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1. # L]

PEeV3BEIMETHL Z Lo, ERERBR LT CNLREZET 220008
BIZBWTHEBAICEARSNTEL, EF, EEBEETELEEL2ZRLERKCE Y TEE
BEDFRBOFREHNFER I N7z (FAR-RRE 1984), —F, FiLH o2 Xk, BorF s
EERARICBW TLBEENERNABEIMHKRTRE SN (BRI 5 1986, # 5 1986).

LHED P FoVICEBYSERT I LiZMLN T (FH1952) 75, 2Dk ) IcRE
HIZIRS FIEVWHRICHO2Y, £NMIROEA 2 ERBEICEEE TRBIREL Tw5, L
b, FANZERBRICEL LI LVHIEERL T3, ZOBRIIERHOKEIC & -
TRALBRBTH), MEHILEIN, BINDELIHTHD,



b e ERRIC BT S RBERROME (K - SN - KB - B’R) 317

BAEFRBZEILICCWE SN TWAHEIZOWT Y, EBCIITHL LS, BiElC
o THRBDERVHOLND L) XU XFFEDHL DB, 8RS, $HRBAICTONLTY
CTHL) LEREKRICBWT, YF AL ZBOME2HRT2HMEICIZ, RENERH
BCMBIND, ENEHI LT Lo, BREAROFHHAIZ OWTEKICER) HMr—7F, HH
ROWTHOMRZERL T ZLIRBKRELERIV DL LEL B,

RBOREEBICOWTOMRIIBLICEMIN-0H 5 (311984, AH 1952, TS
1984, = k51986, #H & 1984, FEAT1985, Il 51986, % & 1986, T#1965), L 2~ L,
KRR E ATHOMEB L K IOV TREFTCELAICEN TS LRV AT, BickhEc#As
PUETHLEEZD,

—7, BEARICOWTOWNRIIA L <, AHE1950, 1952, 1955, 1963), 4JIi & (1988),
BNie (1986, 1987) DHRLSNCIIRMBIE V2 2L DRREH26%, FRLOHRICE
D, BERARE L L VOBRERALICENTIZVDEDY, FEFHALED S\,

DEDZ L 283 2, EE513 1986~87 FNXMAC F F=oY ATHKIZBIT 2 HBRENE
BRAELTo72, AT, EORECAFLALS — XV ICREL LA L INIEBLHEVE
BELDOL PV oMBOERY, BRI LBRELZIT> 72, B, Yo — X icREL 2HE
ARicBT28BEIRIBEICL, HROER, BRERECHMRLBO»BLNLOTLUTIZHREL

FALEW
2. WEHKBOBE X A

TN, BB B LREEX T3 b o ATHTH 5. Bk, EHEH
150m, #HEH10~25E, R~LmENEFETH 5, 1931 FictERH S h, £k 1975, 79,
84 FlICENFHBRHIEHEIN T B,

BREARELT, B X ICRELZEEZLNBHEBER L DL L BAN L HWERE S
b2bnE 1 AT OHML 72,

FE—EFER (1986412 A 24 B) iz, SInBHECRENSES, HREIC L 28BN
BHEIGALNGWL L — XV CREL A EEZ LN H5HE (Photol) 242 D&KL, 1
FARE L7 B#E22.5m, WEEZE29cm TH Y, RRIZBBROEMNIC, L& 10 cm » 5 100
cm DfichizoTAEH LNz, NBE, FRUNDREIZA LN D572 (Photo 2),

B_moRER 872 A130) 12, AINBMIcREARES, BERBLEOEN
HHEWZ & 2RTERFF 22D 51 25%H (Photo3) #1200 2RRL, 2F5KE L7, #
H23m, MEEZR30cm, ERIMBEF 2 cm b5 225cm DMfichz» TEH LNz, B
REIIZHEBUN OB EIZA L% d > 72 (Photo 4),

