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Abstract

Aims As an important link between plants and atmospheric environment, foliar organs have strong responses to
stress. Understanding the adaptive mechanisms of plants to environments based on leaf traits is of great signifi-
cance for establishment of plant communities in saline-alkali land.

Methods Eleven tree species used for afforestation were studied under three soil conditions in the coastal saline-
alkali land of Shandong Province. The foliar anatomical traits were measured, and the responses of these traits to
saline-alkali soil environment were determined to reveal the relationships between foliar functional traits and soil
conditions.

Important findings (1) The leaves of the 11 tree species studied were thicker on the saline-alkali sites than on
other sites, with 3—5 layers of well-developed palisade tissue closely arranged on the paraxial surface of the leaf
mesophyll. The thickness ratio of palisade tissue to spongy tissue (PT/ST) was generally high but with large varia-
tions among the tree species. (2) The foliar anatomical traits differed among the three sites in different tree spe-
cies. (3) Both correlation analysis and redundancy analysis (RDA) showed that the foliar anatomical traits were
closely related to soil conditions; PT/ST was highly significantly correlated with soil indexes, positively with soil
pH and soil conductivity at 25 ‘C, and negatively with soil nitrate nitrogen content. Leaf characteristics and vein
characteristics could explain 84% of the variations in leaf functional characteristics with environments. Overall,
the foliar anatomical traits were closely related to soil conditions in saline-alkali land. The analysis of foliar
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anatomical traits could be used to study the adaptation of tree species to saline-alkali land, and as basis for tree
species selection for vegetation restoration and community establishment.
Key words coastal saline-alkali land; foliar; vein; anatomical traits; palisade tissue; spongy tissue; soil physio-

chemical properties
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(Sack et al., 2012), fEWFTEXT R b2 &0 R AEY)
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(Salix matsudana). — ¥k &% A (Platanus orientalis).
A (Ulmus pumila). (A, &A% 1 500-1 700
Ph-hm?y SEHL3PE KRR B A AR, bk
JE 5008 -hm > 76 2 4R 4 % E 3420 m x 20 mffgFE
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Table 1 The 11 tree species for afforestation of different sites on the coastal saline-alkali land of Shandong Province

STHY i

site Species

(z )

Abbreviation Family

AR

Life form

I/ 2k
Deciduous/Evergreen

A Simple/
Compound leaf

SEhL: EE R R HHi Ulmus pumila ULPU HiFt Ulmaceae D A S
:lilzlli: Severe saline F#%2 Fraxinus chinensis 2 FRCH2 AKEEL Oleaceae D A C
SEH2: A RE R 2ff Gleditsia sinensis GLSI TA Leguminosae D A C
:lilzlzi: Moderate saline o, e ajjanthus altissima AIAL # A&} Simaroubaceae D A C
H i1 Fraxinus chinensis 1 FRCH1 ABREl Oleaceae D A C
# Sophora japonica SOJA WIEAERL Papilionaceae D A C
KK 3£ 4%1-107 Populus x eurameri- POEU WAL Salicaceae D A S
cana ‘1-107’
M Salix matsudana SAMA WMiEl Salicaceae D A S
=B A Platanusorientalis  PLOR B4 RE] Platanaceae D A S
SCi3: RGN AW Ziziphusjujuba Z1JU 2%l Rhamnacecae D A S
:111221?: Mild saline ek Amygdalus persica AMPE WHEEl Rosaceae D A S
F1%4 Pyrus bretschneideri PYBR Wl Rosaceae D A S

A, JeR; D, AL, S, B C, Zit.

A, arbor; D, deciduous. S, simple leaf; C, compound leaf.

DOI: 10.17521/cjpe.2019.0131

©U 00000 Chinese Journal of Plant Ecology



700 FEA AR Chinese Journal of Plant Ecology 2019, 43 (8): 697-708
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AN B o ASHEFE R B LTAS R b 25 B 7, &
4, - R e Jk e ) 4R S5 RS 1 B A
Stz R, RETA WA FARED. HHEE
JKAE by w s TR3ANAS R B R AR KRR b, RN AE
SPAT AL B R A3 A FE S (B 1A), B B AR
AN FoRAE, BURE AL TR (E1B) . SR
ERIF, FEM R BAS A S ) R A VI3 /0.5 em %
0.5 emP) R B FE ik ) ik /s B DA 32 ik Bt 3 g k-4
o FEASKAE S5 o5 18 F e A FA A ] 8 e B0
Wl e, RIEIRAE
1.2.3  HIFIBACHERINE

T epHAE R F AL (F R, 2007)05E « AH
FAH EHER IS5 C R SR ERR T IEN

Bl AR R BRI R EE . A, B, B,
=it

Fig. 1 Schematic diagram for vein sampling of different leaf
types. A, Simple leaf. B, Compound leaf.

