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Figure 1. The location of the study site in Ohmiya, Mie Prefecture.
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Table 1 Stand description of experimental sub-basin

Hinoki Sugi Matsu Others Total

Number of trees 1311 28 18 2 1359
Stand density (stands/ha) 3972.7 848 545 6.1 4118.2
Mean diameter (cm) 119 161 9.2 25.0 12.0

DBH (cm?) 485 20 05 04 514

Stand volume per unit area(m®)  384.5

18



YU RS QLTS EY T 030Ud

19



Za 2R QU)W 8IS ¢ 010yd

20



YT & (1 £ € oloyd

21



Photo 4 J/a 382t L 720 (Wil i & Bt 2 i

22



L

AN

i

FR7—

T (| LA A —ys G 0I0Ud

23



AL

&N

e

o L

9 010yd

24



Vegetation Science 19: 95-111. 2002

95

K R O R AR TS IS B X T T RIR B DR

FHiEAR - BH B2 Bk EA

R B R R E R SRR
BHE AR HEREIER

Groundwater flow in spring-fed wetland and the formation of vegetation

patterns in Hiroshima Prefecture, southwestern Japan

Akira KIKUCHI', Yuichi ONDA?
and Nobukazu NAKAGOSHI'

iGraduate School for International Development and Cooperation. Hiroshima
University, Kagamiyama, Higashihiroshima. Hiroshima 739-8529. Japan
*Institute of Geoscience. University of Tsukuba. Ibaraki 305-8571. Japan

The relationship between vegetation and groundwater flow in a small spring-fed wetland without a peat was
surveyed in Hiroshima Prefecture. southwestern Japan. Detailed groundwater flow was measured with
piezometer nests consisting of piezometers and groundwater wells. These piezometers were laid out into two
lines extending from hillslope to the valley bottom. Plant communities of field layer and profiles of
vegetation were surveyed along settled piezometer nests. All surveyed communities were classified into nine
vegetation types. Wetland vegetation was characterized by Moliniopsis japonica and it was classified into two
types. i.e. graminoids dominant open type and wetland forest type. In spite of the differences in vegetation
physiognomy. both open and forested habitats featured the following groundwater table : over 20 cm in moist
period and over 40 cm in common period. The difference of the two period was below 15cm. On the other
hand. the hydraulic gradient explained the difference of these communities. Thus. gramineous vegetation
developed at the center of the wetland where upward seepage occurred. Trees were not found right above the
upward seepage but were distributed in marginal zone of the wetland where downstream movement of ground
water emerged. These results suggest that groundwater seepage offers a habitat of graminoids dominant
vegetation thus preventing forest development. In contrast. groundwater-sinking flow provides a habitat for

a wetland forest development.

Key words : eco-hydrology. groundwater flow. spring-fed wetland, vegetation pattern
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HADOBE®ICIZ. &E. $H EBEREVWIKX
SEEAWTEE. EEMCEPEERICILESNSE
HOREAE D3935 L T \» % (Hada 1984 ; BRI 1985). 2D
& 5 @O ST HIATERE 2 R EHIT I B T 15 450
mUTOFITAHASZ L. A &dbBHIPRIFTOAS X
N+t 7@ (Rhynchospora) % ¥k 3 2 {EEEXR
HECHEBICRRERL 2L, EYooflE LIcRE
T2 L. HETE,SBET AHTAKICEL > TE
XNBZETH5 (Hada 1984: TH 1999). EfR& %
ZEFSEMACE > TER S, Zhs OREIIRIE
MPERERIZ Y E 5 (Hada 1984 ; ¥ 1985). 20D X
5 7 B i I BB G D o & i, Ek,
E. FEE. AN oE . NER - EES T
T HSEL TWw3 (Fujiwara 1979 ; BEJE 1981, 1982,

1984, 1985, 1986, 1989 ; Hada 1984 : Wolejko & Ito
1986 ; WEVE 1998). Zh o DR E b DML, Fin
REET OVRRHES & iy, DB RREOERS
7z, LIELIREAE AKX EhT» 5 (fl
ZIEAEF - B 1995 THIZA 1995 TH 1999: B
., AFETIRBEAKEME L&),

25T BREICBTSHEE L IOBRIZOWT
H15E, BEELBREERE LT FARA (B2 In-
gram 1967 ; &&B 1989) B L UKE (f 21X Glaser et
al. 1990 ; Wassen et al. 1989, 1990) %2 ZElJ % Z &0 T
2. ZLTEETE, &5 RKEBEOKESMIIE
252, DOTIIEEDOSIRCHEEZSZ5ERNEL
THTAROFBEDBEEHEINS LI WX H>TETWVS
(Bridgham et al. 1996 ; Grootjans et al. 1996 : Wheeler
& Proctor 2000). $hbbB, ZDFZIKH-LT,
bog-fen complex % rich fen-poor fen complex T &
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RO FKTRENZ - 7oK E DN ER S h
WA DDA — > DR b NHES M ShD
D®H 5 (Wassen & Grootjans 1996 ; Glaser et al. 1997 :
Klijn & Witte 1999).

B DG, T ARN B 2 EIFR g IE
TN TWRWBE, KEIZOWTIE, EBESELAHET
AONBRHIKD EC (electrical conductivity) #3 35
uS/em X D/NSWZ EDERFEN TV S (FEHIZ»
1995, 1999 ; JAAR-3EH 2000 ; #(l12000). X 512, &
KOPBHAEHBENIERBICOVWTR S &, #H#IL
(2000) X WTEREREE OZEAK, FH (1985) IZRFA.
FEH-8K (1974), AH (1977), [EAR-#EH (2000),
I (2000) XMW HEEEHIR TAREKE L L@ R+
BOBEGZHERL TB D, KUK ZHTFRDOFE L iE
KEHOBRBHEINTWS. ThsDIFE»SE
KBHIDOREED, EC DIERWEAE E b ICFKEL., &
D o TR A S DRI TR & > THHE &
NTVBEIERENPVDENSTETNS.

IS E2BE 2 THEAKEHOMEAERS NI D THRAL
BLUHRARZHS ML L S LT IE. EAEHR
B2 [HITAROFRE | @~ H#TF k% MG Ut
TALLEBHEAERMERT2ENTHS L DIC, KE
NG — B L THEERS CHER 52 2 FERT

T ol
Hiroshima Pref{

( Kumano,
Hiroshima }

> - /
\-%OQQ’%K‘V .

- 3 LN
- km 4N

J!Qx;”/
NieE= Ly -l
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Fig. 1.
Japan.

Kumano town in Hiroshima prefecture, (b) Soutig
The striped part is Haguihara wetland.

map of the investigation site.

‘_1.-‘._‘_&‘_, 277
e N
AR =
) N A 4’1-/ A\\
.<\\\ Hag u@ra \\Metlang\ 9&"}‘%
~ {0
=N -
Study site is a natural oligotrophic wetland without peat in Hiroshima Prefecture, southwestern
The wetland is small and is maintained by oozing water on a gentle slope; (a) Location of

H55. £IT, AWIFETIREAEHIEE 2L 12
DT, HITFAKRZEGULE U7 HBRE 2 SHE S 202 L
2w, 2D, [REBRFEEOBAE G, 5
—ICHE DK 2T WHI T AR O BIEREE & OBR %
WA U7z BB R T OB AR D & Bk %
FHE L, HEOFIIRGRERI L. S HBok
[H CHEHE L 7- U T ATRE D/ 885 — o s 53D RRE %
v, AR B 2 TEYEEE ORI B 2 B L
7z.

AEH

AR 3L B IR RS ERRE BT D R BRI AT 3 2 (LFS
DEKEBHTH % (Fig. 1). HEEIIEEET, 78
DU & I UBERRIE A 2 OIS 2 BT T w2,
K (Fig. 1b) OBEMIS 21X, AEILOEILE I IE
TEERMCEINTBERS LA THE. 2 LT, 20
NI BHAEE LD T3, Th s OEIEE
X, B2 YA REOER, I AL B5AD
. B X ABEEZ T TS LarLl—F
T. Y UEEN I U e B IR REE TR 72 - 8
#1 (Fig. 1c) BEREFEL Tz, 2o (Ric 74 |
B L 2T 3) 1, @BERICKBEES B 2 <,
S AT BRELS BEA 50 EAR AR T b L T vz,

A ure)i da
= JhureJ SR

W

n part of Kumano town, and (c) Topographical
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EHIOKES X 350m TH D

—F. KSR EIILM DA T A = Y RHIKE
S ED. BRO—ES 2RV TEARKEZFEL T
3. %7, BBCRUBELO—BTE/ ¥Ry v 7
SHDREMDS—IBTITO NIz A, BETIRE / F0E
Kbk, ¥y 7 VEOFARICERLTWS. ZO&
31N T A BEBITIE. FOEKRIANBNZELZ
FTW2bODOHEMCELNLTE Y, BHEICONT
X ERIREEDRE RS B BIF RSN Tw 5.

HiE

EEREE

N A BT, otz 7 2 A4 FME
HT A EES L OTEERBEENDHY. TOFALAZE
SO A. S SCEAEFLKKRES A ST
(Sphagnum palstre) 13—~ v NIRICE - T2 AR
FeFl L Tw3 (Fig2). a4 L ARKXDORAET 1 >,
ZDWEENY — o R IETIBE T4 v X-X b, AEMT
BLRELLBEMEEYIZ 74 Y- Y D2D0D%5
FricEkiE L7- (Fig.2). @iEsE & AU ORIEELED
BRI OWTHRET 57280, AET A v i iZ@st
ORAEREHRE TEED T2

2 E D 2% ML D & PO OEEE AR
¥ CHENPH T AREOEREICH > TREBLCBIE
o TUTRE2EZ LS T 5700, HEREIE
EroHHE T—EL AT L2ELRBICEEL. E

h fern

pd

, 7
EYANAN
’s

AYAYAS
Z

Fig.2. Brief physiognomical vegetation map and settled implements on study site.

== \/-notch weir

FEREO AKX (1X1m) ZAVIE_VE N7 VE7
NEE AT 7. WEYESEOISIHIE, NV bTE
7 VAEDT - ERSTBHI L THEELTES. L
HURRIZE T, S 5 I BEEE i > CTHEDORKRE
BEOT(SIEETE 22k, 2 L THEOEAHS
g ER E DN TE L L HEETHLEFR
72, D7z, BEGHWIE OFE BITOREEEE & Rosk
+2rrdbiz, ERBULOHET -5 2fio 7.
HEABOMEREICRAEIA v OEAICHET 52
KD~V hFrE7 b (Fig2: X1,X2: YLY2) %
Lz, ZLTC, ImUTOEEMEMEA L I ATT
ZoWT, EEOWHEYEABOEE L LT 100 453F
THE L. RARRICBIBERBEULOESR
(Z1m) oW TIE, TXRTC—HKELTarI—+ED
e L, BERESL2HEET S L L b ICERKEE 10057
ZTHAIL?:. a2 F7— b EEBOEREIL. BEEI 7
ovw b EBEBEYERDTCEMLL. Eon/z98D
R FEE R 2 v CREBERTVL. BAIREZFERL
fo. BMEMHEORATEIEXRELZ )/ A—Y—, B&
Hrefw» HETIEREET A S5 EHS0cm O#H
FAEMGE L, EAN30EICHCEMEEE L TH
WTTER 2 Bk L 7z, tEAE ORI IE 1999 F 10 A
WZiTo 7.

NV FTUET VRET -8 LERBULOHEE
T—F EH20kmBIET ARLET TITbRT
HHE-$5K (1974), TH-$K (1979) OHisifsE.

Core vegetation zone dominated by graminoids

\\\\\\ Forested wetland zone with carpet of sphagnum moss
Middle height forest zone whose field layer is covered
wit

“T Tipping bucket raingauge

7 X,
\\\\\\
///////

,e
\\\\\\\\\
//////

RN
/////////

//////
\\\\\\\\

Lines X-X" and Y-

Y’ are investigation lines of piezometer nests consisting of belt transects X1, X2, Y1, Y2 respectively.
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LU, Hada (1984) 12 & % HhEH T OHEYIHE%8 72
TBHIREA: D FEARR LR L, Zh o OREEAI % [E
E LT SIERFHSOMEES, RS CITb:FiE
(1984) DHEYIHESER 2 HIBITZE & LEBR U # OB 3
fizRIEL:. kB, MHEREIHTAFEED 2 4
WIToTWwaH, MHELETIRIESE, B E bIeE
{EZBED >N hoT-7-0, MICEFRERST L.
T KBRIBEDBES %

l. BV A—%— 12k 2 FAEEIOFAE L

B O BRI BT 5 HI T KDAE IZEAKZ S 13H#
TAROBEBICHBILTKRKEL 2%, ZOEEICL 2
TKERZEHAEL WS, KEZESZEDH 2HTA
DEEL T» 3356, ESKEI X 2T KEDOARH
U570, HITFKCIITWENELS. 72, HTFA
HICEEZENLWEETY, HTFAICEHKEUND
ENARSHNIEH T RKOREHBELS. ZDLS5 I
LCEU 2 TABEIOREI 1 2 KKT > ¥ v v (K
BH) S, KETFUYr L O3, HTFAOMNBERT
VYRV O EEART YN O, O ELTER
na.

O=0,+0, (1)
COKRRT Yy, ey 21—

— (FHKERD) CTHECHETES. Exy -
F—CRHANEOER % 0, ENOKEIL> T

a) b)
P1 W
P2 .

" |Ground surface

RENBENR 0, L LT, KKF> v LOREH
T35 EXLVXA——%2EMICEEBL TART >~
Yy VEHIEL, FER () 2ROEE, #HTK
BEER (H) CERLTEOEWHDSEWIE S A
M THRENT 2. ZDX51CL T, HTFADOFREZZ
MENCHEET 2 2N TES. ZhelT, vy
A= —DEBIZAEZHB LI D E2BEHE LW
I, BEIFFTIX, BERNOKEIH T AL EIZ 2R

LBCHEI S B 72, HTAE (0=0,; 0,=0) %
HIESTZIENTE 3.
B 21X, T ABEAKDEE (Fig.3a), £V

A—F— (PLm>tﬁm#F(W)fﬁmén5mﬁ
DAUEBENTNTEHELYL., ZhEH L THTIRENIDOS
W B 584 (Fig. 3b), ¥V 2 —% — (Pl, P2)
NOKERHI AN LD EL RS, 20X, LDE
HHOE®2F oY X —% — (Pl) X EEWAE
PRT 5. M, HWTIETOEWEELH 25E
(Fig. 3c), BENOKEBIHTAME DKL D (P2,
P3), X VEHICHOE.2FOEZY 2 —¥— (P2) 1F
EERWKEEFRKT 5. 250 Z0BEE, FhcE
HFHF (W) OEBEOZAI» ST ANPRLEHES R
52 MbBH, BHEIFF (W) OKRALERDH
TAELVELERINE ZE8H 3. Z08HE, B
HIHF (W) TRIEELH T KEZEE TERWwicd,
REOELY XA —8 —OKMTH A EAZT I L

c)
p3P

1]

-|Ground surface

o - f¢f Water table

1 ; l

normal

Water table

Fig. 3. Schematic depiction of the piezometer nest, where P represents piezometer and W for ground

water well.

(a) When water pressure in soil is uniform, hydraulic head and groundwater table are the

same; (b) When water pressure is higher in deep soil, the hydraulic head of longer piezometer will be

higher than those of shorter ones.

The measurement of groundwater table by the well will be accurate ;

(c) When water pressure becomes low in deep soil, the hydraulic head of shorter piezometers will be

higher than that of longer ones.

Groundwater table could be measured much lower than real.

In this

case, the hydraulic head of most short piezometer can be a substitute for groundwater table.

28
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BhH5b.

AKET v i, EOIEE B E > TERT
L. IV A— RSN L KEOEHS £ LTH
FICRHTDLIENTESL. ZhEKBEBKEENS
(h:/KE/KHH g: ENMEE. z; LBEKE=Y T
VA—F—DEDES. U: EHKE=FENIZLE
LIcAKEDREX).

h=0/g=z+7 (2)

FhoE o1, EBOmEZ. BEMFEHD- D OKE
KEDAEI LEDFEARFRE (k) #F L TKRDBZ L
KDL D& E BAKARIROXNTENT %
(BhAREBL: dh. BB L, P1 & P2 DBHE O FE B,
hy. hy: P1. P2 OKFE/KEE).

Adh= (h,—hy) /1,

AHFZE TR 7B & Fk
AHFETRELY A —F—+L L THE20mm O
b =—n8p,84 7 (VP-20) 2R L. BEIHF
bEL/SA4 7 (VP-20) 2., HIE~N 4.5 mm Q5%
BT TERLE. E2 Y A—%—3 2 M5S0
cm. 100cm. 150cm. ORE 2 EZ I 3IREBHEARAE L
7o 2L T, #HET 2G5O LEHBENTGICITHEE
RWERMNZ. @18 ORI TASCERE » 8N
KBHATE2X5C L. BHHFEFZ ImObD%E
fERL .

