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Abstract: Quercus species ( Fagaceae) are widely distributed from temperate to tropical forests in the northern hemisphere
and can grow well at both karst and non-karst habitats. Revealing the differences in plant functional traits of deciduous
Quercus species commonly growing at karst and non-karst habitats is critical to understand their underlying adaptive
mechanisms and can provide scientific basis for the selection of tree species in karst vegetation restoration practice. In this
study, 13 plant functional traits including stomatal size (SZ) , stomatal length (SL) , stomatal density (SD), and stomatal
pore index (SPI) at the cellular scale, leaf thickness (LT), thickness of adaxial epidermis ( AD), thickness of abaxial
epidermis (AB), and palisade mesophyll thickness to leaf thickness ratio (PTR) at the tissue scale, specific leaf area
(SLA), and leaf dry matter content (LDMC) at the leaf scale, non-structural carbohydrates (NSC) , leaf construction cost
(L..) and intrinsic water-use efficiency (iWUE) at the whole-plant scale of three deciduous Quercus species, i.e.,
Q. variabilis, Q. acutissima and Q. fabri growing at both karst and non-karst habitats in Guangdong Province were
determined and compared. The correlations of the 13 plant functional traits with local climatic and edaphic variables were
detected, too. The results showed that: 1) habitat was the main contributor to the variation of the studied functional traits
except for AD and LDMC of the studied deciduous Quercus species; the traits of SPI, LT, AB, PTR, SLA, NSC, L. and
iWUE were significantly different between karst and non-karst habitats, and the differences were species-dependent; 2) at
both habitats, the traits at the leaf scale were significantly correlated with mean annual precipitation; but at karst habitat,
the traits at the cellular, tissue and whole-plant scales were significantly correlated with mean annual precipitation, mean
annual temperature, soil total nitrogen, phosphorus contents and soil pH, while at non-karst habitat, those traits were
significantly correlated with only mean annual precipitation, mean annual temperature, soil total nitrogen, and phosphorus
contents; 3) the correlations among the 13 plant functional traits were more complex at karst habitat than those at non-karst
habitat, with significance existing in SPI-SD, AD-NSC, PTR-NSC, SLA-L. and AB-iWUE at karst habitat, while only in
SLA-L. and AB-iWUE at non-karst habitat, indicating the trade-offs of functional traits at different biological scales of the
deciduous Quercus species for the adaptation to karst habitat. The results also imply Q. wvariabilis can be preferentially
adopted for vegetation restoration due to its greater variability in plant functional traits than Q. acutissima and Q. fabri when

growing at kart habitat.

Key Words: karst habitat; deciduous Quercus; leaf functional traits; ecological adaptation
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Table 1 Information of karst and non-karst habitats in this study

AR TR BEAR R

Rap SRty _
s Hb s i Mean annual q:q:*uﬁ Soil organic Soil total Soil total T
. . Mean annual L. Aridity . .
Habitat Location precipitation/ . matter/ nitrogen/ phosphorous/ Soil pH
temperature/ “C index
mm (g/kg) (g/ke) (g/kg)

W% i
sl I 22.03+0.02 1679+5.22 0.76+0.01 20.73+2.03 2.34+0.21 0.63+0.02 5.66+0.13
Non-karst
WA .

KB 18.40+0.48  1431+27.61 0.85+0.03 44.39 £8 .62 1.43+0.32 0.25+0.04 6.22+0.79

Karst
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107, ARAFESAFLHIRI 2 200k T 27 A EE
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M, AR A2 AR /K 43 R AR (IWUE ) 5 MR AR S5 4 HE B K 1k &5 9 5 B (NSC) SR FH < B 35
s
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M RETE 4 A S A B (Model 6400, Parr, IL, USA) SE4#REe, M E M HFEHBVE(CV) , T £ Ko
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A Ry B R A L T AR A AL B L =CC,,./STA
1.4 3EEAedE o e
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[CRE R, TR S R (SP, g/ke) M R FHARBEPT L (ks ; 3 pH (00 2 R FH B B8 AR sl s 20, e
FRAEPER L 1,
1.5 Bl abH s b

KR R T 225317 ( Two-way ANOVA) THEASE WRh I B AE R 7 2224055, T IPAG =38 X5 25 1
R IAREE . TR IRERER RS N A 3—5 AN EE, AR 56 50 W Bl & PR e AR TR AR 58 v G 22
S SR AES B ES  7F R OB S TR T 1Y kruskal. test PRECIEFT 40T, SR FHTR A 8500 B 70 L1 45
AN RIHERAE AN ) A 95 22 T 25 57 | LAA B85 o 1 2 DR, LI Rl g BEAILIR 7, % T 8 35 22 S PEIR (P<0.05) |
KH LSD-Tukey F 5 £ & b4, IRERM MR FH R 1F 5 T ImerTest €571 ) lmer bR AT 40 M7, 18 H
emmeans - ) emmeans PREGHITEHR G ZH L, R R 1EF relaimpo fUXT A X BB EVEAT /08T , R A5 A
TR, A R 155 FactoMineR il factoextra A 17 3504347 5 i R A2 pealg H11%) pe Fl idaFast #
b At B S RE MR A ARG BE AL BRI AT AL AT AR R IE S (A S . v.4.1.3) il T,
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Table 2 Name, abbreviations and units of the plant functional traits

