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Abstract

Japan is a region that experiences earthquakes and resulting tsunamis. In addition, typhoons and
stationary fronts bring heavy rains and torrential downpours, and in recent years, the annual
number of heavy rains (50 mm precipitation or more per hour) in Japan has increased. These
natural hazards can cause landslides and fallen trees in forests. To reduce the damage caused by
such disasters, it is necessary to understand the mechanisms that drive tree fall and overturning.

The resistance of trees to overturning is estimated by the critical turning moment measured
in tree-pulling experiments, and is related to above-ground traits such as stem volume, diameter
at breast height (DBH), and weight of the test trees. However, the overturning resistance of some
trees cannot be explained only by above-ground traits. In these cases, soil conditions such as soil
type and moisture content, as well as belowground tree structures, such as the root system
architecture, can determine the critical turning moment. Tree roots increase their overturning
resistance by adapting their shapes and structures to physical stresses such as wind. The traits of
root system architecture have been expressed, for example, using the total root cross-sectional
area (CSA) per soil profile, the classification by root growth direction such as vertical, horizontal,
and heart roots, the number of roots, and the slope of the growth direction. However, the
relationship between root system architecture and overturning resistance remains unclear, and it
is assumed that different root system architectures in different tree species under different site
conditions can contribute differently to overturning resistance.

The purpose of this study was to clarify the contribution of root system architecture to tree
overturning resistance. In particular, (i) how much do differences in belowground root system
architecture, such as horizontal and tap roots, contribute to overturning resistance relative to
aboveground traits of trees? and (ii) how does overturning resistance differ among tree species
with different root system architectures?

In Chapter 2, the growth of horizontal roots in the root system of Cryptomeria japonica,
a major plantation forest species in Japan, was examined in order to quantify the effect of thinning
on critical turning moment. The thinned plot was set up 17 years after thinning, and the control
plot was set up without thinning. There was a strong positive correlation between the critical
turning moment and tree height (H) x DBH?, an index of stem volume. For C. japonica trees with
the same H x DBH?, the critical turning moment in the thinned plot was significantly greater than
that in the control plot. Furthermore, the root-soil plate radius of the thinned plot was significantly
large. Because site conditions were similar and there was no difference in tap root depth between
the sites, the root-soil plate radius (i.e., the extended growth of the horizontal root) may have been
responsible for the difference in critical turning moment between same-sized trees in the two plots.

The purpose of Chapter 3 was to quantify the relationship between the depth of the tap



root and overturning resistance. In the first half of Chapter 3, a simple index was developed to
serve as a proxy measure of the depth of tap roots. The proposed index was the depth at the center
point of rotation (Dcp) in the overturning of the tree. The depth of the tap root is typically
measured by destructive digging of the root system, but Dcp can be estimated by analyzing
continuous images collected during the tree-pulling experiment. Pinus thunbergii, a common tree
species in the coastal forests of Japan, was selected as the test tree species for this index. After
measuring the critical turning moment and estimating Dcp of P. thunbergii trees, the depth of the
tap root was measured and Dcp verified by digging up their entire root systems. A significant and
strong positive correlation was observed between Dcp and tap root depth, indicating that Dcp can
serve as a simple index of tap root depth in P. thunbergii.

The purpose of the latter half of Chapter 3 was to clarify the contribution of tap root depth
to overturning resistance in P. thunbergii forests, which are at risk of damage by tsunamis. Two
plots in coastal forests were constructed; one at the shoreline with a high groundwater table (sea-
side plot), and one away from the shoreline with a low groundwater table (land-side plot). The
relationship between the overturning moment and Dcp was examined. Although there was no
difference in the average DBH between the two plots, the average H in the sea-side plot was
almost half of that in the land-side plot. There was a strong positive correlation between the
overturning moment and H x DBH? in both plots, and this relationship did not differ between the
plots. Most P. thunbergii trees in the sea-side plot had smaller H, H x DBH?, and overturning
moment than did trees in the land-side plot. Tsunami moments were calculated using tsunami
wave height and DBH expected in a large earthquake, and a comparison of these to the
overturning moments of the two plots showed that P. thunbergii trees in the sea-side plot were
predicted to fall under a tsunami with a low wave height. Although there was no significant
difference in root-soil plate radius of P. thunbergii between the two plots, the Dcp of trees in the
land-side plot was significantly larger. In other words, Dcp and tap root depth were shallower for
trees in the sea-side plot because of the higher groundwater level, and these trees showed a lower
overturning resistance. These results suggest that the overturning resistance of P. thunbergii varies
with tap root depth.

In the first half of Chapter 4, a new method to easily obtain root point data from the point
cloud data of the root system acquired using a 3D laser scanner was proposed. Root point data is
indicated by the 3D position coordinates and diameter of roots, and describes root traits related to
the critical turning moment. Although 3D laser scanners have been applied to aboveground parts
of trees, they are rarely used for root system architecture. 3D laser scanners acquire data on root
system architecture as point clouds representing the root surface; therefore, root traits such as
diameter and length cannot be extracted directly. Using neuTube, a free software developed for

structural analysis of brain neurons, a new method was developed to convert the point cloud data



of the root system architecture into root point data and reconstruct the 3D structure. The root point
data, root taper, and CSA at different horizontal and depth distances from the center of the stem
were compared to validate the reconstructed 3D root system architecture between the 3D laser
scanner and manual measurement methods. The 3D root system architecture, root point data, and
root taper obtained using the two methods were very similar, and the two methods were nearly
equally accurate. The CSAs at different distances from the stem center were also similar between
the two measurement methods when the horizontal distance from the stem center was more than
600 mm. However, the CSAs at distances closer to the stem differed between the measurement
methods. This was probably because the laser beam of the 3D laser scanner could not reach roots
in close proximity to the stem, thus the point cloud data of roots crowded near the stem could not
be obtained.

The purpose in the latter half of Chapter 4 was to quantify the relationship between the
3D root system architecture data described above and the critical turning moment. 3D root system
architecture was reconstructed from the excavated data of three tree species, and reflected
different root system forms and tree species traits. In C. japonica, which has a heart root system,
there were strong correlations between the critical turning moment and both the CSA around the
root-soil plate and the volume of tap roots. In P. thunbergii, which has a tap root system, there
was a positive correlation between the critical turning moment and the volume of tap roots, though
this correlation was not significant due to the small number of test trees. In Zelkova serrata, which
has a horizontal root system, there was no correlation between the critical turning moment and
the tap root traits. However, there was a strong correlation between the critical turning moment
and the volume of the horizontal roots up to 1000 mm from the stem center. These results indicate
that the root system components that contribute to the critical turning moment vary with root
system architecture and suggest that different processes contribute to overturning resistance of
the root system.

In Chapter 5, the relationship between the 3D root system architecture of tree species and
their overturning resistance, and the issues to be addressed in future methods of obtaining root
system architecture data were summarized. The root system architecture of trees differs among
species and can adapt to the growth environment. The results of Chapter 4 suggest that for C.
Jjaponica both horizontal and tap roots contribute to overturning resistance, but the results of
Chapter 2 suggest that forest management by thinning promotes the growth of horizontal roots
and thereby increases overturning resistance. The results of Chapters 3 and 4 suggest that for P
thunbergii deeper tap roots lead to greater overturning resistance, but when the high groundwater
table inhibits tap root growth, P. thunbergii can adapt its root system architecture to the horizontal
root system. The horizontal root system of P. thunbergii had the same overturning resistance as

the tap root system in a tsunami with a low wave height. In Z. serrata, the results of Chapter 4



suggest that regardless of tap roots, overturning resistance is increased by creating a large root-
soil plate in which the horizontal roots are integrated with the soil.

In this study, 3D root system architecture was reconstructed using manual or 3D laser
scanner measurements of root point data from excavated root systems. Furthermore, by extracting
root traits using a newly proposed method, the traits of root system architecture that contribute to
overturning resistance were clarified in three tree species with different root system types.

Future work includes the development of efficient and non-destructive methods for
obtaining data on root system architecture, and the elucidation of the detailed processes that
contribute to overturning resistance in trees with various root system forms. The findings in this
study will contribute to the implementation of sustainable forest management practices for
disaster mitigation, such as thinning practices that promote horizontal root growth and

embankment practices that raise the ground level and promote tap root growth.
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LE—A FEE L, BURKF OB AR B OB EICL D NEEET— A b, 5I&H L
F—AUPNEEEE— AV MR LEDEENEERE—A S NE LT, BIEBILE—
AV NI RIEYBAET—A N (FaxHD 1996), RILOHKEHZE—A 2 b PR -
ez AR 2010), e RBI B LIKPTE— A2 b GERD 2011; BH S 2013; SH -5~ 0
2017), EURBEFRE—RA > N (5H5 2013)2 L & FBRE— A2 MIEHEE— X >
~(BFE S 2014)72 &L BIEIEN S,

FIEBILE— A2 FOBRE— AV MiE, B ERDIIAROMEE, W& E R
(Diameter at breast height, DBH), i FERE &\ o 72 i EESOReME & O m O IE O BB AR
%Z 9 (ET 5 1965; Peltola et al. 2000; Cucchi et al. 2004; Nicoll et al. 2005, 2006; % & ©
2011; Kamimura et al. 2012), JEWZFEH BIZFE LE—A > MIZINETICHL B ANON
TR, BIzIE, AT a v (Pinus pinaster)|Z 30O CTREO LG I < 72 5 Mg A
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TIEHMAAKRIZHER T EEH LE— A2 FOEWI & (Cucchi et al. 2004), F 7= LA
DFEENTZ T 7202 & (Nicoll2009) 72 EXNEE SN TE 2, FaEHLE— A M
JED IR ST H L CiR< 725 Z & (Nicoll et al. 2008; Hale et al. 2012)<°, #iAR DM _EE#RAF
FE%x 77 #IE (Stem height, H)xDBH? & 5 BEFRIZH 5 Z & (Peltola et al. 2000; Cucchi
et al. 2004; Lundstrom et al. 2007a,b; Hale et al. 2012) H 345 ST\ 5, iz s BIFEODE
VN (Blackwell et al. 1990)<°, AR DAEF 35 LHEERHA O SR OEY (GF 154 A 2010,
Nicoll et al. 2005)72 E OERK 35| M LE— A > MG 25 FEIZOWTHIT N e &

T&T,

O LD BRBEFHRE O SEARE ELSMIFE U BEFRE L & OBARTH - T,
FIEHELE—RA L "R D E Vo7 B U7oh B2 OF I Tl A+ o7 S
1 (Cucchi et al. 2004; Lundstrom et al. 2007b)23 & 5, ZALHDOHE, THOGE I OfFE
(Nicoll et al. 2006), +HEK5 (KL S 1990; %A & 2011; Kamimura et al. 2012) &\ o 72
TR DFEN | BIR DR R 72 S T EEIE DN 5| & 48 LIRGU)ICBI 53 2 FIREMED &
Do BIARORIZX, E7e EOWERIA kL A% U CTRREE 280 S8, RIEY I2x3
HHT 1% 34T 5 (Lundstrom et al. 2007a,b; Nicoll et al. 2008), = d K 9 7R A& D
FEPEIZ, B2 X% 2 Wm0 2R AWrE &G (Total root cross sectional area,
CSA) (Coutts et al. 1999)CHEEAR, AKFAR, RHER & W o TR DR IZ K DR D5y
¥A (Danjon etal. 2005), ROAECHE F 1M O % (Fourcaud et al. 2008)72 &% FiV N TF#
BENT&ET,

BEAROEMRIZAE 5 R O ITk3 2 H G 2 SO S 72 R & L CTIRgR D A X
& < FERm S LTS (Peltola et al. 2000; Cucchi et al. 2004; Nicoll et al. 2005; Nicoll et al.
2006; Lundstrom et al. 2007a, b), MREADEE S IR DI KRE SIS CTHELS 22 D (Nicoll
etal. 2005), AREKD YA KT LHIAZ LV 72 % (Fourcaud etal. 2008)72 &', #REKITAR R
Mg & TR OM S A2 KM S5, Leno T, # FAKRALZ B2 & - TRERH 1 X
BT 2 E5I&HLE—AY FHELT D Z ERHE SN TV % (Ray and Nicoll 1998),
GIEEILE— AL N EFET D 4 DOMEBOE L LT, REkOHE I, REKE I
TET D85 A (BN AN FE 72132 O CHAL (B ERNICHs T 2R %A D F1, B EEF L
SO AW I HZET B D (Coutts 1986; Blackwell etal. 1990), = @ X 5 2 PR %
i & BT DRI A B A OB B LE— A > MBS T 25 Z &3 E0m AN
5 L <HEMILTWDDY (Peltola et al. 2000; Cucchi et al. 2004; Nicoll et al. 2005; Nicoll
et al. 2006; Lundstrom et al. 2007a, b), RZEME & OGRS L OZOHFEGTHA =X

(AL ETERIEI 22 D,

IR DR BRI T HEE AR (Tap root system), 7KFAAR7 (Horizontal root system, Plate
system), &HHARM (LR Heart root system)73& ¥ (Polomski and Kuhn 1998; Ennos 2000),
TR & EIRIES T & ORISR PR LTV 528 (Ennos 2000), ST — X (T
K DR 7R AR R E & BIURIEHT) & OBIERIE £ Tidagim STV 72\ 0, Mattheck et al.
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(2015)i%, JEfwf B 2 52 1T D BIARAR R OBIRIKHUIZ DWW T, MASKOEEIZ L 5L,
AT 28T, B MO G RIS 2 8T, B T O EME ISR o T, O
BHOSOBRHHE LTS (K1 — 1, 8K - AR 2019), Ziud, EIxEHETT
Coutts (1986)D 4 DDIREADFEIE L IZIETFRETH Y | JelE & DR LA T LSO AW /)
(Coutts 1986)D H1{Z Mattheck et al. (20151 L 2 F AW xtT 2Pt & HHEOBHNE £
b, TABICKT 2P OFRE SN DBIRIT, TEARBCRHTR DR R Z FF
(Mattheck et al. 2015), KFARBIDIRZ A FFOBIARIT, BHITEHAR S OE & L REDE
B TBHEDZ E 21> (Mattheck et al. 2015), AW 2 HPUITTRER A, E L
MO 5IHRIZ3 T 5Pt L OVEM IS 2 |BPUTITACERDA R ESBEET 226
. BIFEA BT CTRARLBAEEDOENI LY . TN ENOERIEIT~D % 5 )R
H T ENHEEIND,

1—2 AWZEOHM

AWFFED B, IRBREEDPBARDOBERIETUZ EDO L5 IZHE L T D00 & 55
2T 22 & & Lic, FRIZ. (DBIAROH FERE & i LT, HEUFEARIE T b 2 KR
RIEEAR 2 EOMAEIEDEND, FHRIEPUCED LS ICFHFE L TN DH 0002 (i)
IR HIGRIEE 2 S OBIEOMICEREIIDOEN ED X 2 ITRNDDONEHEMNITT S
e ERAEEI AR E LT,

1—3 AKEmXOERK

AL 5 DOEICL > TR S TWD

FrE T, BIARDOEIRESIC E'ﬁ?éﬂﬁﬁﬁn 2O, HFhe & HICERICHY
L. BRIEEUCEI AR TR BB L WD 2 &, BRXOENOIZET oS-
RARBFED BHHZ DN TR R D,

2 T, BIAROH FEIRRIZIB W TKFEFMDIRN Y OREARDIRN V) & BIRE
ORI OWTIRGES 2, BARBITIE, IRARDOAKEHMICRRDIRNY 2oL T
I DM & RIS NT, SIEELE— A N EKERDIEN Y 275
TAIREAD 48 & DR % A X (Cryptomeria japonica)lZ3 W TH LTS 5,

3ETIL, BIAOHI TR RICBWTIRS FRIOIANA Y (TEEAROES) & BRI
DRRIZOWTERT 5, HEROES OEHENIEIT, Kl & 97716 230 0 18 & A
ThoHicdh, MEMOES ZRTHEL 3 — 1ICTREL, 3— 2 TIHRICERT
%7 1= (Pinus thunbergii) % x5 & U CHREAROES LHUIRE— A >k & OBIRME
22T, HIU RN EABBREEZ 50 TREET S,



4 B TITRIAROH T EAR R G & BURIEPUC DWW TER L, £74— 1 THAD3
kIt (Three dimensional, 3D)IR ZA#IE DT — & BfFd6 L OWE DE TTALIZ OV TIRR T
Do FT3DIRAMEEDT —F ZHWT, RSB AFO 3 BEICIWTH =
LE— AV b EIRAMEEEEE & OBRMATA L, IRAMEDEZR Y BMERIEGUCE

LB ONIT D,

SBETIE, 28D 4 ETH LN LR ARG & BRI O BERMEIC OV TS — 1
Tk LD, BARDRARMEZ & OBHERECE B LR ORENICELRT 5, £7/25—2

IZBWT, 4% S DI AR & BRI OME 2 8D 5 7= 012, IRAREET — % O

BHEDORBIZONWTHEMRT D, 5— 3 TlE, T E TH LM S NT-BIARR R & AR
BHOMAENGEZHIND | @ WEIRIETT) 2 FF R RIS 2 BT 5 72 9 O i
EORFE L, TOHG~OHEAMNZ#ERT D,



Resistance of

: : ) Resistance to compression
Resistance to tension  weight of the

~—

— == whole root system %

-
_____

Resistance to shear

h-_—-""

Direction of uprooting

Soil resistance

[X] 1-1 Resistance to uprooting of root systems subjected to wind loads (Partly modified of lizuka
and Funakubo (2019)).



28 BAROKERDOENY DS EELE—RAV MIEXDZE
2—1 IZL®IT

WA, 7Y 7 E MR EE O BN ICER T 2 L EN LI LT Y | [LUEARES
A X OEIUTHE D JRARIZ Z D R ENEE TS CRIK 2019), [ECEBENT
BB W I TRFICRODFEARSL Y | 2% —U— FIZ LEFREFHHEEMTDONTE
- (l (L RO EE AR EGRR 2005; & BF EARESED 2008; Sjdilt 2010, 4% B IR
2014), F7= 5% & L CHEAITh T b, RO KEIIR 2817 & koS
R 5 b, RERELLIFEREIX, BKIZ K DMK DO KRB D 4745 & Z Tk o Mok A4
DEFRIZE Y, HINT22 ENRHELMNIR->TWND Gk - BIEE 2005), F7=. Rtk
Ko TIRARDORE RS IR EINT 52 & (FED 2009; 535 2009)H 1 5 5272 D
DO %, Ll BADOKEIZHT I O—2>THLFEHLE—A L MO

TiX, Btk & ORREMGE LI=BIEd D b o0, BN REg &/ Le— 2 v b &2
DO ENVIEIBEIZ OV TIEIRMATH 5, BIE, MR TRBIGgEN D720 Ly
S 72 REME (FRHE 1999; F5H 2006)R° AR E L 5l EE LE— A > NOWFSEEH] (%
.5 2011; Urata et al. 2012)2> 5, BRI K DS AKRBEE O TR EFH LE— R > MIE
B D EDRRBINTND, BFRETIE, 2~ AF X (4bies balsamea)lZ¥1F %
RIS EE LE— A MZEELARWE WV I FER (Achim et al. 2005)HH Y |, [tk &
GIEE LE— A 2 FORRITITRIE R AR L,

AREO BT, BB EE LE—RA Y MNIEZHEEIZOWTHLMNZTHZ L &
L7z, BARBYIZIR, IR OHEREIXHE, 7205 [LHRE O FEICEE I D Z &0
ZNAX (Cryptomeriajaponica)% IR L L [FPTHYRARNIZ 351 2 Sk o) & ot
X & L7 R R 3T AR 2 IRE0) 2 S EEICE W o RT | ) LB %
1oz, FRIZ, RIS O R OKFEF N IBT 5 Al & BEAROERIRHUZ D Tt
L7,

2—2 MELTIE

2—2—1 &

TR H 1, S A AT AR AT T (35°08'06"N, 134°40'23"E, 889 masl, #} S50 S)
INLET D 49 4EAED AFH (FE -« BTH 2006) %218 E Lz, dHaEHICRIT D R I3k
By FHE I BT 2 KK B R O EER AT Blo) THh D, ARIE, K 3,000 A/ha
DFE T 1963 FFEITAEF S0, 1995 FEF T2 M S 3 OBk OFEMEIZ LV 1,700 A/ha
BEOEEICEINTEE, AXRELKTHS 1995 4 10 12, W0 —Er
%%&$4w%mm%¢éﬁﬁ%&$Sﬁ%@%&%ﬁ@w\Kﬁ&&%7m¢maa
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L7 RETIXZ O ZRBIKX (Thinning)& L7z (BE2—1), —F5, RHtkzirbd
1,700 A/ha Z HEFF U 7o SER AR 7 2 XX (Control) & L7z (BE 2 — 2), 32 4FARFD
X 36 KOS RIX 00 -1 DBH (& # BRI TZ 4140 25.9 + 4.4 cm (Mean = SD, BA
TIAER), 24.6+£3.8cm Th V| FIMEIZZEIT A B2 D> 7= (Student’s t-test, P>0.05),

2—2—2 ~IARB|EME LR

NEARGIEE LARBRIL, HRARICT A Y —2 8T, BERD LAIFEY 4 o FITTHIE
. ZTOEP N ZRET IR THD (M2 — 1), RBRIT. Mk% 17 E0E L7- 2012
10 A2 T o7z, Btk 17 4F1% (49 AFAR)OMIKIX, X O DBH I ZE 1
349 £ 58 cm, 299+ 49 cm TH Y, FHEICHEENA LI (Student’s t-test, P <
0.001),

AElo5| = E LRBix, MET2HMZ LAmMEE Licied, U4 v —miLFEE
DOHBTITONZRBR (READ 201)0BmEOHARONEE (HES 20002 5E&(2 L.,
WED 112 OEmSTHIM EE ImEFLT2moMiss Lz, HHLZEK (Ny 7k
NIy b A X 08 m’, EEEER 20t T, Xy N7 v 712U Y —D %
BE L7, EMOT — L&D, fifi s U A v —203 P72 5 K OIS AREIRES -
o7z, E L RRAKREZ SR STUA Y —ORIIZBIERDBEH D2 — Fe/L (B KHMTE
100kN, HEFERNZ*E L7, v — REALTHE LT —Z1X,. 7V v == | DBU-
120A (GEFIEZE) 2N L TR Y 2 NZERB LT, BN T A Y —%25]< LRIFRCS & E L
MEOHTERIBL, SIXE LMENE—ZICELLEZ 2B L%, HEEKTL
77

KGR DOAEL, BIEIK 20 A, X 21 KTHY | 2 DOFREXIZEIT DXHRAD
DBH O#iPHAFIEFERIC A2 D X 9 B 20 cm L EOEKEZRINUZ, £7-. WHHBAN
BEbZ L TV D AITIE, AR OF| &8 LiBR O AN LI T & D EIR 2 SR L
77

FIEEILE—2A b M), 5l EE LATE (F)KNIIZY A ¥ —& (h)[m]Z#T&hHE
7R (2—D)TERHIND (FRLL 2011),

M = Fxh (2—1)

FleLE—A 2 PORBICIINIAD bR EBEBIZAND HIE GFE - Ex K
2010)H D, ARIORB TIIHBEROEREDBKLS, VA ¥Y—@E@BN I mBLO2m Lk
BHUERWTZ D SERD T DHMNIEE WV EB ORI Z D NERD T2 DIHITHON
TIEFEBEL TR, £, VA Y —@mnEm<, VA v — L Hmn A EN K E VR
RBETOMBOGAIZIE, 5l 2B U EZ KRS & TERIITH T L, KRS TET %
i U CREST 35 T4 (Cucchi et al. 2004; Nicoll et al. 2005; Nicoll et al. 2006; £5H & 2011)
DHNSND D, SHEIORBETIIV A vY— EMIEORTAENZZT0ETHL-D, 5l
SR LAEEZ Y HEPFIcE—2A v 2R L,
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5l & LRBR 21T 9 Al BIAMEIR O #_EEAE & U CSIARALE, DBH, H., B T E.
BEg 2 RE Lic, SEARMLE & LT, HEABIOHEALY FE 10 m IT/FAET DT
RTCOREAR (VT AX)ERE LIz, MAMEOREICIZ, L — P
TruPulse200 (LASER TECHNOLOGY,USA) & GNSS 7 734 A MobileMapper 100 (Ashtech,
USA)ZAEH L7z, SEARRIEERE S LT, RRARD ORIV E TORRBEA R L7,
B R mld, i SEHE A TR T 5 AR O &R T E TOm & & L7z, JIE L7z DBH,
H S F@mnrb, ik (WDBH), #hefk (H—5 FeEd KO EESR #hdk/H) %
B U7, BRI R ERS L ORI 2 Hrazihil L. 2 FRoEI &Y L, 70,
KIGAROH TEFEL LT, HiED 0.6m £ TOERSIZBIT 5 EEMEL, EA)IK
TIRE G AW CHIE U7e, T3 ORIENE L, SGARIEMOEERE 0.5 m O H#H
& LT, ERNAXTHEAGZ AW CHHl S v i 1, %58t 1 TR L 0B AR
S SE (cm/drop) TR I D (HARER TSR LERE T2 B4 2000), THEREREE &
RRINE IR BRA H Y (A ARERTFES M EERE L7982 B 42 2000). S 8
23 0.7 LN OYE [BREE S E LR RORENL T 5D RO H 5L ST
W5 (AARER P CERE TPt B2 2000), ARFETIL S H 0.7 BT O HLE 4 [H
MEOFEL L, BEWEORMEE LR L, BEREoOE&RIZ, 10 Bh#EkE LT S &
MOTLUUTERDGATE L, bRBIGEWEREORS 2 EfEEE S LTl TR
W=,

