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Abstract: With the intensification of global climate change, extreme drought events are occurring with increasing
frequency, posing severe threats to plant survival and ecosystem functioning. Leaf trait networks, which integrate
multiple functional traits and their interactions, provide a comprehensive framework for understanding plant
responses to environmental stress. Although previous studies have examined the effects of extreme drought on
individual or a few leaf traits, the response of the overall trait network structure and its key traits under extreme
drought remains unclear. This study was conducted in the typical steppe of Inner Mongolia, where two types of
extreme drought were simulated: a 66% reduction in precipitation from May to August each year (CHR) , and a
100% reduction in precipitation during June and July each year (INT). We systematically measured 20 leaf traits and
employed a trait network analysis approach to assess the impacts of extreme drought on trait variation and network

properties. It was found that extreme drought significantly reduced leaf water potential and increased magnesium
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concentration, while weakening network connectivity and complexity, as indicated by decreases in the number of
edges, edge density, and average clustering coefficient. Furthermore, by classifying the selected traits into
hydraulic, compositional, and morphological categories, we found that hydraulic traits consistently exhibited the
highest degree, closeness, and betweenness under both drought treatments. This highlights their central regulatory
role in the network, suggesting that they play a dominant role in coordinating the responses of other functional traits
to drought stress. This study provides novel insights into the integrated regulatory mechanisms of plant adaptation to
extreme drought from a trait network perspective. Our findings enhance the understanding of plant drought resistance
strategies and ecological adaptability, and offer a theoretical foundation for predicting plant ecological responses
under future climate change scenarios.
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Fig. 1 Experimental study layout
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website Mongolian S (2017) No. 026 and Mongolian S (2020) No. 030 of the Ministry of Natural Resources, the boundary of the base map is not

modified.
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Table 1 Plant leaf traits and their categories, units and abbreviations

432 Sort AR Traits PA] Unit 455 Abbreviation
ok Fy 2tk I Jr % 7K 4t Leaf water concentration % LWC
Leaf hydraulic traits LA K Stomatal length pm SL
S ALAR 98 Stomatal width pm SW
T FLIK Stomatal pore length pm PL
FALTH L Stomatal area pm’® SA
AL BE Stomatal density pores-mm SD
S FL 1A S 2L Stomatal area fraction % SAF
I | 7K # Leal water potential Mpa LWP
i 2 BRI I 45 £ 4t Leaf calcium concentration mg-g ! Ca
Leaf composition traits it Jr 8k 7 it Leal iron concentration mg-g ' Fe
I} Fr 8 2 4t Leaf potassium concentration mg-g ! K
it Jr 86 % it Leaf magnesium concentration mg-g ' Mg
I} J 8% 7 4t Leaf phosphorus concentration mg-g ! P
I i & 4t Leal sulfur concentration mg-g ' S
I Fr 8 % it Leaf zinc concentration mg-g ' Zn
-4 & £ & Chlorophyll concentration — SPAD
i T 2 2k I J JEJEE Leal thickness mm LT
Leaf morphological traits I B AR Leal area em? LA
L it T R Specific leaf area mm’-mg ' SLA
I BT ¥ 5 & & Leal dry matter concentration % LDMC
LB SA =T X SL X SW (3)
AL FLFE B : SAF = SD X SA (4)

A SD (stomatal density) L% BE, N S ALANE, S 0 [ P 1T AL . SA (stomatal area) < fLTHI AL, SL
(stomatal length) Fl SW (stomatal width) 43 5l 24 S L #% K A1 AL 4% 98 , SAF (stomatal area fraction) 24 <, £L 1
TR

3) My % = K B (leaf water potential, LWP) o i HJ {8 #5 xUAH ) 7K # Ik J1 4L (Model 1000, PMS Instrument
Company, ) TR (5:00—7:00) 0 & M 7 ¥ K, LA W AE ) 76 5 AR 2 1 RS T B 7K 0IR B0 o s R AF R
M E 3K

DM ICER S A TR R e 2 JEAL(RETSCH MMA400, £ ) #IF 5 1832 50 8 K ), F)
HL SR S 45 S T MR B X (TICP-MS, %%I)@J;a%%(m) B(Fe) H1(K) B (Mg) B (P) Bl (S) FIBE(Zn) B9 5

5) it 4 % 7 # (chlorophyll concentration, SPAD) . fff I F+¢ X i 2 Z K ML (TYS-4N, TOP Instrument,
o D)W E MR R i BRI TR SRE T K 7 I A 39K, OE (R, S5 2R LU SPAD R .

