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World oceans are becoming more acidic as a consequence of CO2 anthropogenic emissions, with multiple
physiological and ecological implications. So far, our understanding is mainly limited to some species
through in vitro experimentation. In this study, we took advantage of a recent submarine eruption (from
October 2011 to March 2012) at ~1 nautical mile offshore El Hierro Island (Canary Islands, central east Atlantic)
to determine whether altered physical–chemical conditions, mainly sudden natural ocean acidification, affected
the morphology, photosynthesis (in situ Chl-a fluorescence) and physiological performance (photo-protective
mechanisms and oxidative stress) of the conspicuous brown seaweeds Padina pavonica—a species with carbonate
deposition – and Lobophora variegata—a species without carbonate on thallus surfaces – , both with similar mor-
phology. Seaweeds were sampled twice: November 2011 (eruptive phase with a pH drop of ca. 1.22 units relative
to standard conditions) andMarch 2012 (post-eruptive phasewith a pH of ca. 8.23), on two intertidal locations ad-
jacent to the eruption and at a control location. P. pavonica showeddecalcification and loss of photo-protective com-
pounds and antioxidant activity at locations affected by the eruption, behaving as a sun-adapted species during
lowered pH conditions. At the same time, L. variegata suffered a decrease in photo-protective compounds and
antioxidant activity during the volcanic event, but its photosynthetic performance remained unaltered. These results
reinforce the idea that calcareous seaweeds, as a whole, are more sensitive than non-calcareous seaweeds to alter
their performance under scenarios of reduced pH.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

World oceans are becoming more acidic as a consequence of anthro-
pogenic CO2 emissions, a phenomenon known as ocean acidification’
(OA) (Caldeira and Wickett, 2003; Orr et al., 2005; Dupont et al., 2010;
Dupont et al., 2012). These emissions are likely to have severe impacts
on the part of the marine life, since organisms will encounter conditions
that their ancestors never had to face (Ruttimann, 2006). Benthic photo-
autotrophs have exhibited various responses to ocean acidification
(Connell and Russell, 2010). Some marine algae benefit from higher
CO2 levels, which enhances their growth (Gao et al., 1999; Kübler
et al., 1999; Riebesell et al., 2007), Coralline algae, however, appear to
be amongst the most sensitive photoautotrophs, as they have a skeletal
mineralogy that dissolves easily at predicted levels of calcium carbonate
saturation (Gao et al., 1993; Martin and Gattuso, 2009).

Nowadays, our knowledge on the way OA may affect marine biota
come from a range of confined, short-term experiments, i.e. in vitro ap-
proaches, which are usually single-species oriented (Widdicombe et al.,
2010; Wernberg et al., 2012). These laboratory-based approaches have
shown that many calcareous species may be incapable to create their
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skeletons as oceans acidify over the next century. A recent meta-
analysis on the vulnerability of marine biota to OA concluded, however,
that most experimental assessments overestimate the negative effects
on the concerned organisms, and proposed that marine species are
more resistant to OA than expected (Hendriks et al., 2010). Few studies,
however, have analyzed the effects of sea water acidification over
marine organisms through direct observations; e.g. fluxes of hydrother-
mal fluids drastically change sea water conditions as temperature rises
and pH, visibility and dissolved oxygen are notably reduced (Staudigel
et al., 2006). In situ observations on macroalgal communities affected
by volcanic carbon dioxide vents have been conducted (Porzio et al.,
2011). These ‘natural’ phenomena, therefore, provide useful pH gradients
to find out physiological and ecological responses of a range of organisms
under different acidification scenarios (Hall-Spencer et al., 2008; Arnold
et al., 2012). Typically, these dramatic changes in seawater quality often
lead to a rapid decline in the abundance and physiological performance
of a variety of organisms in the area immediately affected by the volcanic
activity, particularly those with no possibility of escape (Hall-Spencer
et al., 2008). Thus, organisms experience then physiological andmorpho-
logical changes to acclimate their metabolism to the new environmental
scenario.

