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Fig. 1-1. Yearly changes of total production, total 

amount and average unit price in "Nori" (Porphyra) 

cultivation in the Seto Inland Sea of Hyogo Prefecture.  

Fig. 1-2. Photographs of aquacultured “Nori” (Porphyra): 

(A) normal thalli, (B) bleached thalli and (C) product of 

each Nori.  
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Fig. 1-3. Changes of damage occurrences of Porphyra
thalli by bleachings due to diatom blooms in the Seto
Inland Sea of Hyogo Prefecture from 1993 to 2008.

Fig. 1-4. Light micrograph of Eucampia zodiacus
(scale bar, 100 �m).
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Eucampia zodiacus 5

1992

1994b

1998, 2001

1950

2007; Toda 2008b

Yanagi 2008 1970

Imai et al. 2006

1973

1978

Imai et al. 2006

1976 299

1990 1990

100 Yamamoto 2003; Imai et al.

2006

2007; Toda 2008a

1970

2007

1994b

1973 4 19

Fig. 2-1

1989 1973 1988

15

1994b 1973 1993

20

Narragansett

Pratt 1959, 1965; Karentz and Smayda

1984, 1988; Li and Smayda 1998; 1998; Smayda

1998 Heterosigma akashiwo

(Hada) Hada 1989 Heterocapsa circularisquama

Horiguchi 2003 Alexandrium tamarense (Lebour)

Balech Itakura et al. 2002

Eucampia zodiacus

1990

35

E. zodiacus

1973 4 2007 12

�



6 42 (2011)

35 1 19

Fig. 2-1 417

0.5 m 10 m 10 m

4 5 m 1 m 3

10 m

1985

DIN

PO4-P;

SiO2-Si;

20 �m

1993 3 1994b

1994 4 1994b

AST-1000

ACL215

DIGIAUTO Model 3-G

EDTA 1969 GR

1986

Auto Analyzer Technicon

TRAACS 800 Bl-Tec

1994b; 1998

1 ml

Skeletonema

Skeletonema costatum (Greville) Cleve Skeletonema

tropicum Cleve Sarno et al.

2005 Skeletonema

Skeletonema japonicum (Zingone et Sarno)

Skeletonema

Skeletonema Skeletonema

spp. 19

3

35

35 Fig. 2-2 2-3

2 3 8

8 9 25 28

Fig. 2-2 1990

Hyogo pref.

Awaji Is.

Harima-Nada Osaka Bay

Kii-Channel

: “Nori” cultivation area in Hyogo Pref.

134O 30’ E 135O 00’ E

34O 40’ N

34O 20’ N

Japan
Honshu

Shikoku

Kyushu

Sea of Japan

Pacific Ocean

Seto Inland Sea

Eastern part of Seto Inland Sea 135O E

35ON

Hyogo pref.

Awaji Is.

Harima-Nada Osaka Bay

Kii-Channel

: “Nori” cultivation area in Hyogo Pref.

134O 30’ E 135O 00’ E

34O 40’ N

34O 20’ N

Japan
Honshu

Shikoku

Kyushu

Sea of Japan

Pacific Ocean

Seto Inland Sea

Eastern part of Seto Inland Sea 135O E

35ON

Fig. 2-1. Location of the sampling stations in
Harima-Nada, eastern part of the Seto Inland Sea.

�



Eucampia zodiacus 7
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Fig. 2-2. Long-term variations in water
temperature and salinity in Harima-Nada,
Seto Inland Sea, for 35 years from April
1973 to December 2007. Monthly data were
averaged for three depths at 19 sampling
stations. The smoothed lines were derived
from a 13-month moving average. The
dashed horizontal lines for temperature
show the highest or lowest values in each
year.

1975 1980 1985 19951990 2000 2005

0

5

10

15

1973 1978 1983 1988 1993 1998 2003

Year

D
IN
(�
M
)

0.0

0.5

1.0

1.5

1973 1978 1983 1988 1993 1998 2003

Year

PO
4-
P
(�
M
)

0

10

20

30

1973 1978 1983 1988 1993 1998 2003
Year

Si
O
2-
S
i(
�M
)

1975 1980 1985 19951990 2000 2005

0

5

10

15

1973 1978 1983 1988 1993 1998 2003

Year

D
IN
(�
M
)

0.0

0.5

1.0

1.5

1973 1978 1983 1988 1993 1998 2003

Year

PO
4-
P
(�
M
)

0

10

20

30

1973 1978 1983 1988 1993 1998 2003
Year

Si
O
2-
S
i(
�M
)

Fig. 2-3. Long-term variations in dissolved
inorganic nitrogen (DIN = NO3 + NO2 +
NH4), phosphate (PO4-P), and silicic acid
(SiO2-Si) concentrations in Harima-Nada,
Seto Inland Sea, for 35 years from April
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average.
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Fig. 2-6. Long-term variations in monthly
total cell density and yearly composition of
diatoms in the surface layer of Harima-Nada,
Seto Inland Sea, for 35 years from April 1973
to December 2007. Monthly cell densities
and yearly composition data are the average
of monthly sampling at 19 stations.

Fig. 2-7. Long-term variations in monthly
total cell density and yearly composition of
raphidophytes in the surface layer of
Harima-Nada, Seto Inland Sea, for 35 years
from April 1973 to December 2007. Monthly
cell densities and yearly composition data are
the average of monthly sampling at 19
stations.

Fig. 2-8. Long-term variations in monthly
total cell density and yearly composition of
dinoflagellates in the surface layer of
Harima-Nada, Seto Inland Sea, for 35 years
from April 1973 to December 2007.
Monthly cell densities and yearly
composition data are the average of monthly
sampling at 19 stations.
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Fig. 2-10. Long-term variations in water
temperature and salinity of Harima-Nada
from January to April in each year
(1973-2007). Monthly data are averaged for
three depths at 19 sampling stations. The
horizontal bold line for water temperature
shows the value of 8 oC.

Fig. 2-11. Long-term variations in dissolved
inorganic nitrogen (DIN = NO3 + NO2 +
NH4), phosphate (PO4-P) and silicic acid
(SiO2-Si) concentrations of Harima-Nada
from January to April in each year
(1973-2007). Monthly data are averaged for
three depths at 19 sampling stations. The
horizontal bold line for DIN concentration
shows the level of 3 �M.
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Fig. 2-12. Long-term variations in cell
density of total phytoplankton and
Eucampia zodiacus in the surface layer of
Harima-Nada from January to April in
each year (1973-2007). Cell density data
are the averages of monthly samplings at
19 stations.

