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Sediment conditions for restoration of eelgrass (Zostera marina) in Miyako Bay

Tomonari OKADA'
Jun YOSHIDA™
Satomi KAMIMURA™
Keita FURUKAWA™™

Synopsis

The ecosystem in Miyako Bay was greatly damaged during the tsunami generated by the
"2011 Tohoku Earthquake off the Pacific coast ". Topographical features of tidal flats and
shallows were considerably changed, and large quantities of seagrass and seaweed disappeared.
Since sediments and seagrass/seaweed beds are habitats of organisms in coastal areas, coastal
ecosystems cannot be rehabilitated without their restoration. To provide basic background
information for a future restoration of eelgrass (Zostera marina) in the bay, we undertook a study
of current sediment conditions.

Field measurements were carried out at the head of the bay in February, 2012. Sediments
were collected at 26 stations where Zostera marina had grown prior to the tsunami. Particle-size
distribution, moisture content and loss on ignition were measured. Using entropy analysis, we
grouped sediments according to particle-size distributions, which greatly influence the habitat of
Zostera marina.

The stations were divided into sub-groups, and their suitabilities for Zostera marina
restoration were assessed in each of these sub-groups by particle-size distributions. The head of
the bay was divided into three zones on the basis of suitability for Zostera marina. Sediments in
Zone 1 were suitable. Sediments in Zone 2 were too silty for Zostera marina. In Zone 3, suitable
sediments and coarse sediments were mixed. Taking into account the characteristics of each

zone, we proposed future monitoring plans.

Key Words: the Great East Japan Earthquake, tsunami, coastal ecosystem, restoration, Zostera

marina, sediment, particle-size distribution, Miyako bay
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1. [FCBHIC

2011 4E3 H 11 AIC3EAE LA AKE K OERFIC
koT, ZEMGINEROERERIIRE 2WEEZZ T
(B2 1E, 8RS, 2011 ; %, 2011). FBSLEEGO
HBIIRE S EDY, ERIIEILSh, 8BEO% <Y
RKUT=. #E, EEERE, #5E, hEEEROEET
HY, TIOHEEIC K DIREERRA~OREITE Y Jih
2. Lo T, IRREOEICOIZOIZ, ThvbAe
WA REEOEITBBO TEHETHD.

WoElcix, BROBICEDETE, NANRITA
WCEDETRH 5. GHEMICE L TIX AR eE T
WO LSOTIEHLMPIEE > TVHD, TOMODINEEER
Bk L CIEEROE L ICHF L T D REE F 2 &
9.

AN, SEIOER ORI IREETE 728 AR
BRI L OVERER A ORI LT E R & o THRBER
Thy, TBROE TR L T, JTOERBRIZET
THDN? Y, £l20F DESTAERRRERLON? ), [1H
KT HELEL EOREOHFTEILT 2002 1%,
RO TG A B = X LB L TR SRS,

L7=BoT, WREREOAROEITLIIZ OV TR %
T Z W, A%OBERREOE ST Tl R
LNLTWDEEZTWS., ZOHKRDE T T HH
fiR SR FE UL, BIROE LS OMIFICH T, 2.
ZhRI e N2 7280 R A U D 2 E S AlREIC 2 D &35
ZHMHThD.

AR DOERIC X DR AERRR O E T L H A2 L §E
WIS TNDD, —EHORNFETIE, RO 3-D>OHE )
L7 ERICERAL, TEOHEITCBRIZOWTHRET
5. OF7 ~EIXWHRIZERT 5. Z00, Ao
Wizk o, W EWHK LIZEIN S < lENKE W
L. Q7L OBHAEICIMHBEORENLETHY,
MR E R OB TR Z &b R AR BRI
WEERFICEDL 2L, @7 ~EHIINFKICAERT D
ERAEREROEINGS LOHFROEFTLTHY, mik
ARERDOEIELIIIRDE WG TH Y, FOHAER
RBETHDLZ L.

KRG LT oKL, BEHEE L. BEETE, T
EN=VUOEINSGE LTER SN TR, B
LoTKRIBICH A LT LE-ZZ B MESATVS
(ILAR, 2011) . ‘B HEOEEOKEDN 5 m LLEICK L T,
BTV B O EE R K X T m - 1l m 2o 72 (-
AR, 2011) ZEnG, HURIEMAE LR B L AT
EHERI S AU D . YouTube % TR S LT 5 EE k{4

7= (() I ZEHENTTERT
A3y NERRTEG)

BEE -1 ML mE

NoHh, FOXDREROESROMFRATEND.
W o TS RIS T TR (i) TkE <,
T EITBEOKIE L TR I ZEHE L LHHIS
5.

