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Abstract: [ Objective ] The area of sloping farmland in central Yunnan accounts for 61.14% of the total arable land area, and
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its sustainability is affected by serious soil erosion. Thus, it is urgent to study the positive effects of the rational allocation of
vegetation on the sloping land space on improving soil erosion and maintaining sustainable agricultural production. About
89.4% of the sloping farmland utilization in the province is for planting crops, and maize and soybean are the main crops in
summer. Previous studies have shown that the soil-fixing capacity of vegetation roots plays a significant role in soil and water
conservation. This study was conducted to explore the soil-fixing effect of corn and soybean roots and to provide a basis for
the calculation of the soil-fixing ability of crop roots. [ Method ] In this study, a field experiment was designed to have three
treatments and a total of 9 experimental plots; i.e. CK (Bare land), MM (mono-maize) and SS (mono-soybean). The
unconfined compression tests were used to determine the shear strength and stress-strain characteristics of rootless soil and
root-soil composites of maize (Zea mays L.) and soybean (Glycine max L.) at the mature stage. The WinRHIZO (Pro.2019)
system was employed to analyze the root distribution and configuration characteristics. And then the relationship between
shear strength and root parameters was studied. [ Result ] The results indicated that: (1) Compared with rootless soil, the roots
of maize and soybean significantly enhance the shear strength of root-soil composite (P<0.01), and the strength of the root-soil
composites was increased by 117.65% and 71.91%, respectively; (2) The cohesion of two crop root-soil composites were
significantly positively correlated with root length density, root surface area density, root volume density, and root weight
density (P<0.01). Also, the contribution of fine roots with D=1 mm to the cohesive force increment was greater than that of
other diameter-level roots; (3) In the different root architecture traits, the number of root branches of maize was 45.44% higher
than that of soybeans, and the root distribution of each diameter class was more even. The corn root-soil complex showed
weak strain-hardening characteristics when the root content was increased. Also, the crack propagation slowed down and the
lateral deformation decreased. [ Conclusion ] The root systems of the two crops could enhance the shear strength of the soil.
However, the different root structure types demonstrated different effects on the mechanical properties of the soil. The maize
root system with more fine roots and more branches can effectively enhance the strength and restrain the deformation. Thus,
fibrous root maize is better than taproot soybeans in holding the surface soil. In the use of sloping farmland, it is possible to
prevent soil erosion by rationally arranging fibrous root crops. This study provides a reference for the rational layout of crop
planting to prevent soil erosion on slope farmland.

Key words: Crops; Root characteristics; Red clay; Root-soil composite; Cohesion; Unconfined compression test
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Fig. 1 Location map of the study area
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Table 1 Basic physical and chemical properties of the tested soil

R BT
oKL TiEAE R MR IR A BB
Particle composition/%
Specific Bulk Liquid Plastic Plasticity Organic
B HL/mm BB/ mm Ak /mm pH
gravity density/ limit/ limit/ index/ matter/
Sand Silt Clay
Gs (gem™) % % % ( gkgt)
2~0.075 0.075~0.005 <0.005
5.03 52.42 42.55 2.75 1.35 59.70 32.90 26.80 30.15 6.29
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Table 2 Water content, dry density, saturation density, saturated water content and cohesion of samples
ANk 5
AR k3 T T I B fLER I T A EE FE
pos:il Saturated water
Water content/  Dry density/ Saturated density/ Porosity ratio Saturation/ Cohesion /
Treatment content/
% (grem™) (grem™) e % kPa
%
4+
26.09+0.77B 1.37+0.01a 35.07+0.79b 1.85+0.04a 1.005+0.010b 95.98+1.24 12.07+0.86C
Rootless soil
ES N
30.31+0.70A 1.34+0.01b 36.71+0.49a 1.83+0.02b 1.062+0.009a 95.95+0.49 26.27+3.49A
Maize
K&
31.33+0.17A 1.33+0.00ab  37.35+0.22a 1.824+0.01b 1.075+0.004a 95.54+0.55 20.75+4.74B
Soybean

T RPEAR IR RS, n=15; RPAF/PNE FERRIE P<0.05 K EZR B, RFEKEFEFRRTE P<0.01 K

25 W3 . Note: The data in the table indicate mean + standard deviation, n=15; Different lower case letters indicate significant

differences at P<0.05 level, and different upper case letters indicate significant differences at P<0.01 level.