HYDIREER &5 L4
Plant functional traits Abbreviation Unit
4l Ak S LKA Sz pm?
Cellular scale ALK SL pwm
I SD A~/mm?
SALFLBRIEEL SPI %
HEUKF- R R LT wm
Tissue scale R AD pwm
TR AB pwm
MR 12 He PTR —
aE K He i AR SLA em*/g
Organ scale DR R/ sy LDMC o/
YA I 5 A A Lec g FHATHEY B/m? I T AR
Whole-plant scale IS A iWUE pmol/mol
|32l S e NSC mg/g

2 HREHSH

2.1 fEHY IR R i AR SR R

3 T AR 13 FAEY) D) REPEIRTE 08 10740 R0 AR 8 SR 1] A= 728 S R VA AR B A b RN A B8 S5 R b 22 []
HAECKE 1), 7225 iras 22 Bk AD Fl LDMC #b, A= 35 T DU R LAY 11 Fhd ) D g R e g B ke Al v
WA B A9 728 SR TR (P<0.05) , Hot NSC (75.42%) L (63.75%) SLA (63.61%) LT (53.68% ) 5255 K1
AR BR SD AD (LDMC Fl Lo &b AFRT LA RE AR 9 FhAE ) D REPEIRTE 2 A= B a] 1 748 S K 8 ( (P<
0.05) , H:H1 iWUE (56.09%) \PTR (42.86% ) 52 Wi FPsg s K, A3 S50 % 3¢ AR H g fi# B SZ . SL.SD,
LT .SLA L. .iWUE NSC [JZF 53R IR ( P<0.05) , A S fLHIR SZ (82.35%) SL (68.17%) .SD (27.04%) F
L2 3 A 855 5 R B 52 BAE AT
2.2 SRR RN P D R AR 5

SA b TEVE TR AR, 3 Rl IS I BR A S AL FLBRHEE(SPT) M= ZH 2L (PTR) FHEG T AR (SLA ) 224
FART AR rRe A= B2, (B 7 B BE (LT) | F 3R R EE (AB) 7K 43 FI IR (iWUE) (R4S # Ve oK 16 &9
(NSC) FHERA IR HE AR (Lo ) 2000 2 5 TR AR AR B A MRAE 2 MRS i E 2 5% (B 2) . 4
BEWERZW T 3 FVE AR 8 FAEMI T RE AR

TEAN TR rHRR ], FE 4 D RE AR 119 A8 S5 A W8 R R s R A B () A S R A — Bk (1 3) o # B AR BR
SZ AD Fl PTR 4}, oAl 10 ASPHRIRAE 2 FpABEH] 22 5 8 2%, Ho SL LT AB \LDMC L .iWUE HI NSC 7£#% H7
A B W v T AR W TR A 5 T SD L SPT SLA U 8 B A% T AR W M 45 2 1% 5 ABR SZ . PTR .SLA [iWUE L. .
NSC 6 FEY DR tERfEA S b 25 55 W 2 Ho SZ L NSC Fl iWUE ZEPE Hp kAR 55 2 5 TR kA 4%
Ifii PTR 1 SLA W) & AR TR M TR A= 85 ; BRER R SD \AD (SLA L (iWUE &b, Hix 8 Fh Dy RePER 7 A= 58 rh 22
S o LT AB NSC 7EME AR 5 10 2 i THEMS ke AL 5%, 7 SZ SL . SPI,PTR .LDMC W & &Ik T ms
LIEETE s
2.3 IR R D e R e 4 AR B R S

TEVES R AR B (] 4) 3 FhoE AR Al K LAY ShRe IR R 252 [ [ F MAP MAT (SL.SD . SPI) fil +
HEHF SN pH (SL Al SZ) Byia s ; e LUK B B LT 2S5 H T MAP Fil MAT S0 55, AD (AB Il PTR 3
52 3P SP SOM Fl pH 40 ; 76 F /K F |, SLA 1 LDMC #1532 3] MAP 845 ; 76 MA K | iWUE Fl
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Fig.1 Effects of habitat, Quercus species and their interaction on the studied plant functional traits
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b VS35 R T DY S (S R R Az

AN

2

AR ES

;a:

BRE

RI)ING FRE R AP A B 18] 1 22 57 .38 (P<0.05) . B FELR R AT HE B R Zefn

B RAURNT 550 B e RAE AN /M

http ; //www.ecologica.cn



&t
B

11324 H

i

44 %

O welidy [ AEmg s

N
W

*

500

400

300

200

100

RILEE
Stomatal density/(4~/mm?)

—_ (3]
w (=] o

ERpRE

Thickness of adaxialepidermis
/um

W

{=]

—
W
S

100

IS FIRE Lot mR
Specific leaf area/(cm?¥g)
g & o 3

Intrinsic water-use efficiency
/(umol/mol)
(=]
(=]

—_
(=}

(=}

< |

: %
i Bl =
N o]

