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Trade-off between root forks and link length of Potentilla acaulis in degraded

alpine grassland
ZHANG Weitao, ZHAO Chengzhang” , SONG, Qinghua, WANG Jiwei, WANG Jianliang, YAO Wenxiu, LI Qun

Research Center of Wetland Resources Protection and Industrial Development Engineering of Gansu Province, College of Geography and Environmental Science,

Northwest Normal University, Lanzhou 730070, China

Abstract: Root forks'and link length influence spatial distribution and resource retrieval of plant roots. The trade-off
between root forks and link length has a significant effect on ecological adaptation of root architecture. This study used the
MaChangtan grassland in, eastern SuNan country on the northern slope of Qilian Mountains in Northwest China
(38°47'22.1"—38°52'11.4" N, 99°45'11.7"—99°57'41.2" E) as a study field. The altitude is 2610—2632 m, the average
annual temperature varies within a range of 1—2°C, the annual precipitation is 270—350 mm, the climate is continental
and vertical | \the soil is composed primarily of mountain chestnut soil, and the dominant native vegetation is mainly
perennial grasses and forbs. In August 2014, the density, height, coverage, and species of the plants in the community
were recorded, which were from 1 m X 1 m grids in four kinds of degradation gradients in six replicates, SC-900 Soil
Compaction Meter was used to measure soil compaction (at 0—10 em, 10—20 c¢m, and 20—30 cm) in each grid (five
replicates) , and the average compaction of the entire 0—30 cm depth was used to represent the degradation gradient.

According to detailed community study, population characteristics of Stipa krylovii and grassland stocking rate (2004—
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2013) , we defined as; no degradation ( > 90%), light degradation (98%—115%), moderate degradation ( 120%—
131%) , and heavy degradation (135%—156% ). Then, the method of whole root system excavation was used to dig soil
cores (30 x 30 X 50 cm) from 30 cm X 30 cm grids in all four kinds of degradation gradients (240 in all) , and sieved it
(bore diameter=0.25 mm) to clean and select Potentilla acaulis in a nearby river. Meanwhile, we used stratified sampling
(0—350 cm) , where each layer of soil was 10 cm, with an auger ( diameter=4 cm) , to collect soil in every layer and the
total depth. In the laboratory, the roots divided from P. acaulis were scanned with Win-RHIZO to measure its root forks and
link length, and the biomass of different plots was measured after being dried in an oven (at 105°C for 12 h). Similarly,
soil water was measured by oven drying (at 84°C for 24 h) and measuring weight loss. Density, height, coverage,
aboveground biomass, and soil moisture content of the grassland community and the root forks of the P. acaulis population
declined with increasingly degraded natural grassland, while the density, height, coverage, aboveground and belowground
biomass, root-shoot ratio, root link length of the P. acaulis population, and soil compaction of the grassland community
increased. Root forks and link length were negatively correlated with one another ( P < 0.05). although the exact
relationship varied along the degraded alpine grassland. A highly significant negative correlation (\P-< 0.01) was found
between root forks and link length of P. acaulis population in undegraded and severely ‘degraded-grasslands, with a less
significant correlation (P < 0.05) in lightly and moderately degraded .grasslands. The P. acaulis root architecture
construction of root forks decreases and link length increases with increasing degradation of natural grassland, reflecting the

trade-off of biomass allocation between different plant parts.

Key Words: Potentilla acaulis; root forks; link length; root architécture ; trade-off; the northern slope of Qilian Mountains
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FrEIH, JEIE FPEAS B CHOR B 5 i A i 5 6 5 3R 0 B N i 8 JRE AR B 1) 1 RE
S H ARV R A RO e S SR SR AR S A S R AL AR R AR, AR LUEE P R R B
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L1 AFFEIXIARE A L

