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XYLEM CAVITATION AND EMBOLIZATION
IN WOODY PLANTS

Shen Weijun

(South China Institute of Botany, Academia Sinica, Guangzhou 510650)

Abstract The studies of cavitation and embolization are the advanced subject of xylem
water transport problems in woody plants. There have been published many papers, but
different viewpoints exist among different scholars. Based on the last 80 year’ studies around
the world, the literature about xylem cavitation and embolization is summarized and
discussed in this paper, which include the parts of the discovery, measuring methods,
induced factors, formation mechanism, the relationship between hydraulic architecture and
xylem embolism, etc. The hot position of this field is also pointed in order to draw more
interests in the study.
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A A S35 PO B K 43 B LU AR AT 45 00, BB /R 2243 Dixon MEE %% Renner 24!
TRT R LA AR S5 (the cohension theory) U, X—FIA BEIBGME. WERNZE
BUR MG 25 T A% 3/4 ML S0, HAE S BB TA SR T AR AR 2 B A A JER
WFETE R 25 7 (cavitation) 51 &4k (embolization) % .

1 ARBEEE RAie AR KB R &

BV RIS NI RO R A —fh TR M, ZEHYARN, Renner f Ursprung
B B E R —FER Y (Sporangia) — A FHAIMAZ 30 MPa 5k I fE BT R AR =
FALBG P, Peirce 2 BB ARFERIRMAARRBAZ NG FEL, HSEH¥E
ERIXMEOTRMM. KERZPWEMER H T EAMEEY, BERAEHFRIBIEHZER
MREAASEHEYE LR EEN—FFHESH®, BTREEARNWERFRZE AR
S, BEMYEHERGANIBOARDERER, NE MR LI2EFLRG. H
RERGPIREBEY, MEIFRNEMEHRRSSXAERZMTE, HKE, ZAAREHE
ENE AW ERA L.

MM R, M —ARRSRH AR KN KRS BRE, FO—mBEKA+H, I
4, EREHRELNEA RO, MAEKEEULKRSTRER, CHNSEEETHE, &
EFEOC UTHSWE, HXMERKERMELZERELSET RS KERENRRK N
e E b, ARk, MR EAESN WA ETEGFMN, HHRANEES
BETFHRELHERIEL, H—RBEHMU Tyree A ENEERETARIFHRMMWS, A
A NN AR R — i BB B, WS R e T LA S sUL/N R D, ok
MAERIE L FH SRR IR A, AASAMRELRZRRR Z4EHMT, |
H B mA — R G KFE T EZ N2 NSRRI E.

WEBHRIEUL, RETMAKKERESY, FELTF -8k (ANHARBEBENH)
T, HBIABRMRKLHEL THEERTEEMNEN(—BH -1--2 MPa, RIUEZE-10 MPa) T
EHIKAN, EEAEBEN-FKSMERRE, AYBEFABERTE, 72 B0 %t
75, BEEELHIRZ R HHHEL” (the vulnerable pipeline) . KHFEREERTH
ZRE, HREESRETARBANAS BT —FERS. AT AKERPIoKE BT R
B, HEKSMHASERZMIR AN, ARETAUKS SN B ELR TS, Tyree 4 48 XFhid
BB SRR SO 7 D, BIEXFRATHARTE -1--5 MPa ik, B XEHTH
THZERRESFNELASBRRRKREMRENSEA(SR) iR, X—-3BRZIRE
B, SR, ARBIIRES MR AL R MK BGEE T -5 MPa, —BkiiN -1 MPa ZHEE
B, EMHENKET, HPAREEENRASRAELRU LAY TR PHES BN
%, MWAIEY, FEHEAYRGAEILEH, (OAYEENMAE D RRIEEREH.