_ ;|

PR (S 2

Q. acutissima Q. fabri Q. variabilis

I E ns o
—=— —E
o %7 E 2| =] T
g
3200 % =
p 52 st
.G 2
= BE 10
¥ g 00 b LN
8 3
) n St
0L , 0 . .
% ns * * ns —=*
e 20 k- % L =
% g.150 - %
L =~
£ 5| H = g 7 7
=3 Ik £ 100 |
30 :LEK)
3& 10 + s
H-vg = oy
rE | 8 50+
£ L
w1
0L 00— .
w 9
§ 15 LrEF - ns— * 8 04 L *% *r ThsT
= L 77 HS 2 03] =1
BE . 10 / 8=z 8
®EE % §E2
RES 3{_18';.2 02
e st REL
£ L3801t
<
5} v
= =
E 0 ‘ & 0t : :
= * ns * o ns o *
uﬂmﬂ§ ? 7‘5— _I_ gb 3L _:E —:[—
£ .
¥ 7 3 =z
“S 04l ®z T
Eis gz 2t
TES 23 | 77
g 02} i 5
i~ =g Ir
Q Q
— [
<
oF S 0L . ;
L125 - SRR BfE BBk
& L * * —E—* Q. acutissima Q. fabri Q. variabilis
g2 of ] Hep b
<2 ,§ ) Q. variabilis
25@ %7 % '
SE8s| e
_gg\ Q. fabri
T E
i 25 JRER
é Q. acutissima
00— . . N o A = &
BAE EIE R @B oA g A

Q. acutissima Q. fabri Q. variabilis

AD
AB
PTR

< Q S B O
[ S [%2]
©n 91 % Z

3 FRAR, BARFIRE KEAR 13 MEY ek R ERR BT AR TS £ R AN E R
Fig.3 Variation of the studied plant functional traits within Q. variabilis, Q. fabri, and Q. acutissima from karst and non-karst habitats

# ¢ FIATE P<0.05 KT B3, ns: SRR  ARBFEY S REMEARTE 2 Fh 5522 5 ik B B 25 KF Y, LUK (3158

2.5 HAYIIRETEARSCIRIE Y A b 22 57

3 P ARAR P D RE AR ] A AH DG PEAEAE B S A AR B AR S (L 6) o FEME e A= 358 AL D B 1 AR TRl 1
I I L AW S A B 52 2  ZE AN LK F- |, SD 5 SPI B3 EAH G, [Al, AD-NSC ,AB—iWUE ,SLA-L . /%
TE & TUHDC  PRT-NSC 35 IEAROC . FEARMS IR A= B8, AR 28 DI BB 4 R 2 18] Y OB P 17 5, {FE SLA-Li #l
AB-iWUE [HJFA7E 2 TuAH OC , AR OC RECE , oA SRR B 5w i be AR 5 5230 . SLA-L 4351 0 -0.98 Fi

http ; //www.ecologica.cn



24 11

PNGZEE 2.3 FE M ARAR) D R DR A e 4 e A o M A 1 5 ()

11325

-0.94 ;1 AB-iWUE 435%]5-0.91 1-0.96,
[ |

Plant functional traits

NSC

iIWUE

SLA

LDMC

Dim2 (30.4%)

T T T
||

N

T T T
IS w ol P N
T

T
w

T
w

||

S

8

8

N

8

N

S

o

25 75

100

o
)
a
g
~
al
=
8

Relative importance/%

B4 EFEETIEREY AR B30

Fig.4 Effect size of environmental factors on plant functional traits of the studied Quercus species

B O fabri

(=}

|
(S}

Diml (51%)

Dim2 (22.3%)

D JFk#E O. acutissima D FeEBE O. variabilis

e

(=}
T

2.5 5.0

Diml (55.1%)

B 5 AREETEMFENIEERNERS ST

Fig.5 Principal component analysis of plant function traits Karst habitat of the studied Quercus species in different habitat

http ; //www.ecologica.cn



11326 R % IR 44 %
% WA E[Rra s
LT
SPI AD
SL / AB SL AB
N
S
S
Sz / PTR V4 / PTR
&
SD & SLA SD ! SLA
r S e N /
Q N
NSC NSC / LDMC
iWUE Lec

Bl6 TEMEHTtsFIdErsHds iR idaFast & #AM B iR pME X
Fig.6 Correlations of the studied leaf functional traits derived from the idaFast function in karst and non-karst habitats
P 8 A OC I PEAR T2 42 ( P<0.05 , SR RR IERON , 2L (SRR SAKNE ) , BRI/ BT o | Bk 11 SRR A PR 2 18] B0 R 2R

3 g

T RE PR B B Sz A 42 Sof A 2 24 B B o 1 o RE R AE A (] A 40 0 o 1) ok B 055 72 A g 86 784 T 9
PRI ARRIFSY RIR, AR EERER 3 RIS BR AD F LDMC Z MW 11 FIhfe R 28 ol (1 1), T b
W AT AR O AR IHREMEIR A9 SRR . HE T REVEARAE P b T AN R P B4 35 2 ] DA R A B8 g ot
TEUHE 13 FEDI DR RAS Sl IR 1 22 Stk . A I D RE IR 9 22 S e ] e — e AR B L BRI L AE P v
To Y (A TR R AR R A R 0 L 2 S I T R K A 25 S RIS I RR LA ) D) BE
ARG 53 S35 N 2 PSR AE SR I AR ARG 2 — , T R A AEAS R AR BE T X BER A BRI, AT RIESE A= 4 e i
B 3 s i RR AR T R P DR A o SRR Rl o 0T A 5 ) 0 2 S A E R U AR (B A P T R MR 1 22
SWAREZM.