Fig. 2-13. Long-term variations in
composition of major phytoplankton
(indicated as genera) in the surface layer
of Harima-Nada from January to April in
each year (1973-2007). Phytoplankton
composition data are the averages of
monthly samplings at 19 stations.
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Fig. 2-6
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Eppley and Thomas 1969; Eppley et al. 1969;

Yoder 1979; 1994
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Smayda 1998; Borkman 2002;

Borkman and Smayda 2009 Smayda 1973
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Borkman 2002 1980
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Chaetoceros
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McQuoid and Hobson 1996
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French and Hargraves 1986

Hargraves and French 1983 Chaetoceros

Kuwata and Takahashi 1990; 1993;
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Yamaguchi et al.

1997; Shiraishi et al. 2008; Yamaguchi et al. 2010
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Figs. 2-7, 2-8 C.
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Imai et

al. 2006 HAB
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E. zodiacus

Smayda
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Nakamura and Watanabe 1983a, 1983b, 1983c;
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1994 E. zodiacus

E. zodiacus

E. zodiacus C.

wailesii 1999 1993 1998

1967 Nagai et al. 1998

ST10-1 Ishida et al. 1986

MP1

1994

in vivo

Brand et al. 1981;

1989; 1991; Imai et al. 1996, 2004; Yamaguchi

et al. 1997; 1997; Yamaguchi and Itakura 1999;

Yamaguchi et al. 2001; Naito et al. 2005a, 2005b, 2008;

Herndon and Cochlan 2007; Yamaguchi et al. 2008a, 2010;

Xu et al. 2010

Brand et al.

1981 E. zodiacus

MP1 27.5 ml 25 150 mm

TURNER DESIGNS E. zodiacus

50 cells ml-1 20

10hL: 14hD 30

70 120 150 185 �mol m-2 s-1 5

E. zodiacus in vivo

TURNER DESIGNS TD 700

0.1 1 ml

,

,

E. zodiacus

5 10 20 30 50 70 90

120 150 200 250 300 350 �mol m-2 s-1 13

8.0 9.0 12.5 15.0 20.0

25.0

10hL: 14hD MP1 35 ml

50 ml 10 35

�mol m-2 s-1 E. zodiacus

MP1 27.5 ml 25 150 mm

TURNER DESIGNS E. zodiacus

50 100 cells ml-1

3 3

in vivo

�; divisions d-1

Guillard 1979

� = t-1 ln(Nt/N0) (1)

t d N0 in vivo

Nt

in vivo

Lederman and Tett 1981

1997
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� = �m(I-I0)/((Ks-I0)+(I-I0)) (2)

�m divisions d-1 I

�mol m-2 s-1 I0 �mol m-2 s-1 Ks

�m/2 �mol m-2 s-1

C. wailesii 15

35 �mol m-2 s-1 MP1 18 ml
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E.

zodiacus C in vivo

F Fig. 3-1

35 �mol m-2 s-1 : InC = 1.10 InF+4.58 (r2 = 0.97)
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8.0 : µ = 0.984 (I-2.65)/(I 18.7) (r2 = 0.88)

9.0 : µ = 1.06(I-3.75)/(I 22.8) (r2 = 0.86)

12.5 : µ = 1.36(I-4.20)/(I 31.4) (r2 = 0.89)

15.0 : µ = 1.83(I-5.04)/(I 39.8) (r2 = 0.96)

20.0 : µ = 3.08(I-7.90)/(I 47.0) (r2 = 0.93)

25.0 : µ = 3.02(I-7.45)/(I 51.7) (r2 = 0.96)

Table 3-1 E. zodiacus �m

8.0 20.0

Ks I0

20.0 25.0

C. wailesii E. zodiacus

Fig. 3-5

9.0 : µ = 0.662(I-5.69)/(I 40.6) (r2 = 0.94)

12.5 : µ = 0.762(I-5.86)/(I 34.9) (r2 = 0.95)

15.0 : µ = 1.11(I-5.93)/(I 60.9) (r2 = 0.97)

20.0 : µ = 1.46(I-6.77)/(I 70.6) (r2 = 0.98)

C. wailesii
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Fig. 3-2. Growth curves of Eucampia zodiacus at various irradiance and temperature
combinations. Growth was expressed as natural logarithm on in vivo chlorophyll
fluorescence intensity averaged for three replicates.
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E. zodiacus

Fig. 3-6

E. zodiacus 5

7 10 15

20

10 25

1.0 divisions d-1 15

1.0 divisions d-1

20 20 25

2.0 divisions d-1

25 25 3.0

divisions d-1 30

10 15

E. zodiacus

20 25

Eppley 1972

C. wailesii 4

Fig. 3-7

5 S-31

3 10 15

10 S-31 10 15 3

10 S-31

15 20 10

20 25 20 30

30

10 15 20 4

S-31 30 35 S-54

35

C. wailesii 4

S-54 A-64 A-72 3

S-31

3

5 30

S-31

5 30

5 10 20 30 50
70 90 120 150 200
250 300 350 �molm-2 s-1

10

100

1000

10000

0 5 10 15 20 25 30

10

100

1000

10000

0 5 10 15 20 25 30

10

100

1000

10000

0 5 10 15 20 25 30

10

100

1000

10000

0 5 10 15 20 25 30

C
el
ld
en
si
ty
(c
el
ls
w
el
l-
1 )

Incubation period (d)

15.0°C

12.5°C

9.0°C

20.0°C

Fig. 3-3. Growth curves of Coscinodiscus wailesii
at various irradiance and temperature combinations.
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25.0°C12.5°C �m= 1.36
Ks = 39.8
I0 = 4.20

8.0°C
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�m= 0.984
Ks = 24.0
I0 = 2.65

�m= 1.06
Ks = 30.3
I0 = 3.75

�m= 1.83
Ks = 49.9
I0 = 5.04

�m= 3.08
Ks = 62.8
I0 = 7.90

�m= 3.02
Ks = 66.6
I0 = 7.45

Fig. 3-4. Growth rate of Eucampia zodiacus as a function of irradiance for the various
experimental temperatures.