BRI AR (Fig. 3) OHERIE. FADEHEERE 18
mm [ EDEORHEF NI LEE3Im Dt —H—
TEEBZEVTRZEY. SmmOEHK & E=—1
T—7TER LI, TREALL. 0%, BEL
TERHTARIZE o TRb oL ol BikE, &iC
EZLAARA—H—TRRVE LY A—F—L L7
BHIOLEIX NV N OB ICEATWY ST
D, EBrEI Y X—F—3FLomnh EEEL. K
ALOFTENC RO EBER T A — 2T L TR L 72
B AKNIET 2 ATz,
MEENEOENE L URKDERE

EBHIADOH T ADHIR R IZERFEIC L > TEL S
EEZoND. FHEET-HEMIILMOEREOS
EXEEEINTED. BRI 3 EKRORITE
BIC@H» S DM EEET 2 Z L TFHETE 5.
D7 HFAEHM G, B s HET 2 KOE EARKIZ
RE L7 60 EO=MAME (Fig.2) THIZEMEIL7:. %
HELBRNAN PERTROEERIZ, 2TED

(3)

2.

-
—

(1994) OFETEHEL .
WEOHHENI, FAELHMS, EEAMNES 2@t
REDERID e WIHFTICEEBE L THEFHEIL 2
(Fig.2).
EXVA—%BLUEAHFEOKAMEHENIZIA I8
H, BXU11 B20 HigfTo 7z, HRADIKEER, K
NEA T AERCEER T /2.

ER

MEEA

1997 £ BB 2/ERBDONA Nursrs 7%
Fig 4 12773, BB S N HE L S D 3.
RERNIC L TR mL. BRERLZCEEL .
WHE» o DEERIZ. BRNAERS L& HIIHEMNT 5
RS Hor. FIEFAEHADOIAIBHOBENI
158 mm T, FRIFEIATREIRROAREZ >/, 20D
NI 2 R 27.4%. BERNEBOEER D 69.1
I/km?/sec &, & b IZBAHIEF CTRATH-Z. #
D&, 197FED 10 A5 11 Bz TIERERIZ
EAERL, B2EIOFEHD 11 A 20 HICZEER
23 5.11/km?/sec I & TRA LIz, Th o OBRIKER
5. 51 EOBREIZEARE. 52 B OSBRI
EMEMT 7.
EYEEEOX D & EEEE
FAEMOERBOHK 2 HEEERICE LD bDE
Table | 12, HEXRBOXS & %KD EERE 2GS
B HENER % Fig. 5 WRY. BH2EOELRE
RO T B EIEREIX X ~ & ¥ (Moliniopsis japonica)
TH-olz. EHIOREEL, EREOBHERK» S 31 X
/N (Rhynchospora fujiiana) 1= & - CTHEHEAT
Jonsd A4 X))kt EE (Table 1 (1) :
Rhynchosporetum chinesis Hada 1984 ; RN. 1,2) &,
A I AT EIEA I NVAY (Carex prescottiana
var. otaruensis) \Z X > TEHEO T 5N 5 E4EH (Table
1(2) : Moor forest Hada 1984 : RN. 4.5,6.7) 224>
Shlz. ZL T, INoODBITHOBHELELTELE
= 3 DIEARM (RN. 3) BT stz ZOEED
fIE DT DWW Tid. Hada (1984) MSEHED EHIZ 5
HLERBOBEEN A X /) NF e X BEOEEREIC
Lo TREMTON2EAMEL X/ NFEFE-7
A< YV EEE (Rhnchosporo-Pinetum densiflorae Hada
1984) g LIBAEMRE L TR- 72 2 gy, 84
PRO—FEE L7z (Table 1(2)-1: RN. 3).

EH O HLRIC TR & /- BEE & 53 30 cm 123 7
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Fig. 4. Rain fall and discharge of study basin from September 1, 1997 to September 30, in the same year.

The large base flow was shown on September 17.

QF/R shows the quick flow runoff ratio.

B shows

the base flow after quick flow. The base flow was 51/km?/sec on November 20, 1997.

BWVEEOELRHZ A X /N ETFEHEDA M X
JoNF b 4 HEEESE (Table 1(1)-1: Rhynchospor-
etosum faberi Hada 1984 ; RN. 1) IZRIE I N7z
DHENFET LMY ¥ —DHERITIZTLAER
$, EFBCIBEHADED N, TV TS
B (Drosera) % X ¥ ®JE (Utricularia) 73 ¥, RH
BYOEB IR OFEECESA T, aF7—h0
HEIRER, B R RSO 2 S ROBREEYINEE
LTWwiziz®d, 1795 (/m?) t/xbEhol. 4 M
X NF e EEEORICHHT 5 XA Y OFE
BABKIL, 41X/ NFErHEOMBBEE TH S0
4 X /)b SRS (Table 1(1)-2: Rhynchospor-
etosum fujiianae Hada 1984; RN.2) Z[A]E & Iu7z.
ZOBFIZ BB R FHOU 2BREMEMZIE LAY
K&, aRFI—MHBELLERD 89 (/m?) &4
M X NFEFHBERICHNTELI D Rpo0.
BHIE T OBEMRZ, A X/ NFTESTE-T A~
VR TAhYY-A A I XTI 7EE (Table 1(2)-2:
Pinus densiflora- Sphagnum parstre Hada 1984 ; RN.
4), "Nv ) F-A A4 I AT EEE (Table 1(2)-3:
Alnus japonica-Sphagnum parstre Hada 1984 ; RN.
56), 2 F-F ¥ NVATEE% (Table1(2)-4: Di-
cranopteris dichotoma- Carex prescottiana var. otar-
uensis community ; RN. 7) iZX4¥, EES iz, a v
F-F FNATFEHRICOWTIX, HH-8A1974). T
-8 (1979) , Hada (1984) H# L7z & &, [H

-
—

30

ETELHEEN LS, BEWIZZ DEHRER
WwWaZrelle BEMRIBISaRNTI— b2 D
HIEERIE, 1 X /N F e 78 -7~ VEHEUNZ
ez 105 (/m?) HikePhnroi:.
AXINFETE-THVYEHERX A X/ 1)t
TFEEDORIICFET BITHORE T, EERBIIX
<~HY, avIBELELT, 4 XY7 (llex crenata),
X (Juniperus rigida), 7 5<% EDERNPEE
THRHER o A X IXTTDOH—~y MREED
FEFEOLD, L RoRngEENE Lo, ER
BEotgfEIc iz~ 7Y 3 (Cirsium sieboldii); 4 ./
¥ (Rhamnus crenata) 7% ¥ DIBEMEZEHO T 5
DIEd, A X /) e 7 RER R T % EAEY) =
%L EATW., a7 —MoHIRLUESIL, B4
MEEFMEEOHAFOBEHI» OB I NS0 177
& (/m?) &m0t EBHEHIE LIS HL TWwiz
FAIATT DA —Ry MREE RS BEKIZ, &
KRBT AYHBHERL, MKICY 7 a3V Y (Ardisia
japonica) PMEET BT AV -A A I AT THEL,
MEOY 7av e REGRBIINY /) FHHBET S
N F-FFIRATEHECX I N RETA
YY-Y DT ARV -A A I RTrEEIZEF TR
LHEELLEBEMKRT, HESIZITmIZEL TV
NV F-F A IRITTEHERCIEKRBINY ) FH
B L CBM R S 2 #5% (Table 1(2)-3-b; RN.
6) £, N>/ FOEEEMELS RREERT A~ V-
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Table 1. Differentiated table of ground layer plant communities on the Haguihara wetland.
(1) Rhynchosporetum chinensis (center part of graminous vegetation, O : Characteristic species of association.

Hada 1984)

1. Rhynchsporetosum faberi (X : Characteristic species of subassociation. Hada 1984)
2. Rhynchosporetosum fujiianae (typical variant of Rhynchosporetum chinensis. Hada 1984)

(2) wetland forest (moor forest.
1. Rhynchosporo-Pinetum densiflorae (shrub vegetation, [ : Character or

Hada 1984)

Hada 1984)

differential species of association.

2. Pinus densiflora- Sphagnum parstre community (Pinus densiflora forest, @ : Character or differential
species of community. Hada 1984)

3. Alnus japonica- Sphagnum parstre community (A4

where groundwater level lies under the soil surface. Hada 1984)
a. Cirsium sieboldii variant (provisional type in this table.)
b. typical variant (provisional type in this table.)

4. Dicranopteris dichotoma- Carex otaruensis community (provisional type in this table.)

Inus japonica forest, ¥ : notable species of community

(3) Dry type Pinus densiflora forest (Pinus densifiora forest in vally slope. l: Characteristic species of

community.

Ishibashi 1984)

| Dicranopteris dichotoma type (provisional type in this table.)
2. Vaccinium oldhamii type (provisional type in this table.)

(1) (2) (3)
7 3 1 2 3 3
a | b
running number (RN.) 1 2 3 4(4) 5 6 7 8 9
number of plots 7 9 7 25 9 8 7 1 15
mean overstory cover (%) 1.7 20 28 71 78 72 65 7 82
mean height of community (m) 08 2.7 45 14.1 76 11.3 20 6.0 10.0
mean number of species (/m?) 17.9 8.9 17.7 128 10.0 8.9 8.7 6.5 10.3
Moliniopsis japonica 0,v XIAY I V +3 Vw2 Vo IIIs Vo vV . Vo J
Rhynchospora faberi x AMAXINFET Vo : I+
Utricularia caerulea x CK¥XJIIHFTY v
Utricularia bifida x IINFTY v .
Drosera rotundifolia x EUv IV IIT + I
Scleria rugosa var. rugosa ryorvalx Vo
Cladonia sp. Ava=a I
Eriocaulon sikokianum a4 xeys III
Dimeria ornithopoda var. tenera H)XIHY Vo
Hololeion krameri AL T/ III
Rhynchospora roem [N A/ II1
Trachelospermum asiaticum FAANRXT II1 + I
Rhynchospora fujiiana 00 aA4x/ ntreys vV o+ III. Vo
Isachne globosa 0,v FI%% Imr. 11+ III.
Wikstroemia sikokiana o #r¥ I+ Iv. II. I .
Pinus densiflora ThYY V os2 III+ III. I
Gentiana scabra var. buergeri )oY I + II+ III. I
Alnus japonica A . II. III. I . : I . I .
Ixeris dentata =—H+ II1 + : II1
Aletris luteoviridis VA I : I11 +
Eupatorium lindleyanum #7e3a kY I : IIT +
Arundinella hirta NEAZA IIT : II1 «
Andropogon virginicus X)) s ANTY Vo . 11 .
Haloragis micrantha VNN VA Vo . II «
Ardisia japonica Y7avy Vo, I
Ligustrum japonicum A XIEF I -
Lindera umbellata raxy V ez IV 41 11D+ I
Prunus verecunda HAINT T IIT + I I

31
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Table 1. continued
Goodyera schlechtendaliana IYvU X5 I . I
Swertia bimaculata TrERI VY IIr. 1v.
Cryptomeria japonica AF Ir. 1II
Rhamnus crenata 1/ % I . LIII + I« III 4j I
Cirsium sieboldii <TTHI I . I . LIII T u ﬁ
Osmunda japonica Lt . I .
Sphagnum palustre V@ 4+ IXTH LIII 4 IV 15 Voas V 1-_5]
Lycopus maackianus v exvoxi I+ Ir. 1II. v I
Heloniopsis orientalis vauvaunnvw Imr« IHr. . 1II .+ II II II .
Epipactis thunbergii nNEx 7y I . II . I . I
Carex otaruensis I NVARY I III +-2 III+ V4.3
llex macropoda TANY II1 I+ II « II
Eurya japonica O e#%sx I, I+ IT 41 II 42 1 I V osz IV ..
llex pedunculosa ® V3T I+ II 42 I . III v .
Rhododendron kaempferi R I+ III. I I+ II+ |V, v .
Dicranopteris dichotoma avy IT .
Vaccinium oldhamii FTUNE 111 -+
Viburnum wrightii IYTA<X3 I . I . I . I . I+ |III.
Chamaecyparis obtusa v/ * I .
Vaccinium smallii var. glabrum A/ * I II +
Rhus trichocarpa @ YT~y I+ I+ 1III. I I+ III. IV .
Pieris japonica ® T7tt IIw2 I+ V4r II, 11 : Inr. IIl.
Carex omiana Q0 YFHIXRY 1.
Lespedeza bicolor f. acutifoia B TInF I .
Juniperus rigida | X I« II. I
Miscanthus sinensis BY XAZ¥ I . I I«
Rosa paniculigera Ov Ivaq4nyg I+ III. I+ 1I I« I I .
Quercus serrata I+ IIT « II + III. I I II . v« I J
llex crenata 1Xy III+2 V 1.4 V13 V , v Vo Vows II III
Clethra barbinervis Vaw7 Imr+ Ir+ 1III+ III+ III IIT +  III » I V.
Rhododendron reticulatum AN IINY Y IIT+  III. Vo I, II II «+ III+ III. v .
Smilax china FIVE)ANT : I+ II+ T1II. I Ve IIT s+t II 40 III.
Lyonia ovalifolia var. elliptica rUF IIr« I+ 1v. I« I : IT + III 4.1 III.
Struthiopteris niponica VYA I IT +-2 II I .
Abelia serrata Y NIy IF I+ II . II I JUA
Viburnum erosum NI HTX 3 I I+ I .
Tripterospermum japonicum IV R I I I
Fraxinus lanuginosa T*YE I . I I I .
Pourthiaea villosa var. zollingeri ThAIDH I+ I . I 1

RN. 4 is Pinus densiflora-Sphagnum parstre community without trees. Datas about trees along those vegetation types are shown in
Figure 5. Other companions: Hydrangea luteo-venosa (34 7% Y ¥) I+: in 4, 1+: in 9, Hosta longissima var. brevifolia (I X¥AH )
I+t in 1, I+ in 6, Viola verecunda var. semilunaris(7 ¥ A 3 V) Il+: in 3, I+: in 4, Phyllanthus flexuosus (I/5> ) % ), I+: in 6,
Lycopodium serratum var. serratum( KV /N b3 %) 1+ in 9, Acer crataegifolium (') #Z5) I+: in 9, Akebia trifoliata(I Y /X7 ¥ ¥)
I+: in 4, Cephalanthera falcata(¥% » % ) 1+: in 4, Carex floribunda (¥ # %A %) 1+: in 4, Scirpus triqueter (> #H 2 4) 1+: in 1,
Allium thunbergii (Y~ % 7% 37) I+ in 1, Dioscorea japonica(¥~</ 4 %) I+: in 2, Cocculus orbiculatus (74 Y5 7%) 1+: in 7,
Osmanthus heterophyllus (e 4 7 %) Ii :in 9, Lastrea thelypteris(¥ * < %) 1+ in 4, Camellia japonica var. hortensis (V7 /3%) I+: in 4,
Carex sp.2(R%’sp2) I+: in 9, Symplocos lucida(7 B %) I+: in 9, Ilex serrata(7 A€ F*) Li-1: in 3, Juncus effusus var. decipens (1)

I+: in 3, Carex sp.1( A#%’spl ) I+: in 4.

SNTzws, X OMMOEHTH 2R T 2R IZ L A
ER L FEAER D B BB 7 > 72,
NS OBMAEA T U T, FHE RS O FMAELE

I A4 IR EEFEICELL Y (Table 1(2)-3-a;
RN.35) 23&6il:. a5 -4 I NVAFEEEIL, MK
WXRHY, AINVATBERT 5 DBEKICIXS
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5m

Fig. 5. Cross section showing the vegetation of the investigation lines : X-X’, a-1) and Y-Y". a-2) : b-
1) Series of vegetation quadrats along X-X’, and b-2) is of Y-Y’. Letters below the arrows represent
the piezometer nests (also shown in Table2). Numbers in quadrats are the running number of
vegetation types (see Table 1). Each quadrat is | m by 1 m. Ah: Arundinella hirta. Arj: Ardisia
Jjaponica. Alj: Alnus japonica, As: Abelia serrata, Cb: Clethra barbinervis. Cj: Cryptomeria japon-
ica. Co: Chamaecyparis obtusa, Dd : Dicranopteris dichotoma, Dr: Drosera rotundifolia. Ej: Eurya
Jjaponica. Fl: Fraxinus lanuginosa, Ic: llex crenata, 1p: llex pedunculosa. 1s: Ilex serrata. Jr:
Juniperus rigida. Lj: Ligustrum japonicum, Lo : Lyonia ovalifolia var. elliptica. Mj: Moliniopsis
Jjaponica. Ms : Miscanthus sinensis. Oj : Osmunda japonica, Pd : Pinus densiflora. Pj : Pieris japonica.
Pv: Pourthiaea villosa var. zollingeri. Qs: Quercus serrata, Rfa: Rynchospora faberi. Rfu:
Rhynchospora fujiiana, Rm : Rosa multifiora, Rr: Rhododendron reticulatum. Rt : Rhus trichocarpa,
Vs : Vaccinium smallii var. glabrum, Vw : Viburnum wrightii. Ws: Wikstroemia sikokiana, and the
dotted line along the ground : Sphagnum palustre.
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&, EYAF* (Eurya japonica), V33 (llex pedun-
culosa), ¥~ (Rhododendron kaempferi) 04
Bl TRt Ionz. 2LT&51c, av o,
B9 27#% (Table 1(3)-1; RN.8) &, av %%k
EFYNE (Vaccinium oldhamii), I ¥<H<2X 3
(Viburnum wrightii) OHBIC L > TEEMIFon 2
B (Table 1(3)-2; RN.9) XS sht. = nso
HEZ, wIhbaEE (1984) OEBRET » < vk
(Table 1(3) : dry type of Pinus densiflora forest Fil&
(1984) ; RN.8,9) icEIEX 17>,

