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Abstract Since the late 1980’s, a persistent green

tide of floating Ulva without any clear seasonal

fluctuation has occurred in Hiroshima Bay, Seto

Inland Sea, Japan. We hypothesized that the persis-

tence is due to the co-existence of Ulva species with

different seasonal growth patterns, and monitored the

seasonal composition and growth characteristics of the

constituent Ulva within the green tide. Two morpho-

logical types of Ulva were identified, and one type, U.

pertusa, was almost the sole constituent during winter

and spring. The other type Ulva spp., which has

marginal microscopic serrations on the thallus, was

dominant during summer and autumn. Both Ulva

showed the highest relative growth rate in early

autumn, but growth of Ulva spp. was faster in summer

than that of U. pertusa and inhibited in winter. U.

pertusa had more eurythermal characteristics in which

the growth rate remained relatively high in winter.

Water temperature was the most correlated environ-

mental variable for the seasonal growth of both Ulva

types rather than light or nutrients, but more influential

on Ulva spp. Recent increasing trend of ambient

seawater temperature is considered to be favorable for

the growth of both Ulva types and a causative factor of

the green tide.

Keywords Green tide � Growth � Seasonal

succession � Ulva � Water temperature

Introduction

During the last few decades, huge green macroalgal

blooms termed ‘green tides’ have been occurring in

various coastal areas commonly affected by eu-

trophication (e.g., Pregnall & Rudy, 1985; Lavery

et al., 1991; Geertz-Hansen et al., 1993; Ménesguen &

Piriou, 1995; Fletcher, 1996; Hernández et al., 1997;

Sfriso & Marcomini, 1997; De Casabianca & Posada,

1998; Leliaert et al., 2009). Algal taxa causing green

tides, such as Ulva, Chaetomorpha, and Cladophora,

can exhibit rapid vegetative growth under favorable

conditions and in the floating (free-living) form. These

characteristics can induce extraordinary increases in

abundance and biomass accumulation of these algae

along shorelines especially in enclosed sea areas,
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bringing serious consequences to coastal ecosystems

(Den Hartog, 1994; Everett, 1994; Isaksson et al.,

1994; Viaroli et al. 1996a; Valiela et al., 1997;

Sugimoto et al., 2007).

In Japan, green tides have been reported to occur

since the 1970’s and species of the genus Ulva are the

most common constituents (Uno et al., 1983; Arasaki,

1984; Ohno, 1999). It has often been difficult to

determine the species forming Ulva green tides

correctly because of the lack of morphological

features to use as keys for species identification of

the genus Ulva due to its simple morphology (Ohno,

1999). However, recent developments in species

discrimination techniques using DNA markers have

enabled determination of the broad diversity of Ulva

species forming green tides (Hiraoka et al., 2002,

2004b; Shimada et al., 2003; Kawai et al., 2007).

Furthermore, green tides are often constituted of

several dominant species with different eco-physio-

logical characteristics (Fong et al., 1996; Pihl et al.,

1996, 1999; Hernández et al., 1997; Nelson et al.,

2003). Such green tides are considered to exhibit

different ecological characteristics and impacts, i.e.,

different seasonal occurrences compared with green

tides formed of a single species.

Hiroshima Bay is located in the western part of the

Seto Inland Sea, the largest semi-enclosed sea area in

Japan. In the innermost area of the bay, a continuous

green tide by Ulva has been a significant environmen-

tal problem since the late 1980’s (Uchimura et al.,

2004). Mass stranding of floating Ulva thalli on the

beaches and tidal flats decreases the esthetic value of

Miyajima Is., which is a famous Japanese sightseeing

spot in the bay. Accumulation of Ulva thalli on the

tidal flats also inhibits growth of Manila clam,

Ruditapes philippinarum Adams et Reeve, which is

an important local fisheries resource. The economic

cost of the manual removal and disposal of the

stranded Ulva thalli has also been a concern to local

governments and communities (Uchimura et al.,

2004).

