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Tjärnö Marine Laboratory, Department of Marine Sciences, University of Gothenburg, Gothenburg, Sweden

Climate change leads to multiple effects caused by simultaneous shifts in several
physical factors which will interact with species and ecosystems in complex ways.
In marine systems the effects of climate change include altered salinity, increased
temperature, and elevated pCO2 which are currently affecting and will continue to affect
marine species and ecosystems. Seaweeds are primary producers and foundation
species in coastal ecosystems, which are particularly vulnerable to climate change. The
brown seaweed Fucus vesiculosus (bladderwrack) is an important foundation species in
nearshore ecosystems throughout its natural range in the North Atlantic Ocean and the
Baltic Sea. This study investigates how individual and interactive effects of temperature,
salinity, and pCO2 affect F. vesiculosus, using a fully crossed experimental design. We
assessed the effects on F. vesiculosus in terms of growth, biochemical composition
(phlorotannin content, C:N ratio, and ∂13C), and susceptibility to the specialized grazer
Littorina obtusata. We observed that elevated pCO2 had a positive effect on seaweed
growth in ambient temperature, but not in elevated temperature, while growth increased
in low salinity at ambient but not high temperature, regardless of pCO2-level. In parallel to
the statistically significant, but relatively small, positive effects on F. vesiculosus growth,
we found that the seaweeds became much more susceptible to grazing in elevated
pCO2 and reduced salinity, regardless of temperature. Furthermore, the ability of the
seaweeds to induce chemical defenses (phlorotannins) was strongly reduced by all the
climate stressors. Seaweeds exposed to ambient conditions more than doubled their
phlorotannin content in the presence of grazers, while seaweeds exposed to any single
or combined stress conditions showed only minor increases in phlorotannin content, or
none at all. Despite the minor positive effects on seaweed growth, the results of this
study imply that climate change can strongly affect the ability of fucoid seaweeds to
induce chemical defenses and increase their susceptibility to grazers. This will likely lead
to widespread consequences under future climate conditions, considering the important
role of F. vesiculosus and other fucoids in many coastal ecosystems.

Keywords: ocean acidification, warming, freshening, salinity, temperature, Fucus vesiculosus, grazers,
macroalgae
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INTRODUCTION

The complex effects of climate change generate significant stress
that is currently affecting and will continue to affect marine
ecosystems in the future (Teagle and Smale, 2018). When CO2
and other greenhouse gases accumulate in the atmosphere due to
anthropogenic activity, they capture infrared radiation, resulting
in increased air and water temperature globally. This has caused
a 0.1◦C increase in mean sea surface temperature per decade
during the last 40 years (Taboada and Anadón, 2012) and
temperatures are projected to continue to rise 2–5◦C by the end of
this century (IPCC, 2013). Changes in global temperature are also
predicted to alter evaporation and increase precipitation, with the
net effect of decreasing salinity in coastal areas (Jenkins, 1999;
Wentz et al., 2007). This has already occurred, for example in
the Baltic Sea where the salinity in surface water has decreased
by –0.005 to –0.014 psu per year from 1982 to 2016 (Liblik
and Lips, 2019) and is projected to decrease by 4 psu at the
entrance to the Baltic Sea before the end of the century (Eilola
et al., 2009; Kinnby et al., 2020). Furthermore, the Baltic Sea
area has already experienced a documented abnormal increase
in temperature which averages 0.5–1◦C per decade (HELCOM,
2013). Additionally, approximately 30% of the carbon emitted
into the atmosphere is absorbed by the ocean (Sabine et al.,
2004). When CO2 dissolves in saltwater, the carbonate system of
the seawater is altered, resulting in a decrease in pH known as
ocean acidification (Sabine et al., 2004) and also increasing the
carbon availability for primary production. Atmospheric CO2-
concentrations have increased from pre-industrial average of 280
µatm to approximately 400 µatm and are predicted to reach
1,000 µatm by the end of this century, with a corresponding
decrease of 0.14–0.35 units in mean ocean pH (Cornwall and
Hurd, 2016). Taken together, changes to these three factors—
temperature, salinity, and pCO2—represent the most powerful
climate change related effects on marine systems (Solomon,
2007) and are fundamental to oceanic organisms and ecosystems
(Harley et al., 2006; Takolander et al., 2017).