IRV R (B EL, 2000), HSRI e K S
FAX(HWPHS-3E, Bl SCRRHACER I A IR 2
Al By, HIRESE U AHA R S BRI S
T BES 73 M4 (Proxima, AMSAlliance, Paris)Jl &
GEZKE, 2007) . 33850 R4 Ml 2 5 W 5 SR FH Atk iR 4
RSB Bk (TR, 2007), fEEIMr LR
TH(TU1900, & #ri8 FHACEA R 5T4E A, A6 i)
FPLE K660 nmEHDERD em P H M HEAT HE
ME
1.2.4 Bt Fart RkiE S E4FES BONE

XoF S B PR ik B P iy A A R ) 2 40 [ 4 e £,
il B A ) o W R A ) IR I a2 R A Nikon
Eclipse E20044) M4 M %2, FIFHScope image 9.0
EHE R Gidt AT R . BT LSRR 38 o S 1 A
W, 2R FE RS 54 B BB A 4 2R
G LXK 450 PRI, XS S50 T AR A P o 5
WERE. BRI, NREEE. AL R
AR A SR FE(B2A), THESRGMA=H R 5ilgam
ZUAE . X FE B E KBS RBTEERE . W5
R R (EI2B), VSRR -5 ) R S R LA .
FE A BENLIERE 1O PR 34T I &
125 #IESH

AR SRR IR DA B 438 4K 4 5T 2504 A1 SPSS
17.0 TP IME SO R 2277 22 0 A 7 idE e As
(A et R AN ] 37 4 S 1 22 S S 25 1, R Canoco
50T ICAR 7T o« I A SR AEJEAT AH O 73 4 LA A
TUAR M 2 T3 Col i AR AT LR A IE S 0 A1

El2 SRt R R DI R IR T (). A, MRV M. B, MKV . Ca, JEMZ; LE, F3RE; MVD, H
Jik EA%; Ph, BIRHE; PT, MHA=4144; ST, #4i414%; UE, LR X, AR,
Fig. 2 Cross-section schematic photos of the anatomical structure of leaves on the saline-alkali land (Ailanthus altissima). A, Ana-
tomical structure of leaves. B, Anatomical structure of veins. Ca, cambium; LE, lower epidermis; MVD, main vascular diameter; Ph,
phloem; PT, palisade tissue; ST, sponge tissue; UE, upper epidermis; X, xylem.
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R, BT R SREOIH(Orh3). ZERERY
PR S AR S PR Il — 3, i — PSR T
AT SRS TR A E P, A1 s il S R B 3 AR
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2.2 ANEIWFRIT R KR PRSI Z 4

X & BRI E S H g I, AL
Fr e TG R B JE.(419.18 pm), =EREH AR
JERE /N RN, IWFRITTLUE H, FIuE 7 Eh s
FERAR R (72, A DA R RN
18.74 pm, 1 7E ELBRATE MR G2 BT, HEE2) T
F R FE B IR/N(13.9 um), B S LR R
AASEHANEFELE L BEEEZEEZR@P <
0.05). BbAb, HAZLHHE4R L Z3 RS [R) b3k i SR E 7T
TEFTA MR iR, T = BRE R AR MM AR R
& WA SR B L R A i R 2B L
EIFE A R R

V1A B Fofr v Jok e 51 1R 2 ) 4 B 2 3 22
(p<0.05). XERKER. ARFHIELE. PR HEE
LG TR R I, —BRER AN T E
12(1245.92 pm) AR EE(550.68 pm) LA K #7157
B E(229.12 nm)¥ iR EEE 1) B BK EAR D,
928914 pm, AR KRR B E R (96.54 um) LA
L B 85 P2 (43.28  pm) ¥y die /s, AN RIS A ) 2 fik
KEHEESPEHEENVERGREES, =

