exception of samples under Nenr exposed to
−UVR, the abundance of diatoms decreased as compared to
the initial conditions; therefore, in these treatments, diatoms
had negative values of μ (Fig. 7d). The diatoms that character-
ized the communities at the end of the experiment were
Thalassiosira spp. and S. costatum; eventually, small pennate
diatoms and Asterionellopsis glacialis contributed to an impor-
tant share of the total abundance. The increase observed in the
abundances of flagellates was translated in their highest μ un-
der Nenr conditions (Fig. 7d).

There were significant differences between the two sites in
relation to the single and the interactive effects (Eqs. 6 and 7)
of UVR and nutrients on growth (Fig. 8). In general, there
were positive single effects of the variables tested, as well as
their interaction, with the only exception being the effect of
UVR in BB that was negatively decreasing μ of both diatoms
(Fig. 8a) and flagellates (Fig. 8b). The single effects of UVR
and nutrients (N), as well as their interaction, resulted in
higher growth of diatoms in CH as compared to BB

(Fig. 8a). The interactive effect of the two variables on diatom
growth, however, was lower than the sum of their individual
effects in CH, but there were no significant differences in BB.
In the case of flagellates (Fig. 8b), the single effect of UVR
resulted in higher growth in CH as compared to BB, where it
caused an inhibition of growth. Nevertheless, the single effect
of nutrients as well as its interaction with UVR resulted in
significant higher growth of flagellates at BB than at CH.
The interactive effect of UVR and N on the growth of flagel-
lates was lower than the sum of the individual effects in CH,
while there were no differences in BB (Fig. 8b).

Discussion

Many studies have addressed the single effects of UVR and of
nutrients enrichment on phytoplankton communities within
the context of global change (Bricker et al. 2008; Beardall
et al. 2009; Häder et al. 2014). Experimental studies assessing
the combined impact of both variables on these organisms are
less abundant and have shown contrasting responses
(Bergmann et al. 2002; Marcoval et al. 2007; Ogbebo and

Fig. 7 Mean abundance of cells
(in cells ml−1 × 103) (a, c) and
specific growth rates (μ, in day−1)
(b, d) of the different taxonomic
groups, diatoms (white bars) and
flagellates (black bars), of
phytoplankton communities from
the Chubut River estuary (a, b)
and Babitonga Bay estuary (c, d)
at the initial sampling time (t0)
and at the end of experiment, after
samples had been acclimated to
two radiation treatments with
(+UVR) and without (−UVR) and
two nutrient conditions, ambient
(Namb) and enriched (Nenr). The
letters on top of the bars indicate
significant differences (p < 0.05)
among taxonomic groups. Note
the differences in the y-axis in a
and c. Abundance and growth
rates of dinoflagellates are not
represented, as abundance was
<1 % in all cases
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Ochs 2008). In the present study, we went a further step in the
evaluation of the joint effects of UVR and nutrient enrichment
in two phytoplankton communities by considering also the
influence of the potential acclimation to those variables. As
expected, there was an important range of responses between
the two communities studied which hints for a combination of
several intrinsic and extrinsic factors acting to produce such
differences in photosynthesis and growth. In the following
paragraphs, we will discuss some of the facts that could be
responsible for such differences in the responses observed at
both sites.

The communities used in this study were characteristics of
the post-bloom period in both a temperate (Chubut River es-
tuary, Argentina) and a sub-tropical site (Babitonga Bay,
southern Brazil). These post-bloom situations follow typical
blooms that occur at different times of the year in the two sites:
Historical data show that blooms occur in winter in CH
(Villafañe et al. 2004, Villafañe et al. 2013) and in spring–
early summer in BB (Parizzi 2014). Although the two com-
munities were dominated by diatoms (Fig. 7), their

photosynthetic responses were different: At the beginning,
radiation effects were especially evident in CH (Fig. 2a and
Fig. 3a) but not so in BB, where mainly nutrients played a role
in affecting inhibition and/or recovery of ΦPSII (Fig. 4a and
Fig. 5a). These findings agree with previous reports that show
that organisms from lower latitudes are less affected by UVR
exposure than those from mid or high latitudes, due to its
previous light history to high radiation levels (Helbling et al.
1992; Buma et al. 2003). In fact, the CH community inhabited
a more dimmed environment than the BB one (Table 1), as
they were coming from a relatively deep upper mixed layer,
and thus the mean irradiance received by the phytoplankton
was reduced (Helbling et al. 2010). Hence, it was expected
that phytoplankton from CH would be more sensitive than the
one in BB to the extreme radiation exposure that we imposed
to the samples (i.e., worst-case scenario), partially explaining
the differential short-term responses among them. This is con-
sistent with the findings of Harrison et al. (2015) in six
Canadian lakes that showed that phytoplankton communities
from clear environments (kPAR ~0.35–0.37) exhibited greater
capacity for ΦPSII and NPQ than communities from dimmer
environments (kPAR ~1.20–2.40). The differentialΦPSII values
observed at the initial time (especially at the start of the short-
term exposures) in BB (Fig. 4a) hint for nutrient limited con-
ditions, as also observed in similar experiments assessing the
effects of nutrient enrichment (Parkhill et al. 2001, Harrison
and Smith 2013). These differential nutrient responses in BB
occur in spite of the heavy load of nutrients input reported for
this site (Cremer et al. 2006). In fact, nutrient limitation seems
to be a common feature of tropical coastal waters of Brazil
(Aidar et al. 1993, Longhi et al. 2006). Furthermore, our re-
sults obtained with the community sampled at the mouth of
Babitonga Bay also agree with previous studies carried out by
our group in inlet waters (Villafañe et al. 2014), in which it
was found that phytoplankton are not exposed to very high
levels of nutrients and instead, the heavy load of nutrients
from the nearby human activities might remain in the
sediment.

