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Abstract: [ Objective ] High soil penetration resistance(PR)limits global crop growth and sustainable agricultural productivity.
Heavy soil texture, low soil organic matter, and low topsoil water content during summer significantly increase PR under a

subtropical monsoon climate in southern China. However, the specific mechanisms controlling these processes remain elusive.
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Thus, the objectives were to investigate the applicability of various penetration resistance characteristic models in red soils with
different parent materials and identify key influencing factors, and assess the ameliorative effects of mechanical- and bio-tillage
on PR in Ultisols. [ Methods ] This study investigated four red soils derived from different parent materials in China’s humid
subtropical climate, including granitic (GS), Quaternary red clayey(CS), argillaceous shale(AS), and red sandstone red soil(SS).
Key parameters measured included soil PR, water content(SWC), bulk density(p), organic matter (SOM) and texture. We
evaluated the performance of five PR models (soil water content model, soil matric potential model, soil water content and bulk
density model, soil matric potential and bulk density model, and saturated stress model) and identified their influencing factors in
red soils, assessed the ameliorative effects of mechanical- and bio-tillage on PR in Ultisols, and determined the PR threshold for
four red soils using the least limiting water range. [ Results ] Among the five characteristic models of soil PR, the saturated stress
model provided a better fit (lower SSE and higher R )for the four red soils, followed by the soil water content model, the soil
water content and bulk density model, and the soil matric potential model. PR in red soils increased with decreasing water content,
exhibiting a sharp increase once the water content fell below a critical value(~ 0.32 cm*cm™3). The PR of low bulk density soils
(1.3 g- ecm™) experienced a sharp increase at low water contents, whereas that of high bulk density soils (1.5 g-cm™) showed a
dramatic increase at high water contents. Soil texture (clay content) was a primary factor influencing PR of different parent
material red soils, while SOM had negligible effects. When the soil water content was 0.25 cm?*cm ™, mechanical tillage (deep
tillage with 30 cm ploughing depth) reduced PR by ~1 034 kPa in the 0~40 cm depth compared to control treatment
(no-tillage), whereas bio-tillage achieved a reduction of ~785 kPa in the same depth and reduced PR (~1 500 kPa) in the
subsoil. The critical PR thresholds of the four red soils exceeded 2 500 kPa, and thresholds for clayey red soils were higher than
those for sandy red soils. [ Conclusion ] The saturated stress model proved highly effective for predicting red soil PR in of
southern China. SWC, p and texture played the primary factors influencing PR across different parent material red soils, with
clayey red soils (CS and AS) exhibiting higher PR thresholds than sandy red soils (GS and SS). This research provides a scientific
basis for identifying the occurrence of seasonal drought and rationally selecting tillage practices for drought prevention in
subtropical red soil regions of China through the lens of soil penetration resistance.
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resistance threshold

9 i P T A ek BRI A BR A T R K g
(1 S ] f 2 — 1 A ER 2 4% -3 E 22 DT e 14
T HELEFE P M, 2 e T R Ak B
P [T, FRE AR A X ARGy 40 X B+
B IR G B ik , B2 B AR I
RS TR AT LI X, T AT . AL
i AR LS R Z R S K AR S B
25 B R A IR H 43 2 4

TIETFEMLT) (PR LN Ty ) 2 At
SESE BRI N RE I RO B AR b, HOR/NS
SRR | RS A B A DU AR G, 2 4
kR () U m b A HLUs i 5
i o pH T S 2075 B Xk - S5y B S5 Y R
ANTRY 3 AN [ 2 2 4 MR 14 25 1 BH Ty i 52 3 i [
RS ARV, BRI 5 E
TIAERATR S0 R AR TR g4 1. X T B AR

) A 4, 4 28 3 B ) o i - 496 %% o 39 T 44
T - K 43R A 2 5 i 25 35 BHL g ) S R R
Z—, FBEMARE S KE (R B2
MZ IR LM, S 2ENHaE +
HERLF A N-6 kPa [ 2-100 kPa I, +HEZEER S
25 1 300 kPa /1% 4 400 kPal', Bfdi7E 325
AR, Sk a2 BB g A B 3
K, HMGMIEYR R 205 HIROOMERE . I L
Jo S BN A B 0 AR KRR, AR
I BB A, SRR R — R
FIBRE T X, & 32 i R e - K oy P U —
AR + A 2R B U B it I T B 4T
oK, BRIRRIESEER ), Rk g
BE A AR AT BT R R R B AR
FK ELAFEER, AR S SR EHEESEH M,
JE R A R I U R T LA s

