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Heat stress is known to induce photoinhibition, leaf senescence, and nutrient
remobilization in terrestrial plants with apical growth, however, its effect on blade erosion
and associated-changes in chemical compositions has rarely been studied in marine
macroalgae with intercalary growth such as kelp. The present study examined the
combined effects of ocean warming (23 and 26◦C), irradiance (30 and 180 µmol
m−2 s−1), and nutrient enrichment (enriched and non-enriched) on photosystem II
maximum efficiency (Fv/Fm) in the kelp Eisenia bicyclis. It also investigated the effect
of ocean warming on the kelp’s relative growth rates based on five morphological
parameters and three chemical compositions (carbon, nitrogen, and phlorotannnins).
A warming effect on photoinhibition (i.e., decline in Fv/Fm) was only detected under the
higher irradiance combined with nutrient-enrichment condition. Under this condition,
elevated temperature decreased relative growth rates to negative values, indicating
occurrence of apical blade erosion. Temperature elevation also caused increases in
nitrogen and phlorotannin contents within the whole body, but not carbon content.
Moreover, nitrogen content in the meristems at 26◦C was higher than that at 23◦C,
although such a difference was not observed with phlorotannin content. These results
suggested that heat-induced apical blade erosion promoted nitrogen accumulation in
the meristems, located in the lower part of the blade, in E. bicyclis.

Keywords: climate change, non-additive effect, high-temperature tolerance, foundation species, kelp

INTRODUCTION

Heat stress is one of the major environmental factors affecting biomass and productivity of
ecosystem primary producers, including terrestrial plants and marine macroalgae, in the warming
world (e.g., Lobell et al., 2012; Bita and Gerats, 2013; Wernberg et al., 2013). In these photosynthetic
organisms, abiotic stressors, including warm and cold temperatures, combined with excess light
energy result in an increase of reactive oxygen species production in chloroplasts, and consequently
cause photoinhibition, which is described as a decline of photosystem II (PSII) efficiency (Murata
et al., 2007; Takahashi and Badger, 2011; Bita and Gerats, 2013; Pintó-Marijuan and Munné-Bosch,
2014). To cope with the oxidative stress, these organisms have developed several photoprotective
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systems, including the production of antioxidant compounds
such as phenols and carotenoids (Takahashi and Badger, 2011;
Bita and Gerats, 2013; Pintó-Marijuan and Munné-Bosch,
2014). In terrestrial plants, heat stress is known to induce
leaf senescence via the promotion of chlorophyll degradation
(Pintó-Marijuan and Munné-Bosch, 2014). During senescence,
macromolecules, such as proteins, are broken down into small
mobile molecules, such as amino acids, and these compounds are
translocated to sink tissues through the vascular system (Avila-
Ospina et al., 2014). Heat stress can also result in decreased
plant nitrogen content (Wu et al., 2019). The remobilization
and accumulation of nitrogenous compounds in plant bodies
may contribute to the maintenance of photosynthetic apparatus
under heat stress, because nitrogen is a primary constituent of
chloroplast proteins, including photosynthetic enzymes such as
RuBisCo (Hörtensteiner and Feller, 2002; Suzuki et al., 2009;
Avila-Ospina et al., 2014).

Marine macroalgae, including brown, red, and green algae,
are the major primary producers in coastal marine ecosystems
globally (Hurd et al., 2014). Specifically, kelp (Laminariales),
large brown algae, are the dominant taxa in temperate reef
ecosystems and play an ecologically important role providing
food, habitat, nursery, and spawning grounds for various marine
organisms (Steneck et al., 2002; Graham, 2004; Christie et al.,
2009). However, kelp beds around the world have recently
been experiencing regional declines due to ocean warming
(Smale, 2020). Previous studies have shown that above-average
temperature combined with low nutrient availability during
summer causes physiological stresses, such as decreases in
nitrogen content, photosynthetic pigments, photosynthetic rates,
growth rates, and survival rates in kelp species (Dayton and
Tegner, 1984; Gerard, 1997; Tegner et al., 1997; Edwards and
Estes, 2006; Gao et al., 2013a, 2016, 2017). Moreover, recent
studies have shown that the negative effect of ocean warming
on the growth of macroalgae, including kelp, is synergized
by nutrient enrichment or eutrophication (Endo et al., 2017;
Gouvêa et al., 2017). Elevated temperature and increased nutrient
availability have also been found to have interactive effects on
the contents of several antioxidant compounds in a red alga
(Gouvêa et al., 2017). These results imply that a temperature-
elevated and nutrient-enriched condition combined with strong
irradiance might cause photoinhibition of macroalgae, because
abiotic stresses combined with excess light energy generally
result in an increased production of reactive oxygen species in
photosynthetic organisms (Murata et al., 2007; Bita and Gerats,
2013; Pintó-Marijuan and Munné-Bosch, 2014). However, little is
known about the combined effects of these three abiotic stressors
on PSII efficiency, an indicator of photoinhibition, in macroalgal
species (however, see Mabin et al., 2019).

