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Altitudinal variation in the covariation of stomatal traits with leaf functional traits

in Changbai Mountain
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Abstract; Stomata, small pores on the surfaces of plant leaves and stalks, act as turgor—operated valves to control gas (e.g.
water vapor and carbon dioxide) exchange between plant tissues and the atmosphere. Stomata therefore play a major role in
the regulation of water and carbon cycling. Generally, plants adapt to changing environments through the combination of
multiple traits. The strong relationships between leaf morphological, chemical, and physiological traits have been
documented within and across plant species, biomes, and even globally. Despite the importance of leaf stomata, little is
known about interspecific covariation in stomatal traits and their relations with other leaf functional traits on a large scale,
partly due to a lack of data on leaf stomata in most studies. In the present study, we measured stomatal and leaf functional

traits, including stomatal density (SD) , stomatal length (SL) , specific leaf area (SLA), leaf area (LA), leaf thickness
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and N

area

(LT), and nitrogen content ( mass- and area-based, N ) of 150 plant species along an altitudinal gradient

(540—2357 m) in Changbai Mountain, China. Our results showed that, for all species, the average values of SD and SL
were 155.91 stomata mm-Aand 34.51 wm, respectively; the average values of SLA, LA, and LT were 33.58 m’ kg™ 3291.
30 mm’, and 0.14 mm, respectively; the mean values of N and N__ were 24.48 g/kg and 1.07 g/m’. TheA were

significant relationships between stomatal traits and other leaf functional traits (P < 0.05). Specifically, SD was negatively

correlated with SLA , and positively correlated with N__ (P < 0.05) ; SL was negatively correlated with LA and N and

positively correlated with LT (all P < 0.05). Additionally, SL was negatively correlated with SD (P < 0.05). Standardized
major axis ( SMA ) analysis showed that these significant relationships between stomatal traits and morphological and
chemical traits of leaves differed among different altitudes. However, the strong relationship between SD and SL was
observed at all altitudes. Furthermore, although no significant difference (P > 0.05) was found among these slopes of SD-
SL relationships, the y-intercepts differed significantly (P < 0.05), in which the maximum occurred at 1,286 m, and the
minimum at 2,357 m, indicating plants with larger stomata (higher SL) at any given SD occurred at 1,286 m than those
with smaller stomata (lower SL) at 2,357 m. These findings suggest that there is a covariation between stomatal traits and
leaf morphological and chemical traits. However, this may not be universal for all plants due to different stress responses
between stomata and other leaf structures. Moreover, the narrow taxonomic range at each altitude may also restrict the
expression of bivariate relationships. Future research needs to verify the relationships between stomatal traits and plant
functional traits in more plant species from different areas. Finally, our findings highlight the trade-off between SD and SL,
which regulates the short-term ( plastic) and long-term ( evolutionary ) strategies in plant adaptation to the external
environment. These data provide a basis for revealing adaptation strategies in plants, and help us predict their responses to

future climate changes.

Key Words: stomatal density; stomatal length; covariation; leaf functional trait; altitude
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L BY R BT 40 (04 LG A AR ST s, W TR PR B (45 A AR B8 T 6 MR REN, 40T T H L
RIS FLARAE (SD F1 SL) 51 A ATEZS (SLA M T AR (LA, Leaf area) \LT) AULZEARAE (M H N &) , BAk
B B2 E R AE . (1) SALRFE S 0 A DI RE MRS B AATE B B SCEE Ry (2) ISR Bk e RAFAE,
EA DRSS TEAN R B M A 7R 25 59

