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Simple Summary: The brown seaweed Fucus vesiculosus is the dominant and the most ecologi-
cally crucial primary producer and habitat founder in the Baltic Sea. In the shallow coastal zone,
F. vesiculosus is particularly exposed to strongly and rapidly changing environmental conditions due
to global change. This study examines how single and joint effects of elevated seawater temper-
ature and pCO2 levels influence F. vesiculosus in all four seasons, using benthic mesocosms. The
antioxidative properties and the sensitivity of F. vesiculosus photosynthetic performance to oxidative
stress under different global change scenarios were assessed. F. vesiculosus tolerated strong hydrogen
peroxide stress in all seasons, as reflected in high antioxidative enzyme activities and a low degree of
membrane lipid peroxidation. Forecasted warming affected the antioxidative properties of F. vesicu-
losus stronger than acidification, causing significantly increased lipid peroxidation under elevated
temperatures in all seasons. However, pCO2 levels modulated the oxidative stress of F. vesiculosus
under warming. Overall, summer heatwaves reaching lethal temperatures in shallow waters will
most likely determine the persistence of Baltic F. vesiculosus.

Abstract: The keystone macroalga Fucus vesiculosus (Phaeophyceae), dominating shallow hard
bottom zones, encounters a strongly and rapidly changing environment due to anthropogenic change
over the last decades in the Baltic Sea. Thus, in four successive benthic mesocosm experiments, the
single and joint effects of increased temperature (∆ + 5 ◦C) and pCO2 (1100 ppm) under ambient
irradiances were experimentally tested on the antioxidative properties of western Baltic F. vesiculosus
in all seasons. The antioxidative properties (superoxide dismutase activity and lipid peroxidation)
as well as the sensitivity of F. vesiculosus photosynthetic performance (i.e., effective quantum yield)
to oxidative stress under these global change scenarios were seasonally examined. F. vesiculosus
exhibited high and relatively constant photosynthetic performance under artificial hydrogen peroxide
(H2O2) stress in all seasons. High activities of superoxide dismutase and a relatively low degree of the
biomarker for lipid peroxidation (malondialdehyde concentration) were found in F. vesiculosus. Thus,
Baltic F. vesiculosus is equipped with a high antioxidative potential to tolerate strong oxidative stress
for at least short periods. Antioxidative properties of F. vesiculosus were more strongly affected by
warming than by acidification, resulting in significantly increased malondialdehyde concentrations
under elevated temperature levels in all seasons. Oxidative stress was enhanced in F. vesiculosus
under warming but seem to be modulated by seasonally varying environmental conditions (e.g., high
and low irradiances) and pCO2 levels. However, more frequent summer heatwaves reaching and
surpassing lethal temperatures in shallow coastal waters may determine the F. vesiculosus population’s
overall persistence in the Baltic Sea.

Keywords: antioxidative potential; bladder wrack; photosynthetic performance; lipid peroxidation;
mesocosm; multifactorial change; seasonal pattern; superoxide dismutase
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1. Introduction

Marine seaweeds that inhabit the shallow coastal area of temperate shorelines fre-
quently experience an environment characterized by strong daily and seasonal variations
in abiotic drivers, such as high and low irradiances, rapid temperature changes, and pH
fluctuations. Due to anthropogenic global change, the continuing warming and its ampli-
fication of seasonal fluctuations generates stressful conditions in shallow waters, which
seems to be a severe challenge for seaweeds [1–3]. The response of seaweeds to unfavor-
able environmental conditions is mediated through various physiological and biochemical
mechanisms, of which the excessive formation and accumulation of reactive oxygen species
(ROS) plays a central role by imposing oxidative stress on the cells (reviewed by [4–6]).

Perennial seaweeds in temperate latitudes can photosynthesize over broad temper-
ature ranges, as they remain photosynthetically active throughout the year. Various
metabolic processes in seaweeds induce ROS formation, particularly photosynthesis. Plants
and seaweeds accumulate ROS as a concomitant process of the electron transport systems
during photosynthesis and respiration, even under normal metabolic conditions [7]. For
instance, the main source of ROS in plant and seaweed tissues is the photosynthetic electron
transport system that generates singlet oxygen (1O2) and superoxide radicals (·O2

−) [8,9].
Additionally, in a sequential reduction of molecular oxygen (O2), hydrogen peroxide
(H2O2) as well as hydroxyl radical (·OH) are produced. Various environmental factors,
e.g., high or low temperature, rapid temperature changes, nutrient (also carbon) deficiency,
high irradiance, and ultraviolet radiation (UVR) stimulate, as a general stress response,
the gradual and continued production of ROS. Under stressful environmental conditions,
photosynthesis is impaired and surplus energy leads to ROS production [10–13]. Oxida-
tive stress is recognized as a physiological condition established when ROS formation
surpasses the antioxidant defensive systems of organisms, leading to oxidative impairment
in lipids, proteins, and DNA [7,14,15]. For instance, a direct indicator of oxidative stress
and damage is the level of malondialdehyde (MDA) as a biochemical marker for lipid
peroxidation, which is the result of the decomposition of polyunsaturated fatty acids in cell
membranes [16]. Thus, MDA often accumulates under oxidative stress, and it has widely
been used to distinguish between stressed and unstressed seaweeds (e.g., [13,17,18]).

H2O2 is omnipresent in the oceans worldwide, with concentrations fluctuating tem-
porally and spatially [19–21]. Seawater H2O2 concentrations between 10 and 300 nM are
reported from different water masses and habitats [22–24]. In shallow and calm coastal
areas, seaweeds may also experience direct oxidative stress where H2O2 is formed by the
photoactivation of dissolved organic material (DOM) due to ultraviolet radiation (UVR)
and the release of excited electrons, initiating the reduction of molecular oxygen. The
formation of H2O2 is mainly observed in surface waters or flat water zones character-
ized by high concentrations of DOM and oxygen [19,25–28]. In surface waters and/or
intertidal pools, H2O2 can reach even micromolar concentrations (<2 µM; [29,30]). H2O2
undergoes relatively few reactions with biologically important molecules, but it passes
quickly through membranes by diffusion; thus, it is most likely the intracellular preliminary
stage for more reactive oxidants (reviewed by Winterbourn [31]). However, H2O2 directly
inhibits photosynthesis by affecting several photosynthetically important enzymes such as
RuBisCO [32–34].