Table 2 Physiochemical properties of the forest sites for the 11 tree species on the coastal saline-alkali land of Shandong Province (mean + SE)

S R pH

Site Tree species

LG
Electrical
conductivity (us-em™)

BERGE HER & UG e
Ammonium nitrogen  Nitrate nitrogen con- Available phosphorus
content (mg-kg ™) tent (mg-kg™") content (mg-kg ")

Sl B AR A ULPU 8.530+0.024"  1079.213 + 5.468" 16.445 + 0.563° 15.121 +2.274° 2.821 +0.588¢
Site I: Severe saline-alkali o 8.416+0.008°  891.560 + 1.240° 1431242176° 12314 +2.300° 3.080 = 0,903
Srh2: Hp R SR GLSI 8.318 £0.018" 462.107 +2.981°" 16.019 + 0.958° 20.833 + 4.088% 1.055 + 0.408¢
Site 2: Moderate saline-alkali y 5y 8262+0.024%  467.480+21.513 17.10240.585  26.875 + 1.522% 1392 % 0.323¢
FRCH1 8.384 = 0.029" 426.147 + 5.373% 8.277 £0.053° 18.472£3.017° 1.160 +0.352¢
SOJA 8.339 £ 0.064° 413.747 + 4.1958 19.815 +2.244%® 18.142 + 1.287° 1.787 +0.310¢
POEU 8.119 £ 0.035% 447.640 + 11.251°% 16.652£1.018° 17.927 + 4.372¢ 1.946 + 0.360°
SAMA 8.028 = 0.133¢ 476.987 £ 32.966% 19.002 + 1.703% 25.899 + 12.187°¢ 1.414 +0.205¢
PLOR 8.123 £0.073% 439.787 £ 16.580°® 17.741 £ 0.522% 27.589 + 5.318% 0.997 =+ 0.249"
SCHh3: R R Z1U 8.018 = 0.086" 511.293 + 4.195% 16.886 £2.191% 38.628 +2.160° 33.517 £2.265°
Site 3: Mild saline-alkali  \\rpp 8020+ 0018 534440 = 1.432° 6704+ 1.078°  41.849 +3.668" 13.716 + 0.301°
PYBR 7.998 +0.071 460.453 +2.981° 22.404+3.787" 35951 £ 4.004™ 38.846 +2.215

Al —F AN [N G - RERR TR AN [ B 2 (AR R PR R 22 57 8825 (p < 0.05)0 MR AURD R 1

Different lowercase letters within the same column indicate significant differences among species (p < 0.05). See Table 1 for species abbreviation.
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ZBREBEHAK Platanus orientalis —‘_
B Salix matsud,

BAE Adilanthus altissima
A Gleditsia sinensis

¥ Sophora japonica :’_
F 4% 1 Fraxinus chinensis 1

Bk 2E#51-107 Populus * euramericana ‘1-107°

Site 2: Moderate saline alkali !

LML EREERAR

H#T Ulmus pumila

42 Fraxinus chinensis 2

| Site 1: Severe saline alkali

J

134 Pyrus bretschneideri

W Ziziphus jujuba

Ffj_ﬁil.?a: E;ﬁ%ﬁ

Site 3: Mild salihe alkali

#k Amygdalus persica

0 0.‘25 0.30
IS TR (L R L RS £ T ST MO R AT

075 100 125 150 175 200 225 250 275

Fig. 3 Cluster analysis of tree species based on soil physiochemical properties on the coastal saline-alkali land of Shandong Prov-

ince.

Ty A 1E1.93-3.96 2 [A]
2.3 AEIMEHTHRFHHESIMHERE S F

FET LM BRI I SRR A L, AN ) Sz b
BRI ol e ) P TR 30— 28 LA R B, A MR AE
AN R ER BRI 2 A A7 AR 0 35 2 5 (3R 4) . o, 371
(EE & 3hm) s P 1y R K, AR i
R A 25 P A B AR 2 LAt 37 b O AR Rt K . T AL
M2 (HpBE ERBR) B A (1) 35 R AN, AN 268,11
um; 7ESZHEL3 (3R BE SRR IR, BRI A
HEVE B g R R I LB B/ o AR F
R JEEAEA R AL N A — = 5,
EARIEFEE K.