Phototrophs have shown a superior growth and undiminished rates
of photosynthesis at elevated CO2 concentrations (Levitan et al., 2007;
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Riebesell et al., 2007). For example, the photosynthesis and content of
soluble carbohydrates of seagrasses can be enhanced under a scenario
of reduced pH (Palacios and Zimmerman, 2007). At the same time, in-
creasing atmospheric CO2 typically triggers the production of phenolic
compounds that may help as herbivore deterrents, digestion reducers,
antimicrobials and UV protectors; this is particularly pertinent in
models linking excess CO2 and carbohydrates to an increased produc-
tion of carbon-based defenses (Mattson et al., 2005). However, protec-
tive phenolic substances can be severely reduced under an acidic
scenario (Arnold et al., 2012); hence, such a discrepancy requires new
data. Despite most seaweeds may tolerate pH levels predicted for the
end of this century, the richness and coverage of coralline algae has
been observed to decrease as a result of sea water acidification, while
the abundance, growth and fitness of non-calcareous algae and
seagrasses may increase as a result of a larger [CO2] availability (Gao
et al., 1999; Kübler et al., 1999; Riebesell et al., 2007; Fabricius et al.,
2011; Porzio et al., 2011). In addition, changes in pHmay occur in con-
junction with changes in other environmental variables. For example, a
decrease in pH may interact with an increase in UV radiation to syner-
gistically reduce the photosynthesis, calcification, pigment contents,
and so the growth, of the red seaweed Corallina sessilis, while the
concentration of photo-protective compounds is enhanced (Gao and
Zheng, 2010).
Fig. 1. (A) RGB composition of reflectancies for 6671, 531 and 412 nm fromMODIS sensor in A
green discolored, plume created by the submarine eruption. (B) Geographical situation of stu
locations. (C) P. pavonica thallus highlights calcification changes.
The Canary Islands are a chain of volcanic islands located in the
eastern central Atlantic, offshore the western African coast. In the
past, volcanic activity responsible for island formation varied among
islands and volcanic episodes, including several historical eruptions
that have been reported since the islands' colonization. On the 10th of
October 2011, at about 1 nautical mile south offshore the small village
of La Restinga (El Hierro Island, Fig. 1A), a submarine eruption began
to release volcanic material, including intense bubbling at the surface,
foam rings and floating rock fragment (‘restingolites’) reaching the
sea surface (Carracedo et al., 2012). Thewater column over the volcanic
area suffered dramatic physical and chemical alterations, including
warming, acidification and deoxygenation; the release of CO2 pro-
duced total inorganic carbon concentrations ranging from 4000 to
7500 μmol kg−1, causing water acidification of up to 2.8 units within
the first 100 m of the water column (Fraile-Nuez et al., 2012). At the
same time, the volcanic activity released nutrients into the seawater,
principally Fe, Si, P and N; increased nutrients concentrations caused
a fertilization of the offshore waters during the eruptive event
(Santana-Casiano et al., 2013). The release of this volcanic material pro-
duced large greenish seawater plumes that intermittently extended on-
shore, according to meso-scale oceanographic activity (Fraile-Nuez
et al., 2012; Nolasco et al., 2012) and affected a range of organisms in
the coast (Santana-Casiano et al., 2013). The volcanic activity officially
QUA satellite on the 2nd November-2012 showing the island of El Hierro and the offshore,
dy locations. Top-left panel shows El Hierro and Gran Canaria islands, denoting sampled
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ended on the 5th March 2012 and elevated the seafloor from ca. 280 to
88 m depth (Fraile-Nuez et al., 2012).

In this study, we took advantage of this volcanic event to determine
whether altered physical–chemical conditions, mainly sudden natural
ocean acidification, affected the morphology, photosynthesis and
physiological performance of the brown seaweeds Padina pavonica
and Lobophora variegata (Phaeophyceae, Dictyotaceae) inhabiting
rocky intertidal habitats. These two species are themost conspicuous
seaweeds on rocky substrates from El Hierro Island (Tuya and Haroun,
2006). Despite a similar thallus form, P. pavonica is impregnated with
CaCO3 as aragonite on its surface that is otherwise absent on thalli of
L. variegata (Haroun et al., 2003).
2. Material & methods

2.1. Selected species: physiological considerations

Electron transport rate (ETR, an estimator of photosynthetic rate) of
P. pavonica is typically reduced at noon, to restore values in the after-
noon similar to the morning, i.e. this is an indication of dynamic
photo-inhibition as a photo-protection mechanism to increased irradi-
ance (Häder et al., 1996). Whilst some species of Padina are thought to
possess C concentrating mechanisms (Giordano et al., 2005; Enríquez
and Rodríguez, 2006), P. pavonica seemnot to be C-saturated in ambient
seawater and it has been shown to utilize more inorganic C if it is
provided as CO2 (Einav et al., 1995). L. variegata is a photosynthetic
organism adapted to coral reef systems, where calm, cloudless days
with minimal water turbulence and maximum light penetration are
common. This alga has developed efficient C concentrationmechanisms
(Enríquez and Rodríguez, 2006). In the study region, L. variegata growing
at the shallow subtidal shows a drastic decline in the photosynthetic
quantum yield after exposure under full solar radiation in the surface,
whereas the recovery of the yield was not full under shade conditions.
This suggests a certain degree of chronic photo-inhibition after increased
irradiance (Häder et al., 2001).
2.2. Study area and experimental design

