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Effect of natural rainfall on desalination of seawater-inundated soil
in forest damaged by 2011 Heisei Sanriku Mega-tsunami
following Tohoku earthquake of the eastern Pacific coast

Kenji ONO"", Keizo HIRAT”

Abstract

The 2011 Heisei Sanriku Mega-tsunami destroyed much forest along the eastern Pacific coastline of Japan.
Remote coastal forests such as cedar (Cryptomeria japonica) that received direct tsunami impact suffered damage
from salination of forest soils resulting from seawater inundation. In our prior study, we clarified the distribution
of the salination damage in cedar forests of the Sanriku coastline, and determined causes of this damage. In the
present study, we continuously examined the progress of improvement in soil and forest floor conditions over time
in seawater-inundated forests. A, layers and understory vegetation that were completely washed away from the
forest floor by the tsunami gradually reformed and recovered owing to newly deposited litterfall and intrusion of
herbaceous plants. Increases in pH(H,0), electric conductivity (EC), and exchangeable Na" saturation percentage
in seawater-inundated soils were halted, and soil improved with time. In June 2012, these measurements in
inundated forest soils decreased to nearly the same levels as non-inundated soils. According to meteorological data
from Kamaishi automatic weather station near the experimental sites, monthly precipitation from May to August
2011 ranged from 51 to 215 mm month™, less than or equal to the average. However, in September 2011, a typhoon
dropped more than 400 mm of rain on this site in one event, which is equal to one quarter the annual precipitation.
High levels of precipitation such as in this event may efficiently remove sea salt from seawater-inundated soils.
In conclusion, the present study found an important role for natural precipitation in desalination of seawater-
inundated forest soils.

Key words : desalination, precipitation, Sugi stand, Sanriku coast, salt injury, 2011 Heisei Sanriku Mega-
tsunami, seawater inundation
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WHAKEX CIREAARDKEFERFICREEDER L, IBFEOFERIERAEHOHEIC REED
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DOUERBERE Ule, HIRIC K D HEES S U Ay B AL X R4 IR Lz R 5§
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1. IZC»IC

2011 4 3 AT U7 sRAb 7 RSEFEp i EIC K D
KR RIS R AR U, R S BT,
EHIC, KEEIC KB AR, RO DriEk £ ol
H7a i 2 e CEKERICIEERICH A TEEK T
&, RERRGE & & BICEEN R T 2 BIR D BEEL
Lo EEDSIX, BITHRICB T, =kEhFEEIER
KB D A F Rz B & L. AFEIEL DR
ZHEL., TORERRZHL M L UM - FH
2012), FPEMRAK LU Tz I, WoKkERDOF ~ Y
T LAA Y (Na) NEFL, LEpH (H,0) REX
g (EC) Z EREE, Zhick b, OfFAAN
DR 7 I, @RIARDREEL & % 253 DWLINFE
E. @RBIEK NS LB OKET VY v )LOK
T CKH 1958a; b; ¢) MFERE N, R E LT Rk
KPR R O BEPHR K E Z T e AF RIS B TEED
FRIGEAL DN IRHPICFEE Lz b fam Lz OB« S
2012),

PSR D B AT U T BT AR AR 9 2 it
WIREDOEELRT 2 dic, HEiR/KHICE D
DT MERET 5 Lick > THEOLE M
DOWHEIRN 2R T 2 0 END 2, WHAEOHEMDZ
EFRERHICH 272, BIEHEEMOREICDNT
EHIERRICHEET 5 C L IEREETH D, L L. MW

BREEDE L F RN D DT, FERICK 5Bk
BN ENS, T T, AT, aTFREATIC
FBUF B A A F RIS B TR IS R L & 2 17
W RERTRRE IS A S5 A F O A EI TR T k22
DAL Z R UTes ARSI TN D OFE R 2 JC d il
WS BT B FEMIC K B BRERNRZHS MCT 5 T
EHMNE LTz,

