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Abstract

Aims Hydraulic failure is one of the primary cause of plant mortality during drought. Thus, quantitative analysis
on inter-specific and inter-organ variance in hydraulic traits can help us to predict the response and even surviv-
ability of species under climate change.

Methods Here, three Podocarpaceae species (Podocarpus macrophyllus, P. macrophyllus var. maki and Nageia
nagi) grown in a mesic common garden were studied, with xylem hydraulic function (specific hydraulic conduc-
tivity (Ks); embolism resistance (Psg)), anatomical structure (tracheid diameter (Dy); hydraulic diameter (Dy,); tra-
cheid wall thickness (Ty); tracheid density (MV;); pit membrane diameter (D,); pit density (&,)) and mechanical
strength (wood density (WD); tracheid thickness to span ratio ((#/b)%)) measured. Then, we analyzed hydraulic
traits variance at the organ level (stem and root) in three Podocarpaceae species, and investigated the relationships
among xylem hydraulic traits, anatomical structure and mechanical strength in stems and roots.

Important findings We found that: 1) The stem xylem in three Podocarpaceae species exhibited no safety-
efficiency trade-off. In contrast, the root xylem exhibited safety-efficiency trade-off. 2) For stems, K; was posi-
tively correlated with D, but decoupled with stem WD and (¢/b)*; Stem Ps, was negatively correlated with D,, but
not correlated with WD and (#/b)*. 3) For roots, Ky was positively correlated with hydraulic diameter, but nega-
tively correlated with root Ty, and (t/b)z; Root Psy was positively correlated with Ty, (z‘/b)2 and WD. Root xylem
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traits exhibited strong relationships with both K and Psy, demonstrating its cause-and-effect basis for the
safety-efficiency tradeoff. On the other hand, the absence of safety-efficiency tradeoff in stems may be attributed
to the overbuilt xylem of Podocarpaceae. More experimental evidence on the overbuilding of xylem is desired in

the future study.
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#OKsH8 IN(PCC, 2013; Dietrich et al., 2019), 5T %
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i RUAR B T7 S AR, AR KRBT AR+ 5
E EUR (Allen, 2009; Choat ef al., 2012, 2018).
p/ N R T < S S S0 N P S LR R
(McDowell et al., 2008). Ik (1R LS FF
IK 3 5R Bt B B AR T B IE T 1 R [F (Rowland et
al., 2015; Anderegg et al., 2016; Adams et al., 2017).
DRI, o0 506 A [R1 40 1) s e it 75 22 1 AL
K 77T R PER B A 1] 2 5 (McElrone et al., 2004;
Rosas et al., 2019).

AR5 7K 43 38 B R (K ) A5 KR A3 9% 0 3
50% R S5 358 7K 343 (Pso) A2 HE P T > L B /K 77 2
BE MR (Brodribb & Field, 2000; Zhu & Cao, 2009;
Schumann et al., 2019). PsofCFR T ARFEEHPiAE ZE
(RIRE T, AT E AR A Flifih S AR PR () — A 220G B
MR (Choat et al., 2012). LAk, #ZEHIMHEAE AR
Iy KB ZE AR, BIER AR KAEM R 64 T ik
S AEE B 2R, BREPEMN AR 7R A
K- R AFAE N IR 2 —(van der Willi-
gen et al., 2000; McCulloh et al., 2019).

H R A 22RO B AR DG ST R B, T 45
5 B KPR SR G, MR 5% 4T
BAVETE AU S 3E A GUKE B sk -2 4
BT T AR JE B I R R A AR I K R
(Hacke et al., 2006, 2017) . & 18 EAR R E T A5 550
IR, ST VR AR E SR AR ZE R 5S PE, JRTE
BUNER B B E 5] i R ZE i 55
(Pittermann & Sperry, 2003, 2006; Choat et al., 2011;
Hacke et al., 2017). SR, HAi— L8 5 IR UESE K
IERGR=S RIS S F iR o = S p S e
(Lens et al., 2011; Schuldt et al., 2016; Schumann et al.,
2019). PRk, A5 K 805 -2 B AR AE S 5 AT)
A4 ARFFRR: XTK3 e 5 R ZE, 2%
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AU AT A S LR AR RE(Tyree & Zimmermann,
2002; Sperry et al., 2006; Schoonmaker et al., 2010),
fEHackeflJansen (2009)[IBFFEH, ¥R HM kR ZEDT
Y5 GUFLIERIGCEL DA X RN 6. AT, A
W R WAL T B M8 I S LK AR S e ZE Pt
() AR AE S IR, 170 B~ BRI BT B I A A
4 (Hacke et al., 2004; Pittermann et al., 2010).