Lo T, TEDETICHLTIE, 7T<EDEE
g L T HIRBEORYW OB R R TS, HEOR
A2 ML, OO TTr~EHE o7& ZADEEOBUR
1%, TYEOAFICHE LIRRES A S h 2 @QBLIR TiLid
LTl Th, EEOETOAREEIEHDTEA I 0?2
HEEEZD.

T I TAMGETIE, A%OENEOT v ELOELE
HigL, 7~EHOELOTOOPMOEHRE LT, L
ECRLIERA Y FOBEN S IEEORNAZHET 5 Z
LEAME L, AR LB EITo 2.

2. A%

2.1 7IELIE

T~ (Zostera marina) 1%, HARLHINEIZHSA L,
P OFE N O IRE O EHERIZZ W (TJE, 1970).
TR Y (BEERY) T, SR L R0, IR,
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®-1 7~EOLEFLME

EEET

KR
'
KiE
HIE

EE

E-mhn

RAEsKiE28°CLLT
17~34
BEHED21EFEE

S ILRS30%LL T

th R #i1%0.14~0.39mm
BRERES%LUT
COD 5mg/giA T
BIE® Img/gbl T

X, EOXSRHY, LEENIETHTEESL (BE
-1). HEORE XL, 50-100cm, fEIE3-5mm TH5.
TR EILUOERSGIE, OEMEE, @7 NT4 4
AfWEEH & —RIEEF OHERE, OFEINGE L ORES,
OESGB L OBENE, BXUOORKORE/LOHEE
b0 ([H LAg@mA B R, 2003). JE@AEETIE, T
LA L0 EEY DS FHD 2 AR+ 5 &g,
g & KB ICHHGT 2. T h T4 X ARYEH LT,
FSELCT N7 A4 2 A2 (Riea#y) b L s ks,
EAELEYOR LR 5BROZLETHDH. T~ETENIL,
TRENCWE DB D T WIS &, BBEOMRE
BROFEINE L 72 5. T~ E OO FE I T NEME Y 3
&L, TNEEBHTL2ABOBHTE 25, 7TvEIL

KE05mELT
FREE60cm/sLL T
40 39.68
39.9 +
39.8-] + 30,66
[N
74 B 8
1=
oo IR | 39.64
39.5-] A=
39.4- L
39.62-
39.3 +
39.2-] L
39.6-
3014 NiRiE L
39-| L
W7 148 1419 142 141.94

T T T
141.96 141.98 142 142.02

39.605

39.595+

39.585 . .
141.945 141.955

T
141.965 141.975

B -1 s, M oRFIITEMSE S (stn.) &R
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£ D BRI DU RIE, HEREBREEIC b RE R B L 52 5.
FRIZT7 ~EITH T E ORI L o TED & B itz o
TEAE BT

T~EOETLRME, KR, oy, KEE CKIE, JKE
BLOE - Thsd (R-1) (U /) 74—F4521).
TIEIIHERE L THRET 20T, HRMFITEETH
L. —MIC, BHEO 2 EFREOKENR, BIRKEES
b Tng., T~EIWEROREZ 474, v M3k
30% FTTHDH. £72, TOWHEROEGIIREZIT-
THEET L7280, BRI WERE OFLILO ST & 4f
te. W - ECRTE, WEITBLZ0SmELT, i
HITBEZ60cm/s LR THD. DX REBFRMIC
DHFT, BFIZLE o TRELS Eb o AIRENED & 5 5ot
i, KIERBIOURE & B 2.

2.2 T—4

FAEIL, 2012F02 AICEEBBRCER L. B
TEOT LI LWt OETOERESEIC L
T, BEENCT~ERRE L WKL EREL, £0
ARz W T 26 A ORITEAIT- 72 (B -1). BRI,
EEN L N RO TClEo s~ « R=UH T T —
B, BEBW - RO TIEAI AR vy X XA
Yo 77— TC, MENSER L. 77T
T —THIMEINTZJEIEDEFE 2 cm % 27— CTHUY
L, Aoy 7re Uiz @E%2em & LB,
A% OEIN B0 A DERBREDOIRF A 7 —/1) 2K
BEEZBERSHET D0 THDH. 121210, Y

ML WHLSI 6 LT, K82 em ZFBRAICID 2 &
WARFRETE o etzdh, &Y TV E gkl e L=, &
CIVTERIT T — T — R v 7 AT AR, WERAT L

L.