AR LU AL 3B Ak 75 80 55 AL 2 5 i PG E JBR R N , TR S8 1Y F AR 2R AT T2 B LA R A b AR BEAC IR
N FE BRI (1900—2450 m) , B REJE (2450—2800 m) F1HE i) 5 (2800—3800 m) . AF 5T X AFH At
AR A B IR B AR T 3 R (38°4722.1"—38°52/11.0"N, 99°45'11.7"—99°57'41.2"E)., Wik
2705—2726 m, SR 0.5—1.7°C AEBUR (= 0°C) 2 1570°C AT TEFE 1 80 d, AEF#/K &.270—350 mm,
FPTE 6—9 478 K EHAE] 1480—1620 mm  MIXTEEE 65% , AT W 2 R REAE A L 3 B SUBERAAE
I B AS AR . FEMEYA R BR K PUALE S (Stipa krylovii), R 7 ( Stellera
chamaejasme ) CHAR RS Oxytropis kansuensis ) 25 (Artemisia frigida) CHOM R B ( Melica przewalskyi ) i B VK
B (Agropyron cristatum) | Ji HE ( Leymus secalinus ) | B3 B3 ( Poa pratensis ) {1 JK %% ] 1 4E, ( Heteropappus
altaicus ) FIPEEF - #1E ( Thermopsis lanceolata) 55
1.2 HERR A AR U

AR A 3 4522 X A0S 3 1Ly A 3B R AR et 1 Y S 2 AR A AR Sl I T (W SR R 25 5, 2014 48 8
i) AT R 9 2 R T 2 e SRR R A A AR Ay b S R RN — B, MU A T & R
B (6—11 HASH, M4 11—AF 6 1 A ), AR 40 A il e sk R 4 B 0 1B 4% 20 B P iy il A2 2
Mo, 2 A R TR A A RN P IL A I A ROIRBUAT 2004—2013 4F R RO (B = A/BX 100%
A 7R 10 AERAUR i AF ) SEPR B B, B o [F) IS A BRI 30 F i) SFHEAR (3R 1), BT 4 BUARTR]
IR LA BE A R R b VR A S0 b (&1 1, T AR T280.5—100 hm*) , ¥4 ARIRAL(T,) BB (T,) HE
B (T, FE EEIRAL (T,) s, BN IR AL R N AR i 2 T 22 B SRM IR A - 12 1 B | i R 8 B SR AR A e
P A I ST AR IR BE S 10 4> 10/ mx 10 m [FEHE , 3t 40 Bedei

R 1o ki £ RS IR P B bR R )

Table 1 = The chief characteristics of plots ( Mean+SE)
PGILELF S, krylovii

. o - &S .
- - N o 124 o e
. =S F3is Stocking . .
Plot Density/. . Aboveground Dominant species
) Height/em Coverage/ % . ) rate/ %
(#k/m?) biomass/ (g/m”)
T, 259.21+12.62° 43.61+2.47° 68.24+3.96* 32.22+1.63% <90 PUALERSE S, krylovii
T, 164.20+8.96" 31.87+1.07" 44.31£2.25" 26.25+1.42" 98—115 PUALESE S. krylovii
LEF S, krylovii, it & 3¢
T, 155.31£6:29" 32.55+0.73 42.54+2.03" 21.47+0.71¢ 120—131 & JMT’ ryon Zhe®
P. acaulis
T, 79.12+3:81°¢ 13.72+0.46° 14.43£0.48¢ 16.33+0.64¢ 135—156 REZKNK P. acaulis

[ — 3 B Jo A WS R IB OB R 22 57 B3 (P < 0.05) . T, : KiBfk, no degradation; T,: $EF iRk, light degradation; T, H &
B4k, moderate degradation; T,: HEEIR{L, heavy degradation

BPANBRE AT R AN 5 — AT RE AR 2E AT R Tmx Lm A D AE X g B b v BT A A 400 110 85
o BE R 25 BE A TN 3 D FAC SR A B iR R 42 TR 6 IR, RIS R T o ) A AR 5 X R G 5 [l
S N E AR AR N SC- 900 M 5K S E AR BN TR AL AR D7 R 20 3l I 0—10,10—20
20—30 em TR TSRS HE 5 K BUTTAFETT T 0—30 em VYA AR Ry i b i e b B 1Y) 43 B SR
oM, 55 TR B R ERRE B BENLI & 6 1> 30 emx30 em M/MEDT MR AR L 1T 60
ANINEETT  FEARIE S AR 52 3 A9 0 T 32 AE (30 emx30 emx50 em) |, Ji e RIFLGH (42 =0.25 mm) |
S A VDR R AT S A PR T, PR IR A ) 5 00 B9 N R B R B SR bR Pkt 23 b A0 R
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1 4RAERLABEEHMIEXRE
Fig.1 The positional relation of 4 degraded grasslands