R3 FRREMRAFESHRBNEE

Table 3 Root characteristics of crops and cohesion increment of samples

K o N N ‘ BRI R
R T A R AR P % B AR i T
Abg Root length Cohesion
Root surface area density Root volume density Root weight density Root fresh weight
Treatment density RLD/ increment
RSAD/ (em*ecm™)  RVD/ (x10°cm*em®) RWD/ ( mg-em®) RFW/g

(cmem™) Ac/kPa
K Maize 4.29+1.12 0.83+£0.18 13.26£2.71 5.49+1.15 17.1843.52 14.21
K Soybean 3.89+1.06 0.63+0.15 7.94+1.84 7.64+1.73 13.06+2.96 10.38

R o A EE R 01 5 R R R S B2 1R A GG
%, 3% RLD, RSAD, RVD, RWD 5 ¢ #45[H
HHT, HE R A E RECLE 3. FRRIEY)
WAEM RLD S5#iET) ¢ WEMEFE W REBOCHR
(P<0.01) (& 3a). FfiZ5 RLD M3, c ik
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s KSR AR c g RLD (3G K, diR il 748
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BRS¢ ¥IBE RSAD MK M & IR KB R
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5 RSAD M IH & A3 E A, XU RSAD H
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F ARz D) AT, MRS S Ok (a] (Y BE R RH )
MR, BB R MR RMAER; Hik, XFARIE

YIRS, BERALZAANE, LR c
BN SR AT YRR b N 1P iy N E S B2 B X
EFr—.

TR SR . R IBG % U0 RO
Z, HILFIRAR R RVD 55 ¢ W2 0 3 R ek gk
KF(P<0.01)( & 3¢), AT W, RVD 5 RLD il RSAD
=H5 c AR R [FBL, i 3d iR,
K5 RWD 5 RVD., RLD W EAME, SHFEYR
# RWD 5 ¢ BRI R ECHR (P<0.01),
{B7E RWD fEMFIN, KREIREEXT NI e {H 4K L
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Fig. 3 Regression analysis between cohesion and characteristic parameters of roots
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Fig. 4  Ratio of different diameter levels to the total length, total surface area and total volume of the root system
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SRR BRI BT R, BB EET 41 ¢ 15 D<1 mm iy RLD .RSAD £ 2 2 IF A5G
ERFRERZR . UL LaHrvi, EREHEA FEE (P<0.01), K% D<1mm#MZEK RVD 5 ¢ Ltk
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R4 FRERIRARFHE. RGEIEIXR SRR 189 Pearson HHK 14
Table 4 Pearson correlation analysis between unconfined compressive strength of root-soil complex and root characteristics
FAREFEFERT ¢ KRERFEFERT) ¢
WERR Cohesion of maize root-soil complexes Cohesion of soybean root-soil complexes
Diameter classes A 2% BE AR THI TR L HARTRE B A MR TR HARTAE i
of root Root length Root surface area Root volume Root length Root surface area Root volume
density density density density density density
D<0.5 mm 0.819%** 0.814%** 0.310 0.775%%* 0.793%* 0.802%*
0.5 mm<D<1 mm 0.542* 0.647** 0.297 0.693%* 0.678%* 0.664**
I mm<D<2 mm 0.435 0.416 0.371 0.350 0.332 0.304
2 mm<D<3 mm 0.115 0.545% 0.626* —-0.118 -0.114 —-0.106
3 mm<D<4 mm 0.517* 0.711%%* 0.523* 0.130 0.117 0.110
D>4 mm 0.404 0.600* 0.788** 0.521* 0.664** 0.777%*
AR Tips 0.829%* 0.744%**
MRy S8 Forks 0.797** 0.763%*
A& XK Crossings 0.704%* 0.622*

. o*fR3E P<0.01, *ftF P<0.05, n=15. Note: ** indicates P<0.01, * indicates P<0.05, n=15.

FEH(P<0.01); PIFIAR &R D>4 mm i RSAD .RVD
5 ¢ BRREFSMEEM; PIFEY W AR gAR
# (1<D<4 mm) 5 ¢ MR XA FIAR, J
HE 2<D<3 mm W ERWEXN HIKFER A —E
TR, X —RHKER RS FH RS BN
., ULHAEDIR RIHURTE, HARFZRYHR R X+
RERI S 25, BENE, ARMAE
AP D<1 mm BRI T & ERER kL
FEREEMIEM.