S OICHIFERRAE & LT, IRAROIRE R ZRE Lz, 4RI 5 Rék & ik, BE
17D 3CHK (Coutts 1986; XT{E 2010)ZHEV Y, SEADEIR T B BRICHR R & HENEE L2k
RETERIR &7 o TV DIRIED = & LB Lz, ABR Tl MRANZERITRIEY %
ZRIEE TIEBI EE S RN 2D ROACET M OJANR D OFFEE L LT, e A E
L7, 5l ZE LRFICIRARPHIE 2 £ D BIF 5 2 & CHIIOBRANAE L, ZOBRADBR
FROBFTHD Z LIREBEN TS (Coutts 1986), L7 - TARER T HIREKFRIT,
gl & B LI7 & SO O RIZA U D REKDZ N SRR AROTLETOMHME L EFRL
7o PIEFANIHRA 1 RIZOX 10 HATE L (X2 — 2a), 10 DETOFHEZFH L
770

2—2—3 BIEFHLE—RAY FEEFFOREZH.LOES (Dep)

T EEFHED — D> ThH DR AROEEE T L (Cp)DALE R K OHLE 5 DR S
(Depth at the center point of rotation, Dep) Z HEET 2728, MRAROICET A I AT %
RE LI, ETANATOLV U ZAEIE, SIEB LM EELZTHHEL L, dRARD
RITHA R CTE DB L TRE LTz, H O LD RAROBREITIIRIT)S 1m
DE S E T 20 em IR TEALRICHIZ D, ©F AERIC L D HEARDNEELEZB X
HEIITLZ (M2 —2b),

RE L7CEfR N6 Cp OALE, IR MmN D DIES Dep #HEET D HiEE LTIE, R
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BRANETE (R 1983)% A2, EGAEE Y 7 MW CRRBRBA MG g & 3RBRAK T I
{4 & ERA D, KW ORGR ORI, B 7 2 BRI FE ORI J7 1812 4E
Fat, ABRBGARFOEH &R TREOEMRN L Z LT ZA% Cp & LT, 2D Cp
MO HEE E TOMEMEA Dep & L2 (K2 —2), HAMASEIL, BO-bARENKE
WA EARD G| EfF LB 2 T 558 I3 EZ £ LD RN & 5
23 (BRI 1983), AFRBA CIIHRARDOEENDHEAIRE K UL Y —mMENZ &b,
ZDIbHDOFETD 7 BHEHE THBEINIZ L A LB bR Teled, 20T
EERA LT,

2—2—4 iR

KEAROH LR, M NEREL I EBILE—A L P EOREBRERRDID,
Kolmogorov-Smirnov test Z il L CT7 — % O EHM: %2 58 L. Pearson’s correlations test
B L OIS BN (ANCOVA) Z1To72, Fiz, BIEHELE— A2 MG HREFE
PEREROFEEIZ LV E(LT 2008 ) D EatT 5720, — AL ET LV ARE LT,
IRERFFIE IR & Dep & L, RIS KO Dep Z B 255, iR & L
TIdHs BRI Cdo 5 DBH. H, SEARMHFRRETS J O FERE CTh 2 [ERE B iR 2 L
7o MERMEEEE IR OA L RS E UCTHEM L, ShEiEs L OfhER, #dkE
SRITNEARHIBERE S @MW Z &5 (r > 0.50), ZEAHMEN DL D 72 DRt A S sl
MBS LTz, BT VIR TR L L TR AIC (RIS SRS DN i b /N S VBT L %)%
H U7z, B Lo fmZERaA . A LZY 7 BT, R ERET L, [mlisH
LETVE BT identity & Lo, 245 DFEHTIZIL R (ver 3.6.2) (R Core Team 2017) % i
ML,

2—-3 RR

2—3—1 BlEBILE—AL &M EEEMELE DR

Gl & LaBR 21T o 72 A X RGN, MR, st iIX () & BT X TOfEERT
BT AR Z ST ARIRY OFE AR LT, MEAROM EEFMEOMITER2 —1 DLk
D Th D, MK L XX TR FIRAROM EEHEL (DBHIZERN R GRS, B
m (ICAEERALI. (F2— 1), FKOAEIT D06 TV ARDEEOIIETH
% HxDBH? 3 L ONDBH & OAHEIA N E 2> 7= (HXDBH? : r=0.85 (F{%[X). r=0.88 (xff&
[X). DBH : r=0.84 ([FIfk[X). r=0.84 Cxff[X), &2 — 1), HIEHELE—A L MIITH
SOMHEE & & IEOBINA S 728, HXxDBH? X DBH & O RFRIE VAT A B
2o lo, BRI E ORRICITAEDOHEBEN AL, SIEELE—A L M EBERL X
OB R & OBMRICIZT—H THWFHEAR AL (2 — 1),

OB OE N> 725 & LE— A > b & HXDBH? OBHRIC DWW T BT
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BT & ZA MMKOFEIC LV BERXOBEENEEICEZLD (P<0.05,. %2 — 3),
[l USRS A ATl FXKIZBITF D AF THBX LY bl EHLE—2A 2 MIEWnz
ENHBEMNE ST,

2—3—2 BIXBILE—AL bEHTEEMELE DR

Gl & LRI R DR R O AR S BIF 5 2 Sl L2 oiRE ORI, T
NTHIEE LM OBHANC W btz ARERCEARIT, MX T 111.60 + 16.60 cm, xfH#
[X T 103.82 + 15.62 cm & 72 V) | EEHEICHEZENFH B A2 (Student’s t-test, P < 0.05,
22— 1), MEFRESIZHLE—RA L N EORITIFIEOFR (KX : r=0.74, P<
0.001, ®FRX :r=0.46, P<0.05)3H 5 (2 — 1), BIZHLE—A FBRKREL A
DIEERREEY A AP RKREL R D BTz (K2 —4a),

THEEOEFEEIZ, BEX 20 @EAT, SRX 21 FETo 5 B, RKED2 5 20 cm ARl DOEE S
(R 1 &P, RS 200m LLE 40 em ARSI X T 4 @&, X T4 &R o
iz, EAEEOR B %< AHNTHESIE40em LLE 60cm R TH Y (MEIX 9 fEiFT,
KTHAIX 13 f8 7). 60 cm LA DR SITAAE L& T (MERIX 6 fipT, <X 2 fEin s &
77,

WA 722 & 51 B LIFOREREFLONEZHE LT L ZA Sl EBLE— A M
BUERE D[R DNINE AR DIFIFE FICHEE LTz, £ O SIEMIKIX T 34.70 £ 8.13 cm,
KX C32.82+1038cm THY (F2— 1), MKXTIXSI&E LIS & 55V IEDOHH
Bl (r=049, P<0.05)3 A bz (F2—1, K2—4b),

2—3—3 MWEEELMEERTOOWES (Dep)lIxtd 5 Mk E

RECERO K E ZITEUKOF TR S LT DN E I DhERFTT D720, —{LERE
BT VIC K DI ERRIREITo7c & 2 A IBERER LU T 288 L TERENT
ZRIX DBH & VAAMBEHECHD . WITHBIETh-o7 (R2—2), £72, HB LU
i RITEIR S L7220 72,

BRI OERS  (Dep) 2RO A MR 5 LT 5 AlREE %2 — B LAEE T /LIZ T
Bt L7zt 2 A, Dep it 9 52850 LC H OAMNERIRE v, SORRIEERE, [ E
7, DBH |ZEIR SN ero7c (K2 —2),

2—4 HEE

2—4—1 AFKOMEKOAMWEL D5 SEHLE—RAL FOLEAL

ARETIE, AFHITBIT 2RO FAEIZL D, SIEB LE—A 2 b LB, HTHE
Fetk & OBIRMEO AL 2R~ (£ 2 — 1), AXOH EEFHED 5 6 BRIZ X0 &
DR T RA B, MR T BRI AR A L0 b A R s B 2 & 9 s
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(IEAR B 2013)% X Ff LTz, MEZ 98 (H)><BEsEeE (DBH? IZOWT, F{kof

XD EZRITFBEDON R o7z, mWHERBAREZRLIESIEBLE—A ML
HxDBH? & ORARIZEB W T, BIkOFEIZ L 2RO (bnH b (K2 — 3), 5l
EEILE—AL N (y)& HXDBH? (x) DB (y=ax) DM E (a)lZRIKIX T 33.61, %
XCT 2679 L7200, TOMEOIT 125 Lleodz, ZiUL, SMAREE 1,700 A/ha 725
728 A/ha (R X4 17 FE580E L7 A X Tl BRIKOR UCHMEZ RO AX L i3 2
EOIEBILE— AL D 25%RERE SR EERL TN D,

BRI LD NSRBI T T 228 85 QOININAKRBENR/ DT~ (Larix
kaempferi)#k 5y (800 2|§/ha 1,600 A/ha, 2,000 A/ha)iZBW\WC, BIEHELE—RA L b &
DBH @ BRI A B I B2 L E2P LN LT, TRbbERINI I T~ VI,
(% D[F C DBH fa:i%oja T VIR THERHLE—RA L PRREL RoTm 2t %
R LTme THT Y=Y (Picea glehnii)lZ VTSR E DE WS (2,525 A/ha, 1,778
A/ha) & ARVHRSY (889 A/ha) Tid, BIEHLE—A L b EBREBOBGRANELRY | 3T
AREEDOIERNHS TRILHEREZ SO EH LE— A FOAFEICE D >7 (Urata et
al. 2012), F£72. HEAREHRHNAKRE W) EFTHIFTOEWVIZOWT, SIEELE—RA 2 |
& HxDBH? & OFHREZ T2 A 22 a7 (Pinus pinaster) D35 T, BARAOME X
DN 1.26 (KiEA a=44.6, FRINAK a=33.5)E ., SARBEDO/NIWHEAKRIZEIT 5 5] &
B LE— A > MIKAA L AR 26%@%(% 7B Z L EHELTWD (Cucchi et al.
2004), VA EORERIT, AEICKIT DL AFMEICK T 25 EBILE— A FOBINE X
F9 2,

REFRAJIZ . SR FE 2,400 A/ha DALY % 500, 1,000, 2,000 A/ha [Z[Ek L 14 %D
v b1 Rk (Piceasitchensis)#k (Nicoll et al. 2009)X>, 8,475 A/ha 7)>© 4,200 A/ha (ZfH]
KL 15 B LW 6,300 A/ha 7205 1,200 A/ha (2R L 10 %OV A IR
(Achimetal. 2005) T, WI bl &E LE— A2 F EBpEE S OBRMRICHEROFEIX
RN EEREIN, T2bL, BkENTY R b e Y AE I TR, BE
HEOHIMZEOBIEHELE—A L FOEIMOHZTH > T, KEOAFX, BEROT 7~
V. T AT TRLNZRE LY A X (DBH, #EE, ME)ICBWCHIkICX 55 &
B LE— A FOBINTIMHER IR0 5T,

DX, BB L O ARBEEDOENMNC L VG EHE LE— A2 b EH# EHEED
BRI #72 B & LT, M B3 & B 1T 2 BRI OBIFER O 23 RIE S
%, MXIC & B NEARBEFE DR 1T EAR O R EE/ M R (TR o) 2D S8 5, b
HALAREEFE DR T E BRI S 208, 2 OOV FR R IR TR
725 (KfE 1974), KBETHRELEAX T, T~V AX, TH~Y (Pinus
densiflora), & / % (Chamaecyparis obtusa)? 4 ¥ T 7~ V2T T-R HL3A L
TV (KifE 1974), ZAH D T-R DG DIEND | SEAREFE DORWLER O A I
X0, glElLEe—A 2 b ERMEE DR DEREE NN D D, WA
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http://en.wikipedia.org/wiki/Picea_glehnii

YiavilBIr g &M LE— A2 NI EEREE HXDBH? L& b 5RO BIRIEE R L
72 (Cucchi et al. 2004), Z OETIX, HxDBH? [TipE & & bl U C, BT T 5
IZRAZEDD I WA REIE TH D23, Kk LT HxDBH? O A Tl T O R %3
HTX2WZ & A2FEf LTV 5 (Cucchi et al. 2004), L7223-> T, RfkAs b g4 &
FlEEILE— A N OBMRIZEET 2 EHR A S NICT H 720120, H EE LIS o Retk:
Th HH FHMFHEOZL b RFTT D MLERH 5,

2—4—2 BIEEILE—RAL MIRTDHTEHOEE O HENE

FIEEILE— A b & HUFERRRE & O BISR 2 AT L 72 BEAFAFZE (Coutts 1986; Hf 4 H
5 1998; Cucchi et al. 2004; 355 « £ 4 A 2010; Mattheck et al. 2015) % #&H-4- 5 & | #IA
BROEIRIEFTE LTlE, BESKROERIC L 2T, EAMII ST 280, A Lo
FlRIC3 25T, B MO EME IS 28T, HEOEH IO 5 o03hH L LTnD,
Coutts (1986)1%. FFICIRZREAEOEEIZ L 2L & A LAIOF RIS T 2 HLD 2 2D
FENPKREL, ZOFHGRILBSWRELREL TWD, KETIEL, ZOFGFOEWHIT
HAFECH HRERITE B LT, REKORE L LT, MEFEE, REEDOAT A L OVE
BT EASDIAD O INFET D0 RETIIREDILN 0 5| ZfE LE— X v MRS
LTWDIZEWRBENT, WA T ailBnTh, SIEHLE—RAY FORKEWN
MR TSP A EIZIRE N ERHE STV D (Cucchi et al. 2004), AFETIE, 1R
PRI MO 2 R R FERE A BT E I, SIRRIREREAN RS 213 E Rk
PEDPKRELS oTe (2 —2), £z, MKX & XX TlX DBH ICA EZN A BV
Mo To | RERERICHRZEN AN (FR2— 1), ZOERKE LT, MkEEHET 5
Z L THRPARDRREDMERE STz 2 EAVRIB S N5, EREBIC SO MEAD H 55
B KEROREFHIRE NS 720 ARFZRDKES5A0 OFPH LA E OV & b
L C/hEL 2D (MHE 2010), UL, Rfkz 32 L CARPARK R OLE & 722 5 BipE
AREBYBRLS &, KEROBRENBLFIC/RD Z ERHENSND, b R~ (dbies
sachalinensis) TIEEIXIZ X VKL HBOIRDIEDZ D PMEE SN D Z E DR I LTV
% (1EHEDS 2001), ZOWELEEITELDZLOD, KEICBITHAXTHRBEOHS
2L BRI Z D AR DM RAREDS RSB Z IR Lo b O LR SN D, £kt
5 & LT MEIXE L USHRRIXIZ I W T, R0 b —E B O MR 31T 2 T3 e E b
M 1m? 4720 OKEROAI 2~ T= & 2 A REL Smm 2L EOROARIC, BKIX
EXRIXOMNICH BEZITRD b7y > 7= (Yamase et al. 2019), FI{RX CTIEkRX &
L TERWYEAREEIZ S0 6T, AKEAROAEIZIEFR U TH D ZORERIT, 20
W IC B 1T 2R S 72 D OIROAREZIIFKX TEZ NI & 2R T % (Yamase et al.
2019), ZOFERNL HEUKIZ LD AXKFEROEEDNMEME ST Z LR RIEB S
D

ARECIIARSR D TEE ST A~ D ES 0 1T T, 5| X ] L RBRIF | CHEE S U 7= BlEEH L
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DS (Dep) TEREDL DL L TR L7c, REOFEE THEIEEF L (Cp) B IEAROET
IZIFELT=Z & b Cp MYLARDE FIZH HHAITIE Dep ZMREEDEEE L TEZ BN
BT & (MRS 1998; B x Bﬂ% 1998; Xiff 2010)2>5 ., Dep ZREKDIEE S DILNY &
L7z, RETIIMRSBOWS X L THKOEEL WD &, H OBBPHEICELZ B X |
F'ﬁﬁﬁw)ﬁﬁ%%i‘%ﬁ“i?ﬁ%ﬁﬁﬁ%ﬁi*&ﬁdﬁO)ﬁﬁﬁﬁ@fﬁ) WCHBEREEEHE 2o
(F2—2), ZDOZ L%, F'Eﬁﬁ‘z@ﬁﬁ CEVAXOREROEINEDL RN & (B
R 201607 XFFT 5, RSN EDLLRWEHR E LT, MK TITH T ARMOE A
DES E VST RBEROKEZHT TODLHERZIM RS Z & IXTE RN }:75%4&
S5, 7 v~ (Pinus thunbergii)OHERT CTlX, SERBEE O FEICKTT 2 280, &
EAHM LY HAELFROIRNY) TRENZ ERFEINTND (KfE - FFH 1963),
FCHEIZED H OIRT (2 — 1)0MBEEOEE S M ~DOJRA V1T E LY 5 2 7o g
Pt o DM, KX EXTHRIX T Dep IZZEBRNIENZ & (R2— 1) b, 2O/
SWNHOEHEEINT,

GIEEILE— A FOHERIZEAL ST 2| REELISAOH FEFFED 5 6 ARRDEHES)
BT 20 L LT, IRESCIRREENE 2 b D, IRENGIEH LE—A 2 MIH
452 2132 OWENRH Y B 2T Hm & KARORRDEENRRKE N E X
LTS (Coutts 1986; B4~ H 5 1998), 5l LiRBRICHKIT A5 ZHLE—AL FT
X, BIEEIL ERKDOFRNHMODBOBIEIIOENNREREEZRIZLTND
(B % H 5 1996), ROBIRIE 1 AKORE S EHEH) GIEHE|EHNHTHY , =
FUTIROER EFEWVIEOFBENH 2 Z E XML TS (FESH 2009; 45 2009), [H
RO FREIAE D K EARO B E OB (S 2001; ££5 2009; 4H: 5 2009)1%, [H
ROROFG| & PR EEPN OB MEE LS Z & Z2RE LTV D, BIARDIR RN KRR &
K 2B < HE A W7 BEAFARFZE T, TREARIC EEA~KPAR OB 5 i/ NVl S T & 72
(KT 5 2013)H 0D, T4, KEARDOE & OFEEMENHESI N TS ALFE 2010; A F
5 2013), RETIL, SIEE LE— A Y MIAKPEARORKE 23 B 7o %8 % Fei- 3wl petk
ER LT, BAHBEDLIC, BIEEILE— AL N EARTEROSAR, B, KL Vo724
B DOBRMERET T OMERNHLTEA D, £, *Efdg@fbﬁ) D LHE S (Tanikawaet al.
22D EAMET HZ LI S HITRRITRRICET 27— 22552 L T, 5l
EELE—AL MIGADIMAROFLEEZHOENITEHTHA I,
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3% 2-1 Average of above- and below-ground traits and Pearson’s correlation between critical

turning moment and each trait.

traits of thinning control
t-test
test trees Ave. SD r Ave. SD r
above-ground traits
DBH (cm) 31.09 386 084 ™ 2845 466 086 n.s
H (m) 2068 188 062 ™ 2192 178 059 ™ *
HxDBH? (m®) 206 063 085 ™ 185 075 0.88 ™ n.s.
Slenderness ratio 66.95 561 -048 ~ 7830 9.43 -0.68 ™ *xx
Crown width (cm)  306.45 4420 055 ~ 186.83 3459 053 ° falalel
Crown length (m) 820 139 042 ns. 6.22 125 027 ns. ***
Crown length /H .
3941 4.09 045 28.26 4.69 037 ns. *r*
(%)
Distance between
296 0.63 0.24 ns. 1.78 022 -0.20 ns. ***
trees (M)
below-ground traits
Root-soil plate radius . .
11.60 16.60 0.74 103.82 15.62 0.46 *
(cm)
Depth at center point .
34.70 813 049 32.82 1038 0.22 ns. ns.

of rotation (cm)

DBH: diameter at breast height, H: tree height, Slenderness ratio: H (m)/ DBH (m),

SD: standard deviation

r: Pearson’s correlation coefficients between critical turning moment and each trait.
*¥**p <0.001, **P<0.01, *P <0.05,n.s. P>0.05

t-test: Student’s t-test or Welch's t-test for each trait between treatments of thinning and control.
*¥*%kp <0.001, * P<0.05,n.s. P>0.05
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3% 2-2 Explanations variable that were chosen by Generalized Linear Model.

Response variable AIC Explanatory Estimate P-value
variable

Root-soil plate radius 294.30 DBH 1.0970 P <0.001
Distance 4.9482 P <0.01
between
trees

Depth at center point of 289.12 H 1.9723 P <0.01

rotation
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PC
Bridge-Unit
Test tree .
Wire rope
Load cell —_—>
Video camera pull Excavator

[X] 2-1 Tree-pulling experiments.

(a) (b)

Excavator

Depth at center 1 1/
point of rotation )

of rotation

[X] 2-2 Measuring method of the root-soil plate radius (a) and of the depth at the center point of
rotation (b).
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£ A
Z 120 1 y = 33.61X N
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£
2 30 - A Control
2 60 - A Thinning
c
P
2 40 - y = 26.79x
w© r=0.88
ﬁ,’
2 20 - >A
S
O O n n n n L |
0 1 2 3 4 5

H X DBH? (m?)

[X] 2-3 Relationships between the critical turning moment and HxDBH? (ANCOVA P < 0.05).

All regression lines are fitted through zero.
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(a) (b)

140 - 140 -
£ 120 A £ 120 A Control A
< y = 1.88x - 140.57 2101 _ athinning 4 Ay-l.rS_Eugz;S.as
g 100 1 --. A Control r=0.74 £ 100 - A -
E 80 E 80
g —A Thinning g
e 00 4 = 60 - A
E E
S 40 4 S 40 A
=3 =3
s y =0.85x-36.91 =
g % A 046 g 207
:'E O ] L) 1 E O L L 1
O O
0 50 100 150 0 20 40 60
Root-soil plate radius(cm) Depth at center point of rotation (cm)

2-4 Relationships of the critical turning moment with root-soil plate radius (a) and with the depth at center point of rotation (b) of Cryptomeria

Jjaponica.
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L . T Y = N o \ X S \

‘BH. 2-1 The study site of Cryptomeria japonica stand where 17 years passed after the treatment
of thinning (the thinning plot).