I3 H A G Sl M 2R %, B =, IEAT - SEIBORE R ] LA (AR =4 em) 23R FE 7R 0—
50 em LJEVEFIEE 10 em 24 1 )2 B 3 W, (Al HATE BRI 0—50 em 1R-& 14F, A 3 W, infr i L AE
R B S 0 A B R R 2 R ¥ ) 25 22 O I 2B A\ BRGR TP g o ] S

TESH 2 N, R A At 2 6 25 b SR R - AE O /D i K AR R A AR B N & 8 & 14 )5
DU EDE S (TIF 4% 20) A2AE 2 HE AL, F5H Win-RHIZO ( Pro 2009a, Regent Instruments, Quebec, Canada) #f4:
PEIUBE , IRAF A IR AL R B B R B SR AR R Lo OB IR R K, B FEE 3 2
BRI T AL - EB AT 80°C HEARIE , 28 24 h J5 HUH HTHL T K7 (0.0001 ¢) FREE, T8 A W6 HAEAE
105°C FBER N, 28 12 h JR U AR B, 315 i &K
1.3 Hdnib g

S T A SRR AR T Microsoft Excel 2007 #63H , Sy fili 2 T 2 i SRR F BN AR 1 43 SUHURNIE B2 K
FE VBT A IR AR, G U 438, B8 3 28 log, et , SR J5 R SPSS 20.0 #E47 5L K J5 2250 #7
(One-way ANOVA) , @& M/K 150 0.05, 25 BT A K 22 H Microsoft Excel 2007 F1 SigmaPlot 10.0 #£47
21l

2 RS

2.1 A [FRAL R R TE Z B SEAR R  SOBORI A K B ) AR b

AR 2R, A FR L B BT R SRR AR 0 X S K EYAER EZER (P < 0.05)
(F2), BB R, BB RR AR RT3 A AR 4 SUE 2 BB s/ N a3, IR (T, ) B 8
FEIRAE (T, ) FEHBIE /N T 65.51% , AR £ 3E 44 B 2 B0 HH AH S A8 A i 38, i ARR AR (T, ) B E BB AR (T, ) BT
Hi¥E KT 161.80%,
2.2 WESEREEZKERXR

Pearson FHOCHE S Hr R I, AN AR AL L Hb AL 76 22 B S I AR 3R O OB i K B AP 7 Wl 35 1 SRR DG OG &
(P <0.05) (& 3), 7ERILHEEE LR B BZER M R 0 B0, R R EHAK Y B RS R
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TR AR L ERAPRAAE B E 2R (P < 0.05) , KiR
B(T) FH R < -1, IR (T,) AR
(T,) MR BERAE(T,) FHLRPRY > —1; RBI(T,)
FIE R (T, ) FoHh A B 2R B AR R o U 2 K
JE 1A 75 R s o Ak S Rl RHRR TS K (P < 0.05) 11
BRPEIRAL(T,) e BEIR AL (T, ) W Hb A A 3 T 3 2
(P >0.05),
2.3 A[FERALFEHORE VR AR RN b Sy B o

N [ 18 A e i B 9 AR R = 9y B R 1% A Al A
BLINR 2 Ffv7  REVE IR B | BE i BRI bR 22
S¥RE(P <0.05), L2 /NS, bR
(T,) 25 IR Ak (T,) & 53 5l /N T 52.11%
70.18% .43.05%F1 37.98% ; - e 7K 437 2 Fl 'K 5L 1
FAEREEZET (P < 0.05) , HAIBL(T,) BIHERk
(T,) Hi HHEEIK BB/ T 40.44% , + B REH K
T 123% , —H AR AR
2.4 AN[FERRIE TR B2 R SR BERAE

AL A B b R R 22 I SR I 2B ) 2 R I AR
FEREBLANEE 3 From . AR IER 25 3 R TR M L)
oM AR MARE AR EEER (P <
0.05) , Jf B 3 K a3, i KRR Ak () B E R
FE(T,) B4 3K T 101.00% . 86.98% . 166.10% |
70.79% 356.25% F1 166.67% ; & T2 % b 2 =W =
JIT o FRRE A 0 1 LU ) S R B R R A, B RR
AE(T,) 1 10.70% 38 g R AT, ) [ 24.25%