After the acclimation period, UVR did not have, in general,
a significant short-term impact (i.e., the differences between
inhibition and recovery within any treatment were reduced as
compared to the initial time) at both sites (Figs. 2, 3, 4, and 5),
although some effects were still observed in samples with a
light history without UVR (−UVR) (Fig. 3c and Fig. 5c). This
decrease in the UVR impact after the acclimation period also
agrees with previous reports for natural assemblages
(Hernando et al. 2006; Villafañe et al. 2014), as well as for
monospecific cultures (Marcoval et al. 2007) that indicated
that the acclimation to new radiation and nutrient conditions
takes days. The relative inhibition was lower in BB (30–50%;
Fig. 5) than in CH (50–70 %; Fig. 3), although the effective
photochemical quantum yield was relatively low at both sites
at the end of the exposure period (ca. 0.2). Part of the

Fig. 8 Mean (±SD) UVR and nutrients effects as single, interactive, and
arithmetic sum of effects on specific growth rates of the main taxonomic
groups, diatoms (a) and flagellates (b) for the Chubut River estuary and
Babitonga Bay. The lines on top of the bars are the standard deviation.
The numbers (a) and letters (b) on top of the bars indicate significant
differences (p < 0.05) among the different effects at each site
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differences in the relative inhibition among sites could be
related to the different in situ temperatures and/or to the strat-
egies of photoacclimation observed during the short-term ex-
posures (Fig. 6). At CH, the lower temperature (i.e., 10 °C in
CH and 25 °C in BB) limited the metabolism, and thus the
excitation pressure on PSII (Maxwell et al. 1995; Hüner et al.
1998) was higher than that at BB, in spite of the similar PAR
values received during the experiments. The differences in the
excitation pressure were also evident in the higher NPQ values
determined at CH than at BB after the acclimation period
(Fig. 6). In the case of the CH community, the energy dissi-
pation as heat increased during exposures (both at the begin-
ning and after exposure under +UVR and −UVR); however,
the BB community showed a strong downregulation of NPQ
toward the end of the experimentation (from ca. ~8 at the
beginning to ~1 after exposure under +UVR and −UVR) get-
ting even no detectable induction of NPQ under nutrient
enriched conditions at all times. Part of these variations seems
also to be related to the observed taxonomic changes (Fig. 7)
as diatoms dominated in CH, and they are known to have
higher NPQ and to better cope with excitation pressure as
compared to other groups (Kulk et al. 2011). In addition, the
adaptation of estuarine diatoms to a variable light regime is
such that NPQ can be standing by and be triggered only if the
PSII redox state is very close to saturation (Ruban et al. 2004).
Moreover, the NPQ of estuarine diatoms seems to be induced
at higher light intensities than the one at which they are grown
(ca. 3–5 times, Lavaud et al. 2007), and this agrees with our
worst-case scenario at CH of cells exposed to maximum solar
radiation. Previous studies also indicated a high degree of
change in the NPQ regulation (Goss and Jakob 2010; van de
Poll et al. 2010) depending on the growth phase (Dimier et al.
2009) or nutrient status (Staehr et al. 2002) considered. The
lower relative inhibition (or higher UVR tolerance) observed
in BB as compared to the CH community could have also
been enhanced by mechanisms other than NPQ, including
increases in antioxidants, reactive oxygen species quenching,
as well as production of carotenoids (Häder et al. 2015). We
considered the presence of UV-absorbing compounds, i.e.,
mycosporine amino acids (MAAs) which could help organ-
isms to cope with UVR, but we did not detect significant
amounts of them neither in CH nor in BB at any step of the
experimental period (data not shown).

Despite the differential taxonomic composition, both dom-
inant groups (i.e., diatoms at CH; flagellates at BB) at the end
of the experiment exhibited an increase in their abundances
(CH, 2.5–4.5-fold; BB, ca. 10-fold) and growth rates (CH, 5–
8-fold; BB, 6-fold) (Fig. 7) under nutrient-enriched condi-
tions, matching with previous results reported in studies car-
ried out with post-bloom communities in both areas
(Marcoval et al. 2007; Villafañe et al. 2014). Part of the dif-
ferences in growth rates and changes in taxonomic composi-
tion could be due to the differences in temperature among

sites, as temperature influences growth rates (Eppley 1972),
and chlorophytes are favored at higher temperatures than dia-
toms (Paerl and Otten 2013); so in our case, the flagellates
(chlorophytes) at BB took advantage of the higher in situ
temperature, having higher growth rates under the nutrient
enhanced condition. In contrast, at CH, lower temperature
was optimal for diatoms that continue their dominance at the
end of the experiment in the nutrient enriched conditions
(Fig. 7). The analysis of the individual and interactive effects
of the studied variables on the specific growth rates indicates
that both UVR and nutrient enrichment, either individually or
in combination, were beneficial for diatoms and flagellates in
CH (Fig. 8a), thus rejecting our initial hypotheses for this site.
In contrast, in the BB community flagellates took advantage
over the diatoms in most of the conditions, except when con-
sidering the single effect of UVR (Fig. 8b), thus partially
rejecting the hypothesis for this study site.

Overall, and in the view of the differential responses ob-
tained, as a consequence of the intrinsic characteristics of the
communities and/or the sites, this study highlights the need to
be cautious with predictions and extrapolations about the phy-
toplankton responses to the combination of multiple variables
even under similar environmental/experimental conditions.
Moreover, this study strengthens and expands the necessity
to take into account both the acclimation capacity, as well as
the seasonal dynamics of phytoplankton communities, partic-
ularly when considering the potential impacts of global
change variables on highly productive and dynamic ecosys-
tems, such as estuarine and coastal areas.
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