2. MM KT L

AL A — R ECEHIED ARG AL MR S Nt
BEM & R HEMRDEE T 25T R1RE A TEEERT O
AFMTHS (JLkE39° 19.7°, HE 141° 53.8', &
10 m) (Fig. 1o 838 M1 6 &k 1+ (Bp)
(LT & 58, 1976) TH O, KJEME X E AR
BIXUOHERDEETH 2 RFNETREHIER .,
1975), BHIC R EEWVWT A XX E A (I
397162, B 1417527, BEESm) KBS
2001 40 5 2010 4E DT H4ERE K 1,677 mm/ 4T
»H o7z (KT, http://www.data.jma.go.jp/obd/stats/
etrn/index.php), ZESLIFFD 2011 4 5 AN 5 2012 4
SHETOHRBBEKES XT 1981 43 Hn 5 2011 4F
2 AL TOFEARKKEZ Fig. 21Cm L. 58,
2011 4E 3 AL 4 HIc BT 2K BIERHAREXDZ
BTRMLTVB,

2011 F 6 HICRELTET A b T 27 b EO&
HHIAICHBNT, 2011 10 HB KT 201246 Al
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Figure 1. Location of the studying sites and line transect arrangement
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Figure 2. Monthly precipitation at Kamaishi meteorological station by
AMeDAS (automated meteorological data acquisition system)
from 2001 to 2012.
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1) AFHEDZEERRAS K UOMKREDOREEZEL

HIEFAENS 2 7 HRD 2011 46 A 23 HICBIT 2
HH#RE T, KB LS A mofikiz
KA FHIC T BHE (BHEEORBZEL) O
AP, W KIRIEE AT I 3 L7z (Table 1),
AGRE RIS B % i/ KIR S AP X, FRIC K 2 MRIRHE
A0 Ao B DOHBERI D B IFEICHIRTH > 72,

FORGEBFRENS 7T A% Q0114410 A 11 H).
145 A% Q01246 A 1 H) DYUFZHBEKMD OHE
TiE, REZE U EEZETIROEEGNED L,
FRIEZ BT 2ROE G LTz (Table 1), 14 7 H
BOBZICTHE T, BRICHIE L Tz A FER IR
itk N0 No.7, 8 HIsSICHEP LT Wi (ZhZho
M DAERRIE 21% B XU 3%) (Table 1, Photo 1),
Z LU O FH A IS B TRESEIS B o Tk T
Holz (Table 1). Fiz. HEMEFEE 2 » HRRITIT R
KXo TABRHEEEN, WEL TN, KED
B IR BEL U AFHEENMIEL THEEL
THERE L2728, A JBIE 7 7 A1, 14 7 ABICRBIRA
IZEfE LT\ (Table 1, Photo 2). MRIEKIZEICEI L
TE., ZEEEORZICIE S MERTE DI > TH
JRICEAREZIZ LD ETHMENMRAL, KD W E
REIZ IR A 14 7 1213 2 ST 100% & 75 - 77
(Table 1),

2) £ pH (H,0). BREEE. KR4V EE.
A7 U RBRBES SUERBINEDREEL

2011 45 6 HICHRER U 7z K Bl iz i fef 2 8 118 (0 ~
10 ecm) @ pH (H,0) &, HPEARGERAT (FREGH A
1~3) Tld4.7~53ThHokh, HEIEERT &
WS4 ~7) Tld54~621C EH U (Table 2),
ZFO%, BERENS Ty ARB LU 14 ¥ HRICHE
WeREE T (BREGE 4 ~7) MR L &8 118
O pH (H,0) 34.8~59THb. EiARERENOD
+ 8 pH (H,O0) Off (43~5.0) FTIKEEELT

& 1 HEHEE AT IO R - HEDIRAE & HEEZS ORI L

Table 1. The states of forest floor, surface soil, and needle discoloration in the seawater-inundated cedar forest at Kamaishi City, Iwate

Prefecture from June 2011 to June 2012.