Seaweeds, however, are equipped with various defense mechanisms that effectively
remove ROS. Common antioxidative systems in seaweeds consist of several enzymes, e.g.,
superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), as well as
the antioxidants ascorbic acid, glutathione, β-carotene, and α-tocopherol [11,35,36]. The
antioxidative enzymes transform distinct ROS to less toxic compounds. For example,
SOD scavenges and produces ROS at the same time because it catalyzes the conversion
of ·O2

− to H2O2 and oxygen [7]. Then, H2O2 is further deprotonated by CAT or APX.
SOD is known as “the first line of defense” against ROS and plays a central role in the
antioxidative system, as it is a powerful scavenger of ·O2

−, which otherwise initiates a
ROS cascade [6,37]. Furthermore, seaweeds are also able to detoxify H2O2 by excreting
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H2O2 to reduce intracellular concentrations [38,39]. In recent years, several studies have
investigated the underlying molecular processes of ROS acclimation. These include the
regulation of gene expression, for example the induction of various ROS scavenging
enzymes (e.g., genes encoding for SOD, APX, CAT), heat shock proteins (HSPs), early
light-inducible proteins (ELIPs), and the general adjustment of the primary metabolism
towards abiotic factors (i.e., high light, high temperature, rapid changes in salinity) in
seaweeds [40–45]. An overall trend was revealed by Collén et al. [43], who concluded
that abiotic stress initiated an increased expression of “stress key genes” (e.g., HSP and
ELIP genes), which appear together with decreased expression of energy protein synthesis-
related genes.

Along the rocky and stony shores of the Baltic Sea, the brown seaweed Fucus vesiculosus
L. forms biomass-rich belts and thereby founds the basis of a productive and structurally
complex community [46,47]. F. vesiculosus is a keystone species in shallow Baltic coastal
habitats, which are characterized by fluctuating environmental conditions, particularly
by annual and seasonal variations in pH (7.4–8.5) and temperature (<0 to 20/25 ◦C),
which are tolerated by perennial F. vesiculosus [48,49]. The formation and structure of the
F. vesiculosus ecosystem has been attributed to different abiotic factors and is maintained
by fine-tuned biotic interactions [49–52]. For example, F. vesiculosus populations seem to
severely suffer from environmental changes over the past decades, as reflected by their
decline in abundance and depth penetration along Baltic shores [53,54].

Baltic Sea surface temperature has warmed rapidly during recent decades and is
predicted to increase by 3–6 ◦C until 2100 [55]. Additionally, to this continuous warm-
ing trend, short-term extreme warming events known as “marine heat-waves” (sensu
Hobday et al. [56]) became also more frequent in this region [57]. The simultaneous rise
in pCO2 and the accompanying acidification of the brackish Baltic Sea is challenging to
forecast [58], but model simulations for the Baltic Proper projected a gradually decreasing
mean surface pH until the end of this century [59].

Thus, co-occurring changes of environmental variables such as warming and acidifica-
tion of the Baltic Sea may individually or interactively impact the antioxidative properties
of F. vesiculosus. Their effect on F. vesiculosus may differ seasonally, depending on, for
example, growth periods. The present study investigates single and joint effects of in-
creased seawater temperature (∆ + 5 ◦C) and pCO2 (1100 ppm) as predicted for shallow
shores until the end of this century in the Baltic Sea [58,60,61] on adult F. vesiculosus in
all four seasons. To simulate these specific global change scenarios, benthic mesocosms
(Kiel Outdoor Benthocosms (KOBs)) were used. Temperature and pCO2 elevation were
added on top of the natural fluctuations and variabilities of all abiotic factors present in the
KOBs [62]. We hypothesized that higher inorganic carbon availability under elevated pCO2
may decrease, but higher temperatures may enhance oxidative stress for F. vesiculosus.
Therefore, the antioxidative properties (SOD activity and lipid peroxidation), as well as
the sensitivity of F. vesiculosus photosynthetic performance (i.e., effective quantum yield)
to artificial oxidative stress resulting from exposure to H2O2 under these global change
scenarios, were examined for the first time.

2. Materials and Methods
2.1. Experimental Setup and Conditions in the Kiel Outdoor Benthocosms

The experiments were conducted in the Kiel Outdoor Benthocosm (KOB) infrastruc-
ture at GEOMAR in the inner Kiel Fjord (54◦20′ N; 10◦09′ E) (Figure 1). The detailed
technical description of the KOB infrastructure, the experimental setup, and observation,
can be found in Wahl et al. [62]. Briefly summarized, the KOB system is comprised of
12 tanks with a water volume of 1470 L and a flow-through of ca. 1800 L per day. The tanks
are completely autonomous experimental units covered with air-tight, transparent foils.
The natural weather and solar conditions affect the experimental units all year round. The
experimental units were filled with nonfiltered Kiel Fjord water taken in close vicinity to
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the KOB infrastructure and were moved by a circulation pump within the tank to achieve
water conditions comparable to the ambient conditions of the Kiel Fjord.
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Figure 1. Study area in the western part of the Baltic Sea, including the location of the sampling area
at Bülk as well as the position of the Kiel Outdoor Benthocosms in the Kiel Fjord, Germany.