Kelp are distantly related to terrestrial plants but have
convergently evolved a plant-like body plan and a vascular
system for transporting internal resources, such as carbohydrates
(mannitol, glucose, and mannose), amino acids, and heavy
metals (Drobnitch et al., 2015). They have a holdfast (analogous
to roots), a stipe (analogous to stems), and several blades
(analogous to leaves), and translocate carbon and nitrogen from
old tissues to actively growing tissues (i.e., meristems) through

trumpet-shaped sieve elements (Lüning et al., 1973; Lobban,
1978; Davison and Stewart, 1983). However, in contrast to
the majority of plants, kelp exhibit intercalary growth; their
meristem is located in the lower part of the blades and therefore
blade erosion occurs from the apical part (Krumhansl and
Scheibling, 2012). Several studies have reported that the erosion
rate of kelp species increased during warm seasons, and nitrogen
and/or carbon content in meristems increased at the same time
(Yoshikawa et al., 2001; Li et al., 2009; Sato and Agatsuma, 2016).
Because nitrogen and carbon contents are naturally higher in
the meristems than in apical blades (Li et al., 2009; Sato and
Agatsuma, 2016), erosion of apical blades with lower contents
might result in increased contents within whole blades in the
eroded sporophytes. There is also a possibility that remobilization
of nitrogenous and carbonous compounds might occur during
blade erosion, because this occurs during leaf senescence in
terrestrial plants (Avila-Ospina et al., 2014). However, to the best
of our knowledge, the direct effect of increased temperature on
blade erosion and associated-changes in chemical compositions
has rarely been studied in macroalgae.

Brown algae, including kelp, contain unique polyphenols
called phlorotannins, which have antioxidant, antibacterial,
antifouling, and antiherbivore properties (Ragan and Glombitza,
1986; Amsler and Fairhead, 2006; Cruces et al., 2017). Although
a significant effect of high- temperature acclimation on brown
algal phlorotannin content has rarely been detected (Hay et al.,
2010; Poore et al., 2013; Endo et al., 2017), Hargrave et al.
(2017) found that elevated temperature from 12 to 18◦C resulted
in increased phenolic content (i.e., phlorotannin content) in
the kelp Laminaria digitata, and speculated that this might
be a photoprotective response to heat-induced photoinhibition.
However, as phlorotannin contents tend to be higher in the
meristem than in the apical part (Amsler and Fairhead, 2006), as
well as nitrogen and carbon contents (Li et al., 2009; Sato and
Agatsuma, 2016), apical blade erosion under high temperature
might result in increased contents within whole blades in eroded
kelp. There is also a possibility that remobilization of carbonous
compounds during blade erosion might result in the increased
content of carbonous phlorotannins, although this hypothesis
needs to be tested.

The kelp Eisenia bicyclis (Kjellman) Setchell is one of the
dominant species on temperate reefs around Japan (Kawai et al.,
2020; Terada et al., 2020), and is one of the most phlorotannin-
rich kelp globally (Ragan and Glombitza, 1986). In the present
study, two different experiments were conducted; experiment 1
tested the combined effects of warming, irradiance, and nutrient
enrichment on maximum quantum yield of PSII (Fv/Fm) to
determine the irradiance and nutrient conditions in which
warming induces photoinhibition in this kelp species. Under
this condition, experiment 2 examined the warming effect on
five relative growth rates (RGRs) based on blade length (BL),
blade width (BW), blade area (BA), wet weight (WW), and dry
weight (DW), and the content of three chemical compositions,
including carbon, nitrogen, and phlorotannins, to address the
following questions: (1) does warming result in blade erosion?;
and (2) do chemical compositions increase as a result of
blade erosion?
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MATERIALS AND METHODS