IK I REPEAR 5 A BT HB R ALk 542 52 i A ELAR
o FEEFIHR R OB, RS R I AR
BAKIEe, 1 HIEBAG HEY A& R R D)
fit(Hacke et al., 2001; Pittermann et al., 2006a). H Hff
MR LR B 7 R A % BN 18 B B i B L (P 1 R
B e 5 58 i 95 FE b I LU AR S5 A ZE BT 0% (Hacke et
al., 2001; Pittermann et al., 2006a; Lachenbruch &
McCulloh, 2014). [Fl, HUBRGEE 75 2 RR4E e
WA 28, BH 1k BRI R Joia 58 17 s 51 S 1) 8 T8 N % (Pitter-
mann et al., 2006a; Fan et al., 2017). EEKE. H
AR R JEL DL Ko AR A 5 52 8 2 R MR R o 35 i 7K R A
¥ ZEPUME DA A TE 98 5 (Sperry et al., 2006). Baas%
(2004) /2 H A FB AU = f T8, AU AT REAFAE T
ARJFEBHK R . e R USRE 2 18] . BT AT
RE 2 PRIA BT3B () s M 2%, 1 4n % DURA BHd
VIR BEARN TR ZE DU A RIS RS
FE 2 b, H 58 28 B % #5 5K (Pittermann et al.,
2006a; Brodribb, 2011).

H A1 B 9T 4 T AR A ) 25K BT BB 14 AR F
7T, TR T R, ot BV T E A
i, FF HAR MRS = M RE S R R AR v 7K 70
B Rk T AN E M (Peters et al., 2020). =T
G 5 e S5 AL PR e 2000 7K 23 ik () it 94T
BONR B (Pratt et al., 2007a; Rodriguez-Dominguez
et al., 2018; Peters et al., 2020). [FIIHRZHEYI/K T
PR E B RNy, 0T R T A R AR 2H 2
#1i% 7K 7 (Rodriguez-Dominguez & Brodribb, 2020),
FERRAET S A, B 4R R AR A7 T T ST
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HIHR (Mackay et al., 2020).

AHEFER L T B DR R P Z AR AE K )
LIy RE RN A Joia 308 e 351 25+ MOIR 1 22 S, I 1 1] 1) B 3
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RS RO FRE MBS, KTER. B e
B, BHREE., SUURER. SULERE. FARM
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AR IBTEBAK 5338 56 5 e ) A A AU FE 0 &R, 3R
R T PAN R (D)AE D DA RHE YDA 5T 2 75
AFAE R - 22 B, TP R 8 25 FIAR 22 (8] 22 15
A DX )5 S5 K FIATU 9 2 SR G AT 520 AR
Jo B BV K RN A Z TR R R o

1 #REE

1.1 IR

AW FEAE WA WM 77 i 22 X A [) o [l Py s
17, FEFE(30.26° N, 119.73° E)Yfi #4756
PR H il X o K H 1 H X i Ab w5 BB s,
PO ZE S5, ERE/KED 3901 870 mm, 4F°F3
w14 C, &4 A FHRIE-2.6-34 C, Mk
AR AE-202--13.1 C, & # H P S 19.9-
28.1 °C, M fix i 3. 29.1-38.2 °C, JE7E H1209—
235K, EHBBEEAT 550-2 000 h, 5K PHAE S
3270-4 460 MJ-m 2.
1.2 R