BREHZEEDICL, 25KREBIC5 cm EOMIREZ R0 LR, Tiwb b 1T D & FREAG
S 28, TNEFNEARTOBEMBABRA L L TRIL, FERED E FERZICHE,
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EBERSICRELZ, BYOAKL MBIV EB LR, BLUBEICH 1 m L ol T~
TiIzDoWTRICREL, FooBEL21T- 22,

3. BF R F &

3.1 ABAORLERR

BHRORERREALPICT B 0D ICHBRBE LT - 12, 12 ARDORBHRIERICAEX 18
(FOKT 2 ha, BCALIM 24 20 BEOMEMH) 28BEL, RBATXTH L F=ov (370 %) 2
DWTHBNEELREL 2. ZOB, B2 —Xi2RELEEZ LN HHEEY L HEEKIC
e—%r7%2LTBW,

3.2 —ZMCE 13 5 ARRE MMM

2 AOBFHRRERCIZ, 12 ARDFAERLZICE - CRE L LHBOFELRAEL 2. 2

NS > T—Z N BT 2RBREORMBEBZHALLICL LI E L1
3.3 ABEBBRARORE

1, 28KEbC, MR LEBIRBHLNI2MHE, BIUECEEE Cofiflicbiz-
T, M AROEOBRE L 1T- 72,

BY v CERICEETLNAARKROE LICEAT T A Fy 70—+ 22010, ARKY
A EHRIZEN, KEWH, D LH0ER, B, B, ZoEe L WU 2EL
Rofze ZHHKE MV —XRZH/PIE—2hi), BE, REFT5H 2 Eicd D EBAHBD
WNEREZHEL2ICLES E L

3.4 BXREDIH

FREOPREAIEL Y 5 cm BEOMAREERL, B2 &L 6 cnBOFRDIBR £ & >
2o 15 ARTIIBAFMEIC0.5cm MFR, 25 AKTIIEMIC 1 cm MBICS#EI L T&2DRBRE
NEKELXAEL, WS- LHBOKGRE 2 T~

3.5 MhESBOERNHRE

MiE b L — ARIDIER L FIRIC, #O2rOHRICOVWTERRBTHBINEZ2REL, B
KEBE LT 72, BiC, KEVWHAIRALN2EN EHBREEICET 2 MNORFE, MM
RAV 2R, MYUICRANI70EEER (maveVF 75 ) 2BV,

3.6 MnBEBMOXEARE

1, 28KREbic, REREAL L TRRL 24T >0oMREZ/IMIE a8, F.A A
THEELZ:, BEBROPLLANEFUEIR/IE M2 EY), ROEOE2ER L. O
FIZEEE) Y75 =2 TREHK, XATL 95—} X &R, L¥EMMICL-> TRES N,

3.7 REBIUABFENEOEERFRNRRE

ABEBEICHACEZRBNOHL L, HREHE, ARANOBRNMEL2 20/~ 7oy 7 (B

5mmX5 mmX 3 mm)2EFKL 2, TS5 ETNI—IERER ST L IZERSKRE SEM
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BERASRE S Ic MRS (D-550, MALR) IcLVEELL, RERERERICL ) BREEX
HICRRESHO_ERE LT, EERTFEMH(JSM-35CF II) £ AW TMEBE LKV T
B, EEBMLIT-7

4, BRELUEE

4.1 HBRORERR

FEXBAO F FoVABii 30 ETH o712, FN0 9 5 65 FICHBHFALH LN, H
BEII#H19%TH - 12,

Eitke (1984) It A RED L F= Y ALKORAE TIZ, ARWAEM L FARLEMM, 22-32
cm VI BB TERBOUARIZIE% LU > T b, ARERTREINE I S22 LH 2. —
%, AE (1952) 2 L g, BN F=YREKICEIT2HBEOBBEII 23%TH 5, HF
(1985) ick 2 &, REDF F=YRARKICBIT2REBOMBARIIE B THS, BFELMENT
13, RAKOEBHUBRRICHEYGBHSNDZ LICMZT, TOREBELHEBE»HB LI N
Tv 2 3, &% EKS 1984, FEH 1985) bRk ALHORBHBEIC L FRLHRH A S
NaZths, HBELBHDLZILHTEL, TOMBREIE L LERIL, RBK, ATk
LIcRMLERLBOLNL s, BEEOHERLZ EDATHLINTII R, LikkH
ZYHRHALLDOTHDLEEZ LD,

