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Development of seedling cultivation methods for transplantation of
FEisenia bicyclis using seaweed settlement devices

Kuo TiaN', Kaori NARUSE’, Mineo OKAMOTO’, Shingo KAMOSHITA',
Yukio YAMAZAKP, Toshiyuki MATSUI®

Abstract : We developed a slag-ceramic seaweed settlement device (SSD) to obtain seedlings of
young Eisenia bicyclis (Kjellman) Setchell for transplantation. Experiments were performed
with SSDs in an indoor tank at the Ibaraki Prefectural Fisheries Center. Each SSD was com-
posed of a plate to settle the seaweed and two spacers on the underside of the plate with a hole
in their centers. The spacers were designed to provide clearance when SSDs were fixed closely
together (500—-700 SSDs/m? on a rack (or grating) to settle zoospores of Eisenia bicyclis re-
leased from their mother plants. Eisenia settlements on the top surfaces of SSD grew well in
comparison with those on side surfaces. After sporophytes grew to visible size, their growth be-
came faster, and small Eisenia grew thickly on SSDs. To prevent the rapid decline in Eisenia
numbers as a result of competition, units of SSDs were separated and re-bound using bamboo
rods with a clearance of 5-9 cm, and re-fixed on racks with 1.5-7 cm clearance (100—200
SSDs/m*). SSDs contained a mean of nine 8-cm Eisenia, and six 14-cm Eisenia and several
large Eisenia with pinnae (mean 10 cm stipe, 8 pinnae, and 23 cm longest pinna) between
6 months and 14 months after settlement. It is verified that SSDs for transplantation with sev-
eral types of Eisenia growing on them were produced.

Keywords : Eisenia bicyclis, seaweed settlement device, slag-ceramic
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Fig. 1. Size of seaweed settlement device (SSD)
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Fig. 2. Slag-ceramic seaweed settlement device
(SSD). (a) Side view of SSDs, (b) Bird’s eye view
of SSD unit: 10 SSDs were connected by bamboo
rod 3 mm in diameter, (¢) Arrangement of SSD
units on rack for the settlement of FEisenia
bicyclis zoospore. Clearances of each plate of SSD
unit (A) was 0.7 cm, and clearance between each
SSD units (B) was 1.5-2 cm, (d) Separation of
SSDs on rack. Clearances of each plate of SSD
(A), and clearance between each units (B).
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A: 0.7cm Nov. 13,2010
B: 1.5-2 cm A:0.7cm
l B: 1.5-2 cm
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31-87 Days
after the start
Measurement Measurement
162 Days 158 Days
Measurement
194 Days

Fig. 3. Diagram of Experiment 1.
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Fig. 4. Diagram of Experiment 2.
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Fig. 5. Diagram of Experiment 3.
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Fig. 6. Stainless steel rack (1m X 0.6 m, 0.15m in
height) held 40 units (each 10 SSDs) of seaweed
settlement devices (SSDs) on Experiment 1.
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Fig. 7. Measurement lines (dotted line) of minute
Eisenia bicyclis (<3—4 mm) using digital micro-
scope, and measurement places of larger
E.bicyclis at upper surface (painted out light. 2.8
em®) and two higher side surfaces (painted out
light dark. 4 em’each) of seaweed settlement de-
vice (SSD) on Experiment 1.

HOWRARNL, EBHLTWT 5 AR
W EHY 1 XOFHETT - 7o (Fig. 3),

2010 /£ 11 H 18 H (Experiment 1b) 2, i
ﬁ@ﬂﬁ9ﬂ#6%%%%%bhmm&u%@
KA AT, 35 2 AR 11 H 9 HBA
%@%%tﬁbﬁ$177xﬁi%@%¢&ﬁ%
T o1 TOFEE 1b TIE, BB PHEESIR
HoER W Eiiciimy, EREARE 158 A H
(2011 4E 4 H 20 H) cilEmARE 2 ) GERE
20D, 194 HHICiESRE 2107 5 A 0
1775 5 72 (Fig. 3)s

2.2.2 EB2

204K I (HE3mm, £X0.9m) 12#
BAARE 40 92, F72 10 AW & TITiFss
IKE 50T >%2@EL, £ho%E 30 KD ML
(2emX38cem, £X09m) 12, HKRE 10T >
WS B3 I TS5 AF v 78 v R TR A
HTHELR, BIER7LV—F 27 2K
(Daikure Co., Ltd. 0.9 mX0.9m, & 0.04m,.
uT RB) T, ThEnfifk 15K GEERIR
H.40 ﬂﬂ 10 4, 50 1@ 5 4, #Fdeas K H 650 {#)

n.t p
* “'V

*“’JJ{’{"/‘;’?W% wgu A \‘\ i

p ibretinl a VY \'\\
i 'w A “ |
(o NV g T T T \\
ﬂgm fm H} { ; “%g\
Ul s ST A

‘)::
03 m i

Fig. 8. Plastic grating (Rack. 1m>x0.9m, 0.04 m in
height) held 65 units (each 10 SSDs) of seaweed
settlement devices (SSDs) on Experiment 2.
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Fig. 9. Measurement lines (dotted line) of minute
Eisenia bicyclis (<3-4mm) wusing digital
microscope, and measurement places of larger
E.bicyclis at upper surface (painted out light
dark. 2.8 ecm®), higher side surfaces (painted out
light dark. 14.1 cm®), and lower side surfaces ex-
clude spacer (painted out dark. 9.6 cm®) of sea-
weed settlement device (SSD) on Experiment 2.

FEET VU IVHEME TN, T ANEMT
EHREITELA 6L HHUKRIE, 7Y% IVEA
EEE R (LU, BABEGIE0 1WA, HH#EES
17715 - 720 WHBRIEE, Fig. 9ITR Lz k9 ici
mAEKRAAZ Ll (Upper surface), i kB
(Higher side surfaces), M F# (Lower side
surfaces) @ 3 XHizhH ¥, (1) R 1 HIE,

(2) P LRI E R Z 2 3 % 2 0 (R H
SHI5mm PR 10mm F), () M 58
DAR—=—HFFHERF O 1T (LE» S5
22.5mm F), TITH -7z &M LxBieE o
BEmHAEZLSBOEIH> P LT>TSL,

~TOWHE DT 7 A %2 HA I, HREI &I
3 XM O EEEB O T-EEE (HR/cm®) %KD,

S HICEMM L2 BRE (n=30 £72id n=20) @
T ARSI, BREHEEERD Tr LI, 94
E3~4mm 28277 7 A lFEko HEE %
1T -7 WHEAREOE L%, kil (2.8 cm?),
M B (14.1 em®), MU FEE (9.6 cm®) @ 3 X
B4y (Fig. 9), Evtw b TERILL THE