MAA b VR EREY 8 B Y ShREYEIR (4H K1Y SPL, ZH4UK -1 AB LT PTR, i F 7K F-1Y SLA Fi> 4
IKB) NSC L (iWUE) 7EWS SRR RN RS Hr R AR S () A7 7F 138 22 5 (&1 2) , R AR S5 X 3 bk I AR 1 52 i 7
ANFED K D REMEAR T34 REAS BISRAE . 3 APy M BRTEMS B8 A 55 T SPI PTR 1 SLA & Ik TR i
FREBE {H LT AB iWUE NSC I Lo 20 5 25 = TAEWS i 2B 855, SPL i 7AW v 9 <AL FE FDG A e
F300 SLA NI ZRAFAE Y SR ARBUAYRE 717, B SLA F8 /R FE AR BUSE IR B BE Ty 5ok, 541k SLA A Bl A
INFERBVE RN AR T S RO TR TR PO RAEBE . EAN, SLA BAR AR 38 H 5 B A ACR R,
IE¥ e T A R AR TR A ) SRR A A T 0 RS 48 2 P i B RO & S A K i
B LT AB A1 PTR 7 B Tl N Fr 261 iR sl A W koK fe 0, 6 B Bt o e ' Y iWUE
D 2 S5z WA 490 14 7K 4301 FE 5 - B T o B3 It 3 17 B 1 A /AR A IWUE 55 AR %o 2 A B8 0 358 g
PETSR 5 Lo, IT LAZRAEAR ) (0 PR B35 107 K G2 V5] SR s 70 A R AR #4400 o 1 1 EL A i ) S S B T, T
DU A O AR BORR IR 550080 L ORI 17 6 ) W5, 6 3 A B0 A 85 4 DU JRE B I B 0 (g 4L 40
JO7 X R A0, 4 5 35 40 E MR R B R R P A R A T NSC RS S A A A i R A R
WyIg S AT AT R AR 0 IR BE 0 R 6 A B A B BRI EE T LR AR AN b a0 O 4 R E B IR AR Ay
wah'

http ; //www.ecologica.cn



24 4 Phagtk 2.3 Mk RIS REVEAR AR I AR AN AR I e R S Y S R 11327

FEAHMIAT VTR AE SR T 3 PP Bk SPT S AR TR W e AR 45 ) HL 328 52 3 4F 34 [0 B ot FNAE L 46
FRBE A A A (1 4) 3 AT g R Dk 7 I B R E 2ok PR 8% SL SD B#AIG SPT S B0 3l A B 1 5 A 345 1y
(E6), EALUKN FREAEVE BT R A5, 3 P M BRaE T 3K LT AB 38 W W B RE AR B - AR AN 2 R R o
> FEARPE 22 SRR S A 3k 5 X S RIS R B TR A B R R B N R SRR AR — 2, A I
(1Y) SPT FNERJE () W K 3% B RS BE A Bl T 0 /N i 78 0 32 42 vy K 43 R T80 (i HE B 0 e 5 i
Fp RSB K AR AR B 3 FhIE TR A REMECIR SLA /N TARE IR AR S (I 2) , H E B2 F
SRR | A AU A A pH AL RIRZ 0 (] 4) X 5 Ordofiez 57" & ZELUHE T 58 TR HA
IR LT FIEARAY SLA AYZE S —20, MR SLA A3 A Tk p g Wi B B 5 S0 &, ERSA
A b R A= 35T 3 g AR Lo 0 3222 52 B4R R &R0+ A LT & B 052 ma), AR R AR 58 T
Lo, BEEZBFEH R M IR SRS (K 4) RS L3245 7 U HJE R 50 Ty a4 X
5 Martinez %7 Y25 R —50, BARER Lo MORIHEE N A8 558 | 76 - HEA 200 20 B8 25 LU R A - o o 0
B B AL SR PR A0 e 0 S RO R R B R JER FH B AR R AR BE 3 AR ISR NSC B
m AR TR AR ST (B 3)  AEME R A 45 NSC 242 5] pH A2, JE 0 TR AR 358 T W 3= 23 37 R 4E 4 B R
A (& 4) , Signori-Miiller 257 X7 T 37 ZR K 82 FlvAS [F] #E ¥ M M BIF 52 2% B, NSC. X6} 521 b7 SUR%, i
SRR Y NSC 3G N K A e ASHIEGY v B A S AR Y R R e A I L T R AR AR A, H R IR KRR ) 2,3
Fhfg mARA A SZ BK 40 hiA AT DLE R R T 22 1) NSC B 1k PR e A J2 1 B A BRI

LA SR AN [+ 18 6 YA AT 5% s 35 oy AN SRR B SREARAE Y| HLAR R Rl SR AR R, AN [ AR B8 R Ha At 1)
REMEIR 2 S B AR TR R BE AR P AR S 0570 3 ol I A0 S [T 400 0 e DR A7 W A A =1 o 7 A 95 ) 22
SR — S (B 3) i R BRI g B R A 5 AU | 1R o A0 Al N A R B) 25 Sk MR AR B R L3 R
VE I RR T B8 32 B 3E T A KPR S, 2 ZUKEHEIR PTR (AD (AB, MK - PEAR NSCLiWUE il L 38
ST PRI RS N BE T (] 5) s ZEARME SRR AR BT, 3 i AR AT RE 3 M R 1 A ZUKE MR LT PTR,, 21 7K
SEAEIR SZ . SD, A KSEEIR SLA |, AMAIKSEYEIR iWUE R Lo 42 ENPE(E 5) o 3 FhigmER2ER iR
D BEMERAE P Ff A B 1] A1) 0 35 22 57, S0 TSR R R 40 T 50 W6l 7 P 0 356 PR £ 5 B B> AR BfF g v, A5
AT DA#ARE 3 Fhvg AR L IRER AD 19 10 FhoRE MR AR SOk IR (B 1) o ZEMS AR RS, Bk Dtk Az - 58 A