One of the characteristics of the green tide in

Hiroshima Bay is its persistence throughout the year,

which means its occurrence without any clear seasonal

fluctuation. As a result, the negative effects on the

ecosystem and on the local community also continue

the whole around the year (Uchimura et al., 2004). The

unclear seasonality of the green tide occurrence in

Hiroshima Bay could be attributable to it being

composed of several species with different eco-

physiological traits and seasonal growth patterns.

In this study, floating Ulva in the green tidal

biomass in Hiroshima Bay was classified into two

morphological types and their seasonal frequency was

monitored for two years. As a result, a clear seasonal

succession was observed between them. Seasonal

growth was also monitored for the two Ulva types

using a cage-culture method under natural conditions.

Environmental variables were surveyed during the

culture, and multiple regression analysis was carried

out to examine which environmental variable(s) most-

ly influence the growth of the two types of Ulva. The

results enable a greater understanding of the mechan-

ism underlying the seasonal dominance pattern of the

twoUlva types and annual persistence of the green tide

in Hiroshima Bay.

Materials and methods

Identification of different Ulva types

and frequency monitoring in the green tide

of Hiroshima Bay

From the preliminary observation, floating Ulva in

Hiroshima Bay was classified into two types based on

their distinct morphological characteristics (Hiraoka

et al., 2002). One type was characterized by its entire,

smooth margin of the thallus, a cell shape with

rounded corners and uneven distribution of chloro-

plasts in the cell. This type was identified as Ulva

pertusa Kjellman, which is the most common species

both in the macroalgal vegetation in rocky shores and

green tides in Japan (Arasaki, 1984; Ohno, 1999;

Hiraoka et al., 2004a). Identification was also ascer-

tained by a cross examination with the benthic-

attached type of U. pertusa (Hiraoka et al., 2002,

2004a), and also by molecular phylogenetic analyses

using the nuclear-encoded internal transcribed spacer

(ITS) and the plastid-encoded large subunit of ribu-

lose-1,5-bisphosphate carboxylase/oxgenase (rbcL)

gene sequences (Shimada et al., 2003). The other type

was characterized by a thallus margin with micro-

scopic serrations (tooth-like protuberances), polygo-

nal-shaped cells with a comparatively even

distribution of organelles. Pyrenoids were observed

more easily in this Ulva type than in U. pertusa. Based

on molecular analyses, Hiraoka et al. (2002) and
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Shimada et al. (2003) reported that there were at least

three species of floating Ulva with marginal serrations

on the thallus in Hiroshima Bay, that is, Ulva

armoricana P. Dion, B. de Rivers & G. Coat, U.

fasciata Delile and an unknown species which is

phylogenetically close to U. reticulata Forsskål (Hi-

raoka et al., 2002; Shimada et al., 2003). As these

species described above are similar morphologically,

it was very difficult to ensure the materials we sampled

and cultured were mono-specific. Therefore, we refer

to this type of Ulva which has marginal serrations as

Ulva spp.

Floating Ulva thalli for the analysis of frequency in

the green tide were sampled on a tidal flat in Ajina,

Hatsukaichi City, Hiroshima Prefecture (Fig. 1).On

the tidal flat, the accumulation of floating Ulva thalli at

a high level (2–3 kg w w m-2) is observed through-

out the year, though total Ulva biomass in this area

including the subtidal zone peaks in spring as the

distribution of Ulva thalli spreads deeper during

winter and spring (Uchimura et al., 2004). Sampling

was done around the Mean Low Water (M.L.W.)

depth during ebb tides. Between 119 and 170 speci-

mens of Ulva thalli were haphazardly sampled and

each was separately wrapped in a paper towel. In the

laboratory, each thallus was microscopically observed

and classified into the two types according to the

morphological characteristics described above. This

sampling was conducted 12 times at irregular intervals

of 1–3 months from February 2000 to March 2002.

Cage culture and growth estimation of floating

Ulva thalli

In this study, a series of cultures was conducted once

or twice a month from September 2000 to November

2001 to evaluate the seasonal growth of the two

floating Ulva types. The duration of each culture was

between 4 and 8 days, and 16 trials of the culture in

total were performed.