Species

Eucampia zodiacus 8.0 0.984 24.0 2.65
9.0 1.06 30.3 3.75
12.5 1.36 39.8 4.20
15.0 1.83 49.9 5.04
20.0 3.08 62.8 7.90
25.0 3.02 66.6 7.45

Coscinodiscus wailesii 9.0 0.662 52.0 5.69
12.5 0.762 46.6 5.86
15.0 1.11 72.8 5.93
20.0 1.46 84.1 6.77

Temperature (oC) �m (divisions d-1) Ks (�mol m-2 s-1) I0 (�mol m-2 s-1)

Table 3-1. Maximum growth rate (�m), half saturation constant (Ks) and threshold value of irradiance (I0) of
Eucampia zodiacus and Coscinodiscus wailesii with varying light intensities at the different experimental
temperatures.
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Fig. 3-5. Growth rate of Coscinodiscus wailesii

as a function of irradiance for the various 

experimental temperatures.  

5 10 15 20 25 30

Temperature (oC)

10

15

20

25

30

35

S
a
l
i
n
i
t
y

�

�

�

�

�

�

2.0

2.5

1.5

1.0

0.5

2.0

1.5

1.0

1.0Oct.
Nov.Dec.Jan.

Feb.

Mar.

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �
�� �

�

H

L
L

�: No growth

Fig. 3-6. Contour plots of the growth rate of Eucampia 

zodiacus at various temperature and salinity 

combinations under 150 μmol m
-2

 s
-1

, 12L: 12D, and 

seasonal changes of water temperature and salinity in 

Harima-Nada (�). Monthly water temperature and 

salinity data are shown as the average of 19 sampling 

stations from April 1973 to December 2007. 

��



Eucampia zodiacus 25
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Fig. 3-8. Contour plots of the growth rate of
Coscinodiscus wailesii averaged from four
strains at various temperature and salinity
combinations under 150 �mol m-2 s-1, 16L: 8D,
and seasonal changes of water temperature and
salinity in Harima-Nada ( ). Monthly water
temperature and salinity data are shown as the
average of 19 sampling stations from April
1973 to December 2007.
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I0 �mol m-2 s-1 I0.5 0.5

divisions d-1 �mol m-2 s-1

k m-1 Is �mol

m-2 s-1 k

Is

1994 1999 10 3

1 9

1999

k = 0.904 Tr-0.782 (r2 = 0.562, n = 92)

Tr m

1994b Is 1993 2004

AANDERAA 2770

2005

1995

15 % 1996 50 %

Strickland 1958

1 �mol m-2 s-1 = 2 10-1 J m-2 s-1

I0 �max

Table 3-1 I0

10 3

1994b; 2005 10 10 25.0

10 11

20.0 11 12 15.0 12 1

12.5 1 1 3

3 9.0 2 3 8.0

10 3 E.

zodiacus Dt D0.5 Fig. 3-9 E.

zodiacus Dt 18.9 32.9 m 10
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Fig. 3-9. Changes in irradiance, Dt and D0.5 of
Eucampia zodiacus in Harima-Nada from October to
March. Dt is the depth for the threshold value of
irradiance for growth of E. zodiacus and D0.5 is the
depth which E. zodiacus is able to grow at the growth
rate of 0.5 divisions per day.
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Fig. 3-10. Changes in irradiance, Dt and D0.5 of
Coscinodiscus wailesii in Harima-Nada from October
to March. Dt is the depth for the threshold value of
irradiance for growth of C. wailesii and D0.5 is the
depth which C. wailesii is able to grow at the growth
rate of 0.5 divisions per day.
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Dt

1

Dt

3 32.9 m E. zodiacus

D0.5 10 12 12.1

m 12

D0.5

3 20.3 m

C. wailesii Dt D0.5

Fig. 3-10 C. wailesii 10

11 20

1 3 9

E. zodiacus

C. wailesii Dt

10 12 12

19.2 m Dt

3 28.8 m

D0.5 10 13.8 m

1 4.4

C. wailesii D0.5 13.8 m 12 3

0.5 divisions d-1

10 m E. zodiacus

D0.5 12 1 12.1 m

10 11 2 3 15 20 m

20 m

E. zodiacus

E. zodiacus C. wailesii 1 3

Dt

E. zodiacus I0

Figs. 3-9, 3-10

E. zodiacus C. wailesii

2006

2000; Tada et al. 2000; 2006

E.

zodiacus 1 3

Jitts et al. 1964;

Smayda 1969; Yoder 1979; Nakamura and Watanabe

1983a; 1984; 1989; 1989;

1991; Yamaguchi et al. 1997; 1997;

Yamamoto et al. 2002; 2003;

2005a, b; Yamaguchi et al. 2010

C. antiqua Nakamura and Watanabe 1983a;

1991 H. circularisquama Yamaguchi et al. 1997;

2005a 10

Alexandrium tamarense 1997 10

20 5 25

20 Chattonella ovata

H. circularisquama 30

Yamaguchi et al. 1997;

2005a; Yamaguchi et al. 2010 A. tamarense

15

1997

1998

euryhaline

stenohaline

1998 E. zodiacus
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Fig. 2-2

E. zodiacus 20 25 20

25 C. wailesii

3.0 divisions

d-1 C. wailesii 3

K.

mikimotoi 0.95 1.18 divisions d-1 1983;

1989 C. antiqua 0.74 1.34 divisions d-1

Nakamura and Watanabe 1983a; 1991

Heterosigma akashiwo 0.89 1.9 divisions d-1 Tomas

1978; Yamochi and Abe 1984; Herndon and Cochlan 2007

Chan 1978 Skeletonema costatum

1.9 3.81 divisions d-1 Chan 1978; Yoder

1979; 1994 Chaetoceros didymium var. protuberans

Ditylum brightwellii (West) Grunow ex Van Heurck

Thalassiosira sp. 2.1 3.1 2.2 divisions d-1

1994

E. zodiacus

E. zodiacus 5

7

C. wailesii 5

20 35

Gallagher 1982 Narragansett

S. costatum 5

2

E. zodiacus

E. zodiacus

10

Figs. 2-9, 2-10

E. zodiacus

20 25 1/3

C.

wailesii

20 25 10

11

2000

Detonula confervacea (Cleve) Gran

Thalassiosira nordenskioeldii Cleve S. costatum

Jitts et al. 1964; Smayda 1969, 1980

Smayda 1980

Figs. 2-3, 2-10

E. zodiacus C. wailesii

10 C. wailesii

20 25

Figs. 3-6, 3-8

E.