“ES BRI AR, KRBEEANRERATERASFREEREEECRELK
REEEN, SHEHALLE BRI ERAEE N, B s R LR R
REH. X—UH Zimmermann {215, BEBKME FHNHIFY, EEHIREX
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FX—BE", HANAERREEL R ERE TS AMETRESAE, SR ERT
S ERBREE A RSB A TR EE, (AR KRE S T R, TR it R 1R W Y
ABASIT N —FEERR,

2 2R AR AT T I

B2 R AL IT R R AT BEHE A LT LR B3k, EHE, Z2R[IN¥T
» BB (IRSE) AW, RUSEAMEAR, KA¥Irk. Sperry HFEK S ETT BB ERM £k
BT —MFRZ R oPPiik” (flushing method) MBI IFk. ZE LR &S, BEKQMEM
“OPPEEET DAERMEEMTAR)ZEREM, TEHSHRZ.

2.1 FiR (R85 RN ENBEREN®

AREHEEAN A DS B RRE BRI, kAR &4 —F
B R 5 (acoustic emissions, fRIFR AEs) . X468 AEs A58 & 30 (fRAR) 1% R 8% 0 OK 2846 I
k. Milburn 480 H TRESHF LAY AEs"Y, JEHT AEs WP 5= b %, FAH
AEAR] — Fp 18 0 BRI 7% 1 S R N (R AR AT AEs ROBUE N s, FEH A5 B I Bk B E K
BABI 7L, BTHEASNESSH, THRN, HBB RS A AT M RT3 &
HREFIT TN, XA MR AR T ENBTNE, HEE MR B 9 & e ik &b
PSRBT 1T, XATRERTHRANAE. REX—FEEEE LREKB, FHg
DEAE TR 2 bR B T HEN—25.

1983 47, Tyree & WAL EBGET AAE HARY, (ff 8 75 B 14 B A% A0 5K 28 o 40 T 4 22 78
B7ZE0.1-1 MHzWES, AMERTHETREBFIRNS EHERAERNO T, 39 Fa@#T
HAWK S SR TET K, SILEFRENNUE. STARHLTRI EXTHRAE LS
¥ (ultrasonic acoustic emissions, fFK UAEs) Wi AR B FHRA =AM SN, WIEA
BRI BE R AT A S 4er R Fr51E. UAEs 14 IR AR ISR R BHE A7 -1 MPa, MH
HEPHZERBRBL L, SNSAASFETHFE— UAE. ERGEZEHITHESEE T RD, 8
BT UAEES5MEL, MR EHERERITARIE LB E,

UAE RAREH R LBt i, MERMH LHREL. HUmEANET AAESHY,
FALEPFFRAMET UAES™™,  #E Ritman F1 Milburn x} BERbH R I 0 ELBF 5T 23 BB (K& sk
B BB EARBAME TSI ERREMREEM SR LS, KBS AAE hEH
UAE. BARSIHRETFET4 AAE 5 UAE, MAEESTE/DSE (SER) M4
UAE, HAREFEBRBRPRNES, M/AFERERN=EEBRRNES. BEEMI%E
Sporangium — A I A BB FIESE T X — B, AAEs fE¥ > Sporangium # ¥k L # REAS
WH, T UAEs REE/DMIFFAMERTEIE . EARMF (RS R o BRI RS
fr (BB Bk, BEAMEK) MARKENNEES L, HWAR L AAE AR ERE L UAE
%, UAE ZER W4 W MG B R R, BEWBRKEN®EMN, AAE WA MR IE
#, M UAE 84 0BCR N T %, ALK E Efe4 M AAE M UAE B S 8E 44 L E
WEE., HM, EFEAFEQNE(EHEAESERNE) N, RREFIEHME, £
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KNP E FABAF 7. Ritman & Milburn B8 th — Rl XU Sk 4 75 B U 4CRT [R) B A4 00 18 B
Befh LB AAEs 5 UAEs™, X Rp (84 HA SE i)™ W B0 R A AR

