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Comparison of methods for detecting vulnerability of xylem embolism in Robinia pseudoacacia
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Abstract

Aims The vulnerability of xylem embolism is one of the key physiological factors that are related to plant mor-
tality. Vulnerability curves are typically used for determining the vulnerability of xylem embolism. However, the
shapes of vulnerability curves vary with the methods of assessment, especially in plant species with long xylem
vessels. This study aims to investigate the feasibility of using different methods for establishment of vulnerability
curves.

Methods Robinia pseudoacacia branches, with long xylem vessels, were used as plant materials for comparison
of three different methods in establishing vulnerability curves, including bench top dehydration, Cochard Cavitron
centrifugation and Sperry centrifugation. In the Sperry centrifugation method, rotors of two different sizes were
used to test the ‘open vessel artifact” hypothesis.

Important findings The vulnerability curve established by the bench top dehydration method displayed an “s”
shape, while both the Cochard Cavitron centrifugation and Sperry centrifugation methods produced “r” shape
curves. Vulnerability curves derived from the bench top dehydration method and the centrifugation methods were
significantly different. Using the Sperry centrifugation method, the R. pseudoacacia branch samples in the
14.4 cm rotor had a higher proportion of open vessels, while the embolic vulnerability curves established on the
27.4 cm and 14.4 cm long stem segments were similar, indicating that the Sperry centrifugation method does not
produce “open vessel artifact”.

Key words embolism vulnerability; vulnerability curve; bench top dehydration; Cochard Cavitron centrifuga-
tion; Sperry centrifugation
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AR, BEE BB, XIS MERARTE
=AW TH s (Allen et al., 2010). fEARZ T FHI%
IRV AE ISR 2K, K5 RN R MRS
TR — NGB R R GE 7R AR5 K, 2013; AR IRER,
2015; Adams et al., 2017). FHE 9 5 -7K J0 2400, HE
WA J5i3 8 7K 43 DR P v 28 0 A P 17 Ak T << A7 R RS,
RI7K F1 % R 5% T K< E(Dixon & Joly, 1895; van
den Honert, 1948). [Klitk, fEHPI/K J122 R LR 5,
— HRATRE, ARFE K D)5 R b 2 %
/s AR 515 e o PR 28 A Joi 3508 45 44 RE % 7K 52 1) i
FHE LT, A B3 58 A K o bz B, T e =46,
Yk 7 7S OB N1 X3 A i FE” (Venturas et
al., 2017). HITHEIEAAIAR AR 3 1 R o 5 K<
JEARSE, HItizt KT 7K 775 D) REIE H IR BT S 4
A, R FEAR B 7K 77 2 D RE R 2
— /B KT R HE I FE (Sperry & Tyree, 1988). B8R
TR P PRI ZE 0 T MROK T & AR AT 2 ROMEVERY, T,
TR AT A ZE eSS e AERRII e
AT ] RS2 AR I SHE, TR N EREAE )
U R A B DL AER AR A2 28 52 Rk % AR
s, HA EE S .

K 5 5 A4 2 f 55 1% w7 DA B 55 14 i 26 (VC) Sk
FHIR, VCI&A i BT 7K 2845 2K (1) 1 73 Hi 5 AR R 7K
% R MR (Sperry & Tyree, 1988; Maherali ef al.,
2004), HATHRIEMVCEZAPIMIEL, R Em
“s”I . VCE“r IR SRAE K AT A BRI mh 22 &
AR ZE, TVCE ST I 5% W2 7E 7K 5 P ) —
EREEA S RAERE. RIEDomecit, F/KE
1171 2R 50% I Xof B (R A5 2% 7K S4B (Pso) FT LAAR i M i ik
KT EB A< HUE K2 BE T, IEH VCE TR %
[¥) Psoizt /N T VC 2 “s” T I B 5% ) Psy (Domec &
Gartner, 2001),