R Hith 55 No. 1 2 3 4 5 6 7 8
FE 34° 42° 38° 48° 38° 30° 30° 0°
EIREE i ® FUER A £l A A '
TEADEWEA i = <) <) <) <) <) 5
HECER

(114 6 BBFH) i = ®/ —HNoR X573 257 257 -

(1MEFE10ARER) i3 ® —Ho —BoRk —Hok —Ho 2% -

(124 6 ABFH) = i3 i3 3 |/ o JREDH -
ERE(2E6ABR) 17/17 12/12 14/14 9/9 6/6 6/8 3/14 1/33
TREHEE

(1% 6 AFF =) 5 F i = = = = -

(1MMEFE10ARER) " <) Fh Fh  BFEL BEN  BFEL -

(124 6 AFF =) A A ] & & &P Fh -
AE

(115 6 AFFR) ] o) ol Fh Fh Fh Fh -

(ME10AER) s} <) <) <) <) s} 2=l -

(124 6 BRF M) o) o) o) o) <) o) 5 -
HEROBEE"

(114 6 AR ) >80% >80% 70% 10% 10% 10% 5% -

(1ME10ARER) 100% 100% 80% 60% 40% 30% 30% -

(124 6 AFE M) 100% 100% 100% 100% 100% 100% 100% -
AR L% ZEL ZEL E+ E+ E+ EL ZEL B

HEROBEE" BRICLIMRIBEES S UHBERNEEOEHEE
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22, B AT HROZIE 1 (0-10 cm D) 1<) 2421200 pH(H,0). FBRUREEE, SHMEGA 4 VIRE, BXUBA A
SRR ORI L
Table 2. The values of pH(H,O) and the concentrations of water-soluble cations in the soil suspension of each sampling point of seawater-
inundated cedar forest at Kamaishi City, Iwate Prefecture from June 2011 to June 2012.

R Eh £ No. 1 2 3 4 5 6 7 8
FEIREE = &= HER o) e £y A ]
£ 1pH(H,0) (1:2.5=1:5K)
(1E 6 Ak =) 4.74 525 5.28 5.70 5.44 5.95 6.21 7.94
(ME10AKR) 4.61 4.44 452 5.25 5.67 5.64 5.44 8.31
(124F 6 AR R 4.61 4.33 5.00 4.82 5.88 5.89 5.89 7.40
EC (dSm™)y
(114E 6 BB M) 0.14 0.16 0.15 0.10 0.19 0.33 0.25 0.56
(ME10AKR) 0.12 0.11 0.10 0.14 0.07 0.07 0.07 0.18
(124F 6 BB M) 0.10 0.13 0.08 0.09 0.06 0.07 0.07 0.20

BEZMAE (cmol, kg '8z 1+ )*

(MFE 6ARR) 52 64 48 45 50 44 55 7
(MEFE10AFKR) 55 48 46 42 33 33 35 14
(12 6 AR R) 66 70 60 58 47 59 45 12

Z M Ca? BB (cmol, kg 87 1 )*

(114 6 BBS&) 7.2 9.7 3.0 1.2 2.1 16 6.8 48
(IME10F B 5) 10.1 56 5.4 44 15 2.0 2.2 8.9
(124 6 BB ) 9.7 115 9.1 6.3 38 5.2 2.8 7.0
M Mg? i E (cmol, kg '8z 1)+
(114 6 BB ) 1.9 338 18 14 22 2.2 6.5 3.0
(110 AR &) 23 15 2.1 1.6 1.4 1.7 1.3 15
(1245 6 B BS &) 2.8 42 25 45 32 33 35 34

ZHMENa R E (cmol, kg '8 £ )

(114 6 BB ) 0.11 0.44 1.74 1.77 2.80 3.37 6.81 3.40
(10 AR &) 0.13 0.08 0.04 1.39 0.78 1.0 0.39 2.05
(124 6 BB &) 0.14 0.23 0.10 0.58 1.23 0.78 0.91 2.01

MK = E (cmol, kg '8z £ )+
(114 6 BB ) 0.32 0.53 0.46 0.47 0.55 0.59 0.65 0.55
(MFE10A B R) 0.22 0.23 0.24 0.19 0.22 0.34 0.46 1.07
(124 6 BB ) 0.30 0.51 0.30 0.61 0.73 0.36 1.04 0.64

A3 14 Ca? B R0 FE (%) (=32 2 f4 Ca®*/CEC*100)