19



BH. 2-2 The study site of C. japonica stand where 17 years passed after without thinning (the

control plot).
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3E MBAROEEROEENGIEHLE—2AV MIEXDE

51 WEMROESICHT 5 EHEEO R

3—1—1 ILHIZ

BIARDEIUZ L S THLERIEIN 2R T 5 B LE— A > M2, ROMEE, 1RO
RS R E HHENER LICREBTH D IREEO R E SORS 7 EHUTFERO KR & 708
9% (Coutts 1986; Ray and Nicoll 1998; Moore 2000; Peltola et al. 2000; Cucchi et al. 2004;
Nicoll et al. 2005, 2006; Lundstrom et al. 2007b; Nicoll et al. 2008; Yang et al. 2017), A%
(Cryptomeria japonica) CIXRUKDHIEIZ L > TRILMETH > THEIZHLE— A2 b
(CHRp Y AL, FRENTAFORGERITEFEOAF LY bRE ol (25,
PR D 2015), ZORERIT, BIEEILE— A2 FEFHET 5I10H72 0 4 L b i B
PRIV Tl S HUFERRRME S MR D MBI Z R+ 5, Lo T, slEBILE—A Y
FOMER A D = AL ZTHET D720 | HUFERRE S RIRHCIET 2 2 LITEE
TH D,

L7 LEFAR D FRMERBEIZ IV T *E%foe CHE TR ORIE TR S TR, FRIZERS
T Ta DT ERRE 2 BG4 2 721213, 51 & 8 LakBRIFIZ B R 2 58 RITARIR ) S & TR
FOWRSZMELIZY . EBZ%EI’J?ZC%E DY A ZAT O MERNH D, REFDIRS T, RO
RARES LV HEVy (Nicoll et al. 2005), HIFEOE S HFRIOFEIED —>TH HEARD
R D f5e KR S UTRIFERFIE 68 AR DA RO TR D i ST % 521F % (Yangetal.
2017), VBRI TIZIAZFEOHM FARMPMEVIE E 46 FAED Y b H N T & (Picea sitchensis)
DIRFRIR I BIELS . SIEELE— A F35RL 72572 (Ray and Nicoll 1998), ~ Y &I
BOWTTEREROKKIEINGEH LE— A2 MR EES S (Yang et al. 2017,
2018), F7IRVME & [F CRMAREZ FFOIRVR O S M7 b7 B 1 10-15%5 | & B LIEST )
DSHEAN L 72 (Nicoll et al. 2006), E7 /VAJZRAR R A2 ARE LIZBIROERIEHL I D> X =
L—y g o ClE, BEROFET HETARRTHEE LE— AL FBKEV (Dupuy
et al. 2005), ZHLHDZ &b, BIROEURIREIIZE T 21 FERrE L LT ARR D
KRS ZWEST D LITEETHD,

R D e KRR S ORTEIIRERANTHE 0 & 2 ED D 2 23RN S L < (T2
HICHEE T 2 Z & T, BRSO T2 2 E TLL RICHEZ | GRIECOELEE 1T
X9 DR DI R OFHM I FTRE & 72 D0 KifE (1974) XA F OARDFRIR S 1%, #1
EARE AT R E ()< & sRiE et (DBH)Y? & oW R Z Rt HLOD, Th~<Y
(Pinus densiflora) TIX Z OBARMEEZ R IR0 EHE L TW5, 7 v~ (Pinus thunbergii)

Tl HAARRERLE, 51 &E LIRFL)ROR O R KIE S Ot (Hirano etal. 2018; Ono
et al. 2018; HH D 202D)BEZ>OH DN, DL I REMRMEORAIZ STV W,
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RS IO PSRRI 2 BRI HEE 3 D481 & LC, 51 =B LR EHER O &R
HFHE 25 O S (Depth at the center point of rotation, Dep) 2322 STV 5 (£RIE 1983,
1984; B~ [H 5 1996; BEEL S 2015; & - B4 H 2017; Okada 2019), ZEHREFIEIZ T
A Y —u—TDOIFEL L THWANARIZPNDE—A Y ME, IxESTHRHNTLZ L
NTE DHERM 1983), DX, T— AL NEAHOTEDORE S ZHET 572012, U
AY—u—7OMWEICKHT A IAROEHEHLORSZHE L EnbEBEREINT
(ARl 1983),

ZOTEORRIL, BIAROS] & E LRERBAGN 5 S EH LE— A v FE2RTHEE—Z
DO ETITEERERARIR Y XL TV RW—F TORM. [ Z ) b By 5
Z & TR RICE I T E A 2 & (R 1983; BRE D 2015), F BRI Y
EMELE LRWETH D, Dep OFEMITIE, IREFMIREFDIMU -5 & OHEFR M IZIR > T
BHRT 5 2 &G (XiMfE 1979), HEfTE 25 ) 7o SER IR b Eo— R &l & L
THEEET S Z EMRESN TN D (FRIE 1983; B4 H 5 1986), L2 L Dep RO
RKESER L TOWDI0EEEOMRY B FICEVRIELTBITIEE A LR, & 5125
ZELE—RAY FOBREORGELIR SN TWD (2%, RS 2015 HH - B2 H
2017), F72 Dep DEHICIZET A B A ZI2 X DG 24 H L T D28, 2 TH
HLTEDep ZAAT DV ADELZFFITERLTWRY, LTER>T, AT L
ADEHBNEDIRE Dep OEENIHET 200 EALNILTEISLE LD, o
Dep VZ[EHEHL (Cp)D AL T HALE & & 2 H AL, Dep Dy SALTZWFFE TIiE (#
[l 1983, 1984; B4 H & 1996; %5 2015; 5 - B 4 H 2017; Okada 2019). X3 L
IR D DOIRS OB ERE L, TIN5 DB OV TIEH LI STV RV, Dep
EROBERESEE L LTHWS72HI12iE, Cp OZELBfE L & HICEDORFRTO Dep
LT XENZHONITOIMLELRD D,

AREOHBL, BIAOS] = LERERIZIHSWT @)EHEHOIE S Dep 2355 X3 LE— 2
Y ROTRFEIE L 72 B0 E D b, (ii)Dep MROIR KRS OB G L 7250085
D, ZOREEHEHL CplI ED LD REEBEZTHDO0, ZHALNITHIETHD, K
ik, HECREN TR SN DM EOME TEICAEFTTHIREO 7 n~ Yk (HHP S
2017; Hiranoetal. 2018) & %5 & L7, FrZo| &S LABRIC L D EEEH.ORS & #E 0 B
DICKDMRARKIESBIVGI B LE—A L M EDOBRMEEZRGFET S 2 & L L, &
HICkkx a7 a~ Y RICHBIT L7 —% & & HITH EEReM: & AR R O i RITE S O BIfR
HRET L7z,

3—1—2 MELFHE

3—1—2—1 [EEEHFLOES (Dep)DHE 27
AR (1983) THE SN 22 T T BIARICE T L EHEHLOTR S (Dep) D BimIE
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LT DY Thbd, BAEZ ST TSR ERT D BR, SERITAR A &AMl 138 & o5 R
IR > CREEET 2728 (KifE 1979), a7 & 0 P <l, o £ 72
IXEDIEEMED 1 SEFLELTEEETAIHOERETS (KW 3—1—1a), £
W EIZ KD SVARREOBEBE N +51 /NS < CIRIGELS 0RO v T B TE 51F
EINSNWZ & ZAUE LTz, JIAR P Pold, EARRFOMEAR OO L2 08 2 FEE R E
BEIC, HIRPD ORI EEZTRE Lz, MO OAR ., FROH LWLET
H5 P Py EEHAITIUZ. P & P 2D | P L PYEE DD EEHL (Cp) TR DD
M5 Cp £ THORS Z[EHFLOEE Dep £ EFK LT (K3 — 1 — 1a, &M 1983),

AR (1983)1%, MR EER (DBH)6 cm 705 21 cm D AX TlE Dep 28 13 cm 225 52
cm THDHZLZRL, ZOHFHMIFREEOR S 2 KB L TW D ATREMEN & 5 & imD 1T
oo BaHG (1996)1F5] = LBz E1T D& /% (Chamaecyparis obtusa)fést D2
A, BIEE UATOBERE T 1 A2 EERO R E L THEVLTWLS 2 8 28R R (1983) &
[FIFRIZSERE L7z, Kamimura et al. (2012)1%, BiffE 252 F 72 / F OB E)IE mm £
ETHY, MHETEHITE/NI N a2 L, I (1983)D Lk L7 RE A XFF LT
WD,

3—1—2—2 H&H

R M R R T O YR 2 B TR SR O AT Skl it < MERE 2 m~ U AR (RO
© 2013; HH & 2017; Hirano et al. 2018) Tdh 5, FHAHIE LD 7 v~ Y IRIL 1959 FD
FEEERIZ LY RERWEFELZIT, TNRURICHEKSNTHRSTHD KADL
2013), THIRE TR LTH Y | Regosols (Z474H & (FAO-UNESCO 1990), 1981 4F
226 2010 FE TOEFEKIRIT 16.0°C, FFEHREAKEIT 1602.6mm ThHDH ([RET
2019), FRAHAE O FKE O @ S 1L, IT#R BNERIZH > TRE —ETH D52 (H
5 2017), BEEIZITHRDNEEIZAD S TEL 2o TnNDH T2, HREN S O FK
PIZNBRIZ AT THRL 72> T D,

AW CITFREANICHEE L 3 DORERZx R ELE (M3 —-2—2, HF S
2017; Hirano et al. 2018), FLESHIITHRZIT S (THRDN D OFEEE : 188 m 225 199m)7 1~
Y OB R (H)OFWX % PlotA  (400x15m, A5 2017), FEAITHRICIT LS (T
BB OBEEE - 189m 225 261 m)7 7~ O H OV [X % Plot B (120x180m), it
HITHRDN D OEEEDEV (679 m 7> 5 734 m)X % Plot C  (170x120m) & L7= (K3 — 1
— 2), Plot B & Plot C IZEHMIAIE YT % — (34°38°N, 137°03’E)NTd %, Plot
A OWFEHRIT 0.88m 725 1.42m, PlotB DifEfkiE 048 m 725 1.61 m, Plot C DfEkIE 1.88
m7nH283m ThHoH, 7~y OFELREIL45FETHY , 7 v~ Y DN ARBEIL, Plot
A T HE< 100-200 A/ha TH Y . Plot B T 200-400 A/ha, Plot C Tid 400-1000 A/ha
EibmEmmnoTl,
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3—1—2—3 27ua~xVORXHLE—AL FROEEROKKESORIE

GIEE LE— AL b & Dep 38 L UMBOHKRIR S DFMR A MFTT 2728, 3 DD Plot 7
LRt10AZ e~ Y ORERZZE N LT (3 —1—1),

PMA@%EK3$®%%%@@UBE&H@?—515¢EQm%*i@PMB
BEOPlot C 2B HRDEKRE S, Hiranoetal. (2018) THE S NZHDEEH LT
(#3—1—1), PlotA ® 4 KOFERDE|EE LE—A L M ROKKES, PlotB &
C O HAARD DBH, H, HXDBH?, 5| LE— A b, BL T X TOFMEARD Dep
& REEHL Cp DK « MEENOT — X Z RKEICHIZICBG LT L7 (F3—1
— 1),

BIE SAVICRHAEARITIEREOITHR O O 188 m 775 734 m (IZ4F L. F45 DBH I
18.8 cm T, Plot MICHERZEIT R >72 (P>0.05., #F3—1—1), FHHIZPlotA
& PlotC TPlotB LV b AEICKENo72 (P<0.05, £3—1—1),

SlEE LRBRIL 2 B L AR HIETIT o 72, JGARDIRITENS | m OESIZTVAY
—ZENT, mRE A VTR E SR U O TICRE A 20T 72 (K3 —1—3), 5l &AL
RER X, EEOMENSE—7 G UHEPU)ICE LN LAGD 2R CRIE 2 H ik
L7729, BERITSERRBIRYD £ TES TR, 5 ZE LIRBRKE T4, PlotA O
#ARY, Plot B & C &[REEZ: J51ET (Hirano et al. 2018), =7 — A2 v 7 % W TR
FEEOH L., BEARORKIEIZHIE L, Y B EOFEMIZ OV TIX, Hirano et
al. QOI)IZFREH SN TRV, ARECHIT D EE ﬁ@mﬁ%éiﬁ 2 cm ORMBEIEE L
728 S & L7 (Hirano et al. 2018), 7233, Plot B & Plot C (23T AR O KiED EHE
L. 55.8+£11.6cm, 212+194cm TH Y, ZOWEI OEW TR DM N O E ST X
HH O EHWEIN TS (Hirano et al. 2018),

3—1—2—4 [EEEFLOES (Dep)d L ONEHEH L (Cp)ENL DHIE

FSIEME LE—A Y FREERFORESHFLES (Dep)REHEH L (Cp)DALE DO RIE X
2 L ERRICARR (1983) D HikZ vz (M3 —1—1a), T7hbb, gl&E LK &
EATT 5 & 9 ICHBEROFEICRE SN ET A H A TI2T, HEROEN DA 2 RK
T AV MPIBEIND ETCEHEfREZITo7 (K3 —1—3), HRARIZITRITID 1
m OE S F THHPODBROFREIZ 20cm BIE CTEIZ S, 5 Al E TGk O EZE
BZRE LTz, RBAROHIZAr — & LTREAR— V2B L (K3 —1—1),
FIEETAIAT VL ADERZOWVWTOMIEELRF LIz, ET A AT LU XADE
HDOFHIEIL Brown (1971)DFHEIZ K V1T o7z, VY RDOBREMIET /3T A—H L7
Y— 7 KT 5 Lens(Agisoft LLC, Russia)Z AT L THEM L7z, F-A RO RE
Kﬁfﬁﬁﬁﬁ@ﬂbfﬁ%f\X*A%%%ﬁﬁbfw&m

Cp ONALEDOENLOWEIE, R L= s 1 R Tl IEEz2kEH L, Zh
%“h@%%ﬂ:@é:%bfﬂ%ﬁ@%h ZHHHID xy AT L, S L2 5 5
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LT CHERR T & 72 2 A&l 0 M 7 T L 72 B AV 72 (03 — 1 — 1b, o),

Bl &8 LRBRBIAET 5B B LE— A > FORKESFTE CoBEmEER, 5l X
8 LRRBRBA AR Al O 1Ll LD EHR & 2 Ok il EOEMRAZES HEZ Cp &
EFE L7 (R 1983), RGADE LOFID x B KOS T.L0 M F & PAT
DAL, 3148 LBBBIAIS D Cp DL 0 L LTHIE LTz HEADHID y
FERESOVE X J 11 OB RLT IR E OMB 2 0 & LCHE L, 31 & B LE—A > AN L
72 % W D W3R H 7 B [lE 0 TOSMEHEETH 2 Cp DS & Dep LEF L7 (K3
— 1 — Lc), Cp DACEARWES %, FIFHIHE LIz R r— A T e 7 2470 0
REZFHILTHI LR, b, 8IS B LRBREHI U A ¥ —& 207 D002, # b 1
m ARV, SIAROEITRIR & TE LTz, BHROE, A A —T Y Y —2 Y 7 |
7 =7 Cd % Imagel (Schneider et al. 2012) & f# f L 7=,

3—1—2—-5 H&EEROFEKRES DR

7 =Y ORORKRIRE & H ORFRIEICONTIE, ka7 n<wYRoT—2 L
9572, BEH (23 —1— 3. /NH 2001; XifE 2010; Ono et al. 2018; Nanko et al.
2019) CHREINTZZ a~Y OROBERGES & & OMEZ M LT 217> 72, BE#R T
B ORI SINTT —ZIZ D0 T, EEMYTY 7 b Digital Curve Tracer (1.0.0)
(https://www.vector.co.jp/soft/win95/business/se174822.html) & W CHAE L L7z, 2 HD
M L7zT7 — 2 L REIOT —# ZfAEDE T, 7u~vYORDORERES E H ORF
AT L7,

3—1—2—6 7F—XEMHIEIOHRHENT

EATIZH W 7 m <~ YRR 10 ROBIEFE LE—A > b, IBOFEKES, Dep. DBH,
H 3 X OVHxDBH? |Z, Kolmogorov-Smirnov test z i ff] L CIESIME 2 fERE L7z, &RpED
Plot [FIZF1T B 2R EZ M T 5 7291 Tukey-Kramer {£%& e, B AT L AHHIER(]
EMHIERR D Dep DZER AT 25 72912 Student’s t-test 2 Nz, F 72 RpPk:ff o BRI %
W% 728 Pearson’s correlations test 17572, ZAL5H OFEHTIZIL R (ver. 3.6.2) (R Core
Team 2017) % fFH L 7=,

3—1—3 R

3—1—3—1 3lxELRABRRICEKIT DL (Cp)DENL

3 DO Plot (28T 55| & LB oalds 0y (Cp)DAKFEZENL 3.1 em)iL, HS
m@%m(mmmyﬂmﬁﬁ_méﬂot(E3—1—4,5,6chw\%%ﬁb
T AL FORKEIZE LR BRI E AR E < o THRT M BRI H
ENHET (M3—1—5, 6, 7a,b), BOIFFETO | JIZEPLTHEZ (K3 —1
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—7c¢)

3—1—-3—2 HATVLURAHER] HEZOEEHLES (Dep)

7 a< YRR 10 RKOEEEHFLES (Dep)ik, Lo AOEALMMIERNZ 3.1 cm 225
41.3 cm., f1E% 5.4 cm 225 56.0 cm D .’C&)OT_ (FE3—1—1), WATL XM
iERTD Dep i, Plot B TPlot A & C KV A EICED? -T2 (P<0.05, £3—1—1),
FIE D Dep I, Plot C TPlotB LV & HREICEI -T2 (P<0.05, 3 —1—1), &
AT L AFIERT & MIER% O Dep OEIZAH B RZEIT A S 720 > 72 (Student’s t-test, P
=0.45),

3—1—3—3 BIEHLE—AY N ERROEKRGES

ARERA 10 RKDOF|EELE—A L ML 127kNm 7°5 843kNm O TH 7= (3
—1—1), PlotA IZBIF 55 &EF LE— A FOFEHMHEIL, PlotB & C L0 LA/
Shole (P<0.05, £3—1—1),

Plot A IZB T 2RORKIES 1L 44 cm M5 126 cm OFFATH Y, Plot C LV L&)
S7 (P<0.05, 3 —1—1),

3—1—3—4 5BIEHELE—AL P EEREFOLES (Dep), Hi EEBRHER L OB O 5
RES

10 KORBRADGEH LE— AL MIL v ROERMIERTHED Dep & DRICHE R
IEOMBAREfRZ R LT (r=0.79, P<0.01, X3 —1 —8a,b), 75| &HELE—A> b
I FEFEEE T H D e (H)<EsE A (DBH)? & bW IEOFHBEARBREZ R L (r=
0.86, P<0.01, M3 —1—9a), FIZWLE—A> & DBH & OMICITAEZRBEEN
RONER (=082, P<0.01, X3 —1—9b). HE ORITITAERBRIZASNAR)
S72 (=045, P=0.19, XI3—1—9¢), £72, GIEBELET—AL P EROFRES &
DEMRIIAETH 722 (r=0.81, P<0.01, ¥ 3 —1 — 9d). HXDBH? & DEf% & thik
T 5 EENoT,

3—1—3—5 IROKEKES LEHEFOLES (Dcp)k‘oto“ﬂﬁiﬁrsﬁék @F%Jf%
ROFERIES & Dep ORUTITFRWVIEOFERRH Y (r=0.93, P<0.001, 3 —1—8
o). LU ADELMIERIED Dep & ORI H EDOMHBENRH -7 (M3 —1—10), Dep
HLURBREETDHE, BIEHLET— AL FOROBARES EOMERGESN, &
27 DEMRMEN TR 72 >72 (3 — 1 — 8b, d),
ROFBARIES X, BiE H B X OMHEEE HXDBH? & A B 72 MBEBfR 2 R L7=A H :
r =0.77, P<0.01, HxDBH?:r = 0.78, P<0.01, £#3 — 1 —2), DBH & OIZITH
BB AR RS o7 (r = 042, P = 023, £#3—1—2),
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AE RO/ n~YOT—HEE5bEThLE, RORRKESE H ORICHEER
BRI A R 57 =086, P<0.01, XI3—1—11)

3—1—4 &%

AEITHE, 7a~YO5| B LE—A 2 M THIT LB, 5IEE LRBRTHESILD
EHEHF LIRS (Dep) BMEIEE LTAEMTHD Z L 2R LTz, TAREO/KET, 51 &4
LE—A Y FDMIERIE CH o8E (H)<MmEarER: (DBH)Y? O EERHE & & b #
RBARIZH D & D BER O & X FF L= (Peltola et al. 2000; Cucchi et al. 2004; Nicoll et
al. 2005; Lundstrom et al. 2007a; Hale et al. 2012), — 5 CZ D5 EH LE—A > &
HxDBH? ®REfRICIFHS D H DD, Dep ERDERIES &) AR FEFRM:IZ, £ D
REPGHEBILE— A b~OFEGEHATEDLZ L AR LT, LI2di> T, BIR
OHIEE LR T Dep ZMET D &1, RARZIY T L0 D720 HEOHTEL T
RORKKIRS ERBIHETZLENTHIETHDLIEEZHTEAIH  5IEHLE—A
NDRA B =X N2 ERRETT DI 72 2 B TR LIARSE 72 ERER O PRI 5 %
HEKNHH (Coutts 1986), Dep &V 5 H FESFFED —D & MZ 2 Z LITHITHA D,
Z® Dep DRELIL, BIAROF| ZE LB ET A A 7 H2RET D &0 9 ik
fHTHY . ENRIT O ET AEGNOHEET 2208 TE 5 (FRlM 1983; BFxHD
1996),
FTMOBRKIESICEATLIAHOEE (K3 —1—9d, £3—1—2)% 5I&fFHL=E
— A2 FMVROBESITER T S &9 4 (Danjon et al. 2005, 2008 ; Yang et al. 2017,
201852 XFFTHHLDTHDH, MORKOESIL, WBHEIEENLIEEICIVRRZIRY
92 & THIES LD, ZAUTIZREE & 97 130300 L S BICFRAE L 158 2188l
%o AREITIL, Dep BHROR KRS & IEDOFHBIBIR & B0 SN X 0 9 TR L72Af
ZETHY (K3 —1—8), 5l LikBEEFOREIZI VT Dep 23R DI KR S DFFHE
Ll b LA ERLT,

2 LI TR E N Dep DT Tl L XDOEBLMHIEN T4 Tlhahotz, TDi-
DA TII L o ADEHMIEZATU, MIIEHRD Dep ZHE L7 (K3 —1—8), L
ABERHFIERE D Dep & LT 5 EHAERZETRVEOD (K13 —1—10), Dep &
GIEELE—A L b, ROFKRIES & OBIRYEX Dep M E#ITHIERTE VD bR 725
72 (B3 —1—8), ZOfRND, Dep ZHIMT DI, AT LU XOERMIEEAT S
FINEVIRORKIES KT 5 Z &R,

7 = XGAROEEEFL (Cp)ld, 5 S8 LATHIBBS T B35 6 & o bhig iy &
ZAIAFE L, KEREEM LIRS 2B %2 7z (W3 —-1—5, 6), 2D
JRIRE LT, gl &F URBRBIAARFICRIERD L7220 MBI = Z & (&I 1983)R3E 2 H i
Do BIEHELE—RA Y PORKRIEICE Lo WIWIBME LR, Cp 18O E T O— g
LTEY (W3—1—5, 6, 7). 2O &I, AX (KM 1983)t /% (FHxHDL
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1996) Cp MERE F OALEIAAIE LTz & W IR & —F LTz, [[FIERIZ, Ennos (2000)
IR OE T O 1 Rz PR P 5 2 L2 @G LT o, AEiOFERE T/ v
<Y D Dep lIBOBARES LV bk o7z (3 —1—-8,%£3—1— 1), Xi{E (1979)
TIE Cp 1F— AR ER D EITNALE T D Ll LTV D, AREIORERIL, BEEOERI A
RORKRES LD HEWVE WV 984 (Nicoll et al. 2005)% X545 HDTH DL, ¥ b
71 k7 B (Coutts 1986) THEE S AU 728 DR 7 AN 31T DIRERDIGIZ Cp 1IAET 5
T EERIFE LAV, ZhiE, Coutts (1986)D 3 ki1 b v b TlEseBBUREFD# BRI
FHLEOIZH L, A CIETERBRAROZELERANC ZE LE—A L ME Cp ZHIEL
Tl ThdEBZLONDE, TROLOMEEND, Cp FBEUROFT-ERE TIIHMOE Iz
FEAET 203 12 EEBE CIIMRSADERIZBEN T2 Z & 23V RE S 415, Crooketal. (1997)1.
WAk % F5> Aglaia affinis DEUROER, Cp 23R DE T HEURTTIA T o 2 A IO 5
BEILI-EHWEL TS, Z2OZ 2L, Z7uwY 258k SE-EIY TITE 50
H LAV, T OFERIE, 5 &8 LBRO YIS THEE S 415 Dep MR DI KR
SOREL 720D Z EERBT S,

AHEITIE, WEETEIZB TS0~y Cp OZEALIZEH LT, Fourcaud et al.
(2008)1%, fBEAUARR (herring bone root system, 1 AD EHfiliH 6 EHEA C-MIRE H D
b DY FFORBIARDEUR L72BRD Cp DIE A AIREFIE T I 2 b—ra LU E
EWVEDOTETH Lz, ZORE., BURE, K HE R LY bWE T Cp AT
BB LT < EEREROBRNET VIRATIE Dep D& 72D 2 EBRINT
(Fourcaud et al. 2008), Z L& [FIERICAHITH Cp OAKFFF M OZELLILF| EE LG M TH
o7 (K3 —1—5), Plot A & C &IIXMAYIZ Plot B TIXH PR < 7 m< 2%
TEEAR &7 TIOKEAR 2 R E S TEY (Hiranoetal. 2018), AHiofERTYH Cp DI
EHEOENMIE Plot A & C IZH_TEN-7- (XI3—1—6), F7=. Fourcaud et al.
(2008)1%, MIADEURMHEIC KT 2 BMEAROFEIX, HTEIV bWEO T TEW &
WELTND, LR > TOEKRICAEFT 27 v~ OFEIKIMEZ #5FH95 £ T Dep
EHOWTIRORRIESZHET L2 LITAERTHDLEWVWR D, — ., i Eo HET
X, REEDIETIZAFIET S Cp IFBIARDE FblZ & A E#hn/e iz, Dep IXHEER
AR Z B R@ N DIRRO I E TOR SIS U THL 25 £ LTWW% (Fourcaud et
al.2008), 725 Dep B L OMEAD K E SIFMEARDOES LD &, KPR & FEEAR O
FEXDORIEFT D Z & Z/r LTz (Fourcaud etal. 2008), L7=73-> T, TR DEWNC
BIFb7a<wYORORKIES & Dep OB LA%, o LHIA 25 o TARH & Rk
WIZHA B NZT DRERDH D,

KEOFRERNS, 7 =YD HIIRORERKIES 2T H ) —DOMEERREE & e
NG5 Z ENRETED, MORKESE H OMICITHEZREOHBEBERIRD Hh
7o (F3—1—2), BEaHht, KRR it 2010), WEDE L (E 2001;
XifF 2010; Ono et al. 2018; Nanko et al. 201)IZF 1T 57 v~ D H RO KIES TR
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TORRT —Z 2 MR 5L ABRECHEBER S RSN (I3 —-1—-11), 2D
FERNG, Z7a~YoO H L, BAe2EBHICBTMOBRRKESENML TN EE
AbDd, =, 7a~vYOHB10m U FIZRD EROFERIEEDITEHDENKREL
ol (K3 —1—11), ZHUXMEW H 2L 2EFH T, HBOKRKIES H3HLTF AN
(Hirano et al. 2018)*° 4 £ (/[NF 2001; Ono et al. 2018)7% & H3EERHRIZ K - THIMR
ENTld B2 HN5, 10m LT &RV H 25240 407 o~ TiE, H#
TARNDOE E D72 Plot B CTHEARDIEEENPIH] XA CU /- (Hirano et al. 2018), <
ODORESFMET T H & OBREZHWTIRORKIES ZHEET 2121, bk 7o b
RS FOAEBTHIZBWT, SLRIMERXLETH S,
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3% 3-1-1 Age, H, DBH, H X DBH?, critical turning moment, maximum root depth, and Dcp in the 10 Pinus thunbergii trees (mean + SE).