AN [7) BR AT HH B £ P Jk A 51 PR B AR A L
R ZE S, KT AR A SRR FE IR e
AN o T3 (P R P R A 5 T e Pk A 5 A
BFRIECKR, KT EARILR]735.45 um, TS HE2
(PP RE BB B R 1 A Bk B4R D, X CN566.97 pum;
SEHT (B ER BB I A BT S R ) R S R
DA KA S5 350 -5 490 S 3 LA 0 B s o AN ) SR AR 855 11
WA S5 3 B 5 0 B 0 B B LA 22 AR,
FEI7E2.74-2.94 2 [f]

2.4 MHESIMRE TIEBH M RIAEX ST
Ko

X WU A5 PR P i K500 0 o o i (1) 2 e /)
PR (T 2 B2 J5 ) A S AT v 0 [R) AR AL i
i, U0 R R S R A e O R AR AL(RE =
0.893, p< 0.01), HHIBRI P —AN bR, mA&LET
ik B AR 264N br 5 3 B AL M B 2 A R 95 26 &R
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(K5). WERAFTLUE H, M= R S5 it 4n 2H 21
JE R LAl 5 A R ) B T S A e
Horp, WEHRER R AREES MRS &
BEFAK(r =-0.592, p < 0.05), FE%& it iEd
ARG BTG, MR i 20 25 R 540
HAEFEILE 2T B ss, Mt H =/
WA AR S 3% pHAE DL il R B 3% IE
AHFE(r =0.667, p< 0.05;r=0.782, p< 0.01). 13K
FaEeESTEKERS. KFGHEEHN RS —Em
IEFGES, (HRIKEEKE.

TUAR 53T 19,3 BH 338 B A 1 5 L5 4 A 45
PR B V) K R () o B/ AN b R RRAEAE 2 531
0.6467F110.192, HAFFEZ83.8% . Hr, THEHEK
F G — Y R IEAHGR R, M IR EdEAR S
M RRFEAMCKR, FIKER LS T BKATH
HAGH B IEAK, k. & AF3 MRS -
BN G ERRBNEY), A28 R 22
J5 B2 /i 2 2H 23 )R FE AE G W b e R, X R B
58 2 T HA 5 e v R
3 iTig
3.1 BIFRRT RS MR X ER AR S5 A N B2

W Fr ARG A VR AN ZE A F R AR e %
B, HIE ARG MR AR AR B R BE R T SHE Y
Wi S A A RS IR BE & LR FT 0 T A ) 435 A
WHNRBIEZI H AR RS, @ik T4 R
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RS IRV SR ARt SRR P 5T g AR DR A D

Table 5 Correlations between physiochemical properties of forest sites and foliar anatomical characteristics on the coastal saline-alkali land of Shandong

Province

LIPS ¢ ik B4R R W R A 4 45 HEHALRRE WA A 2 2R
Correlation MYV diameter X thickness Leaf thickness PT thickness ST thickness PT/ST
+4#pH Soil pH -0.355 —0.446 0.052 0.154 -0.288 0.667"
iﬁ%iff -0.002 ~0.166 0.330 0.362 —0.114 0.782"
AR NH-N content 0.531 0.597" 0.318 0.157 0.427 —0.282
AR S NOs-N content 0.357 0.428 —0.094 —0.195 0.202 -0.592"
AR AP content 0.373 0.462 0.469 0.297 0.561 -0.226

*FRINAE0.05 /KT (RN L 225 G, ++ 2R AE0.0 1 /KT (R _E B 21K

MYV, main vascular; PT, palisade tissue; ST, sponge tissue; X, xylem. Correlations were significant at: *, p=0.05; **, p=0.01.

10F PLOR A

RDA 2 (19.23%)

—0.6 |,

RDA 1 (64.63%)

B4 R MR St P A A O TR A A
(RDA). #i Sk B Rt Fy A R f e s Mo, St
ZHAERRAG TR LTI AP, -3 i & &
EC, LM 3325 C); LT, MEE; MVD, ik B %;
NHsN, AR SR NO#N, LEEMAR S &; pH, L=
HepHIH; PT/ST, MHAHLUS AR SUR S, PTT, M2
YU, STT, ALV, UET, R EIEEE; XT, RJFH
JRRE. MRS FR