Ul ZOD8, o 2MMis 7 7 A a7k BHss
SEEITIE 5 T,

FERBHIRRE OB BHIROE £ 7 7 A 2B L
Mg R EE, 76 HHE 7213 177 H Bk

JE 24T - 720 FEBRBAIGTR 76 H HITIZ, iBERAE
RE 80 il % 8 A b 124 10 3" >k~

(Fig. 4. Separation. A : 8-10cm), €11 % 8§ &
DHBICIHE L, ZEEICHREZ LT T £
B:6-Tcm), #HKrxEHT72 (Fig. . FBH
Gtk 177 HH £ THBIRO £ 38 LT s
AR E 401 11, KT 7 A fa RO AL
U, T 7 ADE - CHREE 338 0 (EREHR
84.2%) 1ZJk-> T /e, ZDRNTHHEDOKRE D
DT T ANE - TAEIKE 90 % ET, 9RO
b O & iIc 2L CTHEE L, ZEEI1ITHD
7 (A:8-9cm. B:5-6cm), #HErEHEIT 7,
Wei] 225 2 CRIb &2 )5 o g R 2z, =h <
N C—5o 10 3> ZFHbdR E L, FERE
fitk 189, 205, 217 HHIZT T 4 fa Tk o {1k %k
EV A XEEFHIL (Fig. 4o

2.2.3 EE3

BHRBIZ 104 e T (B 3mm) 12 L
fﬁ%b,f%x%y7ﬂnyﬁ%%%wf%

Lk, IhE, A QemX3em, £X0.9m)

T3~5ME L, FEE2 THOD LR LR
2%!%F3mﬂi%mM)¢o%libto
2mM£mH17Hu,Ewm@Kﬁﬁﬁm%
Wlc L, BHE2HIIK 4o 70— 2T,
f“ﬁjzﬁbvk{*OSmt_méJ:o EE L, Fck
H, @7k%% LI TV —Y 3 VAT -7,
ZREHITE KRS (Onset. HOBO U22-001) %#3%
%L,lﬁ% CEICEM L e, WH, PR T
7oA 5 MAERRL, 3HBEORTLORKIC,
TR B BREIAEED A 233 AT D - 72,
FEh 2 L ARRIT, KIEOHEKAE N S L CIkKIRRE
TT 7 A DR 72 HER A A U THERHE LI
HEROEEET > TlEE ARG E S B, FiolE
EEHETIT, REER 2 &R E T OB
%?A%&)mo1%ﬁ 2 Me D i Ak 2 BRI
L, TY&IVEME: (X1,0000 TEhZh 10 »
Fid 2% T v ¥ LB L, dHETEEENE L
72o TDHT T A ZD B TR A fEKIZ U
B 1, 2 ERIBRICT 5 A B OB AT - 72,
V% i3#9 2 8 & & icigiEs KB R & v 7
VU T EITIE s T,

FERBIEH 98 HH, 7 5 A MK Hs H L THE
AT EICHFERAIRE 451 42RO, eI &Mk
%mmfw~m@TGﬁM%PUfl%b(A
5-6cm), £ 5 15T 2% 2 HDOZEHITHEE



ERB ETOBIET 5 # [l O 31

Table 1. Temporal changes in mean densities (ind./cm®) of Eisenia bicyclis grew on upper surface and
two higher side surfaces of two units of seaweed settlement devices (SSDs. Units—A, and-B.
Each 10 SSDs) after the start of Experiment 1 on November 9, 2010.

SSD-A SSD-B
Days after Mean (£SD) Mean (£SD)
the start
Upper surface Higher side surfaces Upper surfaces  Higher side surfaces

31* 16.1 (15.6) 106.4 (94.8) 0 1.5 (3.0)

41* 2.5 (4.3) 55.5 (58.1) 0 1.2 (3.0)

49* 0.4 (0.7 3.4 (5.2) 0.2 0.4 (0.6)

5Y** 1.5 2.1 2.7 4.1 0.2 0.6 (1.6)

70** 0.2 (0.4) 2.3 (3.4 0 0

87 0 0 0 0.5 (0.9

*Observed by digital microscope. **Visual observation
U (B:15-2cm) #HxErEfiSrc, - 7o 642 10 -
OERRR, ERIPENROESRED X ZfhEE 2 (a)
felrfo, KERBAIAT: 183 HH (2013424 H 18 H) »n
12, 98 HHICHEZ LT e ERBICAEST LT = |
5 A OBBE Y A XA - 120 HHWOH 5 O
REZ 188 HHIZT 5 2 OB E ¥ 1 XDt % g
T8 o7, £MH, HHRO % % 188 HHHkE: = i
Rt 7z 642 A D B o, EHERILOBWT Z : ; : '
e {[EI2FF7S HiRDLD B 00 5 10 15 20

T ADNE - TAERE 244 2R, 3 ORI
Mk CTEE L7 (A:8-9cem.B:6-7cm)o
SEhapR 413 A H (2013412 H 4 BH) 1T, 188 H
iz Z ) LT A RKE 244 ICE - 727 5 A D,
R ELoXDEE, MZECH, Mok KES:
ﬁ?ﬁ“bf:o

3. R
3.1 =EB1

2010 4 11 H 9 HIThlis L 728 (Fig. 3,
Ex. la) Ti¥, 10 HH, 2E# 10 um OEHAK
ZHEFA U7z, 22 HHIZTIZ 30-50 um D M1k %
M, 41 HEHIZIZ 100 um 282 5% 60 %2H
s L7, 59 H HIZIHRARTH 10mm L7420 H
MBENAREE 7 - 7o, FEREIGHZ I AH» 5
8T HHE TIT -7, MBEARE 2 ) (1 3 10 M.
SSD-A, SSD-B) o#i#<Tix, 77 AlRTHAKD
SEEEE (K /em®) 13, Table 1 1T/RUL7cL D
2, WITEDNT Y FMKED o, BB
3l HHo®Z TIE, 1 (SSD-A) & ki &4l
i BRIz 2 h 2 F 16.1 A, 106.4 @A TH -
7ehs, b9 1 (SSD-B) 1%, _bifias0, ik
A LR TH - 7co T DBRIIMAARE B L

Number of E. bicyclis grew on a SSD

10 [

n=35 (b)

NI T .
0 20 40 60
Size of Eisenia bicyclis (cm)

Number of E. bicyclis
9}

Fig. 10. Number (a) and size (b) of Eisenia bicyclis
grew on 20 SSDs 162 days after the start of Ex-
periment la on November 9, 2010. Thirty five
E.bicyclis grew on 20 SSDs.

72o EERBAIAT: 162 H BITEREL L 72 2 RO S K E
1Z1%, Fig. 10(a) 2R/ L2k 91z, 204 Tic
1-4 fiilf&/SSD (F9 1.8 ik, f#EfRz2+0.8
., G35 MAK) TS ANEFTL TN, k1
Fig. 10(b) IZ/R_R L& DT, ¥4 Xl 5~43 cm
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Fig. 11. Number (a) and size (b) of Eisenia bicyclis
grew on 20 SSDs 158 days after the start of Ex-
periment 1b on November 13, 2010. One hundred
and thirteen E.bicyclis were grew on 20 SSDs.