Plot Tree  Age (years) H (m) DBH (cm) HxDBH? Critical turning  Maximum root ~ Dcp before lens ~ Dcp after lens
No. (m?) moment depth (cm) distortion distortion
(KN m) correction (cm)  correction (cm)
Plot A 1 50 11.4 18.5 0.39 33.6 126.0 29.7 39.7
2 45 10.8? 19.52 0.41 25.5 106.0 23.3 304
3 40 9.3% 15.9° 0.23 12.7 44.0 17.0 8.4
4 51 10.12 16.42 0.27 16.4 86.0 18.0 18.0
Mean 46.5+2.5 104+05 17.6+0.9* 0.33 £0.04* 22.1+4.7% 90.5 +17.5% 22.0+2.9% 24.1 £6.9%Y
Plot B 1 36° 7.4° 17.0° 0.21° 25.7 75.0° 12.9 18.5
2 390 7.1° 22.8° 0.37° 41.2 57.5° 3.1 6.8
3 445 4.4b 16.9° 0.13° 17.8 35.0° 5.2 5.4
Mean 39.7+£23* 63+1.0Y 189+£2.0* 0.24=£0.07%* 282+6.9%Y 55.8+ 11.6* 7.1£3.0" 10.2 £4.1*
Plot C 1 32b 8.9° 18.7° 0.31° 48.3 175.0° 24.7 354
2 51° 13.8° 18.3° 0.46° 50.4 240.0° 34.7 434
3 58° 11.7° 23.7° 0.66° 84.3 222.0° 41.3 56.0
Mean 47.0+7.8¢ 11.5+1.4 202+1.7* 048=+0.10* 61.0+11.7% 2123+ 19.4 33.6 +4.8* 44.9 £6.0Y

DBH: stem diameter at breast height. H: stem height. Dcp: depth at the center point of rotation.
2Data from Tanaka et al. (2017).
®Data from Hirano et al. (2018).

%Y Same letters in a column indicate no significant difference among the three plots (Tukey—Kramer method, P > 0.05)
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3% 3-1-2 Pearson’s correlation coefficients between maximum root depth and aboveground

traits in the 10 Pinus thunbergii trees.

Maximum root depth (cm)

DBH (cm) 0.42"
H (m) 0.77**
HxDBH? (m?) 0.78**

DBH: stem diameter at breast height.
H: stem height.
** P<0.01,™ P>0.05
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3% 3-1-3 H, DBH, maximum root depth, and soil types in Pinus thunbergii trees from previous

studies.
Tree No. H DBH Maximum root
() (cm) depth (cm) Soil type Reference

. 150 250 230 Volcanic Karizumi (2010)
sedimentary soil

2 16.0 30.0 330 Volcanic
sedimentary soil

3 18.0 34.0 430 Brown forest soil

4 17.0 24.0 430 Brown forest soil

5 13.0 30.0 250 Brown forest soil

6 8.0 24.0 210 Sand

7 9.0 26.0 60 Sand

8 4.5 52 68 Sand Oda (2001)

9 4.8 5.5 54 Sand

10 5.1 6.3 61 Sand

11 53 6.2 76 Sand

12 5.0 6.3 115 Sand

13 5.1 5.7 36 Sand

14 5.8 6.8 46 Sand

15 6.1 6.5 38 Sand

16 59 9.9 110 Sand Ono et al. (2018)

17 4.7 13.0 145 Sand

18 54 12.0 123 Sand

19 14.4 24.5 320 Sand Nanko et al. (2019)

20 10.5 20.1 190 Sand

21 11.1 28.5 200 Sand

22 153 30.1 200 Sand

23 11.7 23.8 240 Sand

24 14.5 28.4 250 Sand

H: stem height.
DBH: stem diameter at breast height.
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[X] 3-1-1 Measurement method for the center point of rotation (Cp) and depth at the center point of rotation (Dcp) during a tree-pulling experiment

(modified from Morioka 1983). General scheme (a), tree inclination and positions of straight vertical lines on the stem surface every 7 s (b), and

details of the measurements (c).
33



@ S00m  shore line

[X] 3-1-2 Location of experimental plots A-C in a coastal Pinus thunbergii forest.
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Video camera

[X] 3-1-3 The video shooting method to measure the depth at the center point of rotation (Dcp)

in Pinus thunbergii trees in a tree-pulling experiment.
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3-1-4 Box-and-whisker plots of the maximum horizontal and vertical displacements from

the beginning of the tree-pulling experiment until reaching the maximum critical turning
moment in Pinus thunbergii trees. The median value is shown as a horizontal black line inside
the box and the first and third quartiles are the bottom and top of the box, respectively. Each line
extending vertically from the box represents 1.5 times the interquartile distance. The mean is
shown as an x-mark.
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[X] 3-1-5 Relationships between stem inclination and horizontal displacement in all 10 test trees.
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[X] 3-1-6 Relationships between stem inclination and vertical displacement in all 10 test trees.
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3-1-7 Displacement of the center point of rotation (Cp) at 1 s intervals from the start of the tree-pulling experiment until the critical turning

moment was reached (1-23 s) in a representative tree. The relationship between inclination of the test tree and horizontal displacement (a) and

vertical displacement (b), and the relationship between horizontal and vertical displacement (c) are shown.
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X 3-1-8 Relationships between depth at the center point of rotation (Dcp) and critical turning moment (a, b) and between Dcp and maximum root

depth (c, d) before (b, d) and after (a, ¢) the correction of lens distortion.
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[X] 3-1-9 Relationships between critical turning moment and H x DBH? (a), DBH (b), H (¢), and maximum depth of roots (d) in the 10 trees in all

three plots.
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3-1-10 Relationship between depth at the center point of rotation (Dcp) before and after correction of video camera lens distortion.
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3-1-11 Relationship between H and maximum root depth in Pinus thunbergii trees based on the data from this and other studies (Oda 2001;

Karizumi 2010; Ono et al. 2018; Nanko et al. 2019)
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3—2 {T¥roOHEENRRDMFERIETT L7 <Y OERE—A 2 b

3—2—1 [FL®IZ

WAL, RIS, LR RE-CR IR RE . Bh RS RE e & & F & F e KE O, I-HRE 2 HIFF
ENTWD (FH S 1992; Zhuetal. 2000), B AR TIEE R LY | MHEMENE L WO EE
(23 L7z 7 &~ (Pinus thunbergii)lZ X 2RO ERR TN TE 72 (VMI1979; 3
H 2001), 2011 4, AAROFALH G 2 S HAARKEBRDER 2D, 7~
FERITEE 232 1 7o, BURIC K 5 7 o = I EDD 72 o TR & 2 — 5 @ iri,
IR Y 70 &7 v~ ITENAE CTMEAR TR, 2o mA b L, BfEkics 57
DEE E G AT 2 A STV D (BREFT 2013, 2014), HERIC K DARIRY LA
fEL7eZ v~y Tk, BEROFEENARR TH TN, 7 v YV AROREEROIEEL
T BRI T EER I K 0 it & 372y > 7= (Forestry and Forest Products Research Institute, Japan
2012; #REFFT 2014), 7 2~V HEERTH RTINS ESH B EISENO S 5557
oV | HERIT X 2 BIREGUE 2 Fro 7 v~ Y BIRIEIR TR C b JRETH) e BR 5 TR
725 Z L3RR X7z (Forestry and Forest Products Research Institute, Japan 2012), T##
5 ORI KD W?F‘ﬁﬁbgﬂ%%Tmuﬁ&@@w RV 7 aw VIR
ZEAE CAUE, EROECT SRR D | ITHNTEY R CIREER I3 2 ik
BEREM T2 Live

AL RO E e & OsREZR ST KD 51 & 2 D BIARDEURITK T HIEFUNIT, SIR
SIEZBEILAEBCHESNASEELE—A MCXOHEE IS (Nicoll et al. 2005;
Tanaka 2012), 51X LE— A > MIBIARDOH EEH A X723 T2 <, BEIRDOHFEE
ERTIESEMOEVDEGT 52 LT 2EPL3E3 — 1 THRNTE 7, BIAOIRIX
JE 72 EOWERRY A N L A TxE U CIRRE S 2 5SS S, BURICxH 2 #ei &2o 7‘5
(Lundstrom et al. 2007a; Nicoll et al. 2008), Z D X 9 7R tR A E ORMEIL, RAR DWW
&5t (Total root cross sectional area, CSA)(Coutts et al. 1999)<CTEE AR, K FAR-CRHHAR 72
EROREFMIZ X %437% (Danjon et al. 2005), RO ALSCMH X (Fourcaud et al. 2008)7¢
ExMWTRILINTE I, & HITERITHRT DM T E IS 2 pO S W7o 1 R ERRE &
L THREKIZ DWW T b 2 3 L OBEA7SCHR Cifiam S 4L T & 7= (Peltola et al. 2000; Cucchi et al.
2004; Nicoll et al. 2005, 2006; Lundstrom et al. 2007a, b),

AEITIX, BEROES EBIAROEIIZ ETH L EURBEHIOBRZ T~ D 72012,
TR DHBEOE N E ZA LWL ZAICRE SNIBREO R DR n~ Y o2
FHAHLRIC W T, )R OBRRICEIG L C&E 27 o~ Y EE ORI 21T H 5
DO ? (EFEICEABERNG EOREMZ D ZENTELONERALNCTHI &
ZHME Lc, BRI, IROBGREZMRGET 52 & & L7z IT#RD b OB DTN
FHZAET 527 v~ Tld, # FRALOE S RORE R En D 7 1~ Off s R MK T
THZELIZED BIEBEILE—A BT L, BERICKT 2BIRIGU 23990, ASEHf
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T BN SN DRERIT, BHELB R ST+ 251 B LU &2 & o D1 FEAROE
BB RIS Z E IR SN D,

3—2-2 PR

3—2—2—1 i

FRAHIE, 3 — 1 — 2 OFfAH & FERIZ, B U H R T O824 & 1 umil O 12 8
kmlE Ef <R v~ VR TH D, FF BRI HUBGRBLIIET (34°37.7°N, 137°05°E) T
BLN S 4072 30 2] (1981-2010 4F2) DA 44 )R 1% 3.8 m/s, Fe R JRUEIE 26.2 m/s, %
JEAL 6 A0S 9 B (AZ)ICHENORER, 10 H2vH 5 A (& - B - AZ)IVEIEvE )
LAbdblE TH - 7= (KT 2017),

FAEXE LT, TS OO 5 7 o~ Y HRPNIZ 2 BETRE Lz, {THRNEO
PEEEAS 150 m 225 270 m TH Y, A2E 1.2 m 235 1.9 m THUF AKMZSEERRG < . Heik
YRR & AEE S D FHERX ZERFAEX (LT, #EIX; 3% 3 — 10 Plot B, &
B3 —2—la), {TH»5OMHEHEEN 620m 225 740 m TH Y, & 27 m 715 39m T
Hi R ARNL DS FEHEAOTR < | PERSA RS 5 & ARE S D A X & PR A X (BLT, Rl
X; 33— 1DPlotC, FHE3—2—1b)& L7 (K3—2—1),

B X Clix, 7 ua~ Y7 T UNAT Y (Quercus phillyracoides)X° 7 A J %
(Cinnamomum camphora)?® Ef@ARZER L, LEAKRDSI AT 400-1000 A/ha TH -
Toe 70V IAEEIS T 43% % ), 7 a~Y OFYE@ELE (DBH) 11.7 cm,
VRIS (H)IE 7.0 me 2 LIS ORIFED -2 DBH 13 3.1 ecm, V¥ HIX32m Tho
oo HRIX TIE, 7~ & =87 137 (Robiniapseudoacacia)’> LJERKZ K L. £
JE AR DN FE 1 200-400 A/ha T o7z, 7 v~ Y [ IAREKEIE T 76%% 58, % DBH
X 113 cem, V¥ HIZ 46m, 7o~V PUAO/KFEE L T=kT T, FXTF
(Pittosporum tobira), 7 71 A 773U (Mallotus japonicus) 3 IEAZ L, i1 5 D) DBH 1%
52cm, FHHIE29m Tholo, sRAEMATOH FAKEO S SIL, THD BRI
Do TIEE—ETH LD (HFDH 2017), EEITITHNDANEIZAI)N> TR 25T
D128, HIFED DHUIRALIE, WERICHANT TR e o TV 5,

3—2—2—2 FEESEAK

Sl & B LiBROFIE XS A%IE, DBH 6.0 cm 7>5 26.6 cm D7 1< fE{K) 58 E
L. MAXC 17 8, FRfAlX ¢ 24 ik 4 41 iR & L7=, DBH © _EIRFEEIT, Al
XiZB T 5 b o & b RERFEKREZE LT, BEINTHRAICONT, DBH, H, #
MR, AR R R, BORTEIRRREE 2 JE Lo, BHEmR IR X Ok 2 i CRHEIL
VB U, BIRMBEERE, S RARN LR bIIV 7 v~ Y UK E CORRE (il
7u~< VR E . RN LRIV u~ Y USAORIAK £ TOREE (RITEs AR
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A 2 E L7z

3—2—3—2 THEKIGILOM KL

WA XIZ BT 5 K ZRET D7D, 2015 4 10 HIHERIK T 13 &7, Rl
X T 14 FEATICBW T 2 FHEOES (0-10cm, 20-30cm), WI 40 68 IE ST EEN S
ACEREEE 1.5 mOHRIZT 100 cc O HEMFEZ BRI 7o, BREL 72 A TR
105°CC 24 FEffRZ S, HEEERMEKELZHH Uiz, HTFKMOREIE, 2015 4 11
AKX CiE 3 sl FEIXCik 1 A TiT o7z, BIEF AL, B (SKI135SR,
KOBELCO Construction Machinery Co., Ltd, Tokyo, Japan)% Tzl L, HiF
KRGt U7 CHREI 2 446 T L, MR 2 D KL E COWRS 2 RJE LT,

3—2—2—4 SLARBIEMH LRER

BEINZZ m~<Y 41 fARIZONT, SIEE LR 2015 4 11 HiZiT-o72, Bl&
B LD HEL, 2BEOEBY THD, MBAORILID 1 m (M 0.5 m* LA ED
ERIE 2 mOESIZT A ¥—IZBWERAY 7 & #F. E% (SKI35SR, KOBELCO
Construction Machinery Co., Ltd, Tokyo. Japan)% VN CHIZREIZ%F L CHATIC M E % 9>
U7 (K3 —2—2a), IEAKRET A T—DMITILS0KkN D — RE/L (LT-50KNG56
NIKKEI Electronic Instruments Co., Ltd, Tokyo, Japan)Z k7, GO =fET —Z X7
Yy va=v I (DBU-120A,KYOWA Electronic Instruments Co., Ltd, Tokyo. Japan)# i
L TPCIZ 0.1 FRHEIfRETRisk L7z,

FlEf LRBoOT — 7 BT, EMA YA v —2 5| & a5 L RIFRFICHIE 2 BtA L.
FHORMENE— 2710 L, TR LEDEFS (K 3—2—3)THIEEK T Lz, xt
%L LEBMIRITRERMERY £ TIEE->TWARY, 515 Q013)IZ7 n~wYni| &
B LARBRIZIWNT, HRIED ETLEROGEH LE— A 2 M, 9IEE L6 L
TE—2IZEL, TOBBDTHZL2HmEL TS, BFLHDL (1996)i%t / F OEHR
FRER IS\ CHRFEL S O /K ERB BN O /N S WVERRE T & LE— A > MIAMIzsEm L,
ZF DOBIBERLDRIINDB E— 7 1T D Z L ERE LTV 5D, Thab b AEE b
T E O E— 2 22 5L LTWD (BFxHD 1996), ZHOHNHAET
1L, ORFZE &[RRI (BH S 2013; HRE DS 2015), RBRFFICRE SN Z5 & F LE—
AV NOWPRNCBIT O — 7 ROMEL ARG EF LmEE L, JlEFELE—2 2k
DEKREE UTER Uiz, 5I&E LM, BEEOEITH M %3 2 TITHRD B Rl 5
25K 2 & &L, ITROFANEALITENZ &6 A 60-150 B OFPHIZT| = ]
LM ERE LT,

2 7 L [FEIRRIC B O & & (Depth at the center point of rotation, Dep) & HIE T 572,
FlEBILGMEBERGAICET A 2% E L7 o~V EERO5] &8 Uik ORF 2 RE
L7z, BIEE LATOMEEMENTWDIGEITIE, TOEE 0)&2 BT A EE» S5 H L
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7= (M3 —2—2a), £z, MLETAEEE T, HERBRLGE D &K T RFICAT E
WK E) L7 fpE x 25HI L7 (M3 —2— 20),

ARER OB TIL, IBARNTERRRIR Y ICE D £ TG &8 S PR Z EREEHT 5
Z LI o0, 23 & FRRICHROILN D OFEIE & U TREREEZHIE Lz, HIEE
ARl E T IEICOWVWTH 28D LB Th D,

MOBEBSOFEL LTE, 2EBBLON3ES — 1 LRBRICHEGAKRIZEITS Dep & H
Wiz (K13 — 2 — 2c: ZRlM 1983,1984; BF % H 5 1996; % 5 2015; & H %4 H 2017,
Okada 2019), AfiTlX, 3% 3 — 125 Dep O L > XE MM IERTH TIZIXFE
BETHDHID, Ly ADBERIER L TR,

3—2—2—5 FIEELE—AL D M), BURE—A L N Mo)DHH
ARETIE, BEOT—A L b EDHEAELT O 12D, BIAREREHCRSE—A e L
THHADEE S BEICANTERE—A L N Mo)ZHEH Lz, BRE—A 2 M, 5
EHELE—AL N Mot EEEE—AL N My 22 LADEZKRA (3 —1)I2LVEH
T& % (Peltola et al. 2000; Cucchi et al. 2004; Nicoll et al. 2006),

Mo = Mt + Mn (3—1)
GIEELE—RA L ME, BEEFLOERS LR @S Of (W, BRI AART O X

LR & HITN TR 2 TEEGHR & ST AL 0 23R e KRG &8 LATE (F)IZ cosd 23 U
U TFD (3—2):THH L=,

Maic = F xhxcos (3—2)
HET AV MI, BAEE m N EGESHLE—A 2 MREES D £ TOKERE

BEEE x m)DFECTH S (3 — 3T L W HEH L7z (Peltola et al. 2000; Cucchi et al. 2004;

Nicoll et al. 2006),

Mn = mxgxx (3—3)

BHAZ & m (kg)iX. DBH (cm)Z flW 727 u~>Y i « K « OB EREOHEE R

(3—4), (3—5), (3—6)KifE 2010)&fEH L Chz/fHE & md (ton) 2 #EE L 7%, K

FEHNOEONT 7 v~ Y O L OMEDAE fE L, stemer. branch and leaf.r %

FAWT (3 — 7)RUCTHNRE Em 2HEE LT-, I g 1%, 9.8 (m/s) & i L7,

Mdsem = 92 x DBH** x 1000"! (3—4)
Mdpranch = 109 x DBH™ x 1000 (3—5)
Mdjear= 356 x DBH"® x 1000 (3—6)
m = Mdsem * Stemer + (Mdpranch + Mdiear) % branch and leafs (3—7)

3—2—2—-6 HEHEOE—AL FOREH
KIBARDEIE NS ZITHE— A b (MtkNm)&EFH T 257212, Tanaka (2012) T
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MAE=ka (3 —8) &M Lz, CAdITHRE. p (kg/m)IAKREEE u(m/s)IF P15k
., ht (m)IZEASE KA TH D, A L7258 IX Cd= 1.0, p= 1000 (kg/m®) (Tanaka 2012),
u= 11 (m/s) (Fritz et al. 2012) & L 7=, DBH (cm)/Z5| =& LA O FZHIE 24 L7,
F 7o EEEKAL ht 13 1 m 2> BARE ST 2 BRHIEE R O HLE fe K& 4 m (T 2015)
OFPIT 1 m ZEITRE LTz, BN ht 235 B LB D H 22 =581, £
OAERIZ DD Mt OHREIZHEA L72 ht 1T H & L7z,

Mt = 4'xCdxpxu?xht?xDBH x 100" (3—8)

3—2—2—7 HEHEN

7 v =Y SRR R, M ERRE, KT, B D &I E L AR ERR
ZHRM L7, 241 51% Kolmogorov-Smirnov test 4 L CIEHIMEZ B L, X COT
— ZIZIEMIEDHERR S T2 7o | HERIIX & BEIIX O RFER D225 2 Welch’s t-test %
MAWTHH U7z, E7o, M BERReME. MR EORRIE S BIRE— A o & DBRME, B WY
Hh R & o R ERFERE O BAFRME T, Pearson’s correlations test & 1T o 72, IR E— A > K (Mo)
& DBH, HxDBH?, MREAMEIZ-OUVNTIE, #HEMIIXK & B H OB AD 22 5 2 55 H A
(ANCOVA)Z W THENT L7z, o, #EE—A 2 b M) EBEIRE—A 2 N (Mo)DLk
D7 — 2%, Kolmogorov-Smirnov test TIEBL/I AN DL TE R o Tlcicsd, BEEIZD
VT Wilcoxon NEAZFRE 21TV, WA & BAIX OEWZ R Lo, 20 OfEFTIc
IZ. R (ver3.3.3)% FH\ 7= (R Core Team 2017),

3—2—3 fER

3—2—3—1 UK EHERIXIZIS T 2 H PR OB S8 KO EEEE

BRI & AR KA 35 1F 2 - R OKAZ DR S %, HHRIK T 94 emlZxf LT, FEIXC
240 cm & X0 EL | MR & RRAIX CTE OEWHER I (£33 —2— 1), KD
FITBEME THEMIX L 0 bE EEICH Y . RETHETH 72 (P <005, £3—2
—1)

BRI X &R X D xE 5 7 v~ O S s R ELAE (DBH)IZ XA B EN 2o 7o
(P=0.55), “F¥ftE (HIFAEICERD | BRAIKX T2 ERES»->72 (P<0.001, #3
— 2 — 1), B E TR X CHERIX L 0 b A EICEN- T (P<0.001, £3 — 2 —
1)

RBREZNDOER BTV B~V 3 LOKRAREY) & OB, MAIX T 2 58
FO3SBEZNENRE ST (P<0.01, £3—2—1),

3—2—3—2 HAURE—A2 b (Mo)& Hi E¥HE & DEIR
FIEE LR A T o727 n~Vid, TR TOMKRTHRITNEZR - S 2oz, BIRE
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—xyk(Mm&%L%%ﬁ®W%%ﬁ&kk*%>ﬁﬁEE’EwTDm{&HﬁBW
& DMBENE -7 (P<0.001, 3 —2—2), Mo & DBH DI IE R FBEHRA,

& HxDBH? ORIITEMBERN R o7z (K3 — 2 —4a,b), FEEAIX EWEHKIZBWT
Mo & DBH B X HxDBHz@Fa'éM WZOWTCHG BT 21T 2 A, Mo & DBH
& DOBRMEIC B W TR A BT Hipo7- (P<001) (X3 —2—4a), —J. Mo &
HxDBH? ®BEfRIZ VT ﬁﬁ%%_ﬁﬁ%ﬂﬁ%hﬁ‘w—a%c@%xP:Q%(@
F). [ CHFE THAIVULT A XF TOBRURE — A > MIERITEO bkhrho7o (K
3—2—4b),

BRI X.0D 7T Mo 238k & IEDAHRS, BEARAR DO IERE L A OMBRR A R LTz (P
<0.05, #3—2—2)

3—2—3—3 [REIX VX O NERERS K OEIRE— A 2~ (Mo) & OEfR

m%*@’iﬁﬁﬁiﬁrﬁ?%ﬁﬁ%ﬂ@#ok(PﬂSLES—Z—BMJiR
[z L D P8 S VT XA He Bl X CA B ISR > 72 (P<0.001, X3 — 2 —5b),

FRER AL &Mo&@% LRI W T E BRGNS (P<0.001,
#3—2—2), —J. Mo & EHEZHFLOES & ORNITIZIEMK O A CHE /2 IEOFHBIA
Aol (P<001, £3—2—2), £/, TXTOREIKIZINTEEEF OO S 25%F
GARDIZIFETIZHD Z xR LT,

Mo &RERFE L ORIITHEXFE THREICER ZEREES RO (M3 —2—
6a) (ANCOVA, P<0.01), 372 bR UIREFEEZ D7 v~ Y D Mo IF[EEAIX TR E
{7po7c (M3 —2—6a), —F., Mo &EHRF.LOERS & DRAFRMEIZIE, BRI TD A
ERERN AL (P <0.01), T72bbEAX CREEHFLOERI PRI 2DHE Mo
HREL< o7 (KI3—2—5b),

@mzfﬁﬁ%¥@ﬁiwﬁﬁ¢b@%éi DBH, H, HxDBH?, & &AER
BAMRIZH o 7208, X TIIARSA RO I Z 1 6 O BHRMENR O Bz (P < 0.05,
#3—2-—13),