2.2 KAZERMFiE— ik

ARBEEREMARTIENEREIBETARBI KRN TR, WRARBEEATET
BIE, TESHMKSMESHMES, i, Sperry it T —RME—EEIBETHEZEN
TK PRSI AL T B B R R AR AL T, R K % bk, HFFHPR LR
B I K BRI K TR 9 AR A SR A B K SRR AR B, 1988 4E, Sperry Fif—3 5T
BETAKN¥FTE, FAERBRE—SENBRET PR BHEARRBANBRE, KZAHHR
370, BT ARBSERE ME EQILNERRAD, EHPRBPERREFRMBHERKRT
S EZ, EMENSFEIARTE, ht/E4x FART W5 57 rh BB H FHRH X,
B RESARFTEMPEBRAZEMK. 10 mol/L NaCl %E#. BEH¥BE (1 mol/L NaCl,
0.5 mol/L CaCl,, 0.2 mol/L KCI), IERHH]K. #H MK (10 mol/L, pH4.0); FFHILTH
MR - B (0.05% F10.5%) . JR_M¥(0.05%) . ###( 10 mol/L, pH <3.0) 3&#&( 10 mol/L,
pH1.3-2.4), FAXHEFBNEFHEANMERSSIRTRE. KEFAENE 13 FHRFM KR
WEY, HRE T AR (B2 0.01 mol/L. £4k45 0.000 1 mol/L. EHE4AN 0.01 mol/L MHLIK
A 14.2 mmol/L )7 [l 4 b 78 A [ i e B A9 & AR L, R 3L 14.2 mmol/L B3 ML B 7
Wi, WEHMERYM A 14.2 mmol/L MH IRV BT AR FR E K, H5IESAE
THRAOMEKERR, BH%E, SRR TRANREL, TR EK, B, SRR
WRRAAR G vhBB TREE RIS, EHATIRMN T LR B, R 2R RS
z—.

HAl, mTohgemmsliR R KREEN (<4 h) A THRMEREAEHSH, AEEAIE
ZAMBELERYR. RABEALKEFTRERERERE. BRHBE R % E 8L IR ik
LFREFFIE; SBKEE (=4 h) bk, FARTHRNEBEFRERA T SENBREYIEED
B, ERE AR (CRAEABHE KRG RE) i, BRKEXMNELREMAKR, WAER
—AEi&E, RRIFBAL A NE S SEA W, MBI f oK RE L R b B
AN, FEWESKENE EHZEAEW B, SAhrt kR A RS EAN RTER. &
FUENEE—FEAMES T s SEmsre, Sy ERA —E MR, Bl B 7R R 8
EASET, THEAIARMAOEREERR, BRAXHSRETRGERRE HERR
8, THS5KRESNKMMERTERNENE, SRR TREEMX, EmLEETHEENHK
R, EEETUEBRKMHNAARFREEZSREMRELEE. ‘

B LR T IESS, A —FFRZ 0B AR AW B P, Xy EER U - LW
BAEREEHTHNT ERFFRERE. FARNFREEARABE, WFEEHHER
A6 B P E e R AR WA MY, TR TR BT E LM, EHAEEREELERERTK
BE NI T, THEHABRAE KSR A ARESENARTHMGIMO (NA4%) WEHES. BTH
HEEHBRBEMTHARMN SR, MAXMRSERE LSS EEEFHND, FERNERARE
B ERRE T HAM B LRE R SRANIUTRR, XBEREN AR, RHAR R
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B HGUHET MR, REGERESHERBERFEEEER. KNETHELHAEKSLEE
0 MPa BfAREIEKFML S, X5 ARREA —FEME. 53 (ERH) BWEZANSRSE R F
FHAK. BPEHEEERARARGRELOMERERE, FREDFEABEE TN
ER AT EANM, BNES. Hit, HRERN SRS SR EE, M
FEETEDT R A R e B R B R B GURATR D B, BRI B A AR O
W5 .

3 ARFEE SURAE AL R R RO AL

FEART A SRR 3K 73 i B AR T RS LR A B2 /b iAe 4k, Bui2 MM BEA K
B8 (ARBMANN) . £BREBEEARNBLE KRR —BEEREE.