Litg, B DRSS ECIE Table | O@ LEE (Run-
ning Number: RN.) 2f#fH3 2.
WFKAL, BKDE L EEDFES

Table 2 ICEHEIHFEE (Fig. 4) THIE I L7z H Rk
G, KEAHE BAAROMEETYT. OXRTIH. 7

A=Y -F A S AT FEH (Table 1(2)-2; RN. 4) Oth
TEADEBL TR HE%ZRN. 4 L L.
Fig 6 1%, HITKAL L HFEDORBR Z KT 2 72010 F
K& BAKHDH T A & - THEWEES % FEFUE L 7
bDOTHD. 2, FKEICHI T ARSI HE
EBKIADH T AL b B ER S H 572, Zhid, H#
TIRELDZEAC I 51 2 AN DIE FIckEE L <
BY, FKENTH TR BN ITHITH 21T LI
BOREELTWAIEERLTWVAS,
TN—T11E, a4 X NF e &7 344323
T DEB & o TREMN T & n 2 B (RN, 1,2,
3,4,5,6) T, HITANMDBEAIZ —20cm BIE, Frk
iz =30em DAk, #2 L THIFARROZELIESS 15 em
UTEuSEFITHIEL Tz, LarLZnZn—7
&, EEEXRHEE RN. 1) »5E5RKOBEM (RN. 4,

Table 2. Results of hydraulic head, groundwater table and hydraulic gradient calculated in two period.

moist period common period
piezometer  vegetation f{f;& ';g h, h,
R. H. M. P. H. H. M. P. H. H. GW.T. M. P H. H. M. P. H. H. GW. T.
hest name R [cm] [cm] [cm] [cm] [cm] H G. [cm] [em] [cm] [cm] [em] H.G. [cm]

a 9 183.5 90.7 144.7 136.8 170.5 —0.56 —13.0 - - - - - —53.0
b 9 116.4 279 80.1 779  103.1 —046 —133 — — - — - —64.0
c 4 62.4 —17.5 317 21.5 43 —032 =57 =175 6.2 215 293 =059 =331
d 4 30.6 —51.7 11.8 —87 224  —025 —45 =517 —05 —8.7 5.6 —0.14 219
e 6 8.1 —59.5 257 =219 22.7 0.08 21 —595 3.1 =219 43 —0.03 —1.6
f 6 169 —62.9 6.1 26 2.6% 005 —143 —629 —34 34 34*  —0.10 —135
g 6 8.7 —28.3 14.1 44 4.4* 0.30 —43 —283 1.6 1.4 1.4* 0.01 —73
h 3 0.0 =275 35 —-02 —02* 0.14 -02 =275 —-179 -70 —=70* —004 -7.0
I 3 324 12.2 220 200  20.0* 026 —104 12.2 10.9 250  250* —110 —215
j 1 356 11.3 48.6 35.6 35.6* 0.53 —0.1 11.3 36.9 280  28.0* 0.53 —7.6
k 2 46.4 30 39.4 355 35.5*% 012 —109 30 19.1 243 243*  —024 221
1 2 442 —80.3 220 370 3700 —0.13 —72 —80.3 5.6 250  250* —0.18 —192
m 2 40.3 —337 429 11.3 36.2 0.15 —47 —337 219 1.3 26.6 —0.10 —139
n 7 47.8 —434 35.6 73 414 —0.11 —6.7 —434 19.4 7.3 23.7 —008 —254
o 7 67.1 —219 52.6 27.7 52.1 001 —151 =219 253 23.1 23.1* 005 —440
p 8 75.7 —17.8 65.4 38.7 70.8 —0.12 —53 —178 37.2 34.7 34.7* 006 —410
q 8 88.1 —12.0 81.5 317 870 —0.13 —62 —120 50.8 317 489 004 —456
r 8 119.5 4.0 70.7 516 788 —-0.17 =275 40 47.0 425 42.5* 012 —749
s 8 152.5 19.9 92.1 67.1 1152 —049 —464 - — - - — —954
t 4 350.0 2584 3550 3114 3295 048 —21.3 2584 3423 3114 3173 047 —300
u 4 3169 222.0 365.4 2799 3254 0.69 23 222.0 336.2 2799 3173 0.33 —1.7
\% &4 302.5 2374 3194 2672 294.1 0.85 2.0 2374 3327 2672 31238 0.67 —1.4
w 4 302.5 2289 2557 267.3 2840 —0.74 —42 2289 2994 267.3  298.3 0.03 —4.38
X 4 271.4 1984 2205 2355 2834 —1.70 —04 1984  264.1 2355 2784 —0.39 —24
y 4 262.0 1809 2032 2254 2388 —0.80 —4.38 1809 2413 2254  256.6 —0.34 —92
z 4 229.0 186.2  160.6 2290 2290 —1.60 —0.5 1862 1964 2254 2254 —0.74 —36
aa 4 161.7 99.0 155.4 1380 1814 —0.67 1.9 99.0 150.7 138.0 169.9 —0.49 29
ab 5 126.4 65.4 112.3 974 1286 —0.51 0.0 65.4 110.8 974 1207 —0.31 —57
ac 5 57.4 —17.3 68.2 327 67.5 0.01 06 —173 65.6 327 66.1 —0.01 —04

h, : lowerpoint of hydraulic head, h, : higher point of hydraulic head. Hydraulic gradient was calculated between h,

and h, by the formula of (3) in the text.

in Fig. 8, M. P.: relative height of measuring point, H. H. : hydraulic head measured by piezometer or well.
with asterisk is hydraulic head measured by investigation well.

RN.: running number of vegetation type in Table 1., R. H.: relative height

The value
H. G.: hydraulic gradient, GW. T.: ground water table.
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Fig. 6. Water table difference on the surveyed piezometer nests between moist period (17 September
1997) and common period (20 November 1997). All vegetation types are following Table 1. X:
Rynchosporetosm faberi (RN. 1), O: Rynchosporetosm fujiianae (RN.2). O: Ryncosporo-Pinetum
densiflorae (RN. 3). @ : Pinus densiflora-Sphagnum palustre community (RN.4). A : Alnus japonica
community Cirsium sieboldii variant (RN.5), ¥ : Alnus japonica community typical variant (RN. 6).
&« Dicranopteris dichotoma- Carex otaruensis community (RN.7), ®: Dry type Pinus densiflora
forest Dicranopteris dichotoma variant (RN.8), N: Dry type Pinus densiflora forest Vaccinium

oldhamii variant (RN.9).
moist period.

6) 3 T. &L BERIMEBOHELEATV. TV —
731k, EABOBEREH KL T 5 EAK (RN,
8.9) TH 5. HITAAMME S EAH & FAXAHDOET
HITFAOEEBKRE WEE LG L TR R
to. IN—F213av - FINVATEE (RN.T) &
—EDOT AV - A A I ATTEE (RN.4) ThHHH,
IV —71 k2 ohicFEIb s . #ERRICAIER
Joni:.

Kz, BAEEEOBGRERE L. Fig 7 18K
AR k> THEZFIMLLIERETRT. ZOK
. ik BB E OEIAKGES (+) 2SEIE S Ll
&, HNCEADS D B LW TE 5. BEEREE L
T 24 v 4 X/ F e A HEEE (RN 1) OILMT
2. BREECH2b 6 TKRE 2 LA & OFIKAEH
BEEN:. £ZORAIATX A Y DHEERTR
R T A4 X /N F e HEEE (RN.2) TR, £
AEC BB HIN > EAKARITHE S LR o7
25, FAHICIZBEVTHE (—) OBIKIEIHIE S
nl. ZhexLT, BRE2ERT 24X/ N+ ET

Lines in the figure are equiwatertable lines between common period and

-7 H~VEH (RN.3) ciREKACEERmE, F
AKEZIE T & DK X R E/KAERSEIE S vz

IO & D BRI D EEEREE D S EARK
(RN. 1,2,3) 2w Tlid., ZE L EAEOEI/KAR
WIS U CIEEEARE S FE L. FARICEIK AR
PTFM & TR U A I IHERMRBFEEZL., Zhod
hR I P EEARELIFIMEE N E WO R 2R
7z.

—7F, MEIZAA I AT Dh —y MREELF
FELUZBEM (RN.4,5,6) I2DWTIE, BRI2HED
FEFnsa & itz @it i b FHE L SRR E K
T27 A=Y A4 I ATT7EE (RN.4) Tid, 8K
AL EkEAZE L C TR E OEKAESA SN, F
7z, EAEAL D 1o L S EAKE IO TH & OBIKEA
BBREES N, BNy, F-44 I X T 7%
(RN.5,6) OFTHEIINY  FOPMELEBRT 2 E
A#k (RN. 6) T, FAEICIZ TR E DIFVEIARLED
HEIE XN, EBKEICIZ EA X 28R U 3 EIKAR
BEIE S NIz, FT, MRERIELED Z 1S OHRFIER
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05 XX

057

Hydraulic gradient

-1.5

:
: fwu % %

-

1 2 3 4 5

6 4 7 8 9

Running number of vegetation type

Fig. 7. Hydraulic gradient difference on the surveyed piezometer nests between moist period and common
period. Running number of vegetation types are following Table I. The symbols on the left are
plotted by values in moist period (September 17, 1997) . and right symbols are those in common period
(November 20, 1997). All symbols correspond to those of Fig. 6.

BIRTNY ) F-F 4 I XI5 8% (RN.5) TRREE
OHHR 2 BIK AR SHIE S . MERIEE IR 7 4~
V- F I XTTEHE (RN.4) ThHAWMERMUFD4
BERR SN 1B (RN. 4) O TI1E, FrkHA
L5 EAEOEKAEIHIES NS 2D LS
2, BAEMEIDORELE (RN. 4,5,6) 1T FEALHO T 0
BKABCHIGLTBY, ZORTEKFEOTHEHE D
BiKARCIZIEA 4 I X T -7 H < VEEE (RN 4) 73,
EMEDEIKAECIZ N ) F-F A I X T 7 BEE (RN,
6) SXIG L TRIMLE nrz.

Fig. 6 THERHR (Vv —72) KhMEMTFsn-a v
-4 I NVATEZE (RN.7), BLOUOMNEERED 2
FWEET 27 A<V (RN.8) Tid, EAHHzRR
BIKAMET T 2 @RS A SN, £, BEXEBO
TYNEDEBLETRHEOTSNBT7H <Y (RN.9)
T, PO TARULPREDE LY X —F —2E
LTwhhoizizdREIE 2D, BIkGEROEEIZH
MO Mdo Tz,

TREAEDOH T AFE

TEOWE THI T ADREN R IR T 2720, EKH
E|ARIAC B % H T KE, AKEKEDDHZ Fig.
8a(74 > X-X') &£ Fig.8b(54 > Y-Y)wR?T. K
HFORHNIH T RKOFTAERL TS, 2720, #E
A4 Y-Y 3EMBEORAKERHE A RICKRE S I
Twbicd, EBEOREAABKMENT VWS LHFZ
S5NE. ZhiIINLT, 74 ¥ X-X TREDHEKE

AEKETA U BEREBINTOE20, BETITERC
TN 2 # N AU F IR CTHEE S & R = O
TR DRI - TWv 3 & BT hid e & .

74 X-X OFRETIIH T A LA & 1z @EE
L., 5lED0WTRBOLBICELS S L5 il T
Wiz, Z0E», R ICHEET A TAR, FES
A XX, FAEZA VY-V OREHZH LD >
Nz, o EME O TFREEIE, A 138
T2HDDFHL Twie.

—75, WMELTIE, HTAR T BRNEEORE DLE
BEh T 2ERS DT, ZOEE T, B0t
BORERE OB, BHORIRTIEE R T
WWIREL Tz, B, BABICHES A Y-Y' T
X, ENOZETH T KON HRENEE > T3z
EPEB AN T2, T4 2 X=X TIREAKE I
FIZ & 2 RHE D S @HIAFENT 72 T ARDTRAD % &
iz, ZORAERIZEACHEENTHY, A
BIEEAEASNEVIEEREINL T
HhRIK

HET A > X-X OFRES (Fig. 5 D j L) T3,
T IEtRAKZASRY, BHE L8818
BoTWARREN 7. LiaL, BAECIITRAL
JCERARE ECEN S v — MROMEADTN
A SNz —7, W@ EETERE LT A M
WWERL, fAET A~ X-X' TiE, hHEEARHI
BENZWKABENTE T, ZOKAL I, Bk
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Fig. 8a. Hydraulic head distribution and groundwater equipotential lines of X-X".

3@ E BT s EREESEMLI 2. &
WEHAD R e TS b 4B IERL Tz, B
ERETIE. mAHEOMM TEAHICHERAKRIES S
n. BAKHICIZAABENTE Tz,

FHEZA > Y-V TP ERAsA SN
WH OO, BAEC IZEHRTE O B (u D) 2 #
KIS L. 7 205 FE L/ RIE A
ENTEVWAKLBICH-> TR EFLTW. £z, @i
SEFREED/INE (ab & ac OfE) TIX. ERERE N T 518
HRBED 7.

8

RO T KRE

B & 3. HiIFRAKFE T AL > TULIE L IEFR
FHNCRAL T2 1L, ZOEBREHNEEL DR
TR 7 STHIIC G U 7 DIR DS D RHERF 3 285 T
% (US Army Corps of Engineers 1987). ZH Wz
RO & > 2% E LU BERE T, ST
DPHEEDOSHEHET 2REERN L L THEHE NS
(Ingram 1967). ERNIZBWTDH, EHIE» (1954) X

OB S S, B, BEOEES X UHHEEREICE
WTEEE L RO —E DT 27D, #HTK
RDERVPBEEDSHEREL TS L. FT,
BB (1989) (XRABRHIG OEM T, HEFEROEMELE
EXERIC LTI R TTV. TR DEE DS %35
BT 2R LVEERBREERTHD. RICHTAREZOK
BIWEELBIEERTH S 2 L 2HERcBS I L
7z.

NTAERMIICBWTY, avF-F I NVATEE
(RN.7) 13, HiFKAIC X 2BEEDOFY 0 6 @i L &
HRESROHERER MBI S (Fig.6). ik,
Z ORISR b E T, BEE O T HRIER
AR O ITVWERTH L ZEBRENTVEZ
L5 5 (Table 1), FEEOSMEHTRAIRE L T
W3 EERTE 5.

IS DFER I — BT KN S @ HAE 4 0D 3730 % TR
FLTWwWa IS ICEDbLESE. LirL. NIAREHT
HI A ZRIE LT L 25, HITAMIZIA X NF
EXERIRAL IR TOERTICL > TRHEM T oh
2@HREA (RN. 1 225 6) DSMGER %, Lo EE
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Fig.8b. is of Y-Y’. Upper figures in 8a) and 8b) are those in moist period (September 17, 1997).

Lower figures in 8a) and 8b) are those in common period (November 20, 1997) .

Letters on the ground

are the name of piezometer nests (see Table 2.), and numbers represent relative elevation of groundwater
table as hydraulic head. Arrows indicate the direction of local groundwater flow.

THAIEWXL>THBELED, 2ONPICBIT 25
FHE4A (RN.1,2) @AM (RN.3 55 6) OIzHify
BRERPFAT LD TIE R, o7 (Fig6). LUl
RIS, NTAREBHICBIT SIS DEETII,
BFEA & @EMRBOMEE M, HTAMUSN DT
KERDBFELZRITLTWS Z ENRBINT:.

KGN DOER TRET &I, KEL, 20
N - E2ELZBTHTARKORITHSS. 3. %
BEETH LD, NTARBHOTTY, Bzl
DIEZEERFE (RN. 1) X, ¥4 XD/ 3HED» S
Bsh, REEVXEERL, HEWIZER?S W
(Table1). %7z, LIFLIZHEYHESENICERER
PRERHMELE, Bz (XE#E - K (E - BIE 1970) 04
2 NF e BB T 2B L OGRS s
WETHZ GEIIEH 1959; FTH - #AK1979; BEE
1985). Zh o DREIC, N7 A FRIEH S JHE i
HoTHKRREHML > LEHIA LR OB W L 25
22 L, ZOEE (RN. 1) OMIZEEOhEE

KEE% (RN.2) REEM (RN.3 25 6) L bhEHE
THDH, FIIFEEEOFBAATEEEIMEL T L »
HEan:.

NI A JRIBHNC 81 2 EZEEAREE% (RN. 1) OIH
BT AP FRGERICER T 28 TH o7 (Fig 8a).
Z ORI, WHIZD (1995, 1999), [LAK - H
(2000), AL (2000) 25#EH§L 72 EC /& 7z (<35
uS/em) HITFAICHHY T2, —Mic, MAREEE L
7o MR KD ABEZACIIETEE O INRIG & L THLT
7% (BlZ1X Kemmers 1986). D F b, FiAKiZEHRIR
BThoTHBILRBICL > TBELLTWS (L
pH55) 7o, HTKIZMFTHERHEDOTEY & K
IGL T, @Yo bERE =5 &3 (B 1998). *
DFER, RIGOHEAIZHTKTIX pH, EREA 4 >,
BA A BELEEY, ECOMESBEIMT 5 (Kem-
mers 1986). Z D & EZRFEEREORA b ZDKE
ZICH->T, A 7uxv 20 b L EIRMICETT
37:9, BB 5EKIIHEEDORKSICEEL RIT
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+—HTH 5 L BEZINT S (Bridgham et al.
1996 : Wheeler & Proctor 2000). Z® X 9 % AKEZRIL
DF O AEBECT S . BAEBMOEZEXRRE
wEBH T AT AKIREE L OBEMRICHEA TR
HTFACHEYT 2. T5bbRAKCKENIEEC,
Bl B H TR, EAEMOEZEREARED
AECHE LTV LHEINS. Sk BREMO
EEEARBEESBHEO T 5EECHI TARKIZDOWTE,
WTFAREREZESLT. EDX DXL CBEFEWEDD
ROEFEEOHI T ALHEHE S h b O EROITEHNE
ghb.