Temperature and pCO2 can be monitored and controlled in each experimental unit.
Water temperature was continuously measured and automatically regulated by heat ex-
changers and internal heaters to an increase of 5 ◦C in the tanks (for technical details
see Wahl et al. [62]). Kiel Fjord water temperature shows a seasonal pattern typical for
temperate regions, reaching maximum temperatures (24–25 ◦C) during summer and min-
imum values (4.2 ◦C) in January (Table S1). Seawater pCO2 manipulation was realized
by the computer-controlled addition of pure CO2 into the covered atmosphere, sustaining
approximately 1100 ppm in the headspace above the experimental unit. A wave generator
in each experimental unit enhanced the diffusion of CO2 into the water. Key environmental
variables such as photosynthetically active radiation (German Weather Service), salinity
(GEOMAR), dissolved inorganic nitrogen (DIN) (State Agency for Agriculture, Environ-
ment and Rural Areas Schleswig-Holstein), total alkalinity (TA), and dissolved inorganic
carbon (DIC) were determined regularly (Tables S1 and S2, for more details see [62]). The
analyses of TA and DIC were proceeded according to Dickson et al. [63]. Water pCO2 of
the four different experimental treatments was calculated from the routine measures of TA,
DIC, pH, salinity, and temperature with the help of the CO2SYS Excel Macro sheet [64].

The Kiel Fjord pH was high (8.5) in spring/early summer and low (7.7) in au-
tumn/winter. The pH was measured in close vicinity to the inflow of Kiel Fjord water
for the supply of the KOBs. Carbonate chemistry parameters (pH on total scale, pCO2,
TA, and DIC) in the experimental units varied according to the four treatments and sea-
sons (Table S2). The general mean effect of CO2 increase from ambient (380–450 ppm)
to 1050–1100 ppm in the covered atmosphere above the experimental units decreased
the water pH by 0.18 ± 0.08 pH units (Figure S1). At PANGAEA® data platform (
https://doi.pangaea.de/10.1594/PANGAEA.842739) all abiotic variables measured during
the KOB experiments are available for each experimental unit.

https://doi.pangaea.de/10.1594/PANGAEA.842739
https://doi.pangaea.de/10.1594/PANGAEA.842739
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2.2. Treatments

The individual and interactive impacts of simulated warming and acidification on
antioxidative properties of F. vesiculosus were investigated using a fully crossed design.
Two temperatures (in situ Kiel Fjord temperature vs. elevated temperature ∆ + 5 ◦C)
and CO2 levels (ca. 400 ppm vs. ca. 1100 ppm) in four seasonal experiments were
used, resulting in four different treatments: (1) in situ Kiel Fjord temperature and pCO2
conditions (Ambient), (2) in situ Kiel Fjord temperature with elevated pCO2 (+CO2), (3) el-
evated temperature ∆ + 5 ◦C with in situ pCO2 (+Temp), and (4) elevated temperature
∆ + 5 ◦C with elevated pCO2 (+Temp +CO2). In the autonomous experimental units of
the KOB facility, each treatment was replicated three times. The consecutive KOB experi-
ments, each lasting for at least 10 weeks, were conducted in spring (4 April–19 June 2013),
summer (4 July–17 September 2013), autumn (10 October–18 December 2013), and winter
(16 January–1 April 2014).

2.3. Fucus vesiculosus Sampling and Response Variables

F. vesiculosus L. individuals were sampled seasonally for each experiment (spring:
2 April 2013; summer: 2 July 2013; autumn: 8 October 2013; winter: 14 January 2014) in the
atidal Kiel Fjord (Bülk), western Baltic Sea, Germany (54◦27′ N; 10◦11.5′ E) from a depth of
0.2–1 m (Figure 1). Here, F. vesiculosus specimens growing on their natural rock substrata
(10–15 cm in diameter) were randomly sampled, resulting in various sizes, growth forms,
and maturity levels. Adult F. vesiculosus individuals with a thallus length of >15 cm were
collected. After collection, F. vesiculosus individuals were placed in water-filled buckets,
transported to the KOB infrastructure, and tagged for later identification.

In each experimental unit of the KOB infrastructure, 20 individually labeled F. vesicu-
losus individuals attached to stones were set in plastic dishes (Ø = 14 cm, h = 4 cm) fixed to
a grating at 40 cm water depth, and they were stepwise acclimated to the final treatment
conditions by slowly raising the temperature and pCO2 levels over one week (for details
see Graiff et al. [65]).

Three F. vesiculosus specimens (15–25 cm long, 91 ± 30 total apices) of apparently
equal vigor were selected, and the response variables (antioxidative potential, SOD, and
MDA) were calculated as the average of these different individuals. The chosen individuals
were growing from one holdfast and were visually free of macroscopic epibionts. After
growing for at least 10 weeks under the four different treatments in every season, 2–3 cm
long vegetative apices were cut off and acclimatized for 24 h to low light conditions at the
respective water temperature for later detection of F. vesiculosus’ antioxidative potential
in the laboratory. To investigate the antioxidative properties (SOD activity and lipid
peroxidation) of F. vesiculosus individuals after growing under the four different treatments,
vegetative apices were cut off, cleaned, and freeze-dried in every season. Additionally, to
document the initial antioxidative status of F. vesiculosus growing in the Kiel Fjord, cleaned
vegetative apices of twelve F. vesiculosus specimens were freeze-dried for further analyses.

2.4. Assay for Detection of F. vesiculosus’ Antioxidative Potential

Photosynthetic performance (effective quantum yield) in actinic light of F. vesiculosus
grown under the different treatments in the KOBs was measured as an indicator for toler-
ance against oxidative stress in a short-term H2O2 exposure assay. Rising concentrations
(0–20 mM H2O2) were applied for 30 min in 20 mL transparent plastic vessels to investigate
the tolerance width of F. vesiculosus to high H2O2 stress, according to the approach of
Dummermuth et al. [12]. The physiological response patterns suggested that F. vesiculo-
sus tolerates natural H2O2 concentrations in seawater without problems. Subsequently,
the photosynthetic capacity of F. vesiculosus under artificial H2O2 stress was investigated
by measuring the variable chlorophyll-fluorescence of photosystem II (PS II). Effective
quantum yield (∆F/Fm′) of F. vesiculosus was measured via the variable chlorophyll a fluo-
rescence of PSII using a portable pulse amplitude modulated fluorometer (PAM 2000, Walz,
Effeltrich, Germany) as described by Hanelt et al. [66]. Effective quantum yield values of
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F. vesiculosus apices under control conditions were characteristic for individuals that were
not photosynthetically inhibited and set to 100%. All presented PAM data are expressed in
relation to a paired control value. A maximum effective quantum yield value of 0.75 was
found for F. vesiculosus, which is characteristic for unstressed and physiologically viable
brown algae.