The co-occurring changes of multiple environmental variables
may lead to additive or synergistic interactive effects on marine
nearshore ecosystems under future climate change scenarios.
Seaweeds are primary producers and foundation species in
these coastal ecosystems, which are systems that are particularly
vulnerable to climate change (Harley et al., 2006; Levitus et al.,
2009). Several recent studies have investigated the interactive
effects of climate change stressors on seaweeds, and the most
commonly combined climate stressors are increased temperature
and pCO2 (e.g., Olischläger and Wiencke, 2013; Kram et al.,
2016; Mensch et al., 2016; Celis-Plá et al., 2017; Johnson
et al., 2017; Roth-Schulze et al., 2018). In general, these studies
show that the effect of increased temperature on growth vary
from positive (Olischläger and Wiencke, 2013; Roth-Schulze
et al., 2018), to neutral (Kram et al., 2016; Celis-Plá et al.,
2017; Johnson et al., 2017), or negative (Kram et al., 2016;
Mensch et al., 2016). Increased pCO2 may alleviate the negative
effect of low or high temperature (i.e., an interactive effect;
Olischläger and Wiencke, 2013; Kram et al., 2016; Roth-
Schulze et al., 2018) or has a general positive effect on growth

(Mensch et al., 2016; Celis-Plá et al., 2017; Johnson et al., 2017).
The effect of increased temperature combined with decreased
salinity on seaweed growth show either a general negative effect
of increased temperature and no effect of salinity (Takolander
et al., 2017), or general positive effect of temperature and
a negative effect of salinity (Monteiro et al., 2021). Taken
together, results from factorial experiments combining two
different climate stressors show variable results (maybe with
the exception that elevated pCO2 is generally positive for
seaweed growth). While experiments combining two climate
stressors remain valuable, there are to our knowledge no previous
studies on seaweeds that have simultaneously investigated
effects of predicted increases in both temperature and pCO2,
simultaneously with a decrease in salinity.

The seaweed Fucus vesiculosus (bladderwrack) is a foundation
species in nearshore ecosystems throughout its natural range in
the North Atlantic Ocean, and it is the only fucoid that has
colonized almost the entire Baltic Sea (Bergström et al., 2005;
Lima et al., 2007). It provides habitat and food for invertebrates,
fish, and other algal species in rocky intertidal areas in both
sheltered and exposed rocky shorelines (Bergström et al., 2005;
Forslund and Kautsky, 2013). Evidence from previous studies
show that changes to a single environmental factor can have
negative (reduced salinity, Nygård and Dring, 2008; Connan
and Stengel, 2011a; increased temperature, Mensch et al., 2016)
or positive (reduced salinity, Rugiu et al., 2018; Kinnby et al.,
2021) effect on growth. Changes to multiple climate factors can
cause tissue necrosis (reduced salinity and increased temperature,
Takolander et al., 2017), reduce growth (reduced salinity and
increased temperature, Rugiu et al., 2018) or mitigate the
effects of changes to a single variable (increased temperature
and elevated pCO2, Mensch et al., 2016). Moreover, growth
responses to climate change have also been observed to vary over
small geographic areas (Kinnby et al., 2020) and over seasons
(Wahl et al., 2020).

Changes to climate variables can also affect the biochemical
composition such as the ratio of carbon to nitrogen in tissue (C:N
ratio), the isotopic signature of carbon in the tissue (∂13C), and
secondary metabolites such as phlorotannins. Changes to the C:N
ratio could affect the nutritional value and thus the attraction of
grazers (Takolander et al., 2019). Phlorotannins are a group of
polyphenolic metabolites that can occur in high concentrations
in brown seaweeds, especially in fucoids. These compounds have
several functions, including UV protection and chemical defense
against grazers (Pavia et al., 1997; Toth and Pavia, 2007), and
have been experimentally shown in F. vesiculosus to decrease
when exposed to lower salinity (Connan and Stengel, 2011b;
Kinnby et al., 2020) and elevated pCO2 (Kinnby et al., 2021).
Climate change induced alterations in chemical defenses and
overall biochemical composition of seaweed biomass can have
consequences for ecological interactions such as grazing pressure
on the seaweeds. In a recent study it was shown that the
palatability of F. vesiculosuswas reduced under warming and even
more under the combined effects of warming and acidification
(Raddatz et al., 2017).