Fig. 4 Redundancy analysis (RDA) based on foliar anatomi-
cal characteristics and soil physiochemical properties correla-
tion. Arrows indicate the foliar anatomical characteristics of
tree species and soil physiochemical properties of sites, and the
solid triangles designate the 11 tree species. AP, soil available
phosphorus content; EC, soil electrical conductivity (25 C); LT,
leaf thickness; MVD, main vascular diameter; NH4-N, soil am-
monium nitrogen content; NOz-N, soil nitrate nitrogen content;
pH, soil pH; PT/ST, palisade tissue/sponge tissue; PTT, palisade
tissue thickness; STT, sponge tissue thickness; UET, upper epi-
dermis thickness; XT, xylem diameter. See table 1 for species
abbreviation.

2018). FEAHFTH, AN[F SRHIRE FE 37 rhopss et fig
IR AE B35 22 5, QneE B SR At (7 3t 1) P (A
b2 2H 23 5 i 2 2E 25 A W v T LAt Sz
(PR, X o 22 S R B HE AR R e e E T A 54k
ST SRR, JEEEOLT, A5
AR L ZA ) o AR P B T R ) K A it SRS
(&5 ZFIELLERY, 2005), FEPD AR IA M 4 2L R
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LN ERBRFREE T (10 2 B 2 AR AE K 5 7
SR, AR A U0 RIS I LA 55 o TR b, A
I WA £ 41 5 i 4 2 2R i LA B o 3 b e
FEINR S BT, XA R T S
Joib 3L FC W 8 5 335 I (Peng et al., 2019) . YT 5T % 1,
FEAN[A) 8 53 R A e 3 L AR B & A 5
P LS R IE R RE /). 2211555 (2017) 368 Jd 42 i) A8 5 5
BSARIE 1 EhHhiE T B (Capsicum annuum) %)) i 1)
FR AR AR S, RITEARIR FE SR E R, Bk fr
HEE . ML H S )R R HEA, TR ik SR
T, MAARE MR K A TE 4y
AT T RRCEE A R R e U
BTN K WIS )2 (HSAE . ##%(Populus
euphrati ca) - fif 1 45 K 75 A [7] A 55 Hp b 52 0 8 2 22
5, AT AR BN IE B 2T AR, S
HH A G B B R R S R ORI T S A
HOUEN Fl - T2 S SRS EE, 2017).
ARBIRFCA, R R R R ST R 1 e T A 4
(1 2.5 22 S5 TR AE 3R WA RS ol ot TR 25 5 11 v T 2
Yo PSSR _E X R R AT, Rl
OI AT T AN R AL BT I R0 4k 45 25 B D A6 1A 5] 2
MY HAT B B A A AR, TSR AR S 7 B e
(T AR FR (PSS 15 2016). R 251 (1 A8k S A
P87 Ae PRI YR f 5 R, S I A 5 A T DUR R
TR PRI (138 B g 77