2.5. Lipid Peroxidation, Superoxide Dismutase (SOD), and Protein Assay

The amount of malondialdehyde (MDA) equivalents, an indicator of lipid peroxi-
dation, was examined according to Hodges et al. [67]. Approximately 25 mg of freeze-
dried and powdered F. vesiculosus apical biomass were homogenized in 1 mL of 0.1% of
trichloroacetic acid (TCA) and centrifuged at 12,000× g for 10 min. The aliquot of 100 µL
supernatant was blended with 900 µL of 0.5% thiobarbituric acid (TBA) in 20% TCA and
incubated in a water bath at 95 ◦C for 30 min. The reaction was interrupted by cooling on
ice for 5 min, and samples were centrifuged at 10,000× g for 10 min at 25 ◦C. Absorbance
at 440, 532, and 600 nm was read in a spectrophotometer (Shimadzu UV-2401 PC, Kyoto,
Japan). The amount of MDA was calculated using a molar extinction coefficient for an MDA
of 0.157 × 106 M−1 cm−1 and corrected for soluble sugar complexes using the formulas by
Hodges et al. [67]. Results are expressed as nmol MDA g–1 dry mass.

An approximately 1–1.5 g dry biomass of vegetative F. vesiculosus apices was uti-
lized for SOD enzyme and protein assays. Samples were extracted with 15 mL N-[2-
hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid] (HEPES) extraction buffer (pH 7.4).
The supernatant was separated from the extract by centrifugation for 15 min at 50,000× g
at 4 ◦C. The supernatant was precipitated with ammonium sulfate and centrifuged for
10 min at 50,000× g at 4 ◦C. Finally, the pellets were resuspended in 1 mL HEPES buffer
(pH 7.4). SOD activity was analyzed in the extracts with the SOD Assay Kit-WST (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany) according to the manufacturer’s protocol
and extinction was measured at 450 nm. SOD activity in the extracts was determined
and computed by using an inhibition curve with pure commercial SOD (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany). Total soluble protein (TSP) was measured with the
DC Bradford Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the
manufacturer’s instructions. Extinction was measured at 595 nm and TSP was calculated
using a calibration curve prepared with commercial bovine serum albumin. Both assays
were prepared for and finally measured with a microplate spectrophotometer (SpectraMax
M2e, Molecular Devices, Biberach, Germany). Finally, SOD activity was expressed as units
per mg of total soluble protein (TSP). Measurements of MDA formation and SOD activity
were performed on triplicate samples.

2.6. Statistical Analyses

Before statistical analyses, all data were verified for normality with the Kolmogorov-
Smirnov test and for homogeneity with the Levene’s test and transformed, if necessary,
to comply with requirements. Statistically significant differences concerning the assay
for the detection of the antioxidative potential were examined by a one-way ANOVA,
followed by Tukey’s honest significant difference test (Tukey-HSD) to evaluate differences
to the paired control value for each treatment separately. Differences of the initial status
(MDA and SOD) of F. vesiculosus growing in its native habitat were assessed using one-way
ANOVAs for the different sampling seasons followed by post hoc Tukey-HSD for pairwise
comparisons. Differences in the MDA concentration and SOD activity of F. vesiculosus over
time were evaluated with repeated-measures analysis of variance (rm ANOVA), with the
within-subject factor time (day) and the between-subject factors pCO2 and temperature
used for each experiment. To assess the interactive effect of temperature and pCO2 on MDA
concentration and SOD activity at the end of every KOB experiment, two-way ANOVAs
were used with temperature and pCO2 as fixed factors. In addition, one-way ANOVAs
were executed at the end of every KOB experiment, followed by post hoc Tukey-HSD for
pairwise comparisons of the different treatments. The four KOB experiments cannot be
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statistically compared for seasonal differences because abiotic and biotic conditions were
too different. SPSS Statistics 22 (IBM, Armonk, NY, USA) was used for statistical analysis.

3. Results
3.1. Antioxidative Potential

Photosynthetic performance measured as effective quantum yield of Fucus vesiculosus
under short-term H2O2 stress was regarded as an indicator for its antioxidative potential.
In summer, at increased water temperatures (>26 ◦C), F. vesiculosus deceased, but during the
other seasons and treatments, F. vesiculosus tolerated up to 5 mM H2O2, resulting in high
effective quantum yields. The effective quantum yield of F. vesiculosus was significantly
reduced, but it was still above 50% of the control in 10 mM H2O2 (Figure 2). A 50–70%
reduction in effective quantum yield of F. vesiculosus at 20 mM was observed under all
treatments in spring, summer, and autumn. The reduction of the quantum yield was
stronger in spring and autumn compared to summer and winter. In winter, especially, the
quantum yield was only reduced by 30–40% under all treatments in 20 mM H2O2 (Figure 2).
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Figure 2. The effect of ascending H2O2 concentrations on effective quantum yield of Fucus vesiculo-
sus (expressed as % of the control) grown for three months under various temperature and pCO2

conditions during different seasons. Seasons: spring: 4 April–19 June 2013; summer: 4 July–17
September 2013; autumn: 10 October–18 December 2013; winter: 16 January–01 April 2014. Tem-
perature and pCO2 conditions: +Temp +CO2: elevated temperature ∆ + 5◦C with elevated pCO2;
+Temp: elevated temperature ∆ + 5 ◦C with in situ pCO2; +CO2: in situ Kiel Fjord temperature with
elevated pCO2; Ambient: in situ Kiel Fjord temperature and pCO2. Values are means ± SD (standard
deviation), n = 3. Effective quantum yield values of the controls were between 0.57 and 0.74 for all
F. vesiculosus apices. *, **: Significant differences in comparison to the paired control value at p < 0.05
and p < 0.001, respectively (Tukey-HSD). Cross (†) marks death of F. vesiculosus in summer under
simulated ocean warming.