3.1 KkapMESIENARRBEMEEL

HREEAR 13 M KETRAMAXFIZXEKENTREBR, FREE—MEEY 4K
358k KAENE) ISR T, MARSREARE WA FEERKSME, 7T 0A & E L
ETRRETRMREIER T,

KA EESRARMKS TR, kA, BIEESAZREM L LB ME,. SED
REREKS A EARRE X MREAOIEE RS M, R AH— R NIRRT E
e, KEWANKSFRERS FRARIMEERL, AMEREN, #HimkEd. R
T 76 % B 40 U L SERR R B A T 5 R AL SR S U8 2, H I R ik B AR BT E
HARERRI TR/,

BR a2 O VLEA A i A ARG i REIE R, Gl KRAIRES v A
LB EEBE AR, v TR, XGRS N AR REIE, WA T R AR
BRYAFRBARENS IR, FXSHREESTREET -5 MPa BTHUESL, MHEYE
-1 MPa A BRI A2 X 51 L. JE¥ Pickard 21 THFNES K HEEITZE -5 —-1 MPa =T
AT AL : SORAE AT AR A0 R B AR ) S7E B R T LT A B B AR R, BN HIEE)
T — S22 5 i TR0 HURRER I OB IR EA SIS, BB Cochard 19 LR HTE &Y.

Zimmermann 2 H # “ X ST EAEUL” (air seeding hypothesis) 53 T 8 3k # £ B 5T 5 1Y X
P, ARWEEANELKENTKRERARL, HKETRES—ERMER, KEMSH
B, SREOMSERSHAEETKNEE, HBRRE, HEKamEh. TRREIA S, K
EWEEANRERMTESAMANRKRSSERREC R EANEERN, SHEERLARL
MMFLER BT SEHNTER, X—FRMFEREREBAEERNEIRENFHART
1 5 SFLIE £ S A E AR, REFTTEUR UL T AR E K a s R AR ELD
KITKFEEREZ, EXHRENTESE—FTR, WRENTSSWRBENRENFE
iR, xPErFLBER LR, SUFLEES AT RESE T MY T AR A SR

3.2 EFARRMBRBEKSIENSNNEEN
A BRI LS vk A9 R AT 5 R A SRR A AR ZE 4k, I EL R R AR R4 vk 0 A A A T AR
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JiE B koIS Bl SR UK FE R A /NI g B, B SR T KA TS T vk, B o AR 7E A BRSO 9=
STEMBHEKH AR R PR Y, BTRAINERRSYT K, HEMAREL, I HBE K
Bl A FEER L ZE M VRRL 3C B (freeze-thaw cycles) ALEECY, 77 3 28 3¢ WA 48 WL 45 oK I 1 49 K R
B R Z D, xR RS KRR ENE R, YRS KE R AL
REMZME, XEHTEREWEZSILERESSILE L Rk KR @ELIAXE, M
BLIE T2 G 8, A ERIEE T KR LN R E, 3 LS KA R E
THERIT REMAMMEAFEMELEEAL., B Sucoff tHIRH T 5B BHRHMADY, NG
VREFZE N R NS oK B IR I R 5 VKB I, Sk R AEIE ST, R R 111 B R AR £ SN
k. BRELHHHAZNEESLEURY B EFEER, EREHRARKRMIEIET AR
=7k, _

B — RV A KA SRR B K TR . X —HE B A Sperry FHILRPT,
AN ERAENRECIL EERATKMAEERISIE, BAIREZIEMTHTEY
ZRMESH—E, TWEAMTANEREARBAESKESENBRELR, FHE4ER M KR
R RTTREERRAE A, BAREIMM R KETRMBER MK MBI 4%E, BEHE
LRI RPN, AEBRERFUEANRBESLERNLEE, EENHE-FLEBHMNS
HHFE, TIA FEEARZENE 55 HEAR OB R FP DI AP ILR, B AC R e 28 4L T i 5 4 Aol Sk
wHE—EXR, HELE-FHA.