3 Wit

L) 388 1o — BB R I AR G PRk S B X PR 5 19
3 N AT MR B TR AR R P — Rk
SE 1 A SRR A RIViE i PR A S R AR 2R X
BRI H REEAF MR AR P R iR s B 5
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Fig.2 Changes in Root forks and link length of Potentilla acaulis
along the degradation gradient
RNRVNG FRER BB ERIZE SR B3 (P < 0.05) 3T, : KRk,
no degradation; T, 5Bk, light degradation; Ty. HJEiRfk,

moderate degradation; /T, : BEEIRML, heavy degradation

yr,=-1.029x - 0.358 R?=0.884
y1,=-0.740x - 0.019 R2=10.833
Q0 & O yr, =—0.742x - 0.070 R?=0.845
090 OR®P, 0 1, =-0.685x 0.151 R*=0.873
2 9%
5 ¥
S )
: 3
2 070 |
=
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R
M 050 |
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1g(HR Z 4K & Root link length)

E3 AEBUEMEEZRFVADXHMERRKENXR
Fig. 3  Relationship between Root forks and link length of
Potentilla acaulis among different degraded grassland

T,: KiBfk, no degradation; T, FEiR{k, light degradation; Ty :
PR, moderate degradation; T, : HJEIRfL, heavy degradation

I 3 2N — i [ AR RE L B A A AMEBL ) AT R B, B RiR AL, B R SER R M
I3 SOl N R BN (B 2) , AR AR FE o O TR B AR A R PR &R

Ay TR A A e A A ) 20

S AR B T M AR BT S REVEAR 234 R LA Lo B+ SRR Ta] i M it T AR AR 119
A A3 ARIAERIR FEARIBAL (T, ) FHb i, 55 0 M 0 R B B AR s (3 1) BEVR 1 5 B
JE 3t BE A AR e ey R ISR R, R SR (3R 2) TR AP AL B2 D AR A S AR R
R BRB B EPIR M KA Z BARSBIIAF A H] 2, FRER B R A IARE BN (3R 3)
Qb T RB I SE 4 14 45 St 7, T ARy T AR (8 G BRFD H S B0 3R R R B B R BSR IR ek PR i 2 1
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Table 2 Community characteristics and soil water content among different degraded grassland ( Mean+SE)

FEEFFE Community properties

S/l

i) R . Mo b A By 1) 3
= o Soil moisture
Plot Density/ I_JE i Aboveground ot moisture Soil compaction/MPa
) Height/cm Coverage/ % . ) content/ %
(#k/m?) biomass/ (g/m”)

T, 438.50+25.07a 45.47£2.37a 96.14+5.33a 57.27+1.59a 23.12+0.75a 1.01+0.04c

T, 347.50+18.96b 31.14£1.20b 85.23+3.29b 42.37+1.61b 18.74+0.62b 1.57+0.08b

T, 315.50+16.92b 29.59+1.16b 86.45+2.31b 36.46x1.17¢ 17.79+1.05b 1.61+£0.07b

T, 210.00£5.17¢ 13.56+0.55¢ 54.75+1.41c 35.52+0.79¢ 13.77+0.56¢ 2.25+0.11a

[ — 3R 5 AN W/ NE FHE R R IB AR B (A] 22 55 B 35 (P <0.05) 5T, : KiB1k, no degradation; T, . 5iRfk, light degradation; T, . H1E R
1k, moderate degradation; T,: HREIR{k, heavy degradation

®3 EEERREYVFHMERRUGEENEL(PYEAREDR)

Table 3 Biological characteristics of Potentilla acaulis among the degradation gradient (Mean+SE)

, Gl S . i A R -
e o =i i " " s
Density/ . Aboveground Belowground .
Plot ) Height/cm Coverage/ % . ) . ) Root-shoot ratio
(kk/m?) biomass/(g/m”) biomass/ (g/m" )
T, 84.00+2.24¢ 1.69+0.11¢ 23.42£0.77° 2.67+0.16° 0.32+0.01¢ 0.12+0.01°
T, 88.00+3.75¢ 2.28+0.09" 33.56+0.81" 3.50+0.14" 0.61+0.04° 0.20+0.01"
T, 118.00+6.69" 2.36+0.08" 35.12+1.97" 3.33£0:14" 0.80+0.03" 0.24+0.03"
T, 169.00+£6.51° 3.1620.15° 62.32+2.67" 4.56+0.25% 1.4620.04 0.32+0.02°

[ — 3 EdE G A F NG F R R RIB OB R 22 5 B3 (P < 0.05) , T, : KiBfk, no degradation; T,: FEFiRfk, light degradation; T, H &
iBfk, moderate degradation; T,. TFiR{k, heavy degradation