For all cultures, thalli newly sampled at Ajina at the

M.L.W. site described above were used. Ulva thalli

were haphazardly collected in a 20 l bucket, and in the

laboratory, each thallus was classified into the two

morphological types. For each type, healthy thalli

without any splits, breaks and sections missing, and

which were ca. 6 g in wet weight were chosen for

culture materials. This was because the mean weight

of floating Ulva thalli on Ajina tidal flat was 6.6 g

(± 4.1 SD) in a preliminary study in September 2000

(Yoshida, unpublished). Therefore, thallus with a

weight of ca. 6 g was assumed to be representative

of thalli forming the green tide. The thallus area of 6 g

in weight was approximately 700 cm2 for U. pertusa

and 900 cm2 for Ulva spp. We could not find any Ulva

spp. in February, March, and April 2001 in the samples

collected in the bucket on the tidal flat. So during these

months, only U. pertusa was cultured in the cages.

Transparent cylindrical PVC cages, 13 cm in

diameter and 25 cm in length, were used for culture.

Both ends of the cages were closed with 8-mm mesh

net to keep the Ulva thalli inside. Numerous small

holes (8 mm in diameter) were also made in the

cylindrical cages to enable water exchange. Only one

Ulva thallus was put in a cage and six cages were

assigned for each Ulva type.

Cages with Ulva thalli inside were suspended just

beneath the sea surface from the rope stretched

between frames of the culture system of the National

Institute of Fisheries and Environment of Inland Sea

(FEIS, Fig. 1). The weight of each thallus was

Hiroshima Bay

Miyajima Is.

Ajina

FEIS 

E132.25 E132.50

N34.25

N34

E132 E134

Seto Inland Sea

Pacific Ocean

Fig. 1 Location of the sampling site of floating Ulva for

monitoring of Ulva type composition in the green tide (Ajina)

and the site where cage culture for the two Ulva types was

conducted (FEIS; National Research Institute of Fisheries and

Environment of Inland Sea) in Hiroshima Bay
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measured in the laboratory just before and after each

culture, after the surface of the thallus was wiped by

paper towels to remove excess water. Relative growth

rate (RGR) was calculated as follows:

RGR days�1
� �

¼ ln final weightð Þf
�ln initial weightð Þg=days of culture:

Environmental parameters

Water temperature was recorded every 30 min by a

data-logger Optic StowAway Temp (Onset Computer

Corporation) suspended at the same depth as the

vessels. Salinity was recorded at 9:00 every day by

DataSonde3 (Hydrolab Corporation) set on the pon-

toon of FEIS. Daily irradiance was surveyed every

10 min by a LI-193 spherical quantum sensor (Li-Cor)

set on the roof of FEIS and recorded in a data-logger

LI-1000 (Li-Cor). For these environmental pa-

rameters, mean values during each culture was

calculated. Surface seawater for nutrient analysis

was sampled in every culture trial, usually at the start

or during the first half of each culture. Sampled

seawater was filtered through GF/F glass-fiber filters,

and DIN (dissolved inorganic nitrogen; NO3-

N ? NO2-N ? NH4-N) and DIP (dissolved inorganic

phosphorus; PO4-P) concentrations were measured

using the continuous flow analytical system Model

Traacs-2000 (Bran ? Luebbe).

Data analysis

RGR data were examined by a two-way ANOVA with

Ulva types and seasons (trials of culture) treated as fixed

factors, to detect a significant Ulva type 9 season

interaction. The post hoc Bonferroni test was conducted

to elucidate relationships among RGR data. Normality

and homogeneity of variance were checked by Shapiro–

Wilk test and Levene’s test, respectively. All these

analyses and tests were carried out using SPSS 20.0

Statistic (IBM). As there was a possibility that several

species were contained in our Ulva spp. materials,

coefficient of variation in RGR was compared between

U. pertusa and Ulva spp., to estimate the heterogeneity

in growth rate among Ulva spp. materials.