A S EH bR A% R N B DR B AE ) B R
(Podocarpus macrophyllus) 8% K (P macro-
phyllus var. maki)F117#1(Nageia nagi). 7£20184F11
HIERFE, KAERE]48:00-11:00. ATty r s
PREA =, ARG R UF(FR D) RN 2/ R 423
AP L R 7 2R R 4%, KEZ01.5 me 7EHL

R B UURRI3FIRIYIRAE 5 SRR B A RRAE P B EhRE LY

Bk IE R 7 B iz i U, — ok Bhr T L2
T10-20 emi%, WEAELE4-6 mm, KETE40-60 cm
(IR KR, 78O iR AR A 398 A B HE 97 1 AR A S
AR o A AR AR AE HURE 5 TR THOR: FRON e 2513
KRR ghAa h, I R 0 Bk AE B AT: IF 57 Ry
1.3 MRF*E
1.3.1  ZF/ARAKFREBMK R Einte

JIT A 2B AR BOSE K FEII—B. ZEB1 3
KEH133.8 mm (SE = 1.78); REBCFHKE N140.4
mm (SE = 6.28). FTA A BN 32 4 BT Wy, FHF
GUE b = AR R IR E . R T KR 2
T, FH R RO S 25 B Bl B i) 52 0 799 i 1) L
7. ZBURFEIEAR N4.01 mm (SE =0.12), HREH
SEHEAZR N4.02 mm (SE = 0.25). 2R )5 /N0 ks 25 B
BN B 23 om R R RIBS . %30 i 4 2
KT KR 5 B ZE N & R 4 XYLEM-Plus
(Bronkhorst, Montigny-les-Cormeilles, France), FHJ
IS AKZE . IEVAEKN20 mmol' L KCI + 1
mmol-L™" CaClL W (At H55, 2012; XI17iHF%%,
2014). 7E = (120 kPa) B Hi10 min, PAHHLR
BERRFEPERR, HRARRKTKE, ZdER
AT BB K S RA AL  FEAR (6 kPa) T
B 25 B B B K 2K R (K, kg'm-MPa s ™)
(Pratt et al., 2007b; Schoonmaker et al., 2010; John-
son et al., 2016; Schumann et al., 2019). X H Xylwin
328X H SR B AR EH AR AT b o AR BT
(5 K TR M Z B R B K JE, KT
(Ko, kgm ' -MPa s )3 I Ky B2 LA TE RO 2 10
FEHID M RSB AR5 B (Hajek et al., 2016; Schuldt
etal., 2016).

8 F 23 SR NIRRT R 1 B 4 AR ) #7825 Bk
FRELMESS P 26 . i Z R TR 3R B T4 A kT

Table 1 Basic characteristics of the sampling plots and trees of three Podocarpaceae species (mean + SE)

gl R i) W kT ISR E TIEAE B fikg 42

Species Altitude (m) Slope Slope (°) Soil type Soil water  Soil bulk density Tree height DBH (cm)
direction content (%) (g-cm%) (m)

EZAVEYN 4247+023 P SW 3 EEAIEWRK 36.87 + 1.81 1224015  593+042 1350+ 1.55

Podocarpus macrophyllus Yellow red soil subclass

e B 39.40+0.44 PiFg SW 8 PLTIE 2R 3524+ 1.75 1.20£0.10 2.89+0.32 11.99 £ 1.54

P. macrophyllus var. maki Yellow red soil subclass

1A 41.48+0.20 PhE§ SW 1 AR NS 3634+ 1.74 1.23+£0.08 3.66+0.18 8.52+0.64

Nageia nagi Yellow red soil subclass

DBH, diameter at breast height; SW, southwest.
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DA 3R 453 A] 5 (1) 7K 77 Me 55 ¥ it 42 (Ennajeh et al.,
2011)o TEHE Knmaxi7, 22 BAEUR BUBRA K EL) R
8 emfX i [k S, SRR 3P, SRR
BB ARSI FHUR, I R K ax 7772500 5
IR JE K KR (K, kgrm-MPa s ™). XAt AR LA
0.28%0.3 MPaf) & H 2 TR THEDESEE),
L BIK B2 B RAEA110% L (Johnson et al., 2016;
Schumann et al., 2019). F/KEHIKEH 70 LI H a0 F:
PLC =100 % (1 — Ki/Kpmax)o FERIE T A F “fitplc”
ARG PLCE KA 2 18] 1 e 55 1 i 28 (Ogle et
al., 2009; Duursma & Choat, 2017), BT getPx K %