1 HREXER

KFAL(41°23'—42°36'N, 126°55'—129°00"E ) {37 T3 [ 75 PR A9 AR R 0 , oAy i 80 ) A il P il i 2 XL
5%, DAL TR, 47 K B AR IR TE 630—1154 mm Z 1] AR IR ETE-4.8—2. 9 CCZ ], (LAATN #FI_E S
A A - SR A B R 22 S I P L A Bl e B 0 W PR P L e, A A L TR Y A 7 i i 1
AR BT RETRASAR BT bR AR LD . o, 500 m UT B3R AR, RN R RR G R MR L, 5
R A 52 1 AR ( Quercus mongolica) 1147 ( Populus davidiana) 55 ;500—1100 m A EF IR ICH, T3 L A REFL @
PR A, FERFIAG LIS ( Pinus koraiensis) V55H ( Tilia amurensis) AL ( Fraxinus rhynchophylla)) S 25 FHH A%
455 1100—1800 m R EFMARHT | 3 R I AE & AR L R B A LIS . =42 (Picea jezoensis) 2 K2 (Abies
nephrolepis ) \?E[H‘*Q(Larix olgensis) %;1700—2000 m yg%m(Betula ermanii )M‘%,%ﬁ‘ﬂfj‘/’(%ﬁ%mg)ﬁ%
Z [B]a EEARAT 5 WK 2000 m DL FoR s L0 il HERAE A A k2 FIE R 1 & 5 A, 2 AL
O3S A Te AN B AL G MO R/ N B RE AR R AR LR B 5 BE RO A, T BAEY) Oy 4R B AL S
( Rhododendron chrysanthum ) 2 Wi#ik ( Vacciniu mjliginosum ) F5& Al Ze K ( Dryas octopetala ) %% . A SC Uy
R LA TR BE I T 6 /N HURE ML e | BURE Hb S e A0 - 38 R AL BT (0—10 em +38) WK 1,

F1 BEKBLBEEE 6 MEEFASHERER

Table 1 Basic characteristics of six sampling sites along altitudinal gradient in Changbai Mountain

ik Hikm AERE K i AEHTR i_f%)éﬁst Vﬁ%ﬁﬁff
Altitude/ (m) Vegetation type l\./[e.an .annual Mean annual ] Soil total N/ Soil total C/
precipitation/ ( mm) temperature/ ( °C) (g/kg) (g/kg)
540 JE U E R 632 2.9 10.5a 132.2a
753 TR 2SR 691 2.6 7.6b 97.1b
1286 LR 811 0.3 1.2d 26.2¢
1812 TEHEMR 967 -2.3 5.2¢ 75.7b
2008 R L A 1038 -3.3 3.9¢ 64.6b
2357 [ENIREY i 1154 -4.8 2.9d 42.6b

AR AUERE KBRS [ Shen 518 MFIAR W F 108 22 5 .3 (P<0.05) .

2 WRAE

2.1 BFANURE

2012 4 7 AWK A A8 6 AV EE A0 3E 5 R R ARG A (K 1) . FERRA T ELRTRORT 9 A 15
4430m x 40 m *iiﬂz,ﬁﬁiﬂllj\]ﬁﬁ%ﬁﬁ‘]“mi&ﬁﬁlﬁ?,ﬁiﬁﬁlT 150 ¥ Fh S8 T 47 B, 105 & 355
HIAE AR R b S AR R R AT TG WS . #E 6 AR LT B A g H BAR ILER 2, X I A
Yy, BRI B 3—S5 AN KN AT P BAR A A RS AR IO T et SR | Rl i R R b 2 B
SRR T8 A R To BUE IR I R 20 R AR T AR RE (LR R FIRAR ) | SRR N R DA, B
MR 10—20 o BB L 4 SRR P [ — P Fp it 70 R A, R 10 45 3 B 48P 47 SR =
TRAVKFR o RIS FERR AR N AT IR A R . 7R RBR TR IR ETE 25, FIHNAE 6 cm 1Y 1
BiXt 0—10 em B+ )2 I THORE , A FEHL N BEHLBE B 30 DBURE 5, BR EAR R A BRIG IR A3495], 53k
i AT I 23 2 mm 3, FFHIC R 3BT ( Elementar, Vario Max CN, Germany ) I 7 38 S FlLEVA & .
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Table 2 Number of sampled species of different plant growth types at each site along altitude in Changbai Mountain

. FFAR Tree AR Shrub

Kt () o e o e e

Deciduous Evergreen Deciduous Evergreen

540 13(28.26) 2(4.35) 11(23.91) 0 20(43.48)
753 15(20.83) 1(1.39) 12(16.67) 0 44(61.11)
1286 4(18.18) 9(40.91) 3(13.64) 0 6(27.27)
1812 4(10.53) 4(10.53) 3(7.89) 1(2.63) 26(68.42)
2008 0 0 0 2(16.67) 10(83.33)
2357 0 0 0 2(25) 6(75)

155 A B — IR AR AR KR R R o BB BB (%) o

2.2 FENME

LI TR SLA AI05E - BEHLIZEER 5—10 AN K i P e AR AR AR L, FH 3 B BOR AR = F 8 O 7 58
gk AEFAGHETT RS 2E R, B A Photoshop CS 2114 ( Adobe Systems , San Jose , USA ) 3158 M T AL LA
B35 W A ARG BN, 78 80°C HUMEAT ML T 48 b, JH T /32— K FEFRH, SLA(m’/kg)= LA(m?)/
TH (kg) -