6) I - J5E B (leaf thickness, LT) . i W75+ R O BE 0. 01 mm, SYNTEK JS20-GTG, ) J ht -} J5
JE R RE I e eb s T 32 bk A DR, S AR R A 3k, O

7)) )5 A (leaf area, LA) . B 57 it B P8l T 49 4§ 4 (CanoScan LIDE 110, HA) b4, 38 U 7 B
K4, b6 J5 {8 Image) (Image] 1. 5158, 36 ) X B #EAT 40 B, 1+ 5 it i AL (em®) o A RE I 6 3 R it v, B
FHIME .
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8) L I T B (specific leaf area, SLA) . 7 P {4 X1 5 15 20 (0 F (530 7 b BILF A0 B . L I T L3 3o I 4 1
BUSHT & 2 W60 5. AR F
LA
SLA=—-— (5)
LDW

LA (leaf area) N A AL, LDW (leaf dry weight) M F+ 1 .
9) it /4 it & ik (leaf dry matter concentration, LDMC) . i@ & M i T8 5 H &8 & 2 [ 09 IEITE . 5
A=W U
LDW

FW (6)

LDWC =

L5 oF AR M el 5 Aot i

AHIF 5T T 20 FhOA ) i R MR A A i R MR 9 45 (leaf trait networks, LTNs) , AR 245 i, etk ) 5¢
RNl B, R MR R B AU £ O R AR, R H Pearson #H 3¢ R E i AL MR SC &R L IR E BAE (1>0. 2, P<
0. 05) i 1 & 5 AH M ol 2 4% 1R 10 G R A AR 45 M vh A 1, LR RAE Ry O, LA A PR I 45 . B S Al
FHRIE A “igraph” A% LTNs #6471 07 M4k, IF 1B HAR S50

DRSS RS HE T RIE LTNs 942 R RHIE , B2 1 508 (R %L, number of nodes) i1 1 (3% 4
%, number of edges) . i1 % BE ( 55 bR i 305 f KW 78 i B0 LG {8, edge density, ED) \ H # (& K 2 K B,
diameter, D) Y %48 K BE (5 08 48 10 F- Y {H , average path length, AL) BB (F M 4% 5> 2 F2 E , modularity )
FE R R BT AR R B BIME , average clustering coefficient, AC) . v, i1 %% B {H 8 & P B AR KR
AR (L AR ) 90 26 L 37 3 e i, 5 AT 1 4% SR 28 R 0 kv A R A (AR 1 190 2%, LA e v

i T8V T A 0 2% rh 2 R R A SF S OCHR AR B e i HLTE R A R b BT A T BERE SRR . I PERY
I 2 AR 3R 25 VIR (R By 6] B8 4% 15 5 1% 3 3%, A R T A ) 52 30 2 MR IBE A 14 79, DT 7 1 52 45 3l 25 1 T Pk
Wi 7 PR ] 5% U540 C 55 A0 B YT o A A R T 4 v Y R RO TR A L I 2 R PR N SS A JE O, Bt TR
S TER T REAS & 5 UMM AR o B 4B, R MR (B 77 78 B 2RI 3 $2 C R 5 T RB Ik A8, S WA 40 7 ThD %
AEE 38 B B T = A R T AL R R e, T i R AR g R 4 R T N D e AR 1

2) W HSE RSB T HIMOIRTE LTNs B i3 0 1 6, 6045 BE (& T %, degree) 525 8 (IR 4 6 A2
BB A58, closeness) B0 Gl A 1219 s 1Y f 40 B A2 28, betweenness ) F1 3R 248 2 0 (08 42 MR 0] 4 % A 48E %,
clustering coefficient)"""’,
1.6 #Hsit ot

W 46 b 2 BT 1 TR 3 48 RStudio (2023, 03. 1 Build 446) 58 . 78 Excel H 58 B (1 A7 199 40 38
fdi ] IBM SPSS 27. 0% BLAS VR 7R A [ b R 1 22 S FE AT B 3R 5 28 00 o Hevb P RAE SR R 9 AL - 24 7
JRAE (community-weighted mean, CWM) &7 , i+ AU -

CWMZiﬁWXXi (7
IV, = (HX 2 B+ ARX A + AR XS ) /3 (8)
AT TV IR WA G A B (5 X Wl @ 1 D RE VAR (8 5 S TR T7 v A W Al s B

2 HBREHGH

2.1 FRREAMHFFLAE SRR

B It R 8 SR K BRIV 5t A, T 52 Ak BT At M TR 18 5 i 2 A 38 3 0 KT . XSS i R R
JK BRI B B B e R R G0 A G R MEOIR (R 2) . A Cont Zh B b if B K #50k 12,825 MPa, B A
11.728 mg-g ' 46 CHR AL T, i F /K 348 5 8. 305 MPa, 8 & hb 1 28 17. 276 mg-g '3 /6 INT Ab BT, i F 7k #4
$79.428 MPa, 8 & 8 F+ % 19. 460 mg+g ' 5 ContMHLL , AP T S AL B (CHR MNINT) i 88 7+ 1 0F 86 &% i
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(P<<0.05), ZWI TR M TEMNRZR, HEEKESE CHRAF T &K TF Cont(P<C0.05), Jz Mt if 45+
ST AW K A3 RS B B AR, 1 INT A HE 5 Cont 22 5K B 3%, T fE W o T 52 A8 4 SR BT H:Ath o 17 SR s