3.2. Lipid Peroxidation

Lipid peroxidation was examined by measuring the concentration of the biochemical
marker malondialdehyde (MDA). MDA levels of all initial F. vesiculosus samples from
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its native habitat varied slightly but significantly over the course of one year (p < 0.05,
Tukey-HSD), with higher levels in April and January compared to July and October
(Figure 3). During spring, MDA content significantly increased by 20–40% among the
measurement dates and under elevated temperatures (Figure 3 and Table 1). During sum-
mer, a natural heat-wave increased the Kiel Fjord water temperature dramatically [62].
Thus, the water temperature under simulated ocean warming achieved maximum lev-
els (peak temperatures: 27–30 ◦C for 30 days) that surpassed the thermal tolerance of
F. vesiculosus (>26 ◦C, [68]). Therefore, simulated ocean warming in combination with a
summer heatwave led to a drastic dieback of the F. vesiculosus individuals and resulted
in significant differences between the measurement dates (Figure 3 and Table 1). MDA
content of F. vesiculosus at the end of the summer experiment was neither increased nor
decreased under elevated pCO2 (Figure 3). Levels of MDA increased significantly in F.
vesiculosus until the end of the autumn experiment under simulated ocean warming by
40% (Figure 3 and Table 1). In winter, the MDA content of F. vesiculosus almost doubled
during the experiment in the increased temperature treatments (Figure 3 and Table 1). This
effect of winter warming, resulting in higher MDA content in F. vesiculosus, was marginally
alleviated at increased pCO2 levels; however, this effect was not significant (Figure 3). The
MDA content found during the final sampling of F. vesiculosus in the winter experiment
revealed an interactive effect of temperature and pCO2 (two-way ANOVA, F = 6.450, df = 1,
p < 0.05).
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Figure 3. Malondialdehyde (MDA) concentration of initial Fucus vesiculosus growing in its native habi-
tat (n = 12) and at the end of the experiments (n = 3), with controlled temperature and pCO2 conditions
during different seasons. Seasons: spring: 4 April–19 June 2013; summer: 4 July–17 September 2013;
autumn: 10 October–18 December 2013; winter: 16 January–1 April 2014. Temperature and pCO2

conditions: +Temp +CO2: elevated temperature ∆ + 5 ◦C with elevated pCO2; +Temp: elevated
temperature ∆ + 5 ◦C with in situ pCO2; +CO2: in situ Kiel Fjord temperature with elevated pCO2;
Ambient: in situ Kiel Fjord temperature and pCO2. Values are means ± SD (standard deviation).
*: Significant effects of the tested factors revealed by the repeated-measure ANOVA are marked
with an asterisk for each season separately. Different uppercase (comparison of initial values) and
lowercase (comparison of final values between treatments) letters specify significant differences
(p < 0.05; Tukey-HSD, data were ln-transformed in order to meet assumptions of homogeneity of
variance). Cross (†) points to the death of F. vesiculosus in summer under simulated ocean warming.
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Table 1. Repeated-measures ANOVA outcome for temperature, CO2, and time effects on malon-
dialdehyde (MDA) concentration in Fucus vesiculosus during the different seasonal experiments
(n = 3). Seasons: spring: 4 April–19 June 2013; summer: 4 July–17 September 2013; autumn:
10 October–18 December 2013; winter: 16 January–1 April 2014. p-values < 0.05 are indicated by
bold type.

Source of Variation DF F-Value p-Value

(a) Spring

Temperature 1 1.078 0.33
CO2 1 0.188 0.68
Time 1 0.632 0.45

Temp × CO2 1 4.164 0.08
Temp × Time 1 5.712 0.04
CO2 × Time 1 0.536 0.49

Temp × CO2 × Time 1 0.264 0.62

(b) Summer

Temperature 1 20.979 0.002
CO2 1 1.548 0.25
Time 1 22.603 0.001

Temp × CO2 1 0.002 0.96
Temp × Time 1 22.663 0.001
CO2 × Time 1 0.059 0.81

Temp × CO2 × Time 1 2.944 0.13

(c) Autumn

Temperature 1 1.910 0.21
CO2 1 0.113 0.75
Time 1 24.796 0.002

Temp × CO2 1 0.717 0.43
Temp × Time 1 13.281 0.008
CO2 × Time 1 0.409 0.54

Temp × CO2 × Time 1 0.708 0.33

(d) Winter

Temperature 1 7.368 0.03
CO2 1 0.016 0.93
Time 1 17.644 0.003

Temp × CO2 1 3.047 0.12
Temp × Time 1 18.457 0.003
CO2 × Time 1 0.381 0.55

Temp × CO2 × Time 1 1.989 0.19

3.3. Superoxide Dismutase

Superoxide dismutase (SOD) activity of initial F. vesiculosus from its native habitat
was significantly higher in July than in April, but it was similar to October and January,
respectively (p < 0.05, Tukey’s test; Figure 4). During spring, the SOD activity increased
significantly among the measurement dates (Table 2). The activity of SOD was increased
under elevated CO2 conditions by 20% at the end of the spring experiment (two-way
ANOVA, F = 5.777, df = 1, p < 0.05). SOD activity was significantly decreased by temperature
and time under summer conditions, but it was not enhanced by increased pCO2 under
ambient temperatures (Figure 4 and Table 2). In autumn, the activity of SOD was not
different between the measurement dates under all treatments. However, in winter, SOD
activity increased significantly among measurement dates and under warming by 40–60%
(Table 2). Maximal SOD activity of 400–500 U SOD mg−1 TSP was reached in winter under
increased temperatures (Figure 4).
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Figure 4. Variations of superoxide dismutase (SOD) activities of initial Fucus vesiculosus growing in its native habitat
(n = 12) and at the end of the experiments (n = 3), with controlled temperature and pCO2 conditions over different seasons.
Seasons: spring: 4 April–19 June 2013; summer: 4 July–17 September 2013; autumn: 10 October–18 December 2013; winter:
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significant differences (p < 0.05; Tukey-HSD, data were ln-transformed in order to meet assumptions of homogeneity of
variance). Cross (†) points to the death of F. vesiculosus in summer under simulated ocean warming.