FIEIEITKRT LT, RLESAR, BKEHI K OSRER & %
AYHT LT, BIEEAS AR OMIEITIE, L —WRET - 438k
PEA AT E L (LA-950, JRIBRUERT) &Mz, hr
FEXZIER 21T 600F & L. 26509552
ROKER (stn. 1-2, 3-1) (B-1) X, # (3000 um (3
mm) P k) 38K OIS AYE i o 72 72 KL B 4 A I 2E 20
ORI L7z

2.3 TvhOE—%

T~ EDAEFICKT D IEE DS TH DR A A
W, 24 G 7 V—T{RICEE L, = hrbE—ikEH
W, =y hrE—{EICOWT, UTFICHRHT .

a7k
HARR ORI DR ITH—R T3/, 2l L b
BHHREDON A EFFD., FD728, ki, Y — ME
BROEESEDORESA %2 1 SODOEICERN LM (B
B HEHE & M) & CTRESMRITEB SN TE 2.
2L, ZIDHEHEE R O AL, RIESARAS 120
Ao ABBTEBTESLZ ETHDH. Lvl, EBEOH
BACRWT, KSR 1 DDOH 7 ZABETHEISEEIT
XD EEFESRV. T LATEUCITEEEN S 2560135
Wwelbhs.

(1

&-2 L—WEET - BELACRLEE A RE R E S K DR K Sy

No | Grain size (um)| log (Grain size)| No | Grain size (um)) log (Grain size)| No | Grain size (um)| log (Grain size)
1 1.0 0.00 21 15.2 1.18 41 229.1 2.36
2 1.2 0.06 22 17.4 1.24 42 262.4 2.42
3 1.3 0.12 23 19.9 1.30 43 300.5 2.48
4 1.5 0.18 24 22.8 1.36 44 344.2 2.54
5 1.7 0.24 25 26.1 1.42 45 394.2 2.60
6 2.0 0.30 26 29.9 1.48 46 451.6 2.65
7 2.3 0.36 27 34.3 1.53 47 517.2 2.71
8 2.6 0.41 28 39.2 1.59 48 592.4 2.77
9 3.0 0.47 29 44.9 1.65 49 678.5 2.83
10 3.4 0.53 30 51.5 1.71 50 777.1 2.89
11 3.9 0.59 31 59.0 1.77 51 890.1 2.95
12 4.5 0.65 32 67.5 1.83 52 1019.5 3.01
13 5.1 0.71 33 77.3 1.89 53 1167.7 3.07
14 5.9 0.77 34 88.6 1.95 54 1337.5 3.13
15 6.7 0.83 35 101.5 2.01 55 1531.9 3.19
16 7.7 0.89 36 116.2 2.07 56 1754.6 3.24
17 8.8 0.95 37 133.1 2.12 57 2009.7 3.30
18 10.1 1.00 38 152.5 2.18 58 2301.8 3.36
19 11.6 1.06 39 174.6 2.24 59 2636.5 342

20 13.2 1.12 40 200.0 2.30 60 3000.0 3.48
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—J7, EFOHEMBEICEY, T ETHiA AT
nibfb\fduf A, L—HEr - HeELURLEE 43 A
EHEEICL T, MENESHIZR>T-. AT, b—F
EIE/TIE ﬁﬁlELJﬁMV THEEEICLELE SN DR O &
X, BAgRETHD. TORE, o L OBIRIC
KT 595 TNTHERIT A THE BRI L, M DR
ARG D ZENAREIC /> TE TS, LinL, £0
SR DORLE AT — X Z AT « KRBT D FIEN N
B, o BGONTRENATT — FZ DFEFHED I L
DO TR WA R Z .

Forrest and Clark (1989) ¥ X O Woolfe and Michibayashi
(1995) BT Z ORIEZRIRT D721, HHEGRDE T
LSl b m v —yk (Shannon, 1963) Z HKLJE 5y
IZHEHT 2 FIELRE L. ZOFIEE, RESmO
DGR E T b e B — AR WTRIT L, 280k
DA E R IR TN —T I ET 2 FIETH D, T—
TABIT I THRLEE 53740 O AR & B4 5 72, #t
FIE % A o 7o AT & TR AT 3 O I = DR
KPNPNSWRENRD L. ZE TOwHERFL, Forrest
and Johnston (1981), Forrest and Clark (1989), Woolfe
and Michibayashi (1995), Woolfe (1995), Woolfe et al.
(1998), Woolfe et al. (2000), Orpin and Kostylev (2006),

Mikkelsen et al. (2007), Okada et al. (2009), [ H &
(2009a), [MH & (2009b) 23 dH 5.