Two coastal locations adjacent to the eruption were selected as rep-
resentative of altered physical–chemical conditions (S1 and S2, Fig. 1B).
A third location (S3) was selected, as a control, at Gran Canaria Island
under similar environmental conditions (Fig. 1B), e.g. wave exposure
and local geo-morphology; it was impossible to select a control location
at El Hierro Island with similar intertidal flora that had not been unam-
biguously affected by the volcanic activity from the beginning (October
2011) to the end (March 2012) of the eruptive process. Seaweeds were
sampled on each location twice: 24–26th November 2011 (i.e. during
the eruptive phase) and 24–26th March 2012 (i.e. immediately after
the cessation of the eruptive process). Samples were cold-stored in
situ and afterwards frozen at−20 °C or −80 °C, depending on further
analyses. At each location and sampling time, the pH, dissolved oxygen
concentration (mg l−1), Sea Surface Temperature (SST) and salinity
were measured in situ through a multi-parameter probe (Hanna
HI9829, USA) to characterize the environmental conditions at low
tide. Ten to fifteen measures were taken at each location at 0.5–1 m
depth. The irradiance was measured through a PAR cosine corrected
sensor (LICOR 189) connected to a radiometer (LI-1000, LICOR, USA).
In March 2011, water samples (n = 4) were randomly collected on
each location and immediately filtered and stored on ice until return
to land. Samples were then frozen (−20 °C) until chemical analysis
for nutrients (phosphate, nitrite, nitrate and ammonia) using an auto-
analyzer. One-way ANOVAs tested for significant differences in
nutrients among locations (fixed factor); all data was transformed to
Ln(x + 1) to achieve homogeneous variances.
2.3. Calcification of Padina pavonica

In the laboratory, specimens of P. pavonica were rinsed to remove
particulate matter and traces of salt and epiphytes. Thalli from each
location and sampling times (n = 17) were digitalized with a digital
camera mounted on a microscope to calculate the amount of calcified
area via the ImajeJ freeware. Differences in the percentage of calcified
area among locations (S1, S2 and S3) and sampling times (November
2011 vs. March 2012) were tested through a 2-way ANOVA, including
‘Locations’ and ‘Times’ as fixed factors. Data showed homogeneous var-
iances, so transformations were not necessary.

2.4. Photosynthetic activity

In vivo chlorophyll fluorescence of photosystem II (PSII) was
assessed through a portable pulse amplitude modulation fluorometer
(Diving-PAM, Waltz GmbH, Germany). On each location and sampling
occasion, thalli of both seaweed species were exposed to solar radiation
in white polyethylene containers (20 × 20 × 10 cm). Fluorescence
measurements were taken at 9:00, 11:00 and 13:00, i.e. through a
semi-diurnal light cycle. After 15 min of dark adaptation (‘relaxed
state’), the minimum (basal) fluorescence was measured (Fo) and the
maximum fluorescence (Fm) obtained immediately after applying a satu-
rated pulse of actinic light (2350 μmol photons m−2 s−1, 0.8 s); the op-
timum quantum yield was therefore calculated as: Fv/Fm = Fm − Fo/Fm
(n = 8), which is an indicator of physiological stress (Maxwell and
Johnson, 2000). For seaweed specimens directly exposed to solar light
(‘excited state’), the minimum and maximum fluorescence were
similarly calculated (F and F′m, respectively) after applying a saturated
pulse of actinic light; the effective quantum yield was then calculated
as: ΔF/F′m = (F′m − F)/F′m (n = 8). After 15 min of dark adaptation,
a rapid light curve (RLC) was initiated, involving 20 s of exposure
to 9 successive irradiances, from 85 to 1748 μmol photons m−2 s−1.
RLCs were then obtained by calculating the Electron Transport
Rate (ETR) through the PSII for each level of actinic light through
the formula:

ETR cmolelectronsm−2 s−1
� �

¼ ΔF=FVmð Þ ∗ E ∗ A ∗ FII

Where ‘E’ is the irradiance, ‘A’ is the absorptance of each seaweed
(0.74 for P. pavonica and 0.83 for Lobophora variegata, calculated using
the method by García-Sánchez et al. (2012)), and ‘FII’ is the fraction of
chlorophyll associatedwith the PSII (0.8 for brown seaweeds, according
to Grzymski et al., 1997). RLCs datawere fitted to themodel provided by
Jassby and Platt (1976) to obtain the initial slope of the curve (αETR, i.e.
the photosynthetic efficiency), the saturation irradiance (Ek) and maxi-
mal ETR (ETRmax); the model of Platt and Gallegos (1980) was applied
when photo-inhibitionwas detected. For each seaweed, 3-way ANOVAs
tested for differences in photosynthetic performance (Fv/Fm, αETR, Ek,
ETRmax) between ‘Times’ (fixed factor), ‘Locations’ (fixed factor), and
‘Hours’ (random factor). Data was Ln(x)-transformed for P. pavonica
to achieve homogeneous variances. Data for L. variegatadid not conform
to the ANOVA assumptions after data transformations; analyses were
otherwise performed on untransformed data, as ANOVA is robust from
such departures for balanced experiments. The significance level was,
however, set at the 0.01 level to reduce a type I error (Underwood,
1997). In all cases, the interaction term ‘Lo × Ti’ determined if patterns
in the attributes of photosynthetic performance among locations
changed from the eruptive (November 2011) to the post-eruptive
phase (March 2012).