RICBEOEENINDbS. N7 AREH T, 7
NV—71 (Fig 6) ZB&7 2@4EM (RN.3 25 6) OF
Eix. AR BT AHITARDBEER & MG L Tz
(Fig.7). ZOHT. BROBEHFEEPIRESFEEL T
DR IA Y Y-Y OFEHSTHDT A~V -F A
I XTI B (RN.4) #2572 (Fig. 5). ZOHETE
LI MERBEHERK L Twich YA (Pourthiaea
villosa). 7 h =Y. A¥ (Criptomeria japonica) 7% ¥
ORifEIX. &S0 IIHHE CHMEBR T 2ETH
3. 20X > N L HEME TR WEESNEA
WHRELLBEKREZERL TWE 2 EIE, IXITERE
KT zbhrhrbod. TEIBENTHS I L2r
B32bDE55.

INET. BHICB T EREKOTWEORIRIZIZ,
HEWEDKRZE (Crawford 1983) REEZ DM (Arm-
strong & Boatman 1967) 7z E D3I N T & 7. F7L,
KO B HNEHAEAE I RIZTHEB I DWW T, Ingram
(1967) IZEPHBRAN DR LK BEFOMRGE Z H T T
3. IR S TINTAREBMOT A=Y -4 43I X
T % (RN.4) OFERELET 3 L. BERIERF
BEROWHEIC L > TRITELEOERZHEFL, 2L
TR ICHIE» SRBIEELAMHB L, 2 RFCET
MHBCHEETIEEMELERET LI LT, BARL
ETABEMERIIIE TV A AIRER S FE 2ES. &
25T, EAEOHT/RREINEAI L D b KA
ZET HEBEM (RN. &) T3, HRERAEEIZEBEMKE L
TRAENT S b o FTEAUEOARERDEF N
HBohkzhrolk., ZOBRRFE. FAHcarSNS EFA
XD TARBPAERDEBTICHS BN EERLT
WBEEZ LN, BIBROEELFANNTDHS.

NT A REBHMITIE. Eh @R T A
LT. "o /%44 I XT7EEFHE (RN.5,6) 23D >
7z. Fig. TWCk3E. mObHERVRESREELA

v F-AA4 I AT EEE (RN.6) OMHITIE. FK
B X T & OHITFAREIOEZE % > J 503, Bk
w A E O TAREBOEESR S F5HD, TAT
WA+ I T 7B (RN.4) LB o> Twiz. Gros-
seetal (1993) 12k 2Ny / Fid, BAMELREZE
S D A TR O £ B IC & o CRITERBICENT
FTREENEMBZTWS. IhoehonNy/ F-4 43
2T EEFE (RN 6) DI #FET 2 &, BAMDOA
Ny B E ORTAGREN DS, —REICRTT R
AR L., FOBETTAHCY-F 4 I AT THE
(RN. 4) OFREHIHEES Wiz, BESESREFICE
ST BT DE A Y ) FEEEERR L L
RTE/.

T KDFRE) & FEER S

I (1991) (A OBEAEIC. ®W5W»
M ORITE CHBNEE RN T 2 L CBET LR
R Y W AEDMEI O FE T S PCRES D
27 L REMIEERE s SRR L. BEHEE A X
N> e FEEE R Y OEFRE4A (Fujiwara 1979 ; ¥
1998) 12, I GEAEIE Y 7 a7 > (Magnolia tomentosa)
BEYE (1R 1997) 72 ¥ OBEMRITHIGL TW» 5.
Z DR IZ BRI O AR O RALER 2 S 52
T35 ETRETBIIEATRS.

AHFgE CIEABHIC B 5 H KGR E D EE % HE
L7558 (Fig 8). FEA OEMRE @M RED
HITFARDEH & FEHUCIE L, DORE OB FE I3
HiFE IR D T K DUE & iBF i L Twic (Fig.
5.8). N7 A FREHOBERDOHT TH S NIRER
DORHEIRIZ. @B EE» S E % 2 BHAKERIEL S8
HAFTATEEWEIAFTR TH o7 (Fig.8). ZDLD
nAROFHENZ, @O EFRE M A I O RE 5 5 1
EMROIHAKEEELEF ST TOIARELRH
3. Wiz, EHIPRESOHTKOBEH & FEHICE, 2
D> ERREBEFETE WO HPEREICRD
RTVLAREEL D B,

&R (1989) 1%, Hada (1984) ¥ &2 &F LT, ¥
BMHAOBEKEHTIIRKOERIERASIZEA LRV
ZEnS, HEDOERPRROHEE LT, LB
HERRIC L o THIBEBIRNICHEST 5 2 L 2HERL:. Ly
U 4 FE# T, 72 Lo I EHAE A 3 # T KA Hs
B REL TEERIIMICEKIIL Tz (Fig. 6) 23,
HEODSHIIHTAULL Y b L 2 LBEAILOHTA
FRENIXIGS 2 L WO fERE2F/ (Fig7). L, Z
DEIRTOCAB—KE B LD THLDRHIE, B
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The Effect of Soil Piping at Seepage Face on Slope Stability
and Landform Development

Yuichi ONDA *

Abstract

The effects of pipes on the hillslope stability were examined at an amphitheater
valley head in Obrara village, central Japan. Plaster casts of pipes shows that the
burrows were 6.6-100 cm in length and 20-45 degrees downward. In 1999, due to
the heavy rainfall a small landslides occurred where plaster cast analysis was
performed. The slope stability analysis and subsurface water observation of the
lower slope suggest that the small landslides are due the formation of the pipes and
upward hydraulic conductivity, which is much lower angle occurring landslides in
“walls” of the amphitheaters. Therefore, piping by groundwater upwelling zone
facilitate much of the landslidig and landform development.

Key words: piping erosion, preferential flow, landslides, slope stability amalysis,

amphitheater valley head

1. & U & I

FEk, A KV TR T 70— DRERBCRIZTREICOVTE, H(rOEHS
nTBY, BEDLS OMENENINICITOIL TS (Pierson, 1983; McDonnell, 1990;
Uchida et al., 1999). N5 DRFFRIZB VT, /31 7, FEBHKZESSE, HEO
RERB|ZRILTVWLIEDVERIN TS, T2, EEICBVWTY, KERFP LN
LTI EBROREMLIZEY, @EORERN CILELBEbN TV L IHTH
W2 EARESNTETEY (14 - ik, 1978; (FEHIEA, 1985; i3, 2000),
AT E RO L) FE Lb‘%ﬁ‘é‘@%%?ﬁﬂ\ﬁk ThTwb

Tsukamoto et al. (1983) | =3 (e b T - /J‘)?ﬁ) DRERTFAEL-EZ A, 64
RO REBD S B, 60 & Fﬁ@aﬂiﬁﬂh 2 THERELTBY, —DODHEITT 3.6

2001456 A 4 A5, 200244 8 1 HdkAE, 200246 H 10 HZH
* R KFEBIRE R
* Institute of Geoscience, University of Tsukuba, Tsukuba 305-8571, Japan
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@ﬁﬁbfwé:k%%bfwé.it,@*ﬁuﬁﬁ?éﬂfﬁ@@(%%~&@
1993) B ITKE RBAGRE b o7/ €L F T L) —EOBRESRET S LAHD
NTwa. BRI LU T IED, 1973), 20 L) L8 €V 72X M, 5
FEOREOD % ) OGS E EH D L L S ITEMES - CARBEORTIZL > TESZ S
%%tﬁ%?%%@f%éawi.:@iau,ﬂfeyﬁt%ﬁ&u%<@§ﬁﬁéé
LoD, EEICHENRA LA BT, /S TOSRFEER Z ORCERSE R E L
THHPITIFE AL\,

KR OTERTIE, 1986 PSR, KLBRV B b TBY, Z0k, /4 TOR
W PHEERIOVWTHEEITOA TS, ZOFRMICBWVT, 1999 FEIZEMIZBW
f,%ﬁﬁ%&bt.%:f,$ﬂ%fu@m%mﬁwéﬂ47®%%,%&¥@,it
ZOFERRR A BB L 205, 1999 £ IR LS 2 FIC & - T, BASRICEET
54 FOMBEREICRITTEE, S5 I3RBEKICS 2 5 HBIOw» Tlkaw L7z,

2. BERES LVHE

2.1. REME
%Eﬂﬁ@,%ﬁ%?ﬁﬁ%%¢ﬁﬁ®l¢ﬁﬁf%%(HgD.C®ﬁﬁﬂ,%%
300-500m O FHEM & 7 > TH Y, WERIERPIRETHS (fhF, 1970). ZO#IRi,
B (1989) 12BWT, F-20t & Idh, ACHERAESTONTETEY, BET H1E
BEBBIC BT AL, ZRBICBTARBHBEIELLI LV I LML TYS
(Onda, 1992). = OfHEDZAHIEIL, Amphitheater b L <14, WERONEVWDbDRTEY,
convex 72 BHE T & DL WAEE A5 7% > TV % (Kochel and Piper, 1986; Onda, 1994).

C ORBOBESA I RA A E R (Fig 10 Hin) . A5, MEBERE & [F
KEIZ convex 2 BHAHEMT 2 LTHB 0, FHE Y BIEER ORI THSEAFEL, K
ﬁ@ﬁbf“%.%Eﬂﬁﬁﬁd,%ﬁ#%@%%iﬁ%@TﬁKD~7ﬁKﬁﬁbfw
%, 84 T u—TROEBE L &SRR L OBFRICSBHFLEL TV L.
2.2. N THRERE

KA TS IOEEEDEIER, MTFOL)iTor. ¥, EAFELTNLN
£ FOFRMOTY) FTlEoEELAL. 2LTZOLIE, AFAGO=AT—F—
OTIEELRAEDN—F 2 L)Y T B, AR 727 4y —_—3—iF, FIk
@Tﬂ@®$ﬁ®k§éumm#mfﬁot.N%T@ﬁ&ﬂﬁﬂhﬁ”t%#%u,m
PR ACBEAETLOO, THRAIHICNT vy TERE. ZOKE IHLLIHBIIR
@?%.%b%ﬂti@ﬂ2ﬂ%%ﬁ%ﬁb,%ikﬂ%tt.i@%@,g®y®$ﬁﬂ
g L7, AN, 198747 BT o7 HIEICBW TR, 20 &) 2#fEL 7 00T
(H1-H7) Tiro7-.

Kio, SOHEOA TORER MDD, S TORBERCL 2RELETo7. W
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A, GERKCESL, BERE20com, BE30om OFEFICANL. FEZE, E=—
Fa—7 (FE20mm) PEOMFIFSNTEY, FOFHE L TIZEy FT 5. TDIE,
F— R —SRIBE FIFA LT, AEBRHLAAL. &I, 199347 AI1X4T-
AR

Obara
/ ,C/ -
P‘(lgagoya

xm

Landslide in 1999
Figs. 5 &6

° Piezometers

-~ .
7 Contour line (m)

40 Lt
\ 7
l.andslide scar N7

Fig. 1. Study site (H: valley head)
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3. BREIUVUEE

3.1 M THhEDOLTRFEHE

Figure 213 1987 D 6 A 7T H»*H 21 H BT AAETEORREIN LY A TERLL
LOTHD. BEBICHEETHHE6 A 7IRTATHESS 16 A0, BROLS % CEH
R FEEAIEE AW (1gday ~ 4 g/day BEE). L2 L7%A5, HS AT VAN
6 A 12 0 LA O R I fE Vs E DA B A5 100 g/day DL E & BUC ER L, TRVERERIIRE
MemLTwa I icikis, 7H18HIC, HFE 63 mm, RARMNE 6 mm DORE
Dot COREIZL-T, H5 /8 7REDEBEEEL T2 bDD, TOR A
FRAHE L 722 LB SN

SHICH L, BEELTWwB H6 /8 7id, BREICD 1.6gdyRE L, o e A RS
o 7295, H5 84 7OREIE T, kB LUEB T 202 EFER SN
EE T, RREO T ERIE, H6 /%1 713 4. 1g/day Tho2DIIX L, BT 5 HS
24 T 1.5 g/day 2T X o ts. EOERBOKE LN ED > 27208, H5 7534 T O
TR ERL, 109 g/day & EEL, EBIZHE L ORHTNL & Il ol Z EDEHES
nr:.

FERO LS HERICHED X4 TH SO LEEERE, REBOMMIL T, WNT 5
LEz NG, $70, BIEHEITERETAM AT, E2RKAT0.35 &) LS OBK
ERAHER XN TS (Onda, 199). IO L) ZEHEEILOBTRAER, BT OZER

1000 ¢ 0
1 50
= 100
N —
3 1o B
; leO E
2 £
S 10 E £
ey N A
[ 4 150 ==
g ] E
B ] 'S
» o1t . {200 K
H6 S ]
1 250
01 I 1 i 1 i 1 1 1 L 1 1 1 1

6-Jul 8-Jul 10-Jul  12-Jul  14-Jul  16-Jul  18-Jul  20-Jul  22-Jul

1987
Fig. 2. Sediment yield from the H5 and H6 pipes
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EARMICHEE Y 284 7ORAITES & CHBIEE I IE§ 28 651

b, DT BEEBEDET % 725 T g E .
3.2. N1 TOFAR

1993 4RI, THbERERZAIE L H4 /81 ZHEIZB VT, 234 7ORKRZ R L 7%,
2L, LRo+TibAEERTE R T Wi, TREERRIIE L 28 T
E, BRERNE LSS 73R 2530 THA L Bbhs (Fig 3a). S ORHIE
ERE02 m Tas.

HEIL L > TRE D S/ 4 7OWIKE, Table LIZRT. Hhblae & TIEFHARHIC 9
BDA4 THAEETH L IR A, No.35em BT &, WD TEDY o 72O d
EBEH LT, A TOREEEF, A TTERERDY, 6.6cm L5 REVE DT 99.7cm 12
bRE. T, N4 TORERKIE, £55T2,000m* bR b, CNEHEEImbiY ICE
+Lr, 1,90cm¥m & 7% 5. %72, Fig. 3b 3 X U Fig. 3¢ (278 L 728 (50 cm A DS
) OEFICBWTIR, FHZEEAT0.92 %ML 22 & IAHLT 5.

INSDRMEY EhizAd TF, FAMMEOMREMEET, 3REET L ZHEHLZ

b Front view i C Side v1e

s

Fig. 3. Three dimensional structure of the burrows (H site Nos. 6-9)
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Table 1. The dimension of the burrows at H site

No. Horizontal Angle Volurzne Length Average width Sinuousity

(degrees downwards) (cm?) (cm) (cm)

1 30 200 4.4 3.6 1.6
2 20 550 99.7 3.8 1.2
4 30 50 12.8 2.5 1.2
5 30 50 6.6 3.3 1.0
6 35 100 19.0 3.2 1.5
7 45 400 58.6 4.7 1.1
8 20 350 4.4 6.4 1.1
9 25 300 36.5 4.4 1.0

(Fig. 3b, 3c). #l& LT, Nos. 7, 8, 984 TERT E, FRFRITITFITTHY,
4?,m%2V®m§fTﬁumWTwé:tﬁb#é.ﬁ&fﬂffﬂm,%mTﬁm
WMELTEY, ZOPI329° £ o (Table 1). £72, FAPRICEI121IE% L DA =HF
RN 3 FIE T K F IO T W 5725, HHIF IR TH LD (K
FH, 1983), A D BT & £ 2 5 A, Onda and Itakura (1997) I2&£ 5%
Kﬁi@%%tié&,ﬁﬁﬁ;%iﬁmﬁﬁot%%,%ﬂﬁgénttMﬁ&%ﬁﬁ
%&éﬂt(ﬁg@.it,%@ﬁ@@?ﬁﬂf«@ﬁfbb,mem$u#@wa
t.:ﬂ%@lt#%,:@N{f@ﬂﬁﬁ;m%ﬁ@%%ﬂ%ﬁﬁgw_

HARIEZH, (1988) 1, /¥4 SR BN OEBII OV TEREL TS, IS
F2 k. FHEOBMINCEY, SMORENrRLY, I P2 /NER D5 AT S A T T
EagE e RALTILERBEL TV A, KGO MAFE R B & UFOnda and Itakura
(1997) OEBMENSEZ DL, FTA=, L LAHRERA VT AZEL TN
47%®%@%%&LTW%ﬂ%ﬁﬁ%w.%LT,%Wﬁ;@%K%mmﬁbﬂ47
13, HFKE TS &) Btk o720, WA LS B B R, RS
RS WA Z L HL PR o T
3.3. 1999 FICFE L f/EIR

199949 B 14 H~ 15 HIZ»T, 2 H [ R 48 97 mm, Bz A S I & 28 mm/h (T A5
JUNEEBFT) OBHAH o7, ZORWEIZE ST, /5 7 OB % AT - 72 LI AN
e = L7- (Fig 5: fifEld, Fig LRT). mbEd, M TIES B L E 80cm AR,
6 5.25m Tdhor. HHIZMELLTEY, BB AT I R L TR 0B L
7 BEEORTEN% Fig. 61077, MIEOFHAEIL 28 THY, BN @ convex % HERT
Bl A FE OO T LT, ORI TR ISR SN A, HES 50 TR R
DO L EA D B o AR LT