A=Wy oy g 2K TR T AR R AR R R 4 RO, B R R AR R A3 SOBOR N AR R K B
MR BIRRE . F2 2R - 4 b0 0 A W 8 O3 TG L 3], T LA 2 =6 2 8 i 119 43 S i 38 A it 1 v 1
U W U/ IR R 2 A R 1) 45 4 G BB I O R R A R R BRI R 08 14 A 7= ) S TR SR 1
a5 4, B 73 SUBCR ) T B 22 s 1A KR 90 ] P R A 2 R 1 3t T R I 20 R e L b R DA A 17
AT AR5 JF I i UMR A bR SEBRBE R AT AR K 820 4 i LB IR A A ISR Ty ELAB/ N AR AR e 2
KRR 4 1 B B2 b MR X T IEGEUE Y R SORME i 15, 3 o A 2580 e I = S R A P 43
R ) F) I I 20500, P T I AR L 28 R DR BE ARV N 1 38 4 rh A B SRR PR BE R AR A AU R R, X St
22258 3k KRR B ( Casuarina. equisetifolia ) | J& B ( Ipomoea pes-caprae) . % .7 ( Spinifex littoreus ) F1 %) 5 H3
( Cynodon dactylon) MR VDR AR YRR R \%B%Yé\%[m XoF AN TR 3% ) 5 B 48 ( Reaumuria soongorica ) R OEoIE
BEIR R I> ORI T AR W) B S 80, 4 v 1 IR IR R R TSR B4 i R A3 T DL 80
SRS B LR IR < R T 4 FEAR R 25 8], PRI R AR 85/ N AR A B AR — B
JBCHCTHIE S Bt SR AR T B A SR BE AN AE S0 DR 3800 T P P = B b A 45 4 1 S A o 1 BT SR
W5, Lh SR A T R I) Rl g AR R SE 4 G R DY L ZEE BEIRAL (T,) B, i TR &m0 I B MR
B, VA= BEVERIP LB 5 R EACR AR AR Y 2 i TR g AU/ (3R 1), RO AR ) 23 55 T AR ] 08
AN, BRI ZE R BEZ IG5, - SR A SR S RN, i — AL B RG TRE AR AR 0 A ORI 3R B I (R
2) I 1 2 R B Y R B R B SRR R A B R R A R RRE L — R B R (3R 3) |, B
TR ARG T R R R T 0 O SRR T B Al DR A R A A S O e R D S U S 4
JIUT R, oA T R A SR VR AR BB b G e P AN 06 B A S G R A L T A BT RR E HERE
VI ICAR S ) 2 T 2 e SR e 9B/ R 2R 03 SCBORIIE AR R e KA i 5 Z AR R A A B X, 2 st A
A ARFR ST SR I8 N AT LA R AR 28 N BRI T B, G2 A PN X 7K 0 RIS 23 B 5 4 T 0 5 AR AR e IR 1 3
ISR TR AR S )3 e RE ) e — e R b RENS v ik M B SR AR DR R %) B TR R W], BT B R Ak )
SN S [B) G R G Y DXt i, S BRI 5 0 501 i 2 T B B R BRI sk A R B IR ARG
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BT R o IX 5 B 145 5 XA A R AR ZL AP ( Reaumuria soongorica ) B il ( Nitraria tangutorum) A7/ K
ARSI T F T VD AR M ( Tamarix taklamakanensis ) . Y5 457 2 ( Calligonum roborovskii ) F1 % 1 fk
(Apocynum venetum ) FRIFFE 25 FAH—FL

AL T P i 7 A 55 3 2o T R PR ) ek 2 e S 8 A i g gk R v AR A SR B N AR AR [
DIREZ I AU , JEAB AR e PR BT T 38 I S i B AL A K R My S R R T SO R AL T
GEUR F S BE A AR RS Y BEHR B R AL BRI I - 18 X S R AL B A, DA IE e A R R
o ARIBAE (T, ) RN R ELRAL(T,) AR BEIRAE (T, ) B b, AL B0 Filte i ST AE A0 5% 558 AR F4
055100 RV 10 1o R R A R PAAR (3R 2) , S TR 2 e SRR D U 0t L2 e DA i) B 5 A ) B B e
A IR R AR (R 3)  PEHRET B R T S A s ) B A A3k 1) PR AR H
23 [ 32 4 S AR A B) P, e e i 3 5 T AR, R B 2R B SR e 1 /IR 2R 0 SO B R AR R R Y
SR A3 1 B A PR 05, i v BSR4 I, SR R 5K R [ (00 B R e S 3X R FA R ST
TR X S IR A i 2 TR SRR R A R T 5 45 SR — B