2.5. Chlorophyll, polyphenols and antioxidant activity

Thalli of P. pavonica and L. variegata (ca. 0.25 g FW, n = 3) were
ground with a mortar and a pestle in sand at 4 °C, and extracted



71S. Betancor et al. / Journal of Sea Research 87 (2014) 68–78
overnight in centrifuge tubes with 2.5 ml of 80% (v/v) methanol. The
mixture was centrifuged at 4000 rpm for 30 min and the supernatants
were collected (Sigma2-16PK, Göttingen, Germany). Total phenolic com-
pounds, expressed asmg g−1 DW,were determined using phoroglucinol
as a standard, following the Folin–Ciocalteu's method (Folin and
Ciocalteu, 1927). The reaction was complete after 120 min in darkness
at 4 °C, and the absorbance was measured at 760 nm in a spectropho-
tometer (Thermo Scientific Evolution 201, UV–Visible, China).

The DPPH (2,2-diphenyl-1-picrylhydrasyl) free-radical scavenging
assay was carried out in triplicate, according to the method of Blois
(1958). Briefly, 150 μl of each methanolic extract were mixed with
1.5 ml of a 90% methanol and 150 μl of DPPH solution prepared daily
at 1.27 mM. The reaction was complete after 30 min in darkness at
room temperature, and the absorbance was registered at 517 nm. The
calibration curve made with DPPH was used to calculate the remaining
concentration of DPPH in the reaction mixture after incubations. Values
of DPPH concentration (μM)were plotted against plant extract concen-
tration (mg DW ml−1) in order to obtain the EC50 value (oxidation
index), which represents the concentration of the extract (mg/ml) re-
quired to scavenge 50% of the DPPH in the reaction mixture. Ascorbic
acid was used as a positive control.

The content of chlorophyll-a (chl-a) was determined spectro-
photometrically. The analyses were carried out by extracting pigments
from plants (ca. 20 mg FW) using 1 ml of saturation solution of acetone
90% + C4Mg4O12 and maintained in darkness at 4 °C for 12 h. After
centrifugation at 4000 rpm for 20 min, each supernatant was used to
measure pigments in a spectrophotometer, using absorption spectra be-
tween 480–750 nm. The chl-a concentration, expressed asmg g−1 DW,
were calculated using equations provided by Ritchie (2006, 2008).
Three replicates were accounted for each species at each location and
time.

For each seaweed, 3-way ANOVAs tested for differences in the
content of phenols, EC50 and chl-a contents between ‘Times’ (fixed
factor), ‘Locations’ (fixed factor), and ‘Hours’ (random factor), following
the same criteria outlined above. In all cases, data conformed to the
ANOVA assumptions after transformations. A Pearson-productmoment
correlation analysis tested the significance of correlations between total
phenolic compounds and the antioxidant activity, separately for each
seaweed.
3. Results

3.1. Oceanographic scenario

A decrease of ca. 1.22 and 0.56 pH units was observed at S1 and
S2 relative to S3 (control) during the eruptive phase, respectively
(November 2012, Table 1). In March 2012, however, after the conclu-
sion of the eruptive event, pH levels reached natural values (Table 1).
Salinity and SST matched ambient seasonal fluctuations along the
Canary Islands (Table 1). In March 2011, ammonia and nitrates at the
control (S3) were larger than in El Hierro Island (S1 and S2), yet signifi-
cant differences were only detected for ammonia (Appendix A1). Phos-
phates at S1 doubled values registered at S2 and S3, though differences
were not statistically different (Appendix A1). Nitrites were significantly
Table 1
Oceanographic scenario during and after the eruptive event; data are means ± SE. Lower SST
islands of the Canarian Archipelago.

November 2011

pH SST Salinity O2 (mg L−1)

S1 7.34 ± 0.02 21.71 ± 0.02 36.74 ± 0.11 10.32 ± 1.83
S2 7.89 ± 0.01 21.31 ± 0.03 36.75 ± 0.01 9.62 ± 182
S3 8.45 ± 0.02 19.80 ± 0.02 35.12 ± 0.30 10.41 ± 1.72
larger at El Hierro Island (S1 and S2) than at the control (S3) (Appendix
A1).