C@ﬁ%H,TNUEﬁ@@EMMﬁ%é:t,itﬂﬁTﬁﬁ%méﬂfwétw
M,ﬁmﬁ%ﬁ%ﬁ%m%ﬁm¢5:&u%%v%ét%i%ﬂ%.%%%mu,&m
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unit: emH,0 @ iy 2u = (cm)

Fig. 4. Potential distribution of the flume experiment with 3 crabs at 604 hours
{dotted line: crab burrow) after Onda and Itakura (1997)

Fig. 5. Photograph for landslide occurring in Sep. 14, 1999
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Fig. 6. Location and shape of the landslide occurring in Sep. 14, 1999

(1993) {2 L7zAwy, Ttz i,

_c’+(7—m7w)z cos’ Btan ¢’ "

yz sinf? cosf3

2o, FIRTHoRe®, v I ZHKREKILICB 5 B R, y 3K HAL IR
EE, m 3R KE (0—1@@%H26), JEEETH L, 2T, EiE12cm @, HA
Sk WIRBELT 51T 5 Hik O F Bl i B — i A BTaER SR TR 1o R EE R (Onda, 1994;
¢ =4.2kNm’, y =1.4, yw =1, ¢ =32.1") T, TS AERAIRE (n=1) FtE
+ok, BAEE FEId126E%5. IR, Y EEMENEI NS,

HE TR 7284 TORE ) oIz, TR ERPBE SNAERL > TV, A
i, ARG 6ERMLILE b:?}‘éittu Ehs, Bl EENERIC S TS
TL A REEASE V. EB, 1993F70 5 1999 4E 0 B L2 ARf [l 2o B % Z AL 72 BRT, /8 A i
PR ENT W I EDPHREINTWD, Led > T, ERNTHE, P L BER
TR, 284 THHIC & B REPRIBIC & - T, N8I Table 11278 L7z o & [Ffk R 22 28
BT TR A, 25101, F 70, JORBEICEVTY, 1987 £ OB
CBWT, FEM0.35 £ B KARABM S hTVwa, 0L %, EEOBKS
FiAS, PEBORBUKIE % 50, MEREE AL TILRLDTHS). 2O 9 7%,
RS- 50T 2 iE, Bk - &R (1982) 12X - T, HEERMIZ/SA Errostt b
Iﬁ%@%ﬁk@ﬁﬂtwﬁaﬁcf‘ﬁﬁt%hfus%

i, 54 TR TROA R R L SR, LA ROER LIPS AT
Lk L“Cphuﬁ‘zéﬂfwé LALAds, SMBECBLTE, EBEBHIN TS L 912
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HIKBUCTEIE § %23 7ORNAEE B L OCHIZIEE I RIZy 655
(Fig. 2), 734 7OHEIRI B 2 L2H 5. AL, BALEMEL D 2->THD,
FEE T H T HRE v, S TOMERICIE, fE 2R CERT LI ErmBs T
A (FARIED, 1983). Li2d5- T, EEFILHIICE VT, 731 THED, fEiEom:
OO L D B ) RTINS AL, O LI, [ERAEERBICALT S
AT, WEOZETL O34 TABR Sz X BRI L uE, 0.92 %O ZEROIENH
Bohrz) L2 HEehoTANBIHOERTE 63 & Lb I, RHkICHELL
WL, BEKEL LA SE, MBEOREAZDETLILDEEILNSL.

PEREL Y, HAAROBEKEIC L BHEE, HERESNTYE. RIFIKERIREX
EIZBWTh, P KOBEBAENFERE ERTVLHEFEET S (FEHITZD,
1985, #EiTA>, 2000). 4%, BaBEAKEIC L B84 ¥ X RO EE (SN - fA, 1993)
L, RO OBBEONMIIOVWTLERTLILIZE ST, MEREIIRITT/ L TOR
EllE=a s e AsC 5

Fig. 7. Landslide occurring at the lower part of the convex slopes (Location is
shown in Fig. 1)
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Hydrological setting of infertile species-rich wetland——a case
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Abstract: The detailed groundwater flow and water chemistry to illustrate landscape structure of the infertile peatless mire by using piezometers
and groundwater wells were measured. The instruments were installed in lines through a small spring-fed wetland underlying little peat from the
hillslope to the valley bottom in southwestern Japan. Flow net and EC data clearly indicated that the wetland was situated in a high- EC
groundwater upspring area. The low-productivity graminous vegetation was related with four hydrological factors such as: (1) high water level ;
(2) low-EC ( < 25 micro S/cm) groundwater; (3) weakly upward hydraulic gradient; and (4) overflowing of negatively pressured
groundwater. In other words. the “old or deep groundwater” constructed the foundation of slope-wetland. and maintained the high groundwater
level. In contrast. overflowing " youthful groundwater” is supplied from head of slope-wetland preferentially through the shallow substratum. The
plant communities of the peatless mire in southwestern Japan are similar to those of raised bog in northern cool temperate Japan. There have
been some reports verifying that the underlying mineral substrata of such wetlands were quartzile rocks such as granite. rhyolite. chart and well-
leached sand. Results showed (1) low cation availability affects the water acidity; (2) upward seepage of high-EC groundwater composed the-
foundation of the investigated peatless mire; and (3) the poor mineral condition seems to play a similar role to northern ombrotrophic ( rain-fed )
condition .

Keywords: eco-hydrology; electrical conductivity; groundwater flow; plant community; wetland

Introduction

The peatless mire( Wolejko. 1986; Fig.1a) is decreasing extensively due to the abandonment of traditional management
inflow of the wasted water. fire, mowing, reclaiming and other artificial impacts in the modern landscape of southwestern
Japan(Fujiwara, 1979) . Mire of this type is now of primary importance for nature conservation(e.g. NACS-J & WWF Japan
1996) . However. despite of the concerns and attention given for their conservation, restoration and even re-creation( Kikuchi.
1991) . most of the studies conducted are based on phytosociological (Fujiwara, 1979; Hada. 1984; Senuma. 1998) and
geomorphological observations .

A peatless mire is characterized by vegetation with low coverage, absence of Sphagnum species. and a wide spread
distribution of Rhynchosporetosum faberi and Rhynchosporetosum ruburae of Rhynchosporetum chinensis. The soil condition is
usually sandy or deeply weathered granite or rhyolite without any kind of peat ( Hada, 1984 ). According to Sakaguchi
(Sakaguchi. 1961) and Suzuki(Suzuki. 1977), the isotherm of 25 degrees of the mean air temperature of July approximately
coincides with the southern limit of the intensive peat accumulation. Thus, the peatless mire is limited below 450 m above sea
level in western Honshu Island(Hada, 1984) . other southwestern lowland and islands of Japan .

While climate controls the major regional wetland zones(Fig.1a), the internal differentiation of the mire is determined by
hydrological and hydrochemical conditions that are strongly associated with the topography and geology of the area( Wolejko,
1986) . Understanding of hydrological factors determining the natural development of the peatless mire may provide clues on
how to tackle restoration or recreation elsewhere. Hydrological and hydrochemical relations with the surrounding landscape are
of primary importance in this respect( Boeye, 1994) .

In this paper we focused on the ecological implications of the natural hydrological system, notably the effect of the
groundwater discharge directly related to the vegetation. We investigated whether the infertile herb species-rich community
occurs under influences of the upward seepage in the peatless mire .

1 Study site and methods
1.1 Study site

The study area is located in central Japan (34.4°N, 137.3°E: Fig. 1-a). There is a lot of small peatless mire in Mino-
Mikawa area (Fig.1a) and their density varied by substrata. Most of investigated site were observed in the gravel and sand
with thin clay stratum area(Senuma. 1998) . In the investigated area(Fig.1c) . there are hills of 150—200 m above sea level
that are underlving in two types of substrata that sharply contact with each other: gravel and sand with thin clay strata
(quaternary fluvial deposits) in the northern part, and a weathered granite in the southern part. Although secondary forest
such ax Pinus densiflora and Quercus serrata community are predominant on the northern area, the former is more widely
distributed that depends on unfavorable ecological conditions such as poor soil condition. Some peatless mire develops on sites
where water is oozing in such pine forest area at the valley bottom and at the lower part of hillside slope .
1.2 Vegetation analysis

The study sites consisted of transects that started from the point X on the valley bottom and extended to the point X’
approximately 5m inside the forest on side slope through infertile herb species-rich community(Fig. 1¢) . The two belt transects
(X1 and X2) were lined close along both side of the transect X-X’ . whose length was 19m. The area of each quadrat was I'm
by 1m. There were 38 plots in total. In the second week of September 1998, we investigated the herb layer vegetation( < Im)
according to the presence/absence of species. The data was classified by two-way indicator species analysis( Hill, 1979a) .
that ix. TWINSPAN from the Cornell Ecology Program Series in PC-ORD Version 4 of MjM Software Design using the default
options. except for the pseudo-species cut levels, which were set 10 0, i.e. presence/absence . Ordination was done by using
multiple method of Detrended Correspondence Analysis (Hill, 1979b), that is a modified version of DECORANA from the
Cornell Ecology Program Series in PC-ORD Version 4 of MjM Software Design using the default options. except for the down
\\'("ighl rare Spe('iPs.
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Topographical map of the investigation site. The contour lines are underlined every 2m. Circled area in the

map is the investigated slope-wetland. There were two helt
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1.3 Hydrological analysis

transects, 47 piezometers, and 11 wells along the

A total 47 piezometers and 11 wells along the transect were laid out. The hand-driven piezometers in soil were made of

plastic polyvinyl chloride

(PVC) casing with an inside diameter of 2 ¢m and a wall thickness of 3 mm. Water enters the

piezometers through the open bottom. Water levels in the piezometers were measured by an electronic probe on the 9
September 1998 as data set of common period. The relative heights of the water levels were then determined by subtracting the

depth to water from the top of each piezometer. The height of

the water table was determined by well or the shortest

piezometer. The pH and the electrical conductivity( EC) were also measured directly in the field with a pH/temperature and
an EC/temperature probe at the same time. The measured data were converted 1o new data point which kept up with each

vegelation quadrat along transect by the inverse distance algorithm

2 Results

2.1 Vegetation

TWINSPAN classification of the belt transect data yielded
four vegetation types, graminoids dominating vegelation (A).
graminoids dominating shrubby vegetation (B). fern dominating
scrub (C) and pine-juniper dominating forest (D) in two-way
ordered ( Fig. 4a). The most distinctive vegetation type (A)
occurred in - the of wetland. which a large
assemblage of small herbaccous plants(e.g. Rhynchospora alba .
Eriocaulon decemflorum var nipponicum) and insectivorous plants
( Drosera  rotundifolia . Utricularia  bifida  and  Utricularia
caerulea) that were restricted 1o these stands. The most infertile
site was the Rhynchospora faberi . a dominant community (A’ ).
The surrounding forest were first classified into Pine-juniper
dominant forest (D), characterized by lack of graminoids and
existence of Eurya japonica and Pieris japonica . which are

center contained

component  species  of - Pinus  densifrora  secondary forest.
Craminoids dominating  shrubby  vegetation ( B) and  fern

dominating scrub (C) were in contrast best distinguished by
changes in the relative species composition.. The vegetation types
defined in TWINSPAN classification was also distinguished by
separate DCA ordination of the vascular plant and Sphagnum data
(Fig.2) .
2.2 Groundwater level and hydraulic gradient of the plant
communities

The differences and well-ordered pattern of vegetation( Fig.
2) scemed 1o reflect the groundwater condition. Thus the
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Small Graminoids dominating vegetation ( A); large (.
Especially infertile areaCA’) 5 . Graminoids dominating, shrubby
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and P japonica for the second level division. Spatial distribution
of these vegelation types is in Fig.4a
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variation in vegetation types were analyzed in relation between the
groundwater level ( aeration) and shallow hydraulic gradient
(spring; Fig.3). At low groundwater level condition( < 20 cm),
pine-juniper dominating forest ( D) correlated positively with
hydraulic gradient. In contrast, fern dominating scrub (C) was
correlated with negative hydraulic gradient. At the intermediate
groundwater levels in the vicinity of — 10 cm, hydraulic gradient of
the fern dominating scrub(C) and graminoids dominating shrubby
vegetation ( B) changed into positive, and it was larger in the
former than the latter. At high groundwater level near the ground
surface( > — 10 cm). graminoids dominating vegetation (A) had
its position around zero in hydraulic gradient. In this paper. we
made a working hypothesis that the low-productive herbaceous
community would occur under influences of the upward seepage. It
is certain that there was positive hydraulic gradient at graminoids
dominating shrubby vegetation (B) on the vicinity of — 10 cm
groundwater level. On the contrary. infertile vegetation were not
associated with specific gradient on the highest groundwater level
above -5 cm. This applied to hydraulic gradient just around zero
at the Rhynchospora fujiianae dominating variant (A') .

2.3 Hydraulic regime and infertile vegetation

If the water level in piezometers is lower than a groundwater

level, it means that the water pressure is lower than atmospheric
pressure at the bottom of the piezometer. Groundwater leaks
towards the lower area than groundwater level in such case. The
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area is shown in Fig.4b. Conversely. if the water in the deeper piezometer rises upper than the groundwater level, the
pressure is higher and the groundwater flows upward having the potential of ooziness. Such area is left uncolored in Fig.4b.
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Fig.4 a.A spatial distribution of vegetation types. All symbols correspond to those of Fig.2. b.Hydraulic head(cm) distribution

along transect X-X’(in Fig.1c). Dashed lines are extrapolated beyond 10 cm. The water level is assumed to be at very close to the
ground surface in the center part. The meshed parts are negative pressurized groundwater than the atmospheric pressure. Two
shallow values with asterisk at each piezometer nest were used for calculating of hydraulic gradient. c.The electric conductivity
(EC) distribution and groundwater flow direction. Arrows represent direction of fine-scale groundwater flow. The meshed parts are
low-EC( < 25 micro S/cm) groundwater. The values with under line were measured with pH. Because of equipment problems,
there are no data at the piezometer and wells installed on the upper part from a center. Values above the ground are the data

measured from well

The gradient in hydraulic head clearly indicated that the wetland was situated in a groundwater upspring zone(Fig.4b) .
The groundwater flowed upward at the bottomland and the upper wetland. then reached groundwater level. The upspring
groundwater also reached to the ground surface at the center of slope-wetland but its direction was gentle. The infertile

vegetation was on this central slightly upspring area.
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Furthermore, there were two areas of negative pressured groundwater that made the groundwater flow pattern
complicated . First, the negative pressured groundwater flowed sideways as converging groundwater flowing through the shallow
substratum in the upper wetland. Then, it stretched and faded away at the center of the wetland with a divergent flow. This
water moved and soon infiltrated the soil after performing the approximately 1m positive pressured shallow tracks at the center
of the wetland and flowed through the negatively pressured area. Consequently, it converged and flowed out at the toe of the
wetland .

Fig.4c is a cross-section showing the distribution of groundwater EC. To trace the groundwater that associated with
infertile vegetation, we established a groundwater type smaller than 25 micro S/cm, as shown in Fig.4c. There were three
areas among low- EC( < 25 micro S/cm) groundwater. The biggest one corresponded with the area of negative pressured water
at the upper part of slope-wetland. This low- EC groundwater flowed from the bottom of the negative pressured area horizontally
and then stretched accompanying groundwater flow to the surface where infertile wet vegetation occurred.

On the other hand, the electric conductivity in logarithmic scale was positively associated with pH(multiple r = 0.645,
r*=0.417, p =0.00066, with hydrogen ions subtracted (Sjors, 1950) : multiple r = 0.685, r* =0.469, p =0.00022).
The low- EC groundwater(12.3 to 25 micro S/cm) was estimated that the pH was 4.8 to 5.2 by the former equation.

3 Discussion
3.1 Setting of infertile species-rich vegetation

Shimoda(Shimoda, 1979) pointed out that the unproductive plant communities found at the center of peatless mire
resembles to raised mire(bog) in species composition because of the presence of the following same genera: Rhynchospora ,
Eriocaulon, Utricularia and same species: Moliniopsis japonica, Rhynchospora alba, Eleocharis wichurae, Drosera
rotundifolia , and Carex omiana . In the less productive area of the peatless mire, Rhynchospora chinensis- Eriocaulon sikokiana
community corresponding to Rhynchosporretum chinensis was found(Hada, 1984) . In addition, in their study they compared
the associations of raised mire (bog) to peatless mire based on these three hollow communities: Eriocauletum kushiroensis ,
Eriophoro monoccoccon- Sphagnetum dusenii , and Eriocauletum dimorphoelytri of Moliniopsio-Rhynchosporion albae( Miyawaki,
1970) .

The less productive part of peatless mire could never be classified as raised mire(bog) , because of little peat and lack of
sphagnum species. The phytosociological similarity that Shimoda(Shimoda, 1979) represented may suggest that peatless mire
has a similar ecological feature to ombrotrophic(rain-fed) wetland. Such phenomena are also found in southern mountain fens
in USA( Moorhead, 1998). Many fens of southern mountain have both characteristics of fen and bogs. Since they receive
groundwater inputs from surrounding mineral soils, they should be classified as fens. Bridgham et al. (Bridgham, 1996)
suggested that the term “bog” and “fen” be used colloquially to describe sites based on vegetation, alkalinity, and acidity.
irrespective of hydrology(rain-fed or groundwater-fed) . .