A 2R H R B R Psgo
1.3.2 KRS

M 5E 7K R 28 B AR B B A — B T
S A ST AR 5 A RRAE . AR e AL JS, R
AV PR L R AV R (5K ZE 4%, 2013). Fir
A FE 5 48 V) 1 5 F Leica DM3000 &2 7 5% (Leica
Microsystems CMS GmbH, Wetzlar, Germany){E50
B MI400M5 458 ML . T FE L A DT THIAE400
BUROK F AT - 15 FImage JEUG AL BRER A4 3 B
HE o M2 S H AR E R ERD, pm), B HEFED,
mm ), & MEEJE(Ty, pm), SALBEE (D, um), £

FL%5 B (N, mm %) o HH TR MU LT 0, R 4R
Lewis%(1992)45 I ARD = [32 x (a x b)l(d® +
B4, MR I3 F) 2 B (o) B (b) T B H Do AR AR
Tyree fl1Zimmermann (2002)%5 1A, K EZ
(Dn) = ZDS/ZD4, BEESEEATEED. N TER
JE P 5 JEE LU ((¢/b)?), BEAILI%E B 47K 4001 458 K 1A
VI R, S PrA e M, E2000E 25010 M.
o O A AR B A S [ B R, S R N 1 ),
b Ml EAR, A I ) 3 AN R A
(Hacke et al., 2001; Pratt et al., 2007a). %EH40015%%
ORI ZE R U 1w P %4k, B SC AL AR, KT
AL ND,, FHAGFEEANE N EHIN, (Pittermann er
al., 2006b).
133 AWMEE

HRE 4 Hacke 55 (2000) ) 777 ¥ I & 22 MIAR () AR 4
BE(WD), XTI e i 55 1 il 2 i ZE AR A 25
FEREATI G o A AIARE AR Bz FH 30 D Bk 25 5 iR TE
ZRAB K AR o SR P o] e K A Do R A A A il 10 B
R SRIGHFERELETS CRIMAEE48 h, W&
HA R, AP ERAT R E SRR .
134 Zitoh

B DA RHE A ZE AR /K 77 MR B DR 2R 5 22 0 #r

Bl =F 2 PR RHEAR RO A DT TG BB B - A-D, B IR ZERE U AT & ARBEUT A 1) &  E-H,
R B ok RV BRI iR DIE A TIE. 1L, iR EAMATIE . WD EmATIE.

Fig. 1 Examples of light microscopy images of transverse and vertical sections of wood anatomy of three Podocarpaceae species.

A-D, Transverse sections and vertical sections of stem, transverse sections and vertical sections of root in Podocarpus macrophyllus.

E-H, Transverse sections and vertical sections of stem, transverse sections and vertical sections of root in P. macrophyllus var. maki.

I-L, Transverse sections and vertical sections of stem, transverse sections and vertical sections of root in Nageia nagi.
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(ANOVA). ARFFEBHARAH BT ERGIEEIITE
R 3.6.3F 5 ik

2 ERMD
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((-5.06 + 0.25) MPa) B IK T-17H1((-3.85 + 0.26) MPa)
(K12). MKV, HARPsolk & (&12). B
MK, ((3.56 + 0.25) kg'm "MPa s ik, HARPs
((-0.72 £ 0.05) MPa)th & 3 = T B A ((-1.32 +
0.14) MPa)fI7THA((—2.60 + 0.09) MPa) (K2).

3P KT E N TIRK,, ZEPso B E LT R
Ps (E12).
2.2 KREREPESILEH

YIMAZEDANT, 2.3 KT 20 (E3A. 3D). %
PUAIRDdR R, MR T i/ MEI3AL 3D). f EEZEAIHR
EMLE, WDAT, 2 KT Z2(E3A. 3D). %,
ZENZERNTIREZC).