P 24 em T fE#4F7% 11 em) T, 15~35cm @
FEPAICE— 7 255 - 72,

11 A 13 BicEBRERK L7 (Fig. 3, Ex. 1b)
MEEAREL, #HE 158 HEBICIRM L 2 K%
KEATIZT 7 ABEEBL T, Fig. 11(a)
R U7 & 90T, B 113 kT, HERE &
DOEBEEIT 1~18 Ak /SSD (K 5.7 M1k, 12
#fRZE 53 8 1K) TH -7, 1 X Fig. 11(b)
WZRLEEDIT, 1~40em (6.8ecm*+89cm) T
Hotee TITADPHEL LT I~2cem E/hE L,
0em U TDOT 7 AM80%EMZ Tinvic, HIK
BHILDT7 I ADEFRIITIEIRE /Ty Fi8
Hotee T A0 KL LG - 7o B KE 5 1
IZDONWTAH B E, K& 3fEE (20, 22, 26 cm)
E10em LUF TAEMK, K& 2@k (15, 29) &
6 cm LUF 88K, 5em LUF 11 flfk, K& 2
A& (24, 40) & 10 cm LAF 15 E4A, 16 cm A% 1 i
e 6em LT 1T IR, THbO, ThoTH
BLLED 66 itk (11 em YL 20 kD 5 5 8 i
) #hEH T, £ 194 HHIZEKE 1211
DFHZELT - 7k R, Fig. 12 1R L7910,
105 fH D FE R E. (EFE# 86%) 1T 456 (kD 7 5
AMEBLTW, TIADNEF > T IEHEIRKE
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Fig. 12. Number (a) and size (b) of Eisenia bicyclis
grew on 105 SSDs 194 days after the start of Ex-
periment 1b on November 13, 2010. Four hundred
and fifty six E. bicyclis grew on 105 SSDs.

(n=105) o, HFREZ EDEEHIE 1~11 ik
/SSD (4.4 @A £2.8 fEH{K), H 1 XiF 1~57 cm
(10.3em=*12.0cm) TH o7, 7 AT 158 H
H [Fig. 11(b)] & &kELTHA, 10em
UTObDMN12% % 58, BIKE I EOMREIKE
EREICRRE RS Y FERA SN, BRAR
WL HEROBELEREOEE T, 7 I AWM
B IRBE DS EE T U o720, A EREED Ik
PERD EIBMGATAERDRE DT TTAD
AR IE Fig. 130 & H IcELESL, HREOME
B S EHICILDS - THRAE, BEELUER
BE TIEMN > Tz, 20DEDE FEbidiia
FHRED EFITALET 5 & 5127 - Tz,

3.2 B2
321 FEBICEEBLICERETOD7 S X DHFEE
FERBHLE (2011 4E 10 H 26 H) 75 220 HH
¥ TO HFHKiE % Fig. 1412 Uiz, BIGEH X
18.3°CT, 1IBHHIZIKTFZI®», 50 HHIC
12.0°C, 105 HHIZ 9.1°C& 78 - 72, 120 HHIZIZ
RCETEFUALMABETL 140 HHITIE
8.0CER D, UBRIRA I AL,
IKIEIZT 5 A ORREZERA L7, 30, 60, 90,



ERE ETOBME T 5 2 fEiH O R5E 83

Fig. 13. Side view of a unit of seaweed settlement de-
vices (SSDs) 194 days after the start of Experi-
ment 1: growing sticking roots of Eisenia
bicyclis twined around SSDs.

12

Water temperature (°C)

8

L Il L 1 1 L Il
0 60 120 180
Days after the start of Experiments 2 and 3

Fig. 14. Mean daily water temperature after the start
of Experiment 2 (Dark lines) on October 26, 2011
on, and of Experiment 3 (light lines) on October
17, 2012.

120 43 H O MR~ D 7 5 A+ D 25 %
[ind./cm®, “FEMEAR X 10° (AEHEfR ZE < 10%) ]
rxhzh, 63 (£51), 99 (£59), 9.6
(£3.9), 9.6 (£3.7) TH -7, FERBAHA 21 H
H, ARE I AR L, 34 HRIZIIR
KTH 0.5 mm DIETHRMBEE L [Fig. 15(a)],
50 HICIE A TR S5mm O 7 7 A BEKE R
HITEE LTk [Fig. 156(b)1, 60 HHIZIEZ K
XTI AR 15 mm ZkE L7z [Fig. 156(0)1.

HIRE D 34 (i Upper surface, il -
#B Higher side surface, T T&B Lower side
surface. Fig. 9) ICH » 7z, WS T 5 A D%
& (em® %, Fig. 16 (a-c. BH) TR Uk, H#
BRBAIR: 34 OH» S 15T HHF T, kA& <
[Fig. 16(a)], i LB [Fig. 16(b)], Ml F
B [Fig. 16(c)] OMEITAK L 72 » TWnvie, kil

Fig. 15. Growth of sporophyte Eisenoa bicyclis after
the start of Experiment 2. (a) 34 days, (b) 50
days, and (¢) 60 days after the start.

34 HHAFH 69 A (71K sikbE<,
50~76 H i3 LT 31~33 ik (+16~25) T
A L, 91 A HEIBESEITED Licos, 1567 H
HTd 0AKICIZE S h -7, M BBk, 34
HH A (16 8k £23) T, 61 HHE TITH
R 1/10 iy (1.4£1.9) ULzkn, 76 HHIZIR
TR L, 91 HHICIZ 34 HHODOKES (8.6
+53) £ TEmLAD, 105 HHICIRIET 4.6+
2.1) Ay, 141 HUREIE 0 Wik & 72 - 7,
M F B, 34 BT 2.7 1Ak (£3.9) <, M
EBEEFERIS, 61 HEH (0.6+1.2) £THALE
2, FHOHE LT 91 HIZ 34 @k (£3.31@
7w &Kz, DR L 141 B HURRE
Rohi -7,

HH#E D7 F £ 3~4mm LI L) i3, Fig. 16
(a-e. AR 1R L& HIT, 61 HHM»™SEHH
TEXB3EHITM -7, LI 76 HHIT 19 fEK
(13 fAMK) &mARic7 b, 128 HHOD 12 itk
(£8.0) FTEHHB~ WD L TLBIFZAML .
M BB, k@& v 10 HY W91 HHEIC
33 Mk (£1.0) EmAkERD, PUkiF LEXD
b onudi< 128 H HITIIEA EHERTX 5 -
7oo M F B M LB & A, 91 HEIZ0.7
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Table 2. Mean numbers (ind./cm®) and mean lengthes of Eisenia bicyclis grew on the same 10 SSDs
after the start of Experiment 2 on October 26, 2011. Ten SSDs were bound as unit, and
65 units were fixed on a plastic grating (0.9 m X0.9 m), then units of SSDs were separated
and re-fixed widely (80 SSDs/grating) on a grating 76 days after the start.