3—2—3—4 HfHRE—AL b Mo)LHEHHE—A L N (Mt)& DEIfR

I Y RBROZS HEEE— A N (MOIZOW T, B O S (ht)Z 1m, 2m,
3m, 4m D 4 BEPHCAHTE LI & A, EEORENEWVITEE, [MBROZIT S Mt IR
<ol (M3 —2—7), 7 < YHBAROENIZS S27R"T Mo LHERIZ L > T
b5 Mt OBIfRMEZ A& 2 A, ht =1 ORFCIEAMEET Mo 28 Mt KV b k&< 2o
oo LML, ht=2 OEEITHFRIX 17 A 14 K, BEHEIK 24 A 8 AT, ht=3 DA
(U XTI 9 COfEA, BEIX ClX 24 RH 6 ROEKT, ht=4 OEGEITHFHIX &
BRI X OFT X TOMKT, Mo LV H Mt2 Elal-7= (X3 —2 —7), ht=4 ORFD[E X
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D Mt/ Mo T TR TOFERTI 227, ZHUTTXTOMENEKIC LV ERTS Z
LhRRLTWS (X3 —2— 7b),

3—2—4 &

AFTIE, RAANISETIARE L X870 0 . HIFRAEAE <. K0 EOIRV, KV bRsy
BRECRHIEREDENVEAIX D7 o~ T, BEAIX &L LEIRE—A 2 F (Mo)&
MIEHEIECh HHiE (H)x (WEEL)DBH OBMRICER N R SN hoT- (K3 — 2
—4b), TROLLEUMEE 27 v~ Y EEROBENCT S, ITRORZR S —oo%t
e 7 my N TEDLL ol ZHUTMERIXIZI T 2B R R O W7 1~ 73,
50 FEORREMIMIC Z N DWEEITHROBRRICHEIG L CERTHA 9, ZORRIT.
MFEFEEE HxDBH? MR DOENIZ S 2R T ETHRWEE TH 5 &\ 2 BEfFIFsE %
XFRFT DL D THD (Peltola et al. 2000; Cucchi et al. 2004; Lundstrém 2007a,b; Hale et al.
2012), Hale et al.(2012)IZ HxDBH? 23 JEUZ %9~ 2 BIRIRHTIE & 3RV BIRIE 2 PO 2 & %
R LTz, BIEDSEIAROEIRIEII 12 725 2 £ L < M5 TE Y (Nicoll etal. 2008).,
JEASFRV RSy DAMANE EEURHCHT /12358 2 & (Cucchi et al. 2004) H B 52 & T
Do

BEMFRFZEClE, 7~V o5 &f LE— A v FLEIIRE— A2 Fd DBH &5 _&
FERRE LD, 1.95 D 33 BOXTEILSRENTE T (BFF - 8K 2005, 55
2013; =HS 2013; O 5 2014), OS5 (2014)i3=mE H3#IC4AF 35 DBH 9 cm
B ldem D7 m=> 3EKIZONT, BIRY §25F TOHEH LBRZITV, 3kNm
225 13kNm & ARHOR URE S OfEE L FRREDOE— X MEZ#®EL TS, KHi
23T % HXDBH? & Mo & D EFEIROM X 13 103.09 725 104.36 DT HH 5 (2014)
THEINTEX T 817 Thot-, 7 ua~VAEICHEKOERETHY | RO
HIWZE DB A H > ay (Pinus pinaster) TIEE OEE A 3546 5 44.85 OFiPH TH -
722 &35 (Cucchi et al. 2004), 7<= YViIh A Hra v L0 HEAIC WETETH
HTEDNREBEEND,

WHXIZIH T 57 v~y O EREOESOER & LT, 8ORE T Tk < it
TARMLDOEENRE 2 VD, JEREBHICAEETTDHY MU NUE (Picea sitchensis)IZ¥\
THUF AR W EBRE— A > E /NS < 72535 (Ray and Nicoll 1998)3% 5, A
HIOFERIL, HT AR DOIRES DR R L EFHITCTH LI H 000 b3 E L HxDBH? 72
HIE, ZOBEIRIRFIEIZFERRCTH D Z L2 ER L T 5, — T, Mo & DBH DOBfR%
5 & R & PRI W TR B2 5 72 (X3 — 2 — 4a), —fi%HYIZ DBH (&
FAK A% R BFR > H AR EE B % 7k~ (Drexhage and Colin 2001)7= 8, = D% BRI XA X & [
MXIZBT S 7 v~V RAOENERE L TN D, EEICROR KRS 2R3 [l
EBERAX CHBEIZIE -T2 (M3 —2—5), 2D &b, BEAIKIZHAATHRIX D 2
0= Tl ROES FT b bmEROKE M FANIZ LV BLE STV 5 ATHE
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PN 5, FERRITRAIX & WX CARE O R AR Z & e DBH QU 3 fEAT D8 0 B
SNT= 7 o= ORRE, BEEIX Tk 7 v~ OfERHE 2 R T REAR O E L2k
EARM TR 175 cm 75 240 cm Z7s L7223, MK CIlImRRIES 35 cm 06 75
cm L EEAROIEE LRVIKEARO LV IR AR LIoAKRERM AR LT (383 — 1,
Hirano et al. 2018), Z DIz b7 v~ OITHRIZIT < ORI FKALOEWE Z A Ti
AR AN EMERNCBEZ SN TWDHIHH D (INH 2001), FEERITH B ARKGE K O
BAIZITHIE T Z D K 9 2K PARBARZ A B STV 5 (Forestry and Forest Products
Research Institute, Japan 2012), Z 4L 56 OFERIT, @M IR TIFRAE L 705 LS
L 7= Boggie (1972)<° Ray and Nicoll (1998) & FiFI CTH 5,

AENZBT D EHEHFLOE S (Dep)l FFEAIX DA T Mo & ORfRMEZ R LTz (3 —
2—2, X3—2—5b), BMOWET b bLEERDOIEEIT Mo & K& EFRT D
(Danjon et al. 2005; 2008; Fourcaud et al. 2008), ~ ® Z &%, WE + CTEEIR DG I H3E
RA~DOHPUCEE TH 5 & L7z Fourcaud etal. (2008) Dt & —8d 5, — 5T, MEMHIX

TIXZ D& 5 2BRITA SN 7o, RETIHAROAKFRIIRIAD Y & m T IRERFFEN
WX T Mo & DFRWBAFRMEZ 7R L7z, Mo 13K R OW GG 3t (CSA) & BRI T
WZ ELWAEINTEY (Coutts et al. 1999; Lundstrom et al. 2007a,b), Z D Z & x5 & i
MIXTIHEEREL D SARPROREE LB RDIRIND (£3—2—2, K3 —2—
6a), ZNHDI LiX, BEHITY v~ Ik ORERBUORZ AL FF L, EEROTE
S EAREARDIEN Y ORFIZ LD Mo 2Bl T 503, #I F/AKAL e EORERERIZ LV 8
EARAMBIEE 2 < Ao 7oA. AKFARDIEN Y DAITENT Mo & K9 2 A AR
(Plate system,  Ennos 2000)~ & R Z 2L SH, AKEROFEEIZL Y Mo DK T & -
TWDHZ EMPRESILD (Hirano et al. 2018), BEFAFZEICH VTS, HRARITEIC L D%
AR A B L RICHEIG LTEiR 2T 5 & SN TE R, £0—o& LTHEDERWES
TORZRDIRD Y DZEALDFER STV 2D (Coutts et al. 1999; Danjon et al. 2005), AH
DOFESF L [FARIZ, Lundstrom et al. (2007a) X RAY bt (Piceaabies)k 3 —v /N7 7
~ Y (Pinus sylvestris) % RERIZBUZ LD A N VAPBIROE M EZEZ T2 H 0006
TLAREEY A X & Mo & @551%7% Mo & MFETERE HXDBH? & OV A 8GESE 5 b
DTIE RN -T2 Z L EREL TN D,

Mg 7 v ROER I3 28 biMEiL. DBH &R & £ 7213 H ITIKF T 5729
WX L FRAIX TR 7 r 7“/@%@@7}%7@61/ NEER I XA X TR R & AR o
7o (K3 —2—7), REHITIX, MWK & EAIXIZIBVT HXDBH? & Mo O BfRIZ 7=
Tledolz, T HHM DT — f/%MuﬂmH_wf¢5tw\HLDMU2Ei@
XIS L ORI T Mt IE[E T2 b 2300 63, XTI L D b H MRV 29
BIRE— A 2 FMELS  BIRICHTDE— A2 & TS, KEIZI T 2R X O K

TUIARART 2N /e 728 ZAUTR B AR RE KR ICER R E 2 2 T2 7 v~ Ui+
ORI Y 2L = L7ofEIR D < LK RO A TH - 7= (Forestry and Forest Products
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Research Institute, Japan 2012; #KEFIT 2014) & 358G & &8T5, o, BEARIZEBT
2 BRIk 2 IBUNE S O NIARE FE Oy T < 72 % (limura and Tanaka 2012; B 1
2015), AEIZFR T DWHX TIHEOIAREEN G S, 7~ Yoy L L TOHEBEICK
T HERIRPE IR T ERIB XD,

MK D 7 1 <Y BRI T, ISR 2B HE 2 M L SE 57201203, 94
R AR S, mOHE TR KD EAROHRIAELZSCET 20ERH L, £D
TeOIZ, M T K E COWRI A TR TED LR 1247528137477
D—D>Th 5D, BUE, AREFTITHACHS T, HTFKEN S OEREAZ 2m 75 3 m FRERE
T 270D LOFREZIT->TWND (RET 2013), /o, BEROFENRARTH D
7 a=Y BATET DTS, WX O THERR S AV MM O mn O VBHE, 1 2 13/ vE R
Thd T EMEL (PR - Hil 2013; H LD 2015), MOEELZED D 2 L CTilfF
HROER)Z2EREZ M L EE 2 2 & HIRETE 5, BIARD IV HIBREEIZ IR U2 AR O & D
o ORI EE T D058, & DITIROFEE & BRI & OBIfREZ S HITH b7
T2 Z LiE KFEICHROBEROTRRSE DEHO 720 DI 727 — 2 & L THRILD
7259,
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3 3-2-1 The depth of the water table below ground level, soil water content and characteristics
of Pinus thunbergii trees at the land- and sea-side plots (mean values * SE).

Land-side Sea-side P value?
Ground water depth® (cm) >240 94 £+ 28 -
Soil water content® (%)
0-10 cm depth 6.8+1.0 14.8+29 *
20-30 cm depth 2.5+0.3 5.8+0.3 0.07
P. thunbergii trees*
DBH® (cm) 16.4+1.2 154+1.1 0.55
Hf (m) 10.2+0.7 5.5+0.3 ok
Crown width (m) 32+0.2 3.8+0.3 0.07
Crown height (m) 5.3+0.6 1.7+0.3 oAk
Distance (m)
to adjacent P. thunbergii 23+£03 4.1=+0.6 ok
to adjacent trees 0.9+0.1 32+0.6 ok

®Welch’s t-test between the land- and sea-side plots, ***P < 0.001, **P < 0.01, *P < 0.05
b Land-side (n = 1), Sea-side (n = 3)

¢ Land-side (n = 14), Sea-side (n = 13)

dLand-side (n = 24), Sea-side (n = 17)

¢ DBH: stem diameter at breast height

fH: stem height
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3% 3-2-2 Pearson’s correlations between the overturning moments and each trait in P. thunbergii

at the land- and sea-side plots.

Traits in P. thunbergii trees Land-side Sea-side
Aboveground
DBH (cm) 0.92%** 0.88***
H (m) 0.66%** 0.75%**
H x DBH? (m?) 0.92%** 0.93%**
Crown width (m) 0.61** 0.69**
Crown height (m) 0.42%* 0.10
Distance
to adjacent P. thunbergii 0.13 -0.01
to adjacent tree -0.48* -0.16
Below ground
Root-soil plate radius (cm) 0.68*** 0.90%**
Depth at center point of rotation (cm) 0.60** 0.41

P <0.001, **P <0.01, *P < 0.05
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3% 3-2-3 Pearson’s correlations between the above- and belowground traits in P. thunbergii trees

at the land- and sea-side plots.

Below ground ) ) Depth at center point of
) Root-soil plate radius (cm) )

traits rotation (cm)

Aboveground traits Land-side Sea-side Land-side  Sea-side
DBH (cm) 0.80%*** 0.84%** 0.67*** 0.44
H (m) 0.51* 0.69*** 0.60** 0.41
H x DBH? (m) 0.75%** 0.86%** 0.55%* 0.46
Crown width (m) 0.67%** 0.54%* 0.41%* 0.10

Crown height (m) 0.32 0.08 0.36 0.65%*

Distance (m)

to adjacent P. thunbergii 0.46%* -0.02 0.28 -0.37
to adjacent tree -0.30 -0.08 -0.10 -0.35

*xEP <0.001, **P <0.01, *P < 0.05
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200m Shore line

i Field

Building and road
P. thunbergiiforests (low-stand density)
P. thunbergiiforests (high-stand densit

ff:iif:iifSand beach
Sea
Ise-Bay
N Shore line

3-2-1 Location of the sea-side and land-side plots in a coastal Pinus thunbergii forest in this study (modified from Hirano et al. 2018). The sea-

side and the land-side plots were located between 150 and 270 m, and between 620 and 770 m from the shoreline, respectively.
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ground Excavator
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point of rotation
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Center point
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-
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3-2-2 Tree-pulling experiments; measuring methods of: (a) the root-soil plate radius, and (b)

the depth at the center point of rotation (c) in P. thunbergii trees.
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X 3-2-3. An example of change in applied force with the pulling time and horizontal
displacement in a P. thunbergii tree during the pulling experiment.
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[X] 3-2-4 Relationships between the overturning moment and DBH (a), and H x DBH? (b) in P. thunbergii trees at the land- and sea-side plots. The

difference in the relationships in Fig 3-2-4 (a) was significant between the land- and sea-side plots (ANCOVA, P < 0.01).
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[X] 3-2-5 Box and whisker plots of root-soil plate radius (a) and depth at the center point of
rotation (b) in P. thunbergii trees at the land- and sea-side plots. Significant differences were
analyzed by Welch’s t-test, NS: not significant P> 0.05, ***P < (0.001. The median value is shown
as a horizontal black line inside the box, and the first and third quartiles are the bottom and top of
the box, respectively. Each line extending vertically from the box represents 1.5 times of the

interquartile distance. The mean is shown as an x-mark.
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3-2-6 Relationships between the overturning moment and root-soil plate radius (a), and depth at the center point of rotation (b) in P. thunbergii

trees at the land- and sea-side plots. The lines in Fig 3-2-6(a) were significantly different between the land- and sea-side plots (ANCOVA, P <0.01).
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3-2-7 Relationships between overturning moment (Mo) and tsunami moment (M;) (a) and the ratio of tsunami moment (M) to overturning
moment (Mo) (b) on the selected P. thunbergii trees at wave height (ht) ranging from 1 m to 4 m at 1 m intervals. The ratios in each wave height of

tsunami were significantly high between the land- and sea-side plots (*P < 0.05).
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‘G E. 3-2-1 The study site of Pinus thunbergii at (a) the sea-side plot and (b) the land-side plot.
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4F BAROBRREENSEHLE—AV MIEXDE
4—1 MRFRMEET AR OBES

4—1—1 ZLBHIC

RRIFBARDIKRZ FHEST 2721 TR BIROBISFOITER ATV, & BIZEREE 2 &
9% (Jacksonetal. 1999), tR%ZIX, BIAROEREG 0 HBR RO ILIZERR L., fm
DEZEMZ X ZTU 5 (Schwarz et al. 2010; Yamase et al. 2021),

—¥KJC (Three dimensional, 3D)D R #HEi&E (Root system architecture, RSA) X, A D
PRI 5 722/ & 720 9 5 (Ennos 2000; Ghestem et al. 2014; Dorval et al. 2016),
RSA 7 B35 VD RBDRFEICIE, 806 —EDHEECH DR OWHFEA R (Total root
cross sectional area, CSA) (Liang et al. 2017), FEEAR & KPR DR E & IR (Toral et al.
2011), fROBEENGEFRE I HMO5| EHZHEPL) (Yamaseetal. 201972 ER3dH 5, =
D E D ARRFFEOED IO, IRRE HENSIRY BT HBERHY | TOKRER
RBRFEED DNRINCT —Z 2 GDH T EPMEE D,

FfR D RSA (Danjon and Ruebens 2008) (D7 — & Fiffik & LT, AR O fSIZo0
T 3D O xyz (LiEHEE MIREOME LIRS EER (ZRELU T IRORS T —4
EERTDH)EZMEL., ZNHITIRODZRN ) OIFRAE NS 5 2 & CHRAMIEZE T
L. ZIDOROFEEZFHHET 5 2 £ 232\, Danjonand Ruebens (2008)1%, fRD AR A
YT ORFEEZ LV E2— L, ERO A2 FHE), FEE)., BENCHOE L, FEEE
Db — W Th 503, 9571 L KEfE 230725 (Danjon and Ruebens 2008; Ohashi et al. 2019),
Henderson et al. (1983)i%, 7V 7L —A O TTFREREZBEIELZ L TIRO x B
KXy JEEE, FIFIRV A2 FATZ LTz BELPE L, WEEER (DBH)2Y 9.0 cm
M5 115 ecm O N MUk (Picea sitchensis)® RSA 7 — % ZHfS L7z, Mulatya et
al. 2002)i%, B HX UV BOWEEGARTHDH A VT (Melia volkensii) D JE FAIZ K 7245 1
ZIEY [ AROE 3 o E DL DA DERE 2 JET 5 Z & T RSA DT —H &
Bi-, EHBOFEE LT, T ar S x LEEE (Oppelet etal. 2000), & 5 VO MiE
BT o2 AP —L AMAPmod ¥ 7 F U =7 (Godin et al. 1997; Danjon et al. 1999;
Sorgona et al 2018) % VT, 3D DRD KA v b —X 2 ET L HERSH D, Zhb
DIEF, MORA b TF =535 RSA KD, £ IhbEEE, S, CSA 72 SRFr
WERBIZHENTEL-OZHEIN TN D,

—5 . RSA 7 — 2 TGO B8 L SN2 FIETIE ROER R D H A2 RKTIEFIZZ < O
M7 5 mEET —# (Point cloud data) 23 s | ZI4E S 415, Lontoc-Roy et al. (2005)1%,
avEa—ZEEREEZHODTHEASICOWTIRADSRET — X 2 TG L7220, Z0F
EITESMCABT 2 RERBIARITIIEZ T BT — 2 DO IRER LR T DIRORA
VT ~OEBRLRNEETH D, PR E 2 ARICEA TE 2 AEkFiEE LT,
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3D L—HFRAX ¥ FBH D, 3D L—FAF ¥ FILEMThH 523, ML CRkiEIZ 3D
MIEDOREIZBIT D REET — 2 ZIUETE 5720, BIAROH B OFHNCFIH S vTn
% (Calders et al. 2015; Dassot et al. 2011; Raumonen et al. 2013; Seidel et al. 2011; Srinivasan
etal. 2015), Gdrtner et al. (2009)i%, 3D L —H% 2% ¥ 7 & FWT, #iis 80 4ED K1 b
U & (Picea abies)DRBEMRD SHET — % Z B4 L7-, Smith et al. (2014)i1%. mBET —
oAy Ea—S2TEHGFHY 7 by =T TR AT —XZEB-THZ LT, KAV K
T DIRFNA A~ AZME LT, LarL, 3D L—H A% ¥ F2RAOFMIZEEN L
TeMFFRIIE & AU E 72 < (Liski et al. 2014), —fXAIIZAT O T E TLARROFEEHII SNz
fEE L —P A% v THE SN2 E &I L72AF%8 720 (Smith et al. 2014),
ZHUE, 3D L= ARy FiE, BOERHOBRE T — XL T HT-DIRKEDOTFIETH
L5500, BARORKMHEZHEMT 272D OFEETREEZXE L 35 (Danjon and
Ruebens 2008)7- T 5, L7=N->T, 3D L—HF AF v CHIE L7-BREREOSHET
— X MRORA LV N T — A BT L0 S BICHEL SN AT v 7T HRMETH
Do

AEOWFE AL, 3D L—Y AF v 7 CHRAG L72ARR BT — 2 026 3D IR & 1R
DELELEWIIRDRA » N7 — 2 ZRXHIAGFTRFEE L BN T 2720 O 7272 Fik
ERETHIE, BEXO, AT — DN OEWRINTARORA o N TF —F OFE % F8)
A DR ST ARKREE & i 5 2 & Th D,

KRB L LT, 2011 4FOHRAARREBERZICHBERERO OIS N/ n~
Y (Pinus thunbergii)lZ 337 % HEBE ~ DT (Forestry Agency of Japan 2011) % 732 7=
DOUEFEE LT, 7~ VICER L, O L e~ YORAELZ 3D L—FAF v
FTTAF Y U LRRRADSHET — X ZIRORA T —ZITEH L, £ 205 RSA
TH PR L, £, FEEHINC X VIRRZFHILZ 20 HIRFHEMEO R M 1T
Sl TRHD 2 OOFIETH LIV RSA 7 — X Z ik L, ROWEFES T CSA %kt
W52 L TlT—Zty FOFBRMZTH~,

4—1—2 MMEEFHIE

4—1—2—1 FHEHEAK

AEICIE3FS — 1 THEE Liz7 v~ 2 flRDOI% (Root 1. Root 2)& x5 & L
7 (BE 4—1—1), 2NDHDOREGARIT, BHEHRTOREE LSO D 8km (T
Dl TRNDMERICEFTLTEY (AL 2013; HH S 2017; Hirano et al. 2018;
Todo etal. 2019) . ZDHIE X3 3 — 1 D PlotA TH 5.