(114 6 BB ) 14 15 6 3 4 3 13 68

(MFE10A B R) 18 11 12 11 5 6 6 63

(124 6 BB ) 15 16 15 11 8 9 6 58
A MgZ BRI EE (%) (= x#ﬁ’&MgZ*/CEmeO)

(114 6 BB &) 6 4 3 4 5 12 43

(ME10F B 5) 4 3 4 4 4 5 4 10

(124 6 BB ) 4 6 4 8 7 6 8 28

A Na B F B (%) (=32 #2 14 Na'/CEC*100)

(14 6 BB &) 0.2 0.7 3.7 40 5.6 76 12.5 48
(E10F B 5) 0.2 0.2 0.1 33 23 3.1 1.1 15
(124F 6 BB &) 0.2 0.3 0.2 1.0 26 1.3 2.0 17

KRR E (%) (=3 2 1£K'/CECX100)

(114 6 BB &) 0.6 0.8 1.0 1.1 1.1 1.3 1.2 7.8
(110 AR &) 0.4 05 05 05 0.7 1.0 13 76
(124F 6 BB A) 0.4 0.7 05 1.0 16 0.6 2.3 53

S8 E BTN (%) (=3 1 Ca?", Mg®*, Na*, K*/CEC)

(1ME 6 AR 18 23 15 1" 15 17 38 167
(1MEFE10ABR) 23 15 17 18 12 15 12 95
(124 6 ABE &) 20 23 20 21 19 16 18 108
157K B H A
peechik

*EREUH No. 81X BN DB (EN IR EY DR
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G 1 EOE R GEatiiIEX, 2012 48 6 Hi)
Photo 1. Distant view of the study site.

WEWEDO, RFRFEICHE S TR R L TWiz (Table
2), g HHEIX N HER (BREUHA 8) @ pH (H,0)
F74~83%Z L. WIERE 14y ARICBVLWTE S
Wi Z R U7 (Table 2), A EER & O FRECL 72
%Ei%@%’fﬂﬁ%ﬁi (EC) 1. 2011 4£ 6 4T 0.10
~033dSm' THoh, HEHE 147 AR
0.1 dS m"' L FDffiZz R L7z (Table 2), HERDIHE & D
DOWICBVTE, KRHEFEICK S EC DK TFAHED
Nz,

2011 45 6 H DI 0D HE I 3 3 & i 38 1 2 A8 #u
Na" #1513 1.8 ~ 6.8 cmol, kg #2+7#/R L., B A
AT 0.1 ~ 1.7 cmol, kg ¥+ b U THR KT 60
fFEREN-T, L L., TN5OHILDOR M Na®
BRI & & BT R L, BEIRKE 14 7 HiRIC
B 0.6 ~1.2cmol kg' #Z L&KL, ThHOfE
E 2011 6 ADMHICH LI KTE 4B DL N)VET
i R U7 (Table 2), HERDIC ISV T H HRERIFEICHES
ZHUE Na" BEEOMK N EiRd 5Nz, — /T, Na' %
R < 2k Ca™, Mg™. KT BIE B K UR A A Vs iis
2 (CEC) iFZhZ*hn12~10.1, 1.4~6.5, 0.2~
1.0, XV 33~ 70 cmol, kg 2+ & FRHEREU ]
DU TEFDPALNTZE DD, HIFIR/KDOE D
AR RFDEWIC X % 2E RS B NEh > 7 (Table
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HHE 2 HREK 14 7 A O SRR RORE - (Bamhfs T
JEHIX, 2012 4E 6 AfE)
Photo 2. Forest conditions 14 months after seawater inundation with the
Heisei Tohoku Massive Tsunami.