Days after No. of Eisenia on a SSD Length of Eisenia (cm)
the start Range Mean (£SD) Range Mean (£SD)
189 1-15 6.9 (4.D 1-49 13.4 (10.7)
205 1-14 5.6 (3.5) 1-37 14.9 (8.4)
217 1-14 5.9 (3.5 3-36 13.9 (1.9
80 - fEfk (£1.0) &K, 105 HHICE 0.4 14
° # (+0.6) &0, UBRBEHETEZM -7,
60 @ 23, WIH LS ME FHTII HAIKE—27 &
40 L 75 - TCBBEI O 7 5 A D, HEEHOT 5 A0
oo o BINMZHFS L3R S hisd - 7z,
20 - °© 69 o
0 e N 3.2.2 EBEREORBLIT
0 40 80 120 160 FERBNGH 76 H HIiCHM 2L 7o & R E
20 &, RIS 19 K/ em® (REEEAR 25 13 1K)
DA TELT S AnEEL [Fig. 16(a)],
15 1 ¢ (b) BEEEEHR D b DI E b (33 M@ /em+20 @
10 1 ) THo-7 (Fig. Do M ZPE O H G
i HTET7 I ADVEBIR®, WHEHOT I Ad
- ° ° —BERAD Uitk MEENhTH -7, KR T6
L. *20°%0 H A BIf & R 7 #K B, 189, 205, 217 H
0 40 80 120 160 Bl:, IEJL/ 10 ﬂﬂ@%%ﬁl:ﬁﬁ 7:75)(5,@4?‘12&
DOFFMZETT - 72 (Table2), 217 HH, 737 41
i . © 42 5.9 K /SSD (BIEGRE +3.5 k) A9k 1
B ° ° L, FEHY A Xid13.9em (£79cm) Th -7,
2L FERBHIGE: 177 H HICBIRE &2 IR 7o a5 IR ELE, %
ICHLE LR TR CEM NI /c®, 10-20 cm
i o0 * O o DREBT T ADBUEKR UDEEES, /NS
%) & 04%0 : ﬁgﬁkﬁm WV E >R TH o7 TIAME->TH

Days after the start of Experiment 2

16. Temporal changes in mean density (ind./
cm?) of minute sporophyte Eisenoa bicyclis (<3—
4 mm. Painted circle) observed at four measure-
ment lines by digital microscope and shown at
three places of seaweed settlement devices (n=30
or 20), and the mean density of visible Eisenoa
bicyclis (Open circle) grew on three measure-
ment sites of seaweed settlement devices (n=30
or 20), observed after the start of Experiment
2 on October 26, 2011. (a) Upper surface, (b)
Higher side surface, and (¢) Lower side surface.

WOERE S 158%ICEL T, £0Hh5
WA BRESRB O S O % 90 A THE %
T 72 FEERBIMGH O 177 B HIZFHI R 0 5K
H% 10 HRAZZH, Table3 2R L& DI,
T oA DEIELEE, 21T HHIZB T I ADNE -
TeEKBF6MED Y, Vi 1.8 8K /SSD
(2.2 84K), FHH 1 XiZ 15.3em (£8.2cm)
’C% - 7L:o

J2Er 2 TIZ, BAIAH 76 H HICHA K H oM %
KA ET, 21T HAWE, “FHY A4 X139 cem
(£79cm) O7T 5 A M 5.9 (HK (R 2
T35 HK) B-ocBMABN A5 2 &MNT
N
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Table 3. Mean numbers (ind./cm”) and lengths of Eisenia bicyclis grew on the same 10 SSDs after the
start of Experiment 2 on October 26, 2011. Ten SSDs were bound as unit, and 65 units were
fixed on a plastic grating (0.9 m 0.9 m), then units of SSDs were separated and re-fixed
widely (80 SSDs/grating) on a grating 177 days after the start.

Days after No. of Eisenia on a SSD Length of Eisenia (cm)

the start Range Mean (£SD) Range Mean (£SD)
189 0-9* 2.4 (2.5 3-36* 15.9 (14.8)
205 (e 1.8 (2.2) 1-37** 16.2 (8.4)
217 0-—T7* 1.8 (2.2) 3-36™* 15.3 (8.2)

Number of SSD with growing Eisenia: *9, **6

Table 4. Comparison of numbers of Eisenia bicyclis grew on two group of SSDs on Experiment 3
started on October 17, 2012. Fixed closely: 642 SSDs had been cultivated closely on the gratings
until 188 days after the start and measured on the day. Re-fixed widely: 451 SSDs that had
been cultivated closely until 98 days after the start, then measured 183 days after the start.

No. of Fixed closely Re-fixed widely
Eisenia No.of SSDs  %* No.of 8SDs  %*
0 38 5.9 18 4.0
1-5 193 30.1 138 30.6
6-10 202 31.5 149 33.0
11-15 126 19.6 84 18.6
16-20 o7 8.9 36 8.0
21-25 23 3.5 15 3.3
26-30 3 0.5 9 1.9
31-35 2 0.4

Total 642 451

*Percentage show the composition of all SSDs

3.3 EEB3

2012 4E 10 H 17 H o FZB bl 5 220 H H %
TO 1Kk %E Fig. 14 1Z/R- Ui, BAlRH DK
i3 209°CEE <, 100 HHTH 11.0°CEBZ,
ARKIRIZ 115 HH®D 10.0°CTH b, Lkl
FU7zo 2010 4EDFER 2 £ 5~x5B &, 110 HH
T THbRE U KDY 1.6 CEd - 7o (t-test.
p<0.00D, Lo LZnlFE (110 H HAH 5 200
HE) WA E S ICEHNKRE L, 2012 43
B08CIEEEM -7 (p=0.03),

KIEIZT 7 A DREERALICH, 60, 120,
180 73 % D RHIEHEA~ D 7 T A W D 75 %%
[ind./cm? SFEEAE X 10" (ZFEHEEZE X 10Y) ]

irzhzh, 1.1 (£0.5), 5.7 (£3.6), 3.0 (£1.D
Th -1, ERbAE» S DEKERED £ (U
T, ) kB U BRE 62 MIcE 7T
A% 188 HHICEHIL, BREZEDT J 4 Off
A%t % Table4 (Fixed closely), £/x&TOT
Z A DY A XH K% Table 5 (Fixed closely) 2
Y. FEERBIA. 98 HH, 77 A WHMMERT
7 AERHE 51 AL H 2 (225 1@ & 226 f@)

WAL TR L (BT, IR, 183 H
Hicdtl L7z, HREZ L7 5 2 ok %
Table 4 (Re-fixed widely) 12, £/<&TODT 5
A DY A XH K% Table 5 (Re-fix widely) 1277
T, EBREOFEREE, 642 #9604 iz T T 4
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Table 5. Comparison of length (em) of Eisenia bicyclis grew on two groups of SSDs on Experiment 3
started on October 17, 2012. Fixed closely: 642 SSDs had been cultivated closely on the gratings
until 188 days after the start and measured on the day. Re-fixed widely: 451 SSDs that had
been cultivated closely until 98 days after the start, then measured 183 days after the start.