zodiacus
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1979; Yamamoto and Tsuchiya

1995

1

2

1997

E. zodiacus

C. wailesii

E. zodiacus

1967 Nagai et al. 1998

E. zodiacus C. wailesii

500 50 500 �M MP1

1994

150 �mol m-2 s-1 10hL: 14hD

MP1

E. zodiacus

9 20 9

E. zodiacus 2

3 20 E. zodiacus C. wailesii

E.

zodiacus 10

MP1 100 ml 200 ml

100 cells ml-1

250 ml

Nalgene

0 1 2.5 5

10 25 50 100 250 500 µM

0 0.1 0.25 0.5 1 2.5 5 10 25 50

µM 0 1

2.5 5 10 25 50 100 250 500 µM E. zodiacus

1994

IHN

Imai et al. 2004

E. zodiacus

MP1 1994

2001 3 H1 34o 41.0’ N,

134o 45.5’ E Sterivex-GV 0.22 µm

Filter unit Millipore 6

Auto Analyzer
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1986

DIN : 0.9 µM PO4-P :

0.24 0.26 µM SiO2-Si : 1.2 µM

E. zodiacus

1

�; divisions d-1

Monod

1949 1997

� = �m S/(Ks+S)

S µM µm

divisions d-1 Ks µM

N S0

Q0

1988; 1999, 2001

Q0 = S0/N

C. wailesii

MP1

C. wailesii E. zodiacus

10 MP1 7.5 ml 6

1 10 15

C. wailesii

Monod

20

MP1 E. zodiacus

MP1 125 ml

200 ml 100 cells ml-1

KNO3

KNO2 NH4Cl Uric

Acid Urea Ala

Arg Asn Asp

Gln Glu Gly

His Ile Leu

Lys Met

Phe Pro Ser

Trp Tyr Val

Orn Tau 20

K2HPO4 -

Glycero-P Tripoly-P

Pyro-P Meta-P

-5’- UMP D-

-6’- F6P -5’-

ATP -5’- ADP

-5’- AMP p-

NPP D- -6’-

G6P -D- -1’-

G1P -5’- GMP

-5’- CMP 14

121 15

MP1 TOYO ADVANTEC
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DISMIC-13cp 0.45 �m

500 50 µM

Nakamura and

Watanabe 1983b; Iwasaki et al. 1990

50 100 250 µM

E. zodiacus

0

100 %

C.

wailesii MP1

7.5 ml 6 10 15 cells well-1

E. zodiacus

E. zodiacus

Fig. 3-11
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Fig. 3-11. The growth rate of Eucampia zodiacus versus initial concentrations of nitrate
(N), orthophoshate (P) and silicate (Si) in the medium at 9 and 20 oC.
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µ Monod

9 : µ = 1.0 SN/(0.76+SN) (r2 = 0.77)

: µ = 1.3 SP/(0.29+SP) (r2 = 0.78)

: µ = 1.2 SSi/(0.91+SSi) (r2 = 0.84)

20 : µ = 2.6 SN/(0.86+SN) (r2 = 0.83)

: µ = 2.6 SP/(0.31+SP) (r2 = 0.74)

: µ = 2.4 SSi/(0.88+SSi) (r2 = 0.81)
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Q0 = 0.24

Q0 = 1.6
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Fig. 3-12. Maximum cell yields of Eucampia zodiacus grown with different
concentrations of nitrate (N), orthophoshate (P) and silicate (Si) in the medium at
9 and 20 oC.
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Ks 9

1.0 divisions d-1 0.76 µM 1.3 divisions d-1

0.29 µM 1.2 divisions d-1 0.91 µM 20

2.6 divisions d-1 0.86 µM 2.6 divisions d-1

0.31 µM 2.4 divisions d-1 0.88 µM 9

E. zodiacus 20

1/2

Table 3-2

9

47 µM 7.8 µM 42 µM

Fig. 3-12

1.6 0.24

3.8 pmol cell-1 20

34 µM 5.4 µM 50

µM Fig. 3-12

1.0 0.16 2.6 pmol cell-1

Table 3-2

E. zodiacus C. wailesii

S µ Monod

Fig. 3-13

9 : µ = 0.49 SN/(1.4+SN) (r2 = 0.83)

: µ = 0.46 SP/(0.39+SP) (r2 = 0.88)

: µ = 0.48 SSi/(6.2+SSi) (r2 = 0.88)
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Fig. 3-13. The growth rate of Coscinodiscus wailesii versus initial concentrations of nitrate
(N), orthophoshate (P) and silicate (Si) in the medium at 9 and 20 oC.
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20 : µ = 1.3 SN/(1.4+SN) (r2 = 0.59)

: µ = 1.1 SP/(0.39+SP) (r2 = 0.94)

: µ = 1.0 SSi/(5.7+SSi) (r2 = 0.89)

µm Ks 9

0.49 divisions d-1 1.4 µM

0.46 divisions d-1 0.39 µM 0.48 divisions d-1

6.2 µM 20 1.3 divisions d-1 1.4 µM

1.1 divisions d-1 0.39 µM 1.0 divisions d-1

5.7 µM C. wailesii E.

zodiacus 20 9
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Q0 = 30
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Fig. 3-14. Maximum cell yields of Coscinodiscus wailesii grown with different
concentrations of nitrate (N), orthophoshate (P) and silicate (Si) in the medium at
9 and 20 oC.
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1/2

Table 3-2

C. wailesii

9 101 µM 12 µM 86 µM

Fig. 3-14

440 �M cell-1 40 �M cell-1

1400 �M cell-1 20

109 µM 7.6 µM

124 µM Fig. 3-14

440 30 1400 pmol

cell-1 Table 3-2

E. zodiacus

Fig. 3-15 50 100 µ

147 289

250 µM

Gln

Asn His

Leu Phe

Trp 36 67 %

E. zodiacus

Fig. 3-16 Pyro-P Meta-P

-5’- ATP p-

NPP

61 72

C. wailesii

Fig. 3-17 500 �M

77 %

20 13

76 %

50 %

22 33

12

113

-5’-

-5’- 78 89 %

Fig. 3-18 D- -6’-

13 % p-

23 % 7

Species Nutrient

Eucampia zodiacus Nitrate 9.0 1.0 0.76 1.6
20.0 2.6 0.86 1.0

Phoshate 9.0 1.3 0.29 0.24
20.0 2.9 0.31 0.16

Silicate 9.0 1.2 0.91 3.8
20.0 2.4 0.88 2.6

Coscinodiscus wailesii Nitrate 9.0 0.49 1.4 440
20.0 1.3 1.4 440

Phoshate 9.0 0.46 0.39 40
20.0 1.1 0.39 30

Silicate 9.0 0.48 6.2 1400
20.0 1.0 5.7 1400

Temperature (oC) �m (divisions d
-1) Ks (�M) Q0 (pmol cell

-1)