HAl, @SLVCHITTEARZ, WHINITEAR A
RT3 E (Tyree et al., 1992). & J1E %L (Melcher et
al., 2003; Choat et al., 2005). Cochard Cavitron %[
HLi%(Cochard, 2002; Cochard et al., 2005)F1Sperry %
OoHLZE(Sperry et al., 1988). XL 5K 1 A A
ORGSR B AR ZE, H IR TR HHS M
FEZS P EAT K 35 AR 28 e Bk 2 il e
NEKR KGN TSIENTE R, MHRERZE,
Cochard Cavitron® Co#/L7% A Sperry 85 CoHLVZ 2 F|
FAASTEE N 250 015 SR AR 2 . SR T Bk
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ZIE LRI, EIRZ AAKSENEY T, AA
A )T E L VCARE 2 7 — R E SR Tk ST
MK FEMEMBIVC AT, 15 HN3Fh 715453 21
VCIII K% A“r’#(Cochard et al., 2013). WREL J7 52
SLEVCHERS IEFRARR M AR ZEME S5 1?2 AR
1255 A AR W A - Torres-RuizA5(2015) LR A K
FEMAREN(Olea europaea) XKL, FIHE
O HLIEA H AR TR AT LR, RIS 26 )
KR ER, BOER LB TEVCR IR
Rockwell %5 (2014) 7E4¢ T MY KB 5, 45 240
A #4518 . {H &, HackeZ% (2015) % K 5 45 #HE
(Canarium album)WHFiH, KBS OALEEE LT
M 26 A0 3 AR T i@ ST R H T 2 T . A A
T T G B S LIBERN 22 LR HE P 2500
AEEP I EEN, ERAEOIITEESLVCH,
WERECR FEKER TR 72448, WA S R 2
AR AR T I ) A S o, K AR E R
FAE RSO N v R A TR Sk B = AR A
Fe €, BRI ELFTE R OS85 5 (Choat et al.,
2010; Cochard et al., 2010). WangZ5(2014)% K 54
PR AR AT T AR ZEMESS 1B, I B SR TR
MBVCHIPso>N3.57 MPa, TiCochard Cavitron®(»
HLEMAS ) Pso40.30 MPa. BI& LT 58 & 2,
RAER ARG R BB IR, 77 332500 15 50 #
(Robinia pseudoacacia) i 1T AR HBKH 41 8-1.6
MPa.,

JE EEGEYIAR PR T IEEIRE, 5H
SRR R AR S E s A B3 2R, TH
SR DAL B WL B i A A I SRR
ARG —FAERNKSERR AN S, HART
f&y%. Cochard Cavitron 2501y PL & Sperry 5 CaAl
PRSI H AR FERE SRR £, FEEAT LU, AR FTIX3
POTIEBSLVCHI A B0tk .t Ak, A B 7T A8 48 A
Sperry B4 /CoATL IS AR H J0 M 1) 28 oA, SRA T ANIE]
WARBE S, DRI & BT O SERE,
DUIA A 58 HE e ZE e 55 VT 0 B AR

1 #RA7E

1.1 REXBBEARRRT

REGAEBE TG BZ X (34.27° N, 108.07° E, K
457 m)BEHAT, ZHAL T O PR R, R T
X, FEFHAIE12.9 Co —FEFRMA ARG H)
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PHRIEN25.8 °C, MHRA A QA PSRN
1.1 C, maREEER42 C, RIKEREER
~12.9 C, FEPEKE651 mm, 4-9 74 iR AR
AKE, BKE S 2FERT9%.

1.2 iRIEpR

ISR RE B U A7 % X B AT 3 E AR K
KSEMARIM. T20174:8-10 H 6:00-7:007E 4 7t
IR B — AR . BT BTE IR SR B B
7mm/A, KN1.4-2.0 m, BIEUS, FI/KBEHR %
M-, SR JE B N AR RHS 0.5 hpy s [E] 52
U8
1.3 #HRFGE
1.3.1 KREBSEKERNE

IR B A F AR I 6MR £ 4%, 8 2 A
NVEIN B A 5 36 545 K (Cohen et al., 2003). H#iA%
IR AR, Gl I S SRR S BB E N
F(£10.12 MPa), H44% 5% Tl i Hi 1R R W AR AE
KRR, I AT S E R E
(Q)(Cohen et al., 2003). KR B 25 EVIEI2 emff) 25
B R HARRIE AR ZBRKE TR SRR E
(0). MRHECohenH it:

0, = Oyxo(—kx) (D
Ho, xRS TREQIN MR KE. BkK
P FERKEL AL E 265 - #iHECohenIH it
i K M A0 BB (P, -

1.3.2 #ERSFMHEANE

ZARK S SR 2E 0 VR R B AR TR

Sperry & 0>2: FlCochard Cavitron & 0o ALIE .
1.32.1 BHRTBRENEVC K REMH % [
LI, BTG FIHTEANOK T, B
% FIEX3AN R, HEBEAE] MEHABKER
%, SRJE KR F I g w ikl e HoK 3, #4340t
KA AE A R K3 o b 2% 1 3K
R(Kn) AR VR TEI &, I i 7K 34 b 4%
AL B EES em I ZEBE, W H HL K Rl i K 3K
B (Kmax), W3Z 25 BUW R B S K R 40 2% B 4 L
(PLCYN:

PLCzﬂOOx[l— Ky j )
K

max

It 5 A 2% B K M5, AR B BB B, T
PLCMIBEZ TZHTHE K o ARGEANFIK Bt B2 PLC,
BEAT BUAT R LA, R RIRRAIVC. v T B4

LA BB NG S A M R T vE LR 1115

BEAT RS, R T HEAN R BT AT R £ (3) B
RUBAT 7R BT AT R EL(4):
PLC /100 =1—-exp[l— (T / B)“] (3)
PLC /100 =a{l —exp[l—(T'/ B,)“ 1} +
(+a){l-exp[l-(T/B,)]}  (4)
[, TATK ST, BRICHEAG /K &, a I WA 7R 55
A v 2 —2H 53 BT o B LGB A 2% PLC R 50% 11 7K 35 Ps
H:

Py, = B[In(2)]"¢ (5)
EE6/N K B A R AR b 26 04T I, P34
BV AT ) Pso o
1.3.2.2  SperryE L HLEMEVC  6:00-7:00F: 7]
S AR, RANBEKIAERR T, KNI A
DI MG, AR A 27.4 cmEl14.4 cm 1)
LB, K E B (LPFM) VE I H K; 7£.0.159
MPalt] FE /7 F F1100 mmol-L ™" B S KCL% W i e 4
min, fE7 5 1R FEAL S IR R K D1 Thie,
IR B TS 2% B Kinas 98 )5 R 152 B B\ Sperry
BOLHLH, BE B O, & (R AR RhAL)
15K 71(tension, T)°40.1 MPa, #0215 min/g MBS
FUECH, FHLPFMIN HK e EEIZDER, JEIZHT Y
KEOWUIEE, FHLPFMIEAFT T 5 S22 )5 1)
Kpo FIARQG) @FI(5)EL27.4 cmFl114.4 cmZEB
IVC. HEEL6/N R A FIAE AR L 26 3EAT I E
1.3.2.3 Cochard Cavitron® DHPLENIEVC
26K BE A AL P A 1.3.2.2, AN 27.4 em ZE BN
Cochard Cavitron 25041, T7E0.1 MPalf 25030 min,
AT H Ko, S5 IBWIE KT, A E T 5 F52
minJ5 M 5E FeKy . FIARG). (4)F(5) AR #AE
FEff 55 1t HHZE RO Psoft . L6 oK B AR M L 1)
B AHEAT I E
1.3.24 WELLFRK,) HSperry s LML E LT,
DB R S FE I B (), THEZIERL TR (S), A&
SEB6 FH LD 5 AN [ 7 38T 11 K R 5308 7 T A
T AR N K38 N Ko 3 EL6 R B R FAE AR LA
B A EAT I E
1.3.25 REBERMWE HSperry B LML E
VCJg, Fis&kPLCHL100%, RIAR S L T4
g, R EFTEE, WEMNEENL SR, 5
Sperry 25 /CoHLIE B0 2 1T IR 46 B K b 3 R AE LA,
G AT B AL BN B SR AR FE B RN
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2 RO

2.1 FIRAKRREBZRRAOSER
AIENEN E R ) S K B 09(20.020 +
1.835) cm, tR¥ECohentit, K14.4 eI AT
T E SR 7(0.032 £ 0.002)%, TMH:27.4 cmff]
2B ETFH S IBEE (0,019 +0.002)% (K1),
RE27.4 cmM14.4 cmRIM BT AT LS
EHEAEEERZER@P < 0.05), {HKH Sperry &
OHUELE PR K 28 B E S VO A B 22 = (B
2), ‘BfIIPsyZE R A EEGRD.
22 RIMRAKFRERIEEMSS M
221 HkE
X L3 A RS AR R B 2R B B S ve
2, HPso K/NITT R B SR T18%> Sperry & LML
> Cochard Cavitron & ODHLEGERD). H BRTERE
0.045¢
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0.035 T
0.030
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0
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()AL R RCP B EEARHE R ) o
Fig. 1 The probability that the xylem conduit is within the

length x interval (P,) and stem length (x) derived from the xylem
conduit length distribution of Robinia pseudoacacia (mean + SD).
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Fig. 2 Vulnerability curves of Robinia pseudoacacia estab-
lished by different methods (mean + SD).
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F1 BT AR IIEEH BRI T 7K 24515 50% T 15K 71(Pso)
Table 1 Tension at 50% hydraulic conductivity loss (Psp) in branches of
Robinia pseudoacacia calculated based on different methods

FIERETIPE - ZR 5L Psy (MPa) FE S EBRKE K
WaRES Number of Stem Source
Methods in establishing samples length
embolism vulnerability (cm)
curves
Sperry &5 0oL -0.93+0.021° 6 27.4
Sperry centrifugation
method -0.92+0.058" 6 14.4
[SPEdeS -291° 31
Bench top dehydration
method
Cochard Cavitron —0.38+£0.044° 6 27.4
B LB )
Cochard Cavitron cen- —0-46+0.030° 6 274 Dang et
: . al., 2017
trifugation method .
-022£0.026° 6 27.4 Lietal,
2016

R PR FNG FRER R AR TV ) 2 5 2 3 (p < 0.05).
Different lowercase letters indicate significant differences between different
methods (p <0.05).