As far as mire was concerned, a bimodal frequency distribution of water pH was observed in our study. One mode( < pH
5.0) appeared to represent water buffered by humic material in bog and poor fen, the other( > pH 6.0) represented to water
buffered by the bicarbonate system(Refer to the following section) in rich fen(Sjore, 1950: Gorham, 1992) . Our data showed
that investigated infertile vegetation( A’ ) corresponded with groundwater characterized by EC 12.8 to 25(micro S/ cm) and pH
4.8 to 5.2(the estimated values) . Our data on peatless mire corresponded to the upper limit of acidic mire ecosystem .

3.2 Background of hydrochemical regime

Infiltrated groundwater ( youthful water) is hydrochemically related to rain water with low- EC ( < 5 micro S/cm) .
Atmospheric precipitation saturated by carbon dioxide passes though the biological activity zone and become pH 5.5 after
getting hydrochemical processes in the soil. The groundwater is chemically enriched dissolving of minerals from the soil layers.
With growing residence time the EC and cations concentration increase(Hem, 1970) . Taking the ion balance into account. it
can be concluded that the dominant Ca’* -ion is counter balanced by the dominant HCO; -ion which means that calcite-like

minerals in the subsoil play an important role and the CO, pressure interfaces with the pH and HCO; -ion of the groundwater
(Kemmers, 1986) .

Moreover, in order to evaluate the acidification or alkalization of soil and water, it would be necessary to distinguish
between intensity and capacity factors. Intensity factors are determined by system that are considered. In contrast, capacity
factors are a function of quantity or size of the system. For instance, the way of groundwater flow( the tendency to donate or
accept a proton) is an intensity factor, while the amount of acid or base present in a given system is a capacity factor.

3.3 Functional landscape structure of infertile wetland

Our flow net and EC data suggested two distinct sources of flow in the wetland: high- EC water( > 25 micro S/ cm) and
low- EC-water( < 25 micro S/cm) . Especially the former was associated with infertile herb-rich vegetation with the highest
water level(> — 4 c¢m) . On the other hand, EC was significantly associated with pH. These suggest that the former type of
groundwater may be considered as “older or deeper groundwater” while latter type would be considered as “youthful” .

In the investigated site the high- EC

up-spring water maintained the foundation Table 1 Biased distribution of spring-fed wetlands in favor of quartzile rock
of slope-wetland . The low- EC . . Number of investigated wetlands
groundwater  overflowed  through the Soil-forming rock Cousoku distri MinoMik
shallow soil and appeared for the surface yugoku district tno-Mikawa area
at just central wetland. Here was the Granite area 57 3
place where high groundwater 1evel was Rhyolite area 20 _
kept and infertile wet vegetation ( A”) )

Andesite lava area 5 -

occurred. At the head of wetland, a low-
EC groundwater was discharged from the Pliocene or Diluvial formation area 2 17
negatively pressured area like a sandwich
between  high- EC  groundwater.  As
before-mentioned hydrochemical process,
low- EC groundwater does not occur from _Paleozoic formation area 0 0
high- EC  groundwater. Therefore, we

Quartz-porphyry area 1 -
Chert - 1
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considered that this groundwater was not generated by getting chemical change from high- EC groundwater but flowed
preferentially through the substratum getting little substantial interaction with circumstance .

Next, we consider a capacity factor. It is known that peatless mire occurs more frequent in granite and in rhyolite areas,
but not in area of Paleozoic formation in southwestern Honshu Island., Japan(Hada, 1984) . It is also known that the wetlands
have biased distribution in favor of Pliocene or Dilluvial formation, granite, and chart(Senuma, 1998) in lowland of Tokai
area, central Japan(Table 1) . These quartzile soil-forming rocks must be characterized by peculiarity of resistance to chemical
weathering that means low ability of cation donation to groundwater. This is considered as a capacity factor.

Results showed that low cation availability of the soil-forming rock and the preferential discharging maintained the poor
mineral groundwater that resembled to rainwater. This may be the reason why vegetation of the infertile peatless mire in
southwestern Japan is most likely the same to that of northern ombrotrophic(rain-fed) wetlands.
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Abstract

This special issue is based on the JGU symposium “Environmental Isotopes and
Geomorphology”, held in the JGU spring meeting on March 31, 2000 at University
of Tsukuba. A number of geomorphic studies now conducted using environmental
isotopes. Total three papers are included in this issue; two papers are using " Cs,
* Pbuess for studying erosion processes and environmental changes, and one paper
present the use of “Be for dating purposes in alpine environment in Japan.
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Use of "'Cs for Estimating Soil Erosion Processes

in a Forested Environment in Japan

4

Yuichi ONDA', Chisato TAKENAKA®, Minoru FURUTA®, Toshiro NONODA
and Yasunori HAMAJIMA®

Abstract

To study the feasibility of using a ""Cs method to estimate erosion processes on
forested hillslopes, we used 2 soil sampling methods in forests with different tree
species and different management histories near the town of Hakusan, in central
Japan. The erosion rate, as determined by analysis of bulk samples, fitted well with
our visual inspection of the surface condition; in particular, a past landslide scar was
clearly distinguishable by the Cs analysis. By applying an incremental soil sampling
method to well-managed and unmanaged Hinoki cypress plantations, we found that
the surface soil ™Cs concentration (0-2 cm) in the unmanaged Hinoki plantation was
markedly lower than that of the managed forest. We concluded that analysis of the
soil "Cs profile would be an effective tool for estimating long-term, low-speed soil
erosion in areas such as Hinoki plantations.

Key words: Hinoki plantation, Surface erosion, Interrill erosion, Landslide

recovery, " Cs

Introduction

Over the last few decades, radionuclides such as Cesium-137 have been used for
documenting soil erosion in a wide range of environments (e.g., Rogouwski and Tamura,
1970; Ritchie et al., 1974; Quine et al, 1994). However, Walling and Quine (1990)
suggested that in woodland sites there was a potential for local variability produced by
stemflow and canopy interception. Therefore, not many soil erosion studies have been
conducted using such isotopes in forested areas (Mclntyre et al., 1987; Lowrance et al.,
1988; Garcia-Oliva et al., 1995). However, a recent study by Wallbrink and Murray
(1996) suggested that the spatial variability of forested areas may be smaller than that of
bare land because overland flow, as indicated by “Be fallout analysis.
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The floors of unmanaged forests of Hinoki cypress (Chamaecyparis obtusa Endl.) are
known to be too dark for the growth of understory vegetation (e.g., Kiyono, 1990). The
litter from the Hinoki dissipates easily and is susceptible to downslope movement (e.g.,
Oikawa, 1977), so a litter layer does not readily form. Forest floors in unmanaged
Hinoki plantations are therefore similar to bare land. The lack of understory vegetation
causes crusting at the surface (Onda and Yukawa, 1994; 1995), with subsequent soil
erosion. Onda et al. (1997) demonstrated the possibility of evaluating soil erosion in a
Hinoki plantation by using a large-scale sprinkling experiment, but very few field data
on "Cs concentration and its relationship to long-term soil erosion rates in forested
environments are available (e.g., Fukuyama et al., 2001). Other important erosional
processes such as landslides and debris flows are known to be important in forested
environments, but no studies have been performed with Cs analysis.

In most cases, soil erosion rates have been estimated by bulk sampling of soils
using a single core sampler sunk beyond the ““Cs detection limit (in most cases just
under plough depth), followed by calculation of mass-balance equations (e.g., Ritchie and
McHenry, 1975; Quine et al, 1994). Another approach is to study the depth profile
incrementally at various depths in soil cores (Walling and He, 1999). We used a bulk
sampling method and incremental depths of soil cores to conduct soil sampling in a
variety of forest coverage types where there was a variety of slope processes. From our
results we determined the type of slope processes that could be evaluated by “Cs
analysis and a suitable method for making these analyses.

Methods

Study area

The study area was in the experimental forest of the Mie Prefecture Forestry
Research Institute, near the town of Hakusan in central Japan (Fig. 1; lat 34 ° 40'N, long
138 ° 20’E). Since the forest was clearcut about 40 y ago, various kinds of management
experiments have been performed. The experimental forest includes: (1) secondary
forests that were essentially abandoned after the clearcut; (2) red pine (Pinus densiflora)
forests, planted after the clearcut, in which some of the trees have died from disease;
and (3) the Hinoki plantation. This is a 30-y-old stand of which some parts have been
well managed and contain understory vegetation, and other parts are unmanaged and
have very little understory vegetation.

Several small landslides have occurred in the red pine forest, and sheet flow/rill
erosion has occurred in the unmanaged Hinoki forest. Therefore, this field site was
judged to be suitable for examining “'Cs losses in different forest and erosion
environments. The geology of this area is Cretaceous granite, and the bedrock is deeply
weathered, forming a thick regolith zone.
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Study area’

\

Fig. 1. Study area of the Hakusan experimental forest, Mie, Japan (contour interval:
10 m), showing the 6 transects
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Sample methods, sites, and data analysis

Six transects were established for this study (Fig. 1). The transects A-A, B-B’, and
C-C’ were located in the Hinoki forest. A-A" was an area under intensive management,
and B-B’ and C-C’ were in very poorly managed areas with very little understory
vegetation and barely any litter layer. Rill erosion and gullies were found in the B-B’
transect, but no rill erosion was detected in the C-C’ transect. In the B-B’ transect the
soil samples were not taken from the rills. The transects D-D’ and E-E’ were in red
pine forest. Some of the red pines had died, and about half of the areas were covered
by deciduous trees. A landslide scar was found along the D-D’ transect, and several
steps were found along the E-E’ line. The F-F transect was covered by secondary
forests, mostly deciduous trees with some red pine trees.

We removed the litter layer before we collected the soil cores. We defined the soil
surface (0 cm) as the top of the F-layer; that is, the F and H layers (if available) were
included in the soil cores. Two methods of soil sampling were used. The first method
was a bulk sampling method in which we used a plastic cone 5 ¢cm in diameter and 25
cm long. This sampler was inserted into the soil to a depth of 20 cm. To avoid the
possible effect of local variability due to the presence of tree stands, we collected 5
cores spaced 30 cm apart at the same elevation and mixed the soils to make a sample
that would represent the location.

The other method was incremental core sampling. This sampler was an iron
cylinder 8 cm in diameter with 3 slits (at 2 c¢m, 5 ¢cm, and 10 cm) (Fig. 2). The sampler
was inserted into the soil with a large wooden hammer to 20 cm depth, and pulled up
by the handle. Three metal plates were then inserted into the cylinder slits to divide
the core into 4 incremental soil samples (0 to 2 cm, 2 to 5 cm, 5 to 10 cm, and 10 to
20 cm). Because the diameter of the incremental sampler (8 cm) was larger than that of
the bulk sampler (5 cm), we collected 3 cores (instead of 5) spaced 30 cm apart at the
same elevation and mixed the incremental samples from them to avoid the possible
effect of local variability.

All of the samples were air-dried and then oven-dried at 110° C for 12 h, and
then they were lightly ground before being passed through a 2-mm sieve. The samples
(60 to 100 g) were packed in plastic containers. Measurements of "Cs were conducted
by gamma spectrometry at the Radioisotope Laboratory for Natural Science and
Technology, Kanazawa University, Japan, using Ge (Li) detectors coupled to a multi-
channel analyzer. Counting times for ""Cs at 662 keV were 7200 to 14,400 s, providing
an analytical precision of about + 5 %.

Results and Discussion

Bulk sampling results
The results for bulk sampling are given in Figure 3, which also shows the transect
profiles and photographs of the sampling locations. Along the transect in the well-
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managed Hinoki plantation (Fig. 3A), the "Cs concentration varied from place to place;
the maximum (A3) was 49.04 Bg/kg, and the minimum (A4) was 23.05 Bg/kg, with an
average of 36.05 Bq/kg. The data for the 2 poorly managed Hinoki plantations (Figs. 3B
and 3C) showed less scattering of the concentrations; the values ranged between 21.80
and 35.21 Bg/kg in the B transect, and between 27.67 and 38.56 Bg/kg in the C
transect. The average “'Cs concentrations in the B and C transects did not differ greatly
from the other cases; although some evidence of surface erosion was observed
(rilling/gullying) in the B tansect, the average concentrations along the B and C
transects were 29.26 and 33.28 Bqg/kg, respectively.

The "Cs concentrations along 1 of the red pine transects (Fig. 3E) and along the
secondary forest (Fig. 3F) transect were also fairly constant along the hillslopes; the
values ranged between 24.73 and 41.92 Bq/kg along the E transect, and between 22.64
and 35.15 Bg/kg along the F transect. The average ""Cs concentrations along the E and
F transects were 34.96 and 28.84 Bg/kg, respectively. The D transect (red pine forest)
showed very low concentrations at the D2 (6.71 Bg/kg) and D3 (4.61 Bg/kg) sites. At

- (Ground surface

—— 2 cm

—— 5 cm

Fig. 2. The incremental soil core sampler
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Fig. 3. Bulk sampling results and photographs of transects A to F
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these points the topography of a landslide scar was found; the landslides occurred after
1960, but the exact year is not known (personal comm.).

Estimating the erosion rate by using " Cs
To estimate the soil erosion rate from the bulk soil samples, we applied the erosion
rate equation of Ritchie and McHenry (1975). The total erosion rate was calculated as:

Y =087 Xx " 0

where Y is the soil loss (t/ha) and X is the radionuclide loss expressed as a percentage
of the "Cs input. The X value is calculated as the difference from the standard value,
which represents the "Cs inventory receiving with any erosion. In this case, the
average of the values from Al and Cl (samples taken at the ridge top) was used as the
standard inventory value for uneroded soil. We converted the concentrations of Cs in
the bulk samples to "Cs inventory values (Bg/m’) to compare soils of different bulk
density. The average bulk density in the Hinoki plantation was 0.85 g/cm® and that in
the red pine and secondary forests was 0.87 g/cm’.

The calculated soil erosion rates are shown in Table 1. Although the "Cs inventory
of each transect varied widely among sampling points, the average erosion rates seemed
to accord with those assessed by visual inspection. The average erosion rate in the well-
managed Hinoki plantation (the A transect) was 19.0 t/ha, corresponding to 2.2 mm of
erosion depth. The average erosion rate in the Hinoki plantation with a bare soil surface
but with no rills (the C transect) was 26.6 t/ha (3.1 mm), and in the Hinoki plantation
with rills (the B transect) it was 44.8 t/ha (5.1 mm). The erosion rate calculated in the
B and C transects was 1 order of magnitude smaller than that for hillslopes in Ohmiya
town, in Mie Prefecture (Fukuyama et al., 2001).

The average erosion rate in the red pine forest with the landslide scar (the D
transect) was 115.2 t/ha (13.2 mm erosion depth), but the other red pine forest (the E
transect) and the secondary forest (the F transect) showed moderate erosion rates (19.1

Table. 1 Soil loss calculation using bulk sambles

Cs-137 inventory Cs—137 loss Soil loss  Erosion depth

Transect Forest type (kBg/m?) (t/ha) (t/ha) (mm)
Hinoki, managed 280.5 10.9 19.0 2.2

Hinoki, unmanaged, rilling 227.6 27.7 44.8 5.1

Hinoki, unmanaged 259.0 17.7 26.6 3.1

Red pine, landslide scar 118.8 62.2 115.2 13.2

E Red pine 278.4 11.5 19.1 2.2
Secondary forest 229.7 27.0 43.6 5.0
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t/ha and 43.6 t/ha). Because “Cs concentration is well correlated with C content
(Takenaka et al, 1998) in this experimental forest, the estimated erosion rates in the
pine and secondary forests may be related to the redistribution of *'Cs by movement of
litter or organic materials. Further studies on the behavior of "Cs in forest
environments are required to quantify the erosion in these forested areas.

Incremental sampling results

The purpose of the incremental sampling was to try to evaluate the effects of soil
erosion in a forested environment. For that purpose, we chose the managed (A) and
unmanaged (C) Hinoki transects. Figure 4a shows the slope profile and soil “Cs
concentrations along the A transect. At most sampling points, the “Cs concentration
profile shows an exponential curve (e.g., Wallbrink and Murray, 1993), with the highest
concentration in the surface layer (0 to 2 cm) and a gradual decrease with soil depth.
The "Cs concentration at 10 to 20 cm depth was in the range of 5 to 15 Bg/kg. At site
A-3, the "Cs concentration at 2 to 5 cm depth was somewhat higher than that at 0 to
2 cm, but the difference was very low.

Figure 4b shows the slope profile and soil W(Cgs concentration along the C transect,
where the "Cs concentration profile differed from one slope location to another. At the
C-1 and C-2 sampling points, the depth profile of the (g concentration showed a
similar trend to that of the A transect, with a clear exponential distribution. At the C-3
to C-5 sampling points, the *Cs concentration at the top soil layers (0-2cm) decreased;
almost the same as the concentration of 2-5 cm depth.

Figure 5a shows the soil erosion rate along the C transect as estimated by equation
(1). The soil erosion rate increased downslope, and point no. 4 (C-4) had the highest
erosion rate, and incremental sampling allowed us to evaluate erosion processes and
depths that could not be evaluated by bulk sampling. Figure 5b is a schematic diagram
of the “'Cs concentration in the C transect. The downslope sampling sites (C-3 to C-5),
had relatively low concentrations of “Cs in the uppermost layer (0 to 2 cm) compared
with C-1 and C-2 sampling sites; less than 100 Bg/kg. In contrast, the concentration in
the deeper soil increased downslope, perhaps from the combined effects of deposition
and erosion occurring downslope. In this case, the reduction of the "Cs concentration in
the uppermost soil layer downslope (C-3 to C-5) on the C transect may reflect removal
by surface soil erosion.