L5 F IR A KR MR AL, B T 2 Sl i i/ VAR AR 20 SRR B RO R K JBEOR SCRp AR )
AN I O 7 PR BT (08 A5 PL AR B | S0 U W R B Ze e S D SR AU I e F 1 B e 4 AR AU
BRI D BEEAR 2 BT BB AL, 0 — 2D AR T LS8 1) A A7 SRS A SR 1) AR 2GR, Sl XA )R 1k
e B 2 9 SRR 2R 0 SOBURI I e K BE AU DG R BRI, hF T B 1 R T 1 v R o A R D R R A s o
P e i B SR, AR R RLASZ [ 454 | IR AR BT A S A S PR AN [R5 P 2R
XTHE AR Z A B 5 A B R 2 1 LA 5 S R R ) ARk

S 2 3L HK ( References)

[ 1] Waisel Y, Eshel A, Kafkafi U. Plant roots: the hidden half. New York: Marcel Dekker, 1996.

[2] WAL, BURT, M, 248 AR ME T =B AR ORI Sh AL BT A4, 2011, 22(1) ; 21-28.

[ 3] JAtERY, Torsf, sems, Bate, TN OB SPAR SRR E R AR . B0k, 2011, 28(11) : 1962-1966.

[4] Smit A L,Bengough A G, Engels C, van Noordwijk M, Pellerin S, van de Geijn S C. Root Methods: a handbook. Berlin Heidelberg:
Springer, 2000.

[ 5] Horil, 298, MBGE, BORM. LMREMEDT 24 RGN PETMEL, 2012, 32(5) ; 1283-1290.

[ 6] Dannowski M, Block A. Fractal geometry and root system structures of heterogeneous plant communities. Plant and Soil, 2005, 272(1/2) : 61-76.

[ 7] Le Maire G, Nouvellon\Y, Christina My Ponzoni F J, Gongalves J L. M, Bouillet J P, Laclau J P. Tree and stand light use efficiencies over a full
rotation of single- and mixed-species Eucalyptus grandis, and Acacia mangium plantations. Forest Ecology and Management, 2013, 288, 31-42.

[ 8] Walk T C, Van Erp E, Lynch J P. Modelling applicability of fractal analysis to efficiency of soil exploration by roots. Annals of Botany, 2004, 94
(1): 119-128.

[ 9] Schenk HJ, Jackson R B. Rooting depths, lateral root spreads and below-ground/above-ground allometries of plants in water-limited ecosystems.
Journal of Ecology, 2002, 90(3) . 480-494.

[10] Winter S R, Unger P W. Irrigated wheat grazing and tillage effects on subsequent dryland grain sorghum production. Agronomy Journal, 2001, 93
(3): 504-510.

L], BRI, P2, BB SRV 42252440, 2006, 26( 1) : 244-264.

[12] “Beiibss, hEIOFERAEYRR. K&, SMRE L, 2001

[13) ~Effizr, T80, M. MEERAMYIE S T8N BE NS BRI Ak, EE%A0E, 2005, 24(1) : 70-74.

[14] Trachsel S, Kaeppler S M, Brown K M, Lynch J P. Shovelomics: high throughput phenotyping of maize ( Zea mays L.) root architecture in the
field. Plant and Soil, 2011, 341(1/2) . 75-87.

[15] Kalliokoski T, Sieviinen R, Nygren P. Tree roots as self-similar branching structures: axis differentiation and segment tapering in coarse roots of
three boreal forest tree species. Trees, 2010, 24(2) : 219-236.

[16] “Rifte, BRE, Lok, Fhdh, TAH, PR AR R AR 50 SOBOCRE 2 K B2 AU SR R AR 2241, 2015, 39(6) :
577-585.

[17] Lynch J P. Steep, cheap and deep: an ideotype to optimize water and N acquisition by maize root systems. Annals of botany, 2013, 112(2) .

http ; //www.ecologica.cn



24 14 s AF IR R R BRSO K FE A 5 AR 8525

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]
[33]

[34]
[35]

[36]
[37]

[38]
[39]
[40]

[41]
[42]

347-357.