3.2. Padina pavonica calcification

Differences in the percentage of calcified area of P. pavonica among
locations varied from November 2011 to March 2012 (‘Ti × Lo’,
F = 81.74, P = 0.0002). In November 2011, samples from both loca-
tions adjacent to the eruption had thalli with notorious decalcification
relative to the control (pairwise tests, Fig. 1C, Fig. 2). However, no differ-
ences in the percentage of calcified area of P. pavonica among locations
were detected in March 2012 (pairwise tests, Figs. 1C, 2).

3.3. Photosynthetic activity

The optimum quantum yield (Fv/Fm) of P. pavonica and L. variegata
throughout semi-diurnal light cycles at each location varied between
sampling times (‘Ti × Lo × Ho’, P b 0.01, Appendix A2). The optimum
quantum yield of both seaweeds did not vary significantly among loca-
tions and times (‘Lo’, ‘Ti’, P N 0.05, Appendix A2) and, most importantly,
this lack of differences in Fv/Fm among locations remained unchanged
from the eruptive to the post-eruptive phase (‘Ti × Lo’, P N 0.05,
Appendix A2, Fig. 3). Overall, both seaweeds showed the same pattern
of Fv/Fm throughout semi-diurnal cycles: a progressive decrease along
daytime (‘Ho’, P b 0.001, Appendix A2, Fig. 3) that varied in magnitude,
but not in direction, among locations and times for P. pavonica
(‘Lo × Ho’, P b 0.001, ‘Ti × Ho’, P b 0.001, Appendix A2, Fig. 3) and
among locations for L. variegata (‘Lo × Ho’, P b 0.001, Appendix A2,
Fig. 3). Similarly, photosynthetic parameters derived from RLCs did
not show different patterns among locations from the eruptive to the
post-eruptive phase (‘Ti × Ho’, P N 0.05, Appendix A2), except for the
saturation irradiance (Ek) of P. pavonica (‘Ti × Lo’, P = 0.04, Appendix
A2). A posteriori tests showed that locations affected by the eruption
(S1 and S2) had a larger Ek than the control (S3) in November 2011,
but not in March 2012 (Appendix A3).

3.4. Chlorophyll, polyphenols and antioxidant activity

The content of phenolic compounds of P. pavonica and L. variegata
along semi-diurnal cycles varied at each location between sampling
dates (‘Ti × Lo × Ho’, P b 0.01, Appendix A4). In general, a progressive
decrease in the content of phenolic compounds of both seaweeds
through semi-diurnal cycles was detected at the locations affected by
the eruptive activity (S1 and S2) in November 2011 (Fig. 4). However,
once the eruptive event had finished, the content of phenolic compounds
barely varied during semi-diurnal cycles (Fig. 4). Nevertheless, the con-
tent of phenolic compounds of P. pavonica and L. variegata at the control
site did not vary throughout semi-diurnal cycles inNovember 2012 and it
increased slightly inMarch 2012 (Fig. 4). As a result, the pattern of differ-
ences in the content of phenolic compounds among locations changed
between times (‘Ti × Lo’, P b 0.05, Appendix A4). Throughout the entire
study, S1 showed a greater content in phenolic compounds for
P. pavonica, as well as S2 for L. variegata, than the other locations (‘Lo’,
P b 0.05, Appendix A4).
values at S3 reflect the typical oceanographic gradient between the western and central

March 2012

pH SST Salinity O2 (mg L−1)

8.23 ± 0.01 20.13 ± 0.03 34.70 ± 0.10 10.54 ± 1.62
8.30 ± 0.02 21.30 ± 0.08 35.30 ± 0.08 10.64 ± 1.19
8.51 ± 0.01 19.52 ± 0.02 35.08 ± 0.01 10.42 ± 1.91
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A similar outcome, but reversed, was registered for patterns in
the antioxidant activity throughout semi-diurnal cycles. In fact, the
antioxidant activity (1/EC50) correlated significantly with the con-
tent of phenolic compounds for both P. pavonica and L. variegata
(rs = 0.82 and rs = 0.73, respectively, P b 0.001). The antioxidant
activity of both seaweeds increased along the semi-diurnal cycles
at both locations affected by the volcanic activity (S1 and S2) in
November 2011, but not in March 2012 (‘Ti × Lo × Ho’, P b 0.05;
Appendix A4, Fig. 5), except for L. variegata at S2. In contrast, the an-
tioxidant activity did not vary during the semi-diurnal cycles at the
control site (Fig. 5). Statistically, however, it is worth noting that
the large variability accumulated by the second-order interaction
term for both seaweeds (‘Ti × Lo × Ho’, Appendix A4) masked the
significance of the ‘Ti × Lo’ interaction term (Appendix A4).
Throughout the entire study, S2 showed a greater antioxidant activity
for P. pavonica that was particularly accentuated at midday (‘Lo’,
P b 0.05, ‘Lo × Ho’, Fig. 5).