4.2 —ZJAMIC &1 5 RBEREORMAOHER

12 BROALEOEE, HRL IO LHHBENL6GEN Fevn i biFizh—X
VIERELEELLNBEENAEDLNZ, LL, 2 BDOPAERNBRICIIF L LHERENFE
ERBOLNL -T2,

BRI KA LT 2 - TRET L L Wbl s (AH 1963, 1986, SHIGO 1986) %%,
BRERPLIBFMIEEZOR LS AWHIRICRETIZ L EZ NS, FNTREEIC OV
TRIZEET 5,

FH (1950, 1963, 1986) ik 3 &, WENKFHRMEIKAEIC B 2 HBEIH K Z B HRE
KB L, BREENETICH > THEEOFNEBZLTL ) TR RLERIT S, &
2, KEWHBOKSDEREIWEE > THLET T 5 THOHTRMIZ, R, ETHRENK
BLTEORAOREFEBICRETHS, —HIC, &) BELENREBHAEHIES 5Hid
ENEF S NEADRET B EEZ LN, HMBRATL ) ELRITTRENELHE 25,
2 F 0 ESHRES K EEEREC TKEVHROKIPRELICEET 5 T TOMNDERNRE
BHS DI ERTAICELLND, fEo T, —LHMANTRAICEBIHEIRNEH S+ FER
(B, TULLEAHMBAMBC LS ABICERBIRET LI LixEZ N5,

—7%, AHE (1963, 1986) ick 3 &, KEVWHZLzLWwE FoVEBRNNRETIE, ¥
BEICERL TV 2BBHENEHEET (ARCHER 1986, 757 1978) 13 —10°CHIE THML,
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FICEENETT2 LR ORAHRE LKL T, HBRIVEROERFTENSIRY &
N2 CHEANESIZRIFTERTH ), TNOWKRT LR L D HBEHIREL B
EEZ LMD,

LlEnz kb, BEUCIE, KR ERICREL THEBIFET T2 CoMBEICREA
LT 2 KBEVHOBENATE R SNZHHEE, ZRUC LR L 2EMDERE T 4R
THLRAULUTOBERMTCRET ZBEEFEDSRY GNP MbEZ LIc k> TE RS
ENBEBNKLTZONIATHS D EHET S, L L, AREE 2ENADTFHRAL LT
botrZt, SBTF— LB TEL o 5, 12 AICHERE I NG S ADRBKRIER
REDBUEYETTREL DL ERFTBIZBE>Twiv, LROERBLELHLDICE
Btk L BEHITE Clo b2 2 ML AL & 2 NLICET L 2 ARBRVLETH Y, SHOBF
RIZELEL 2/,

4.3 XAMBRABORE

Fig. 11 1 BAROKE F L — AR & 2 ORBULE 2 7T MBI BT, BIHBOBAR
WERSHIIBIE, FORMORE SINTREGIICZ > TV 3 RIEE - LHOBER, Bt AR
DRI KE M, BET 5 SEBIBECRANLERRERL T3, HMEIRWT
Ry ED LA RETHD, 72, 7 CENIHBOLN, KFIMEBEZRL TV,

HEIZ, KEVWHOMY» LBEFE~DES D HRLRECEFICHFEL T3, £72,
EBEZEATVBHMER 35 50, 60, 80 cm DWIE TIAKEWMDES ) 2E-> T ENIT
L, HEO MO em Fic %7 2 # EE 105cm OME TR EDEH ) A7kE CELL T
Vw3,

Fig. 2 1212 2 BRDEER ¥ RT. K%L 1% 80, 85, 135, 190, 195 cm DWFE DK
BUMOEND B3, 1EREHh—HL A2 EDLNE, FHEOERL ) LOKE
TRABECHDES ) HEP LT 5, FRICE > TIKEVCHOEDY ) HioKkELELD A
bbb, ZOEMRERFBELLBICBI 2D LELLN, 2HFRDRBORER,
KEWHEENIZIZ1IERN S ) cHBRLBRGH -1 L HET 5.