Table 2. Repeated-measures ANOVA outcome for temperature, CO2, and time effects on superoxide
dismutase (SOD) activity in Fucus vesiculosus during the different seasonal experiments (n = 3).
Seasons: spring: 4 April–19 June 2013; summer: 4 July–17 September 2013; autumn: 10 October–18
December 2013; winter: 16 January–1 April 2014. p-values < 0.05 are indicated by bold type.

Source of variation DF F-Value p-Value

(a) Spring

Temperature 1 1.078 0.33
CO2 1 0.188 0.68
Time 1 5.712 0.04

Temp × CO2 1 4.464 0.08
Temp × Time 1 0.632 0.45
CO2 × Time 1 0.536 0.49

Temp × CO2 × Time 1 0.264 0.62

(b) Summer

Temperature 1 13.536 0.006
CO2 1 0.583 0.47
Time 1 14.162 0.006

Temp × CO2 1 0.331 0.58
Temp × Time 1 3.284 0.11
CO2 × Time 1 1.332 0.28

Temp × CO2 × Time 1 0.914 0.37
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Table 2. Cont.

Source of variation DF F-Value p-Value

(c) Autumn

Temperature 1 2.070 0.19
CO2 1 0.028 0.87
Time 1 0.000 0.99

Temp × CO2 1 0.212 0.66
Temp × Time 1 0.090 0.77
CO2 × Time 1 0.019 0.89

Temp × CO2 × Time 1 0.014 0.91

(d) Winter

Temperature 1 9.983 0.01
CO2 1 0.012 0.92
Time 1 12.226 0.008

Temp × CO2 1 0.044 0.84
Temp × Time 1 4.919 0.06
CO2 × Time 1 0.897 0.371

Temp × CO2 × Time 1 0.470 0.512

4. Discussion

Fucus vesiculosus exhibited high and relatively constant photosynthetic performance
under artificial H2O2 stress. Thus, it is assumed that F. vesiculosus is equipped with a high
antioxidative potential to tolerate strong oxidative stress, for at least short periods. High
activities of SOD and a relatively low degree of lipid peroxidation (MDA concentration)
found in F. vesiculosus over a broad range of environmental conditions were in accordance
with the capability of this seaweed to endure high oxidative stress. Antioxidative properties
of F. vesiculosus were more strongly affected by increased temperature levels than by
acidification. Elevated temperature conditions significantly increased MDA concentration
in F. vesiculosus in all seasons. However, there is a tendency that increased pCO2 mitigated
the negative effect of elevated temperature conditions resulting in a slightly lower degree
of lipid peroxidation.

4.1. Seasonal Response Patterns against Oxidative Stress

Seaweeds modify local water chemistry due to their metabolic photosynthesis/respiration
cycles [69–73], and they have the potential to increase H2O2 concentrations in their habi-
tat [24]. The thallus of the green seaweed Ulva rigida excretes H2O2, which can produce
concentrations up to 4 µM in the experimental medium [74,75]. High concentrations of
H2O2, due to excretion by seaweeds, occur under defined conditions characterized by high
photosynthetic activity in areas with limited water exchange, where pH values can exceed
10 [76]. H2O2 accumulation is further supported by ultraviolet radiation (UV-B and UV-A),
especially when high concentrations of DOM and oxygen occur in shallow calm waters.
Thus, concentrations of H2O2 higher than 2 µM can be reached in microhabitats under
specific environmental conditions [29,30]. In the present study, particularly high concen-
trations (≤20 mM H2O2) were applied to examine the tolerance width of F. vesiculosus to
H2O2 stress, as the physiological response pattern of F. vesiculosus showed that natural
H2O2 concentrations in seawater were tolerated without problems. The photosynthetic
performance of F. vesiculosus, measured as effective quantum yield in actinic light, was used
as an indicator for tolerance against oxidative stress. Studies by Collén and Pedersén [75],
as well as by Dummermuth et al. [12], reported that measuring the in vivo fluorescence
of photosystem II is appropriate to investigate the relative antioxidative properties of
seaweeds. Short exposures to artificial H2O2 showed that the effective quantum yield of
F. vesiculosus was high and was maintained at 0.5 and 5 mM H2O2 in all seasons. There-
after, at 10 and 20 mM H2O2, the effective quantum yield of F. vesiculosus decreased by
40–70%, thus, these extremely high levels caused drastic reductions in photosynthetic
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rate. Dummermuth et al. [12] found a similar pattern and a high oxidative stress tolerance
of Arctic Fucus distichus under comparable H2O2 concentrations. In contrast, other red
algal and green algal seaweed species that were tested typically exhibited a pronounced
H2O2 sensitivity, as was reflected in the strong inhibition of effective quantum yield at
concentrations >0.5 mM [12]. At H2O2 concentrations higher than 1 mM, photosynthesis
of U. rigida was irreversibly reduced, and this reduction was probably caused by inhibition
or destruction of PS II [75]. Generally, oxidative stress-tolerant species such as F. vesiculosus
are characterized by an effective protection system against ROS. This high tolerance of
F. vesiculosus to H2O2 stress may be due to the accumulation of phenolic compounds such
as phlorotannins. Baltic F. vesiculosus contains relatively high amounts of phlorotannins
compared with other populations [77,78]. Phlorotannins from brown seaweeds generally
possess effective antioxidant characteristics [79,80]. Thus, for brown seaweeds, phlorotan-
nin allocation seems to act as a general stress protective feature towards various abiotic and
biotic drivers [17,81]. For instance, for Alaria esculenta, it was found that phlorotannin allo-
cation is a fast and cost-efficient mechanism for maintaining physiological functions under
highly variable abiotic conditions [81]. Additionally, the general gene expression pattern
found in response to different abiotic stressors underpin the high stress-tolerance of F. vesicu-
losus [44]. A constitutive high expression of stress-related genes (e.g., genes encoding for
SOD, APX, CAT, HSPs) seem to increase the physiological tolerance of Saccharina latissima
to abiotic stresses [42]. The increased expression of HSPs, especially, seem to play a key
role in maintaining cellular homeostasis, stabilizing membranes and proteins under abiotic
stress [6]. Similar mechanisms in F. vesiculosus may also facilitate a fast acclimation in a
highly variable environment in the shallow coastal zone.