MRASHL . Mo SR, s XBGX 3 MR A IR
YISHERN ¢ BEIMBEMLE; BRI 34
SRS BEE R RGN ;. FOKRF R A%
J 8 281 A4, ET KT 4.82%; ERFHAZ N
20624, FTRE 3.05%; HEKRRDSZEER
ik 22291 4, KREGIE N 15236 4, FKMXTKG
B3 R A 45.44%, 3 MRk, FORAR A S
KEEMRFEZES (P<0.01), RAREZE LHZ[H
T FEES . X — ARG AR TR ST R R K
KPR EER I Ac = TREIRE 36.90%, 454
B3 e i, UiBHAIAR b7 e . iR R E
FATAR 2 35 AR 22 A 1 v 28 475 S8 S0 2 R
15 TR GR U HIE AR AE 1A N Y 4 A1 B 45
8RB R I L O6F A B SURE () B 25 AR BB AR, X

AT IR 7 B4 S S A
24 REGHEBWNREIEGEN AT XERFM

TR AR R

Sk PR B R AN [ A 2R 45 Ry 2 BT 5 AR 4 07 ) g
ARG MR FE AR RS2, AR SCHEHCT 2 AR
RWD 7K K R E R AR 52 5 R 4 1 7 0 72 i
LML 0T (B S), B Sanl LA H,
S o b =R a e DA K (YA E = RS 17 NS A
J3- A8 M 2 SR S N AR ALY . Sl N AR TE 3%
DANES (R 2% ), HARBR AR G R 2
LMk LT AN Sk BIEAE IS, N T BE AR
INETE AR TR, SRZ2I 3 AR EL
PRI B DR I B B AR e B B . (HH T
RARZRAURNTE, PFP AR SR (B N . B
TINAR G RGeS . AT R A B TE]

Mk RLS FmxE LN I NAERR, SI. Ml
3 R R TR KA AR 3R AR ) A 35/ e R A
JINAS S ZR, S1 XA RWD H 5.19 mgrem™>. M1 (¥
RWD Jy 5.27 mg-em >, 3 AL FHILE N 28 K 2%~3%
ZIAEE(E, PR B RA S AT ROk
Omaxt FEREI 1.75 F5 . R LAY 1.93 5. YNASTE
3%~ 5% Z [A] IS 17 3 32F PR as B , 156 M (3
NZIE, kS R = A KR, +
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‘§ -Sample with maize roots RWD-5.27 mg-cm™*

+:Rootless soil
%U\l -Sample with soybean roots RWD-5.19 mg-cm
Sample with soybean roots RWD-7.64 mg-cm *

—o
>
-
80, = F
—k— I%u\‘ Sample with maize roots RWD-7.22 mg-cm*

704
§ 60 WWMZ
8 50
Do
=% 40, s
- ;g‘ Mt
] S1
10 RLS
0 v )
0 5 15 20

10
Al N A
Axial strain /%
N RR NP

a. Stress — strain curve of different soil samples

O # A Bt Elastic modulus
5 F] R F % & Root weight density
1 7.

4438
04 799 7

. 4 387 [4 :; t7 §

< 519 52 w !
E LS 1 >
i 2 31 .41 = 2z
a3 ] Il Lg% 2
2 ] 5
HE 24 148 L3 B3
B oo 1.26 =
- “ [ Lo 2
ERE [ )
= 2
0 0o 2

RLS S1 M1 S2 M2
AR R R+ A

Rootless soil and root-soil composite with different RWD
b. AN AR A

b. Elastic modulus of different soil samples

1

Rootless soil

KR EIARES2

Sample with soybean roots

c. NEAEIRIRIELS

FAIAREM2

Sample with maize roots

c. Failure forms of different soil samples

fE: RLS #RE+, S1. S2202/% RWD 7 5.19, 7.64 mgem ° (U REMREEZ AR, M1, M2 4051278 RWD 9 5.27, 7.22 mg-em * (1 F AR
+ 544, Note: RLS stands for rootless soil, S1and S2 stand for soybean root-soil composite with RWD 5.19 and 7.64 mg-cm >, M1 and M2 stand for

corn root-soil composite with RWD 5.27 and 7.22 mg-cm °, respectively.

K5 AR AR RN -BAE S Z LR . B i A &

Fig. 5 Stress-strain relationship curve, elastic modulus and failure forms of different samples

PRSP TR . 25 N s R i g,
10% 22 J5 WA X B R P ha . HARNAR RA Y E AR
P (S2 ) RWD & 7.64 mg-em>, M2 iy RWD Jy
7.22 mgeem ), FAR A IRRE A Sl i 1 ) B N AR Ry
5%~ T7%Z [AlK BNEME ( KE 0naxo=51.25 kPa, FK
Omax2=63.35 kPa), It RWD %/NiHA ATt s, i
ARG AR R AR R 3G, HARTESMar 2800 FH T 3K
PUARTE O RE A b ok s =2 )5 0F AN ) D o B
B KRS RWD BN i — 50, %
OKARRE N A 3 B g Ay P e g, T R BB AR
SER B, R 55N AR REALRRAE , BB R R
R+ — 2 R AR L . I S5b iRk E 5+
A B AR AL LR — 2. RWD B/, R AR R ARRT