Experiment 1
Eisenia bicyclis juvenile sporophytes were collected in June 2013
at a site in Kitsune-zaki (39◦51′ 20′′N, 139◦ 48′ 56′′E), Oshika
Peninsula, Miyagi Prefecture, northeastern Japan. They were
transported to the laboratory in insulated cool boxes and each
specimen was immediately placed in a flask containing 500 mL of
sterile seawater. These flasks were maintained in four incubators
under aeration with a 12 h light (L): 12 h dark (D) photoperiod,
and at an irradiance of 70 µmol photon m−2 s−1 at 20 ◦C for
3 d until the start of the experiment. The WW of 68 specimens
(initial wet weight) were measured at the start of experiment
using an electronic balance (0.1 mg accuracy) after removal
of excess moisture by blotting on paper towels. A total of 48
specimens of similar size were then selected and randomized into
eight groups of six specimens with a similar size distribution.
These eight groups were each subjected to one of the eight
different treatments.

The experiment had a three-way factorial design (2 × 2 × 2
treatments) comprising two temperature levels (23 and 26◦C),
two nutrient levels (enriched and non-enriched seawater), and
two light levels (30 and 180 µmol photon m−2 s−1). The
ambient and elevated temperature was set at 23 and 26◦C,
respectively. This is because average seawater temperatures
during the summer of the years 2011–2014 were 22.3, 23.8, 23.2,
and 22.0◦C, respectively, in an E. bicyclis kelp bed in Benten-zaki
(38◦ 39′ 31′′N, 141◦ 26′ 56′′E), Shizugawa Bay, near the Kitsune-
zaki site (Endo, unpublished data), and average temperatures
have been predicted to increase 2–3◦C by 2100 under the most
serious climate change scenario (IPCC, 2013). Low and high
irradiance levels were set at 30 and 180 µmol photon m−2 s−1,
respectively, because critical irradiance for E. bicyclis growth has
been estimated to be between 0.8 and 1.6 mol photon m−2

d−1 (Kurashima et al., 1996); these values can be converted
into 18.5 and 37.0 µmol photon m−2 s−1, respectively, for
a 12 h L: 12 h D photoperiod, and light saturation of adult
sporophytes reportedly occurs at 185 µmol photon m−2 s−1

(Maegawa et al., 1987). Enriched and non-enriched seawater
comprised 25% PESI-enriched seawater (Tatewaki, 1966) and
non-enriched sterile seawater, respectively. This was because
interactive effects of nutrient enrichment using a 25% PESI
and elevated temperature from 23 to 26◦C on the growth of
E. bicyclis were detected in a previous study (Endo et al.,
2017). Mean (± SD) ammonia, nitrate, nitrite, and phosphate
concentrations in the nutrient-enriched medium were reportedly
8.71 ± 0.39, 131.34 ± 12.04, 0.40 ± 0.01, and < 0.16 µmol
l−1, respectively, while those in the non-enriched medium
were < 0.71, 2.11 ± 0.13, 0.41 ± 0.01, and < 0.16 µmol l−1,
respectively (Endo et al., 2017).

Sporophytes were maintained in incubators under aeration
and with a photoperiod of 12 h L: 12 h D for 9 days. The
culture medium in each flask was changed every 3 days. At
the end of experiment, the PSII maximum efficiency (Fv/Fm) of
each specimen was measured using a Diving-PAM (Heinz Walz
GmbH, Germany), after 5 min of dark acclimation to exclude
energy-dependent fluorescence quenching and quenching by

state transitions (Hanelt, 1998; Bischof et al., 1999). Photographs
of these specimens were also taken using a digital camera
(Supplementary Figure S1).