Overall, Chl-a concentrations for both seaweeds were greater at S1
than S2 and S3 (‘Lo’, P b 0.05, ‘Lo × Ho’, Fig. 6), while S3 showed larger
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Chl-a concentrations during November 2011 (‘Ti’ and ‘Ti × Lo’, P ≤ 0.05,
Appendix A4).
4. Discussion

The submarine eruption offshore El Hierro Island, which approxi-
mately lasted for 5 months, caused a severe influence on the functioning
of the offshore marine ecosystem, as a result of large oceanographic
anomalies caused by the release of the volcanic material (Fraile-Nuez
et al., 2012; Santana-Casiano et al., 2013). Our study has highlighted
some particular effects on the ecophysiological performances of the
brown seaweeds P. pavonica and L. variegata, inhabiting intertidal rocky
habitats adjacent to the eruptive event. At a morphological level, the de-
calcification suffered by P. pavonica during the eruptive phase is directly
linkedwith the acidification of the coastal waters. This outcome confirms
a loss of CaCO3 for a calcareous seaweed under an acid ocean scenario, as
several studies have pointed out for coralline seaweeds, corals and other
organisms (Hall-Spencer et al., 2008; Martin et al., 2008; Rodolfo-
Metalpa et al., 2009; Porzio et al., 2011; Fabricius et al., 2011; Hofmann
et al., 2012a).

The optimum quantum yield (Fv/Fm) of both seaweeds did not
change at the locations affected directly by the submarine eruption
(S1 and S2) from the eruptive to the post-eruptive phase, as similar
in situ observations have revealed from other volcanic episodes
(Hall-Spencer et al., 2008; Hofmann et al., 2012b; Johnson et al., 2012).
Rather, changes in Fv/Fm were majorly influenced by changes in sun
irradiance throughout the day, here from 9:00 to 13:00 h, as well
as potential natural fluctuations among locations (e.g. cloud cover).
Despite the deviation of the ETR curves at the locations affected by the
volcanic activity (S1 and S2) regarding the control site (S3), the photo-
synthetic parameters ETRmax and αETR of both seaweeds did not show
significant differences under a reduced pH scenario, as Hofmann et al.
(2012b) similarly concluded for Corallina officinalis and Chondrus
crispus. However, the saturation irradiance (Ek) of P. pavonica changed
from the eruptive to the post-eruptive phase at the locations adjacent
to the eruption (S1 and S2); the high Ek values during the eruptive
phase points out to an acclimation of P. pavonica towards a sun-adapted
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pattern (García-Sánchez et al., 2012). This strategy, however, was modi-
fiedwhen pH levels reached natural values, and so the Ek valueswere re-
duced during the post-eruptive phase. On the other hand, L. variegata
showed a constant shade-adapted pattern independently of the eruption
event, including a clear photo-inhibition when exposed to direct sun-
light; these macroalgae generally occupy cryptic intertidal microhabitats
in the studied region (Haroun et al., 2003), and seem to have thriven
under lowered pH conditions with minor effects on its photosynthetic
apparatus.

During the volcanic eruption, in addition to a sudden ocean acidifica-
tion, there was an input of nutrients into the system (Santana-Casiano
et al., 2013). Our data fromMarch 2012 (i.e. immediately after the cessa-
tion of the eruptive phase) indicated that nitrites was the only inorganic
nutrient form significantly elevated at coastal locations affected by the
submarine eruption. Most importantly, the ETR of both P. pavonica and
L. variegata was not significantly affected during the eruptive event.
Typically, an increase in the ETR with increasing nutrients has been re-
ported for several intertidal seaweeds, e.g. Porphyra umbilicalis, Ulva
rigida and Ulva lactuca (Figueroa et al., 1995; Cabello-Passini and
Figueroa, 2005; Figueroa et al., 2009). As a result, increased nutrients
seem to have had aminored effect on the performance of both seaweeds
relative to sea-water acidification.

The values of ETR reported by Haberleitner (2010) for P. pavonica in
Corsica (France) and by Johnson et al. (2012) in Sicily, as well as those
recorded for Padina australis at shallow (0.1–0.3 m) shores in Papua
New Guinea (Johnson et al., 2012) are within the same range as those
observed by this study at the control location. This reinforces the idea
of our control location (S3) as representative of unaltered environmental
conditions.