Table 3-2. Maximum growth rate (�m), half saturation constant (Ks), and minimum cell quota (Q0) of
Eucampia zodiacus and Coscinodiscus wailesii versus nitrate, phoshate and silicate at 9 and 20 oC.
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Fig. 3-15. Utilization of variety of nitrogenous
compounds by Eucampia zodiacus, expressed as
percent of maximum growth in the medium
containing 500 �M nitrate.
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Fig. 3-16. Utilization of variety of phosphorus
compounds by Eucampia zodiacus, expressed
as percent of maximum growth in the medium
containing 50 �M orthophospate.
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Fig. 3-17. Utilization of variety of nitrogenous
compounds by Coscinodiscus wailesii, expressed
as percent of maximum growth in the medium
containing 500 �M nitrate.
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Fig. 3-18. Utilization of variety of phosphorus
compounds by Coscinodiscus wailesii, expressed
as percent of maximum growth in the medium
containing 50 �M orthophospate.
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E. zodiacus

E. zodiacus HAB

E.

zodiacus 9 20

1.0 1.6 pmol cell-1

C. wailesii 440 pmol cell-1

C. antiqua 7.7 pmol cell-1 Nakamura

1985b H. akashiwo 1.44 pmol cell-1 Watanabe et al.

1982 K. mikimotoi 3.13 pmol cell-1 Yamaguchi and

Itakura 1999 H. circularisquama 1.10 pmol cell-1

Yamaguchi et al. 2001 E. zodiacus

1988 HAB

E. zodiacus

0.16 9 0.24 pmol cell-1 20

C. wailesii C. antiqua Nakamura 1985b

K. mikimotoi Yamaguchi and Itakura 1999

H. akashiwo Watanabe et al. 1982 H. circularisquama

Yamaguchi et al. 2001 HAB

Table 3-3

E. zodiacus

E. zodiacus

3

DIN: 3.5 µM PO4-P: 0.27 µM SiO2-Si: 3.5

µM E. zodiacus 2187 1125 931 cells

ml-1

1000 cells ml-1

9

20 E. zodiacus N/P 6.7

6.3 HAB N/P

Redfield N/P = 16 11 15

DIN

N/P

E. zodiacus

E. zodiacus

Species N P Reference
(pmol cell-1) (pmol cell-1)

Eucampia zodiacus (9oC) 1.6 0.24 Present study

Eucampia zodiacus (20oC) 1.0 0.16 Present study
Coscinodiscus wailesii (9 ) 440 40 Present study
Coscinodiscus wailesii (20 ) 440 30 Present study
Chattonella antiqua 7.7 0.60 Nakamura (1985b)
Heterosigma akashiwo 1.44 0.095 Watanabe et al. (1982)
Karenia mikimotoi 3.13 0.25 Yamaguchi and Itakura (1999)
Heterocapsa circularisquama 1.10 0.0894 Yamaguchi et al. (2001)

Minimum cell quota

Table 3-3. Comparison of minimum cell quota (Q0) for nitrogen (N) and phosphorus (P) between Eucampia
zodiacus and other marine phytoplankton.

��



Eucampia zodiacus 39

Fig. 3-15 50 100 �M

Fig.3-15, 17 C. wailesii 500

�M 77 %

E. zodiacus

250 �M

1994 0 250 �M 4 C.

didymium var. protuberans D. brightwellii S. costatum

Thalassiosira sp.

E. zodiacus

C. wailesii

E. zodiacus

2006, 2007

6

DIN

DIN

1986

2002b

DON TN

DIN DON

Bonin and Maestrini 1981

HAB

Nakamura and

Watanabe 1983b; 1994; 1999;

Yamaguchi and Itakura 1999; Yamaguchi et al. 2001; Oh et

al. 2002; Yamaguchi et al. 2008a

K.

mikimotoi Yamaguchi and Itakura 1999 H.

circularisquama Yamaguchi et al. 2001

C. antiqua 1994 C. ovata

Yamaguchi et al. 2008a

C. didymus D. brightwelii Thalassiosira

sp. S. costatum

1994 E.

zodiacus 14

Fig. 3-16 C. wailesii

14 8

Fig. 3-18 E. zodiacus

C. wailesii

E. zodiacus

Ks 3 7

C.

wailesii Ks E. zodiacus 3

3

alkaline

phosphatase APase

Kuenzler and Perras 1965;

2005 APase

Uchida 1992; Oh et al. 2002
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2003 7 APase

H. circularisquama

S. costatum

APase

Flynn et al. 1986

Chattonella

Skeletonema

H. circularisquama Chaetoceros

E. zodiacus

2002;

2005

2007

Porphyra yezoensis Ueda Niwa and

Aruga 2003 1988

4

18 S.

costatum

Eppely et al. 1969; Lehman et al. 1975

E.

zodiacus C. wailesii

1967 Nagai et al. 1998

E. zodiacus C. wailesii

500

50 �M MP1 1994

9 20

150 �mol m-2 s-1 10hL: 14hD

Harrison et al. 1989

E. zodiacus
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MP1 E.

zodiacus

MP1 1.5 L 2

L 5000 10000 cells ml-1

40 �M 5 �M

0 10

20 30 45 60 90 120 150 180 240 360

7 1

PTFE 0.45 mm Advantec

TRAACS-800

1986

C. wailesii

C. wailesii

MP1 1.5 L 2 L

20 30 cells ml-1

E.

zodiacus

MP1

E. zodiacus

MP1 150

ml 300 ml 14

E. zodiacus

10000 20000 cell ml-1

7 1 2.5

5 10 20 50 100 �M

7 0.25 0.5 1 2 5 10 20 �M

E.

zodiacus N; cells ml-1

S; �M �;

pmol cell-1 h-1

� = -(dS/dt)/N

S

Michaelis-Menten

Dugdale 1967 1997

� = �max×S/(Ks+S)

�max pmol cell-1 h-1 Ks

�M

C. wailesii

C.

wailesii

MP1 150 ml 300 ml

C. wailesii 30 40 cells ml-1

E. zodiacus

40 �M

E. zodiacus

Fig. 3-19 9 20

360

5 �M 1

Fig. 3-19

1

Fig. 3-20 20

45

0.40 0.74 pmol cell-1 h-1

60 120 150 360

0.25 0.31

0.017 0.10 pmol cell-1 h-1

Fig. 3-20, p<0.05
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C. wailesii

360

2 3 Fig.