Multiple regression analysis was conducted to

determine which environmental variable(s), i.e., water

temperature, salinity, daily irradiance, and DIN and

DIP concentrations, showed the highest correlation

with the growth rate of Ulva. Multicollinearity among

environmental variables was checked in Variance

Inflation Factor (VIF) values shown in the results of

SPSS, assuming variables with the VIF values larger

than 10 should be abandoned as multicollinearity

could occur and affect the result (Hair et al., 1995). In

our results, VIF values for all environmental variables

were below 10 and indicated that substantial effects of

multicollinearity did not occur. Standardized partial

regression coefficient was taken to estimate the degree

of influence of each explanatory variable on RGR.

This analysis was also carried out using SPSS.

Results

Seasonal changes in Ulva constituents in the green

tide

Seasonal changes in frequency of the two Ulva types,

U. pertusa and Ulva spp. in the green tide at the Ajina

tidal flat in Hiroshima Bay are shown in Fig. 2. In

winter and spring of 2000, U. pertusa accounted for

98–100% in the frequency. Ulva spp. appeared in

summer and became dominant in autumn, in which the

frequency of Ulva spp. was 82% in October 2000.

Ulva spp. began to decrease in December and its

frequency became quite low in winter and spring of

2001, when U. pertusa became dominant again and
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Fig. 2 Seasonal change in frequency of the two Ulva types, U.

pertusa (filled square) and Ulva spp. (shaded square) in the

green tide of Ajina tidal flat, Hiroshima Bay
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accounted for approximately 90%. A similar seasonal

change in frequency occurred in 2001–2002; however,

Ulva spp. had already been dominant (89%) in June

2001.

Environmental variables during the cultures

Fluctuations in water temperature, salinity, and mean

daily irradiance during cultures are shown in Fig. 3.

Water temperature changed seasonally between

10.5�C recorded in mid February 2001 and 25.5�C in

mid September 2000. Salinity fluctuated among

20.4–33.1%. During autumn to spring, salinity re-

mained at a relatively higher level ([31.0%), though it

dropped to 20–21% in the rainy (June) and typhoon

(August) seasons. Mean daily irradiance also changed

seasonally and was high in May and summer (July–

August).

Seasonal variations in DIN and DIP concentrations

are shown in Fig. 4. DIN concentration was higher (ca.

10 lM) during autumn and winter. It decreased to

1–3 lM in spring to summer (April–August.) except

for in June 2001 when the runoff-derived nitrogen load

increased. DIN concentration increased again after

September 2001. In DIN, nitrate–N contributed

40.6–85.7% (mean 63.5%), whereas ammonium-N

contributed 10.0–48.9% (mean 29.1%) (data not

shown). DIP exhibited a similar seasonal fluctuation

with DIN, but it began to decline soon after a short

peak in early autumn (September– October). Increase

in the rainy month (June) as in the case of DIN was not

observed in DIP.

Seasonal variations in RGR of U. pertusa and Ulva

spp

Ranges of seasonal fluctuations in the relative growth

rate (RGR) were 0.11–0.22 days-1 for U. pertusa and

0.04–0.24 days-1 for Ulva spp. (Figure 5). RGRs of

Water temp.

10

20

30

Salinity
10

20

30

‰

S O N D J F M A M J J A S O N

Irradiance
0

40

80

120

μm
ol

 p
ho

to
ns

 m
-2

d-
1

2000 2001

0

0

Fig. 3 Seasonal changes in mean water temperature, salinity

and irradiance during the culture study of the two Ulva types in

the cages
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Fig. 4 Seasonal changes in DIN and DIP concentrations in

seawater during the culture study of the two Ulva types in the

cages
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both Ulva types were the highest in autumn (in early

October 2000 for U. pertusa, and in September 2000

for Ulva spp.) and progressively decreased until

winter. However, RGRs of U. pertusa remained at a

relatively higher level (0.12–0.15 days-1) in January

to March whereas RGRs of Ulva spp. decreased

rapidly to the lowest value (0.04 days-1) just before

Ulva spp. became scarce in the green tide in January.

After its reappearance in May, Ulva spp. exhibited

higher RGRs than RGRs of U. pertusa during summer

except for in June. The differences in RGRs were

significant between the Ulva types (two-way ANOVA,

F = 4.85, df = 1,P\ 0.05) and among seasons (two-

way ANOVA, F = 48.44, df = 15, P\ 0.01), and a

significant Ulva type 9 season interaction was de-

tected (two-way ANOVA, F = 15.24, df = 12,

P\ 0.01) indicating that the seasonal growth patterns

of the two Ulva types were different from each other.