This study investigates individual and interactive effects of
changes in temperature, salinity, and pCO2 on F. vesiculosus,

Frontiers in Marine Science | www.frontiersin.org 2 June 2021 | Volume 8 | Article 688406

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-688406 June 11, 2021 Time: 17:20 # 3

Kinnby et al. Increased Seaweed Susceptibility to Grazers

using a fully crossed experimental design. By exposing seaweeds
to the projected changes in average salinity, temperature, and
pCO2 in the study area (–4 psu, +5◦C, and +700 µatm; Eilola
et al., 2009; Solomon, 2007; Cornwall and Hurd, 2016; Kinnby
et al., 2020) by year 2100 we assess the effects on growth
of F. vesiculosus, measured as area, biochemical composition
(tissue phlorotannin content, C:N ratio, and ∂13C), as well
as the susceptibility of the seaweed to a common grazer,
the snail Littorina obtusata. We hypothesize that these three
climate change factors will affect growth of the seaweeds, more
specifically that we would see an enhanced growth under elevated
pCO2 but also that there would be antagonistic effects from
different combinations of these climate variables. Furthermore,
we hypothesize that the tissue C:N ratio will increase and
∂13C values will decrease as seaweeds transition from active to
passive carbon uptake, which is expected under elevated pCO2
conditions. Finally, we hypothesize that phlorotannin content
of the seaweeds will decrease under projected climate change
conditions resulting in a higher susceptibility to grazing.

MATERIALS AND METHODS

Sampling and Experimental Set-Up
Eighty individuals of F. vesiculosus were scraped off of their
substrate and collected on the Swedish west coast near
Tjärnö Marine Laboratory (TML, 58◦52′36.4′′N 11◦6′42.84′′E).
Individuals weighed on average 11.5 g (± 0.6, 95% CI) and were
kept under ambient salinity, temperature, and pCO2 conditions
(Table 1) in flow-through seawater (0.3 L/min) for 7 days. After
this acclimation period the seaweeds were randomly assigned
to their individual experimental tanks (i.e., 1 individual/1 L
tank). Salinity treatments were either “control” (23 ± 1 psu)
using ambient surface salinity, or “experimental” (19 ± 1
psu). Temperature treatments were either “control” (15◦C)
using ambient surface water temperature, or “experimental”
(20◦C). To obtain lower salinity the flow-through seawater was
diluted with freshwater, and the temperature was increased using
submersible heaters. Experimental pCO2 treatments were aerated
with control (400 µatm) or treatment (1,100 µatm) air which was
regulated using solenoid valves and pH computers (Aqua Medic)

TABLE 1 | Carbonate chemistry parameters of the eight experimental treatments.

Variable Ambient Manipulated

Temperature (◦C) 14.8 ± 0.9 19.8 ± 0.9

Salinity (psu) 23.5 ± 1.5 19.5 ± 1.5

pCO2 (µatm) 406 ± 16 1139 ± 41

pHNBS 8.05 ± 0.04 7.65 ± 0.03

pHT 8.1 7.66

AT (µmolkg−1) 2063 1950

Temperature, salinity, pCO2, and pHNBS were measured. Total alkalinity was
estimated using long-term salinity:alkalinity relationship data for the location of the
experiment (r = 0.94) and pHT was calculated from the temperature, salinity, pCO2,
and total alkalinity using CO2calc. Values are averages ± SD for ambient levels as
well as the average ± SD across all the manipulated treatments, n = 4,120 for
temperature and salinity, n = 30 for pCO2 and pHNBS.