SN TR R A SR AR B ) 2 A B S K - R (T 4) 33X AT R BN R A ) e 3 o T R MR Ta] 1Y
UG SO W ST A 858 - SR ORI A B IR - X W B e A S A ) S BE MR A S i 2 B (1 4) |, 3
HFRE i BE R4 SL (57.04%) . PTR (70.04%) ., AB (64.32%)  NSC (76.16%) ,iWUE (53.41%) | L,
(55.72%) )78 S P, Hidr SL 32 %52 ) 4 4 BUAL(30.73%) 145 ; 14 pH J& PTR (29.96%) . NSC
(23.84%) FHEMFZWIH 1 AB T2 Z 5 + A HLITT(23.83%) 1520, (B M5 54 2 [ R 4t (20.99% ) 1)
MR 2, AT 5, A0 B X W e A B R T BB R a5 /0N | {ELAR B R T S S A K PPk
iWUE (27.08%) \L(25.23%) 1) F L5020 K-, 58 530 - AH Y D se v R 0 R 45 A7 7E 22 57 | [m] el 22
& R H AR B AR R

AR I, TE 3 T AR i B AR D e PEARAE W 107 R A 55 T 1A T R A 728 S e | 3R IR 1 M T
RETESR (K 5) o HMIACE b WS TR AR 55 T e He AR RURRBR SPT W 3 IR TR M e A= 55 (161 3) A AE T 52 5%
F 38 i i D S AL AT 7K 43 SR T o s U R A B Rt [ RS 3 e Y 4
ZUKFPEAR AB DR = FBRS518 le#R iWUE; 1875 PTR AD 3§70 3 F & ik NSC; i 2 vt/ B 7K PPtk
SLA, I ARE 58 MR Lo (B 3B 6) o Fu 557 X6 g i AR 2R pk 5 R s ke AR MR i e T BB R IR A 5 2
B ZEvE TR AR SR AR i R AE A A B L bR R AR S AR OK B TSR KA R FHASCR TR R, PR e, A
R BRI S A B B PR B TR R IR . Gouveia 251 WA [ [ T A B R M R AR 66 i - MR S9E AT O
FEIAIRE R BR, A4 B A B o] 98k 8, B e [ A SLA 34 LT AN iWUE 3458 % 52 Bhad f5E N, B8 LT,
AB iWUE FIAIKAY SPT SLA A F T8 B ARl 7K 43 TH FEAERR R R (10 557 23 B FH AR TGS 1Y Lo JNSC A

http ; //www.ecologica.cn



11328 JAE = 44 %

TR BERRRE 723 T I 5 AR R 2 RO T 70 Lt o7 e 3 s DA, 57 PO A B 4. TR e
BRI ST A 50 3 IO A 250 T RAR AT AR, 7 3 o e b AR r 7 258 10 5 o8 49 A B AR AT S v S0 5l DX A B K
52 KRR A

4 #ip

ATIGE 8 1] L TR R v R AR B ] 3 R I Rk 13 BN [RZKOF B A 4 D Re IR 1 S RD , & B0
AEBEIRTE A 3 Vs I ERER AD AT LDMC SR 11 R 4 Sl e R e v i 4 A v 3R A 455 1) o 300 2% 25 S/ 1)
HER T, TER IR REERE ke R BE ], 3 Ay itA% SPTPTR (SLA LT AB iWUE NSC #l L 22 57 .3, HiX
P22 5246 3 AP FR ] S BEE — ok, R IR AR AN R AESE T AR GE N ORI A e 22 5. TEMARRZ
Pl 4 D RE MR AE A 35 22 18] (AR Tb 32 S M A - 33 DR -, LRI 2y L A g A A 3 e S | e i e A
B E A/ ) 18 o0 TN W 7 w47 e 2o 1 E T | 13 T 0 e SR A W (3 e T E 2O | 4 O N 0 e
f) 13 FiotE 4 S g MR A 6 30 A 5 1) 0 DG I I B e AR g S AR B R A FE W BB B R, Y% TR SPI-SD |
AD-NSC ,PTR-NSC ,SLA-L Fl AB=iWUE [HJ££7E i 3 O  ARBL 1 7 i BRAS [R] A= 1 22 K - i A 4 D Re PR IR
Z ) A3 IO W I A S AN D 2R e B AL T BB bR A s e A 35 78 S R T IR SR AN AR , T3 AN [
A W KSR D RE IR A 8 SRR RN = ST AR A B 1) 2 S M | A B Rt i T AR 24 5 0o o M B4 1 RS AT 4
B, FEWE BT B . b RN 2y s W (AR JE e

£ 3L Hf ( References)

[ 1] kM PRI IS (BERR) LSRG Y ZREIERAE. Mol 2007, 35(S1) ; 44-47.

[2] Jitegs, skt B9 maire b DX g A S TREE R s MBI S BOR. B Mol K224t . HAARIAERR, 2003, 27(1) ; 45-49.

[3] XuEQ, Zhang H Q, Li M X. Mining spatial information to investigate the evolution of karst rocky desertification and its human driving forces in
Changshun, China. The Science of the Total Environment, 2013, 458/459/460. 419-426.

(4] X5, EMA, Xok, e, B, Jufd. wg ek B0k ad 7 4 5 B A8 A B A A8 PRI S . A= 2524 4k, 2005, 25(3):
639-644.

[5] ™4k LERUEYREE SAEYIIREIERI W RN E SR AR N ALRI[ D], St . ST, 2020.