AE (1952, 1963) ic & 2 & HBARICIIHISNL CKBEOMOTFET 555, FREICBWT
LENSHRINS, B, BRL22KEWH EEROSHRED 5, HEIIKEHIKT
iz, BEozhowAmicE GEREL Ty s BRI TRET R LI LN 5,

4.4 BXRERH

1 BANEKEST # Fig. 3ICRT. SRBIIMEBE L (—HL Twb, 30~60%DHEH
EALHBI T - TV, —F, 200~250% DI ERIZTL LA D, 100~200% D
IEFEICHEDLMETA TV, BEDVFETHHUOKEHMOZTKEBIRBOTFEL %
WD ZN & HEL TEL, KEWHEBOFRTLH 250% & v 5 EEICE W EKEREZ R
WOIE L BEOKBIIUT—HL TV, ZOBRRFIOEHRZTTRLNLBROZ LD
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i0cm

Fig. 1. Cross sections of the trunk at different heights of the tree No. 1.
Wedges show the north side of stem. Arrows show the frost
cracks. Numbers show the heights from ground level (cm). Solid

lines in the heartwood show wetwood part and internal cracks.
Dotted lines show knot.
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Fig. 2. Cross sections of the trunk at different heights of the tree No. 2.
Signs and lines are same as Fig. 1.
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Fig. 3. Moisture content variation of the wood (tree No.1). Solid line;
upper part of the photograph. Dotted line; under part of the
photograph.

TOPERET 20, B EEOMRE KL TAZEZ D, RFICEBOFRRIIKE
WM DSHEREIZ & & F - Twwa (Photo 5),

2 FRDEKFESM % Fig. 4 1273 T, KEWHHNOZKEIZHFRINIZKE 2L 260
LI ENIEREIZRLZY, I3Bh—KL R E»2EH 505 (Photo6), &KEH
RESEFBHLTWRERE LT, WEHBEINFTORP1IERLEN LI RHELTnE I EoE2
515 (Photo 6 DK,

FH (1983), AHbH (1987) ik 2 &, + F=vo.0M&kEI 60~90%, 130~180%
TR —= 272805 ERL, ZOED LBE M EKEVHMOERIZ 120~140% T H
5 LA L 22, ABEARTIIEKREI 200% % KIBICHZ 2 KECHORB S, L (REL
PIKEWHMTHE L W) ZENTEL ),

BN OBERRL L, KEWHLIKPEFAEIICE BoZ b A micE GEREL Ty
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Fig.4. Moisture content variation of the wood (tree No.2). Lines are
same as Fig. 3.

LEMTHRREBREET L EFZ oM, L L, FREIEEICRE CESL T2 HERICH
BOYFEL TSI Eh b, WREIZEKESIREGICTIELETTRET S &) R THE
THd.HDVIEINLETDODEGDFELbLRITIITRBBIRE LB LW ELEZ LN,
45 BFhEROERNHBRE
451 RENFHBE
NE L, 15RDERDOEINBARICHERENITA LD SN LD -7 (Photo 1) 7%, WiE#
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BOfR, ERSBERL L TRRLZ4KROMEED ) bREORRIFL L VR 2 2K
OO BN ERIC, ERIBOTSH L ILALHEZ S 172 (Photo 7 HEED), BEMiEIC{IEY
BAEHLNT, Y7L Twi: (Photo7), %72, UMOENEEEOHRICAEHIEDH
&7z (Photo 7 BEED),

2BARTIE, MBOBNEERICH » THEELRENED L1/ (Photo 8), BEMTH
BEIRICEEI N, V7 LVIIEAERBDH LN L h -2 (Photo 9 KEN),

NP HIRY— X icRELREL2EZ bV 15K, TBELCEIL ZFRIEB
DI LHRDA SN2 Z L IREKRE VY, ERFNBICHB-TRBI - TWwa I e LY
b TWAZEIRHLETHD, 1 EARNDHEBIRIFICREL I ELEZLNS,
COBRRIZ DT, MBBREOHELEO THM T E I L RLEEBLNEINTHRR(6-2)
T2,