Total length of

Fixed closely

Re-fixed widely

Eisenia (cm) No. of Eisenia  %* No. of Eisenia  %*
1-5 4146 76.7 1858 46.9
6-10 744 13.8 1112 28.0
11-15 256 4.7 463 11.7
1620 143 2.6 262 6.6

21-25 72 1.3 138 3.5
26-30 29 0.5 83 0.21
31-35 13 0.2 26 0.7
36-40 b} 0.1 17 0.4
41-45 1 — 6 0.2
46-00 1 - -

51-55 1 - -

Total 5411 3965

*Percentage show the composition of all Eisenia

MEDL (EERE.0%), F 7LD 451 f#h
33 MHICT S ANE > Tt (96.0%), HMkE
DHERE (n=604) D7 F A DMEKEIT 1~27
A /SSD (Gl 5,411 R, ~F3 9.0 Mk, FEEE(RE
#ES5TME), ¥4 XiF 1~52em (4.5cm =+
5.09 cm) T&H » 72, LR OERE (n=433) T,
HREHI0DT 5 ADEFHIT 1~35 iik/
SSD (Gt 3,965 Ml {k. 9.2 Ak +6.1 k), H1
ZiF 1~44cm B8.lem=*6.9em) TH » 72, JIs
MREOEKRETIE, EHRBIISXRTT I ADY
A AWRKED - T, BEHBRTIE, S5em LT O
DY 76.7% % 5w, JLREIFETiE 6~25 cm Ok
2, BRRO 2 5Ll ik z Tz, BEE S L
MkETE, BRBICHEEREED > (t-test.
p=0.590), YA XICREERBEND -7/ (p<
0.001),

FZERBALGTS 188 H HIZHIFRE %2 )L 72 244 [ D35
KEIZIE, 413 HH (2013412 H4 H), 2201
(A% 90.2%) DAEIREIZ 606 fH{KD T 5 A1
BB LT, PRIEEIFEL TUheh, fIEH
BolbDWRIKRMNDBIEE 72D EZh -7,
HEEICOWTIE, MEERD 2 & DI3EE, IR,
MARWEEZE, WEOBVEDIERE SERERD

720 77 AD 49T itk (79.4%) IC3MZENE B,
109 FRICEMERIR AL -7, BRE
(n=220) b7chDT T AF 1~8 @k /SSD (°F
2.8 MR 1.6) TH -7,

MIZEEDE - 72 497 A1, Tables 6, TIZ/RL
ko1, £E1~39cm (10.7cm=*7.0cm),
MR 1~17 #& (8.0 Hr£3.6 Hr), I ARMEEE
1~57cm (23 ecm=*1dcem) Th -7z, WZENHE
U 108 fEfRIE, ¥E1~T7em (2.0ecm*1.1cm),
ek GEE+#E) 3~45cm (16.3+8.2) TH-
7o MEENE 727 7 A TRER DI, Fig. 17
D & D IR DAE R EZ BRI AUAZ AT,

FER 3 T, FREOTTHELTISS HHIC
S 9 A /SSD (5.7 fK), FEHH 1 X
45cm (£5.1cm) OFEH, 98 H HIZHIE %L
T 183 H HIZ 9.2 A /SSD (£6.1 i), F¥g
H A4 ZX81em (£6.9cm) OFEW, & SITHENE
OF FHFHKE LT 188 O HIClEIbRAZILF, 417 HH
O 2.8 filfk, MEEDH 727 5+ (90.2%. Fi4
%K 107 cm, “FHMZER T K, FERKMZE
K228 cm) FFMEDINT F A (9.8%. F
¥ E 20cm, FHEE 163cm)] B EDKFE
ORI 2135 2 EMTET,
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Table 6. Length of stipe and number of pinna of 497 Eisenia bicyclis grew on
SSDs 413 days after the start of Experiment 3 on October 17, 2012

Length of No. of pinna Total

stipe (cm) 1-3 4-6 79  10-12  13-15 16-18
1-5 54 62 21 6 143
6-10 9 45 62 35 5 156
11-15 2 5 21 32 14 3 77
16-20 2 5 17 42 7 3 76
21-25 5 17 3 25
26-30 1 1 5 6 1 14
31-35 3 2 5
36-40 1 1

244 SSDs from 604 SSDs that had been fixed closely until 189 days after the
start, then 244 SSDs with Eisenia bicyclis were separated and re-fixed widely.
413 days after the start, 606 Eisenia bicyclis (497: with pinna, 109: no pinna)

grew on 220 SSDs.

Table 7. Lengths of stipe and lengths of the longest pinna of 497 FEisenia
bicyclis grew on SSDs 413 days after the start of Experiment 3 on Oc-

tober 17, 2012.

Length of Length of the longest pinna (cm) Total
stipe (em)  1-10  11-20 21-30 3140 41-50 51-60
1-5 87 47 8 1 143
6-10 15 70 42 23 6 156
11-15 3 14 21 23 11 5 7
1620 2 9 20 28 15 2 76
21-25 1 7 11 3 3 25
26-30 1 3 7 2 1 14
31-35 1 2 2 b)
36-40 1 1

244 SSDs from 604 SSDs that had been fixed closely until 189 days after the
start, then 244 SSDs with Eisenia bicyclis were separated and re-fixed widely.
413 days after the start, 606 Eisenia bicyclis (497: with pinna, 109: no pinna)

grew on 220 SSDs.

4. EBE

25725y 7 BOMEEKRE AT 3 M

DOIEREIT, LT ORRBF oI,

41 EB1OMES

LHEToY vy ITHEREEZHOIZFESR (H i,

2013) T, #WETHRHHOT Z A D ik/KIRED
KMEANDBAZR 3R E L, Z0BIBT I A %
WokrE, B@EEANFRLEZT V-V a vk
775 - 72,

11H9IHE 13 HD 2 M DFEERIZ, HEEKE
OREKFEZSETERL02m T, 4FTIE
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Fig. 17. Example of a seaweed settlement device 413
days after the start of Experiment 3 on October
17, 2012: SSDs were fixed closely until 189 days
after the start, and then separated and re-fixed
on rack widely. (a) Seven Eisenia bicyclis with
pinnas, (2) growing sticking roots covered on a
SSD.