MAFHIVCH s TE, KFET-0.8 MPaj5, PLCH A
W hn, B RKHE T4 MPa, PLCEF]100% (1K2).
Cochard Cavitron 25 CoHLVE A1 Sperry 25 O LA 71
e ZE G 59 1 2 o T (112), RN A5 A 28
e BUR, PLCHEA /K &5 B Rl 5 in, B 2K
PRLZETF 2 MPaltt, PLCIEFI100%. Rk, 15N
75 PAEY R ZE 5 I3 R0 73, 8RR R I H Bt
MR WA — R, Horb B SRR DU AT 1 3 A
VCERIH P ZERe /158, Sperry B OMLZEIRZ,
Cochard Cavitron & UM /N XTIX3FP 53047
ZE SR EMNT, 4 RRP LR TEVCHIPs{E
Z SR #,; BEPRCochard Cavitron & O H1 % F
Sperry B 0o HLVE 15 B “r L VC, (EEATTI Pso Lt
KI5 12 7 (R ).
222 tEEER

PRFRAS [F K R 1) 25 B IR 8 K B 32 2 (K pnan) A
FHFE(E3), HK27.4 emZE B K, max i KT K
14.4 cmP)ZE B I K, max, (A KBl 7K 3578 A4 1) R
AEABL, 35 B 7K 35 () BEAEC T 3 /N (E13) o 254G Sperry 25
COMLIEAE P R AS [R]HK BE ZE BEN A3 VC IS EE, BA&
Fe SR AL, WA OSSR R SR T 2R
TR
2.3 FIRAFRILERE

-5 MPa N .05, K274 cmfl14.4 emff)2:
BRI /N T B8 O AT K, T 38 5 b e %o e 2 33
TR, MEKS SO MK ZE AR E (E
4) o PFPAS [F) K FE 1) ZE BE I K max A2 TE 22 52, 27.4 cm
LB K a5 KT 14.4 cmZE B HIK max (K14),
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Fig. 3 Vulnerability to cavitation as determined using a cen-
trifuge-based method for Robinia pseudoacacia of different
sample lengths.
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AR 22 ) o

Fig. 4 Specific hydraulic conductivity (K) of Robinia pseu-
doacacia before centrifugation, after centrifugation, and after
flushing (mean £ SD).

g o0 M & B, 1T Sperry 25 0 HLIE I & )
14.4 mEEBUPAFAEAR SRR (I8]5), X AT e S BT
KIEIKE*¥F%KS@3X%EE@EZQQ

3 TipFnggie
MR —Fh K SR, AT 5045 2 5L

A BB AR E N S AR M R VA L 1117

P)SEKEN20.02 om, X5 T —5 ke
(1) S AR 1) 7 3 5 B K FE 2M20.55 em (Wang et al.,
2014; Z2R4E, 2016) 45 R —5, I Hi@id iz JLF
TRIE B S R E K AR KR, IR
KR LR 2 WK (Jacobsen et al., 2014; ZR5R45E,
2016). HR#fECohenHit, WiFfK R AKINIT 0 &
HE R H 73 511 90.019%F10.032%, 41 F: Sperry 25 0Bl
VEAE D 5 FIARAE: 26 B AEAE“FF T R4 (Cochard
et al., 2010; Choat et al., 2010), 4 PR FEKE
Bk VORI A 3 7 5, RTIRER 45 SR A CHF
ZWL s (E D TR, B RENE K SEHEVC
IR H 0 SEIRER” (Jacobsen and Pratt, 2012;
Sperry, et al., 2012). U1, Sperry“5(2012) &5 o HL
LS K SE Y Quercus  gambelii A1 A W) Fh fE
ZBORK B ZE e 55 P th 2 %G 2 0. [RIIN
Jacobsen Fll Pratt (2012) A AH [A] ¥ 75 v 4 57 V) i %)
(Vitis vinifera)ftJVC, KINILPsofE T T2 5. A1
FLAR1M 5, Cochard Cavitron 2 U ALVE A BERE 25 2 H
BT FE /S (Cochard et al., 2005).