R2 MK R E TR AL 2R A W R

Table 2 Response of leaf traits to different drought treatments

PEAR X R 5—8 J1 B /K 59 b 66 %0 6—7 J B /K 59 100 %
Traits Control The precipitation decreased by~ The precipitation in June and
66 % from May to August July decreased by 100%

I F JE B Leaf thickness (mm) 0.245+0.016a 0.225+0.017a 0.23140.033a

i F A Leaf area (cm”) 7.905+2. 221a 7.706+1.831a 8.149+0. 238a

I H & sk & Leaf water content (%) 0.661+0.058a 0.734=+0. 046a 0.743+0.061a

L i i A Specific leaf area (mm”-mg ') 54.420-+17.597a 51.927+6.112a 57.7294+6. 550a

it 4 5% & Leaf dry matter content (%) 0.598=+0.041a 0.64840.007a 0.62040. 025a

i Ji 7K # Leaf water potential (MPa) 12.825+1.402a 8.305+1.026b 9.428+0. 282ab
2% % & & Chlorophyll concentration 25.287+6.395a 35.097+0. 608a 31.326+3.697a

S FL#E Stomatal density (pores+mm ™ *) 1187.7114254.074a 615.443+53. 889 511. 659+200. 541a
S ALER K Stomatal length (pm) 0.020+0. 004a 0.022=+0. 002a 0.024+0.001a

S fLE% 9E Stomatal width (pm) 0.015+0. 003a 0.014=+0. 002a 0.015+0.001a
ALK Stomatal pore length (pm) 0.01340. 002a 0.013%0.002a 0.01540.001a
AL Stomatal area (pm®) 214. 365+ 78. 887a 200. 71540. 244a 216.898+21.307a
AL BUE B Stomatal area fraction (%) 0.11240.007a 0.063+0.021a 0.065+0. 024a

M 545 & i Leaf calcium concentration (mg+g *) 64.993+9. 344a 81.673+11.979a 90.204+12. 828a

I B 2k & i Leaf iron concentration (mg-g ') 1.484-+0.072a 2.977+0.895a 2.00840. 286a
8 55 4 Leaf potassium concentration (mg-g ') 147.292+16. 118a 170. 308+21. 986a 180. 783+ 38. 755a
i H 85 % it Leaf magnesium concentration (mg-g ') 11.728+1.476b 17.276+1.531a 19.460+1.773a

I By i & H Leaf phosphorus concentration (mg-g™') 11.004+0. 331a 15.368+2. 723a 16.454+1.176a

I 8 % 4k Leaf sulfur concentration (mg-g™') 18.695+4.075a 23.280+3.084a 24.832+1.907a
8¢ % h Leaf zine concentration (mg g~ ') 0.26540. 009a 0.36540.053a 0.32840.011a

T AR RER IR 34 Ab B 2 1] 22 57 i 35 (P<<0. 05) .

Note: Different letters indicate significant differences among the three treatments (P<0. 05).

2.2 vF R HR M %R A

ARG T 3P AL B A PF T A LTNs I H W 2% S 804740 (K1 2) o Z5 R 3R 0, T S0 3% LTNs 194
PGS 7 A T 5 R L AR AR B A ) 4% 1) AR A R T S P S () A TR AR 1 2 TR A A W B s S R A
SRR T LTNs My M. HARFR Iy S0 BOR 1 %5 BETE Cont Hde i (43 5128 69 F10. 404) , 7 CHR b #irh ik 2
(43311 k 55 F1°0. 290) , 1 #E INT &b B rp f 1K (4303 2 48 10 253) o [RIH, ELAR RSP 347 fif 42 1 B8 78 CHIR Ak 2 v i
KB 7HL.775) 46 INT AL R R 2 (4351 511, 607) , 78 Cont Hr e /N (435I 3F11.061) . 1658 2=k
T, 5 Y A T LT Ns 09 52 A% B o 0 2% A9 B B B A8 INT 4k B b fi &1 (0. 365) , 7E CHR AR H ik 2
(0.355), 7£ Cont H I AL (0. 194) o 1 - 35 5 28 R HU 7E Cont Hh#x #5 (0. 726) , #£ CHR &b 3 1 ¥k 22 (0. 700) , 7E
INT &b B f 5 AR (0. 559) (£ 3) o X LE45 LW, B 2% T 57 B 09 inml, LTNs (9 3% 58 M A 2% v 35 52 IR Y
Ha