R SERIBICT S A 2L TWhWicb D%, 7
5 A DBARLDGED 722 EM S, HBIHDOR N
FEWNTORRERIZE U, B (+£9 10
) & U7z 11 H 9 HITHAIEZ B A U 78
BT, HEELE RS RIS < SR AR
TEEBBE SRS TH 727D, VHOT 5 4
MRKELAEE LU, 11 H 13 HITHBAEEF AL
AR, HEEDEh K02 L, FHEHEDE
SIEO6Th-Tclcdd, ZROT I ADWNSEZE
B U BEREBEEDHDOT S ANKELE-1d
DOMWRIELIEEZ STz,
COFERIZXD, (1) TIAWEEFELTOE
RECHES I HESE 3 &, (2) HKE I
REUTSAEDHE TSI ENFHEE - 72,

4.2 BEEFEEEDHE

Yoo o — 7 e ool EE (M
i A, 1998) I, Th o EEE RO THE
75 & UCTHHERNICHEE T2 O THETE %, L
MU, FoICEICHE T 2IEEREEZ S Lz

MEIZTE 7y (Figs. 6, 8)o ZEHICHIE L 72iff
WAERBEZ FRAESH 0, AN LHEE-
124, WETFOBERMEESNS, ROV~
IEREE, MBEHOERREHERSICUTE
AT o tcicw, BERIZEDNTYH, ThE®
595 DRMNBORKRIELRD AT, HEEFNILET
Z BEMITHR SN, HEHDO/ T Y F BRI
oMo o NN S,

ETOWFEEIRBITT 5 A MEE2EHTEE
SHBH, (1) FERERFZEOWT I A DLER
KEEIZ AN, (2) KD WEE B A S D,
3 IkkikEET 2L OBIEAITIRL, D BA
U738 UIBTIC B & S0 & 5 BT £ 5%
B,

ZOfER, £ TR, HEBRMHIBEE M HED
SPG LB REOBEKIC XD, HEFEKIEL
EMHER T E o, MO FE L ETITN - 725
BR3IT D0 TE, BTl U7c % F 05 IKE. 642
%188 HHE THIEFLTY, 7IAMEFLLE
BERBIZ UM% TH o120 75 A DEBEIZHER
H (n=604) &H7c v ¥ 9.0 Ek/SSD, Fig+
4 X 45em T, NEHT I AMBEE - 72 IkE
=HEHTXT,

4.3 ERERRELIT 3R]

2011 4E D FBR 2 THA AR A Lifh, Mg 5B
ME T OB T 5 A DEE (em?) DR
L, HMEHET 5 A0 3o tEH (Fig. 16)
Mmoo, TIAVNHBEETEA6IHE (L :
2.7 @R /cm®) 1213, BB T O AFHEAIREI T
SASZHEFL (L 32 Mk /cmb, HEHEH
BT 7 A ORI H -7, TD &
5, HKEOMIEAE LT 2 DI3Z O EN SITA
5EEZOND, BIZT76 HEH (ki : 19 fEfk/
em?) TE—=27 &7, 128 HH (b : 12 fHk
Jem?) ETRALET DM, DB DEE%E
Wdtc, F BB 177 0 H £ THEWMKE Tl
BURERRHIZIE, K&EBT 5 AFEHRUT Us
BHoTWihot, E51T 338 MDFEKEN S,
WA B RO B b D% 90 i A T 17T H
HICHIRE 2 L TR R % 10 OB A Z, 7
S ADBIENFEE, 2THHIZRT I ANE -
BHHREIZ 6 M ER 57, 75 4 DEFRIOEAL
LR 2 RIS KRB O AL Th, F&h
Thb, 2O ENS, EMEICHE LIRS
KEICHEE LT 5 AR, 128 HHE TR
BwYITH B,

FZh 2 O BRI O 25 K B3 FEERB IR % 177 B H
127 5 X OREDED L, EEABGEAR DS
Mo tos, 2B 3 T, HRME 188 HHDO b DI
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/NS T T ABILHERRMAICZH (2RITMS
WAy, 20 ELNH T, TDXHIC
2011 AR XA EBBGZ T6 HHE 1TT HHO
2\, 201248, 98 HH &L 188 HH® 2 [, #
IR ELIBE 2 JL o 7o B8, W4E & & gl o TG IR
(76 AH, 98 AH) TREIFSHRENE SN,
2Tt U, ¥R THEE L e d & R
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Parameterization of the eddy diffusivity due to double
diffusive convection

Haruka Nakano*”, Keishi SHIMADA”, Masao NEMOTO* and Jiro YOSHIDA **

)

Abstract : The turbulent energy dissipation rates € in the western North Pacific Ocean were
observed using a microstructure profiler at 49 casts, and the measured values were converted
into diffusivities of heat K, and salt Ks. We obtained a new relationship between the
Richardson number R; and the buoyancy Reynolds number R., which enables us to use R;, in-
stead of R., as an indicator for distinguishing double diffusive convection from turbulence.
We further obtained new relationships between Ks, K-, R; and the density ratio K, by im-
proving the parameterization proposed by KiMURA et al. (2011).

Keywords : eddy diffusivity, double diffusive convection, Richardson number

1. Background

How can we estimate the eddy diffusivity
from general hydrographic observation data?
If we can estimate the eddy diffusivity, the
knowledge contributes to elucidate modifica-
tion processes of water masses and to improve
large—scale general ocean circulation models
(e.g. BRYAN 1987; GARGETT and HoLLOWAY
1992).

GARGETT and HoLLowAy (1992) used differ-
ent diffusivities for heat and salt in GFDL
ocean general circulation model. This differ-
ence in diffusivities between heat and salt is
produced by double diffusive convection.
Their results showed a formation of salinity
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minimum in the upper ocean. TALLEY and YUN
(2001) investigated modification processes of
water mass in the perturbed region between
the Kuroshio and Oyashio. They showed that
double diffusive convection and cabbeling in-
crease its density. These processes should
have effects on producing water mass having
salinity minimum called NPIW (North Pacific
Intermediate Water).

In the upper ocean, however, turbulence and
double diffusive convection can co-exist. As a
result, it is arduous to distinguish the role of
double diffusive convection from that of tur-
bulence. Thus, INOUE et al. (2007) discussed
this point in detail. They conducted micro-
structure observations focusing on eddy
diffusivities of salt Ks and heat K, in the per-
turbed regions where turbulence and double
diffusive convection both contribute to mix-
ing. They proposed a simple eddy diffusivity
model to account properly for activity of
turbulence and double diffusive convection.
They also used the combination of the buoy-
ancy Reynolds number R. and the density
ratio R, which enables us to distinguish dou-
ble diffusive convection from turbulence.
When R., is below 20 and R, is between 0.5
and 2.0, they suggested that double diffusive
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convection should prevail.

R.,, however, must be calculated from the
energy dissipation rate obtained by direct
micro-structure measurements. Therefore, R.,
cannot be used commonly in the parameteri-
zation of eddy diffusivity and many research-
ers considered the effect of double diffusive
convection by using R, only. For example,
Tovama and Suca (2012) found that salt fin-
ger or turbulence contributed to the formation
and maintenance of central mode water. They
only used R, to discuss the effects of double
diffusive convection. From the point of view
of micro-scale mixing studies, their study was
not completed because the density ratio indi-
cates activity of double diffusive convection
and can not discriminate that from turbu-
lence. The effect of double diffusive convec-
tion was not evaluated clearly. Inaccuracy of
the mechanism for the formulation and main-
tenance of central mode water remains to be
solved. If we have other indicators which can
distinguish double diffusive convection from
turbulence, such indicators enable researchers
to evaluate the effect of micro-scale mixing
precisely. Thus, we need other parameters cal-
culated from general hydrographic measure-
ments to distinguish double diffusive convec-
tion from turbulence.