KGR ORE (H) & fEsEet (OBH)ZRIE Lok, 2FE &R U HIETHADS X
B LRI WTHIEEB LE—A v P 2MIE L, #ifliDm S THARZ I L7z, 810 kK
DEFmHOMHEHmZHEL, =722y 7 TRRAEKRZEY H L (HFS 2017,
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Hirano et al. 2018), 2 AROXFGAR IR 45 42 & 50 4, DBH (£ 19.5cm & 18.5cm, H I
108m & 114m THY, M EHOVA XFTIFFER L THo7- (Fd—1—1), ROk
KIESIE, Root 1 T 126 cm, Root2 T 106 cm Th-o7= (4 —1—1), —J5. Root 2
BT D5 LE—AL NI, Rootl DR 135 Tho7 (F4—1—1), #OHEL
ToARIL, 3D ARFHEE (RSA)T —H UG T D72 OICENICR HIAAT,

4—1—2—2 3D L—H¥RFy 2L DEM

3D L—H# A F ¥} (FARO Focus3D S120, FARO Technologies, Inc.)% iV T, RA4
KOFEICBITDEET—% M4—1—1, 2, 3)ZIELE (BE4L4—1—1), =
DAX X FTOHAEE LT, AX ¥y FTONEEX—F > N EDMORRZEN 2 mm, FiE
A ¥ NPT DIEEMERZEN 2mm LT EBUE STV 5 (FARO2013), RAIE, X
BRE O R4 RIZmT TR Y N, FTREZRBR Y T D RSA AR5 L 91T
WS ODPDOHE TR 2T o Tc, MRBEREZRERS ATy T5720, IRADJHE 8
AT N TNRIZ A ¥ v T &2 @ LR 21T 72,

A% ¥ FCHG LB T — 2 D BARREEE T VA AERCT 2 72012, IkfiRei i =
a—a VDO EET VX VHEET 5 DICEE &N/ 7 Y —Y 7 U =7 neuTube
(Feng et al. 2015) %M FH L7z, HBMEZR o0 IE & & DMt O A8 2 FH)3 2 ik
& LT, s s L7 I c DWW TR R A 4 2 7oA G U Tl L (R AEHE
WEEm{R), 3D HEIE & FEEE T 5 1k H D (Feng et al. 2015), = @ neuTube X, Z D
HAE BT — & > DAL O 43Iz 3D Fis 2 FREL LA 9~ 2 7= DICBRFs S vz b
ThHY . BIAORRT —ZIZ b TE 5 AREMNH 5,

FT. BRI S NTIRRDORELSMNAFET D W7 — 2 2 FENC L VHIERL .
WREREIET 2T 2 887 —Z 2 Uiz, WIS, ZOWRRRET —F ARSI T &
R L, RS 1 em T EIC—HD 2 Won BT — 2 ZER LTz, RBET — 21X
WOREDHZRS T2, BEGIZITR OB E O/ E DN GHEE LTRSS (M4 —
1—1), 2T, ZNENOROEEW DIV E % 7~ 5 O NI T o DRI N %2
7 NU =7 Image] THIDTZ, AT A A LT —#OB# % neuTube |[ZHEAIAL, HENRE
BIBEREIC & 0 &M &2 REh T AITERF L, IR TOERRL REBOORBVICET S
T2t Lic, KRV 7 by =7 TR £ 7 A FOBmIEN & RE S LTV D,

4—1—2—3 TFTEEHA

3D AF ¥ SRHE R L7 v~ 2 ARDOIRRIEEICOWT, IROMETH LR A
N =% % FEICBWT bEHIATT 72, FBYEHAI0O T141% Ohashi etal. (2019)I2# L
724 100 mmx100 mm D& FFRDE T2 > — b D RIC, FRFRE WS FIZ L CTREE L,
XBELRYyEEOH A RE Lz (BE4—1—2), FSICLEZIETzBEOPRIR
DONEIZ, B0 RICHED Z LT L, B 5 mm DL FOMVMRBEZGIY Io 7o,
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ROBGER, IR %%ﬁ&ﬁﬁ&#?éﬁ%f RO 3D JEIE (x, y, z) & EAZHIE
L7 (BE4—1—2), TNENDOROAERITIXID FE5EZAHT, BIERDD72530
ZELER LT, KT A BRI :/«/7xfmIFﬁ(xw%MEL X JERE &y JEAE
BUTE LTz, z BRI, ARROWE S 5 Hi & T oA SR B IS - CHIE L TR
Dz, MOBELRIT, T VXN X2 %AW CEREBESTE & AT EICHIE L 5O
e Lz,

4—1—2—4 ROKRA L FT =00 DOIRAHEE (RSA)D R

BT =2 OEH LTERORA > b7 —%  FIEFE TR LIZAROFRA T
— X ZHWT, RSA ZFHEZE L7 (M4 —1—2, 3), RSA Z S LI RafET
TR, RROK (/ — PMOERESRZ T 7 +—~ v FTitid L7,

J—=NRID /—=RZAT xJEEME y BRI z ARG 7 — R i/ — R
ID

D74+ —~v MI, =a—r OBELRIHEDLNATND SWC EFFHTIND 7 4+ —
<~y hC, HBiEEZ ZORATET LT HZLICL- T, ARV 7 b =7 THRR,
T4 % Z L N ATREIC 22~ 7= (Fengetal. 2015), / — R ID [IMRBZET /AAELORRIC, FE
Mbtﬁ@ﬁ(/—m KL T—EOREFEMNET LI LICLoTREL, 22T

— R¥ A 32T & Lz, BT 2RO/ — BT, Tz 4 & LT
éﬁ/bf:o neuTube (L. HEHESNTABRDRA  FT—H BT L, BERRT H7-DIME
H & 4172, neuTube (£ SWC 7 7 A MERIZESWREET LA A VAR— T 52 L
N TEXDHDT (Fengetal. 2015), AF v & FEIFHUIO M 5D RSA 7 — % % SWC FE
TRIFE LT

7R B REE O FAERICH T | I ORI IOV TR, ARETCIEEEM 72 511
PITONTWVRWZOED T T RR AN T 2 EARCK R EENENOR

Wy (B 7 AV MORENFHH L,

4—1—2—5 WRAEHEE RSAT—ZOXy T L —T g
RSA 7= 37 B & LTRSS, SMROFED B DMK (RO I L
i) % 10 AU (¥4 — 1 —4), 215D 3D O xyz (iEJERE L ROER% 3D L
—HPR2AFXx FOT—F (B 7N ETFENC K HEEFHN (mm)& L, AF v T D
T A R SHA mm BT AR AEE L (R4 —1—2),

4—1—2—6 HRHIFETHOLNTRRMEE (RSA)T —F DL
ROBA 2 P LAV THBERE SN D RSA OEVEGHHT 272010, HHRAO ERLo
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REEUS &30 10 I OWTHFETH LT 3D O xyz (LB AR & R OB % ik
L7z (K4 —1—5), £ KRRITEIT D RSA T — X BIRDENZ T 5 72012,
R =20 FEK EMEKEZ, L—F A v FOT— X5 FE L7- RSA & g
L., A SN RSA T TFENCRHAI LR A > b —& Ll L=, & BICHEE T
EEHIo, BEET DO A% neuTube (2L 0 L LTO72 2 RSA ZFAEEE L, £
A6 Z I E AR T L,

Flo, ROMEF MK T H2IREROZE RO Y O A Z il il E FIEH T
el L7, B S RSA (M4 — 1 — 6)0v D, FERIBOESYS (B 7 A v MEA
AR 10 BN, IE TTIEDEWC X DREEOELZ ik LTz, £/, FFHEE L 72 RSA
IZBWT, BOFLNG—EDOKFEREC S 2 TE T OB CSA (22T, JIES
B L DENE R LTz, @00 —EHEED CSA Z 3R L-#RlIE, Réko R Lo
AENZAFAET 2 1 AR 1 ROROF[BEIREEA | FRERH B OBIRES 1L 125 SO ATRENE D
H5H7HTHDH (Coutts 1986), HEKITIERMNAEHELHIECEEIL TEZON L1280
(Blackwell et al. 1990; Tanikawa et al. 2021), It (FREK)HITE OIROEL, B, CSA %,
FREKJE PHOARFFME & LT L7z, 8o 00 HACEERET 300 mm 75 1800 mm &
TO 100 mm Z & IZFELLPROFERIEIC I T HROERN S, F#EZ L2 RSA O
R CSA #HH LT,

4—1—3 R

4—1—-3—1 FEBIOID L —FAX v FHIICEIT 23S (RSA)D FHEE

Y7 F%7 =7 neuTube 2l LT, 7 o~ 2 i{AD 3D R AHEE (RSA)Z FRELT
HZ LWL (M4 —1—2, 3), 3D L —¥2F ¥ F LD RSAD L (M4 —
1—2B, 2C, 3B, 3C)&MllE (K4 —1—2B, 2¢, 3B, 3c)DFIRIL, At (X4
—1—2A, 2a, 3A, 3a)LIEFICEIBUTEY, FERARBIZITHB SN TV, L
L, B ODROBEITAF ¥ I LD BEE IR RSA OFRA  MTF—F & iR
T H TIERORR > TEY | B SV RSA IXRBET — X D RSA LV HEIXH T
HifitThHh-oT-,

FEIFHHE RO RSA (X4 —1—2D, 2E, 2d, 2¢, 3D, 3E, 3d, 3e)if. 3D L
— WP 2AF vy HED RSA (K4 —1—2B, 2C, 2b, 2¢, 3B, 3C, 3b, 3c)& [
FEIZHMER ST, FIRRIC, FERBR S I<KHH STV, Lo, FHEiEHIH
KD RSA X, 3D L—H RAF ¥ FHEKD RSA I[ZHAT, ORPHBTEIZLTHoT=
(K4—1—2A, 2a, 3A, 3a),

4—1—3—2 FEEFHE 3D L—YF XX FEHORDFA > T —X DLk
BT 10 JRORD 3D O xyz FEEEALE & AR OEAEIEL, Root 1 & Root 2 Dl 5T,
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3D L—H 2% v FEH & FEFHIOMIZA B RIEOMHANRD i (P<0.01; X4

—1—=7), EIELZEOHRTY z FEEOFBITOCMEA 57 (Root 1: R? = 0.95, Root 2:
2=0.89, X4 —1—7c), 72, 3D L=V RAX ¥ FTHEKDOFRA > b T—X BT HIR
OELIL, B 7mm 55 50 mm F2E O CTh o 7223, FEHME & FRICE D S Tn
72 (K4 —1—74d),

4—1—3—3 FEEHAIE 3D L—HF XX v FERIOROMY &R RS
(CSA)DE

7 a2 fEIEORRIC ém@@ﬁt&x/%@ﬁwﬁﬁ_owf3Dv A
X%%?ﬁﬂkiﬁﬁm@%f 2L DOENIH DL L OO, IZITELL T (X4 —
1—8a., 9), HIEHIEIZLDHRELEDZEIT, iﬂf3mmul4—1—8m KT
160mm(X4—1—10)CTH-o7z,

ROWHHEAF (CSA)IT, EH LD FIETHHOFLNEL DN EL 72512251 C
BT H2EmAICHY (K4 —1—1 1a,b), #2225 OHEHE 500 mm A D Root 1 TlIfF
IZBEE CTh o 7o, MaHTFHEIC L D CSA DIEDORIZITEDOHEBENH D | Z O X1 0.82
Tholz (KM4—1—11c¢), ZHIE, 3D L—HF AF v F THEE S7= CSA 723, F#f
FHAICHEE SN b D X /SN EER LT,

4—1—4 #%

4—1—4—1 RET—ZDOIRAHEE RSAZFEET H-OOEERAT v
AT, 3D L—HRAF¥ X 7 CTHSG LR RREO ST — X 02 LA LR O R
A " T = ERAWT, 3D RARMEE (RSA)Z L L, RO CROMEfE A+
(CSA)72 E DR DKM Z BT 287 e FIEEIRE UTo, ARE OFRE FIEI TR
D 3D HEIEZ ARG T H T2 SN2 Y 7 N7 =7 neuTube (Feng et al. 2015) % 8 K
® RSA IZHE ] L= & WO T D, 3D AFX ¥ DR SITARFFEDOREE X, T1E
ETHRGLIERORA > b7 —H EIEFITE BTV, #HEI L72R%% 3D L—F R
X ¥ T CAX v LTEBEFAFIEI3AAE T 2 B DD (Girtner et al. 2009; Smith et al. 2014;
Liskietal. 2014), fE5 & L THONIARRET VORBEZ, TENZ X H2BOWEM &
i L7 E BRI N E TIC &R TV R) - 72 (Smith et al. 2014), 3D L —H 2%
¥ 2L D RSA OFHNCIE, MAORmMOFRET —F & LTHELIL, TORDOHEIC
Pz < eV S KA H > 7= (Danjon and Ruebens 2008), L7>L. AEiCTRE L=
BT, SBET —Z ZRORA b T —#, S 5ITIE RSA 7 — X [ HIC A8 2
L. RSA OFpEZHEHT 5 Z L ZAlREE LTc, TO X5 2airid, BIARDRIKR ) o4
W23 DR OBURMTEZFT~2% ETEETH D (Coutts 1986; Danjon et al. 2005;
Schwarz etal. 2010), ROFEICEET 2 HIT, WHEHE Y H LR RZEEEST 52 &
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WL >TORELEND, L, BOKRA » bT—HCmlET — % % RSA T — XK
BCEIIE, MBS U TRIFEENT RSA T—F 05, TOH%TEH & BICEEH7 R R
PEGSRAFRIT LIS D Z LN TE 5D,

3D L—HFAF ¥ FIZLDFMOG 5 —2OF AL, FEIFEABE O FIEIZHATIE
DN TN J] L FE T Te Z & Té % (Danjon and Ruebens 2008), AHiTlx, FIE
2T 10 em MR TR O 3D O xyz (LEBEZINE L7720 | IROSEACREGER 5 D7 —
PG LI T 572012, 1 DORRICHEZIANTS HOEEETH -T2, ZHUTK
L. HEEOMSIZEELZ3D L—FAX v L, | DORBREBILZ 60553 TAFX Y
L7z, MAREDOL L OERET —FEZWNE L, TNONOIRORA >V b T —Z I TEHT
%2 & T, FEETITMT O 8 LW e iR O MNP ER O LA FELT 5 Z LN T
x5,

4—1—4—23DV~$X%?T%%%?6K@@%@
3D L—H A% v FEHANC L 8RBT — % OB - SITICIEEREN RS, 3. BE
%x%kyﬁéﬁmjﬁﬂbtﬁ@m%%f%ét7i%¢@&%k—ﬁéﬁé%%ﬁ
oY, FRICEES W ONMEITIEETH D, AEORRTIL, ROWS 2R z JBEED,
Xy JEEEIZHERTCREMThINICR > T (M4—1—7), ZOHEMBLE LT, R
%%ﬁiéﬁT3DX%¥/bk LbHd, ETFEMICUCTRFEERILZZ &
HE SRR OFRBEOBEDNCL D Z ENB LN, KEHFHOMANRIZ, 7
L— MZA/V B CTHEE LY (Henderson 1983), B<°AR— /UMD 17203252 Ln
T& 27 (Girtner etal. 2009), Z D X 9 RIEREITIT S HITH0 7R AR— R L IRE V7
HBEL 725,
FTo, BT VR, RRIZERD S KEEERE 500 mm DINICHFEET HRIZCONWT, T—4
ﬁ%i&’i@%Aﬁﬁﬁ&é@m’@ok(ﬂ4—1—1Uo:®@mkbf\%
IZHHBITHEET AR EE R E-oTE Y | L—RBBOFRm BRI ED T2
&bkf%‘x bivd, FEEE 2 2OFHED CSA M OB T, #oH.LnE 600
mm 7> 5 1800 mm DA EEEEECIRIZIE 1.0 TH 7228, #Bir< & Te 300mm 205 1800
mm OFFEETIX 08212 EF o7z, 3D L—VRAFy LA ELY H, FENICLD
HIE CTHUT < DIRD CSA BREL RAHMICH T, ZOEXBEET HHIELE LT,
D ZNDHDORERZEDE LT WEGATTIE, KV AF v 2179, mICHY %
AIVD T 7 (Girtner et al. 2009) ZfEHT 5. ()IROERDNBFICE(LT 2554
DI THIEZITY . REVBEZEZOND,
K%T%tﬁ%wkMMMWﬁH%®%ﬁ%%%ﬁibfwétbyﬁﬁ®?ffV
MERTH D, ZOREIL, ROWHE DAL —RTIR, KRRV R LA T TEK
éhéT%ﬂ%l%ﬂGWMMMRW1%®®E%%ﬁ¢éﬁ I3 LTV 2N Th A
Vo TDI, Fix RO 2 FF RIS Z O L& #IS S5 2 & ME LS 2 RE
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LIz B BT 208N 5,

4—1—4—3 MWEHEMHE RSARIEDEEZDRERE

RSA OFHITIX, BRBEAIEY HTHLERH D720, BRIT — X 2B T 52 &
MTEVY, E7Hi L — 4 (Hirano et al. 2012)7¢ & O IEMEETA T/ 5 NI AROALE
EEELVSTZRA VT =213, TRODIRD DN 2R LT RNT) | #EfET
Y ZALEHORTIE RSA T —F AT 5 Z LI3NEETH D (Kaestner et al.
2006), Filt, AFXOROBA > b T —=ZITHF 247 /LT Y ALIZL Y RSA &
B D FIENERIN TS (Ohashi et al. 2019), Z D X 5 2 FEIL, #HEHEIHFRO R
RORA L T =2 DB HFIHTE D, 72720, ZNOOERT VY XL EEBR
FTHENS, ARREZHIAI L, ARONE, BE, #iixe FEETHET 2 4% & 5 (Ohashi
etal. 2019) , AREHOFRERTIX, RBAREDOREET — X NDOEMINTRORA > b T —
Z L TEEE S T2 RSA 7 — 2 1%, FEFHINC L W BLE 72 RSA 7—4 L IERIZ L <
PTWDZ ENERENTZ, LEN-T, 3D L=V AF v FTDOTF—ZZHNT, fho
BIFEDOIRROBEET VT X LEFHTH 2 LT, Fix 2BICEH O TH RSA OFH#
KNTELTHAI,
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3 4-1-1 Properties of Pinus thunbergii trees.

Properties Root 1 Root 2
Age (year) 45 50
Height (m) 108 114

Stem diameter at breast height (cm) 195 185
Critical turning moment (KN m) 25,5  33.6

Maximum depth of root (cm) 126 106

3% 4-1-2 Conversions of root point data from 3D laser scanner to scale based on the
relationships in the coordinates or diameter of roots between manual measurement data (Xm, Ym,

Zm, dm) and 3D laser scanner measurement data (Xsp, Y3b, Zzp, d3p).

Root 1 Root 2
x-coordinate  Xim =—5.111 xi3p + 1328.6 Xom = —8.020 x23p + 2066.9
y-coordinate  yim =—5.043 y13p + 1293.8 Yom = —6.054 y23p + 2227.2
z-coordinate  zim = 5.219 7130 — 99.6 Zom = 9.920 z23p — 211.32
Diameter dim = 4.889 dizp — 5.12 dom = 6.465 da3p — 12.22
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Dig out
root system

3D laser scanner

measurement A
Point cloud data A
Measurement of - .
acquisition using 3D laser ;
root system
scanner
Manual ' »
neuTube i
measurement Point cloud data
Point data of root system Point data of root system ..
(coordinates and (coordinates and .. b
diameters) diameters) .‘
( ]
neuTube neuTube Point data
Reconstruction of 3D root Reconstruction of 3D root
system architecture system architecture

l

Scale conversion
using key points

Comparison of 3D root
system architecture
(RSA)

4-1-1 Acquisition of point cloud data and root point data and reconstruction of root system
architecture (RSA).

73



Root 1

Top view Side view

v
A

<

3D laser scanner Manual 3D laser scanner Manual

Point cloud data
by 3D laser scanner

Point data either
converted from
point cloud data
or by manual
measurement

RSA reconstruction
from point data with
cylindrical tubes

in neuTube

X 4-1-2 (A-E) Top and (a—€) side views of Root 1 drawn from (A, a) point cloud data
collected by 3D laser scanner; root point data (B, b) converted from point cloud data or (D, d)

gathered by hand; and (C, E, c, ) RSA reconstructed by neuTube software.
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Root 2
Top view . Side view

3D laser scanner Manual 3D laser scanner Manual

(a)

>
»

(A)

Point cloud data
by 3D laser scanner

Point data either
converted from
point cloud data
or by manual
measurement

(B) (b) (d)

(€) (c) (e)

RSA reconstruction
from point data with
cylindrical tubes

in neuTube

X 4-1-3 (A-E) Top and (a—€) side views of Root 2 drawn from (A, a) point cloud data
collected by 3D laser scanner; root point data (B, b) converted from point cloud data or (D, d)

gathered by hand; and (C, E, ¢, ) RSA reconstructed by neuTube software.
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Point data by Point data by
3D laser scanner measurement manual measurement

<
<

Root 1

Root 2

@.K6
® K6

[X] 4-1-4 Positions of 10 points (K1-K10) set to relate locations of roots to actual scale.
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Point data by Point data by
3D laser scanner measurement - manual measuremgnt

<

Root 1

(d)

Root 2

.. ®P6

4-1-5 Positions of 10 points (P1-P10) set to evaluate the accuracy of the xyz coordinates and
root diameters in root point data collected in (a, b) Root 1 and (c, d) Root 2 by (a, ¢) 3D laser

scanner and (b, d) hand.
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Point data by

_ 3D laser scanner measurement

Point data by
manual measurement

Root 1

Root 2

N

Tes R

No.1 .
(b) >4
e i No2 ¢
No.10; & ¢ Peal o
~ 1 e ¥ ....;-“”.

- . s . .-' > .' -
eSS\ eoos’ .

L]
33" : %, No.3
A48 No7 o
No8 %8 .“ ¢ -1 No4 ¢
S e I
‘.-
4
. B
< Nos

No.6

4-1-6 Ten main roots in each root system selected to compare tapering between (a, b) Root 1

and (c, d) Root 2 measured by (a, ¢) 3D scanner and (b, d) hand.
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3D laser scanner (mm)

[X] 4-1-7 Relationships of (a) x, (b) y, (c) z coordinates, and (d) diameter of 10 selected root points between 3D laser scanner and manual

measurements.
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4-1-8 (a) Changes and (b) differences in the diameter of one root segment on the long axis

(Root 1 No. 1 in Fig. 5a) between the 3D laser scanner and manual measurements.

80



0 200 400 600 800

100 100
No. 3
80 80
60 60
40 40
zomﬁo 20 N
! . . : , 0 . . : , 0 .ﬁ“ = = o VAN —————
0 100 200 300 400 O 100 200 300 400 0 200 400 600 0 200 400 600 80O 1000

1 No.9 1007 No.4 1001 No. 9
80 A g0 - 80

60 ..%3 60 60
i 40 40 2%
E 20 M 20 A
0 0

Diameter of root segment (mm)

0 100 200 300 400 0 200 400 600 100 0 200 400 600
- 100 1
No. 10 No. 5 No. 10
1 80 A 80
1 60 60
1 40 4 40
0 100 200 300 400 0 200 400 600 0 200 400 600 800

Length of root segment along long axis (mm)

4-1-9 Changes in the diameters of 10 root segments along the long axis in each root system

by 3D laser scanner and manual measurements.
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Difference in root diameter between 3D scanner
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4-1-10 Differences in the diameters of 10 root segments along the long axis in each root

system between 3D laser scanner and manual measurements.
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4-1-11 Total cross-sectional area (CSA) of (a) Root 1 and (b) Root 2 with distance from the stem center by 3D laser scanner and manual

measurements. (c) Relationship of the total CSA of both root systems between 3D laser scanner and manual measurements.
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......

: - l % i LN
BE 4-1-1 How we measured (a) Root 1 and (b) Root 2 by 3D laser scanner.
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B E 4-1-2 How we measured the root system by hand against a 100 mm x 100 mm grid. This

photo shows Cryptomeria japonica.
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4—2 RHMPRREFOIBEORAHEELGISELE—A b

4—2—1 ILBHIC

2END 3T T, BIAROH TETH DR RIREP BRI I HET 52 & &2
O LTE, Lo, BAMEDOH TEDEH 3O LD L 5 RERENMERIRETUIIZ
FHT 200, o, B HMRMEZFF OB CTIIZDOFGHINERLRLONE NS
T EIEETEH LTSI TR,

4 — 1 TlX, BIARD=WIT (Three dimensional, 3D){RAf%i& (Root system architecture,
RSANZET 27 —Z I OWTORIHE L ITIEAIRE LTz, ZRODOFELXTEMNT D
Z & TURSA T —& LHEURIRET ) & ORRIEZ T T2 Z L N AlRE Th D, 1 HTH A
AT Y | BEROERIESUCIR, RARBAROEREIZ L DEHL, TAMNI T o8Pt R
O GIRICK T 28bt, BN OERE IS T 28, FoOBRBAEKRL TEY
(Mattheck et al. 2015), ZAVEIVDOEITO A 5-F 13572 H R Rt E 2 oM = & 1221k
T HAREMEDN B D, BIARTIRAEEDEWIL, IBRAMTERIAIND Z EDBL0 CEFH
2020), 2FETIL, BERR LD T LARO FHICKET 2R 2R ORHEREL & b
VD AKX (Cryptomeria japonica) (FNif¥: 2010)I2 2\ TC, [l CEEARE S OHEITIE, K
EARD B RARENERIEI A O 5 2 E AW BT L, 3T Tk, BifEREE L CiE
WESHS NSRS R b O\ERM LIRS 7 0~ (Pinus thunbergii)|Z-2D\>
T, EWEERZFSZ o<V 38E b @m0 ad, BRI RIS s & &
AL, —H T, @OWHTFAKRMICAEET 2 7 o~V ITRERORD Y IZAKEROE %
B S, BiE ORWMER TS | ([ UM Z =38 & O @ OER & BRI FEREC o
HTEEWBMNI LT, REITIHRIND 2 BIFEICINZ , KR EZ & D7 ¥ X (Zelkova
serrata) e XL T 5, Y RITHKELEM CTH Y BILOMFE L L THRIRTRHIH IS
7T, s E LTHRS SN TWD (ARG 2000),

AREICTrX, B DR % o 3 B D 3D R281E & EURINHT ) & ORRMEE B S
MZTHZEHHME L, BARRZ2ENE LT O)RRHIMRMEFFORAX 7Y,
7 m= (KfE 2010022V T, fAROIEY B IC LY 3D RAHEZ B L, RAHE
EORBMEMZEZ M5 2 &0 ()2 DO 3D MRRHEIEN O | LEWE 31T DR O W
[HFE AT (Total root cross sectional area, CSA)SCAR R IAFE & W o ToARBFEZ R L, AR
BN ZRTHIEELE— A FEDORAREEZHOLNCT L E L, EHITENE
OB OBEURIEST ) & BRI ZFFOIREFEN S, 26 3BTRS &0 L 9 ITIRR AT
L CHEURIEIIA BFET 200, ZDOA D= A LEELE LT,

4—2—2 MELITE

4—2—2—1 FHEH
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FRATH I R BFR I 2 TR E L7, RREBRH 1%, SeE R SR BT (LR AT 1 = o 5
JE BRST R MOK FEEL IR A o & — RO EE AT o & — )1 P 3238 St N R S 1
T Th D, ARBMO THIIRALTHY , RSN 30em ICEUE LY DR H 5,
BERHTIZE A L7 IZEKRETH D, R 21X, 373 — 1D PlotA B L4 74
— 1 LRI CEMEHETOWEKRTHY (HF S 2017), HHEIIEEMEDE - CRRAL
$ L O Regosols I3 E L5 (FAO-UNESCO 1990),

KGR IL, XME (2010)&2 2B (2, IRAMEEDOEW SRR D 25 KRB D
TFXX, BERAO oY O3IFEEIRE LTz, AXETFYXOMGEARITRABM 1 OF
(BT DR LT AR (26 44, FME (H) @ 122m. FHM&EERER (DBH) :
13.7cm, 3,500 A/ha, HE.4 — 2 — 1)& 7YX 20 4, ‘FHH:9.2m, ¥ DBH :
9.6 cm, 2,000-4,000 A/ha, HE 4 —2 —2)HEE L (F4—2—1), 7~V
AR 2 D7 v~ YT bbb 383 — 1ICBITDHPlotANLRE LT (FHE4 — 2 —
3. F4—2—1),