(2) FtEHIE

BLEE A XD TEIC B ST 1 SDRIE A D=
fev—E|X

J

E=— pjlogpj

j=1
EERBlEND (Bl %X, Forrest and Clark (1989), Orpin
and Kostylev (2006)). = Z°C, plFRIEY A X jEHD
KEOHE THD. Zoxr brE—EL, £2T0p
DT ORFIZ KB log TI272 0, 1 DOREY A R p,
251 THLO py 23 0 DRF (B —HKIEE) (ZHR/ME0IT72%.
O, REELSWNTIRRTERESNS.

I=(logJ)-

1%, E RN RO
s,
WA R 5y
B A X5y
1~71 1

(1

(2)
0&720, ENf/NDOIRFIZ log T
T — 2 DB A EEEZ S, TEIC

FENTNEORE A (Y :i=1~N, j=
WX 2 REE S LT TERINS.

(3)
j=1 i=1
ZZT,
N )4
N=2YY =3 @)
i=1 j
ThD.
ZFLT, NHOF—ZRRBPO I NL—FI125F bR

72Wf, TNA—THOREESN L TR TERIND.

Y, (6)

ZIZT, NNERBEOIAV—TH DI N—T r DF— X
BThb.

I N— T D EGEALBIE TIE, &7 — T NOREE
BVRNKEL, TA—THORFEESWN LN KREL R
LE90l, T—HIIIA—TbEND. LT, T—
TS NTFERD, JTTOERT — X O E L ORETH
LCWD g, kATREND R TRILIND.

R =15.100
I

T

(N

TN—THR% L 2R, LT LIZESE, RIE 100
% VLD HI A I H DD, 2L OFT —H &d
BRNTN—TTHAT L LN T N—TRKD A v
NS 2 R

il 702 7V — TR HEN T D EIT O R E S LT
WD —DI%, Ry T70% LA T, R, OINEN/IN = 7g o
To At D 7 v — 7% 38 5 F 1L (Woolfe et al., 1998)
Thb. T, R OEMEN/NZIWNEWS Z &,
FBIWEP/NS N ERBERT L2 EICESNTND. &
(2, C-HDOopHktb FEUEZ 7= 5k TH 5 (Calinski et
al., 1974 ; Orpin and Kostylev, 2006). C-H @ 5y i bk 2
HERRKEWR, KEISEWI V=T RS nD. L
L, ZhbiEfst Tz, ZhbaBBIlc LT, EiE
DI N—=TENTafEEE L, Z—T b BIC
ol VNV —THEREOIITHE T o XETHHEH
5.
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2 22 22 24
15 ; 15 ; 15 ; 15 ;
o\"w; o\c’w; o\"w; x w;
5] s - s
. °;*mmmwyﬁwéﬁﬁmwmwmﬂ°;
log(Grain size (um)) log(Grain size (um)) log(Grain size (um)) log(Grain size (um))
5 52 053 )54 055
15 —| 15 ; 15 ; 15— 15—
=\°|o; c\°10; °\°|o; N IU; x 10;
5 ; 5 ; 5 ; s ; 5 ;
T Tt I | T | | T I | T T
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
log(Grain size (um)) log(Grain size (um)) log(Grain size (1m)) log(Grain size (um)) log(Grain size (um))
2 i 5-6 0= 57 7 58 o i 5-9 * i 5-10
15— 15— 15— 15 —| 15—
X w; X 10; X w; x w; =X w;
5 — 5 — 5— 5— 55—
L L "M““““Mi e 'M““MW | 'i""""“m““mmmm"i"“ I e ﬂ““mmm | IR A B i e
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
log(Grain size (Lm)) log(Grain size (um)) log(Grain size (Lm)) log(Grain size (Lm)) log(Grain size (Lm))
RS 2512 »53 0 5.14 D61
15 15 15 15 15
X X w0 X w0 xX w0 X
5 5 5 3 5
L B s I e e N B B R I N °'|"i“m““mm‘“ﬁ
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
log(Grain size (m)) log(Grain size (um)) log(Grain size (um)) log(Grain size (Lm)) log(Grain size (Um))
20 6_1 20 6—3 20 7_1 20 7_2 20 8_ 1
X X 0 X 0 X w0 X w0
e i e "u“““““m“m_\ 0 W‘—\ 0 imwmu“mﬁ_\ 0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
log(Grain size (um)) log(Grain size (1um})) log(Grain size (1um)) log(Grain size (um)) log(Grain size (um))
=2 MR ORLE SR
3. #HE S ootz FEECHIZ7T 7 V—7THKEAE & - 7-.
FIT, 6 7 NV—TBLNT I —TIZ LT, F—
3.1 J—T1i AU S TR Sy AT A b L 7. -4 ORLEE A4

BETARDJERE T 5 72 2 MR & BRU N T2 24 H S O RLE 55
filk, 1 DOE— RORESAMNE, 3 ODF— FEk
ORESAAET, FxOpMERER L (B-2).
NoHORESFETZ hrE—EE AN T r—7{kL
7-.