(Kinnby et al., 2021). The pCO2 was monitored using a LI-850
CO2/H2O gas analyzer (Li-Cor). The CO2 analyzer was calibrated
with custom mixed gas, 970 ppm (Linde Gas AB, Sweden).
Temperature, salinity, pHNBS, and pCO2 were all measured in
the experimental tanks. The pH was recorded using HANNA
instruments pH electrode HALO probe (HI-1102) calibrated with
NBS pH 4.01, 7.01, and 10.01 standards (HANNA instruments)
before each measurement. Total alkalinity was estimated from
salinity using long-term salinity:alkalinity relationship data for
Tjärnö (r = 0.94; data obtained from Swedish Meteorological
and Hydrological Institute)1 (Eriander et al., 2016) and pHT
was calculated from the temperature, salinity, pCO2, and total
alkalinity using CO2calc (Robbins et al., 2010; Table 1). All
experimental treatments were fully crossed in an orthogonal
design, i.e., seven treatments and one ambient control, with 10
replicates per treatment. The growth experiment ran for 7 weeks,
followed by a 2-week long grazing experiment using the same
seaweed individuals to investigate the susceptibility to grazing
following the various treatments.

Seaweed Growth
Each algal thallus was weighed and photographed at the
beginning and at the end of the experiment. Growth was assessed
as percent increase in the thallus area from the photographs
analyzed in ImageJ (Schneider et al., 2012) and as percent
increase in wet weight during the experiment. The results for
both area and weight were quantitatively similar and so only
area is presented.

Grazing Experiment
The susceptibility to grazing of the F. vesiculosus thalli grown
in the different treatments was measured in feeding trials using
the specialist grazer Littorina obtusata. The feeding experiment
was performed using a total of 160 containers (200 ml) with
constant seawater flow from the treatments. Five individuals of
L. obtusata were placed in half of the containers. To control
for autogenic changes in mass (growth) during the experiment
that was not caused by the grazing of the snails, each container
with seaweed pieces and herbivores was paired with a control
container without herbivores containing a piece of thallus from
the same individual of seaweed (n = 10). The wet weight of all
seaweed pieces was determined at the start and at the end of the
14-day long experiment by using a standard blotting procedure,
and the wet-weight change of each seaweed piece was calculated
by subtracting the weight at the end of the experiment from the
starting weight. The herbivore consumption of seaweeds exposed
to different treatments was determined by subtracting the weight
change in the autogenic control containers from the wet weight
change of the grazed seaweeds.

Biochemical Composition
Following the grazing experiment all seaweeds were frozen at
–60◦C. Newly grown seaweed tissue from apical tips was used for

1https://www.smhi.se/data/oceanografi/datavardskap-oceanografi-och-
marinbiologi/sharkweb
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all biochemical analyses. The frozen tissue was lyophilized and
homogenized to a fine powder.

Samples for elemental analysis (2–3 mg/sample) were sent to
the Stable Isotope Facility at University of California Davis for
analysis. C:N ratio and ∂13C were analyzed using an elemental
analyzer interfaced to a continuous flow isotope ratio mass
spectrometer (IRMS).

For phlorotannin analysis, seaweed powder was extracted in
70% acetone. The total phlorotannin content was quantified
colorimetrically using the Folin-Ciocalteu method (van Alstyne,
1995), with phloroglucinol (1,3,5-trihydroxybenzene, art. 7069;
Merck, Darmstadt, Germany) as a standard. The apical tissue
used in the consumption experiment, i.e., both grazed and
ungrazed tissue, was analyzed separately for phlorotannin
content. An increase in phlorotannin content in grazed compared
to ungrazed tissue of the same individual indicates an induced
chemical defense as a result of grazing. The difference in
phlorotannin content is presented as% dw (dry weight).

Statistical Analysis
The main and interactive effects of the three factors (temperature,
salinity, and pCO2) on growth measured as area and weight, C:N
ratio, ∂13C, difference in phlorotannin content between grazed
and ungrazed tissue, as well as susceptibility to grazing were
examined using three-way ANOVAs with temperature (2 levels),
salinity (2 levels), and pCO2 (2 levels) as fixed, orthogonal factors.
Before analysis the assumptions of normality and homogeneity
of variance were visually checked with Q-Q plots and data
were log-transformed when required (i.e., growth data for area
and weight). Significant differences between means were further
analyzed post-hoc with SNK-tests (Student-Newman-Keuls test).
All analyses were performed in RStudio (version 1.3.1093).