RGRs of the two Ulva types in every pair of the

identical culture trial were significantly different

except the RGR pairs in October and November

2000 (Bonferroni test, P\ 0.05).

Coefficient of variation (CV) in RGR ranged

6.0–27.9% in U. pertusa and 5.9–36.4% in Ulva spp.

(Figure 6). CV in RGR of Ulva spp. abruptly rose in

January just before Ulva spp. disappeared from the

green tide community at the sampling site. The values

of the two types in May were also high, when Ulva

spp. reappeared. Excluding those values, CV in RGR

of the two types fluctuated in similar ranges

(6.0–16.0% in U. pertusa and 5.9–16.2% in Ulva

spp.).

Relationship between RGR and environmental

variables

Results of the multiple regression analysis are shown

in Table 1. For U. pertusa growth, water temperature,

and DIP were chosen as the significant correlated

variables. Though the standardized partial regression

coefficient of water temperature was the largest

(0.485), the coefficient of DIP was 0.405 and the

difference between the two values was small. In the

results for Ulva spp., water temperature, salinity, and

irradiance were significantly correlated with RGR, but

the influence of the water temperature on the RGR

(standardized partial regression coefficient = 0.952)

was far larger than that of salinity (0.335) and

irradiance (0.274).
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Fig. 5 Seasonal changes in the relative growth rate (RGR) with

SD of U. pertusa (open circle) and Ulva spp. (filled square)
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Fig. 6 Seasonal changes in coefficient of variation (CV) in

RGR of U. pertusa (open circle) and Ulva spp. (filled square)

Table 1 Standardized partial regression coefficients and

ANOVA test results on the multiple regression analysis relat-

ing RGR of the two Ulva types and environmental variables

Environmental variables RGR

Ulva pertusa Ulva spp.

Water temperature 0.485** 0.952***

Salinity 0.218 0.335**

Irradiance 0.012 0.274*

DIN 0.167 0.17

DIP 0.405** 0.113

F 20.44** 41.58***

R2 0.51 0.73

Significant partial regression coefficients and F values are

marked: * P\ 0.05, ** P\ 0.01, *** P\ 0.001
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From the values of partial regression coefficient of

water temperature on RGRs of the two Ulva types, it is

considered that temperature is more influential on

Ulva spp. (Table 1). Partial regression plots of the

RGR of U. pertusa and Ulva spp. to mean water

temperature during each cage culture (Fig. 7) also

indicates that growth of Ulva spp. was more sensitive

to lower water temperature levels than that of U.

pertusa.

Discussion

Seasonal changes in dominant species or species

composition have often been observed in green tides

worldwide (Pregnall & Rudy, 1985; Lavery et al.,

1991; Rivers & Peckol, 1995; Fong et al., 1996; Pihl

et al., 1996). In some cases, environmental shifts or

catastrophic events caused absolute replacement of

dominant species (Lavery et al., 1991). Green

macroalgae causing green tides have common oppor-

tunistic characteristics with high growth rates under

favorable conditions. However, there are also

differences in some eco-physiological traits among

species, e.g., abilities in nutrient uptake and stock,

tolerance to high temperature or anaerobic conditions.

These differences among species can lead to seasonal

or incidental successions in green tides (Lavery et al.,

1991; Rivers & Peckol, 1995).

In this study, a clear seasonal succession between

U. pertusa and Ulva spp. was observed in the green

tide on the Ajina tidal flat in Hiroshima Bay (Fig. 2),

and it was shown that this succession was clearly

attributable to the differences in seasonal growth

characteristics of the two Ulva types.

Seasonal changes in temperature, light in the water

column, and nutrients (especially, nitrogen) are known

as important variables regulating Ulva growth in the

green tide (Ménesguen & Piriou, 1995; Sfriso, 1995;

Riccardi & Solidoro, 1996; Viaroli et al., 1996b;

Yamasaki et al., 1996; Malta & Verschuure, 1997; De

Casabianca & Posada, 1998; Naldi & Viaroli, 2002).