2), ¥, HERYD CECIZDWTIE 7~ 14 cmol, kg
st BEHIEBICHARZFL KW EZRL T2,
SRR X 2PN T 11 ~ 38% OFipICH
o> 7z (Table 2), HEABIEGEFTIC B 5 2R AR
ED 6~ 8ENXAZHME Ca I L TWize — .
I BE R AT B8O T 2011 4F 6 A id s et Ca™
ERZME Na” BRI R EIcTF S5 LTk (&
BIC 2~ 4 BIROFHGH) M, KEHofE e L i
i?ﬁ'&’[ﬁ Na' BEME R Uzl sd 14 r Atk
BN OFEGRI 1HLURTHO, — TR
?ﬁ‘ T Ca” DHFLGRIIIHUND THETH > o, HP
BKIC K D E/KESE D Na* OB R 2 X+
BBV T, BRI & & &1k E Na" D21
BT LT EHHS D &> 7 (Table 2),

4 %T\

1) B DREBITH SRR K AT HICH T 2 MRERE
DEAL

ZRI ORI D K 5 & — K7 iKIREIC K 2 HE
W&, HEA O R T B R AT NSRS A 9 % 1 Y 7 A
PotEREFICEDISLEENTVS CKH, 1958a),
2011 4 6 HIC Z s fm X C17 - 72 i & T
FRIIR KR T 1 2 PR CHERS & N7z B IEZE (S A 8 A
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W AGRIE S ATIC RIS~ LT D (Table 1), ##
WIRKICEBEEICEKLEZEDTHS T EHHSH
Lot ORI - FH, 2012), F/2. 2011 4 10 H.
1246 HDOBHAETIE, YZ%BEEM2DZ DR
BEHFHICBOTHREBEC L HELZ T OB EGH
WAL, BEEZHTZROEEHEMLTED, #K
ERICHEEL O LI AFAEDO—ERIEMIEIC X TEDS
FICH IR ERME T TAEK L Tz (Table 1),
— 5. R FE ORI No. 8 TIE & U 7ok
ML, #ileaREZEETTICMEICE ST AF
AAEDEER & N 7=hY (Table 1, Photo 1), T i, #
TR T At T FE R T KR E % (2011 42 6 A)
ICBIT B HEAD KD mIREOEFER (Table 2) I
EHRLEZEDTHAD,

MIREREEIC DWW T, 2011 4F 6 AR THIC K D
HEE, MEINTOR AJEE. KFEORKEE LB
AL U Te AFSHEMNRIE L THE L THERE L 7272
O, 77 A%, 14 7 AR 4% L (Table
1, Photo 2), &7z, HEZOPLZDOREMKICKD
MRIRDYEREE & 2L LTz T2 8, BURIC K b se T i
UIHR UTeMRIRRIAE & BEASHDR A IS K D TR A4S A8
U PRER O 9 78 2 (X AR 25l 50T 100% 1253 U 7z (Table
Do Mazakbttid BHE s 30° DL EoSUsEBHc A E S
% (Table 1) A, HHFIC X D B & N2 MR BE A ]
BL. MIKOBELED 100% Lik->7z2 Lickb, W
HHERICXZRE, ELHCOoBZNREKEINTZE
DELHFEIN B,

2) FBRWKE AT MICH T B TIBEEORERBE
KIS PES BRI X b BAE L Lo EIC
HUT, B R Tk, KR OMER., Tk
BMORH. #hk - #r b, #ARROM T, K - 5
KOO IRLIC K B OV LA L, LEOHE{b
PR BRI UCE IS e BRIBIEE D FHE N T RET H %
(BMOKPES BAHRILR , 2011, LHLAEDN S, bk
DZ L IIHM . BMORENES TrVAMRHICH
B8, HIESSEM T A AR IC BRI E T B T
CIRWHETH B, LI > THEMNES O RN
N2, ZT T, FFREREEITHE S H I H M T8
MrE=_21) 7L, BKkaELOEFRL D HRFEKIC
KBRS RIS DOV THRRET L T2,
THEOMZEHICE L T—MOEHE TIE. 2011 46
HOR i T /KIZIE D BN R < R 5N TV Teh,
R OB E L BICZDOREBEIHRACETFTLTWE
(Table 2), T bbb, 2011 £ 6 HlIcHBWTIE. Hik
FEE T TR L 7z L8 o pH (H,0) ° EC, %
PENa" IS IE. BPECRBELERTO HEICHANTREWD
ETH o Teh, 2011 4 10 H LI O F A Tl i AR F]
BEEFOLX)VICEAEELTOWEVEHE D728 D
D HEAE R IR % 7R U 7z (Table 2) . 580 pH(H,0).