RESULTS

Seaweed Growth
The three-way ANOVA showed that there was a main effect
of salinity as well as an interaction between temperature and

pCO2 on growth measured as area (Table 2 and Figures 1A,B).
At ambient temperature seaweed individuals grew significantly
more under elevated pCO2 than at ambient pCO2 (SNK,
p < 0.05), however exposure to increased temperature mitigated
this effect under elevated pCO2 (Table 2 and Figure 1A).
Individuals of seaweeds exposed to lowered salinity grew more
than individuals grown in ambient salinity (SNK, p < 0.05;
Table 2 and Figure 1B). Although the effects of climate factors
on growth variables were statistically significant, the magnitude
of the changes was small.

Susceptibility of F. vesiculosus to
Littorina obtusata
Statistical analysis of consumption data from the grazing
experiment showed that there was a significant interaction
between salinity and pCO2. The SNK-tests showed that at
ambient pCO2 the seaweeds grown in low salinity became
83% more susceptible to grazing compared to ambient salinity
(Table 2 and Figure 2). Moreover, when exposed to elevated
pCO2 seaweeds in ambient salinity became 74% more susceptible
to grazing by L. obtusata (Table 2 and Figure 2).

Biochemical Composition
We found no statistically significant effect of any of the climate
factors on C:N ratio, which was on average 21.2 between/overall
treatments (Table 3). However, we found main effects of pCO2
and salinity on ∂13C values (Table 3). There was a shift
in ∂13C value from an average of –15.8 (±0.6, 95% CI) to
–17.9 (±0.7, 95% CI) in seaweeds grown in ambient compared
to elevated pCO2 conditions, and from an average of –15.6
(±0.5, 95% CI) to –18.1 (±0.7, 95% CI) in seaweeds grown in
ambient compared to low salinity.

Analysis of the difference in phlorotannin content between
grazed and ungrazed tissue (from the same individual) of
seaweeds showed that there was a statistically significant three-
way interaction between salinity, temperature, and pCO2 (Table 3
and Figure 3). In the seaweeds grown under ambient conditions
we found the most pronounced change in phlorotannin content,
with an increase from 3.5% dw (± 0.5, 95%CI) in ungrazed

TABLE 2 | Summary of effects of temperature (ambient and high), salinity (ambient and low), and pCO2 (ambient and elevated) for growth on Fucus vesiculosus and
susceptibility to Littorina obtusata.

Growth (area%) Susceptibility

Source of variation df Mean sq F-value p-value Mean sq F-value p-value

Temperature (T) 1 0.000357 0.171 0.680 0.303 0.32 0.576

Salinity (S) 1 0.0285 13.646 0.0004 1.991 2.08 0.154

pCO2 1 0.011 5.061 0.0275 1.09 1.14 0.290

T*S 1 0.000149 0.071 0.790 1.311 1.37 0.246

T*pCO2 1 0.019 9.052 0.004 1.201 1.25 0.267

S*pCO2 1 0.00728 3.489 0.0659 4.077 4.25 0.043

T*S*pCO2 1 0.00334 1.602 0.210 0.056 0.059 0.809

Residual 72 0.00209 0.959

P-values and corresponding F-values, mean squares, and degrees of freedom of 3-way ANOVAs reported for the analyses of all response variables. Values in bold denote
statistically significant values. *Indicates an interaction between manipulated climate variables.
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FIGURE 1 | Effects on growth measured as area in Fucus vesiculosus
exposed to different levels of temperature (ambient and high, A), salinity
(ambient and low, B), and pCO2 (ambient and elevated) as fixed orthogonal
factors. Letters denote statistically significant post-hoc groupings (SNK
post-hoc test, p < 0.05). Values are means ± 95% CI, n = 20. Letters are
missing in (B) because the interaction term was not statistically significant in
the ANOVA (p = 0.066).