Zhao Y, Peth S, Horn R, Kriimmelbein J, Ketzer B, Gao Y Z, Doerner J, Bernhofer C, Peng X H. Modeling grazing effects on coupled water and
heat fluxes in Inner Mongolia grassland. Soil and Tillage Research, 2010, 109(2) . 75-86.

JEIHERR. PR B TR A 0 (1 AR 2R TR T TR R R AV 1 A ST MRS [ DL PRI A SRR, 2011

T, 52, FRARE. 88 b DXOR B I R A M AR R AR 204, ROk, 2013, 30(11) ; 1824-1830.

FIRIE. 5 FiARBER A YR 740 T Xl ) B UGB AR 9 AR AR R VERESEL D] R Ry . NSRS, 2013.

EAkf, BAE, B, LA, RN RSB R R BREE /N SECE IR R R AEREIRK, 2016, 35(4) ; 849-854.
Bernard-Verdier M, Navas M L, Vellend M, Violle C, Fayolle A, Garnier E. Community assembly along a soil depth gradient: contrasting patterns
of plant trait convergence and divergence in a Mediterranean rangeland. Journal of Ecology, 2012, 100(6) : 1422-1433.

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.

Fortunel C, Fine P V A, Baraloto C. Leaf, stem and root tissue strategies across 758 Neotropical tree species. Functional-Ecology, 2012, 26(5) .
1153-1161.

Klumpp K, Fontaine S, Attard E, Le Roux X, Gleixner G, Soussana J F. Grazing triggers soil carbon loss by altering plant roots and their control
on soil microbial community. Journal of Ecology, 2009, 97(5) : 876-885.

il ZUUE. AIRCBGREE TR # BB RBSENIE S AT I S A Y AR R A 3SR, 20025726(4) ¢ 435-440.

Fhtsy ) XIGRE, ERRE, B A, BA, 20k BRI E AN A AR R RURRE. ARSI, 20144 38(8) : 889-895.

AR, BUEE, BOOLDL, S, FRUE, #hEe. EEEE SRR R 0 ST o B K R A OC R B 25 v A S ARAR, 2015, 34(10)
2727-2732.

Bird S B, Herrick J E, Wander M M, Murray L. Multi-scale variability in soil aggregate stability: implications for understanding and predicting
semi-arid grassland degradation. Geoderma, 2007, 140(1/2) . 106-118.

Zhang J T. Succession analysis of plant communities in abandoned croplands in the eastern Loess Plateau of China. Journal of Arid Environments,
2005, 63(2) : 458-474.

HELE, BT, EEW, KA, EHL BRBRER BRIV E RIS, SHeE, 2012, 20(4) « 711-717,723-723.

XUPRE , ZERAYE, B0, WY, R BUBGRE T BB WS (Potentilla acaulis) FVE/IN R 28 0 4% J). B 5 56 E Y92 4, 2006, 12
(3): 308-312.

ST, 2R, AT, SO, BEAKEE, BKARHE ARG R TR AN S AR AR R A RURRAE. AR, 2013, 24(1) ; 25-31.
/AR, kA, 2, ZRGF, PN e, SESCRI I TR 3 bR AR 2R R T R LA R VSR A AR A A, 2008, 32(6)
1268-1276.

R, BB A, BT, R, AR/ AEYSI RE MR R T IR R . AR SRS, 2016, 35(7) : 1916-1926.

Mooney K A, Halitschke R, Kessler A, Agrawal A A. Evolutionary trade-offs in plants mediate the strength of trophic cascades. Science, 2010,
327(5973) . 1642-1644.

Fhh, BARED, ARG, SO BT BSR4 1R A0 R Al R T R AR R . RSN, 2015, 34(1) : 94-99.
BEARIT, HAEAR, TS, WO, OO R R BRES TR BT TR, ARSI, 2004, 24(4) ; 784-789.

BT, A N, A, RE, WY, PSR EUR R A 58 5 IR (Stipa krylovii Roshev. ) R HUIE A 22 S 40 AT, 1
YIBESY, 2008, 28(5).. 608-613.

B4R, AT, IR AR BT IR 8 61 S RV 2 (A% S5 B ORI AEAS SR, 2012, 32(22) : 6946-6954.

JEIHERS , LR BT ZE 0 SR A R R AL I AR AR TE . ARSI, 2011, 35(5) : 490-499.

http ; //www.ecologica.cn