1 5ARNDEHOBNEEEICALNLABRNRIIIZTAKENETICLZ2INEBbN, O
LI BITHMOBRRE L CRAML T3, LiL, BEHEEELEROIMEOBHNE
MBOZOKRZ KL, ERT52ETICHEIEL ko1,

45.2 XRVHROWHER

BELZRY, KEVWHAN#EINIZIZ 1, 25RKETHEBRZIALDLN TP -T2, BINLE
RICIZ B2 { KAEE % - THB D, Ko diciz Rl (Photo 10 /MNRED) #i>\ > ¥4 7 L (Photo
10 KEH) #a Dbz, ZhbEnoFRIE, EARMICHE - #BR5ETH -7 (Photo
1), KEX WAL LOPLBERICH2DLNDETTEMTH 72 (Photo11), BHE L i
B IR LIV KRB WM OSRIHEICHFET /03 L NEESTEIN (Photo12) 5\
I EE Y (Photo 6 KER) Iced 5 72 h%, FrC & ( B L 2 NERHSTEIN & HBHEC BWb -
TWwa EW) BRIZBH L Lh» -7 (Photo 6, 12),

BSREIND) RN L LDIRITLALLTERRL I 0> THEL, VY AREELT
272 (Photo 12 KEN) . BEKICHR2 2 KRE L L DIL, BREMADBEMEOBIT 2 HKICES
L, BERHKZ 2L Tv72(Photo 13), —RBEICAZZLDTH, LA LBBRICZ-T
\»3 (Photo 14),

BRI UL, BT DOBITERICHL T 5/ 8 % @ (Photo 13KHD), FREICHER I b b
w3 HEY (Photo15), BHMERICTNIZA LN EEKNEN (Photo 16) icKFIE N B, B
WEOBITEBED 34809 ALY, BRROFNIIE» Lrabhh k-1,

4015 (1988) i3, PFFEDEBIIOWT, —RICERBEVWbNIBBER T TET S
it BB OMRICALNEKDOEBL 2HNHREL VDAL LTS, FBEBTIRLE
RN LS CEBORBOKKILBMICHELIE TR > TV B KREVWHONBRMEICHEEL
T3 BB/ 2 REEIN, 55V EREAINCIERL Twid, Bk REL LA
BHEINE nESEzBZH LN -7 (Photob, 12), #-T, SEBRELLF FoVnE
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HEENBRIIXCFZEDEZIL ()16 1988) L2 FEBRTHD LITHMTLEE-, 72, FF
>V HBRNOKEWHMOFEBEBELWRENOEE, FH0 LML S, HBEREOHEICIL
BRI~ bbb L EZLND, ZOBDFHEMLBEL2EIZEZ( DEEKRIZOWTT
VI EWWUETH D,

4.6 RnBEHBOARAEE

4.6.1 ®hBNRKE

BEOENBEMEH» MUK E TREL 2R B2, EFHAMLOHENIZITIT
TETBRFETRI > TWE 05 %L, BHBTIEEL DEHRATHRENTHIE S5 725
DB ENDHEME OBITHRRZ - Tz (Photo 17), & D72 b &RENITIIREERIRIZZ > T
% (Photo 18), EFBRA THMENHITLZEIL TwaLnbALNLY, BHEI Y L0%H 5
7z (Photo 18 &FN),

KECHEBONMEN 2 BEL -ERE2ENSZ, FERICA LN/ LHEENIZITIZ
e R TE TR L Tva 7z (Photo 19) . #8512 b7 2 BUHSINIZ I3 HHEY & R L R nEd
HLi, EFHREMPATIHIZIRLTRHETHER L Twa Z 5%, DR E~ DB
HOBATIIFHRF LB L TEMHBTE (I » Tz (Photo 20),