FIGURE 2 | Susceptibility, measured as consumption, of Fucus vesiculosus to
Littorina obtusata after exposure to different levels of temperature (ambient
and high), salinity (ambient and low), and pCO2 (ambient and elevated) as
fixed, orthogonal factors. Letters denote statistically significant post-hoc
groupings (SNK post-hoc test, p < 0.05). Values are means ± 95% CI, n = 20.

tissue to 8.0% dw (±2.4, 95% CI) in grazed tissue. None of
the other treatments, showed the same increase in phlorotannin
content after grazing (Figure 3, Supplementary Table 1, and
Supplementary Figure 1). The difference in phlorotannin
content between grazed and ungrazed tissue was 39–61% lower
in all the treated seaweeds compared to seaweeds exposed to

ambient conditions (Figure 3, Supplementary Table 1, and
Supplementary Figure 1).

DISCUSSION

We found both individual and combined effects of changes in
temperature, salinity, and pCO2 on Fucus vesiculosus growth,
biochemical composition, and susceptibility to grazing by one
of its most important grazers, the snail Littorina obtusata.
Although the effects on F. vesiculosus growth were small,
there were statistically significant interaction effects. Overall, the
effects of increased pCO2 and decreased salinity on seaweed
growth were positive, but increased temperature counteracted
the positive effect of pCO2. In parallel, increased pCO2 and
decreased salinity caused a strong reduction in the seaweeds’
ability to induce chemical defenses (phlorotannins), and greatly
increased the susceptibility to grazing. Together, these results
imply that climate change may lead to a future net decline in
habitat-forming F. vesiculosus populations, which may have large
negative consequences on associated organisms that depend on
this habitat forming species for shelter and food.

The treatment levels in our experiments followed the
projected changes in salinity, temperature and pCO2 in the study
area (–4 psu, +5◦C, and +700 µatm) due to climate change by
the end of this century (Eilola et al., 2009; IPCC, 2013; Cornwall
and Hurd, 2016; Kinnby et al., 2020). In the grazing experiment
with L. obtusata, we found that F. vesiculosus individuals exposed
to reduced salinity and elevated pCO2 became significantly more
susceptible to grazing, regardless of temperature. In one of
the few other studies on the effects of climate change on the
grazing susceptibility in fucoids, Raddatz et al. (2017) found
that the susceptibility of F. vesiculosus showed a tendency to
become less palatable to the crustacean grazer Idotea baltica
when exposed to warming in summer, but not in other seasons.
As recognized by the authors they used pellets of ground,
freeze-dried F. vesiculosus, which means that physical properties
(e.g., toughness) were destroyed during processing (in addition,
water-soluble compounds, such as phlorotannins, will leak out).
Susceptibility to grazing in F. vesiculosus and other fucoids can
be affected by the morphology (e.g., toughness) and/or nutrient
content (e.g., nitrogen content) of the thallus, as well as the
presence of chemical defense compounds (e.g., phlorotannins).
Changes in tissue toughness in F. vesiculosus were found by
Rothäusler et al. (2017) in response to reduced salinity and
warming, as well as by Kinnby et al. (2021) who found that
seaweeds became more fragile under elevated pCO2. However,
none of these previous studies found a correlation between tissue
toughness and susceptibility to grazing (Rothäusler et al., 2017;
Kinnby et al., 2021). Raddatz et al. (2017) found a weak negative
correlation between susceptibility to grazing and C:N ratio in
F. vesiculosus, however, this was not related to changes in climate
variables (pCO2 or temperature). The C:N ratio of seaweeds
exposed to elevated pCO2 is predicted to increase thereby
becoming less nutritional and attractive to grazers. However,
there are varied results in the literature; the C:N ratio was
found to be reduced under elevated pCO2 (Gutow et al., 2014)
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TABLE 3 | Summary of effects of temperature (ambient and high), salinity (ambient and low), and pCO2 (ambient and elevated) on biochemical composition of
Fucus vesiculosus.