The content of phenolic compounds of intertidal brown macroalgae
usually increase throughout daily cycles, including a peak at midday,
also experiencing a greater excretions, as well as seasonal fluctuations,
e.g. higher contents in summer related to other seasons (Abdala-Díaz
et al., 2006). The synthesis of phenolic compounds is activated through
solar UV radiation; accumulation of phenols in the cellular cytoplasmpro-
vides protection against UV radiation (Pavía et al., 1997; Schoenwaelder,
2002). In addition to this photo-protective and antioxidant role, phenolic
compounds defend seaweeds against grazers as a result of a decrease in
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the thallus palatability (VanAlstyne and Paul, 1990). At locations adjacent
to the submarine eruption (S1 and S2), seaweeds decreased their
contents in phenolic compounds all the way through semi-diurnal cycles
during the eruptive phase. Clearly, this pattern contrasts with the
expected increase in phenolic products throughout the day (Abdala-
Díaz et al., 2006), which was otherwise observed at the control location
(S3). However, it is noteworthy that Arnold et al. (2012) have recently
observed the same pattern of reduction (ca. 59%) in phenolic com-
pounds during the day for the seagrass Cymodocea nodosa along a
natural gradient of 0.8 units of pH. Moreover, the same outcome
(ca. 61% decrease)was observed for Potamogeton perfoliatus in an estuary
(Arnold et al., 2012). These results noticeably indicate that the increase of
CO2 concentrations decreases the amount of photo-protective phenolic
compounds of marine vegetation, in contrast to what has been detected
for terrestrial plants in previous studies under scenarios of CO2 enrich-
ment (Bryant et al., 1983; Mattson et al., 2005; Stiling and Cornelissen,
2007). Furthermore, it is worth noting that seaweeds can have larger ex-
cretion rates of phenols under reduced pH conditions; this has been
reported for the brown alga Lessonia nigrescens (Gómez and Huovinen,
2010) and for the green alga Dasycladus vermicularis (Pérez-Rodríguez
et al., 1998). Excretion of phenols may induce inhibition of calcification
at the same time (Gómez and Huovinen, 2010). Decalcification of the
thallus involves a reduction in the reflectiveness of solar radiation (in-
cluding UV-radiation) and, therefore, a decrease in the photo-protection
capacity that subsequently increase the vulnerability of seaweeds to
UV-radiation (Beach et al., 2006). Plants aim to acclimate to this new sit-
uation through decreasing their photosynthetic efficiency and increasing
the Ek values (Hofmann et al., 2012b), as we have empirically demon-
strated here for P. pavonica.

The high levels of solar radiation andmoderate SST prevailing in the
Canarian Archipelago boost seaweed protective mechanisms against
UV-radiation and the excessive production of free-radicals caused by
the accumulation of antioxidant substances (López et al., 2011). Several
approaches have pointed out a correlation between the antioxidant ac-
tivity and the content of phenols (Zhao et al., 2006; Duan et al., 2007). In
particular, Connan et al. (2006, 2007) demonstrated this relationship for
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several macroalgae. Here, we have obtained a direct connection be-
tween low concentration of phenols and high EC50 values for both
P. pavonica and L. variegata. Hence, we have detected a similar pattern
for the antioxidant activity (here typified through the EC50) and the
content of phenols, including low antioxidant activity at the locations
adjacent to the eruption during the eruptive phase.

The concentrations of photosynthetic pigments did not reveal a clear
effect of the eruptive event, although a higher content of Chl-a at S1
during and after the finalization of the eruptive phase. Under scenarios
of increased CO2 concentrations, and so reduced pH levels, several studies
have registered a decrease in the Chl-a concentration (García-Sánchez
et al., 1994; Andría et al., 2001; Johnson et al., 2011). At present, it is un-
determined the exact reasons for a divergence between our results and
these studies. In any case, it is possible that the intermittent displacement
of the acidic green plumes from the offshorewaters into the coast has not
been sufficient to alter the pigmentary machinery of the studied sea-
weeds, and reinforce the idea that the duration of exposure to acidic con-
ditions affects the response of pigments (Zou and Gao, 2010).

In summary, the submarine eruption in the offshore waters of El
Hierro Island has provided a ‘natural laboratory’ to determine the
effects of altered physical–chemical conditions, principally sudden sea
water acidification, on a suite of seaweed responses. On the one hand,
P. pavonica, a calcareous seaweed, suffered a decalcification and subse-
quent loss of photo-protective compounds and decrease in anti-oxidant
activity at locations affected by the eruption, while acclimating to the
acidic conditions through increasing its light saturation intensity,
what involves a larger amount of light to assimilate C, yet its optimum
quantum yield remained unaltered. On the other hand, L. variegata, a
non-calcareous alga, solely suffered a decrease in photo-protective
compounds and decreased anti-oxidant activity; neither its photosyn-
thetic efficiency nor its optimum quantum yield was altered by the
eruption. These results reinforce the notion that calcareous seaweeds
are more prone than non-calcareous seaweeds to alter their perfor-
mance under scenarios of reduced pH. In addition, the loss of phenolic
compounds observed for both macroalgae could induce an increase of
grazing onmacroalgae, what has been suggested for othermarine auto-
trophs under future scenarios of ocean acidification.
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Appendix A
Appendix A1
Nutrients concentrations (mg l−1) at sampled locations. Values are means ± SE. The
significance of differences among locations (1-way ANOVAs) is also included.