[ 6] Gil-Pelegrin E, Peguero-Pina J J, Sancho-Knapik D. Oaks and people: a long journey together. Gil-Pelegrin E, Peguero-Pina J J, Sancho-Knapik
D, eds. Tree Physiology. Cham: Springer International Publishing, 2017 1-11.

[ 7] FangJY, WangZ H, Tang Z Y. Atlas of woody plants in China: distribution and climate. Berlin: Springer Science & Business Media, 2011 185-
189.

[8] ERR, M, Xt FKEFEIERGHIELS. AL MERE ], 1985, 7(2) : 57-69.

(9] ST, XA, HEnG. B[ G g v R R g AR Al I v S A i B A A AT, 2011, 35(10) : 991-999.

[10] skepide, Jodb B, BN, 0B, ki, KA, AURUR. B TRE SR T R0 6 DR BRI, AR, 2012,
32(20) : 6318-6325.

[11] Violle C, Navas M L, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E. Let the concept of trait be functional !. Oikos, 2007, 116(5) : 882-
892.

[12] LiY,MoY X, Cui HL, Zhang Y H, Dossa G, Tan Z H, Song L. Intraspecific plasticity and co-variation of leaf traits facilitate Ficus tinctoria to
acclimate hemiepiphytic and terrestrial habitats. Tree Physiology, 2024, tpae007.

[13] Bucher S F, Auerswald K, Tautenhahn S, Geiger A, Otto J, Miiller A, Rémermann C. Inter-and intraspecific variation in stomatal pore area index
along elevational gradients and its relation to leaf functional traits. Plant Ecology, 2016, 217(3) ; 229-240.

[14] LiuCC, Li Y, XuL, Chen Z, He N P. Variation in leaf morphological, stomatal, and anatomical traits and their relationships in temperate and
subtropical forests. Scientific Reports, 2019, 9(1) ; 5803.

[15] Tian M, Yu G R, He N P, Hou J H. Leaf morphological and anatomical traits from tropical to temperate coniferous forests; mechanisms and
influencing factors. Scientific Reports, 2016, 6. 19703.

[16] GaoJ, Wang J F, Wang K Q, Li Y H, Zhang X. Patterns and drivers of community specific leaf area in China. Global Ecology and Conservation,
2022,33. e01971.

[17] Navas M L, Ducout B, Roumet C, Richarte J, Garnier J, Garnier E. Leaf life span, dynamics and construction cost of species from Mediterranean
old-fields differing in successional status. The New Phytologist, 2003, 159(1) . 213-228.

[18] Tang S B, Liu J F, Lambers H, Zhang L. L., Liu Z F, Lin Y T, Kuang Y W. Increase in leaf organic acids to enhance adaptability of dominant
plant species in karst habitats. Ecology and Evolution, 2021, 11(15) : 10277-10289.

http ; //www.ecologica.cn



24 4 Phagtk 2.3 Mk RIS REVEAR AR I AR AN AR I e R S Y S R 11329

[19]

[20]
[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

Prentice I C, Dong N, Gleason S M, Maire V, Wright I J. Balancing the costs of carbon gain and water transport: testing a new theoretical
framework for plant functional ecology. Ecology Letters, 2014, 17(1) . 82-91.

TG, XUBEHE, SKRAEERE, TREE, T 5tk AmYPEROT LS SPE. WEERIREE. A, 2018, 38(19) : 6787-6796.

He N P, Liu C C, Tian M, Li M L, Yang H, Yu G R, Guo D L., Smith M D, Yu Q, Hou J H. Variation in leaf anatomical traits from tropical to
cold-temperate forests and linkage to ecosystem functions. Functional Ecology, 2018, 32(1) . 10-19.

Liu J X, Zhang D Q, Huang W J, Zhou G Y, Li Y L, Liu S Z. Quantify the loss of major ions induced by CO, enrichment and nitrogen addition in
subtropical model forest ecosystems. Journal of Geophysical Research: Biogeosciences, 2014, 119(4) : 676-686.

Ehleringer J R, Cerling T E. Atmospheric CO, and the ratio of intercellular to ambient CO, concentrations in plants. Tree Physiology, 1995, 15
(2): 105-111.

Mitchell P J, O'Grady A P, Tissue D T, White D A, Ottenschlaeger M L, Pinkard E A. Drought response strategies define the relative
contributions of hydraulic dysfunction and carbohydrate depletion during tree mortality. The New Phytologist, 2013, 197(3) . 862-872.

i, XVE, DUNSEE, AR, VPRKEE, M. RCARLE SR S R A S Y 25 . Bl PR 24, 2019, 27(3) : 272-278.
Williams K, Percival F', Merino J, Mooney H A. Estimation of tissue construction cost from heat of combustion and organic nitrogen content. Plant,
Cell & Environment, 1987, 10(9) : 725-734.

Nagel ] M, Griffin K L. Construction cost and invasive potential ; comparing Lythrum salicaria ( Lythraceae) with co-occurring native species along
pond banks. American Journal of Botany, 2001, 88(12) . 2252-2258.

XGRS, 3T S R RR. s, P ERRED Bk, 1996.

Kalisch M, Méchler M, Colombo D, Maathuis M H, Biihlmann P. Causal inference using graphical models with the R package pcalg. Journal of
Statistical Software, 2012, 47(11) :1-26.

Midolo G, De Frenne P, Holzel N, Wellstein C. Global patterns of intraspecific leaf trait responses to elevation. Global Change Biology, 2019; 25
2485-2498.