RHLKESHHNOENOBEMORFICIZ, RETRELZBIEESZ DL LD -
72

4.6.2 MhBHEDEE

FRBICHFEILIRH A S N 1 FROFERFRBAHED 2 WOMK (FNF LS
35, 60cm & VBRI cBWT, BAFERICEBOFNE K-> ESHEBEE»BOH LN

(Photo 21 KEN), —4, HEN b, THRAHLE L DRI AR TIIBEREEIZS LN L
Polz, FHRBOWIHLHMKRIITEILCELDL T3 2 825 1 BRDEEIBEICREL
fezZtiEZLNR, LPL, ZOBEHBEOEFEREY SERBHIIENTH S L4
n, EFRCIZEBLUNDAL»pOBECLIBIRINIDEHEZ LN, FLT, ZOBE
EEE*BR L EREEROBEICITELHR D EEZ LMD,

2EAROFBEILGEICIE, FHRAOEMUTERFTEIERT AT (= v iik) @
BEERE, *OMBEREEIALH LN (Photo22), Zh HBEMBOBBRNSTAIL,
#5 % 30 cm, 85cm DEFFTIE & b IcBA 8 48, 145 cm TI2 10 8, 195 cm T 11 58
bl THEL T, $72, HER30cm, 85cm DT, 16 FRICHRE N1-F&
WicA =3 » VROBEBIRED A4 L b7z (Photo 23 KEN),

N LBEMBOETIIX, MEIrEBOBELURICEREIN LD, FN LD LEICTE
BENTLDPRHETAHHEBIC LD LEZ NS, 72, 16 ERNICERINEBNICAL
NBEEFMEECRENLZEL L WEEHEER, PREB X T2 ARENICHE L TER
INDBEE] EDEHILEZFDL, 2HERDERNEEZBLEELFRDE S ICHE
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T3,

BIRL D 16 FRIOLH, HMBRMNEL» LM EFEH O cm DEHERICHLL IV EREZ TET S
ARSI REL 2, L L, UEEEH, TONSENGREET LI L3 b -7, IR
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Summary

Frost cracks in two planted trees of the species Abies sachalinensis were investigated macro-
and microscopically. The development process of the frost cracks was described using the
following results obtained in the present study.

1. In the first survey carried out at the end of December, frost cracks were found to occur
in the trunks of about 19 % of the 370 trunks in the study area. New frost cracks occurred in
5 trunks of the trees. In the second survey conducted in the middle of February, no new frost
cracks were detected in the stand. These facts suggest that frost cracks probably occur in early
winter. ‘

2. The location of frost cracks upon the trunks of the trees was closely related to the
distribution of wetwood. The inner edges of frost cracks were located at the outer margin of the
wetwood which had expanded outward the most and which showed especially high moisture
content.

3. Many fine pieces of teared xylem were found on the fractured surface of new frost crack
(tree No. 1), but not on that of old one (tree No.2) because of the resin layer covering the surface.
Various internal cracks occurred in the wetwood. They were divided into radial and tangential
cracks. They were packed with ice in which many air bubbles and fine pieces of teared xylem
were found immediately after the sampling.

4. The surface of long radial cracks showed stair-like fracturing when viewed by transverse
section under the light microscope. In many cases, radial fractures occurred near the annual ring
boundary, and tangential cracks with cell wall failure occurred in the earlywood. Traumatic
resin canals formed last summer were found on both sides of the new frost crack in tree No. 1.
Traumatic resin canals and traumatic tissues were found in the initial parts of all the annual rings
of the frost rib of tree No. 2, and traumatic resin canals were found to have also developed in the
16th annual ring from the bark. The development of the frost cracks within the trunk was
discussed in reference to the distribution of the traumatic tissues described above.