BT 3AAL BN LTNs (919 S S 80 b (181 3) Mol 1 52 2028 7 MR 72 9 46 b i 46 40 f 6. 7E Cont i, %
(P) R4k (Fe) 25 B H 55 v 114 8 S8 3 (1492 12,0, 0417) , R JE (L T) B % (O 2, % FE 0. 025) 5/ B L < fL i
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Fig. 2 Leaf trait network

(A) g %of BEAL 2R @8 0 3 IR 99 2% 5 (B) SRy 5— 8 IR 66 26 AR 3R i i MR I 2% 5 (C) Sy 6 — 7 BT 10056 Ak 2R @ i J PR 9 2%, 7 (8] v, i
Jr PR W 2% (leaf trait networks, LTNs) #3043 AN [l 9 BEE 5] — 50 €8 10045 5008 T [l — 8k . A € 2 2 3 /% [i) — BBl A 30 0 2 i 14 JE 42 | THT 4T 6 46
FFRATBE A 2 BB LT, M R LA R A SLA, LM i AL LDMC, 5 T4 5 & s LWC, it R 3K 3 LWP, k3
SD, KL% & ; SL, ALK s SW, AL AR 96 PL, ALK s SA AL T AL SAF , SALTH ARG 40 Ca, M B 45 & s Fe, M 8k & i K 5 80 3 i Mg,
MR BE S P M BRSSO B s Zn, M BE S R, SPAD, I R . ARIBEIE RS AR T Rk . T (A)
represents the leaf trait network under the control treatment; (B) represents the leaf trait network under the 66% precipitation reduction from May to
August; (C) represents the leaf trait network under the 100% precipitation reduction during June and July. In the figure, leaf trait networks are divided
into different modules, with nodes of the same color belonging to the same module. Black lines represent connections between nodes within the same
module, while red lines indicate connections between nodes from different modules. LT, leaf thickness; LA, leaf area; SLLA, specific leaf area; LDMC,
leafl dry matter content; LWC, leafl water content; LWP, leaf water potential; SD, stomatal density; SL, stomatal length; SW, stomatal width; PL,
Stomatal pore length; SA, stomatal area; SAF, stomatal area fraction; Ca, leaf calcium content; Fe, leaf iron content; K, leaf potassium content; Mg,
leaf magnesium content; P, leaf phosphorus content; S, leaf sulfur content; Zn, leaf zinc content; SPAD, leaf chlorophyll content. Different colors

represent different leaf functional modules. The same below.
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Table 3 Overall parameters of leaf trait network

Ak 3 AL W EE HAR  CPEERARKE BRE RRE BN
Treatment Number ~ Number Edge Diameter  Average path  Modularity Average cluster-
ofnodes  ofedges density length ing coefficient
X it Control 19 69 0.404 3 1.061 0.194 0.726
5—8 A MKtk 666 20 55 0. 290 7 1.775 0. 355 0. 700

The precipitation decreased by 66 % from May to August

6—7 J1 B K 12> 100 % 20 48 0.253 5 1.607 0.365 0.559
The precipitation in June and July decreased by 100%

TR B (SAF,27. 03) B, MR (LT) A EL 1 AL (SLA L 3598 0) B, 1 B2 R B AR B, LT MISLA YA 1,
SAF AL 0. 382, W IEH &4 F B IR TR MR OCH R, K Ty =R B H R A2 o CHRARFE N, i &K it
(LWC)FERE(10) % B2 (0. 03) M4 (51. 01) b4y dRe iy, M4 3 & i (SPAD) Bl (FE 1, 8% B 0. 013) s KR
B PAm K $O(LWP) AL FR I8 B (SAF) Fgk & i (Fe) 8w (H49 09 1), R (LT) A EG i 11 AR ( SLA) B A% (3
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Fig. 3 Changes in leaf trait network node parameters under different treatments

(A)~(C) a3l A 35 B (5 — 8 JT K &tk 2 66 96 6 — 7 H Bk 7k it il 2 10026 Ak B B9 B2 5 (D)~ (F) 23 531 g 3P AR B 1) B85 B2 5 (G) ~ (D 4351 A 3

Rl A BER B A 5805 (3) ~ (L) 4300 kg 3 AR B F 1Y 2825 2% (A) — (C) represent the degree under the control, 66% precipitation reduction from May to
August, and 100% precipitation reduction during June and July, respectively; (D)— (F) show the closeness centrality under the three treatments; (G)—

(1) show the betweenness centrality under the three treatments; (J) — (1) show the clustering coefficient under the three treatments.
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