AT R, HIRT9%. Cochard Cavitron
OALVZE S Sperry B O HLIE L RIFR I VCH BOR %
o HANT R ST IR ZE a5 Mt S s T, T
Cochard Cavitron 5 0o L& Sperry &2 o WLV LA
FE G 55 1 Hh NI, 1X 5 Sperry 45(2012) 4 i
PRI FEMG TS 1 28 Ao L B 2R A 7T, IXIE 52455
S5(2016) FEYESE(2017)75 21 R AR 14 i 55 1k 26—
o FHEX—ERTRAWAER:

— & HAR Tk, Sperry & L #HLik M Cochard
Cavitron & OHLIE TS SR ZE B9 77 A o« H IR T2
B¢ ] BRI i L5 AR A ZE AN AR B T i,
R I B ARG 2% N K 23 () B AR BIUR SR 5 S 2E, 1E
AN[EAE FERR B e %A 2k 1) K Fe ik, [R]IN

El5 9O oW S MU 2 R U T 11 =L

Fig. 5 Three fields of view for cross section of Robinia pseudoacacia stem under Fluorescence Microscopy.
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Ik I B /INSE /) 7K 3 AT R A 2% AR B 8 ) 7K
P, R HAR T A T OIS RE LU BLE K, 1Y
28N X BT AR 7K 3, A B IE I3 (6]
PRFFAK ST o T B O E LV, 2% P i
LB 15K 71790, T EIAL TR JJdK, BN AR I
IR AAIY E), 1R —J7 TH AL Sk B A 25 ke
ZE, BTG HAE R S e, SIEn e A
IKITEEAE B Gt NG . SRR —Fh
TP R AR ZE LR, RIR B S8 WA ZE R R A&
RANF TR CERENFENNTE, Bl
B SHLE E ALY BB AL FE N, K2k
FEOE KW, B2 S SRR FRAS B,
PRATAE T8 N )R I T iy, SCFLIE B s fL gk BHL
I8, RATTIMER R HEANTE, AR
7K & 71 F#(Zimmermann, 1983).
TREAFETIETR R L. HERT
PR L — MR R S E AR T E A E e T
K, R AR(Q2), PLCRIHH & B 2%, Ktk
Ja KA N K pax e (E ARSI 1 H SR TR P
TR Ee i 1 S K R R K AP AE2ZE 5, FF BT
Koo [EBE B T O HERS, LT BRI SS . 1XnTEe
T AT RBAGERE S, FIRR— i 24k
AR5 38 5 A Je vk E e e e T A B R B (Trifilo . e
al., 2015; S, 2017). [FII Bl T8 K B E] 1)
I, RIBRA BT h 2 7 AR AR R AR, X2 R
Ky FRERE R o SO IEX MG ) K AT HET
WE, FEISLPRIIPLCHARA, . Kk, o E AT 5
Y 3 ST PR D R ZE R 95 1 il 2R T E SR R Pso 1T g
TR SEBR A Psgo 55 /0o L2 ) 2 7E AR 45N 1] P4 5t e
33— SF e ZE M g e M 22, 8 fh 1 IRRAS O BE 5 A
RS V) A 388 I if R B PR AR 2E o ARLAE B0 T AN T
KEEL T, HARBE 5K SR RS E W
/NS AN T 1) 1 2 v 38 4R (Wang et al., 2014),
TRARAL FESEBR ) Tk, FEUTEH Psofi /N o
AT T TP A ES AL T E R AN A « Cochard
Cavitron B2 o HLIEE B 0o 117 [7) B 38 3 W 245 4% 7 g
YR TH] e 5 22 A5 K, FTPLC (Cochard 2002; Cochard
et al., 2005). {HZREA &Y RGN, B %M
iy (R T 7 B AR A AR OE, IR S BN & H T K
RESLIRAERRNAWmE. XHERZZEERD
Cochard Cavitron D HLIENE A K FEEYVCE:
TSR R (2%, 2015). Sperry 55 O LI I & 44
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FEE FRIK I E 73 N2, B & 0ok 175 3 e
%&, FRHILPFMill & H Sk . fELPFMIl &l e
1 2% B T iy 12 4 R T ) LI R A R AR, B
R4 FEAL ) S ELPEMAS T I 4531 Tk &, X
o2t B & 1) T K ZE L SR PR oK R 2 5

25 FATR, Cochard CavitronB O HIIELE K S48
TR VORI A7 7E<TF 1 SR AL, 1 Sperry
OHLENTS 25 R AT EE, B ART-1RZ I AT 5 A%
i T K SE Y I ZERE T

SE
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