3-21 2 3

C. wailesii

E. zodiacus

60

0.17 0.21 pmol cell-1 h-1

90 360 ; 0.024 0.13 pmol cell-1 h-1

Fig. 3-22, p<0.05

30

1988

9

20 E. zodiacus

Fig. 3-23

S �;

pmol cell-1 h-1 Michaelis-Menten

9 : � = 0.777×S/(2.59+S) (r2 = 0.67)

20 : � = 0.916×S/(2.92+S) (r2 = 0.90)
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Fig. 3-19. Decrease in nitrate concentration after
addition of nitrate to nitrogen-starved Eucampia
zodiacus at 9 and 20 oC. The inset is an expanded
view of the time range 360 minutes.

Fig. 3-21. Decrease in nitrate concentration after
addition of nitrate to nitrogen-starved Coscinodiscus
wailesii at 9 and 20 oC. The inset is an expanded view
of the time range 360 minutes.

Fig. 3-20. Decrease in phosphate concentration
after addition of phosphate to phosphorus-starved
Eucampia zodiacus at 9 and 20 oC. The inset is an
expanded view of the time range 360 minutes.

Fig. 3-22. Decrease in phosphate concentration after
addition of phosphate to phosphorus-starved
Coscinodiscus wailesii at 9 and 20 oC. The inset is an
expanded view of the time range 360 minutes.
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0.777 0.916 pmol cell-1 h-1 2.59

2.92 �M �max; pmol

cell-1 h-1 Ks

9 20

S �

Michaelis-Menten

9 : � = 0.244×S/(1.83+S) (r2 = 0.86)

20 : � = 0.550×S/(4.85+S) (r2 = 0.95)

Table 3-5

9 20

0.244 0.550 pmol cell-1 h-1 1.83 4.85 �M

9 20

20 1/2

C. wailesii

Fig. 3-24 C.

wailesii Michaelis-Menten

9 : � = 58.3×S/(2.91+S) (r2 = 0.71)

20 : � = 95.5×S/(5.08+S) (r2 = 0.90)

9 : � = 41.9×S/(5.62+S) (r2 = 0.92)

20 : � = 59.1×S/(6.67+S) (r2 = 0.92)

Table 3-4 3-5

9 20

�max Ks

58.3 95.5 pmol cell-1 h-1 2.91 5.08 �M

�max Ks

41.9 59.1 pmol cell-1 h-1 5.62 6.67 �M

C. wailesii
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Fig. 3-23. Nitrate and phosphate uptake rate of Eucampia zodiacus as a function of ambient nutrient
concentration at 9 and 20 oC. The solid curve of Michaelis-Menten equation was fitted to the observed
value ( ) using the maximum likelihood method.
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E. zodiacus

E. zodiacus

E. zodiacus C.

wailesii

E. zodiacus

Ks

Eppley and Thomas 1969; Eppley et al. 1969; Gotham

and Rhee 1981; Yamamoto and Tarutani 1999; Yamamoto

et al. 2004 Ks

Eppley

et al. 1969; Hein et al. 1995

C. wailesii

Ks

Gymnodinium catenatum Graham Yamamoto et al. 2004

C. antiqua Nakamura and Watanabe

1983c; Nakamura 1985b Table

3-4 E. zodiacus

Ks

S. costatum Chaetoceros spp.

Thalassiosira weissflogii (Grunow) Fryxell et Hasle

�max

Nakamura and

Watanabe 1983c

Vmax; h-1

Nakamura and Watanabe

1983c
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Fig. 3-24. Nitrate and phosphate uptake rate of Coscinodiscus wailesii as a function of ambient nutrient
concentration at 9 and 20 oC. The solid curve of Michaelis-Menten equation was fitted to the observed
value ( ) using the maximum likelihood method.
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Vmax = �max/Qo

2 E. zodiacus C.

wailesii Qo; pmol cell-1

Vmax Table 3-4 Healey

1980

Vmax/Ks E. zodiacus

Vmax Vmax/Ks

Vmax

G. catenatum C. antiqua

Table 3-4 Vmax/Ks S. costatum

E.

zodiacus

E. zodiacus 9 20 Ks

�max 9

9 Vmax

Vmax/Ks 20 1/2

9 Vmax

Vmax/Ks S. costatum Vmax/Ks Table 3-4

E. zodiacus 10

Ks

E. zodiacus Ks E. zodiacus

Vmax Vmax/Ks S. costatum

A. tamarense

1999 S. costatum A. tamarense

A. tamarense

S. costatum A. tamarense

S. costatum

A. tamarense

S. costatum

E. zodiacus S.

costatum A.

tamarense

Skeletonema E. zodiacus

Fig. 2-13

S.

costatum

2000

E.

zodiacus

2003; 2007

C. wailesii

Table

3-4, 3-5 Ks

Vmax Vmax/Ks E.

zodiacus S. costatum
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Sommer 1985, 1989

3

1 Vmax/Ks

2

�m

3 Vmax >

�m

E. zodiacus Vmax/Ks (1)

(2) C.

wailesii �max (3)

C. wailesii

C. wailesii

1994a; 2000

E. zodiacus

E. zodiacus

E. zodiacus

Vmax Vmax/Ks

C. wailesii

E. zodiacus

E. zodiacus

E. zodiacus

Eucampia zodiacus

Smayda 1980

HAB Harmful Algal

Bloom Imai and Itoh

1987; Nagai et al. 1996; Itakura et al. 2002; Shiraishi et al.

2007

Hargraves and French 1983; 1986; Imai

1989; Kuwata and Takahashi 1990; 1992;

1992; Imai et al. 1993; 1995; 2000

Chattonella Chattonella antiqua Chattonella

marina (Subrahmanyan) Hara et Chihara

6 9 7 8

Imai and Itoh 1987;

Imai et al. 1991 Chattonella

seed

population

Imai and Itoh 1987; Imai et al. 1989,
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1991 HAB

HAB

Imai and Itakura 1991; Imai et al. 1991; 1995;

Itakura and Yamaguchi 2001; Yamaguchi et al. 2002

HAB

Chattonella

1990; Yamaguchi and Imai 1994

Itakura et al. 1997

Skeletonema costatum Chaetoceros spp.

