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Abstract

Global warming is predicted to strengthen marine plant-herbivore interactions. However, little is
known about the effect of temperature on palatability and the associated chemical composition of
marine macroalgae. To study the effects of physiological stress caused by the warm water tem-
peratures and nutrient-poor conditions that occur during summer, we cultured the brown alga
Sargassum yezoense at three different temperatures (16°C, 22°C, and 28°C) in both nutrient-enri-
ched and non-enriched media. We then compared phlorotannin (i.e., defensive compounds) and
nitrogen concentrations of S. yezoense as well as consumption rate by the sea urchin Hemicetrotus
pulcherrimus among the treatment groups. No effect of culture temperature on phlorotannin and
nitrogen concentrations or consumption rate was detected. Nutrient enrichment resulted in de-
creased phlorotannin concentration and increased nitrogen concentration. Although nutrient en-
richment did not affect consumption rate, a positive correlation between nitrogen concentration
and consumption rate was detected. In contrast, there was no correlation between phlorotannin
concentration and consumption rate. These results suggested that palatability of S. yezoense to H.
pulcherrimus might not be affected by elevated temperature but that it could increase with nutri-
ent enrichment.
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1. Introduction

Global warming is predicted to change plant-herbivore interactions in terrestrial environments. This prediction is
based on observations of an increased consumption rate by insect herbivores and decreased concentrations of
certain defensive compounds, such as nonstructural carbohydrates and phenolics, in plants grown at elevated
temperature [1] [2]. Plant-herbivore interactions in marine environments are often stronger than those in terres-
trial setting [3] [4], and they also are predicted to be strengthened by global warming [5]-[7]. For example,
O’Connor [5] and Poore et al. [6] showed that elevated temperature increased the consumption rate of the brown
algae Sargassum spp. by herbivorous amphipods. Burnell et al. [7] reported that increased grazing on a seagrass
species by a sea urchin caused by elevated temperature and ocean acidification was ameliorated by nutrient en-
richment. However, it is unclear whether consumption rate of macroalgae by herbivores or palatability of the
algae is affected by elevated temperature. Little is known about the combined effects of temperature and nutrient
enrichment on palatability and the associated chemical composition of marine macroalgae, whereas increased
rate of consumption by herbivores can be explained by the increased metabolic rate induced by elevated tem-
perature [5].

Large brown algae that belong to the orders Laminariales (kelp) and Fucales (fucoid), including Sargassum
spp., are the dominant taxa present on intertidal and subtidal rocky shores in temperate and subarctic regions of
the world [8] [9]. These algae frequently experience intensive grazing by herbivorous animals such as sea ur-
chins, molluscs, and fishes [10]. Brown algae contain unique compounds called phlorotannins, which are known
to have secondary roles as chemical defenses (e.g., herbivore deterrents, digestion inhibitors, antibacterial agents,
and UV screens) and primary roles in constructing and strengthening the cell walls [11]. The concentrations of
phlorotannins are known to be affected by abiotic and biotic factors such as nutrient availability, UV-B radiation,
and grazing [11], but little is known about the effect of temperature [6] [12]. Nitrogen concentration is another
important factor that affects the palatability of brown algae [13]. Nutrient enrichment is known to result in in-
creased palatability [14], decreased phlorotannin concentration [11], and increased nitrogen concentration [15].
However, it is unclear whether decreased phlorotannin concentration or increased nitrogen concentration is re-
sponsible for increased palatability caused by nutrient enrichment.

The large brown alga Sargassum yezoense is one of the dominant species on wave exposed rocky shores in
northeastern Japan [16] [17]. This species creates patches by elongation of perennial prostrate stipes and pro-
duces annual shoots during summer [16]. It experiences high seawater temperature of 28°C and grazing by the
sea urchins Hemicentrotus pulcherrimus and Mesocentrotus nudus between summer and autumn along the coast
of the Oshika Peninsula (unpublished data), near the southern limit of its distributional range [18]. This high
temperature may affect the palatability of this alga to herbivores.

To test this hypothesis, we conducted a culture experiment to evaluate the combined effects of temperature
and nutrient enrichment on phlorotannnin and nitrogen concentrations, and palatability of S. yesoense. Because S.
yezoense experiences temperatures ranging from 16°C to 28°C between July and September (unpublished data),
excised shoots from this species were cultured at 16°C, 22°C, 28°C in both nutrient-enriched and non-enriched
media. As an indicator of palatability, consumption rate of S. yezoense by the sea urchin H. pulcherrimus was
measured under a fixed temperature of 22°C to remove the temperature effect on grazing activity of the sea ur-
chin. We addressed the following questions: 1) Do temperature and nutrient enrichment have significant effects
on phlorotannin and nitrogen concentrations and palatability? 2) Are there significant correlations between the
rate of consumption by the sea urchin and phlorotannin or nitrogen concentration of S. yezoense?