In this context, following LozOVATSKY and
FERNANDO (2012) which discussed the rela-
tionship between the Richardson number R;
and R. in the atmosphere in the Salt Lake
City, we evaluate R; whether it could be used
instead of R, in the ocean (when R; is below
0.25, turbulence occurs (e.g., THORPE 2005)).

R: and R, are also used in parameterizations
of eddy diffusivity. For example, KIMURA et al.
(2011) proposed eddy diffusivity parameteri-
zations with R; and R, by the direct numerical
simulation. They directly simulated salt finger
convection in fine grids by changing R, and R..
They considered some cases whether the field
is statically stable or not. They obtained rela-
tionships among Ks, K-, R; and R, ; however
the parameterizations were not evaluated by
observation data.

Consequently, we focus on the Richardson
number R; calculated by CTD and LADCP
(Lowered Acoustic Doppler Current Profiler)

data which are commonly used in hydrogra-
phic observations. Then, we discuss the rela-
tionship between R; and R.. If we can use R;
instead of R., it becomes easier to distinguish
double diffusive convection from turbulence.

2. Analysis method

Our observations were conducted in the
R/V Hakuho-maru of the Japan Agency
for Marine-Earth Science and Technology
(JAMSTEC) during three periods, namely,
Nov. 2005 (KHO05-4 cruise), May 2007
(KHO7-1 cruise) and Oct. 2008 (KHO08-3
cruise) (Fig.1). We obtained energy dissipa-
tion rates € to estimate eddy diffusivities us-
ing a microstructure profiler called Turbo-
MAP (Turbulence Ocean Microstructure Ac-
quisition Profiler). It has two shear probes,
and one fast response thermistor, and 49 casts
were conducted. TurboMAP was dropped
freely down to a depth of about 600 db. CTD
(SBE) and LADCP observations were also
conducted simultaneously at each TurboMAP
station.

2.1. Identification of double diffusive con-
vection
We calculated density ratio R, and Turner
angle 7.. First, R, is defined as

R, = —/ — 2.1)

where « is the thermal expansion and S is the
haline contraction coefficients, respectively.
00/6z and 0S/0z are the mean vertical gradi-
ents of potential temperature and salinity, re-
spectively. Then, 7. is defined by R, as

T, = tan (2.2)

Salt finger convection is active when 1 <R,<2
(72° <Tu<90°). Diffusive convection is also
active when 05<R, <1 (—90°<Tu< —72%.
KANTHA et al. (personal communication) pro-
posed to use ‘Circle diagram’ together with 7.
Using this diagram, we can easily judge
whether double diffusive convection is active
or not. We will use this diagram in the
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Fig. 1. A map of stations.

following section.

2.2. Energy dissipation rate
We obtained ¢, following the relation ob-
tained by OsBorN (1980),

e = 12751;( 0012 >) (2.3)

where v is the molecular viscosity (~10"°
m?/s), 0u’/0z is the vertical shear of the hori-
zontal velocity fluctuations with the over bar
denoting the ensemble average.

2.3. Eddy diffusivities

We estimated eddy diffusivities when dou-
ble diffusive convection was active. Following
INOUE et al. (2007), in order to distinguish dou-
ble diffusive convection from turbulence, we
used the buoyancy Reynolds number R, de-
fined by

&
Ri= (2.4)

where N is the buoyancy frequency. When R.,
is below 20, double diffusive convection is ef-
fective to enhance mixing (e.g., PADMAN and
DiLLoN 1987; GREGG, 1988; INOUE et al. 2007;
KANTHA et al. (personal communication)). In
the present study, when R, is between 1 and 2,
and R., is below 20, K3 and K?" are estimated
by

- R,—1 3

SF = ( 177”> N (2.5)
SF

¥ = (—% ), (2.6)

(e.g. KELLEY 1986); when R, is between 0.5 and
1, and R., is below 20, and K&° and K%° are esti-
mated by,

y*“(A—-R) ¢
177,DC NZ’

1 1-R, e
1—y* R, N¥

Kévc — 7’DCRpKDC = (2.7)

DC
=

(2.8)
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Fig. 2. Circle diagram. Vertical salinity gradient (g8S.) and temperature gradient (ga0.) are taken in hori-
zontal and vertical axis, respectively. Solid lines show the value of Turner angle. Small circles are ob-

served layers.

(e.g. KELLEY 1984), where SF stands for Salt
Finger convection, DC stands for Diffusive
Convection, 7 is the density flux ratio due to
double diffusive convection defined by

_alFy

= R (2.9

T

with aFr and BFs the vertical density fluxes
due to heat and salt, respectively, and related
to R, such that

7" = VR, (YR, —VR,—1), Kunze (1987),
(2.10)

/R, +14(1/R,—1)*
1+14(1/R,—1)**

DC

, KELLEY (1990).
(2.11)

By the definition (OsBorN 1980), we

obtained eddy diffusivities due to turbulence
as

Rf e e

Turb — J7 Turb — 37 Turb — . .

K, K7 K 1—Rf N r N
(2.12)

Here, Rf is the flux Richardson number as-

sumed to be 0.17, then the mixing efficiency

I’ becomes 0.2 for isotropic turbulence

(ScHMITT et al. 2005). Turb stands for Turbu-

lence. Hereafter, we use K¢ as representation

of K¥ Ki or K#. K¢* also of K, K" or
£¢. Obs stands for the observation value.

S

2.4. The Richardson number

The Richardson number R; was calculated
using the buoyancy frequency N and the ver-
tical shear of horizontal velocity S, both de-
fined at 10 m vertical scale, such that
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e L A — (2.13)

Y@

where u and v are horizontal velocities, respec-
tively.

R =

3. Results and discussion
3.1. Activity of double diffusive convection
The circle diagram plot shows that double
diffusive convection was not so active in our
observation area (Fig. 2). The percentage of
active double diffusive convection layer was
about 10%. A large amount of data clustered
in the weak SF (2<R,) and DC (R,<0.5) ar-
eas.

3.2. Comparison of the Richardson number
and the buoyancy Reynolds number
When double diffusive convection is active

(0.5<R,<2), the relationship between R., and
R; (Fig. 3) is

Ry = 19.5R; '™ 3.1

When R., is about 20, R; is unity. This means
that this value of R, indicates the possi-
bility of the layer becomes whether stable
or not. However, when we consider the flux
Richardson number as a criterion of turbu-
lence through the energy argument, the crite-
rion of R; should be 0.25. When we put this
value into eq. (3.1), R, is about 80. By the his-
tograms of R; and R.,, modes of R; and R., take
these values (Fig. 4).

Fig. 3 also indicates that even when the
range of R., is between 20 and 10°, double dif-
fusive convection should occur. In this range
the turbulence should suppress the onset of
double diffusive convection; however, TAYLOR
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Fig. 4. Histograms of the Richardson number (white) and the buoyancy Reynolds number (gray).