Fa B NN 22D 2 /N T B DRI AR, 7TAA
ZEN, B E KT Db At 2 DA (BEI3E 3F). %
DURAFITRARR D, 2 3 K T4 2 DA (EI3E) . X b
FEMRGALEE K, D, R N,FE/NEBE. 3F).
2.3 AREREDMLH TN &E

3R ZE WD (/b)Y %A 5.3 7 7 (K4B) .
VIR WD R KT % DURA R R 2 DUk, Ja it &

DA FITAEAR (1/b) 523 KT 2 PUkA (B4 B IUFA AT
T B ZE WD R E K TR (E4A) . 3FEY) 2
(t/b)* ¥ B3 K TFAR(KI4B).

24 ARERFHKEEMRZEMRXR

B AR MHEYIZEK P T (p > 0.05, EI5A),
AR A Jo A7 72 8% - 22 AU (p < 0.05, EISB).

BT el RRIWET, W T 120 B B BHE
VI A S P S DU FHE AR K AN Ps 885 . 275
AR TR, 1200 2 DU BHE Y ZE KA Psg oK
(p > 0.05, EI5C); SMZ DUARHEYIIRK AMPs TR (p >
0.05, EI5D).

2.5 AREEMER < BIRIAE XM

2K 5D, REIEFK(p < 0.05), 5SDMT, A
KRKRQP > 0.05, E6A). Mo, K5ZERILRE
(WDR(t/DYHWEFER BE @ > 0.05, E6A). ZPs
5D, E MM K < 0.05), SR, /b FIWDIH
KK AP >0.05 E6A).

RK 5Dy IEA R (p < 0.05), 5D, oK
Z(p>0.05, E6B). MK 5/b)y MT M5 7%
(p <0.01, El6B). HPso5DFIDIITAHIK R (p >
0.05), 5 LB T 2 (WD H (1/b)?) W2 5 38 1E AH ¢
(p<0.01), SRTMEZEIEMHK@P < 0.01, El6B).
I H, W, 5@by WD MW EE@P < 0.01),
BI45 M B R J5E A5 i (/b)> MWDK, ¥ SEHTIE
H5E(p < 0.01, K6B).
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moc” s Wyl Species ™ Pl

12 Stem [ 4R Root

B2 DRI K RN B CPERAR R, n=T)0 ARVNG FREEIREp < 0.05K° 7 EER B

Fig. 2 Hydraulic functional traits of three Podocarpaceae species (mean = SE, n = 7). Different lowercase letters indicate significant

differences at p < 0.05 level.
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Fig. 3 Xylem anatomical structure of three Podocarpaceae species (mean + SE, n = 7). Different lowercase letters indicate signifi-
cant differences at p < 0.05 level.
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Fig. 4 Xylem mechanical traits of three Podocarpaceae species (mean + SE, n = 7). Different lowercase letters indicate significant
differences at p < 0.05 level.

Pt iR AR, 5 BrodribbATHIll (1999)F 4 i)
P. lawrenceillTfEA(Psy, —5.6 MPa); 17T 252 it
E9(E2B). MRAEERMEA W EES, THRE%E
Uk R, B RA I 55 (EI2B) . 7 A I i JEE A
KA R R, Hoke ZEHPE 5 & (3D, [E4A),
52 AR FE 4 AR A, Bk ZEHTME A3 5 A
5 P R AE i B JEL (¥ 389 B0 AH 9K (Hacke et al., 2001;
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Fichot et al., 2010; Rosas et al., 2019).

TP B3R YA E S BAR b 2R
R(EBA3E), FERRMHH/KCE LT &, (HRS
R AR TR 5 51 A 2 K AE A B (Loepfe et al.,
2007; Schulte et al., 2015). K, 7E/KF1ThEE DT THIZE
BUUMR A ZE UM LE 22859 (B2B), SRR ILZE R (K
2A; Mabherali et al., 2006; Pratt et al., 2007a; Hacke &
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