Ammonia Phosphate Nitrate Nitrite

S1 0.045 ± 0.017 0.98 ± 0.680 0.8325 ± 0.234 0.125 ± 0.012
S2 0.0375 ± 0.035 0.3975 ± 0.214 0.6325 ± 0.301 0.1075 ± 0.033
S3 0.1075 ± 0.009 0.4075 ± 0.041 1.065 ± 0.338 0.01 ± 0
F-ratios F2,9 = 10.96 F2,9 = 2.39 F2,9 = 2.16 F2,9 = 36.62
Significance of
differences

P = 0.0039 P = 0.1475 P = 0.1711 P = 0.00001

Pairwise
comparisons

S3 N S1 = S2 S1 = S3 = S2 S3 = S1 = S2 S1 = S2 N S3
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Appendix A3
Photosynthetic parameters derived from RLCs for P. pavonica and L. variegata at each location and time. Values are means ± SE.

S1 S2 S3

November 2011 March 2012 November 2011 March 2012 November 2011 March 2012

Padina pavonica
ETRmax 106.90 ± 4.94 71.71 ± 7.59 64.11 ± 9.77 83.96 ± 11.70 80.13 ± 10.36 88.21 ± 7.43
αETR 0.24 ± 0.046 0.35 ± 0.047 0.20 ± 0.025 0.29 ± 0.020 0.43 ± 0.06 0.43 ± 0.05
Ek 450.66 ± 20.27 232 ± 50.91 317.66 ± 45.52 285.66 ± 35.59 191.33 ± 31.01 212 ± 28.46

Lobophora variegata
ETRmax 86.43 ± 12.11 42.72 ± 5.89 76.23 ± 10.58 33.01 ± 4.12 67.53 ± 5.81 55.43 ± 11.08
αETR 0.21 ± 0.027 0.16 ± 0.012 0.18 ± 0.02 0.14 ± 0.007 0.25 ± 0.02 0.23 ± 0.042
Ek 406.33 ± 41.24 262.66 ± 34.10 392.66 ± 87.09 230.66 ± 27.19 268.33 ± 11.32 237.66 ± 20.01

Appendix A4
Three-way ANOVA testing the effect of ‘Times’, ‘Locations’ and ‘Hours’ on the total phenols content, anti-oxidant activity and pigments of P. pavonica and L. variegata.

Padina pavonica Lobophora variegata

Total phenols DPPH Chl-a Total phenols DPPH Chl-a

MS F P MS F P MS F P MS F P MS F P MS F P

Ti 0.26 13.84 0.0314 0.01 10.70 0.0684 7.32 118.38 0.0492 355.33 14.69 0.0618 0.76 27.18 0.0349 0.56 64.97 0.0150
Lo 1.13 29.27 0.0124 0.02 5.06 0.1100 6.08 445.46 0.0024 200.20 19.86 0.0084 0.0001 0.00 0.9991 2.53 73.31 0.0007
Ho 0.05 2.468 0.1014 0.001 0.88 0.4272 0.05 2.7773 0.0790 21.84 2.29 0.1159 0.13 19.06 0.0002 0.13 5.56 0.0079
Ti × Lo 1.50 7.53 0.0188 0.003 0.80 0.5162 4.65 39.918 0.0078 182.85 7.62 0.0432 0.01 0.37 0.7113 0.30 5.59 0.0595
Ti × Ho 0.01 0.80 0.4466 0.001 1.08 0.3522 0.062 3.3947 0.0434 24.19 2.54 0.0933 0.02 3.99 0.0272 0.008 0.36 0.6989
Lo × Ho 0.03 1.66 0.1796 0.004 4.01 0.0114 0.013 0.7495 0.5616 10.08 1.06 0.3920 0.05 7.90 0.0001 0.03 1.45 0.2379
Ti × Lo × Ho 0.20 8.60 0.0002 0.003 3.29 0.0214 0.11 6.3996 0.0012 23.99 2.51 0.0585 0.03 4.76 0.0035 0.05 2.30 0.0778
Residual 0.02 0.001 0.01 9.54 0.0071 0.0238
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