5. Transwall and interwall failures were found in the radial fractures. The latter occurred
within the S 1 layer with the shifting of the fracture faces to the adjacent cell in the case of
fractures between the tracheids, and within the P 1 layer of ray parenchyma cells in the case of
fractures between tracheids and ray parenchyma cells. Transwall and interwall failures were
also found in the tangential fractures between tracheids. Interwall failures occurred also within
the S 1 layer with the shifting of fracture faces to the adjacent cell. Interwall failures between
ray parenchyma calls were found in the ring shake, but transwall failure between ray parenchyma
cells was found in the shifting zone of radial cracks,



Photo 1
Photo 2
Photo 3.
Photo 4
Photo 5

Photo 6.
Photo 7.

Photo 8.
Photo 9.

Photo 10.

Photo 11.

Photo 12.

Photo 13.

Photo 14.
Photo 15.

Pheto 16.
Photo 17.
Photo 18.
Photo 19.
Photo 20.
Photo 21.
Photo 22.

Photo 23.

Photo 24.

FEeVERKICE T A EBRENBRE B - 4 - kB - BIR) 331

Explanation of photographs

Close-up of the outer surface of new frost crack (tree No.1).

A new frost crack on the trunk (Tree No. 1).

Close-up of the outer surface of old frost crack (tree No. 2.

A typical old frost crack on the trunk (tree No. 2).

Transverse sectional view of the frost crack of the tree No.1. The inner end of the
frost crack is located near the outer margin of wetwood.

Transverse sectional view of the frost crack of tree No. 2.

Transverse sectional view of new frost crack. Black arrow shows splintering
surface of the crack. White arrow shows remarkable abnormal thickening growth.
Transverse sectional view of old frost crack having typical frost rib.

Transverse sectional view of old frost crack. Its surface is covered with resin layer
(arrows).

Transverse sectional view of the tangential intermal crack. Air bubbles (small
arrow) and fine pieces of teared xylem (large arrow) are seen in the ice existing in the
crack.

Transverse sectional view of the wetwood showing the occurrence of various radial
and tangential internal cracks.

Transverse sectional view of inner end of new frost crack. The inner end of the frost
crack is connected to the radial internal crack in the outer margin of wetwood.
Many of small radial cracks occur in the region from latewood to next earlywood
(arrows).

Transverse sectional view of internal cracks. Arrow shows a tangential crack
formed by development of radial cracks.

Transverse sectional view of well developed radial internal crack.

Transverse sectional view of part of ring shake occurring along the annual ring
boundary.

Transverse sectional view of irregular tangential internal crack occurring in the
earlywood.

Transverse section of frost crack. Tangential fracture (arrow) in the earlywood.
Transverse section of frost crack having many steps of fracture.

Transverse section of small radial internal crack occurring in the region from late-
wood to next earlywood. Fracture occurs along the radial cell wall.

Transverse section of a part of well developed radial internal crack. Arrow shows
tangential stair-like fracture.

Transverse section of the outermost annual ring of the tree No.1l. Arrow shows
traumatic resin canals.

Transverse section of frost rib. Traumatic resin canals of initial ring and traumatic
tissue occur in the all annual rings of frost rib.

Transverse section showing a part of surface profile of old frost crack (tree No. 2) and
traumatic resin canals of initial ring (arrows) occurring 16th annual ring from bark.
Fractured surface of radial internal crack. Arrows show the cell wall fragments of
adjacent tracheids.
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Photos 25 and 26. Matching fractograph of frost crack surface showing intra-S1 layer failure

Photo 27

between tracheids.
Fractograph of radial internal crack intra-and transwall failure between tracheids
and ray parenchyma cells.

Photos 28 and 29. Matching fractograph of frost crack surface. Intrawall (intra-P1 layer of

Photo 30.
Photo 31.

Photo 32.

Photo 33.

Photo 34.

ray parenchyma cells) failure between tracheids and ray parenchyma cells.
Fractograph of latewood surface of ring shake.

Fractograph of ring shake surface showing intrawall (intra-S1 layer) failure between
tracheids.

Fractograph of ring shake surface showing intrawall failure in the end wall of ray
parenchyma cells.

Fractograph of tangential fracture surface in frost crack showing intra-and transwall
failures. '

Fractograph of tangential fracture surface in frost crack showing transwall failure in
ray parenchyma cells.
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