2. Materials and Methods
2.1. Culture Experiment

S. yezoense specimens with several short shoots were collected in September 2013 from six different patches at
2 - 3 m depth along the Kitsune-zaki coast (39°51'20"N, 139°48'56"E), which is located on the Oshika Peninsula,
Miyagi Prefecture, northeastern Japan. The specimens were assumed to be derived from six different individuals
because this species creates patches by elongation of perennial prostrate stipes. H. pulcherrimus specimens with
test diameter of ca. 30 mm were also collected. These specimens were transported to our laboratory in insulated
cool boxes. For Sargassum specimens, 36 apical shoots without vesicles were excised from each of the 6 speci-
mens, for a total of 216 shoots, and groups of 6 shoots were placed in 36 flasks (2 L) containing filtered sea-
water. These flasks were maintained with aeration in incubators at the temperature recorded at the time of col-
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lection (23.4°C) for ca. 24 h to reduce the negative effects of excision. Light was provided by eight 40 W cool
white fluorescent tubes in the incubators. Photon flux density was set at 70 pmol photons/m?/s. Photoperiod was
setat 12 h L (light):12 h D (dark).

Thirty-six sea urchin specimens were maintained in a 60 L tank with aeration at 23°C for 9 days. The brown
alga Undaria pinnatifida was fed to the sea urchins once every 2 days to avoid overestimation of consumption
rate by the sea urchins when starved [19]. Seawater was changed once every 2 days. Photon flux density was set
at 70 umol photons/m?/s, and photoperiod was set at 12 h L (light):12 h D (dark).

To evaluate the combined effects of temperature and nutrient enrichment on phlorotannin and nitrogen con-
centrations and consumption rate by the sea urchin, flasks containing six shoots were cultured at 16°C, 22°C,
28°C in both nutrient-enriched (25% PESI) [20] and non-enriched media made from filtered seawater (i.e., a to-
tal of six treatments) for 8 days. Each treatment was replicated using the six flasks containing shoots derived
from six different patches, as physiological responses might differ among individuals [21]. These shoots were
maintained at a photon flux density of 180 pmol photons/m?/s, which is the saturation light level for photosyn-
thesis of some Japanese Sargassum spp. [22], and a photoperiod of the 12 h L:12 h D. The culture medium in
each flask was changed every 2 days. The concentrations of ammonia, nitrate, nitrite, and phosphate in both nu-
trient-enriched and non-enriched medium were measured five times at the start of the experiment using an
autoanalyzer (QuAAtro 2-HR; BLTEC, Japan). After the 8 days culture period, two of six shoots cultured in
each flask were removed to measure phlorotannin and nitrogen concentrations, and the remaining four shoots
were used to measure consumption rate of S. yezoense by the sea urchins.

2.2. Measurement of Phlorotannin Concentration

One of two shoots taken from each flask was used to measure phlorotannin concentration. A 0.2 g aliquot of
tissue was cut from each shoot and immediately placed in a 15 mL conical tube containing 4 mL of 80% aque-
ous methanol at 4°C in the dark for 10 days. The phlorotannin concentration of each sample was measured using
the Folin-Ciocalteu method according to Kamiya et al. [23]. Each sample was incubated for 10 days and then
ground with 6 mL of 80% aqueous methanol using a mortar and pestle. This extract was centrifuged at 3500 rpm
at 4°C for 15 min, and the volume of the supernatant was measured (with 0.05 ml accuracy). One milliliter of the
extract was placed in a microtube and centrifuged at 14,000 rpm at 4°C for 5 min. Next, 50 pL from each extract
or 80% aqueous methanol as a reference were added to 1 mL of distilled water and 1 mL of 40% Folin-Ciocal-
teu reagent (F9252, Sigma-Aldrich, St Louis, MO, USA) in an 8 mL glass tube. After 5 min incubation at room
temperature, 1 mL of 2N Na,CO; was added, followed by incubation in a 50°C water bath for 30 min. The ab-
sorbance of each solution and anhydrous phloroglucinol (1,3,5-trihydroxybenzene, 322 - 56,502, Wako, Osaka,
Japan) as the standard were measured at 765 nm using a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan).
The phlorotannin concentrations are expressed as a percentage of the dry weight.

2.3. Measurement of Nitrogen Concentration

Another shoot taken from each flask was used to measure nitrogen concentration. Each shoot was placed in a
screw vial and dried in a convection oven at 80°C for 72 h. After crushing and weighing each dry sample, nitro-
gen concentration was measured using an Organic Elemental Analyzer (FLASH2000, Thermo Scientific, USA).