LR LT B0 5 A s R R RS AR5 0.01 mm) |, BEHLEEHL 10 H 0, 5] ik 3 7 i ik, 7 i
FEIE RO R HEA TN A , A AMARTEAS R BB A I i 5 WK, S5 S5 BOF- (B iz A AR R

R B E (N, AN, ) RO 80 °C HEAR P LT 2 4H D, SR AT 3 73 X (Vario MAX CN

Elemental Analyzer, Elementar, Germany ) /€ f#) & & = (N, .. ,2/kg) » N,..(g/m’)= N, /SLA,

area

SALERE SD [ 52 R ER L B —
FREEHLIERE 3 AN R, 1 Je il B e TR e R
TR (KA1 em®, FE R REIF £ B K ARGk ) | e
FRPE HM B 5 /D BT FIVERUIG D) R, B
iy [0 S0 =5 5 A FH Sl A (B85 . COIC XSZ—HS3, /™
ML R MBCE AR A B (B . YH—300, 77 Hb . I
) AT, 7E 40 5455 10 1% H B8 454 MR, &
— B S REHLE £ 3—5 N ILEFIC SR ALEE AR
PN SALECEE TR SD . [ 7E S ML I B v B
BLIEHE 3 AL, B 1Y 43 B Bk i 47 <AL R/ ; ot
SL B2, A SC LA AL AR AR 20 M A F A B (om ) AR E1 LR E

R J\o LJEIJJ iEﬂE( Gentiana algida) LB R Fig. 1 Leaf epidermal image of G. algida
FEICE) SELAECH 6, FLEF IR M 62685.285 wm”,

6

62685.285 X 10-° = 95.72 stomata/mm’* ,SL 4 56.129 wm,
. X

K SD K. SD(stomata/mm*) =

2.3 Bt

S, AL 7 T REMER I R HEAELHEA T LA 10 S Y X6 B8O 46, (40 a i e An Ve AL RS 0 A, 1A%
PEARZIA] Y Pearson AHICFRE; HWU XA R AR ) SALFI i D REHEAR Z ] E— 20 A v [l )3 B X0 77
T .35 56 2 IR 56 2 R bR Ak 35l (SMA | standardized major axis ) 43 B MEIR 56 28 78 A [R) V6 3586 1 1)
25 ATy = " TR AFMRZ B R LRI log (y) = log (b) + alog (x) ,Hrx Flly
RERFRIPER o AR R BIFR (slope ) , b IS (elevation) o %4387 H 8 (S) MATR Version 2.0
SERY, DOPN [l 2 [ e E X & E‘]?Jr%ﬁﬁ?%ﬂ%@(mﬁt[m , F HAE R T ( homogeneity ) Aisf 58 3 ] 4k o R
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IRV R W 22 A H 2 E LA R, HAMEE A5 53 Hr#E SPSS 13.0( SPSS Inc., Chicago, IL, USA,
2004 ) H15E K,

3 R

3.1 KAEYH RIEE A2 RS FLRE RS

KX 150 AMEY PRI R IEA AL RS SLRE RS DL IET 2, it R JE S HREH  SLA (LA F1 LT
(RIS 51 M 2.75—84.05 m*/kg . 13.15—33881.53 mm’ il 0.01—0.91 mm , F-HJ{E 43514 33.58 m>/kg.
3291.30 mm*f1 0.14 mm, M FIESFHETAALER RS S0k, o LA 1928 5 K (CV = 1.25),SLA f&/b
(CV = 0.51) (E 2a—c) ;

MR A& N, FI N AL 435 10.99—41.25 ¢/kg 0.38—4.05 ¢/m”,“F-HI{H K 24.48 o/kg .
1.07 g/m* N, FZAE5F(CV = 0.58) KF N, .(CV = 0.26) (Kl 2d, e),

A ALERE T, SD HTSL B9 BIME 43 5124 155.91 stomata/mm> F1 34.51 wm, 254k 76 Fl 2 24.82—634.51
stomata/mm*F 11.83—80 pm,SD fYZAEZEFEE (CV = 0.66) ) KF SL(CV = 0.39) (K 2f, g) .
3.2 SAUFHESM RIES LSRR OCR