EC DX Fid. st Z2 29 %, DO hHKICH L
TEWIARMEZET % Na" B LED SRAICTAR. BR
HENC LICERLEEDTH %,

HAOHMKTHE T, ZHEHEEEDOGHRE — K
IZ Ca*"™>Mg” >K ' >Na' DIETH % ({H, 1989),
2011 4F 6 HDOWf I B THIEIC K> Th b TN
WKk O Na™ D HEICEBNICER L Tz &ick
D, RIS O TR O R HME Na" IBEEm <. -
B OEEINT AW L Tz (Table 2, /N -
SEH, 2012) UL, TS5 O Na IR O &
ERICRARICTIEBN SR, BRiEE e, L
W OEEINT V ANUEEE N, /KIRIER DIREEIC
HINTWB T ENERENT (Table 2), ThHD
FEAIE. RS R O H I O T LRk
REMNEHZLEE ., HRFAEZENTH 2 (HHKE
B FZRAUIIER, 2012), &35, HIKEREIOH
W PO EICBE VTR, WL THEES TS -
U LD EEAPICEAFE LT 0, (HIIEEZE - ’=
¥ WgLaT , 2012),

Bt W THEEN KL D 5 B RAFTMIFED
—DIC, Na' flgfiifE (CEC IR 23 Na” & D E|
BTRLEDLD) DB, —MRic, RETEEICEWT
&, Na' BIRIEDN 15% ZiZ % & O EL A IAREIC
THEINTWVWDS (HfE, 2012), RO 1O
Na' S E X /KIZEEZ O 2011 46 AR R TE X
15% %zt A 2 Eirid s <. Bttt BHETIE MO
N X)W THol (Table 2), LHLEMNE, AF
FEEROESMICR LTl TV E TN TS (R
fil, 1976), ZD7z&, i+ 50 EHE T IR E O K
WLANIVTEAFEHIEDOLE LW S T THERENHEEL
U ONEF -« FH, 2012), MEGIC Na’ 81 O & >
Te®tfie FEE (His No. 8) BV TIFMIEICE - 72
EDEHEREINS (Photo 1), L7z o T, AL HE
Wik, Bt hEOREEZZOXEHEATEHILIETE
VA TR

FEKIFBRIBICKELEHFLETEHLEAZDBN D, Ridl&
HiCEREL T A X ZAZHBIMAAT (L 39° 16.2',
WA 141° 527, @ sSm) OF—&lckb &, AF
B AR O FIgERIKEE 1,677 mm/ £ TH 25 (K
5 J7 , http://www.data.jma.go.jp/obd/stats/etrn/index.
php)o HIKLIE D HAIFE K& IX, 2011 4 5 A& 215
mm OFKNBH >z DD, 6 AMS 8 HlchiF T
51~75mm/ A CTHEW TH -7 (Fig. 2)o LML, 9
AT 2 LR 23EEM 15 51k KNIk > T
437 mm/ HDOENMNH > 7z (Fig. 2)o T HUE FHEFER
IKED 25% sBICIEHT 5, —BEMNICKD b E NI
Bk & SRS 2 &0 2011 49 A 20 Hili O &R
15 FIHE S Bk DY Y 5% et Bith oD e 4 SR T IR D BRI
KRKELHFEGLIZEDEEDN S,

HBHROZ IFRERMTH O WEZZT TP
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SRR U TR AR ORREEEZ T C & I3
HTHBH, KEICET ZHEBEHESEMLEOE= X
VY ZHREICKD . BREBEORNICHES LHENMSD
HARHEKIC K o T, EH S TS LU TRIBEDO AR
NHENZ T ENHASH Lo o, Al HITIR
KGR FIch B AFHTH o Tz, BIIRKEZ
e BRIE. T LIk E» o ¢t <.
T RIS O H NS JA KITERAL T % 7 1<y Z2 Hk
ELEMRENRTDH %, lREKOEIH, BEICHT T,
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