Bjorkman A D, Myers-Smith I H, Elmendorf S C, Normand S, Riiger N, Beck P S A, Blach-Overgaard A, Blok D, Cornelissen J H C, Forbes B
C, Georges D, Goetz S J, Guay K C, Henry G H R, HilleRisLambers J, Hollister R D, Karger D N, Kattge J, Manning P, Prevéy J S, Rixen C,
Schaepman-Strub G, Thomas H J D, Vellend M, Wilmking M, Wipf S, Carbognani M, Hermanutz L, Lévesque E, Molau U, Petraglia A,
Soudzilovskaia N A, Spasojevic M J, Tomaselli M, Vowles T, Alatalo ] M, Alexander H D, Anadon-Rosell A, Angers-Blondin S, Beest M,
Berner L, Bjrk R G, Buchwal A, Buras A, Christie K, Cooper E J, Dullinger S, Elberling B, Eskelinen A, Frei E R, Grau O, Grogan P,
Hallinger M, Harper K A, Heijmans M M P D, Hudson J, Hiilber K, Tturrate-Garcia M, Iversen C M, Jaroszynska F, Johnstone J F, Jrgensen R
H, Kaarlejvi E, Klady R, Kuleza S, Kulonen A, Lamarque L J, Lantz T, Little C J, Speed ] D M, Michelsen A, Milbau A, Nabe-Nielsen J,
Nielsen S S, Ninot J] M, Oberbauer S F, Olofsson J, Onipchenko V G, Rumpf S B, Semenchuk P, Shetti R, Collier L S, Street L E, Suding K N,
Tape K D, Trant A, Treier U A, Tremblay J, Tremblay M, Venn S, Weijers S, Zamin T, Boulanger-Lapointe N, Gould W A, Hik D S, Hofgaard
A, Jonsdottir TS, Jorgenson J, Klein J, Magnusson B, Tweedie C, Wookey P A, Bahn M, Blonder B, Bodegom P M, Bond-Lamberty B,
Campetella G, Cerabolini B E L, Chapin F S, Cornwell W K, Craine J, Dainese M, Vries F T, Diaz S, Enquist B J, Green W, Milla R,
Niinemets, Onoda Y, Ordoez J C, Ozinga W A, Penuelas J, Poorter H, Poschlod P, Reich P B, Sandel B, Schamp B, Sheremetev S, Weiher E.
Plant functional trait change across a warming tundra biome. Nature, 2018, 562(7725) . 57-62.

Kraft N J B, Crutsinger G M, Forrestel E J, Emery N C. Functional trait differences and the outcome of community assembly: an experimental test
with vernal pool annual plants. Oikos, 2014, 123(11) . 1391-1399.

Albert C H, Grassein F, Schurr F M, Vieilledent G, Violle C. When and how should intraspecific variability be considered in trait-based plant
ecology? Perspectives in Plant Ecology, Evolution and Systematics, 2011, 13(3) . 217-225.

Kraft N J B, Godoy O, Levine J M. Plant functional traits and the multidimensional nature of species coexistence. Proceedings of the National
Academy of Sciences of the United States of America, 2015, 112(3) . 797-802.

Guo Y L, Wang B, Mallik A U, Huang F Z, Xiang W S, Ding T, Wen S J, Lu S H, Li D X, He Y L, Li X K. Topographic species-habitat
associations of tree species in a heterogeneous tropical karst seasonal rain forest, China. Journal of Plant Ecology, 2016, 10(3) : 450-460.

Sack L, Cowan P D, Jaikumar N, Holbrook N M. The hydrology’ of leaves: co-ordination of structure and function in temperate woody species.
Plant, Cell & Environment, 2003, 26(8) : 1343-1356.

Wright 1 J, Reich P B, Westoby M, Ackerly D D, Baruch Z, Bongers F, Cavender-Bares J, Chapin T, Cornelissen J H C, Diemer M, Flexas J,
Garnier E, Groom P K, Gulias J, Hikosaka K, Lamont B B, Lee T L, Lee W, Lusk C, Midgley J J, Navas M L, Niinemets U, Oleksyn J, Osada
N, Poorter H, Poot P, Prior L, Pyankov V I, Roumet C, Thomas S C, Tjoelker M G, Veneklaas E J, Villar R. The worldwide leaf economics
spectrum. Nature, 2004, 428(6985) ; 821-827.

AR, e, SEE R JLER R AR L AR (Quercus liaotungensis) W BRI HLAL. 2EAS244], 2008(01) ; 122-128.

Reich P B, Wright I J, Cavender-Bares J, Craine ] M, Oleksyn J, Westoby M, Walters M B. The evolution of plant functional variation; traits,
spectra, and strategies. International Journal of Plant Sciences, 2003, 164(S3) . S143-S164.

Liu W S, Zheng L., Qi D H. Variation in leaf traits at different altitudes reflects the adaptive strategy of plants to environmental changes. Ecology
and Evolution, 2020, 10(15) . 8166-8175.

Ennajeh M, Vadel A M, Cochard H, Khemira H. Comparative impacts of water stress on the leaf anatomy of a drought-resistant and a drought-

http ; //www.ecologica.cn



11330 JAE = 44 %

[42]
[43]
[44]
[45]
[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

sensitive olive cultivar. The Journal of Horticultural Science and Biotechnology, 2010, 85(4) . 289-294.