C:N ∂13C Difference in phlorotannin content

Source of variation df Mean sq F-value p-value Mean sq F-value p-value Mean sq F-value p-value

Temperature (T) 1 0.031 0.031 0.960 11.9 3.82 0.055 43.37 20.4 2.40e-05

Salinity (S) 1 8.574 0.695 0.407 126 40.5 1.59e-08 28.44 13.38 0.0004

pCO2 1 18.644 1.51 0.223 87.6 28.1 1.22e-06 11.18 5.26 0.025

T*S 1 0.283 0.023 0.880 2.85 0.914 0.342 12.56 5.91 0.018

T*pCO2 1 13.934 1.13 0.291 2.98 0.953 0.332 14.71 6.92 0.010

S*pCO2 1 2.180 0.177 0.675 2.40 0.768 0.384 34.72 16.34 0.0001

T*S*pCO2 1 1.421 0.115 0.735 0.31 0.099 0.754 39.06 18.38 5.53e-05

Residual 72 12.329 3.12 2.13

P-values and corresponding F-values, mean squares, and degrees of freedom of 3-way ANOVAs reported for the analyses of all response variables. Values in bold denote
statistically significant values. *Indicates an interaction between manipulated climate variables.

but in another study the C:N ratio was found to increase at
high temperature only to be strongly reduced at even higher
temperatures (Graiff et al., 2015). Furthermore, the C:N ratio has
been found to increase under elevated pCO2 during the winter
but not during the summer (Takolander et al., 2019) suggesting
a light or temperature dependence of the carbon metabolism
of F. vesiculosus. We did not find a difference in C:N ratio of
F. vesiculosus in response to changes in salinity, temperature,
or pCO2, indicating that our experimental treatments of the
seaweeds did not change their nutritional content.

Phlorotannins function as grazer deterrents in fucoid
seaweeds (Pavia and Toth, 2000; Haavisto et al., 2010), but
to date there are only a handful of studies investigating the
effects of climate variables on phlorotannin production. Both
reduced salinity and increased pCO2 caused a general decrease
in phlorotannin content in F. vesiculosus (Kinnby et al., 2020,
2021). In addition to constitutive production, fucoid seaweeds
can also increase production of phlorotannins in response to
grazing, which leads to stronger resistance against further grazing

FIGURE 3 | Difference in phlorotannin content of the same individual of
Fucus vesiculosus between ungrazed and grazed tissue by Littorina obtusata
after exposure to different levels of temperature (ambient and high), salinity
(ambient and low), and pCO2 (ambient and elevated) as fixed, orthogonal
factors. Letters denote statistically significant post-hoc groupings (SNK
post-hoc test, p < 0.05). Values are means ± 95% CI, n = 10.

(induced resistance, reviewed in Pavia et al., 2012). Inhibition
of induced resistance (measured as changes in susceptibility to
grazers) in F. vesiculosus have been found in response to changes
in temperature (Weinberger et al., 2011; but see Rothäusler et al.,
2017), although in these previous studies phlorotannins were
not measured. Our results show that under ambient climate
conditions, grazing by L. obtusata induces a strong increase in
phlorotannins in F. vesiculosus, while single or combined changes
in salinity, temperature and pCO2 inhibited induction. A key
result of this study is therefore that the loss of phlorotannin
induction in F. vesiculosus exposed to predicted changes in
climate variables may explain why seaweeds became much more
susceptible to grazing.

In contrast to the positive effect of reduced salinity on growth
found in this study, several previous studies found decreased
growth in response to various salinity reductions (Nygård and
Dring, 2008; Connan and Stengel, 2011a; Kinnby et al., 2020).
These contradictory results may in part be explained by the
small salinity manipulation in the present study (from 23 to 19
psu) compared to Nygård and Dring (2008) and Connan and
Stengel (2011a), who decreased salinity with 20 psu (from 35
to 15 psu). In contrast, the salinity decrease in Kinnby et al.
(2020) was of the same magnitude as in the present study (4
psu), but from a lower ambient salinity level (4 psu decrease from
the native salinity: 18, 14, 10 psu, from six populations along a
salinity gradient). F. vesiculosus naturally occurs in a wide range
of salinities, can be locally adapted to varying salinities (Kinnby
et al., 2020) and has been reported to grow in salinities as low
as 3.5 psu (e.g., Rinne and Salovius-Laurén, 2020). Therefore, the
low salinity treatment in Kinnby et al. (2020) possibly approached
the minimum salinity level required for continued growth in
these F. vesiculosus populations.