Thalassiosira spp.

seed

Nagai et al.

1996 Coscinodiscus wailesii

critical

seed

population

HAB

Eucampia zodiacus

11 3 2006

E. zodiacus

E. zodiacus

1

E. zodiacus

2 1

E.

zodiacus C. wailesii

E. zodiacus

1 4

Figs. 2-9, 2-12 10

E.

zodiacus 20 25

ca. 3 divisions d-1 1/3

Figs. 3-4, 3-6 E. zodiacus
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MacDonald and Pfitzer’s Rule

1991

Gallagher

1983; 1991; 1994

1994 C. wailesii

70 �m

1994

E. zodiacus

4

E. zodiacus

3 Fig.

4-1

3 m; 34o 41.2’ N,

134 o 52.8’ E 2002 4 2005 12

1

5 km H1 20 m; 34
o 41.0’ N, 134 o 45.5’ E 1 km

H28 10 m; 34 o 43.6’ N, 134 o 47.4’ E

1 11 3

3

5 30 L

ST

model 3210 H1 H28

0.5 m 5 m H28 10 m H1

1 m 3

1985 500 ml

ACL215 DIN;

NO3-N+NO2-N+NH4-N PO4-P SiO2-Si

1986

Auto Analyzer Technicon TRAACS 800

Bl-Tec

5 �m

47 mm; Millipore

1990 10 30 ml

1 ml

E. zodiacus

VM-50 300

�m E. zodiacus

Pacific Ocean

Japan Sea

Stn. Futami
Stn. H1

Harima-Nada

Stn. H28
Kakogawa River

Fig. 4-1. Location of the sampling stations in the
north eastern part of Harima-Nada, the Seto Inland
Sea.
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H1 H28
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E. zodiacus
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Fig. 4-2. Seasonal changes in cell density (A) and cell size (B) of Eucampia zodiacus at Stn.
Futami from April 2002 to December 2005.
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Fig. 4-3. Changes in cell size frequency distribution of Eucampia zodiacus at Stn. Futami
during the period from October to December of each year (2002-2005).
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Fig. 4-4. Seasonal changes in water temperature, salinity, DIN, PO4-P and
SiO2-Si at Stn. Futami from April 2002 to December 2005.
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Fig. 4-5. Seasonal changes in cell density of Eucampia zodiacus in each depth layer at Stns.
H1 and H28 from April 2002 to December 2005. Surface ( ); middle layer ( ); 1 m above
the bottom ( ).
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Fig. 4-7. Seasonal changes in water temperature, salinity, DIN, PO4-P and
SiO2-Si in each depth layer at Stn. H1 from April 2002 to December 2005.
Surface ( ); middle layer ( ); 1 m above the bottom ( ).
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Fig. 4-8. Seasonal changes in water temperature, salinity, DIN, PO
4
-P and 
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-Si in each depth layer at Stn. H28 from April 2002 to December 2005. 
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Nagai and Imai 1999

Imai et al.

1984

1990; Itakura et al.

1997; 2007

1 cm Skeletonema

spp. Chaetoceros spp. Thalassiosira spp.

105 cells MPN cm-3 wet sediment

1990; 2007

Itakura et al. 1997; 2007

1995 C. wailesii

1990; Itakura et

al. 1997; 2007

E. zodiacus

E.

zodiacus

Figs. 4-2,

4-5, 4-6 E. zodiacus

Ishikawa et al. 2007

Plankton emergence trap/chamber

PET

PET

Chaetoceros

15 25

2007 E. zodiacus

E. zodiacus

E. zodiacus

E. zodiacus

E. zodiacus

C. wailesii

Table 3-4,

3-5

E. zodiacus

E.

zodiacus

E. zodiacus

E. zodiacus

E. zodiacus C. wailesii
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10 11

E. zodiacus

Figs. 4-2, 4-5

C. wailesii

2000

C. wailesii

Nagai et al.1996 E. zodiacus

1

E.

zodiacus

1 4

E. zodiacus

S. costatum 1967; Gallagher1983 L. danicus

French and Hargraves 1986 C. wailesii

1994; Nagai et al. 1995; Nagai and Imai 1997

E. zodiacus

Honjo 1994

2000

2006
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Fig. 4-9. Seasonal changes in cell size of Eucampia zodiacus at Stn. Futami from April 

2002 to March 2009.  
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2006 11 16

Table 4-1, Fig. 4-10

E.

zodiacus

Table 4-1

50%

E.

zodiacus

Table 4-1

X; cell L-1 E. zodiacus

Y

Fig. 4-11
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Fig. 4-10. Changes in cell density and ratio of small
size and size restored large cells of Eucampia
zodiacus from October to November in each year
(2002-2008).
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E. zodiacus

7 1

Fig. 4-9

Fig. 4-10 E. zodiacus

1 4 seed

population

E. zodiacus

1

E.

zodiacus

E. zodiacus

E. zodiacus

E.

Fiscal year Cell size Peak of bloom

(Small: Large = 1:1)

2002 174.7 8 Oct. 2002 14 Feb. 2003 96

2003 97.9 10 Oct. 2003 11 Mar. 2004 152

2004 81.8 15 Nov. 2004 7 Apr. 2005 143

2005 654.3 30 Oct. 2005 11 Jan. 2006 73

2006 324.0 16 Nov. 2006 1st Mar. 2007 105

2007 75.6 31 Oct. 2007 15 Mar. 2008 136

2008 187.4 29 Sep. 2008 22 Jan. 2009 115

Integrated dayAverage cell density

Table 4-1. Parameters to predict the time when Eucampia zodiacus blooms reached the peak in each year
(2002-2008). Average cell densities were the mean values during the period from first detection of size
restored large cells to all the cells became large size in each year. Total of days from restoration of cell size to
the peak of E. zodiacus blooms were defined the integrated day. The starting point of integrated day was the
day assumed small size cell: size restored large cell = 1: 1.
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Fig. 4-11. Relationship between average cell densities
of Eucampia zodiacus and integrated day during the
period from restoration of cell size to the peak of
blooms in each year (2002-2008). Average cell
densities were the mean values during the period from
first detection of size restored large cells to all the cells
became large size in each year. The starting point of
integrated day was the day assumed small size cell: size
restored large cell = 1: 1.
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Fig. 5-1
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Fig. 5-1. A schematic representation of long-term changes in water quality and phytoplankton
assemblage in Harima-Nada, the Seto Inland Sea.
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Fig. 5-2. A schematic representation of biological phases of Eucampia zodiacus and
Coscinodiscus wailesii, and environmental factors affecting their seasonal occurrences in
Harima-Nada, the Seto Inland Sea.
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Fig. 5-3. Comparison of growth characteristics for environmental factors and life history of
Eucampia zodiacus and other marine diatoms, with the damage to Nori aquaculture by
bleaching and counter actions for reducing the negative effects due to Eucampia blooms.
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Summary