In the present study, oxidative stress was investigated directly by rises in the biomarker
for lipid peroxidation (MDA) and indirectly by increasing antioxidant enzyme activities
(SOD). The formation of MDA is related to intense oxidative stress that leads to cell
impairment, resulting in the degradation of polyunsaturated lipids [16]. The degree of
lipid peroxidation in Baltic F. vesiculosus peaked in April, when SOD activity (U mg−1 TSP)
was lowest. This may indicate emerging oxidative stress in spring when the annual growth
of F. vesiculosus commences and temperature, as well as irradiance, levels increase naturally.
In general, MDA levels measured in F. vesiculosus in the present study were just less than
half compared to Posidonia oceanica leaves [82]. Costa et al. [82] associated these high MDA
levels with the oxidative stress of P. oceanica even under control conditions. High MDA
levels were also found by Silva et al. [83] for other seagrass species (Zostera marina and
Cymodocea nodosa), which were related to photorespiration, Mehler reaction, and cellular
respiration, as well as the production of ROS. Thus, low MDA levels found in F. vesiculosus
also point to an efficient ROS scavenging machinery and/or to a general stress protective
feature such as the allocation of phlorotannins to prevent oxidative stress. Moreover, in
stress-tolerant Fucus species (F. spiralis, F. distichus, F. vesiculosus) from the upper littoral
zone, lipid peroxidation and reactive oxygen production connected to stressful conditions
(e.g., desiccation, freezing, and high irradiances) seem to be generally low compared to
more sensitive seaweed species that inhabit deeper littoral zones [10,36,84–86]. Low MDA
levels in stressed seaweeds may also result from defensive non-enzymatic antioxidants such
as different low-molecular-weight compounds (i.e., glutathione, ascorbate, carotenoids)
that protect the photosynthetic apparatus from photodamage (reviewed by Mallick and
Mohn [87], Rezayian et al. [88]). In the present study, these compounds were not analyzed
and, thus, it is not possible to omit their contribution to the antioxidant defense system of
F. vesiculosus. However, for fucoids, Collén and Davison [36] found that reactive oxygen
scavenging enzymes are the major factor determining tolerance against oxidative stress.

Activity of the antioxidative enzyme SOD in F. vesiculosus was similar to that reported
by other authors, such as Arctic F. distichus [11]. The high activities of SOD in F. vesiculosus
are in accordance with the capability of this seaweed to resist oxidative stress. SOD activity
(U mg−1 TSP) of F. vesiculosus apices showed a seasonal pattern that had the highest
values in July in comparison to April, but it was similar to October and January. This
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pattern of SOD activity is related to the seasonally varying protein concentration, which
was highest in April and lowest in July, followed by an increase from autumn to early
spring (Table S3). Nitrogen in F. vesiculosus tracked the dissolved inorganic nitrogen (DIN)
concentration in the Kiel Fjord water (Table S1) but mostly with a temporal delay. Then,
nitrogen reserves, accumulated during the winter months, were fueled into growth during
April to June [65,89–91]. However, the activities of the measured SOD in terms of U g−1 DM
(Table S3) showed a different seasonal pattern. Using dry matter as a reference parameter,
SOD activity was higher in F. vesiculosus apices sampled in “cold” months (i.e., mean
Kiel Fjord water temperatures less than 8.5 ◦C; April and January) compared to “warm”
months (i.e., mean Kiel Fjord water temperatures greater than 13 ◦C; July and October).
Comparable up- and down-regulation in SOD activities resulting in seasonal patterns have
been reported for different seaweed species [10,92]. Antioxidative enzymes (e.g., APX,
CAT and SOD) seem to be under photoperiodic control in seaweeds [37], resulting in the
highest enzyme activities in winter [84]. Temperate seaweeds seem to maintain higher
enzyme activities during winter, presumably, to be equipped for rapidly rising irradiances
in spring accompanied with oxidative stress. The overall pattern of seasonal alterations in
antioxidative properties in F. vesiculosus suggests that temperature as well as light are the
key factors for acclimatization and regulation of ROS metabolism [10].