BRIH Fy A PR T 28 e B A% B8 e LA RO B
[F13&E Mg 71 CASE, ARBFFLHIE R I R0
£S5 I AR ZH R AT SR A A (B3R T), X
—RFAE AH 2 SRR B TP A A () — Rl L ALE N .
FORIN, 1K L HEA ) i 40 FL A 4 R P T
P, FEARER B EMTIRECRT RS, 2014). B
Fen AN A, AR L SR Bt B A SR AR (B
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JGEE, 2000), AT CASEERBIRES R v 2 AR
KA 2, (E TR S i SR iE T,
IS s = R A FALEZ AR . A
W R I, FEPDH 3R B R B TR R 2 B Fh o 1%
B B M A SRk, X RIS Y 2 0 T O E2
45 R (Paz et al., 2014; fRIEIESE, 2018)— 3. fEFNK
IR S R R, o R K ELARROR, HLRZH
GUBCNRIR, IR0 45 R BEE 1 SR AR (1) 7K 43 12 Fn Al
fEAFIIRE JT, B G0 Eh I i R I AR BT 5L (R, X
EIT 52 AR 0 3 kAR S 4 B, 3 = ik L
YIS Rk (B SO, X A AR S5 AT g ol T AR A=
KT, TRBERK, HEAERNE—
WA BT B [ A RRIE (SE HE5E, 1998). AT,
B0 A2 R BRI P A 2 2P
HILRIA I K ZA (B D), X LE /K 4 2R S It
K Y, FRPAR A [ B PR g A 38 52 1 B ) 7K 43
BHIL G [N, WoOKASAFAEE 40 T ke
B T B S T Re AR, AP R4 4 2T
DA A ZH ZAR IR K 23 i AT e B AE TG &7
W 7R ] LLd ik e 7K 4 B g 2 R ) 1) L Ath 41 2
(Flowers & Colmer, 2008; Hanumantha et al., 2016).
DA A FEER B, A R MR B R R A
AT YR DUIE AN [ (30 358 olp e, 1 SRR 858 H g ot
v Gk v B AR A 085 AT B 5 D e S
P, T AN A, I £ A R % 1 SR AR T ER AR A B
HIERLRE ST
3.2 EYMINEE IR S TIRIB M FRAVAE XM
EME T REYER S, VRN E S RS
fi () Th e ST, FLRFAE RS 05 B B H A 6 3185
38 S 6] 5 (Wrright et al., 2005), 35440 L
KR BB BIRZINE (Teste et al., 2017), Hrbh+
B R LR T, oY D Re IR
1E & (S, 2016). WFFCRH, IR IR
FERE TR E M AR, T A S U B 22 M vk e
Y 4235 Y (Ordodiez et al., 2009). AHFFTH 114
R T R P e ) 485 1) 320 5 R 3B 2 R AE — 58 R B,
Uk RS A 2 S R L SR R A S IR S
R R (P <0.05). BRI IE S
Fi i KRB TR 2 —(Hogberg et al., 2017), b5k
HAEZRG T EMEY AR S N EER TR,
W TR AEKEE M2 AW R B kS,
2016). M ML S B2 a4k, JefE

MAT R A E R M E I A, TFARATERERZ 1
BN, MR IE R K, M AR 2B
A SR kI 2018); HFLRZH I A SRR D,
o AR S S, WO AL S g AR L SR S
AR B EZ AR ARAHERAAFLE
BT A B R s ek S I DR TR A S,
R R R B AEAS [R) A2 58 30 i i R DA R AR
A B AR H B e (PP S 5, 2017), AHFFi4h R
TR 4518 R AT B R R B AL T
M THEE MR 5 - A M 5 2 18] 1R B DI AH DG
BHEFLR, LIS AL ERIE 2 (A]
AERENEER, Hh g0 5E R0 &
Eb 5 2% A% (Fan et al., 2015). fEihBRIAEEH, A
ThRe MRS Ehi 1 B g L, A5 0 R BT
FpHAE B Eh 0+, AP A RAK & I Na”
(FRH%E, 2018). MTEHABA B H, FIESHEY) 2 (5
KR FIFEEY], anfE et BARZ B, XA T
REMERA St R EE I 2 IR E MR & 2 LA
T B ( N OCEEEE, 2013) . FEAFLR ALY BE 5 R AR
BRGY, LIRS SHEYIEEVEIR Z R R
RE A, R EIRH 5 (Leymus chinensis)-£13F
(Sipa capillata)#f %, THEBME S ESH AR
JR 2R A B b 3E S 3 AR O, T AR IR AR
S 7 B I 2F B 5 7 5 (Cleistogenes squarrosa) i
%, EIR3FAEY T RE MR W R BN 5 A
B3 EMI(EEFTEE, 2016). Jager¥:(2015) 1T 5T
R, TAEFRI SR, IR BB R A,
it R YR SR A, A2, fEAE
(L3R IR, M ThREMER S I R T 1 %
ReAAA, WA K INAE TR0 BRI
B, LHEASES LR EEEE
(Garcia-Palacios et al., 2013). REIX—25 R HJager
Q015 T4 A I, (R /DRI, MY D RetE
RE LIEF T R RIEH E A, EY T ] 5
RN AR A UG N AN A58k, MR A
(AL A T A T 38R 21 T T AR AE v ) A 1y e
MLl 2 —(Schellberg & Pontes, 2012).

XF TR D RE IR S 3 R 2 TR R
M, A2E R BRI, PS8 et
R B R AR —YER, SN FIRER R $E R AR
VB PR 3 [R5 BT A T e MR SR TR e
B8 (R SIS Hl L (Reich, 2014). UL 5<H-25¢
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IEAHR, Ui WX — TR bR AE S Bk HH AR 0T SR A 153
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