In our study, water temperature was the most corre-

lated variable among the other environmental vari-

ables with the RGRs for both types of Ulva. Growth of

Ulva spp. was more dependent on temperature, and it

was inhibited under the lowest water temperature of

the year. On the contrary, the result indicated that U.

pertusa has a more eurythermal growth characteristic

than Ulva spp.(Figure 7).

Although growth in summer and autumn was faster

inUlva spp. than inU. pertusa, the RGRs ofU. pertusa

remained 0.1 days-1 (Fig. 5). During these seasons,

however, U. pertusa accounted for only a small

portion in the green tidal biomass (Fig. 2). This

indicates that Ulva spp. has competitive advantages

over U. pertusa in the dense accumulation of floating

thalli (2–3 kg w w m-2) in these seasons (Uchimura

et al. 2004). It was reported that the high water

temperature in summer induces formation and release

of zoospores in the attached type U. pertusa (Uchimu-

ra et al., 2004), and this causes growth reduction.

However, we did not recognize maturation, at least in

our floating U. pertusa material and they continued

vegetative growth during the summer. In other reports,

it was also mentioned that floating type of Ulva

commonly has infertile characteristics and seldom

form zoospores (Migita, 1985; Hiraoka et al., 2004a).

Therefore, the superiority of Ulva spp. over U. pertusa

in the green tide during summer and autumn is

considered to be attributable to their differences in

eco-physiological potentials.
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Nutrient uptake ability is a significant factor in the

competition among co-occurring species in the green

tide. In the Ulva green tide that has recently occurred

in the Yellow Sea, China, the dominant species Ulva

prolifera O. F. Müller was superior in nitrogen uptake

and stock ability compared to co-occurring Ulva linza

Linnaeus (Luo et al., 2012). In our results, DIP was

selected as a correlated variable on the RGR of U.

pertusa cultured in the cages. In many previous reports

in temperate regions, nitrogen has been indicated to be

more important than phosphorus, which limits algal

growth and production (Lavery & McComb, 1991;

Ménesguen & Piriou, 1995; Rivers & Peckol, 1995;

Fong et al., 1996; Viaroli et al., 1996b; Malta &

Verschuure, 1997; Sfriso & Marcomini, 1997; Naldi &

Viaroli, 2002). For now, we are not sure if summer

growth of U. pertusa is phosphorus-limited in

Hiroshima Bay, but it is possible that growth of U.

pertusa is influenced more seriously by nutrient

shortage in summer than Ulva spp. Studies on

nutritional eco-physiology of different Ulva species

is also essential to understand the mechanism of

seasonal succession in the green tide of Hiroshima

Bay.

As mentioned in the Materials and Methods, our

materials of Ulva spp. for culture could be constituted

of multiple-species, and at least three candidate

species exist. However, the coefficients of variance

in RGRs of Ulva spp. showed similar seasonal

fluctuations and ranges with those of U. pertusa over

most of the year. Therefore, growth response of Ulva

spp. was as homogenous as that of the monospecific U.

pertusa. This indicates that Ulva spp. might be

constituted mostly of a single species, or that, even

though Ulva spp. was constituted of multiple species,

they had a similar seasonal growth pattern.

Recent research has shown that another Ulva

species other than U. pertusa contributes to green

tides which occur along the south-western Japanese

coast, e.g., Tosa Bay in Kochi Prefecture and Hakata

Bay in Fukuoka Prefecture (Hiraoka et al., 2004a, b).

This species has a thallus margin with microscopic

serrations, and in 2004, it was reported as a new

species Ulva ohnoi M. Hiraoka & S. Shimada

(Hiraoka et al., 2004b). U. ohnoi forms green tides

in summer and autumn and shows poor growth around

10�C which is close to the winter temperature in the

western Japanese coastal waters. As this species

distributes along the coast facing to warm currents

(Kuroshio and Tsushima), it is supposed U. ohnoi has a

subtropical or tropical origin (Hiraoka et al. 2004b).