3.3 #ERESIERNAKRPREL

SMEAEEREINENAERRENABSD. FLRIEFAERFUHRN LA —FER
(Ceratocystis ulmi) B 3| RAMA TR PARNTED, EEWIRAAXM, BB THENISE
#EE, MANSIAKRTHRNEREESEERATES FENHK/NE XY, Alfen & Turner i —
FharF BEM LA L BRI Ceratocystis ulmi 4y B MEBE, HRERFWHEY (Ulmus
americana, Medicago sativa) L8 HHILZEEHL, M—ES0FENIEESYTSIEEERE,

Tyree & Sperry BRI BB BLIF AT ERR EH I RMETHREY, XMBRIET LT BF
R, —MEAPEBEIA—R, ATHRERIBEILESREHE TR TRBBEA, Am5
KA I8 AT K B A AR JE A 0 — R B R S D B W R R (R AR, BCEE K
PEFEN A R AR AL, WA R AR R A ST B IR E A A KRRY, EWa
BB IR 3R ARG A2 21k, Zimmermann XA T FERAIBARP, B4 RS,

4 KFEHAEEAR M7k 457 (hydraulic architecture) 2 [B] 1% &

BiKEH—ifH Zimmermann 12 5P, A ERMRE ME EZ KRS HEWZ BB X
. HEHMAEAMKS R EERSTARRTEHES T, DIEMEREBTH, KHEEL
B SR IEE R ASR, ERTEPERERETETEIR. BUETHS FEHEHY
K2 B X RS TFEGHYEAGKI RS T EEALE, HENMFIANEHRKGEHE X
H KRS, '

i. #8 %t 7K 2 (the absolute hydraulic conductivity, B# K,), X2 E % i K
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R, BBAEHBETRAEBRER KRR,

K,=F/(dp/dx) (1)
X F R (AR KKER), dp/dx HEAHE. +httie, Hagen # Poiseuille 70
Pk MRS THER AR L — KB EHn FARAFEY, I Hagen-Poiseuille 772

K,=(np/128n)x Xd} )
A, K, I—RARAERNEEEAIENRETHEIR, p NRENEE (kg m”); 1 H
WK BRI M (MPa s"); B iNMEENER(m); n AEEMSKE. BRUETET
BHm K, RIS FKE,

il. ¥k 45 5 % (the special conductivity, #i#8 K,), F K, B LA B H 30 44 15 38 1 1
B, BPfR3) K,. ERZBRMUIE EFLERE R/ IR,

K, =K,/A, 3)
K A, A BB

iii. 48k 4% 5% (the leaf special conductivity, f# LSC), M K, B FriiZE B 2 7519
BrEAR, BEHLSC. d(D) AXEBEERMITEAXTHFEL:

dp/dx=E/LHC )

AREREBER. B EXUH, EMREMOEBEERT, LSCEX, ZRMKAMH TN
EAe R/, HENZEB R MK iR,

iv. RA1E (the Huber Value, fij#f HV). MH#E&H Huber 2P IR A A AR U A
T TR (e b % B T T R) B A BT U 2R B A AR SO A T AR (B ) T O R AAE.

(3). (4) B

LHC=HV K, (5)

v. K% (waterstorage capacity, %8 C), BHWAHALKFHEAL 1 MPa FriEfH R HIKE
A KERBAL. I LIBKECECHRMERBRETFERYHAL, LpmmR ke
A4k 1 MPa S RE85) B KRR AR, ‘

 Coem=AW/(AQ V) Bk C\ ;= AW/(A®-A) (6)
R Aw BKEE, Ao HKk#E, VA, S50 ARKER KR mE,

UEREMEREDHKEHNIKBY SANEESY, SSEZORMHEM I X FEEK
#. JH Hagen-Poiseuille 7RI EHWEBFKREEARWHEYF (RTHEY. STHEY &K
HHY) LA FREME, —REBAKX 2 /8, {H Hagen-Poiseuille # R T EHEE
RERERFERIKR EWEEER., ARESTNEZANERZREEELE. S LSC
EHBEHNERZERN FKEANIERER.