TR 75 0] A AR B RS T R I s i A A K, ML
1) E B4 S1 9 3.07 4%, M2 i E {2 S2 19 1.82 1%,
ULH] RWD FHEETHF, Z0AR 2R KX A ek
PR THMRAKRG; HEAL, REEEKN E
Hm TEL, SR RGAESRA T IR0 TR
P, Al KA S ey 24 B RS TE A g s
PNIE =W Y

e ERBEIRE A m (B Sc), REFEINE
HTF =R Z 9N sk 45oRbm 2400, N kg fE 2
JE HBRGE & R R S 80K AR
R RGIAFE RN R La P iRt al, HZ2h
BemAp, 5REEMRG -2, IR RS
HRE I FORIAFE R RWD R, T ARAES
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0 S VR R R SR, BN 4574 1Rt
20, H AR AR RN BRI R 45
FZRIUATR], X b PR TR IR I 2R B i A 249 SR
ATF, A FEAR AR R AE AR 2 2] oA By SOR %
A AT PR AR R A, I e 2800 B 2%

33 @

31 WMENITEHRANZ I

S AR AE PR FR A R AR = AR P BT o
B, HASERAS A4 ) B R A 5 4 R B A ]
btk AR SO BT AT TR 4 S (] — AR K 3R L)
JEOIR A o AR ZE LA T BR R 45 13056 Ir 45 0 AR BY
SR AR DL AR R I ORI . 455 K A
XTFRL, WAEDRRY R ER&ER EE A
(IEER ST ¢, X5 Burylo ZPINFREAAE YR £ (AT
FREES—E, Osman F1 Barakbah P71 ¥ gl 260
9% 30 - ST B i 32 i - 98 25 1) 48 o s kg
B K R A BE IR AG . AR PR LR AAE KR
FEMRE, WASKENFESRE, SREEAEZ
B LRSS . WlESREAEREN. HK
R FTHE N KR FEB B = i L U B LA X
F 0RO IR RS R, FRHK
VEYIRR R TE A SRS T 25 BRI A B T 1A 7K R
ARAS, B SEAR G R 1 B & 75— i 181 35007, D
KA s T AR 2 R 22 S R AR R
FRIEA R S350, AWFIE h EORAR 2 09 1 53800
TR, B RIEAIANRE, X ARPT Y5 A
Ht 5 AN AT
32 RREEBERLIESEMENNIERIIE

X 22 N2 B8 POV 22 (3 2 3 A - S BLAR Ui 5
TR B, AR 9 R R 3% 1 AR B R AR G b R REAR
R L ALEE, TR R RAE L HT By R () S
B, AR EM, EX. RUREEAENER T
HRRE A AR A | AR R AU R R IR L T
TR EMF R IR Ac 7 T K 36.90%, I
H— N JRA R 2K A9 RLD A1 RSAD # kT K5, %
PINSEO R, MR E | 2536 . S8 8URIHE
ol R R A, MR 22 ] A B4 S 30
R 2R 43 U5 ) 1 A HIL R 45 A FH A T 34 i - 8 0 (1)
(R 285 A i BE P AR A 9 R A 286 45 R ER I T 4

VERTHR 5 25, BRAE & FE LN 2800, i K R A
P A

BRULZ Ak, PIRPVEY POARIR RS B | AR T %
5 - (REEE S i 3K HR B G (P<0.01), X 3281
S EARF K GAR R HARH<D mm, i
FHA AR RRAY R SR A YRR
BXR, M h KEMRERE RWD KFEXK,
XoEH R RWD AU AR R AET AW R s e, ok
BRI 2 B & K AR P s 2250 . 4
ME, Pl BRR R H KRN 87.98%, #HIFEY
123 gem”; KEMRAGKEN 78.07%, HEH
144 gem™, HACMEBH KGR RWTHER . A
FRRGERYE T ERRARD R R K 5
N B SRR F A AR FKFRRAS, LM A RIEY)
R 0 [ R0, 3 1 % R R R A R A