2.4. Measurement of Consumption Rate of S. yezoense by H. pulcherrimus

The remaining four shoots in each flask were used to measure the sea urchin’s rate of consumption. Wet weights
of the shoots (initial wet weight) were measured using an electrical balance (0.1 mg accuracy) after removal of
excess moisture by blotting on paper towels. These four shoots and one sea urchin were placed in a 2 L flask
containing filtered seawater, and the flasks were maintained in incubators with aeration at 22°C for 24 h. Photon
flux density was set at 70 pmol photons/m%s, and the photoperiod was set at 12 h L:12 h D. After 24 h, wet
weights of the shoots (final wet weight) were measured. Consumption rate was calculated as initial wet weight
—final wet weight of the four shoots, after initial wet weights were corrected based on the percentage change of
wet weight of another 12 shoots maintained for 24 h in the same conditions without the sea urchin.

2.5. Statistical Analysis

The combined effects of temperature and nutrient enrichment on phlorotannin and nitrogen concentrations and
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consumption rate of S. yezoense by the sea urchin were analyzed by two-way analysis of variance (ANOVA) af-
ter logarithmic transformation because some data were not normally distributed (Shapiro-Wilk test, P < 0.05)
and did not show homogeneous variances (Levene test, P < 0.05). Correlations between phlorotannin or nitrogen
concentration and consumption rate by H. pulcherrimus were analyzed using the Pearson’s test. These analyses
were performed using SPSS Statistics 20.0 (IBM, Armonk, NY, USA).

3. Results

The concentrations of ammonia, nitrate, nitrite, and phosphate in the nutrient-enriched medium were 0.117 +
0.005, 2.924 + 0.109, 0.024 £ 0.001, and 0.118 + 0.007 mg/L, respectively, and those in the non-enriched me-
dium were <0.005, 0.068 + 0.010, 0.023 + 0.002, and 0.014 + 0.001 mg/L, respectively.

Figure 1 shows the phlorotannin and nitrogen concentrations and the consumption rate of S. yezoense cul-
tured in the six treatments. Results of two-way ANOVA showed no significant effect of temperature on phloro-
tannin and nitrogen concentrations. However, there were significant effects of nutrient enrichment on phlorotan-
nin and nitrogen concentrations (Table 1). Phlorotannin concentrations of the shoots cultured in the enriched
medium were lower than those of the shoots cultured in the non-enriched medium. In contrast, nitrogen concen-
trations of the shoots cultured in the enriched medium were higher than those of the shoots cultured in the non-
enriched medium. Significant effects of temperature and nutrient enrichment on consumption rate by the sea ur-
chin were not detected. Although the mean rate of consumption of the shoots cultured in the enriched medium at
22°C tended to be higher than that of the shoots cultured in the non-enriched medium at 22°C, the standard de-
viation was relatively large in the former treatment.

Figure 2 shows the relationships between phlorotannin or nitrogen concentrations and consumption rate of S.
yezoense cultured in the six treatments. As there was no significant effect of temperature and nutrient enrich-
ment on consumption rate by the sea urchins, data from all treatments were pooled in this analysis. There was no
significant correlation between phlorotannin concentration and consumption rate by the sea urchins. In contrast,
a significant positive correlation between nitrogen concentration and consumption rate was detected.
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Figure 1. The phlorotannin and nitrogen concentrations and
the consumption rate of S. yezoense cultured in the six treat-
ments. Mean = SD; n = 6 flasks.
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Figure 2. The relationships between phlorotannin or nitrogen concentrations
and consumption rate of S. yezoense. Data from the six treatments were
pooled in these graphs.

Table 1. Results of ANOVA on the effect of temperature and nutrient enrichment on the phlorotannin and nitrogen
concentrations, and consumption rate by the sea urchin H. pulcherrimus in S. yezoense.

Source df MS F B

Phlorotannin concentration

Temperature 2 0.031 0.029 0.971
Nutrient 1 8.370 7.865 0.009"
Temperature x Nutrient 2 1.975 1.856 0.174

Nitrogen concentration

Temperature 2 0.003 0.055 0.946
Nutrient 1 2.231 46.530 <0.001
Temperature x Nutrient 2 0.045 0.945 0.400

Consumption rate

Temperature 2 0.016 1.254 0.300
Nutrient 1 0.012 0.915 0.346
Temperature x Nutrient 2 0.005 0.414 0.665

“P < 0.05.

4. Discussion

In the present study we found no significant effect of temperature within the range of 16°C to 28°C on phloro-
tannin and nitrogen concentrations and consumption rate of S. yezoense by the sea urchin H. pulcherrimus in an
8 days experiment, which suggests that the effect of temperature on palatability of this species was too small to
detect, at least in short-term experiments. In contrast, we found that nutrient enrichment resulted in decreased
phlorotannin concentration and increased nitrogen concentration of S. yezoense. Although a significant effect of
nutrient enrichment on the consumption rate of S. yezoense by the sea urchin was not detected, we did found a
significant positive correlation between nitrogen concentration and consumption rate by the sea urchin. These
results indicate that palatability of this species can increase with increasing nitrogen concentration as a result of
nutrient enrichment.