REBEENSAFTREKENZRAIFE—ENER, TRANERAWARTEEZL
NGB EAPY, BRENBREVRBENX —XREMA BB, REREL, K
RERBFHHESERBEMERE X, ZRENERBA, WARBRERBHHEBRY, EKFYW
BEBE (Acer saccharum) KN HIRZEABE H/AB™E, MELAZMAHFARY, FH—-ZR
b, AREEWNFERS, RI—FRA, EHSE(RER) ZLHEm RE (BER) ZZEX
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k., A L BTS2 W B 7K S0 A1 I 4 1 328 7K A B A B2 L B D,

REMYFRMBY RN ARG ELEE KRRH X", XERH X — BT HHRAR
AE-S RFIZEA G ERM, MARERLY. hBTXEXBEEERRE/D, MAFERE
MRS A TR AT E, RAUREA RIS E S AT R, HK FERR LR
HTEBESERANTE, ARBEZEERUNIIBERN LR, XSRS EM
b, FHLSC(M- #5344 52 ) N HV(BIEME ) K. K Hagen-Poiseuille B4, ARIMFAKR
52 ESSRERKN 4 KARELL, FEXSKIRNESEREML. ERRKRFHZEMFE
EXMREE, MRS RIS N SARE LI R AR RN R, TR
WA E S TR AR RS ALY, BKSHNARESREERT#HE. HYETRI
LR RS RNEE, “4OTEBL” (the segmentation hypothesis) A —MEYIHEFT
HHK SRR R 1R R R G B/ MO RIS B AT FE AR B L, TR IR
EERBRBKIEEYRBERZHRED,

TERFREEAT LU, AREHRENRBHESEELE. KN EZEHHENWERZEMAHF
fE LR AW, M EQIALEBESRNE, SILK/NEYAX, BRKEMYIALERBK, AR
ZEHE AR, '

SILBEARFEBASMEFLERLYTEENAR, BNEREKRENA—IFE (ER) Rm %5
—AE(RER) MADY, ExXPTRERANEBRESIEER, HKGHBAHRIER
HEW, BURANITRSEHSHEIFENTFY. QILERLFERE L EMEAMA AL
ﬂﬁﬁi%ﬁ%,ﬁ%ﬁﬂ&T%@&%%@ﬁﬁ%ﬁﬁﬂﬁ%%Am,*ﬁ%ﬁgmﬁﬂ%
xRS ER R L, T HBESILESSEEMORE. YZB K anhEN, SLE
MR — R — R S S SR R KE R, SERERAKRNOEZERN
BETFHAEL, STRSERLNHDS, SAEEABEERETH EHMIALKER. KM0L
2, HILMERR/N, SEELRIFNEKIRER, SEBLSZIREANGE.

&ﬂﬁ%%ﬁﬁ&&—iﬁﬁi&%??%ﬁ%%%%ﬁ@ SFLIBE Y B S M AN KT X S
EF(RER) AKBEARWEHEEEMRATER, WEEEZ KL BN ST RS 21
., RIS PNMERE R R . SILERESES. BAERMIE R S R e E
b2z BRI R R KRS BEMBII T W, T EFERF I A Y % 35 5 38 04 38 R B R iy it 54 B
FEEEX.

5 By

GEMEN, ABRFE NG EMLRARAY B Z KT G5 IR 8 I 7= A K R BT )
REmERd, XX —AEBRARWITEELRHA, FESHEBREL. REFERARNTRESE
FRMRX, AT XOASMYEIRFRBRERZ T RBENE R, B A28 A R
75 7 5 e JEAK R [ R b 5 i R SRR K SR T, AT 322 W B S L R IR R AR TN B,
REIHEKEE. EROFESTRABRVARBRENRBEETRSEY N EETEEEIN
xR, E4EYHEUFRAESRRT A, RESHM, HREAREBRERBESHEY
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WREEMRR, RHBARBEHEE WA SLILEIREA T2 X5 EANILE, %A
A RERBAA AN SIS, XAFEFERMELEL. 7, REAHRFHED
fRE R, HEEVEME, BAXERAERYERESE ERAFEZMME, HOTERK
MR EFEEIEN, MHESASEEE LOFERNSEMME.