AR AR G AR ZR 7 AR v R 42 ] 12800 A L3
RIF o ZEaE 2L S PR gy R B AR AR (D <
2mm) AP EE (2<D<5mm) R R 5 H K
SEEE ARG, HLAR (D>5 mm ) 54057 9 B IO A G
Mo ARG, PIF EZRED AR (D<1 mm)
) RLD F1 RSAD 5 &5 ik i #AH5¢ (P<0.01),
KERZ T D>4 mm AR K RSAD, RVD 5% J)
WA WM (P<0.05), HABRHRAREEHE N
AR e 3 . Tsige SEPYIHF98 R B, MR R iE
A5 5 U)ok AR PR AR, R U
TARTESN IVER T KA BT VIR AT, NS BT 1
SV SRR R A PTPLE FE ORI R 3R E, 1 Burylo
S5 Fan I Tsai (20 24 5 W98 & AR 2R 47 i
Bifi AR AR B TS/, AN AR BEAR AL R o p g
i, AR B T AHESE P D<1 mm B9 ZIAR X
Bt 3 I TR AR B SR

R 28K PR AE [ LB B P e R B
R 5 A P Wang PRSI, MR R
YL, RARME S, WERE RN ST
ARG AT THRREL . AR5y BN U SRR )
MR OCHE, RILHFIEDR 3 MR SRR 1%
YIFHIG; MR R F KRR LS TEHRAKRE
45.44%, RAMIFX K EHE LS, REE LKW
TR . QHSRRR R, O AR R T 1
SRV K TR,

ZE L, RVEYIAR R 5650 1A R J7 A9/ AL
DA E AR R, JUHUE D<1 mm P4, 76
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TAHRIEAR, SER AL, ARUER TIRAR S 1
WORL 2 (8] B SSVERTRIEE4 R )y, Hoh TIRAR A
—SEGTRIEREERY, A LB T BORR e R B
4 BB IR P A IR AR, A 218 R AR A 26 2R
Jio FrUAHIAREZ | MRk | 2r SO RARIEY)
Je K 2 SRR i R T P I g A R
3.3 MEXEXNIREESER TR0
A 2 R A TR AR SIS B - AT R e [
ER Py SNV TR S E NS e o £ N VAP DIVAG 2% & e ]
f5& % . Fan Ml Tsai!®. Tsige SEPY7EAR 5 [ 4 1O BT
FEb, AR ZAR 2 T 0 A T A B R 2T 4
AR, DR RERG SR L RSB . Yilmazl e LF 4k
B ERPTSE TR, BEESES R, -
AR 7 -0 78 56 R 1 2 N - AR BBER T 28 494 i AN [ 5
Gao %51, JHE = AFPIRF SR, LA LR Y2
H 22 BEHLICFF 2341 RS REIE i — A S H i e pO 27
LR, SR T X ORI, X b AR B
A SRV B IO . AT IS, R R AR Y
RSN, T oK AR e g b 78 i 2y P 7 1 555 AR
PRUREA RGBT B — ARl . 3R
R AR A5 A R 2R 75 L 1A PN Y 20 A R R R B A
HIL], SO Z HE TR AinIRZS , BE%H RWD
RSN, TORARRIE M BUARET dE W3 278 %, fiE
X B A A PR AN, 2 A [ AT R
7 b AR S5 B (RN ) =2 J ik BE AN 2t s, A
A —E BRI o TR AR R AEA AR ] P
s34, FEARBHL E M TE AR b, RWD BgS§ e
D>4 mm DL EFERTTEEK, A8 ERELEEE
>8 mm, BEESMar I, AR A AR U e
B, HZS5EMROERBT 2, AkemE,
AR J R EAR RO 2SR BE AT B, SR PR
wlo IEARIRIEMR AT, SRR AL LA
AR o) | o3 SR 2 B O AR S B &
P, WREAE LRI o)L Jy, AR T ARREER
YR, TSN T AR T RORRE T, AARBIEST
L BT AR I TR T REA AR e A 5k JEE R

4 %5 8
AHEYIAR AT LB 3 4 IR B B AR 5 (R[]

HR AR AN - A B (g BSOS R], ok KGR+
BERMIXTZE EEER TR Ac 43518 14.21 kPa Fll

10.38 kPa, ZilAR 2R KX 3R 7 i 38 2 800 T L
RAKE . NFERHAR R LE LR &5 [ 200
FIALERE], FRAMKEARZR B D<1 mm B4IHRXT
FREERN o HATTR R, HARK AR E R
K, AARTE AR R SRR SURR R, % HERIURE
FI R EB IR PS5 ME R 2 . AR R AR AE B
o RE) R, ERRAS I BE T ARE
45.44%, HASBPMWRSMBINE, 1E AR PIE R
T ARSI VIR R 4 I, 32 07 B B R SO 5k - A4
SRIE . PE HARR AT R IR AR Y e, 45 L,
AFRAEY T, R L S RBAR R A X 5]
G337 221 TR R AR 32 )2 AR [ g 1 T
5, PRI, AT R0 R AN EY A 2s (8] 1A B
KK Lk, Aok T R R A
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