4.2. Antioxidative Properties under Ocean Warming and Acidification

Alterations of the climate in the Baltic Sea area forecasted for the end of this century
include a constant warming of surface waters by 3–6 ◦C, with seasonal and diurnal differ-
ences [55]. Changing temperatures impact the photosynthesis and respiration of seaweeds
immediately and thereby induce the formation of ROS. Under increasing temperatures,
the production of ROS is stimulated, and the antioxidant defense mechanisms will be
activated to protect the seaweeds from oxidative damage [14]. Thus, metabolic pathways
may acclimate to temperature changes. Elevated temperature conditions significantly in-
creased MDA concentration in F. vesiculosus in spring, autumn, and winter, pointing to lipid
peroxidation due to oxidative stress. During summer, under naturally increasing water
temperatures and irradiances especially, a high photosynthetic activity of seaweeds also
generates high concentrations of oxygen that may increase oxidative stress. However, ROS
metabolism and photosynthesis are not directly related. While oxygen generates damaging
ROS, it can also produce additional ATP through pseudocyclic photo-phosphorylation
and the Mehler reaction [93]. Under excessive light and high temperature conditions, a
strong down-regulation of several metabolic processes (e.g., photosynthesis, carbohydrate
metabolism) and enhanced expression of ROS scavengers were detected for S. latissima by a
transcriptomic analysis [45]. Heinrich et al. [45] emphasized that the harmful combination
of high temperatures with high photon fluence rates caused the strongest response of
S. latissima leading to an upregulation of programmed cell death related genes. During the
summer experiment, F. vesiculosus individuals died as temperatures rose beyond a critical
thermal threshold (>26 ◦C; [68]) for this species in the western Baltic Sea because a natural
heat-wave intensified the elevated temperature conditions.

In summer, F. vesiculosus populations seem to be already threatened to decline or
even completely disappear from the shallow habitats of the Baltic coast. Contrastingly,
in winter, the duration of advantageous temperatures for F. vesiculosus growth may be
prolonged due to warming [60]. Thus, Bartsch et al. [94] hypothesized that mild winter
temperatures may be beneficial for the overall physiological performance of seaweeds.
However, during the winter experiment, elevated temperatures increased the degree of
lipid peroxidation and SOD activity significantly, indicating intensified oxidative stress
for F. vesiculosus. The observed negative effect of experimental winter warming on overall
F. vesiculosus performance [65,95,96] appeared contradictorily, as the experimental warm-
ing elevated temperatures from ambient 4–7 ◦C to 8–12 ◦C (December to January) and
thus towards the optimal temperature range for F. vesiculosus growth in the western Baltic
Sea (15–20 ◦C, [68]). These conflicting results might be explained by the energy imbal-
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ance between restricted photosynthesis at low-light winter conditions and acceleration of
metabolic activity at elevated winter temperatures [97]. This energetic imbalance at the
elevated winter temperature might then be enhanced by an increased production of ROS in
F. vesiculosus, requiring biosynthesis of antioxidative enzymes indicated by increasing SOD
activity. This additional energy investment in the biosynthesis of antioxidative enzymes
may finally cause a reduction in photosynthetic carbon gain and growth of F. vesiculosus
under elevated winter temperatures [65,96].

To our knowledge, there are only very few studies dealing with the effect of CO2-
induced acidification of seawater on the antioxidative potential of micro- and macroalgae.
Acidification increased the MDA content of a diatom (Thalassiosira weissflogii) and a brown
seaweed species (Sargassum vulgare), indicating that membrane lipid peroxidation was en-
hanced [98,99]. Additionally, the induction of SOD in S. vulgare under acidified conditions
points to its major role in preventing ·O2

− overproduction. Kumar et al. [99] found, for
S. vulgare, a higher energy metabolism after exposure to low pH conditions at volcanic CO2
vents. The study by Iñiguez et al. [100] revealed on the molecular level that CO2 enrichment
induced only very few transcriptomic changes (e.g., induction of transcripts coding for
RuBisCO rbcL) in the brown seaweed Desmarestia anceps. In spring, SOD activity in F. vesicu-
losus was significantly increased under elevated pCO2 conditions. However, F. vesiculosus
did not exhibit enhanced MDA concentrations under increased pCO2 conditions, leading
to the assumption that the formation of ROS was not induced or the antioxidant defense
system of F. vesiculosus was quite effective in preventing lipid peroxidation. The absence of
significant impacts of experimental acidification on F. vesiculosus antioxidative properties
in this study might be explained by the fact that Kiel Fjord F. vesiculosus is well adapted
to a high and intensely varying pCO2 and pH environment due to stochastic upwelling
events in its natural habitat [101–103].

For the first time, this study presented novel details that investigated the joint impact
of ocean warming and acidification on the seasonal regulation of the antioxidative potential
of F. vesiculosus. Experimental ocean warming and acidification had no effect on the relative
antioxidative potential of F. vesiculosus under short-term artificial H2O2 stress. During
spring, autumn, and winter, higher inorganic carbon availability under elevated pCO2
seemed to mitigate the negative effect of elevated temperature conditions, resulting in a
slightly lower degree of lipid peroxidation compared to warming alone. It was indicated
that F. vesiculosus exhibited a more effective protection mechanism by maintaining higher
SOD activity under joint warming and acidification. Thus, a higher allocation of resources
to antioxidative enzymes under joint elevated temperature and pCO2 levels might result in
a higher antioxidative activity and a lower MDA concentration in F. vesiculosus compared
to elevated temperature levels alone.

5. Conclusions

This study shows that reactive oxygen metabolism plays an important role in the stress
tolerance of F. vesiculosus under the simulated global change scenarios. Properties of the
antioxidative defense system of F. vesiculosus against ROS were regulated seasonally. The
oxidative stress was enhanced in F. vesiculosus under warming but seemed to be modulated
by seasonally varying environmental conditions (e.g., high and low irradiances) and pCO2
levels. During summer, the impacts of predicted warming on F. vesiculosus will be most
severe, as indicated by the present study and Wahl et al. [104]. The projected co-occurring
increase in seawater temperatures and pCO2 will probably have beneficial impacts in
spring, autumn, and winter on F. vesiculosus, as indicated by antioxidative properties (this
study), photo-physiological performance [96], growth [65], and fertility [95]. Thus, at
tested joint warming and acidification, F. vesiculosus populations may slightly benefit in
distinct seasons, thereby supporting an improved start into the next period of growth.
However, the occurrence and intensity of marine heatwaves during summer, reaching
lethal temperatures, may restrict F. vesiculosus population’s persistence in the shallow
coastal area of the Baltic Sea.
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