B% 30k

1 Tyree M T, Sperry J S. Vulnerability of xylem to cavitation and embolism. Ann Rev Physiol Mol Biol, 1989, 40:19—38

2 Tyree M T, Ewers F W. Tansley Review No. 34, The hydraulic architecture of trees and other woody plants.
New Phytol, 1991, 119:345-360

3 Tyree M T, Dixon M A. Water stress induced cavitation and embolism in some woody plants. Physiol Plant,
1986, 66:397—405

4 Tyree M' T, Dixon M A. Cavitation events in Thuja occidentalis L. ultrasonic acoustic emissions from the sapwood
can be measured. Plant Physiol, 1983, 72:1094—1099

5 Sperry J S, Donnelly J R, Tyree M T. A method for measuring hydraulic conductivity and ecmbolism in xylem.
Plant Cell Environ, 1988, 11:35—40

6 Salisbury F B, Ross C¥. bR k¥4EYWRSERE. HP4ESE. b B, 1981, 88-106

7 Salleo S, Lo Gullo M A. Different aspects of cavitation resistance in Ceratonia siliqgua L., a droughtavoiding
Mediterranean tree. Ann Bot, 1989, 64:325—336

8 Cochard H, Cruiziat P, Tyree M T. Use of positive pressures to establish vulnerability curves, further support for
the airseeding hypothesis and implications for pressure-volume analysis. Plant Physiol, 1992, 100:205—209

9 Zimmermann M H. Xylem structure and the ascent of sap. Springer-Verlag, Berlin, 1983

10 Lewis A M. A test of the airseeding hypothesis using Sphagnum hyalocysts. Plant Physiol, 1988, 87:577 —582

11 Sperry J S, Tyree M T. Mechanism of water stress-induced xylem embolism. Plant Physiol, 1988, 88:581 —587

12 Sperry J S, Tyree M T. Waterstressinduced xylem embolism in three  species of conifers. Plant Cell
Environ, 1990, 13:127-436

13 B, WIE, kEd%. A HERRARRBRERBENTIR. EdhkEREm, 1997, 12(2:1-6

14 HIE, JLAAFHEYAERRECRHBEEMTR. WUAERETLEIEX, 1997

15 Milburn J A. Cavitation in Ricinus by acoustic detection: induction in excised leaves by various factors. Planta
(Berl.), 1973, 110:253 256 o

16 Jones H G, Pena J. Relationship between water stress and ultrasound emission in apple (Malus domestica Borkh.).
J Exp Bot, 1986, 37(181):1245—1254

17 Tyree M T, Dixon M A, Tyree E L ct al. Ultrasonic acoustic emissions from the sapwood of cedar and hemlock:
An examination of three hypothesis regarding cavitations. Plant Physiol, 1984, 75:988 —992

18 Tyree M T, Dixon M A, Thompson R G. Ultrasonic acoustic emissions from the sapwood of Thuja occidentalis
measured inside a pressure bomb. Plant Physiol, 1984, 74:1046—1049

19 Tyree M T, Sperry J S. Characterization and propagation of acoustic emission signals in woody plants: towards
an improved acoustic emission counter. Plant Cell Environ, 1989, 12:371—382

20 Milburn J A. Cavitation studies on whole Ricinus plants by acoustic detection. Planta (Berl.), 1973, 112:333—342

21 Ritman K T, Milburn J A. Acoustic emissions from plants: ultrasonic and audible compared. J Exp
Bot, 1988, 39(206):1237 —1248

22 Ritman K T, Milburn J A. Monitoring of ultrasonic and audible emissions from plants with or without vessels.
J Exp Bot, 1991, 42(234):123-130

23 3K W F. Cavitation and Embolization in the xylem of woody plants. Ph. Thesis D. Agricultural University
Vienna, 1993

24 Chiu Shauting, Ewers F W, The effect of segment length on conductance measurements in Lonicera fragranfissima.



266

Pl WA Y E I B8

26

27
28

29

30

3

—

32

33

34

35

36

37

38

39

40
4

—_

42

43

44

45

46

47

J Exp Bot, 1993, 44(258):175—181

Dixon M A, Grace J, Tyrce M T. Concurrent measurements of stem density, leaf and stem water potential,
stomatal conductance and cavitation on a sapling of Thuja occidentalis L. Plant Cell Environ, 1984, (7):615—618
Lo Gullo, Salleo S. Three mecthods for measuring xylem cavitation and embolism: a comparison. Ann
Bot, 1991, 67:417—424