Experiment 2
Sixty E. bicyclis juvenile sporophytes were collected in June 2014
from the Benten-zaki coast and transported to the laboratory
in insulated cool boxes. Each specimen was immediately placed
in a flask containing 500 mL of sterile seawater. The 60 flasks
were maintained in five incubators under aeration with a 12 h
L: 12 h D photoperiod at 70 µmol photons m−2 s−1, and at
a temperature of 20◦C for 24 h. After incubation, the WW of
each specimen (initial WW) was measured. Photographs of these
specimens were taken using a digital camera, and BL, BW, and
BA of all specimens were measured photographically using the
software Image J (Schneider et al., 2012). A total of 40 specimens
of similar size were selected and randomized into five groups of
eight specimens with a similar size distribution.

One of the five groups was used to measure initial carbon,
nitrogen, and phlorotannin content. The eight sporophytes
were cut in half (right and left). One half was weighed before
and after drying for 72 h at 80◦C in a convection oven,
and the carbon and nitrogen content of the specimens was
measured using an organic elemental analyzer (FLASH2000,
Thermo Fisher Scientific, Waltham, MA, United States). The
other half was immediately placed in a 15 mL conical tube
with 4 mL of 80% aqueous methanol at 4◦C in the dark, and
phlorotannin content was measured by quantifying the total level
of polyphenolics according to the Folin-Ciocalteu method (Van
Alstyne, 1995; Kamiya et al., 2010; Endo et al., 2017), as the
phlorotannins are the major polyphenolics in the brown algae
(Amsler and Fairhead, 2006).

Each specimen from the other four groups was placed in a
flask containing 500 mL of 6.25% PESI nutrient-enriched culture
medium (Tatewaki, 1966). Two of the four groups were assigned
to one of two temperature treatments at 23 and 26◦C under
aeration and with a photoperiod of 12 h L: 12 h D at 180 µmol
photons m−2 s−1 for 24 days. The culture medium in each
flask was changed every 3 d. The concentration of ammonia,
nitrate, nitrite, and phosphate in the medium was measured with
five replications. At the end of the culture experiment, juvenile
WW (final WW) was measured and photographs were taken to
measure final BW, BL, and BA of all specimens. RGRs (% d−1)
based on the BW, BL, BA, WW, and DW were calculated as
100× ln (final value/initial value)/24 days.

The sporophytes in each two groups cultured at 23 or 26◦C
were cut in half (right and left, as illustrated in Figures 1A–D),
and the carbon, nitrogen, phlorotannin contents within the whole
sporophytes were measured using the same methods mentioned
above. The sporophytes in another group cultured at 23◦C
were cut in half into upper and lower parts at the center of
the BL (Figure 1C). The three chemical compositions of these
two different parts in the 23◦C treatment and whole (eroded;
see section “Results”) sporophytes cultured at 26◦C were also
measured to compare contents between lower parts of the blades
(i.e., meristems) cultured at 23 and 26◦C, and between upper and
lower parts of the blades in the 23◦C treatment.
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FIGURE 1 | Photographs of E. bicyclis juvenile sporophytes before and after
culture at 23◦C (A,C) and 26◦C (B,D), with illustrations showing the cutting
methods (red dotted line) for the chemical composition measurements in
experiment 2. All kelps (A–D) were cut in half (right and left) and each half was
used to measure carbon and nitrogen (indicated as “CN”), and phlorotannin
contents (indicated as “Tannins”) within whole sporophytes. Eight kelps
cultured at 23◦C (C) were also cut into upper and lower parts (i.e., apical and
meristems, respectively) at the center of the BL in order to measure the
chemical compositions separately. Results of the measurements are shown in
Figures 3, 4.

Statistical Analysis
For experiment 1, the combined effects of temperature, nutrient
availability, and irradiance on Fv/Fm were tested using a three-
way analysis of variance (ANOVA). When significant interactions
between two or three factors were found, Tukey’s multiple
comparison tests were used to determine if the non-additive effect
was synergistic or antagonistic. For experiment 2, differences
in initial WW, DW, BL, BW, and BA between the five groups
were analyzed by one-way ANOVA. A principle component
analysis was conducted to examine the relationship between the
eight variables (five RGRs and three chemical compositions).
Correlations between the RGRs and chemical compositions were
confirmed using Pearson’s test. The effect of temperature on

TABLE 1 | Results of three-way ANOVA on the effects of temperature, irradiance,
and nutrient enrichment on maximum PSII efficiency (Fv/Fm) of E. bicyclis
juvenile sporophytes.