Among the three candidate species of Ulva spp. in

our study, U. armoricana was described as a new

species in France (Dion et al., 1998) and is considered

to have been introduced to Japan (Shimada et al.,

2003). European species of Ulva have a relatively

lower optimal temperature (10–20�C) for growth and

photosynthesis than Japanese species (20–30�C)

(Murase et al., 1993; De Casabianca & Posada,

1998; Taylor et al., 2001), and exhibit the highest

growth or peak in biomass in spring to early summer

(Sfriso, 1995; Viaroli et al., 1996b; De Casabianca &

Posada, 1998; Naldi & Viaroli, 2002). These eco-

physiological and seasonal characteristics do not

correspond with those of Ulva spp. in our study. The

second candidate U. fasciata is a warm-temperate to

subtropical species (Yoshida, 1998) and Arasaki

(1984) indicated that this species had extended its

distribution into the Seto Inland Sea in the 1970’s. And

for the third candidate, which is unknown but closely

related species to U. reticulata (Hiraoka et al., 2002),

we consider it is possibly U. ohnoi and the main

constituent of Ulva spp. in our study. Although they

are different species, U. reticulata and U. ohnoi are

closely related taxa to form a monophyletic clade in

the phylogenic trees in a molecular analysis, as with

other species with marginal serrations (Hiraoka et al.,

2004b). In addition, the seasonal appearance pattern of

Ulva spp. in our study is quite similar with that of U.

ohnoi in Tosa Bay, in which the biomass increases

from summer to autumn (Ohno, 1988). Furthermore,

seasonal succession of dominance between U. pertusa

and U. ohnoi was also reported in Mikawa Bay (Kawai

et al., 2007) and Tokyo Bay (Yabe et al., 2009) in

central Japan. All these former reports seem to support

our hypothesis that U. ohnoi was the main constituent

of Ulva spp., though U. fasciata was also a possible

constituent as Arasaki (1984) indicated. Further stud-

ies including genetic analyses are necessary for

species identification, as well as examination of the

species composition, of Ulva spp.

Water temperature in the Seto Inland Sea has been

rising over the past 30 years and the annual mean of

water temperature during 1966–2002 has increased by

0.8�C (Yamamoto, 2003). The increase trend of water

temperature began in the late 1980’s and was remark-

able in the 1990’s. Although mass propagation of Ulva

was first reported in the 1970’s in Yamaguchi Bay in
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the western Seto Inland Sea (Uno et al., 1983), serious

effects by green tide in Hiroshima Bay has been

recognized since the late 1980’s (Uchimura et al.,

2004). This timing of green tide occurrence in

Hiroshima Bay was coincident with the duration of

continuous water temperature increase described

above.

In 1995, a newly green tide also occurred in

Yatsu tidal flat of Tokyo Bay, and this was

considered to be due to unintentional introduction

of U.ohnoi and its excessive growth. In the case of

Tokyo Bay, notable air temperature rise in 1990’s,

which could have also affected water temperature of

the tidal flat, is considered to be the inducible factor

of the green tide occurrence rather than eutrophica-

tion (Yabe et al., 2009). The situation is quite

similar with that of the Seto Inland Sea, because

nutrient loading in the Seto Inland Sea has been

legislatively controlled and decreasing after serious

eutrophication in the 1960’s and early 1970’s (Seiki

et al., 1998).

Trend of water temperature increase in the Seto

Inland Sea is significant in winter. Although increase

in summer does not show a significant trend, the

number of days in a year with daily mean water

temperature exceeding 25�C has been increasing since

1995 (Yamamoto, 2003). The trend of water tem-

perature increase could have allowed the invasion of

alien Ulva species like U. ohnoi, and also could be

advantageous for the growth of native U. pertusa

especially in winter when competition with alien Ulva

species could be avoided.

In conclusion, the green tide in Hiroshima Bay is

composed of two different Ulva types with different

patterns of seasonal growth, and this leads to the

persistence of the green tide throughout the year.

Water temperature increase is considered to be

favorable to both Ulva types and could have induced

the occurrence of the green tide in the past. Further

research is needed to monitor geographic expansion of

green tides, because coastal water temperature in

Japan is forecast to continue to increase in the future

due to the effects of global warming.
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