The forest floor in the B transect had very little understory vegetation and a poor
litter layer (Fig. 3B). The infiltration rate, which was measured in the adjacent plot (the
C transect) was very slow at 35.7 mm/h, as measured by a sprinkling experiment above
the tree crown (Onda et al, 1997). Rain splash and sheet flow may occur along the C
transect, but no rilling was found. Therefore, inter-rill erosion is probably the major
erosional process occurring in the C transect. If the effects of rain splash and sheet flow
erosion are combined, the surface soil may be eroded and transported, resulting in lower
concentrations of ¥Cs in the uppermost layers of the middle slopes. Because the

69




22 Yuichi ONDA, Chisato TAKENAKA, Minoru FURUTA, Toshiro NoNopa and Yasunori HAMAJIMA

Cs-137 (Bg/kg)

0 50 100 150 200
e )
§ s
E 10 Cs-137 (Ba/kg)
g s 0 50 100 150
=] P e e
20 £ -
5 s
£ 10
FRE Cs-137 (Bg/kg)
A 2 5 0 50 100 150 200

Cs-137 (Ba/kg)

Q 50 100 150 200
10
0 . .
_ s
E g0 Cs-137 (Bglkg)
3 8" 0 50 100 150 200
2 _ . —————
= 5 5 !
L 5t £ 10
o S s
v—cé o 20
2
=
)
>
0 I . , . A-5
0 5 10 15 20 A’
Horizontal distance (m)
Cs-137 (Ba/kg)
0 50 100 Cs-137 (Bg/kg)
T i 0 50 100 150
5
; ~ 0 o %Jp
1% E 5
3 = 10
) Cs-137 (Bg/kg)
8" 0 50 100 150
C 2 0 - -
£ ’
g 10
S 15
10 b o, Cs-137 (Ba/kg)
0 50 100 150
0 —a
5 s
g1 Cs-137 (By/kg)
8" 0 50 100 150

n
=3

Depth (cm)

Vertical distance (m)
W

O " 1 t 1

0 5 10 15 20
Horizontal distance (m)

Fig. 4. Slope profiles and "Cs profiles in transects A and C

70



Use of "Cs for Estimating Soil Erosion Processes in a Forested Environment in Japan 23

surface "'Cs values decreased but the deeper “'Cs values increased downslope along the
C transect, sheet flow may have occurred from point' C-3, and the increased transport of
soil by sheet flow may have forced the “"Cs deeper into the soil.

Erosion processes and " Cs analysis in forests

In this study area, we evaluated the erosion rate of soils under different vegetation
conditions by the bulk sampling method, and there was a markedly low concentration of
“'Cs in the recent landslide scar along the D transect. Landslide scars are usually dated
by tree age (e.g., Shimokawa et al., 1989), but it is very difficult to determine the lag
time that may occur before trees begin to grow. The "Cs method records “Cs fallout
and can be applied in any environment. Our data (Fig. 2D) clearly suggest that "Cs
analysis is a valid tool for estimating the age and soil recovery of a landslide scar.

Some soil erosion models that use “"Cs soil profiles are available (e.g., Yang et al.,
2000), but these models are 1-dimensional and do not reflect in situ soil erosion
processes. Furthermore, most of the literature has focused on cultivated land with a
marked plough layer (Walling and He, 1999). In this context, the “Cs profile is an
effective tool for evaluating slow soil erosion processes, but a combination of field
monitoring and modeling is required to establish this method. Numerous soil erosion
models (e.g., Ritchie and McHenry, 1990; Walling and Quine, 1990; Walling and He,
1999) that use "Cs do not consider the erosion processes of undisturbed soils.
Therefore, more work is needed to make use of "Cs in the study of erosion in a
forested environment.
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Fig. 5. Schematic diagram comparing “Cs concentrations at sampling points along
transect B.
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Conclusions

To study the possibility of using "'Cs to estimate erosion processes on forested
hillslopes, we used 2 soil sampling methods in experimental forests with different tree
species and different management histories. The erosion rate, as determined by analysis
of bulk soil samples by the method of Ritchie and McHenry (1975), fitted well with the
results of visual inspection of surface conditions, especially in the case of a landslide
scar that was clearly distinguishable. By applying an incremental soil sampling method to
well managed and unmanaged Hinoki plantations, we found that the surface (0-2 cm)
soil "Cs concentrations in the unmanaged Hinoki plantation were markedly lower than
that of the managed forest. Therefore, analysis of the soil "Cs profile would be an
effective tool for estimating long-term, low-speed soil movement.
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Plot Size Effect on Estimation of Surface Soil Erosion in Hinoki
(Chamaecyparis Obtusa) Plantations

Taijiro Fukuvama', Yuichi ONDA? and Hiromu MOoRWAKT

Abstract

Field runoff plots were established to evaluate the effects of slope length on
surface soil loss on Hinoki (Chamaecyparis obtusa) plantation. In order to understand
the processes determining slope length effects on soil loss, rainfall simulation was
also conducted using a large-scale rainfall simulator. The soil loss from hinoki
plantation was not significantly affected by slope length. This result agreed with
previous studies reported in hinoki plantations in Japan. Generally, overland flow
rarely occurs on undisturbed Japanese forested slopes. Therefore dominance of
splash erosion by raindrops at hinoki plantation was suggested. On the contrary, high
erosion rate on longer slopes was observed at rainfall simulation. Thus, if spatial
variability of soil physical properties increases with plot size, it induces the
dominance of inter-rill erosion on a natural slope. In that case, soil erosion would
not be proportional to slope length.

Key words: inter-rill erosion, slope length, plot size, hinoki plantation
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Fig. 1. Location of study sites
A; Hinoki stand without understory vegetation
B; Hinoki planting site

Table 2. Characteristics of experimental sites

Hinoki stand without

’ inoki . i
understory vegetation Hinoki planting site

Slope angle 28° 29°
Slope direction w NE
Mean height [m] 15.7
Mean diameter {cm] 13.9
Stand density [/ha] 2300 3000-5000
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UNDL) HEPHLREBRELTEST, BHCBESATEY, SHEOENICG
CTLBERACERER LML, 7m 7oy b TIIENFRER 2 S D Lk
O, BS54 ~5 m OMEICEBAHER L, HREROTE (L%45 6 mifiE) 76
Uy PRI CEEET S U ALSRENS. U mOTOy FTiE, BREEES S 3
SR, R LRSS 5 mAEIzY VOBRMBEITER SN, VVEESRON:, 115
MUEER 7 mBTFO70y bERBRLTELCBNL. BTERKTEC 14 m 0OER
MEORE - WL U VORBRK#EE L7 (Fig. 5). U mO 70y b LA 5H
2 mONEFTREBOLIHY HIIERINTUIOHBELN, 2~4 m T+
WL TWBROPRONZ. 2.5~5 mOBHFICBWTHE L TROBETIZY ol
RS, 6 m T4 5 70y F FilE CHlEET 2 ) LATRR S, His kg
BENTVIRTHBESNT:.

Fig. 2. Runoff plot components for natural and simulated rainfall
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Fig. 3. Relationship between slope length and soil loss under natural rainfall at
hinoki plantation
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Fig. 5. Soil surface conditions after rainfall simulation (Slope length: 14 m)
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The role of subsurface water flow paths on hillslope
hydrological processes, landslides and landform
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Abstract:

Hydrological monitoring was conducted in high-relief watersheds in the Japan Alps to investigate the relationship
between hillslope hydrological processes and landform evolution in steep granite and shale mountains. In the Koshibu
watershed, underlain by Mesozoic shale, the drainage density and frequency was significantly lower than in the Yotagiri
watershed underlain by granite. Drainage micro-morphology analysis showed that hillslopes in the watersheds K1 and
K6 (Koshibu basin) are mostly combinations of talus and bedrock exposures. In contrast, watershed Y1 (Yotagiri basin)
is composed of several zero-order streams with hollows. Infinite slope stability analysis indicates that the regolith shear
strength in the K6 watershed (Koshibu basin) is lower than that of the Y1 hillslope, but groundwater levels were higher
in the Y1 hillslope than in the K6 hillslope during storm events. These data suggest that, although the shear strength of
the soil is stronger in the Yotagiri watershed, the slopes are unstable because of the groundwater conditions, whereas
deep-seated landslides may occur episodically in the Koshibu watershed associated with extreme storms and very high
antecedent soil moisture. These differences would strongly contribute to the different observed hillslope processes and
drainage characteristics. Copyright © 2004 John Wiley & Sons, Ltd.

KEY WORDS bedrock spring; shallow landslide; deep-seated landslide; shale; runoff; hydrogeomorphology

INTRODUCTION

Shallow landsliding and subsequent refilling of landslide scars are thought to be important geomorphic pro-
cesses in most humid areas (Iida and Okunishi, 1983; Dietrich et al., 1986). The susceptibility to landsliding
is related to shear strength of the regolith and to the formation of a perched groundwater table. Soil shear
strength has been measured in many studies, and a number of models simulating the location of landslides
have been developed (Okimura, 1983; Montgomery and Dietrich, 1994; Wu and Sidle, 1995). However, few
studies have studied the combination of shear strength and groundwater level during storm events (Sidle and
Swanston, 1982).

In 1961, a heavy storm hit the Ina area, central Japan, causing many landslides. In an area underlain by gran-
ite, a great number of landslides occurred; but in another area underlain by Cretaceous sedimentary rock, few
landslides were observed. Such differences in landslide occurrence between granite and Cretaceous sedimen-
tary rocks are common in Japan (e.g. Hayashi, 1985; Onda, 1994). However, the reason for the differences of
landslide occurrence between these lithologies remains poorly understood. Field studies suggest that the runoff
from watersheds underlain by Cretaceous sedimentary rocks follow deep groundwater flow paths through
bedrock fissures (Onda et al., 2001; Kato et al., 2000). Because hillslope flow paths are important aspects of
the water cycle, bedrock infiltration and exfiltration may be good indicators of landslide susceptibility.

* Correspondence to: Yuichi Onda, Geomorphology Laboratory, Institute of Geoscience, University of Tsukuba, Tsukuba 305-8571, Japan.
E-mail: onda@atm.geo.tsukuba.ac.jp
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Recently, field evidence has shown that runoff through bedrock fissures may play a major role in runoff
generation processes (Wilson and Dietrich, 1987; Montgomery et al., 1997; Onda et al., 1999, 2001; Noguchi
et al., 2001). Many of the fracture flow studies on the groundwater movement in bedrock (e.g. Singhal and
Gupta, 1999) have been encouraged by the need for the disposal of nuclear wastes. The emphasis in most of
these studies has focused on the groundwater movement within bedrock; only a few studies have assessed
the input of groundwater to fractures or output of fracture groundwater. Other studies have been conducted
on bedrock groundwater along hillslopes, especially in limestone areas, but these mainly focused on runoff
processes (e.g. Mulholland et al., 1990). Several studies emphasized the effects of bedrock outflow on landslide
initiation (e.g. Wilson and Dietrich, 1987; Mathewson et al., 1990), but very few field studies have addressed
the input of shallow groundwater to bedrock fractures in hillslopes. Understanding the groundwater flow
paths, including bedrock fractures, will benefit assessments of soil water status and differences in landslides
between areas of contrasting lithologies and resulting landforms.

In this study, the influence of geology on landslide initiation is evaluated by hydrometric monitoring
including the soil water, distribution of bedrock springs, and stream hydrographs in areas where landslide
density varied with bedrock type. in particular, we focused on the infiltration into bedrock during storm events.

STUDY AREA

The Ina experimental watersheds are located in a region approximately 2500 m above sea level in the Japan
Alps, central Japan. Two regions were selected for this study (Figure 1): (1) Yotagiri basin, mostly underlain
by granite, and (2) Koshibu basin, mostly underlain by Mesozoic shale. Two experimental watersheds were
investigated in Koshibu basin: K1 (5-31 ha, relief ratio 0-67) and K6 (1-2 ha, relief ratio 0-75). Watershed K6
has two notable bedrock springs. The two watersheds in Yotagiri basin are Y1 (6-30 ha, relief ratio 0-78) and
Y2 (0-88 ha, relief ratio 0-97). The Y1-U subcatchment of the Y1 watershed was also monitored. Watersheds
Y2 and Y1-U were also drained by bedrock springs.

The experimental watersheds have steep slopes (>40°), with a 0-6 to 1-5 m soil mantle, estimated by a
Doken-type knocking pole penetrometer (lida and Okunishi, 1983). Average soil thickness in the Koshibu
(K) watersheds is 61-5 cm and 63 cm in the Yotagiri (Y) watersheds. Laboratory measurements for saturated
hydraulic conductivity (field cores, volume: 100 cm?) for 16 samples in the K watersheds and 18 samples
in the Y watersheds were 6-55 x 107> m s~! and 1-39 x 10™* m s™!, respectively. These data are about an
order of magnitude higher than the soil data in less steep Japanese watersheds in Japan (e.g. Onda, 1992).
Mean annual gross precipitation in the study area is approximately 1800 mm.

A second-growth forest of Japanese larch (Larix kaempferi) plantation was distributed in the lower part of
the basins in the Yotagiri study area, and Japanese beech (Fagus crenata) was found at the upper part of the
Yotagiri study area and throughout all of the Koshibu study area.

METHODS
Topographic analysis
First-order streams were identified as any topographic convergence on medium-scale (1 : 25 000) topographic
maps (Takayama, 1972). Microtopographic analysis was conducted to study the different valley forms based
on the detailed field surveys. Such analysis classifies hillslopes based on functional geomorphic processes

(Tamura, 1974). We classify the hillslope microtopography as bedrock exposures, talus-like gravel or boulder
accumulations, and bedrock springs.

Soil and water measurement

Soil thickness was measured by the Doken-type cone penetrometer, having a 5 kg weight, 50 cm falling
height, and 2-5 cm cone diameter. The Nc value means the number of blows per incremental 10 cm depth of

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Figure 1. Location of the Ina experimental watersheds and deep-seated landslides (Oh, Ohnishiyama landslide, 1961, 1-8 x 10° m3; 7o,
Tobigasu landslide, unknown date, 6-0 x 10* m3; Ch, Chausuyama-landslide, 1903, 3-25 x 10 m5)

penetration. The regolith depth used for our stability analysis corresponds to an Nc = 6 value from knocking
pole penetrometer tests; this depth is reported as the depth corresponding to the potential failure plane in
granitic hillslopes (Okimura, 1983), and Nc = 50 is the soil-bedrock interface (Iida and Okunishi, 1983).

Water discharge was measured in the various watershed outlets as follows: watershed Y1, using a 6 in
(15-2 cm) Parshall flume; watersheds K1 and K6, using a 5 in (12-7 cm) Parshall flume; watershed Y2, using
a 60° V-notch weir; watershed Y1-U, using a 30° V-notch weir. Upstream of both the Y1 and K6 flumes,
automated tensiometers were installed at depths of 30 to 100 cm in the soil. Tensiometers contained pressure
transducers connected to water reservoirs located above the soil, thus positive pore water pressures (as well
as negative heads) could be recorded on data loggers.

Five groups of tensiometers were installed in each hillslope. Porous cups were buried in two to four depths
in each group, with the deepest tensiometer always located at the soil-bedrock interface, defined as Nc > 50
(Iida and Okunishi, 1983). Both negative and positive pore pressure values in these tensiometers were recorded
by data loggers every 10 min.

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Laboratory experiments

To evaluate the shear strength of the regolith in both K6 and Y1 hillslopes, direct shear tests were performed
on disturbed soil materials in the laboratory. The diameter of the shear box was 24 cm and the soil thickness
was 10 cm. The soil samples were taken at about Nc = 6; just above the soil—bedrock boundary. Soil samples
were passed through a 20 mm sieve and direct shear tests were conducted. The shear tests were conducted
for natural water contents, with normal stresses of 4, 10, 15, and 20 kN m~—2. The tests were conducted
under undrained conditions and the displacement rate was set at 1.9 mm s~'. The shear tests proceeded until
the peak shear stress appeared; if peak stress was not apparent then the test was conducted until a vertical
displacement of 22 mm occurred.

LANDSLIDE DISTRIBUTION AND DRAINAGE DENSITY IN INA WATERSHEDS

Drainage density and landform of Ina watersheds

The drainage networks in the upper part of the Yotagiri and the Koshibu basins are shown in Figure 2.
Topographic incision and drainage pattern of the valley network shows a significant contrast between the
two bedrock types. The area underlain by granite has many short valleys, whereas the area underlain by
sedimentary rocks has fewer valleys. The drainage density in Yotagiri watershed (underlain by granite) is
higher (12-75 km™!) than that of the Koshibu watershed (8-68 km~'). The drainage frequency, defined as
the total number of channels per unit area, is higher (72-5 km™") in Yotagiri watershed than in the Koshibu
watershed (35-1 km™!). These relative differences are greater for drainage frequency than drainage density.
Similar tendencies have been reported by many researchers (e.g. Tanaka, 1957; Oguchi, 1988; Onda, 1994).
These topographic differences may be due to the different geomorphic processes operating in hillslopes,
mainly controlled by the various types of landslides.