4—2—2—2 BIEELE—AL | ERRE (RSA)T —Z OHFS

FRBR L BTN T2 A 15 B, 73 32 R, 7 v~ 13 RISV T, Hy
DBH ZflliE L7=t%, SI&E LABRAITV, SIEELE—A > P2t L7z, slEAEL
ABRIREIZ I, RS PRE L ONEHEHL.LOTR S (Depth at the center point of rotation, Dep) %
RIRFICEHI L7z, SIEELEBROFIEIL, 2EBIVONSELFETHY | G AOH |
i m 2T A = RO R Y v 7 & il & ATICEE T iR o T, PR L
I A ¥ —0OFIZIX50kN H D v — RE/L (LT-50KNG56 NIKKEI Electronic Instruments Co.,
Ltd, Tokyo. Japan)Z#kZx, O/ ET —ZI1L7 Y v 2= ; (DBU-120A,
KYOWA Electronic Instruments Co., Ltd, Tokyo. Japan)Z i L T PC (Z 0.1 #P[H kR Trisk
L7, Sl & LERICBIT 57 — 2 OBGE, sl EBILE— A FORKEZ KT D
F T, ERICRIEYD T HANCEBRITHR T Lic, BRI 2 &L FEED LT,
BRRGIEE LE— AV FEFH LZBEORSBOBRZ RO & LT, 3BRA 1 K472
D10 AT AR L7z, AL OES Dep b 2 B & FIEE (&R 1983) 28T A4 H A
ST FIETHM LT, 7272 L 3%E3 — 1 Tiro72 LU AEHDOMIEIL., T DO ER]
BTHERBEWIZRD N o722 (33 — 1), AHEHTIIIT-> TR0,
GIEE LRBROMK T, SEEOM 2 gl L, =7 — X 2 v 7% VTR R 2R
IO H U7z, #80 H UERRIE, RAEELZHEST 2720, BEMERINE 2 —0
FENIZRDIF 7o, RFRZH 0 H LIHRBRAOEAEEIZSWT, AR 7l ik, 7vF
XS5 ER, 7e~YE3%E3 -1 CTHAELZPlotA D4EKTHS (F4—2—1),
BN LIAE NSRRI, 434 — 1 OFEEFH & RO J7EE (Ohashi et al. 2019)
T 3D RAEE (RSA) T —HX 2B L7=, RSA 7 —# L SWC 74—~ hCitdk L.
7 J—Y 7 b =7 neuTube (Feng et al. 2015) % ffi fl L T 3D i &= FFEL L 7=,
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4—2—2—3 HIEELE—AL b ERREM

FERFHANCTEAS L7z RSA T—2 06, SIEBEILE—A L NIRRT EZE2 6N
DIRFRORMEZ R U, iRRFrMEIE. ORERE O AR &K R EARORRIEIE LS L
T, BE2FLE L2 300mm 205 1000 mm (7 2~ O 1900 mm)E T, BL Ok
RO CHIE SNTZARERCERICI T D ELO PR T, #iRE2 5 O E 300 mm 725 750
mm (7 2" D& 1100 mm) £ TORIEEIZEB T HIRRAMEEASE (CSA)., DR R
DARFE K O/KFAR & TREAR ORFE, @ JE P ORERNIZ I 1T 2 KRB EOFEIE L LT,
A FLE L7222 300 mm 5 1000 mm F TH L OVES 300 mm 55 400 mm F TO
FOHBENOKEROEECTH 5, BWERITHEE DD O E 30cm LLHEIZIFET DR
LT, "B4AFA— 10V | REORREREITEFOE D 2 & O AR ITE O
HAILTULZ2W,

AEITHAEA — 1 ERBRICRREEET LV EZIRO R (/ — P OERREGRE T
DT F—~ v h TRk L7z,

J—=RKID /—=RZAT xJEEH y BRI z JEERE 7 — R B/ — K
ID

ZDT F—~<v b TR L7=ET MW T, QR FRIRBEER T O O Wi 2 K b
5728, HEHLTWD  — FBRELMARNICSH Y . 8t/ — RN 555
[ — RRIOEEE (2925 [TER LTS/ — R & RDHHEBEE Ok oBlE4Tx,
Y, z FERE R OY ) — R¥ERRAME L, FOMBRE FISH272 ) — RERE LT, ZOMIE
L7z — RPERICESERODHEFR T2 5 Z 0RO W mfELZ kb=, £/-, HEHL
TW5D /— RBELMAMCSH Y | B 7 — FIERILHNICH 2551220 Th, Rk
(2 L CRM MR FoRokrmfEsEH Lz, 29 LTEL R MR FOSRO
Wrimfg 2 % U, RWrmfE S5 (CSA)Z R Lz, HRim) b ORI [0 CSA DR H
FiEbRERE Lz,

—JF. Q@D X 2 RELLHANOIRR, FFEDRS £ TOWRRRE, FrE#iFHOMR %
DIEFEIZOWTIE, £, HEH LTS/ — REOZ O8RS / — RO 5 83 #PHAM
HDHEXITITINGD ) — RIEFREMEE LD, WThBNEwEENICH 5 & X12id, LiF
&L RO I CREERPH OB R HT 27 ) — RERE L, fHNORZO AN S 5
BREFLVERG LT, ZOMRBETFMICONT, & — R & ZFOHEERE ) — &0k
ST & TRERINDMIHD RN ER DT 2 —T OEREEREE L, ZTORIC LT
HPH O R IRFE 2 R DT,

FREOFIETHRE SN -O@HL0 6 OBRHEER] O CSA L REEEIZI T 5 CSA, ©
BT, @FRILMEENOAKTARATE E W AR RIFIE - 4 — 2 — 2 — 2 THAE LR
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FRPEEE. Dep IZOWTHIEH LE—A > b & OBIRMEZ FET L7z,

4—2—2—4 HEHRHT

3 MO B ES L OMR AR RFE L, Kolmogorov-Smirnov test % f] L CIEFME 2 f5R
LT, WBARFHELSIZBILE—A L M EDRERAEF D728, Pearson’s correlations test
BIToT-, ZHH DOFEHTIZIL R (ver. 3.6.2) (R Core Team 2017) % H L 7=,

TS O 1oL LT, AF, FhF ZuxYo 3 Bl B A X2
L7c R EBAFE D Ll 21T o 7o, 3 B O RARITIL, FEH EEY- A XITEV R H D
e, TOEEDAT — )L THEFEVAREDOE N ARG 5 & H EEO K& I A3 T
BRI ET S, LEN> T 3BEO A r— L aii—3 5720, AF 1A (#K No.
1)® HxDBH? (0.15 m®, #4 —2 — 1)Z KA 3 BifEOH EEELH— L7, £
T2 A — )V ORI Lo b 2 -V T RO R Qa5 L 7=, A7 — L& ffi—
L7 H & DBH X, ZNENOEKD H & DBH ORMRMEL | #— L7 HXDBH? 22 55
HL7,

4—2—3 fER

4—2—-3—1 5l LE—A> & DBH, HXDBH?, REEF-EF L OO S

(Dcp) & DEALR

MRS & v HXDBH? OEHfEIL, 7 <Y Tib K& < (033 m’), AF (0.2
md), 7Y¥ 007Tm)DIETHS7=Hb DD, 7 YXO5|EH LE—A L MIFHET30.9
KNm THY, 72~<Y 221kNm, AFX 75kNm &L TR REN-72 (4 —2
— 1), REEDOVEPERIL, FYvF¥, AF, /7 r~<YT537cm, 504 cm, 69.6cm & 72
., ZFNZIDBH @ 5.9 %, 395, 405 Th-o7z, TRbbLrYFIZBW &R
B (DBH)IZX T AREEERN TR ool (4 —2—1), ., HEigFLOES
(Dep)lE, 7 ¥*x, A¥, 7r~>YT72cm, 17.7cm, 22.0cm C, 7 ¥¥ TiRbiE 7
2w T bES ol (F4—2—1),

AR FYd, ra~wYO5|EELE—A 2 FE DBH OB T, FERBEEER
DR (AF :r=091, P<0.00l, 7Y :r=0.89, P<0.00l, 7 2~ :r=0.78,
P <001, K4 —2—1ab), [AERIZ, BIEHELE—A L N & HXDBH? OBIRIZITAE
7RV IEOMBEIBIMR MM R 572 (A :r=0.90, P<0.001, 7Y :r=0.87, P<0.001,
sma<Y r=079, P<0.0l, £4—2—2, {4 —2—1c¢,d).

T EREFME TH DIRECER L Dep IZOWT, 3 BFEOFI &M LE— A2 F & ORKRE
Rz Z A B LEDBEBR T PFHICBW TR LIEOMHENH, AX L I/n~
VICHOAERIEOHMENED N (AF :1=0.67. P<0.05, 7Y¥* :r=0.86, P<
0.001, 7 <> :r=0.70, P<0.01, £4—2—2, ¥4 —2—2a<), Dep & DREFZET
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IF, AFX &7 mv VBV THRWEERIEOHBEN L, 7 FITITHEEIT RS
Ngmole (AF :1r=0.75, P<0.0l, 7¥¥* :r=036, P<0.05, 72~ :r=0.79,
P<0.0l, £4—2—2, ¥4—2—2d.

4—2—3—2 RAMEOHFEME

AECEBICHIV B ONIZAYX (BHE4—2—4), ¥ v¥ (BE4—2—5), /1
~Y (BE4—2—6)3 BfEICONT, FEEHISHIRORA > b7 —& L2720
D OEHRPOFHEINTT X TORRMEEZX 4 — 2 — 312, B L OREARIBR
HiEZX4 — 2 — 4178 LTn, AXORBHEGEITRHERA, 7 v % TIIAKERE, 7o
<Y CIXEEARR 2R LT,

3 B OGS BEEER] O RO PR NSRS 2K FR OB AW mHES
(CSAYDEALE R D &, 3B E LI HIEINHIZ O T CSA TR Lz (K4 — 2
—5), MHEMELZ LD & AXT P TIEE L OEREN 400 mm 282 725H72 0 )
HAMIZ CSA N Lz, LrL, 7 a~<=>Y 0 CSA BRI Z BT L, @
O OREEE 1900 mm Z#E 2 THACERBFE L (K4 —2—5), 3 #FED XA 7 —
NERZT27 T 7T, AXRT Y RITHARTY B~y TIHKFRO CSA BERHIC
R&hotz (K4 —2—6), ZHUE 3 BHEOHM LY A XOENEELT- 2 L3S
SNd,

HREN D OIR SN D EERD CSA OEbE L L, 3 BFEE HHFmEND
RS RDIFE CSANWA Lz (M4 —2—5), 7 YFOEBELD CSA IFIEE 500 mm
TOW (M4 —2—5), LD E CSA DERE LI /ML o7z (X4
—2—6), AFXIZBITDEEMRD CSA X7 YF LT DL, D00 L
MRV E Z A (MIEER S DEE 650mm)E TROLNTE (K4 —2—5), 7awrL
g4 % & AFHEAR O CSA BRI E ol (K4 —2—6), Z7uavVIiZBlT
ZHIEEARO CSA IFES 1000mm LV HEELS ETHEEL, F Y HFOAF L L THIE
Mol (KM4—2—5. 6),

3RHRE & bR B KRR 300 mm F TICHRRRREO L K BIFIE LN, £ D

EVIRFE Z L2 b Lz, A T ISR BN R H 2 <L 2R D 70 %
#%¢uﬁ%NMmmif_ffbto%¢u#%3MmmiTK&%%fm6wm%
. 7 a< Y TR 30%RENFEELE (M4 —2—7), 7 1a~Y TiLDBH 7 EHi &
A DML & b _TRE <, @25 1000 mm LA EICHEFET DARDEIA A i
B oTce 7 HF O DBHIZAX LY &/NSVMHRNZH > 7223, IRARBEITAF LD
LENDOFREOEWE Z AE THERMZGFELTE (X4 —2—7),

MR A HIES 300 mm F TIZ 3 B E & 2ARBEFED 60 %A FEL, E R D1
EZOWSITHFET HMARET/NE L 2572 (M4 —2—6), 300mm LV FEWVIRA
KT v Tlb/INE L, RIRZERD 10%RETH-7- (M4—2—7), AFXL
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7 1< CTlE 300 mm £ D IEVRRIEFEN 20-30 % & LI o 72, AX TIHEL 72
BIZONABITHR R EFEN D L=, 7 a< TlibikmE AT OB Z A 750 mm
DRI ETIFEL (M4 —2—17),

4—2—-3-3 JIZELE—AY N ERAWTHAESE (CSA) & DOR%

GIZELE— A b EEFLD S OKFEIERERN ORZW A A E (CSA) & DEIRIZ
BIfEIC LD R AFX L7~V TITAEREOHBENRD b (4 —2—3),
AX T, BFL D OERE 300 mm 225 1000 mm (231 52 < ORI HEFRICE
T, FIEFELE—RA L ML CSAICHBERIEOMBENGRED LN (4 —2—3), FflZ
BAERDIREANARITI T D CSA ITITBI EFE LE— AV N ERBIBOIEOMHEENTED 6
7= =087, P<0.05, £4—2—3, ¥4 —2—8a), 7~V TILHH.Lns 300
mm & 950 mm @ CSA BF|ZFE LE— AL M EFBEREOMBEEZR L (300 mm : r =
0.99, P<0.05, 950mm : r=0.97, P<0.05), 7 a~>Y CIXOHEEEICBNTH, 4 #IK
EDIRVERBRABD T2 OFE TRV OO, FHEBRRITEWERICH 72 (4 —2 —
3) —h. Za~Y TIIREEERICBIT D CSA La| & LE— A2 P EOMICHE R
FBRIZERD SN o7z (P>0.05, M4 —2—8b), 7 VXTid, Bk EITNT
NOEREZHIT D CSAIZBWTH, SIEHLE—RA Y M EFRRBERIETED b
Sl (F4—2—-3, M4—2—8o¢),

FIEEILE—A Y M EERSHIDO CSA L OBRIC B BIFEMZAZNRD bive, 7 Xk
FO7m=Y TR, EOWSITBWTHHERBRKITEO bRl (R4 —2 —
4), 7Y ¥ TITES 300 mm O CSA IZBWTAOHEBEEM %2R Lz, TRIICAF T
ITT_RTOERSITBITSD CSA DHIXHLE—AL FEFERIEOHBAEZ R L (P<
0.05, &4 —2—4),

4—2—3—4 JBIEEILE—AL NEERFR, BEMR, KERERE S OGS

FlEE LE— A F ERREMEEE OBIFRMETIE 3 M & & AHBIERES & v M) S
Hotz (AX :r=081, P<0.05, 7 ¥¥x :r=0.84, P=0.08, 71~ :r=0.88, P=
0.12, &£4—2—5),
KEARZRTHHEES (400 mm 55 650 mm) L VW VR ZRDOEEA T, AF Tl
FIEBEILE— AL FEFBEREOMBEEZRLEZ (P<0.05), 7YYXFBLOZ n~Y Tk
WL A BERBREERED Do 7ob OO, 7Y CidE OB E R L, W
TNH P<0.07 Z/RxL7= (P>0.05, £4—2—5),
EERZRTHHES (300 mm 25 750 mm) L D IBVRAERE L5l & LE— A2 b
& OBMRMETIE, AFITEVT 300 mm 2> 5 650 mm DT TOIRS THE R EDOFIES
MRRHT= BT (P<0.05, £4—2—5), 7a~<vYO5[ZHLE—A2 ~ME, 700 mm
BLOT750mm LV HIROVEEREEASH LA EREOMBEEZ R L (700 mm:r=0.96,
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P<0.05, 750 mm : r=097, P<0.05), fLOEIIZEBNTHZDOES L0 IROIRREHE
EBIEBLE—A L M EDHBICITAEE TRV L OO, FHRRE O @V MEE R0 51
72 (F4—2—5), —H. rYFTIELOESOBRE LHBENRED SN -7- (K4
—2-—5),

4—2—3—5 HIEELE—AL b EBRETFOITEOEDHENOKERETEE O
BaLR

it & U722 300 mm 25 1000 mm 38 K OMiE 2> 5 OFEE 300 mm 725 400
mm OMENORREEE S EELE— A2 N EDORBRIT, 7Y XOLAERIEDOHE
R LT (84— 2—6), AFTIIHHEREDS®SWVHAICH > T2b DD, 7 r~>Y T
F LA ERRIER R SN o7 (F4—2—6),

4—2—3—6 3EHEOM EEHR T —LE2EDE TR & ARRRHED ik

3BFRDOTTRAIZIST 5l I8 & H AR E O E 2R L7 &2 4 — 2 — 9
IZR L7z, HXDBH? Db KREWWEITEIZZ o~V ThH Y | b/ SWEBTEIZZ V3 Th
ofc (K4 —2—9), H &KL TEEROKEBIREWVEREILZ n~vY Tholz (K4 —
2—9), HxDBH? % 3 Hfffi THij 2 THL L & M oA 44 —2 — 1 01T~ L
72, [A U HXDBH? IZHii 2 7o 55 A1 H O bR 22 D8 IL 7 v~ Th v [ [FIERIZ DBH
DEH/NSL RHBFIIAF THo72 (K4 —2—10),

i EIAr— Vi 2 72 3 BIFEORRRHEZ T 5 L | Y R I2EB T D AKEAR D
BPEENPRORELS, 7a<Y, AXDIRI/NS LS Rofc (FPF¥ 413 cm’, 7~
Y 1266 cm’, AF ;185 cmd), —F, BEAROFEEFEILZ mvY Tirb RKEL, X
X, YXoIRINEL roTe (7 a<Y 14T em’, AFX :3.85em’, 77 ¥ :3.28 cm’),

4—2—4 EZE

4—2—4—1 3FEOFEELE—RA 2 b &M EEF L OH TR
3MFEOF|XHE LE— X2 ME, BEFOMIE (ETF 5 1965; Peltola et al. 2000; Cucchi et
al. 2004; Nicoll et al.2005; Nicoll et al.2006; 7% 7. © 2011; Kamimura etal. 2012; JFEE 5 2015;
Todoetal.2019)F L N2 &, 3 & L [AFRIC, BIAROHL FERHE T o 2 &t se (DBH)
SOMBEOIEE & 72 DR E (H)<WEEREL (DBHY & &WBERENRRO btz (F4 —
2—2, M4—2—1), 5I&ELE—A> & HXDBH (ZEDOEMOERTREN
DM, O E T RO B I AEF T D A X 49 4EAERM AT 33.6, HERHI AT 26.8
(2E)TK L, REIOZBERORMITNZAEET T HAF 26 F4TiEL 30.7 &, (FXF Ul
FHThoTe (X4 —2—1c¢), THUTBROLORAL LW o Tz RO SR OE
b6 T R UH S A AR HIXAFOF|EHLE—A L FRFRICERETHSL Z
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EERRET S, ZHUx L, REiOZ a8 565850 63.1 & (K4 —2—1¢),
33— 2IZBWTH L < HIETTN O TIT o 7 Bl X3 X OVEEIX. 7 7~ > Ko
103.1 BLN 1043 Ll L CT/hEo72, ZHIE3ES —2CBF 57 n~YDE—
AL IMPNERE—ALV F2EREIRETE— AL FTHLIZEN—DODHEKLE L TEZD
N5, 22T, 383—207n~vYO | &HLE—A L MHEMH L T HXDBH? & DB
REFMRE Lz, ZOREER, BEARKBINEMX O o<y o5 fELE—A L K&
HxDBH? O = OFR50E 101.8 & 1033 LH(RE—A L M RELEDDLT, Kifior
B NIBITAREO I PNEL ol Thbb, 3H3—207r~vYO5EHEIL
A2 ME F U EEMEOSG . AHIOREMEI D b REWVWZ L ZEWKT 5,
Ao Q03T Z <Y o3|EBLE—AL ME, vV /A2 Fadickd~ Utk
IEMTIR T T 252 & 28E L TWDH, RENZERIT 2B s ~ Y23 LT
D, THHFBEELE—A Y FOEVOERKD—DH LIV,

P ORZRE L LT 2 8B LU 3 HE T o e Rek 23 LB

S (Dep) &G EELE—A L b EDORERICIIBREMZENRD b, ZAF, 7 o< Y Tl
RERFRIB LN Dep & A BN, FFIZ Dep TIEEWIEOHBEANR e (F4
—2—2, K4—2—2d, 10, ZNOOFRMEIT, 2ETRLEAFIZEITHER (k
D 2015 3F 3 — 2DBEAIXKIZEIT S 7 va~v Y OfER%EZ XFT %5 (Todo et al. 2019),
— . Y X TR ER EARREOHBEN A ORI DD, Dep & OMEBEITRED 6
Nigofe (Fd4—2—2, M4—2—2b,e)y 2O LI, FYXoO5/&fHLE—A
MIIFZTEEAR KD S ACEARDIL DS VAT fE O HREKDREST R D)L V) 5 BERED @V 2 &
%%@waéoitx%&&mvyfim$ﬁ$;@ﬁﬁﬁk%’%%@L%~xy
WZBHRRH D DD, FRIZEER & OBRMEOBEWZ LSRR I LT,

4—2—4—2 3HFEOMRBMELIIEHLE—AL T

AE TRV ICEVEESNTZRORA » bTF—F TR bAE & EAFHR, &5
Ko@ﬁb@%ﬁ%mzfﬁﬁéht3Dﬁﬁ%mﬁ%\X%\7?%\7H7/ﬁ\
FNEFURHEARTL PR, TEARAZ/R L, 2 O RIIAE (2010)ORHFERIR R
EEFFLT (K4 —2—4), XifE (2010) TIHRZ DAk O S Cld, DBH 32 cm,
H16m O A XERTIIRBRARIE I A 240cm TH Y | EHAE 2mm LLEDIRD 56 %135
JE/ND 50 cm £ TOWRSINHAAT 25— T, FAFTZAEE L7 DBH 34 cm, H15m O4
YRR TIE, RRORKRIES 2 140cm,  [HAE 2mm L EOIRD 80%73KE 7> 5 50 cm
T Lz, 2 OHEIL AREiTag & L&D DBH & IZERH D H DD,
AR L HHE L T v CMBENELS, HERBITIZE AV EDOWPFEE LT & W ) KD
FERAEIFFT D (M4 —2—5, 6, 7), FIE (1997)i1%, AFXOBEARIZOWNT, K
RED 12 ORES E TITHRAREFED 85-90% 03 EHT25 L LTEY, AEOEREZIZIE
XFFT D, ETAREICEIT D27 v< Y OfESIE, Hirano etal. (2018) T S 7z fEffl o
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yua AR E RS, BERPDES ETHELTWDZ &2 3FF LT,

IS 3 BEORBHEE LI EE LE— A2 N EOBRMENS, EBERSG EH LT
— AL MIBEBRLTW OB E LT, RHHARBIO 2 56 TOFmEARTL D 7 0 <> 3505
bb, AXL 70~y TEEIEHELET—AL FEROBEE /8T Dep, TEIRDIRFA
Wi & FE (CSA)E L OMEFREIZ DUV THRWBIGRIEDSGR O B LTz, T D 2 L ITFEAR DB
AROBERIEPUICK U CEEREEZH ) Z LN RBREND (%4 —2—4., 5), Ennos
(2000)(23 T & IEEARUR R (Tap root systems) 35| EF LE— A > NI L LT
WA EEHELTWD, Yang et al. QOI7IBIARDBERIEIIO Y 2 = L— 3 Vil
ATV, FEEAR L E S T E T C O & 0 BIRIRHUCBE S L Tnwas Z L awE L Twn
%, OF V., EEARIL, Mattheck etal. (2015) D738 AW 6T 28PTIC X 0 BURHEEHT
WZBET 5 Z & amd, BAR (1987)IE. T XD EITRA LICBEERDE AW 2K
PAEFET 2 2 & CHRRORERES ILICFHEGT 5L LTWhH, Lizdi> T, RIS
ZiE, IREJEFOT R mIRA LI BERDNE AW ZBET LB 615,

AF L~ TR OBERZT T AEHICBIT 51 EH LE—RA 2 FEKFE
R CSA CERFEDOBMRMEDFER (4 —2—3. 5)0°6H., KEBRBFIEELE—A 2 b
~OFHET LT E BRI NI, TAUE, AKEIRDIAN Y 2R TR & Gl & fE L E
— AL NEOBEMNL BRSNS (F4—2—2, M4—2—2a,¢), AF TIIAKFE
D CSA BLOEE LB EHE LE— A2 FOBHRICE WHEBRRH 0 | FFICIRER
RIZBIT D CSA Ait & OIRWEHRIENIEE Tho72 (R4 —2—1, X4—2—8a),
R1AREZD OLEENS O] & RE IR OWEFE CERIED (Yamase et al. 2018),
L7223 T, AREICH L Sz BRIEIT, AROERIICE T 28HERO—>
&SN DIREEEFH DR AR DB & P EHPLI (Coutts 1986) & L TEHEZFEL T\ D 2
EDRIBEND, 7 u<Y TIHAKFERO CSA L3I &H LEe— A2 b ORFRMENET <
T EWMEAIZ S > 72 b DD IRERERIZIIT D CSA & OBIRMIEIT A F & 138
VIR -Te (4 —2—3), 2L KFEROGIEEILE—A L DG A=A L
MAX LRI D Z Lo T 5, WWEHRICEFT 57 a~ Y TlE, REKEBHICTHFEET
HROG|EHEEPINCHET DL bie LA, KEARPHE FOREEHLER 257
DIZFHET D EHE 25D (Ennos 2000),