Source MS F P

Temperature (T) 0.016 8.231 0.007**

Irradiance (I) 1.882 942.892 <0.001**

Nutrient (N) <0.001 0.223 0.640

T*I 0.020 10.231 0.003**

T*N 0.011 5.472 0.024*

I*N 0.005 2.405 0.129

T*I*N <0.001 0.223 0.640

∗∗P < 0.01; ∗P < 0.05; N.S.P > 0.05.

RGRs and chemical compositions were analyzed by multivariate
analysis of variance (MANOVA), followed by univariate tests,
due to the correlations between these variables. Differences in
chemical compositions between the upper and lower parts in
the 23◦C treatment and the whole (eroded) sporophytes in the
26◦C treatment were analyzed by one-way ANOVA and Tukey’s
multiple comparison test. All analyses were performed using
SPSS software version 20.0 (IBM, Armonk, NY, United States).

RESULTS

Experiment 1
The results of the three-way ANOVA revealed significant
individual effects of temperature and irradiance on the Fv/Fm
of E. bicyclis juvenile sporophytes, and significant interactions
between temperature and irradiance, and between temperature
and nutrient enrichment (Table 1 and Figure 2). Tukey’s multiple
comparison tests showed that Fv/Fm was significantly lower
in the high irradiance treatments than in the low irradiance
treatments. Moreover, Fv/Fm was significantly lower at 26◦C
than at 23◦C in the high irradiance combined with nutrient
enriched treatment. There was no significant difference in Fv/Fm
between 23 and 26◦C in the high irradiance combined with non-
enriched treatment, and in the low irradiance treatments. This
indicated that the effect of elevated temperature was synergized
by increased irradiance combined with nutrient enrichment.

Experiment 2
There was no significant difference in WW (MS < 0.001,
F = 0.001, P = 1.000), DW (MS < 0.001, F = 0.001, P = 1.000),
BL (MS = 1.367, F = 1.021, P = 0.410), BW (MS = 0.217,
F = 0.578, P = 0.681), and BA (MS = 5.084, F = 0.149, P = 0.962)
among the five groups. Mean (± SD) WW, DW, BL, BW,
and BA of the sporophytes at the beginning of the experiment
were 694.5 ± 225.0 mg, 92.8 ± 29.2 mg, 7.95 ± 1.16 cm,
3.36± 0.60 cm, and 22.08± 5.57 cm2, respectively. Mean (± SD)
nitrogen, carbon, and phlorotannin contents of the sporophytes
at the beginning of the experiment were 1.83 ± 0.14%,
28.07 ± 1.28%, and 11.99 ± 4.54%, respectively. Nitrate and
phosphate concentrations in the 6.25% PESI nutrient-enriched
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FIGURE 2 | PSII Maximum efficiency (Fv/Fm) of the brown alga E. bicyclis
cultured in eight different treatments (mean ± SD, n = 6). N+ and N– indicate
nutrient-enriched and non-enriched treatments, respectively. Low and High
indicate low and high irradiance treatments, respectively. Different small letters
indicate significant differences among different treatments.

TABLE 2 | Percentage of total variance and correlations of two principal
components of E. bicyclis juvenile sporophytes cultured at two
different temperatures.

PC1 PC2

Total variance (%) 68.711 15.400

Correlation coefficients

RGR-BL 0.964 0.035

RGR-BW 0.761 0.246

RGR-BA 0.968 0.172

RGR-WW 0.971 0.134

RGR-DW 0.949 0.226

Nitrogen −0.875 0.315

Carbon −0.240 0.908

Phlorotannins −0.620 0.385

medium were 57.39 ± 7.91 and 1.72 ± 0.40 µmol L−1,
respectively. Ammonia and nitrite were not detected.

Principal component analysis results showed that principal
component 1 was positively correlated with RGRs and negatively
correlated with nitrogen and phlorotannin contents (Table 2).
In contrast, principal component 2 was highly correlated with
carbon content. Significant negative correlations between RGRs
and nitrogen content were detected (Table 3). The phlorotannin
content correlated negatively with RGR-WW and RGR-DW
but not with RGR-BL, RGR-BW, and RGR-BA. There was no
significant correlation between RGRs and carbon content.