We did not find any negative effects of a 5◦C temperature
increase (from 15 to 20◦C) on F. vesiculosus growth in our
study; rather there was a tendency toward higher growth under
high temperature at ambient pCO2. In contrast, an increase in
temperature from an already high ambient summer temperature
(>26◦C) had large negative effects on F. vesiculosus (Graiff
et al., 2015; Takolander et al., 2017), even though an increase
from lower (5–15◦C) spring temperature levels enhanced growth
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(Graiff et al., 2015). Together, these results show that both
the magnitude of change in climate variables, as well as the
levels from which the variables are changed, have a clear
impact on the growth response of the studied species. Since
F. vesiculosus populations in the Skagerrak and Baltic Sea are
adapted to substantial variations in salinity and temperature,
changes to these variables will have the largest effects on
seaweed populations already exposed to conditions close to
their physiological limits, e.g., during summer heatwaves (Graiff
et al., 2015, but see Saha et al., 2019) or in low salinity
populations in the Baltic Sea (Kinnby et al., 2020). This
could be further investigated in future studies using an
experimental set-up that simulates fluctuating treatments and
extreme events like heatwaves.

The positive effects of increased pCO2 under ambient
temperature and salinity corroborate previous findings by
Kinnby et al. (2021) who demonstrated increased growth, and
Graiff et al. (2015) who found a tendency toward increased
growth, in F. vesiculosus in response to elevated pCO2 (but
see Gutow et al., 2014). Altered growth in response to changes
in pCO2 could possibly be explained by changes in the
carbon uptake strategy of the seaweed (Hepburn et al., 2011).
F. vesiculosus has an active uptake of HCO3

−, a so-called
carbon concentrating mechanism (CCM; Surif and Raven, 1990),
which is reflected by the carbon isotope composition of the
seaweed tissue (Maberly et al., 1992). Since CO2 (aq) is a
more isotopically depleted source of carbon than HCO3

−, the
carbon isotope signature of seaweeds assimilating CO2 will be
reduced. In our study, we found that elevated pCO2, as well as
reduced salinity, led to reduced ∂13C values. The latter results
may be explained by the fact that the proportion of HCO3

−

to CO2 (aq) increases with increasing salinity. The reduction
in ∂13C values suggests a partial transition from active to
passive carbon uptake (as suggested by van der Loos et al.,
2019), which agrees with the increased growth we observed at
reduced salinity and elevated pCO2 at ambient temperature in
the present study.

In comparison to the relatively small changes caused by
the climate variables on seaweed growth in this study, the
effects on grazing susceptibility were substantial (≈70–80%
increase in grazing). In natural populations, this means that any
positive effects caused by climate change factors on seaweed
growth rate would be overshadowed by the negative effects
of increased biomass loss to grazers. Littorinid snails, and in
particular, L. obtusata are common and abundant grazers in
fucoid seaweed stands (Pavia and Toth, 2000; Wikström et al.,
2006) and exert a strong grazing pressure which significantly
reduces the net growth of the seaweeds (Toth and Pavia, 2006).
The closely related snail Littorina littorea has been shown to
reduce its grazing when exposed to elevated pCO2 but at
the same time increase condition index (Kinnby et al., 2021),

and other littorinid species have been shown to alter their
behavior due to temperature stress (reviewed in Ng et al.,
2017) which would result in changes to grazing patterns.
F. vesiculosus is a foundation species in intertidal areas and
provides habitat and food for a number of invertebrates,
fish, and other algal species in both sheltered and exposed
rocky shorelines (Bergström et al., 2005; Forslund and Kautsky,
2013). Therefore, an impaired ability to induce defenses toward
grazers in this foundation rockweed, or secondary effects
due to the climate change responses of other interacting
species, could potentially have large consequences for the
biodiversity and functioning of rocky shore communities (c.f.
Wahl et al., 2020).
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