In Harima-Nada, eastern part of the Seto Inland Sea, “Nori” (Porphyra yezoensis) cultivation is of significant economic

importance for fisheries with the average production of around 10-15 billion yen per year. Since the mid 1990s, the

chain-forming diatom Eucampia zodiacus have caused blooms almost every year during the harvest season of Nori

cultivation. The blooms lead to depletion of nutrients, and indirectly cause bleaching of aquacultured Porphyra thalli

through competitive and overwhelming utilization of nutrients during bloom events. Therefore, E. zodiacus has become a

predominant organism causing the bleaching of Porphyra thalli in Harima-Nada. For reducing the negative effect of the

blooms on Nori bleaching, the present study was conducted to understand the biological background of the mechanism of

mass occurrence and serious damage to Porphyra thalli due of E. zodiacus in recent year.

Long-term monitorings of water quality and phytoplankton was conducted at 19 sampling stations in Harima-Nada for 35

years during 1973 to 2007. Over the study period, E. zodiacus cells were detected every year, and seasonal cell densities

tended to be higher from January to April. Total phytoplankton cell densities tended to be higher from the 1970s to the early

1980s, then declined in the mid 1980s, and remained at a relatively stable level thereafter. In contrast to the trend, the

abundances of E. zodiacus increased in the mid 1990s. The major phytoplankton component was always diatoms over the

35-year period, and there was a dramatic shift from Skeletonema dominance to Chaetoceros in the mid 1980s. There were

two significant long-term changes, i.e. an increase in winter water temperatures and decrease in dissolved inorganic nitrogen

(DIN). The present results suggest that the shift of environmental conditions is more advantageous to the growth of E.

zodiacus, which corresponded to the domination of the E. zodiacus abundance in recent years.

The effects of irradiance, temperature, salinity and nutrients on the growth of E. zodiacus were examined using clonal and

axenic cultures to evaluate the relative importance of those factors on the dynamics of natural populations. The results
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showed that all the parameters of growth-irradiance curves, such as the maximum growth rate (µm), half saturation constant

(Ks) and threshold value of irradiance (I0), increased with increasing temperature. The effect of irradiance on the population

dynamics of E. zodiacus in water columns was evaluated using two indices, Dt (depth of the threshold irradiance for growth)

and D0.5 (depth where a growth rate of 0.5 divisions day-1 is attained). Dt and D0.5 remained almost stable from October to

December, but gradually increased in early March when E. zodiacus blooms in Harima-Nada. As the vegetative cells of E.

zodiacus were observed in the whole water columns, the increase in the depth range over which E. zodiacus is able to grow

is concluded to be an important factor allowing development of its blooms.

Eucampia zodiacus can grow at 7 oC and above, but not at 5 oC. The tolerable salinity range for growth was very broad.

The highest growth rate of 3.0 divisions d-1 was observed under the environment of the combination of 25 and 25,

respectively. The growth rates of E. zodiacus are approximately equal or higher than values reported for other diatom

species, and rapidly increase along with a rise in temperature. Consequently, E. zodiacus can grow at higher rates under the

recent warm winter conditions, and it is an important factor allowing the dominant development of the abundance in recent

years.

The relationship between nutrients (nitrate, phosphate and silicate) concentration and growth rate is well described by

Monod equation. The Ks values of nitrate and silicate were lower than mean concentrations of these nutrients in water of

Harima-Nada year-round, and E. zodiacus can successfully use various organic phosphorus compounds of different

molecular structures as the sole P source. In addition, minimum cell quotas for nutrients of E. zodiacus are relatively lower

than those of other harmful species. These parameters indicate that E. zodiacus is advantaged in competing for nutrients to

other species, and it enables this species to grow until available nutrients are almost exhausted.

We experimentally investigated the nitrate and phosphate uptake kinetics of E. zodiacus, Harima-Nada strain. The

maximum specific uptake rate (Vmax) and Vmax/Ks for nitrate at 9 oC are about 1/2 of those obtained at the optimum

temperature (20 oC), they are still higher than those obtained for many other phytoplankton at their optimum temperature

conditions for uptake. These results suggest that E. zodiacus utilizes nitrogen efficiently at low water temperature, and it is

one of the important factors causing the serious damage to Porphyra thalli by bleaching.

The seasonal changes in cell density and cell size of E. zodiacus were investigated for four years (April 2002-December

2005) to understand the population ecology of this diatom in Harima-Nada. Vegetative cells of E. zodiacus were usually

detected year-round. The average cell size (length of apical axis) of E. zodiacus populations ranged from 10.8 0.69 �m to

81.2 1.4 �m, and the restoration of cell size occurred only once in autumn every year just after reaching the minimum cell

size. In addition, its great seasonal regularity was confirmed by the decrease and restoration of its cell size through four-year

study period. Although temperature and nutrients were suitable in autumn for the growth of E. zodiacus, its blooms never

occur in that season. These results strongly suggest that E. zodiacus did not have a resting stage, and it spends autumn for

size restoration and starts to bloom thereafter in Harima-Nada in winter and spring.

Average cell densities of E. zodiacus population in autumn, when it spent for restoration of its cell size, had a significant

negative correlation with the integrated day during the period from restoration cell size to the peak of bloom. It was

considered that vegetative cells of E. zodiacus observed in autumn season played an important role as seed populations in

winter and early spring bloom. Therefore, it is proposed to predict the time of Nori bleaching occurrence by monitoring the
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cell size restoration time and the mean cell density of E. zodiacus in autumn season in Harima-Nada.
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