MANOVA results showed that variables were significantly
different between two temperature treatments (Table 4). Post-
MANOVA univariate tests detected significant differences in the
five RGRs, nitrogen content, and phlorotannin content among
the treatments but not in carbon content. The five RGRs at
26◦C were significantly lower than those at 23◦C (Figure 3). In
addition, RGR-BL, RGR-BW, RGR-BA, and RGR-WW at 26◦C
were negative, whereas RGR-DW was positive even at 26◦C.
Nitrogen contents at 23◦C (1.13 ± 0.13%DW) were significantly
higher than those at 26◦C (1.60 ± 0.22%DW). Carbon contents

TABLE 3 | Correlation coefficients between RGRs and chemical compositions of
E. bicyclis juvenile sporophytes cultured at two different temperatures.

Nitrogen Carbon Phlorotannins

RGR-BL −0.824** −0.237 −0.494

RGR-BW −0.623** −0.680 −0.218

RGR-BA −0.768** −0.105 −0.498

RGR-WW −0.781** −0.106 −0.564*

RGR-DW −0.728** 0.010 −0.573*

**P < 0.01; *P < 0.05; N.SP > 0.05.

TABLE 4 | Results of MANOVA on the effect of temperature on the RGRs and
chemical compositions of E. bicyclis juvenile sporophytes.

Source Wilks’ λ df F P

Mutivariate tests

Temperature 0.167 8 4.356 0.034*

Univariate tests

RGR-BL 1 11.813 0.004**

RGR-BW 1 6.936 0.020*

RGR-BA 1 14.623 0.002**

RGR-WW 1 14.804 0.002**

RGR-DW 1 12.543 0.003**

Nitrogen 1 27.238 <0.001**

Carbon 1 1.568 0.231

Phlorotannins 1 14.633 0.002**

**P < 0.01; *P < 0.05; NSP > 0.05.

did not differ significantly between 23◦C (34.57 ± 0.71%DW)
and 26◦C (35.25 ± 1.35%DW). Phlorotannin contents at 26 ◦C
(21.68± 4.23%DW) were significantly higher than those at 23◦C
(14.93± 2.66%DW).

Nitrogen contents in the lower part of the blades (i.e.,
meristem) cultured at 23◦C were significantly higher than those
in the upper part of the same blades, but were significantly lower
than those of the eroded sporophytes cultured at 26◦C (Figure 4;
MS = 1.241, F = 30.826, P < 0.001). No significant difference was
found in carbon content among these treatments (MS = 0.997,
F = 0.528, P = 0.598). Phlorotannin contents of the lower part
of the sporophytes cultured at 23◦C were significantly higher
than those of the upper part of the same sporophytes, whereas
no significant difference was detected between the value of lower
part of the sporophytes cultured at 23◦C and those of the eroded
sporophytes cultured at 26◦C (MS = 0.070, F = 3.919, P = 0.036).

DISCUSSION

The maximum PSII efficiency (Fv/Fm) of macroalgae is known
to decrease diurnally in response to increased irradiance
around midday and recover during the afternoon (i.e., dynamic
photoinhibition, Hanelt, 1998; Cruces et al., 2017). Although an
acclimation to relatively strong irradiance for several days can
result in a reduced degree of photoinhibition and an increased
rate of recovery (Bischof et al., 1999), long-term exposure to
strong irradiance causes a gradual decrease in Fv/Fm (i.e., chronic
photoinhibition, Hanelt, 1998), because excess light energy causes
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FIGURE 3 | Relative growth rates (RGRs) based on blade length (BL), blade width (BW), blade area (BA), wet weight (WW), and dry weight (DW), and contents of
chemical compositions including nitrogen, carbon, and phlorotannins of E. bicyclis juvenile sporophytes cultured in two different temperature treatments
(mean ± SD, n = 8).