TR, ToM, IR, JRH, JAREB, 306, FPBk, s, SERSUE I T K R RSCRIE TR, 4 824R, 2010, 21
(12): 3255-3265.

Baruch Z, Goldstein G. Leaf construction cost, nutrient concentration, and net CO, assimilation of native and invasive species in Hawail.
Oecologia, 1999, 121(2) . 183-192.

M, HE, K8, FA7, B4, BiEE. R R iRtk B IR ESE N AT . R4, 2017, 35(6) : 940-949.

WRE, ®EXE, UK, Bl AR PR K T 5 7 (Y AR B S ST R . R AFaE e, 2002, 19(1) ; 30-38.

Korner C. Carbon limitation in trees. Journal of ecology, 2003, 91(1) : 4-17.

e, BV, 28, PR, R ARAHIY AR S50 P alkoK 1L & 978 fb B G2 i IR - B S 0 Jee. 1o A 3524 4k, 2014, 25(4) :
1188-1196.

Hoch G. Cell wall hemicelluloses as mobile carbon stores in non-reproductive plant tissues. Functional Ecology, 2007, 21(5) ; 823-834.
Niinemets U. Responses of forest trees to single and multiple environmental stresses from seedlings to mature plants: past stress history, stress
interactions, tolerance and acclimation. Forest Ecology and Management, 2010, 260( 10) : 1623-1639.

i, XSO, Ve, BT, SR, VRIVE, ST, llE. B s TR A A R A S RE IR AR S B HGE B . AR SRR, 2018,
42(5) ; 562-572.

Ordofiez J C, Van Bodegom P M, Witte ] P M, Wright I J, Reich P B, Aerts R. A global study of relationships between leaf traits, climate and soil
measures of nutrient fertility. Global Ecology and Biogeography, 2009, 18(2) . 137-149.

Martinez F, Lazo Y O, Fernandez-Galiano R M, Merino J A. Chemical composition and construction cost for roots of Mediterranean trees, shrub
species and grassland communities. Plant, Cell & Environment, 2002, 25(5) : 601-608.

Signori-Miiller C, Oliveira R S, de Vasconcellos Barros F, Tavares ] V, Gilpin M, Diniz F C, Zevallos M ] M, Yupayccana C A S, Acosta M,
Bacca J, Chino R S C, Cuellar G M A, Cumapa E R M, Martinez F', Mullisaca F M P, Nina A, Sanchez ] M B, da Silva L F, Tello L., Tintaya J
S, Ugarteche M T M, Baker T R, Bittencourt P R L, Borma L S, Brum M, Castro W, Coronado E N H, Cosio E G, Feldpausch T R, Fonseca L
D M, Gloor E, Llampazo G F, Malhi Y, Mendoza A M, Moscoso V C, Araujo-Murakami A, Phillips O L, Salinas N, Silveira M, Talbot J,
Vasquez R, Mencuccini M, Galbraith D. Non-structural carbohydrates mediate seasonal water stress across Amazon forests. Nature Communications ,
2021, 12. 2310.

SR rp E LR LAY RSB AR 1 2 GRS SE [ DL BERE . IIZRRA, 2020,

Siefert A, Violle C, Chalmandrier L, Albert C H, Taudiere A, Fajardo A, Aarssen L. W, Baraloto C, Carlucci M B, Cianciaruso M V, de L
Dantas V, de Bello F, Duarte L. D S, Fonseca C R, Freschet G T, Gaucherand S, Gross N, Hikosaka K, Jackson B, Jung V, Kamiyama C,
Katabuchi M, Kembel S W, Kichenin E, Kraft N J B, Lagerstrtom A, Le Bagousse-Pinguet Y, Li Y Z, Mason N, Messier J, Nakashizuka T,
Overton ] M, Pelizer D A, Pérez-Ramos I M, Pillar V D, Prentice H C, Richardson S, Sasaki T, Schamp B S, Schsb C, Shipley B, Sundqvist
M, Sykes M T, Vandewalle M, Wardle D A. A global meta-analysis of the relative extent of intraspecific trait variation in plant communities.
Ecology Letters, 2015, 18(12) : 1406-1419.

Jung V, Violle C, Mondy C, Hoffmann L, Muller S. Intraspecific variability and trait-based community assembly. Journal of Ecology, 2010, 98
(5): 1134-1140.

Meng H, Wei X, Franklin S B, Wu H, Jiang M. Geographical variation and the role of climate in leaf traits of a relict tree species across its
distribution in China. Plant Biology, 2017, 19(4) : 552-561.

Burton J I, Perakis S S, McKenzie S C, Lawrence C E, Puettmann K J. Intraspecific variability and reaction norms of forest understorey plant
species traits. Functional Ecology, 2017, 31(10) ; 1881-1893.

Fu P L, Zhu S D, Zhang J L, Finnegan P M, Jiang Y J, Lin H, Fan Z X, Cao K F. The contrasting leaf functional traits between a karst forest and
a nearby non-karst forest in south-west China. Functional Plant Biology: FPB, 2019, 46(10) ; 907-915.

Lin H, Chen Y J, Zhang H L., Fu P L, Fan Z X. Stronger cooling effects of transpiration and leaf physical traits of plants from a hot dry habitat than
from a hot wet habitat. Functional Ecology, 2017, 31(12) ; 2202-2211.

Gouveia A C, Freitas H. Modulation of leaf attributes and water use efficiency in Quercus suber along a rainfall gradient. Trees, 2009, 23(2) ; 267-
275.

http ; //www.ecologica.cn