N 3 fizn,SD 5 R IE ST EAHER &R b, RA 5 SLA FI N, IR RIBH] T R E K (P<0.05)
Hp SD 5 SLA e, 5 N, IEAE, MIHAEm ,SL 5 A IE SIS IEZ R C R EINE%, BT
SLA F1 N, A, SL 5 LA LT f N, Y77 A7E 3 A6 (P<0.05) . Hip SL 5 LT IEAMIE, M5 LA FIN,
Z B SAARSG, eAh,SD il SL Z [ AFTER 2 2 i S AH DG SC 22 (P<0.01)

£3 MEES MUFEMSILEFIEZ ER Pearson 1HX RE

Table 3 Pearson’s correlation coefficients among leaf morphological, chemical, and stomatal traits

» JEBFHIE MR SFLRRAE
FFE Morphological trait Chemical trait Stomatal trait
Trait
SLA LA LT Noaes Niorea SD SL

SLA 1

LA 0.51*" 1

LT -0.69 " -0.37"" 1
Novass 0.65"" 0.53"" -0.56"" 1

. -0.92"" -0.44"" 0.58 " -0.29"" 1
SD -0.30*" 0.002 0.01 -0.05 0.30"" 1
SL -0.14 -0.19" 0.37"" -0.24"" 0.11 -0.67"" 1

# ,P<0.05; #* ,P<0.01, SLA: .M T Specific leaf area; LA ;M T Leaf area; LT: M JEE Leaf thickness; N, : P40 5t & A 2 & &
Leaf nitrogen content on mass base; N, : FL07 1 B -2 & HiE Leaf nitrogen content on area base ; SD : X fL%% & Stomatal density ; SL; XL K/)» Stomatal

length,

3.3 RO EE R ALRRIE 5 I D RE R SCH A 1) 5 i

FEXSAAAE O R PRIR (3R 3) |, SRJUFRUEAL 3R A R O R Z [BIFE A RV A 45 T R B AT —
Pk 2R R SRR S R IE A ASFRAEZ 8] Y 56 R S Rl PR AN ] I & AR A8 Ab  HOGHME RAE RS 43
R T IRE T 82K (P<0.05) (B3 FiE 4)

WA 3 s ,SD 5 SLA By FiAHE 5 R HAETEK 2008 m 4L3A%) T i K F (K 3a,P<0.05) ,SD 5 N2
() ) LE AR DG AN AE R 753 m AbiA 3 T &8 257K (&l 3b,P<0.05) .

SL 5 LA fI N, Z Al R34 JAERGK 1286 m 4bikH) B #E /K (F 4a, ¢,P<0.05) 1 SL 5 LT £ 540
m 1286 m 1 1812 m Ab¥iA3| T B E /K (& 4b,P<0.05) , I H 1286 m AL IAFR 5 T 540 m A1 1286 m
b (&l 4b,P<0.05)
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Fig. 2 Statistical characteristics of leaf stomatal, morphological, and chemical traits in Changbai Mountain
N: Y% Number; Max ; iz KAEH Maximum; Min : 3 /)ME Minimum ; Mean ; 37 Y {H ; SE : b5 #E % Standard error; CV; 78 5+ R %0 Coefficient of

variation ; Skewness ; Ji &

SD 5 SL Z A7 AEFa B IR S 2 XA A IC S8 R AE 6 MR Z RIS 7E (1 5) , 9 HAERZ
8] 22 SN 2 (SMA FEFIRFR A -1.42,P>0.05)  {HEIELEA RIS X A7 2 1 22 5 (P<0.05) , Hirp 753
m Zb AR R K, 2357 m AR AREE /N

4 itig

4.1 ALRHIE S R A D RE TR 1 5C &

R SHRETEARTEA R A A7 A BR 22 5, H o) 2 BN AN IR R 2, (H 2 Rt 5 D RE VAR 2 18] 5 & %
BRI A MR 2 A (¥ B A AR A RIS O T 75 B TS| ok e < AR 25 A S I T AR A0 X AR 1438 7 LA
BRI sems 71 2 R LRI R SRR A ) S A A R R C AR R AR TR AR OGS AR SY
CVUERT, SD Fifi SLA FIr4 38 &5 dak iy B4 0 107 B AIK LB LT 9400 fg S s > L 5 22 250, A WESE h SD 5 SLA
EHACCR BIRABA LI SD 5 LT LA AR ER R (K 2) o Zhang % HIA R YIRS
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Fig. 3 SMA regressions between SD and SLA (a) and N,_..(b) across all species from different altitudes
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Fig. 4 SMA regressions between SL and LA (a), LT (b) and N, (c¢) across all species from different altitudes
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