inhibition of the PSII repair process via the production of reactive
oxygen species (Takahashi and Badger, 2011). In the present
study, the Fv/Fm of E. bicyclis juvenile sporophytes cultured for 9
days was lower in the high irradiance treatments than in the low
irradiance treatments, suggesting that this 9 days culture caused
chronic photoinhibition of the algae rather than a reduction
in degree of photoinhibition. Moreover, there was a significant
interactive effect of elevated temperature, increased irradiance,
and nutrient enrichment on the Fv/Fm. This interaction indicated
that the temperature-elevated and nutrient-enriched condition
combined with strong irradiance caused photoinhibition in this
alga. Although our previous study showed that the negative
effect of elevated temperature (23–26◦C) on RGRs, based on
the BW of this species, was synergized by nutrient enrichment,
this synergistic effect was independent of irradiance condition
(Endo et al., 2017). Therefore, this reduction in RGRs under

warm and nutrient-rich conditions cannot be fully explained by
the irradiance-dependent photoinhibition found in the present
study. Further research is needed to reveal the physiological
mechanism that causes the synergistic effects of warming and
eutrophication on macroalgal growth. Nevertheless, there is
no doubt that the negative effects of global stressors (i.e.,
ocean warming) on E. bicyclis production can vary with local
nutrient concentration.

Our previous study also showed that elevated temperature
from 23 to 26◦C resulted in decreases in the RGRs based
on the WW and BW of E. bicyclis juvenile sporophytes in a
9 days experiment, while RGRs based on BL and BA were
unaffected by changing temperature (Endo et al., 2017). In
the present 24 days experiment, temperature elevation under
nutrient-enriched and strong-irradiance conditions decreased
the four RGRs, based on BL, BW, BA, and WW of juvenile
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FIGURE 4 | Nitrogen, carbon, and phlorotannin contents of the apical part
and meristems (i.e., lower part) of the blades of E. bicyclis juvenile
sporophytes cultured at 23◦C, and of erose blades (i.e., meristem only)
cultured at 26◦C (mean ± SD, n = 8). Different small letters indicate significant
differences among different treatments.

sporophytes, from positive values (at 23◦C) to negative values (at
26◦C). These results suggested that apical blade erosion occurred
in the 26◦C treatment. However, surprisingly, the RGRs based on
DW were positive values not only at 23◦C but also at 26◦C. This
indicated that this species synthesized and accumulated organic
compounds even during active erosion at 26◦C.

The present study also showed that increased temperature
from 23 to 26◦C resulted in a significant increase in the
nitrogen content of E. bicyclis juvenile sporophytes. Additionally,
significant negative correlations between RGRs and nitrogen
content were detected. Moreover, surprisingly, the nitrogen
content in the meristem of the eroded blades cultured at 26◦C
was higher than that in the meristem of the blades cultured
at 23◦C. These results suggested that nitrogen accumulation in
the meristems was promoted during blade erosion. In contrast,
Gerard (1997) reported that the nitrogen content of the kelp
Saccharina latissima (formerly Laminaria saccharina) decreased

as a result of a 4 days exposure to a high temperature of
22◦C, compared with a control at 12◦C. Moreover, Hay et al.
(2010) showed that a temperature elevation from 21 to 28◦C
decreased the nitrogen content of the fucoid (Fucales) brown
alga Sargassum flavicans in an 8 days culture experiment.
Thus, the heat-induced nitrogen accumulation observed in the
present study does not appear to occur in kelp specimens
without apical blade erosion and in fucoid species that have
meristems in the apical part of the thallus. Kelp sporophytes
are known to translocate nitrogen and carbon from their apical
blades to the meristems through trumpet-shaped sieve elements
(Lüning et al., 1973; Lobban, 1978; Davison and Stewart, 1983).
However, there was no significant effect of temperature on carbon
content, and no significant correlation between RGRs and carbon
contents detected in this study. Hence, carbon accumulation in
kelp meristems does not appear to be promoted by warming
and blade erosion.