Landslide from the 1961 storm event

Owing to a major frontal storm on 26—29 June 1961, with a total rainfall of 413 mm and a maximum
daily rainfall (on 27 June) of 275 mm, a great number of landslides occurred in the region. Relationships

Drainage density 8.68 km""
Drainage Frequency 35.13 km™

Drainage density 12.75 km'"!
Drainage Frequency 72.5 km

0 500 1000 m
N E—

Yotagiri basin (Granite) 0 500
IS S

Koshibu basin (Shale)

Figure 2. Drainage density and frequency in part of the Koshibu and Yotagiri basins (location is shown in Figure 1)

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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between cumulative rainfall and landslide density, based on isopleths storm of rainfall during the 1961 event
(Tenryu-river Upstream Sabo Office, 1964) are shown for both granitic and sedimentary rocks (Figure 3).
Landslide density increases with rainfall in both lithologies, but the granite area has a higher landslide density
than the sedimentary rock area, especially for areas of higher rainfall. Landslide data in the two watersheds
for the 1961 storm are summarized in Table 1.

Most landslides occurred on 27 June 1961 in granite area but a deep-seated landslide (Ohnishiyama
landslide; location is shown in Figure 1) occurred 2 days after the rainfall peak (29 June 1961) in the
area underlain by metamorphic rocks, adjacent to the sedimentary rock area. Such deep-seated landslides
are common in the area underlain by Mesozoic sedimentary rocks, such as the Chaus-yama landslide in 1903
(Figure 1). Also, the lag times between deep-seated landslide initiation and rainfall are typical (Sidle et al.,
1985; Onda e al., 1999). Although landslide density in the Koshibu watershed (13-1 km™2) is smaller than in
the Yotagiri basin (32-7 km™~2), average landslide mass in Koshibu basin (1710 m?) is larger than Yotagiri basin
(1490 m?). In addition, a number of debris flows were triggered by the shallow landslides in the Yotagiri basin.

Current distribution of landslide scars

The current landslide distribution in a portion of the study area, based on the aerial photographs taken
in 1995, is shown in Figure 4. A large number of landslide scars are still present in both watersheds. In
the Yotagiri watershed, landslide scars can be found mostly in first-order streams. In contrast, in Koshibu
watershed, shallow landslides can be found in only a few locations. The Yotagiri watershed has a much higher
density of shallow landslides (23 km~?) than the Koshibu watershed (2 km™2). Several deep-seated landslide
scars, or linear depressions, related to the mass rock creep (Chigira, 1992) can be found in the Koshibu area.

Microtopographic analysis

Microtopographic analysis was performed to study the different valley forms based on detailed field surveys.
Such analysis classifies hillslopes based on functional geomorphic processes (Tamura, 1974). Descriptive
results of the microtopographic analysis are shown in Figure 5. In the Koshibu watersheds, the valley form is

70r
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g 40t Yotagiri (Granite)

o
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B 201
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0 ?
150~200 200~-300 300~400

Total storm rainfall (mm)

Figure 3. The relationship between cumulative rainfall and landslide density of the landslide related to a rainstorm in 1961 (after Tenryu-river
Upstream Sabo Office, 1964)

Table I. Landslide in 1961 in Yotagiri and Koshibu basin

Tributaries (Predominant geology) Drainage area  Number of  Landslide density ~ Average landslide
(x1073 kmz) landslides (km™2) volume (m?)
Yotagiri watershed (granite) 427 837 32.7 1490
Koshibu watershed (Mesozoic sedimentary rock) 97 487 13-1 1710
Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Figure 4. Shallow and deep-seated landslide distribution in Koshibu and Yotagiri basins (location is shown in Figure 1)

relatively shallow and simple, consisting of mainly one valley in watershed K6. In watershed K1, two shallow
valleys join at an elevation of 1180 m. In contrast, large contour curvatures were found in watershed Y1,
and six or seven first-order streams were observed. Many bedrock exposures can be seen in both watersheds
because of their steepness, creating almost vertical walls. The ratio of bedrock exposure in watershed K1 is
12-4% compared with 17-7% in watershed Y1.

Among the various bedrock exposures, bedrock springs are often observed, such as in watershed K6
(Figure 6). Two types of talus-like hillslope were found in watershed K1. Type A consists of large boulders
(mean diameter of about 50—60 cm), sometimes exceeding 1 m, distributed longitudinally in watershed K1
at altitudes <1230 m. These boulders are angular and covered by lichen, so that type A talus was judged to
be currently inactive. Type B talus is composed of 2—30 cm gravel particles distributed at elevations above
1230 m. These talus materials are not covered by lichen and remain active. Only upper slopes (above 1420 m)
in watershed Y1 are mapped as gravel talus (type B). The diameter of type B talus materials in watershed
B ranges from 3 to 40 cm and most of the materials are covered by lichen. In watershed K1, talus slopes
(both types) comprised 41-9% of the area; in watershed Y1 they comprised 5-8% of the area. At the top of
watershed K1, a small linear depression was observed suggesting bedrock mass creep.

STREAM HYDROLOGY AND SOIL WATER MOVEMENT IN INA WATERSHEDS

Soil water movement in hillslopes

Figure 7 shows the hydraulic head distribution of subsurface water on the hillslope during a rainstorm in
the shale and granite basins. The vertical percolation of subsurface water is predominant in the soil layer and
in the shale basin, whereas the lateral saturated subsurface flow is observed throughout the soil layer in the
granite basin. Based on observations of hydraulic head distribution from 1995 to 1997, vertical subsurface flow
occurred even during heavy rainstorms in the K watersheds; on the other hand, saturated lateral subsurface
flow frequently occurs parallel to the soil surface during heavy rainstorms with high antecedent soil moisture
condition in the Y watersheds. These characteristics of subsurface flow show that much of the subsurface
water should infiltrate into the bedrock in the K watersheds, whereas the subsurface water should discharge
into the stream during the heavy storms in the Y watersheds.

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Figure 5. Microtopography maps and location of tensiometers and weirs in the Koshibu and Yotagiri watersheds

The bedrock spring distribution and runoff

Major bedrock springs in the K1 watershed are located at elevations of 1160, 1350, and 1355 m; in
watershed K6, two major bedrock springs occurred at elevations of 1200 and 1210 m. In watershed Y1,
eight bedrock springs were found at elevations of 1305, 1340, 1350, 1360, 1380, 1400, 1410 and 1460 m; in
watershed Y2, only one major bedrock spring occurred (elevation 1240 m).

The distribution and approximate discharge of the springs in both watersheds are shown for the relatively
dry (October) and wet (July) periods (Figure 8). Spring discharges (I s~! km™2) are expressed as the relative
runoff divided by the drainage area measured from the topographic map. Springs in the Yotagiri watershed
were located at relatively higher elevations than the Koshibu watershed, and a small amount of water flowed
(1-40 ml s~!) from these granitic springs even during dry periods. In contrast, little runoff was observed
from bedrock springs on 23 October (dry period) in the Koshibu watershed.

STABILITY ANALYSIS AND SUBSURFACE WATER STATUS
Groundwater level rise and stability analysis
The infinite slope model can be used to calculate a safety factor F, analysing landslide hazard for shallow
soil mantles (e.g. Selby, 1979; Sidle and Swanston, 1982):
Iy —mp)z cos® Btan ¢’
N yz cos Bsin B

F 1)

where F is the safety factor of the slope, ¢’ is the friction angle, ¢’ is the cohesion of the soil for natural
water content, y is the unit weight of the soil at natural water content, y4, is the unit weight of water, m is the

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Figure 6. Bedrock springs in watershed K6 (location is shown in Figure 5)

relative groundwater level (defined as the vertical height of the water table above the slide plane as a fraction
of the regolith thickness above the shear plane), z is the vertical depth of the shear plane, and B is the slope
angle.

In the Koshibu watersheds, measured values of ¢’ and ¢’ were 1-6 kN m~2 and 41-3° respectively; in the
Yotagiri watershed these values were 1-5 kN m~2 and 42-6° respectively. The soil thickness z is the average
soil thickness above the potential sliding surface: 0-69 m in Koshibu watershed and 0-49 m in the Yotagiri
watershed were used in this analysis.

The theoretical relationship between relative ground water level m and safety factor is shown in Figure 9.
For the same ground water conditions, a higher safety factor was calculated in the Yotagiri watershed than in
the Koshibu watershed. However, landslide density is greater in the Yotagiri watershed (Figure 3), although
the slope angle is slightly steeper in the Koshibu watershed.

When the safety factor F = 1 (i.e. dictating failure conditions), the groundwater level was calculated as
29 cm in Koshibu watershed and 34 cm in Yotagiri watershed relative to the potential sliding plane. Thus,
further explanation is needed to explain why fewer landslides occurred in the Yotagiri watershed.

Groundwater level and landslide occurrence

The antecedent water index, API (e.g. Mosley, 1979), can be calculated in general as
APL;(mm) = X(P; /i) (i =1 to 30 days) 2)

where P; is the daily rainfall amount i days before the rainfall event. The API may range from 1 to 30 days,
depending on the study objectives and site response. In this study API3y was employed (Mosley, 1979; Pearce
et al., 1986) for describing the antecedent soil moisture.

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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Relationships between API and daily rainfall are shown in Figure 10. The groundwater levels above the
potential sliding surface are included for each data point in the graphs. Groundwater levels above the potential
sliding plane were measured at three (K6) and four (Y1) positions along hillslope transects using the positive
pore pressure of the tensiometers in these two watersheds. Average values of the groundwater levels from
these tensiometers (Figure 5) at each site are shown with the data points in Figure 10. The storm events are
defined as those with daily rainfall >10 mm. In watershed K6, no data are available for high API3, values
because of some malfunctioning tensiometers during some storm events, but groundwater levels were relatively
low during events with API3y < 40 mm, the highest value being 7-9 cm. Groundwater levels in Y1 rose up
to almost 30 cm for wet API3y conditions (API3y > 100 mm). For lower API3y values (API3y < 20 mm),
groundwater levels in Y1 were as high as 23-4 cm. Therefore, the groundwater levels in Y1 were higher

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)
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than K6 groundwater levels for the lower API3, conditions. This may be explained by the lower bedrock
infiltration rate in the Y1 hillslope compared with that of the K1 hillslope.

Occurrences of the maximum water level rise above the potential sliding plane during individual storms in
1997 are shown in Figure 11. The maximum ground water levels in the monitored hillslopes of Koshibu and
Yotagiri watersheds were 7-9 cm and 28-2 cm respectively. The hillslopes in Yotagiri watershed, underlain
by granite, had a greater response than the Koshibu watershed, which was underlain by Mesozoic shale. The
ground water level needed to cause slope failure (F = 1) is 29 cm in Koshibu and 34 cm in Yotagiri. These
findings suggest that, although the shear strength of the soil is stronger in Yotagiri, the slope is more unstable
because of the ground water condition.

Antecedent moisture and stream runoff

Relationships between API3, and daily average discharge for watersheds Y1 (23 June—5 October) and K1
(4 July—7 October) in 1997 are shown in Figure 12. A moderate but significant linear correlation was found
in watershed Y1 (> = 0-65), but the data are highly scattered, especially for higher API3, values. The average
discharge in watershed K1 did not increase until the API3y value exceeded 50 mmy; all discharge values for
API3) < 50 mm are <1 1s~'. However when API3, > 50 mm, average daily discharge begins to increase.
Therefore, the runoff from Y1 watershed was controlled by both antecedent moisture and possibly peak runoff
(Onda et al., 2001). In contrast, discharge from K1 is mostly controlled by antecedent moisture. These findings
suggest that soil water did not contribute to the runoff in watershed K1, i.e. soil water infiltrated into the
bedrock during storm events.

The role of infiltration on bedrock on hillslope processes and landforms

As shown in Figure 4, bedrock slide scars or several linear depressions can be found in the Koshibu
watershed underlain by shale, and the hillslope landform is composed of both large and small boulders
(Figure 5). The bedrock springs located in the lower portion of the hillslope in the Koshibu watershed were
almost dry in late October (Figure 7); but, during wetter antecedent conditions, discharge from the K1 stream
as well as the spring in K1 increased significantly during higher rainfall (Figures 7 and 12). These findings

Copyright © 2004 John Wiley & Sons, Ltd. Hydrol. Process. 18, 637—-650 (2004)

94



648 Y. ONDA, M. TSUJIMURA AND H. TABUCHI

10
8 B K6 (shale) n=10
- L 7 X =5.48
o
c 6
(]
g L
g af SF=1
(I L
2_ 7
0- 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
10
i Y1 (Granite) n=17
sl n
L X=14.21
)
c 6
(9]
2 L
g 4r SF=1
T
2
EL ==

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Groundwater level rise in 1997 (cm)

Figure 11. Frequency distribution for maximum ground water level rise above the potential sliding planes during storms in 1997. SF =1
indicates the groundwater levels corresponding to f =1

9. Y1 (Granite) 51 K1 (shale)
o o o
__ 8} —
g . ﬂ 4r o
= 7t ~
(0]
g, ; &
29 0 £ 3t
S m] 2 o
851 o 3
© a
o Q [e]
9 41 o 3
@ oo o Y © 2r
6 a Cl>) o
3.
(>U o [u] :\ o
=27 g o of o =41 . o,
3 [a) o %o oo
=} Bm O o %cﬁ oo
1p o o 5 Q
Ne e L i+ o X
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
APlg, (mm) APlg, (mm)

Figure 12. The relationship between API3p and discharge at Y1 (granite) and K1 (shale) watersheds

in Koshibu watershed suggest that the groundwater level of the bedrock is variable and may rise significantly
during prolonged rainfall. The stable talus in Koshibu watershed with boulders and upslope linear depressions
suggests that the past deep-seated rock mass creep occurred throughout the K1 and K6 watersheds.

In Yotagiri watershed, underlain by granite, no deep-seated mass movements were found; however, a large
number of shallow landslides were observed. Hillslopes were mostly composed of hollows and a small area
was classified as talus. Perched groundwater on hillslopes developed during periods of heavy rain (Figure 7),
suggesting a high susceptibility for shallow landslides. Therefore, the major geomorphic processes appear to
be shallow landslides and subsequent refilling (Iida and Okunishi, 1983; Dietrich ef al., 1986).
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Numerous studies have measured or modelled the drainage density in mountainous terrain (e.g. Montgomery
and Dietrich, 1992; Oguchi, 1997). Our study suggests that drainage density can be inferred by the relative
importance of hillslope hydrological processes within watersheds. Elucidation of hydrological processes in
hillslopes, including bedrock springs, by detailed field monitoring is important, and future research is needed to
generalize the interrelationships among geomorphic processes, drainage density and mountain geomorphology.

CONCLUSIONS

In the Koshibu watershed, underlain by Mesozoic shale, drainage density and frequency is lower than in
Yotagiri watershed underlain by granite. The drainage micro-morphology analysis indicated that hillslopes in
watershed K1 (shale) are mostly the combinations of talus slopes and bedrock exposures. In contrast, watershed
Y1 (granite) is composed of several zero-order streams with hollows. Infinite slope stability analysis shows
that the regolith shear strength in watershed K6 is lower than that of hillslopes in watershed Y1, but the
groundwater levels were higher in Y1 hillslopes. The bedrock groundwater distribution and discharge suggest
that the bedrock groundwater levels in watershed K1 are lower and fluctuate more than in the Y1 watershed.
These data suggest that although the shear strength of the soil is stronger in Yotagiri watershed, the slope
is unstable because of the groundwater condition. In contrast, deep-seated landslides may episodically occur
in the Koshibu watershed. These differences may contribute to different hillslope processes and drainage
characteristics. Since a feedback system amongst the water flow paths, geomorphic processes and landforms
has been observed (Onda, 1992), the findings of this study may be applicable to mountains with different
bedrock hydraulic conductivities.
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Figure  The typical pattern of bomb-test !*7Cs fallout for a site in the Northern Hemisphere, (based on data for Milford Haven,

southwest Wales, UK, supplied by Dr R. Cambray, AERE Harwell). (A) indicates the annual fallout totals and (B) plots the resultant

inventory in the profile of a stable soil. Milford Haven continued to get weapons-test fallout after 1982 but the levels involved were very
small and cannot be accurately represented (see Cambray, et al., 1990)
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Fig. 5. Vertical profiles of "Be, *'"Pb, and "*'Cs activities in the
soil at the 24.2 km NFSF sampling location. Soils were obtained
by scraping 0.2 cm intervals in the top 2 cm and 5.0 cm intervals
below. 'Be activity decreases rapidly downcore because of its
short (53 days) half-life. Excess 219ph from atmospheric fallout
decreases downcore more slowly because of its longer (20.4
years) half-life. Some 210pp activity persists at depth because of in
situ production from 2°Ra decay. B7cs activity displays a subsur-
face peak reflecting maximum fallout in 1963.
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# 6-2 KBl 137Cs, 210Pbex & &

F  (Bgkg) #E (Bgkg)
137CS ZIOPbeX 137CS 210PbeX
FMKRBLIE 12 28.8 2183 19.5-45.5  69.1-440.7
TREx 9 33 28 0-8.8 0-62.2
FRIERIE 5 2.9 19.1 0-5.1 0-40.0
) — 1 8.8 18.7 - -
iR 3 2.1 30.4 1.3-3.3 4.4-62.2
AIRHETEY 32 3.8 17.1 1.5-9.3 0-53.1
sl 11 43 213 2.0-93 1.3-53.1
==IoJII 21 35 14.8 1.5-8.6 0-38.6
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