R, DIEIX, 4 7 NV—TLLETT70% L EiZ/ -7z (K
=3). 6 VN —TBLVT I N—TF(ET R, OABLITN

-
—

TN —THNTELHLENTZRESHTHY, nids s
N—TNOT — ZEL, H{ET 10 O I TR A A T
(BELLT, 20 N0—TInD 5 T N—T DA % ik
AWRT.) 6 T N—T LT 7N —T%iIET 5 &, gl,
g2, g3 D3 DDITN—TN4O>DTN—T" (g1, g2,
g3, g4) ICHR S, il g3 MBlivie.

LI A THD &, 6 F ) —T TR 7RMICE
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100 — 25
80 — B
T — 20
) i i 0
g T
M40 —
. — 15
20 — i
0 T | T 10

7 N—TH
-3 U N—T7% L R BLOC-H ORR

2 gl DAL g2 + g3 DM OTRBARHPETH 2
DIZXF LT, 7 70 —7"TIEHEIZ 07z (R’-5, 6).
7 < DEF OB TIX, gl ORFESMITT R
FRANEMEL Y LRI TH Y, g2 ¢ g3 DRIESARIL Y
NSRBI Th o7, 6 S N—TF L T T —
FTHTBNZE D - 72 stn.5-1 ORI (B-2) 12
Ny XD 72 T=EDOAEFIZR L THEMETH D DT,
6 JN—TL0TITN—=TDHFN, TvEELEFEOXNTD
TNh—7ELTHEL WD EER, T7V—7%2HH
L7-.

3.2 BKHEDFH

EARBOF AT T 2B W, = hrE—ik
Lo TN N—TDR T, T<EDLEFOME
PEEE & 9 BLS O BIELL L TV DRI i & o 7 L —
7 (g2, g3, g4) B1OoD7NV—TcF o (K
1. ZORE, REICIE, BoOSV—T %50 T6
o7 v—>7 (Gl — G6) IZEH SNz, ThEho s
Jo—T DRI AT OFFEUTIR OB Y 72 - 7.

Gl : B+ 2K 10 - 20 pum 3 K T 100 - 200 pm @
20, ERKIEEA 3 - 500 um, KLEESYAT D HEA Y
DREWVIIL MET Y OHiHb.

EHCT 2R 2 28 200 - 300 um, 3 e ki AR A3 40 -
1000 um, KZEESSAR OHEDS D 23/ S WFIRD.

D LT BORIEEAY 200 - 300 wm, 7R KLEE 23 100 -
3000 um, KLFEAT O O S AR FE O FLRD IR U
D DM,

B 2RIEEAY 10 - 20 um 3 L OV 100 - 1000 um O
20, EARRIFEN 3 - 1000 um, KLY AR D PEA Y

G2 :

G3

G4 :

MREVI Lk - AR LY ofab.

G5 @ 3 2 RIEE 23 500 - 1000 um, 3= 72 KL £ A% 20 -
3000 um, KLJESGATDOIEN Y DR E VTV - H
IR T Y O

G6 : 3000 um Lh EOREDS 5.

TNEND 7 —TF, KIEEICHEFICE I E
LEoTHMLTWZ, GLIE, &7 Ro4uA (B o)
DI, G21E, £7ROMILIERMIZ, G3 1%, &
EOWIZE L E STV, AL G/INE 2 EITHTTO
WETIE, G475 G6 BREL TV, /hSelfoiy
BIZHT- DS (stn.1-1, stn.2-1, stn.7-1) TiE, G2X°
G4 DEHIIT ~EABICHE LWy % & ATIRE T
B LN, WDOEHZRNGIND LGSR G6 D X D il
SMETRDIRE & 7> Tz,

3.3 mREVHE, &Kk

BN EILE 7 RO O IO MS TH D stn.8-1 (2
BWT, T~EEEFOEMELLED 5% L0 HE< 8.2%
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