Hargrave et al. (2017) reported that elevated temperature
from 12 to 18◦C resulted in increased phenolic content in
the kelp Laminaria digitata, and speculated that this might be
a photoprotective response. The present study also recorded
increased phlorotannin content of E. bicyclis juvenile sporophytes
in response to temperature elevation. However, there was
no significant difference in phlorotannin content within the
meristems between eroded (at 26◦C) and non-eroded (at 23◦C)
sporophytes. Moreover, phlorotannin content was higher in
the meristems than in the apical blades of the non-eroded
sporophytes cultured at 23◦C, as reported in other kelp species
(Amsler and Fairhead, 2006). Therefore, increased phlorotannin
content in response to elevated temperature in the present study
was due to the loss of apical blades with a lower content,
rather than an antioxidant response or the result of carbon
translocation. In addition, this study detected a significant
negative correlation between RGRs and phlorotannin content in
this kelp species. Such a negative relationship has often been
recorded in other brown algae, and has been attributed to the
fact that measurable phlorotannin levels can increase in slow-
growing tissue in which rates of phlorotannin synthesis outpace
rates of decomposition and incorporation of phlorotannins into
cell walls (Amsler and Fairhead, 2006). The results of the present
study provide a new insight that increased erosion rate can
also induce an increase in the phlorotannin content of kelp
species. In contrast, there was no detectable effect of temperature
on phlorotannin content recorded in fucoid brown algae (Hay
et al., 2010; Poore et al., 2013), which are also dominant taxa
in temperate reef ecosystems along with kelp (Schiel and Foster,
2006; Coleman and Wernberg, 2017). This may be explained by
the lack of heat-induced erosion in these algae, because their
meristems are located in the apical part of the thallus.

The kelp life cycle involves an alternation of heteromorphic
generations, with a macroscopic sporophyte and a microscopic
gametophyte (Schiel and Foster, 2006). Whereas annual kelp
species survive during summer in the form of gametophytes,
which have higher-temperature tolerance compared with
sporophytes (Bolton and Lüning, 1982; tom Dieck, 1993); the
sporophytes of perennial species survive during the summer
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by using internal nitrogen reserves, which are accumulated
during winter when nutrient availability is high (Chapman and
Craigie, 1977; Chapman and Lindley, 1980). Moreover, kelp
sporophytes have the ability to acclimatize their physiological
traits to high-temperatures in the short-term (Davison, 1991),
and genetic differentiation of high-temperature tolerance occurs
by natural selection in the long-term, even within a species
(Gerard, 1997; Gao et al., 2013b). Gerard (1997) compared
the physiological traits of kelp species between two ecotypes
with different high-temperature tolerances, and suggested that
the high-temperature tolerance of kelp species is associated
with the ability to accumulate and maintain internal nitrogen
reserves rather than the thermal stability of their photosynthetic
apparatus. The present study showed that nitrogen accumulation
in the meristem is promoted by heat-induced blade erosion in
E. bicylis juvenile sporophytes. This property may contribute to
survival during summer with warm and nutrient-poor conditions
for these sporophytes, which often germinate between spring
and summer (Suzuki et al., 2020). However, it is uncertain
whether erose sporophytes recover and survive after summer;
further research is necessary to determine this. tom Dieck
(1993) found that the gametophytes of this species had the
highest- temperature tolerance among kelp globally, as well as
Undaria pinnatifida, which also grows along the coast of Japan.
It is speculated that this may be due to the large temperature
variations among seasons and latitudes in Japan, which has a large
north-south latitude extension (tom Dieck, 1993).

The erosion rate of kelp is known to differ among species
and populations (Krumhansl and Scheibling, 2012). For example,
the erosion rate of Saccharina longissima, which is distributed
along the eastern coast of Hokkaido Island, subarctic Japan,
where it is strongly affected by the nutrient-rich Oyashio cold
current, is lower compared with that of S. japonica, which
is distributed along the coasts less affected by cold current
(Li et al., 2009; Sato and Agatsuma, 2016). The present study
showed that the temperate kelp E. bicylis, distributed from
northern Honshu Island to northern Kyushu Island where it
is affected by the nutrient-poor Kuroshio and/or Tsushima
warm currents, also exhibits blade erosion and associated
nitrogen accumulation. These results suggested that the ability
to accumulate nitrogen through blade erosion differs among
species; species inhabiting unstable environments in terms of
temperature and nutrient availability have a stronger ability
than those in more stable environments. Globally, kelp beds
have recently been experiencing regional declines associated
with ocean warming (Smale, 2020). Although this has been

explained by the interactive effects of this global stressor and
local environments on kelp productivity (Endo et al., 2017, 2020;
Gao et al., 2017), it can also be explained by the differing species
responses to warming, because nitrogen accumulation ability
varies among kelp species.
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