Poore et al. [6] also found no effect of elevation of temperature from 23°C to 26°C on the phlorotannin and
nitrogen concentrations of Sargassum linearifolium in their 14 days experiment. Hay et al. [12] showed that an
increase of temperature from 21°C to 28°C did not affect phlorotannin concentration but decreased nitrogen
concentration of Sargassum flavicans in an 8 days experiment. We previously reported that a wider range of
temperature from 10°C to 30°C had no effect on the phlorotannin concentration of Sargassum patens in a 9 days
experiment [24]. Thus, increasing evidence suggests that effects of temperature on phlorotannin concentration of
Sargassum spp. cannot be detected in short-term experiment, although the effects on nitrogen concentration are

inconsistent.
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O’Connor [5] reported that an increase in temperature from 23°C to 29°C increased the consumption rate of
Sargassum filipendula by the amphipod Ampithoe longimana. Poore et al. [6] also reported that a temperature
increase from 23°C to 26°C increased the consumption rate of S. linearifolium by the amphipod Peraphithoe
parmerong. In the present study, consumption rates of S. yezoense by the sea urchin H. pulcherrimus cultured at
three different temperatures did not differ significantly, and this result coincides with the lack of effect of tem-
perature on phlorotannin and nitrogen concentrations of the algae. These results suggest that the effect of tem-
perature on palatability of Sargassum spp. is less important than the temperature effect on grazing activity of
herbivores. However, nutrient enrichment also had no effect on consumption rate. These results may mean that
the replication design (six times) was too small to estimate accurately the sea urchin’s consumption rate, as the
values exhibited a large standard deviation in some treatments (e.g., the nutrient enriched treatment at 22°C). In
addition, Sargassum spp. contains many secondary metabolites that may act as herbivore deterrents [25]. Further
studies of the temperature effect on palatability and the associated chemical composition of Sargassum spp. are
needed to make conclusions about the warming effects on Sargassum-herbivore interactions.

In the present study, nutrient enrichment resulted in decreased phlorotannin concentration in S. yezoense, as
has been reported for many other species of brown algae [11]. Arnold and Targett [26] proposed that the
phlorotannin concentration decrease when the growth rate is high but increase when the growth rate is low, at
which times rates of phlorotannin synthesis outpace rates of decomposition and incorporation of phlorotannins
into cell walls [11] [26]. Nutrient enrichment generally enhances growth of brown algae [15] [27], which ex-
plains the decreased phlorotannin concentration in S. yezoense cultured in the nutrient-rich treatments. Although
phlorotannins are known to act as herbivore deterrents depending on their concentration [11], there was no sig-
nificant correlation between phlorotannin concentration and consumption rate of S. yezoense by H. pulcherrimus
in the present study. This suggests that the phlorotannin concentration of 5% - 10% in S. yezoense is not enough
to deter feeding by H. pulcherrimus. Steinberg et al. [28] reported that feeding by the sea urchin Evechinus
chloroticus was deterred by food with a phlorotannin concentration of 13.4% but not of 5.0%. In contrast, we
detected a significant positive correlation between nitrogen concentration and consumption rate of S. yezoense
by H. pulcherrimus. Thus, increased nitrogen concentration seems to have greater importance than decreased
phlorotannin concentration in determining the palatability of S. yezoense to H. pulcherrimus. Macroalgae store
nitrogen in organic forms, including amino acids [29] [30], or inorganic ions [31], and the amino acid
L-phenylalanine is known to be a feeding stimulant for sea urchin species [32]. Therefore, nutrient enrichment
might stimulate feeding by H. pulcherrimus due to increased nitrogen concentration of the algae, but this hy-
pothesis needs to be tested.

In recent years, brown algae beds of the world have been experiencing regional decline under elevated sea-
water temperature [33]-[35]. Nutrient enrichment is used to restore the kelp beds in Japan [36], because it has
been shown to enhance recruitment and survival of the algae [15] [37] [38]. However, results of the present
study suggest the possibility that nutrient enrichment may increase the palatability of Sargassum by increasing
its nitrogen concentration. Therefore, nutrient enrichment combined with herbivore exclusion seems to be the
best way to enhance recruitment and survival of brown algal species. Further studies of the combined effects of
temperature and environmental factors, including nutrient enrichment, on palatability of other species are needed
to predict the effects of global warming and to propose ways to restore macroalgae beds in the warming world.
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