EEAROENF Y X TIIFEA LE— AL & Dep [ITHEANR LT (F4—2
— 2.4 —2—2¢), EERD CSA LCEERMAKE & OREFRMEL Ao RhoTe (4
—2—4, 5), FHIFIZ, HIEH DO 300 mm OISR D CSA & DRJIZAD
FEBME 2N B B 722 (r=-0.88, P=0.05, F#4—2—4), ZIUIFrrxFo—E@Kc
THICHE LR EHFICHERE Ui CRE S -WmfE T — % 23 ATV
7o (K4—2—12a)Z LITERT S, ZOEKICBWTIRO IR0 6720 & Bbih
% EHEGD CSA ZBRAN 2 &, MEAREGIEHELE—A L MIBIT D ZOAOHE
TRONR ol (K4 —2—1 2b),
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TYXNEWD Dep (4 —2— 1)E2HHOZ &1, 7 V2K A (Horizontal root
systems ¥ 721X Plate systems)IZ I N D Z LA XFFL TV D, ZD K 9 ZRAKFERE D
TFXHF T KR E HIEPABE L S~ MeT o2 L THIEELE— A |
IR FEHELTWD ZENEBERZBILD, Z DIREEIT Mattheck etal. (2015) Tl HAMD
AT ERBRTHD LRI TS, F Y X TIILEHELE—A Y FEKEBLIW
FEE G E D CSA & OBURMEIX K2 >0 (R4 —2—2, 3, K4—2—8¢), 21D
DOfERIEARSRE P I 1T DR R G| &k T HPT ) & 3848 U THRIRPI L) 2 36 4 % X
FLEFRRLIFHEOAN=ZALZRL TS, —H I Y XO5ZF LE—A 2 M,
2 HL & U7 [RL0 FIAE N O ACEARRRE & FRIE O FRBIME M 23 i S 4L, Z O A AR ¢k
2L (54 em) LD HREI VDAL 1000 mm 7R ETHRIETH -7 (24— 2 —5),
ACEAR BTS2 BIFEM CHEZ T 572 o B O XA r— N 2 Gy T T 5 & r v o
AR AR L O R0 588 1000 mm PNO K TEARMBFE A 3 B Tl b K& < /eo
o (K4—2—11), ZNHDFRERNG, 7Y FIFTAKREREEEID ICRE AL T 5
ZETRETHEO MU LTREFE RS RE L, ZOWRBTHIEZENLZ2NE DI
HZTWDLZEWRBENT, 2D &iE, KFEARBORRZFFOMHEIT, BET 2D
HBIRARBEROEE L IRARDOHRE CLEMZ KDL 3 25 Mattheck et al. (2015)% X K9 %,

FRERDRIMED i SITEURIEPUC DR 23D Z L NS & TV % (Coutts 1986), fREED
10 O DS BN R BRARIE O 2207 2 b &, O A 513 2% (Coutts 1986), 1R
FROBEEIEE, BN OJERMEIZ R BT (Mattheck et al. 2015)DAHERIZ D723 5 &
HEZ D, BRI L DBARERICB T DA T a ™ (Pinus pinaster) DFHAE T
I, MR B 2 LA & B e B IZIZEY H (20.6 m & 20.7 m)=X°2#4) DBH (38.1
cm & 37. 6cm)IZ K E 7RV R o 723, MRIRY 2 Z L7k & g L ¢, ER 7
B A& D JEL AR D VMR OARFEEL /3 23 im0 2 & A STV D (Danjon et al. 2005), =
D LiF ARIRY i Z U7 ER & B R EIRIZ IV T B RO FERE S 6k 2 #REas
Hipo T Z & &R LTUW5 (Danjon et al. 2005), 47 ¥ 2 D#ERHLLA B H£E 1000 mm
WNOACEARMBRFRII R E WX 4 — 2 — 1 )72, 51 &E LRBRICEH W CHl 9], 372
BRI O FEAME S L TERITT 28 0 OBREITREWVWZ LR END, 2DOZ &Y
T X X OAEARDPEREIZ I ST 2 Z & 2Rl LT\ 5,

FEEZARYIR] Ul EERS A X CTdh D A% 2 fifK (fE{K No. 4, 5)& 7% 2 ik (fEAK
No.2, 3)DIREEND CSA 1 L UMRBHE L LT 5 & | AFITHA_T v Cidsma
& LRV N O CSA OB AEFEN R E W (K4 —2—1 3.1 4), ZDOFERIT.
AF L LT Y CIEEE ISP FTEEL TEY  THEERN LY — KL T
WD ATHEME 2 & HICHKEF L TV D, £72 A FTIHARSCEEICIT W ER L0 B O REEE 400-
500mm D &7z TCSANRKELWA Lz, —FH T, 7 TIEmfulin s o it =
BRDITON TR T D AICH 72 (M4 —2—1 3),

[ERR L CARERE P B 1T DAREARSAIC OV T, AX TIXEAE 10 mm AT 0 ELig Al
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VBRI <. REEZBIICER 10 mm UL EORMBMFLE AR ONARL otz Zhicxt
L7 ¥ FTIEAFITHANTROVRDZL < | IREOZAITTHEL 20 mm FRE DO A
Sav, REkEX D IMANCIBWTHEL 20 mm UL EOROFAENHER S (K4 — 2 —
15), ZAHDOFERNE, AF TIXBEEAROME ITMZ ., AEROBDOKE DT 25
HIo 0 ZIREEORRE L, TORICEFTT HMMBE & ks 2 & T, fHRIESUICFH 57
DAREMEDN TR SN D, — v T, B a TOICHBITE L Y & IRV EFE TR &
IZU, BHEDIEN Y ZRELTHZ ETHREBHRZED TWDLZ ERRBIND, S
HIT, FYXORME LT, AXL7 a~ VI IZHRTIR I ARY D 0N D5 &k
SEPUIEFIZE N & @B 2010; RTF S 2013; FEF S 2020003550 Hiv b, MO
WM 2 R AR & 6 A 6.0 N/mm?, 7 2~ 9.0 Nmm? 2% L, 7 V¥
1% 12,5 N/mm? & &V (BRRAIIZERT 2004), ZHU 6D &b, EETICERVVRAS 1
BIZAVATLZ & T, RRETHEO KR EEDLI LD EEbND, — T, —KITK
AR DR AL A FFOBIR O ERIRTL) L, BERM LY /SN2 LTINS
(Ennos 2000), T 7255 7 ¥ X ITAKERA 2 FFOBIAR & L THIZNIIZ, BEH < ZE DR
S RE7oMRER LRV P X IEPLN O DIC FURIEFIN DR EZ N L ITHEETRET
Hb,

ZOXDIT 3 BIHEIZIIT AR B & OMR R DK K N EL AR R 2 B B 72
THZ LT, ENENDOIRREEDOF THIEH LE— A > MIHFGT D ACERCHEEAR,
RER72 EHUTFEICAAAET DEALC L0 BHRIREFUI~OBEBRE DSR2 5 Z LB 6 &
ol

4—2—4—3 RBDMEBENOSEH LE— A2 hOEEE

A CSBATIC AT T ABADF & A L' — A > M, SRR EEEE & o BIRIED i
bEWIZ EN2E, IEBILVFEL — 2 — 20BEFH S (Peltola et al. 2000; Cucchi et al.
2004; Nicoll et al. 2005; Nicoll et al. 2006; &R 5 2011; Kamimura et al. 2012)IZ X Y 7R & 4
TE7e, LML, BIAREIRZ E D7 —2 2 A5 & H EERE S EF LE— A
%@%ﬁ@ﬁ%&b%hé@%ﬁﬁﬁ#éo

Bl z1X, ARENZBIT D7 v~ Tid No. 1 @ADL HxDBH? 1% 0.39 m* & No. 2
@¢®QMmuwww%vw%4—2—nowa\%h%n®@¢®%%ﬁb%~
A ME, No.1 T33.6kNm, No.2 T255kNm &, No. 1 TI3fFR&-72 (F4
—2—1), ZZTHITHORMEIZERT 5L, FTRIRAKREIL No. 1 T 112cm’, No.
2TIS5em’ THY, ZOFEHELE—AL FOBWEHPITE 20, L, MR
225 300 mm X 0 HIEWERERAER L, No. 1 T69.1 cm® & No. 2 @ 31.6 cm® & No.1 {#
ET1IMHREL, I EHFCRRAREOIR L HiiT 5, 7 u~vY TlE, ZRETRT
Tl BEROFEDBRE N, HL Eﬁﬁéﬁpﬁ¢%®ﬁw_iw_h%®
RO & LE—A L FOENERIHTELZ LD LHRIND,

96



FIEBILE— A2 FEEBRICHET DRI, T— A bOT—ZEIZ—EDIEX LD
ENDHDH, ZOMEDIEL DX TITELX BRIERNBZ HNDH0, EO—K & L THUTEF
PE, FRCH 2B LE— A2 M EBMRIEDEWEML, AR5 7 n~Y TEH LIRS
DT ORmEREFE EORR YN, FIEELE—A L MIFETLHZ ERRBINT,
DT, M EEREIZ T TR <L KRHIO K9 e 3D ARRAEIE DR g &N ERE
ERONCTHZ LT, BRIBH OER Z 5 TE D ABEEDIEN D THA 9,

4—2—3—4 RRHEE RSA)T — X BIHED & 572 5t

AHEITIE, 4584 — 1 THIALZL D ITIRRZIY B BRICFFHIC LY RSA 7—
X H G U CIRSRIEEMT 21T o 72, 2D X 57 RSA 7 — X OEAFIE, RAMEERE
BT — BT DI O SRR A FTRE & L IRREE 2 R BIMN DT A —FFE G A
RBE DT, FRRICOIZY AT — 2 R FHIETH 5,

AEIZHT D RSA BAFICBWTAROBED LA TE e, —OOITMROEH TH
%o AEITIZFEGFHOT — 2 BAFIEO 85 G ELR 5mm LT OMRIESH 52> Ll
ELTRSAT—Z#ZfG L7z, L, MIREDZS SIIMFIC L D 2725 (Noguchi et
al. 2007), AHITXHEGE LIEBHEO I L, FYXFTIHEE4L -2 508912, LR
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3 4-2-1 DBH, H, HXxDBH?, M, root soil plate radius and Dcp in three tree species (Cryptomeria

Jjaponica, Zelkova serrata and Pinus thunbergii).

Tree DBH H HxDBH? M Root soil plate ~ Dcp
Tree species
No. (cm) (m) (m3) (kKN m) radius (cm) (cm)
C. japonica 1 11.7 11.0 0.15 4.1 51.4 5.7
2 12.2 13.1 0.19 7.0 49.2 7.0
3 14.4 14.0 0.29 9.1 55.1 14.6
4 10.8 11.3 0.13 7.6 42.5 5.4
5 9.7 9.6 0.09 4.4 47.2 14.0
6 15.2 12.6 0.29 9.2 44.4 11.5
7 16.7 15.0 0.42 11.0 62.9 6.6
Mean 13.0 12.4 0.22 7.5 50.4 17.7
Z. serrata 1 8.3 7.9 0.05 9.9 49.1 6.4
2 9.7 8.6 0.08 14.6 45.4 18.3
3 10.0 7.7 0.08 15.2 56.0 2.6
4 8.5 7.9 0.06 11.0 43.9 6.5
5 8.9 9.4 0.07 14.9 74.2 2.0
Mean 9.1 8.3 0.07 30.9 53.7 7.16
P, thunbergii 1 18.5 11.4 0.39 33.6 90.7 29.7
2 19.5 10.8 0.41 25.5 61.9 233
3 15.9 9.3 0.24 12.7 67.1 17.0
4 16.4 10.1 0.27 16.4 58.8 18.0
Mean 17.6 10.4 0.33 22.1 69.6 22.0

DBH: stem diameter at breast height.
H: stem height.
M: critical turning moment.

Dcp: depth at the center point of rotation.
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3% 4-2-2 Pearson’s correlations between critical turning moment and tree traits (DBH,

HxDBH?, root soil plate radius, Dcp) in C. japonica, Z. serrata and P. thunbergii trees.

DBH H X DBH? Root soil Dcp
plate radius
r P r P r P r P
C. japonica 091  *** 090  #*x* 0.67 * 0.75  **
Z. serrata 0.89  **x 0.87  *** 0.86  *** 036 *
P, thunbergii 0.78 ** 0.79 *x 0.70  ** 0.79  **

r: Pearson product-moment correlation coefficient.
**%k P<0.001, ** P<0.01, * P<0.05
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#F 4-2-3 Relationship between critical turning moment and total root cross sectional area

(CSA) with different distances from the stem center.

Distance from stem center C. japonica Z. serrata P. thunbergii
(mm) r P T P r P
300 0.73 0.06 -0.02 098 099 *

350 0.79 * 0.18 0.77  0.80 0.20

400 0.75 0.05 0.29 0.64 0.81 0.19

450 0.78 * -0.22 072 045 0.55

500 0.80 * 0.37 0.54 0.57 0.43

550 0.81 * 0.51 038 0.76 0.24

600 0.74 0.06 -0.05 094 0.93 0.07

650 0.77 * -0.31 0.61 0.89 0.11

700 0.74 0.06 0.05 093  0.81 0.19

750 0.77 * 0.38 0.53  0.51 0.49

800 0.80 * 0.23 0.72 0.42 0.58

850 0.80 * 0.06 0.92  0.65 0.35

900 0.76 0.05 0.18 0.77  0.92 0.08
950 0.75 0.05 0.16 0.80  0.97 *

1000 0.75 0.05 0.20 0.74 048 0.52

Root soil plate radius 0.87 * -0.45 045 024 0.76

r: Pearson product-moment correlation coefficient.
* P<0.05

100



#F 4-2-4 Relationship between critical turning moment and the total root cross sectional area

(CSA) with different vertical distances from the ground surface.

Vertical distance from the ground C. japonica Z. serrata P. thunbergii
(mm) r P T P r P
300 0.84 * -0.88  0.05 0.82 0.18
350 0.88 ** -0.07 091 0.78 0.22
400 0.87 * -0.32  0.61 094  0.06
450 0.86 * -0.37 054 0.89 0.11
500 0.87 * - - 0.80  0.20
550 0.83 * - - 0.85 0.15
600 0.85 * - - 0.60  0.40
650 0.85 * - - 0.31 0.69
700 - - - - 0.60  0.40
750 - - - - 090 0.10

r: Pearson product-moment correlation coefficient.

** P<0.01,* P<0.05
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3% 4-2-5 Relationship between root system volume (total root system volume, horizontal roots

volume, tap root system volume) and critical turning moment.

C. japonica Z. serrata P. thunbergii
r P r P r P
Total root system volume 0.81 * 0.84 0.08 0.88 0.12

Volume shallower than 300mm  0.63 0.13 0.85 0.07  0.08 0.92
350mm  0.72 0.07 0.86 0.06 0.39 0.61
400mm  0.76 * 0.86 0.06 0.37 0.63
450mm  0.78 * 0.85 0.07 043 0.57

500mm  0.79 * - - 0.50 0.50
550mm  0.78 * - - 0.57 0.43
600mm  0.79 * - - 0.62 0.38
650mm  0.79 * - - 0.68 0.32
700mm - - - - 0.72 0.28
750mm - - - - 0.75 0.25
Volume deeper than 300mm  0.88 *k 0.05 0.93 094 0.06
350mm  0.85 * -0.01 0.99 095 0.05
400mm  0.83 * -0.09  0.88 0.92 0.08
450mm  0.80 * -0.14 082 090 0.10
500mm  0.78 * - - 0.87 0.13
550mm  0.79 * - - 0.88 0.12
600mm  0.78 * - - 0.84 0.16
650mm  0.83 * - - 0.90 0.10
700mm - - - - 0.96 *
750mm - - - - 0.97 *

r: Pearson product-moment correlation coefficient.

** P<0.01,* P<0.05
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& 4-2-6 Relationship between root system volume and critical turning moment in a cylinder

that imitates a root soil plate.

Radius of root soil Depth of root soil C. japonica Z. serrata P thunbergii
plate (mm) plate (mm) r P r P T P

300 300 0.38 0.40 0.96 * -0.16 0.84
350 0.47 0.28 0.96 ok 0.14 0.86

400 0.53 0.22 0.97 ok 0.15 0.85

350 300 0.45 0.32 0.98 O -0.03 0 0.97
350 0.56 0.19 0.98 ok 0.28 0.72

400 0.62 0.14 0.98 ok 0.26 0.74

400 300 0.52 0.23 0.97 ok 0.12  0.88
350 0.64 0.12 0.98 ok 0.45 0.55

400 0.69 0.09 0.98 ok 0.43 0.57

450 300 0.55 0.20 0.96 ok 0.08 0.92
350 0.66 0.11 0.97 ok 0.49 0.51

400 0.71 0.07 0.97 ok 0.47  0.53

500 300 0.56 0.19 0.93 * 0.06 0.94
350 0.67 0.10 0.94 * 0.47  0.53

400 0.72 0.07 0.93 * 0.46 0.54

550 300 0.57 0.18 0.92 * 0.00 1.00
350 0.68 0.09 0.93 * 0.48 0.52

400 0.73 0.06 0.92 * 0.45 0.55

600 300 0.58 0.17 0.91 * -0.08 0.92
350 0.69 0.09 0.92 * 0.48 0.52

400 0.73 0.06 0.91 * 0.45 0.55

650 300 0.59 0.17 0.90 * -0.12  0.88
350 0.70  0.08 0.91 * 0.48 0.52

400 0.74 0.06 0.90 * 0.45 0.55

700 300 0.59 0.17 0.89 * -0.01  0.99
350 0.70  0.08 0.91 * 0.46 0.54

400 0.74 0.06 0.90 * 0.44 0.56

750 300 0.59 0.16 0.89 * -0.01 0.99
350 0.70  0.08 0.90 * 0.42 0.58

400 0.75 0.05 0.89 * 0.41 0.59

800 300 0.59 0.16 0.89 * -0.03 0.97
350 0.70  0.08 0.90 * 0.41 0.59
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850

900

950

1000

400
300
350
400
300
350
400
300
350
400
300
350
400

0.75
0.59
0.70
0.75
0.60
0.71
0.75
0.60
0.71
0.75
0.60
0.71
0.75

0.05
0.16
0.08
0.05
0.16
0.08
0.05
0.16
0.08
0.05
0.16
0.08
0.05

0.89
0.89
0.90
0.89
0.89
0.90
0.89
0.89
0.90
0.89
0.89
0.90
0.89

0.39
-0.07
0.37
0.35
-0.07
0.36
0.35
-0.03
0.39
0.37
-0.01
0.41
0.39

0.61
0.93
0.63
0.65
0.93
0.64
0.65
0.97
0.61
0.63
0.99
0.59
0.61

r: Pearson product-moment correlation coefficient.

** P<0.01,* P<0.05
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4-2-1 Relationship between critical turning moment and the aboveground traits (DBH and HxDBH?) of three tree species (Cryptomeria japonica,
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Zelkova serrata and Pinus thunbergii).
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4-2-2 Relationship between critical turning moment and the belowground traits (Root soil plate radius and Dcp) of three tree species

(Cryptomeria japonica, Zelkova serrata and Pinus thunbergii).
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Cryptomeriajaponica

No. 5 No. 6 No. 7 50 cm

50 cm

No. 4 50 cm |

[X] 4-2-3 Reconstructed root systems of all test trees in three tree species (Cryptomeria japonica, Zelkova serrata and Pinus thunbergii).
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Cryptomeriajaponica

Horizontal root system

“IKFRE”

Tap root system

“EERE”

Karizumi (2010)

[X] 4-2-4 Differences in three types of root system form structure. Right and middle: results of this study, left: Root system types from Karizumi
(2010).
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Cryptomeriajaponica Zelkova serrata Pinus thunbergii
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[X] 4-2-5 Difference in the total root cross sectional area (CSA) of the root systems in the three tree species with difference distances from stem center

or from the ground.
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Cryptomeriajaponica Zelkova serrata Pinus thunbergii
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[X] 4-2-6 Difference in the total root cross sectional area (CSA) of the root systems in three tree species with different distances from stem center or

from the ground (Align the maximum values of the axes).
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4-2-7 Differences in proportion distribution of three types of root system volume with different

distances from stem center or ground surface.
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4-2-8 Relationship between critical turning moment and total root cross sectional area (CSA) at the boundary of root soil plate radius.
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Cryptomeriajaponica Zelkova serrata Pinus thunbergii

A

Mean H
12.4m 8.3 m 10.4 m
Mean maximum v - - v - v
root depth  0.5m } | 0.4m " 1.0mt "' )
Mean DBH 13.0cm 9.1cm M 17.6 cm
Mean H X DBH? 0.22 m? 0.069 m3 0.33 m?3

[X] 4-2-9 Schematic diagram with the average values of H, maximum root depth DBH and H X DBH? of the test trees in three species (C. japonica, Z.

serrata and P. thunbergii).
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Cryptomeriajaponica Zelkova serrata

e — ;—-—v———¥
Converted values

Mean H 11.2m 10.8 m
Mean DBH 11.6cm 11.8 cm
Mean H X DBH?2 0.15m3 0.15 m3

Pinus thunbergii

——S

e ——

!

8.1m

13.7cm
0.15m3

[X] 4-2-10 Schematic diagram of size in the test trees normalized with aboveground volume (HXDBH?).
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Horizontal roots volume
within a radius of 100 cm:

18.3 cm?
Root volume ratio L
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,-::‘.'_'.-_‘_,.-_.. 3
Tap roots: 17.2%  Total CSA at the'\ 18.5cm
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1 root-soil plate  Tap roots volume: 3.85 cm?

I

Cryptomeriajaponica

A A

Zelkova serrata Horizontal roots volume

within a radius of 100 cm:
39.2cm3

A 4

Horizontal roots: 92.6% § —==

Tap roots: 7.4% % >~ Horizontal roots volume:
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Pinus thunbergii Horizontal roots volume
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N Tap roots: 35.5%
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from stem center Tap roots volume: 14,7 cm?3

[X] 4-2-11 Volume of the root system normalized with HXxDBH? in the three tree species. The parts of roots related significantly to critical turning

moment (the pink areas in the figure and the names of the part) are shown in red.
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4-2-12 Relationship between critical turning moment and total CSA at the distance of 300 mm from the ground. (a) Relationship between critical
turning moment and total CSA of all roots, and (b) relationship between critical turning moment and CSA without one root (red area) which grew

upward and did not contribute to critical turning moment.

116



Cryptomeriajaponica Zelkova serrata
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4-2-13 Variation in the total root CSA on the side of the cylinder imitating C. japonica and Z. serrata root soil plate with different distances from

the stem center.
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4-2-14 Variation in the total root volume in the root soil plate which assumed a cylinder in C. japonica and Z. serrata with different distances from

the stem center.
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[X] 4-2-15 Number of roots (>5 mm in diameter) in each 5 mm diameter classes in C. japonica and Z. serrata under the distance to root soil plate radius

or to distance with or without 100 mm from root soil plate radius.
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1 The study site of Cryptomeria japonica stand (Site 1).

-2

BEHE 4

2 The study site of Zelkova serrata stand (Site 1).

-2

BEH 4
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B K 4-2-3 The study site of Pinus thunbergii stand (Site 2).
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B.HE 4-2-5 The excavated root system of Zelkova serrata.
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—— Ay lnn

‘B E 4-2-6 The excavated root system of Pinus thunbergii.
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ELE—A L PR L BRSNS ED Z 2N Lz, BROA I LD,
A X DORO F KR S FIRIZ TR O N2 0> o 1205 KR OFEEE TH DR ER 281X X
SNTEAFTEMEICHEARE S RoTe, ZNHDZ &bk S AR T, FHER
O A E O TR DR e U TR Z & 6D D 2 & D3RR S iz,
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F 5-1 Root system architecture and their traits related with overturning resistance of the three tree species (C. japonica, Z. serrata, P. thunbergii) and

proposed forest managements to increase overturning resistance.

Cryptomeria japonica

Zelkova serrata

Pinus thunbergii

Root system form

Heart root system

Horizontal root system

Plate root system

Tap root system

Roots involved in

overturning resistance

Horizontal roots

Tap roots

Horizontal roots

Tap roots

Contribution of roots for

overturning resistance

Resistance to tension
Resistance of weight

(Resistance to shear)

Resistance to tension
Resistance of weight

(Resistance to compression)

Resistance to shear
(Resistance to tension)

(Resistance of weight)

Forest management to
increase overturning

resistance

Thinning

Planting in shallow soil
Do not plant on soils without enough

spaces for horizontal root growth

Embankment in soils with high
groundwater table or shallow hard

pans

Relationships with soils

or site conditions

Higher contribution of horizontal

roots around the root-soil plate

Thin, large and hard root-soil plate

Plasticity of root system due to

growth environment
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Methods verified in Chapter 4

e G 7 b ¥ ) Non-destructive methods Method proposed
OO0l system [0 be measure .
4 J ! in Chapter 5

Destructive methods I

Data collection by ground

Lig sl et e penetrating radar (GPR)

Method proposed Manual measurement Software for GPR data analysis

Measurement of

in Chapter 5 root system _
Structure from Motion (SfM) Point datz of ftoot Syjtem
measurement (coordinates an

Collection of diameters)

point cloud data

Analysis using algorithm of
3D laser scanner Ohashi et al. 2019
measurement

Take a lot of pictures

Software for SfM
data analysis

Estimation of connection

Point cloud data acquisition
information of point data

Point cloud data using 3D laser scanner
acquisition using
SfM
l > neuTube
= neuTube

Point data of root system (coordinates and diameters)

Reconstruction of 3D root system architecture (RSA)

[ Comparison of 3D root system architecture (RSA) ]

5-1 Summary of data acquisition methods for root system architecture (RSA).
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