(1991) showed that turbulence and double
diffusive convection might co-exist under the
same situation since salt finger convection ap-
pears rapidly after it is destroyed by turbu-
lence. SMYTH ef al. (2005) also indicated that
values of Ks and Kr are different when R., is
less than O (10%). Thus, when R; is over 0.25
(R, is under 80), Ks and K should be affected
by double diffusive convection. In the next
section, we use R; instead of R..

3.3. Parameterization proposed by Kimura
et al. (2011)

We compared K& and K?" calculated in this
study with those obtained by KIMURA et al.
(2011) parameterizing eddy diffusivities by
DNS with R: and R, (hereafter, we call this as
DNS parameterization). DNS parameteriza-
tions are conducted in limited situations;
therefore it cannot be applied to observational
results. However, we adapted their functional
form to our observation and tried to compare
with microstructure data.

When 1<R,<2, DNS parameterizations for
Ks and K, are expressed as

KSSF'DNS<RP, Rz) — 438 X 10 SR/, 2.7Rl§),17’ (323)

K""(R,, R) = 307x10 'R, “R".  (3.2b)

When R, becomes large, K5 and K32

become small. When R; becomes large, K"
and K" become large. When we put ob-
served R, and R, into DNS equations (Fig. 5a,
b), K™ and K" (small black circles) are
found to be smaller than K¢ and K?* (large
black squares with error bars). Particularly, if
we applied DNS parameterization when R, is
under 5, K7"” is obviously underestimated
because it becomes small rapidly due to
the functional dependence of R,. However,
dependences on R, of K™ and K3 are
similar to K& and K% (Fig. ba, b).

Here, the average value of the eddy diffusi-
vity in the upper 1000 m is about (2 —4) X
10 *m?/s (WATERHOUSE et al. 2014). If we use
ordinary functional form of K3, it becomes
lower than the average value. This means that
DNS parameterizations are not applied to oce-
anic data directly. Thus, we changed the func-
tional form of K" to the same form as
that of K™ because the functional form of
K3™ was good performer when we use DNS
parameterization with R, under 5 (Fig. 5a, b).

Then we calculated coefficients in order to
fit to the observed values by following equa-
tions.

K" =

CSR;Z'TRZO'”, (333)

K;)bs — CTRp 2.7Rl§),17' (33b)
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Fig. 5. Relationships between K, Ks and R,. Squares show the average of observation results, and vertical
lines show error bars. Black circles show the original DNS results. Black crosses show the improved

DNS results. (a: Ks, b: K7).

where C° and C” are the coefficients of each

layers, and
Ko = AR, 2.7ng).17’ (3.4a)
K7(_Jbs — BR;ZJR;),W. (34b>
Here,
> cs
A — 1:;L , (3.5a)
e
— _i=1
B n (3.5b)

where n is a number of layers. Then, we can fi-

nally obtain the new relationships
K& (RY™, R?™) = 9.35X10 °R, *R!, (3.6a)

K" (R, R{”) = 7.61x10 °R,*R/"".  (3.6b)

We can confirm that improved DNS para-
meterizations agree fairly well with the ob-

served results (Fig. ba, small black crosses).

5. Conclusion

We have estimated and parameterized the
eddy diffusivity. As a result, we have obtained
a new relationship between the Richardson
number R; and the buoyancy Reynolds num-
ber R.,, which enables us to use R; as an indica-
tor distinguishing double diffusive convection
from turbulence instead of R..

Likewise, new relationships of K, or Ks fo-
cusing R, and R; have been determined by im-
proving the DNS parameterization proposed
by KIMURA el al. (2011). Thus, we can esti-
mate the effect of salt finger convection by the
fine scale parameter.
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Effects of the parasite Xantion spadix on the accumulation of the age pigment
lipofuscin and external morphology of the host, Leptodius exaratus

Ryuji WATANABE",

Masashi YokoTa, Katsuyuki HAMASAKI,

Carlos A. STRUSSMANN, Seiichi WATANABE.

Abstract : The present study aimed to clarify the parasitic effects of Xantion spadix on the
host, Leptodius exaratus , especially on its external morphology and the ratio of accumulation
of the age pigment lipofuscin (LF). The crabs were collected from May 2009 to April 2010 at
rocky shores near Banda, Tateyama Bay, Chiba Prefecture. Parasitized males showed abdomi-
nal widening and chela miniaturization whereas females had abdominal slimming. Further,
parasitized individuals of both sexes showed decreased LF accumulation. These results indicate
that X. spadix infection affects the secondary growth of L. exaratus. The effects on the accu-
mulation of LF indicate that parasitized individuals should be excluded from LF-based age es-

timation.

Keywords : morphology, growth, parasite, Xantion spadix, Leptodius exaratus, age pigment,

lipofuscin
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T FHN =Y NV LY Xantion spadix 132
HY NV AVHBIZET 27 =7 ) L R4
MTHb, YR LUHEIL 1986 DKL TH
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YR LAVREREEP S NEINNE, 5124
VR R ORI L T LT A S
N5+ A 7 F 4 = Leptodius exaratus (24§
BINCFHET B, 1=V Y LA VFlORERW A
WA 7 OVIEHERF (1964) S ML TE D,
HREOKPEND ST TN EREL D
ENN T4 THREEBINT 5, Z OY R TPRETE
ETH BEMEOMEBIAFEL, I70=X7 X
WACIERE « B, 70U T bR 2GRICE
REL, THEOBEMHED SHin Tlibk L, iximEE
Th A RHDEIENICA DAABREZITS . £
72, Y RY LAVEHTIRERRRESH D, £ F
WX HET A LORATFA Y RV LVDS
ThHb, AUVFH %M ELT 2HERITIOF
TEH YRV LVEFTFH T LY
Grapsicephon rotundum TH b, T D 2 FHIZD
WTIEHHED S (2002) WHEIICEEADFH =0
JERZMIZ DL TH LTS, UL, bWIho
R BFEME T — 7 3R an T, F/, ff
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Fig. 1. Map showing the study site of Banda area
(34°58'34"-35"N, 139°46'14"E) at Boso Penin-
sula, Chiba Prefecture, Japan.
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2006; Islam et al. 2007, Sheehy and Prior, 2008;
Vogt, 2012), F7z, 47 FEH 22T bAER
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Fig. 2. Seasonal changes in size distribution of the crab, Leptodius exaratus. Shading indicates individuals
parasitized by Xanthion spadix. “()” are the number of female individuals
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Fig. 3. Relationship of chela length (A) and width (B) on carapace width in normal and parasitized males of

Leptodius exaratus.
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logwWW = 3.040 logi,CW — 3.565, R* = 0.990,
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B~ DB A L 2 & IR R & AR I
B2 gL EHE (ChD oBfFki: (Fig. 3A),
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Fig. 4. Relationship of abdominal width on carapace width in normal and parasitized males of Leptodius

exaratus.
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Fig. 5. Relationship of abdominal width on carapace width in normal and parasitized females of Leptodius

exaratus.
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Fig. 6. Relationship of carapace width on lipofuscin accumulation in the olfactory lobe cell mass of normal and

parasitized individuals of Leptodius exaratus.
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