Pickard W F. The ascent of sap in plants. Prog Biophy Model Biol, 1981, 37:181—-229

Pallardy S G. Hydraulic Architecture and Conductivity: An Overview, Structural and Functional Responses to
Environmental Stresses. Edited by Kreeb K H, Richter H, Hinckley T M. 1989, 3—19

Cochard H, Tyree M T. Xylem dysfunction in Quercus: vessel sizes, tyloses, cavitation and seasonal changes in
embolism. Tree Physiol, 1990, 6:393—407

Robson D J, Petty J A. Freezing in conifer xylem: I. Pressure changes and growth velocity of ice. J
Exp Bot, 1987, 38(196):1901—1908

Robson D J, Mchardy W J, Petty J A. Freezing in conifer xylem, II. Pit aspiration and bubble formation.
J Exp Bot, 1988, 39(208):1617—1621

Tyree M T. Maple sap uptake, exudation, and pressure changes correlated with freezing exotherms and thawing
endotherms. Plant Physiol, 1983, 73:277—-285

Hammel H T. Freezing of xylem sap without cavitation. Plant Physiol. 1967, (42):55~—66

Sucoff E. Freezing of conifer xylem and the cohension-tension theory. Physiol Plant, 1969, 22:424 —431

Sperry J S, Donnelly J R, Tyree M T. Seasonal occurrence of xylem embolism in sugar maple (Acer saccharum
Marsh.). Amer J Bot, 1988, 75(8):1212—1218

Alfen N K V, Tumner N C. Changes in alfalfa stem conductance induced by corynebacterium insidiosum toxin.
Plant Physiol, 1975, 55:559—561

Alfen N K V, Turner V A. Susceptibility of plants to vascular disruption by macromolecules. Plant Physiol, 1979,
63:1072—1075

Calkin H W, Gibson A C, Nobel P S. Xylem water potentials and hydraulic conductance in eight species of
ferns. Can J Bot, 1985, 63:632—637

Zimmermann M H, Potter D. Vessel length distribution in branches, stem and roots of Acer rubrum. IAWA Bull,
1982, 3:103—-109

Cochard H. Vulnerability of several conifers to air embolism. Tree Physiol, 1992, 11:73—83

Salleo S, Lo Gullo M A. Water transport pathways in nodes and internodes of l-yearold twigs of Olea europaea
L. Giorn Bot Ital, 1983, 117:63—74

Salleo S, Lo Gullo M A, Siracusano L. Distribution of vessel ends in stems of some diffuse- and ring-porous
trees: the nodal regions as (safcty zone) of the water conducting system. Ann Bot, 1984, 54:543 —552

Salleo S, Rosso R, Lo Gullo M A. Hydraulic architecture of Vitis vinifera L. and Populus deltoides Bartr. 1-ycar-old
twigs: IIthe nodal regions as {constriction zones) of the xylem system. Giorn Bot Ital, 1982, 116:29—-40

Lo Gullo M A. Xylem architecture as the desert shrub Simmondsia chinensis (Link.) Schneider. Giorn Bot Ital,
1989, 123:235-242

Davis S D, Susceptibility to xylem cmbolism as an index of drought tolerance in chaparral shrubs of California
(USA). Caring for the Forest: Rescarch in a Changing World Abstracts of Invited Papers, IUFRO XX World
Congress 6—12 August 1995, Tampere, Finland, Printed in Finland by Gummerus, Jyraskyla

Neufeld H S, Grantz D A, Mecinzer F C et al. Genotypic variability in vulnerability of leaf xylem to cavitation in
waterstressed and welldrrigated sugarcane. Plant Physiol, 1992, 100:1020—1028

Zimmerman M H, Brown C L. Tree: Structure and Function. Springer-Verlag, New York, 1971