http://pedologica.issas.ac.cn



6 T A mA . 214 2R B RRAE i 2 N s e R 1925

B A+ e B R PO, R E R 4
KRB AR SRR L, B E
AHUR FRZERER, MRSl e F 5 R
T UL BB i i B R ANTE 2

FE - HEZEFE L AT v, R Se Jr vk LA H ]
KGR S W 28 3 BHL D AR D g i b o, (R
TR T AT MR HILJT S e PN 5
BRI B R— kg AR, BL7E H RS T ARG 3k
HUBE M o R3Sk s BB E L & ARk,
TSR P ) 5 K B AR IR I 2R EE T 3 BH
TR DA 15000 () 3 S m B A . ARAE A
A HEAR B R 4 2E 5 BH ) I RRIE A L 43R
=2 (1) DIEHES KR (SEmEH ) b F s
R RBOERT 20, (2) DA S KR (B
A 48 78 F Ok 2 A XU B T AR R 2220 (3) U+
BRI COKAMRRIEE ) A4 B (800 1,
o’ ) NEMEARFEEM S FHERRRY, R
BRAAY B BT 2 A DL B SRR
T 3 2B L RRAE 2 IR R R T R A A 5K
b7 ] T 048 DX R v T L 2577 L 0 L A R %
W AT AT 43

+ e 2E BB AR Ry dne /BRI K 20l ( LLWR,
TEAVEDI WK (1 B ZE Y B bR ) T R A% S5 i [A]
T, ATRLil st LLWR 33 ] A0 A [) 28 78 + 38 22 5 B
73 B 0L PR 5 it 3% R 48 2 3 B T AL
o 2000 kPa ) 1 HEZF A ) 2 S EF LR Z
() LLWR JH U7 428 3% B F1 {1k 3 000 kPa B fE
PrZEmE R R REIE F AR R U LR IZ A+ R
EAE M LR I A/ . Besh, FrRRM
2 000 kPa [ % % BH ) AN i& A /E 2 LLWR T FRAY I 5
{EP, 2 500 kPa 2385 BH 7 B T8 A1 R g KK 1k
+ LLWR ## BRAE P, %0 B B E KT
3000 kPa B 2 BRI A A P71, Rk, Al ad Wige
4 - E 7 B 7 (A A — I A AT B LLWR,
0 A HE T - R SR ) B . (T ARG i X 4T
eI L, 2 3f BH T R 5 i RN AT AL o A A 22
5, ANTRIBE T 2T M) 25 3 B s e VR A K Y R {E
WA, It , ASHEST AT o B A [F) BT 21 g v
J 5 28 375 L7 0 9 28 DL % %5 355 BEL T 4R i il 2k A 21 4
I EE M, ST RS R [ T AT S 5 i B Y =
LT, 454 LLWR W52 mIEY A K1 2R3 L)
A5 BE, AR eE A ER AT 21 R AR

R BRI S S I .
1 MRSETA

1.1 REET

I 14 4 FOREIRERUR B 20 (4 Fhar
B8 ). iR £ 1N W 4 FhLAYRE R R B LD
e, A T A A s R B AR KA R E
LT3E—GS (29°20'N, 113°46'E). JR TR % X4
e Lr &k B RILE—CS (30°01'N, 114°21'E)
FGE L B8 U R E 2L —AS (129°20'N,
113°47'E ) DLRITVEE BRI RILX A A LB
£133—SS (28°17'N, 116°56'E ), M8 T 5 RAEEXF
A TR M ) AR A 53 BT AR S A TR AR

RS 2 NHUHHE S AL BE RS (BRE
A o T 2022-2023 4EFEMIAL A BT TR VL H R
b BR5E W 5 U7 B BCE B AN R 2 0L B Y
(30°01'N, 114°21'E) FFJRHLIES A P81 H )ik
Ko I XK N 443 m, FEFRHRERN
16.6 °C, FEHIREHE N 1 474 mm, FHEAEELE
A1 497 mm, KR IULO R+ R BRI
B, HAFWEE ., HEREL, SKEEMRZEL
Btk B AR . R EAL M R Y 0~
20 cm F120~80 cm 12 pH 434k 5.21 il 5.15,
RE W N 1.34 gem ™ F1 1.48 gem™, HHLE S &
S350 10.39 g-kg ™ H1 3,73 gkg s

R RAEGHAE (CT, B#F 15 em). BHF(DT,
B 30 cm) 2 MHLBHHELL L) K2 Rape_C (i@
iH3%, Brassica napus L. cv. Huashuang 4 ), MV (%8
=YL, Astragalus sinicus L. cv. Yijiangzi ). Luc 1Y
(1 AR E TS, Medicago sativa L. cv. Ladino )
N Vet 1Y( 1 4FAEFAR KL, Vetiveria zizanioides L. cv.
Wwild ) 4 NMEYIHHELE, fF (CK) FE xR,
F 2022 4F 10 AFEAEBERIEY, KA 5 Ak
HRERE SR 13, 6 AMAEE £ K ( Zea mays
L. variety Zhengdan 958 ), 9 HUHIBL R FKFEF S
MEAEY (Rape C) BaREIRE/NX, FiEEE R
FAV/NX 70 Bk, HSTF 1.17x10° BR-hm 2, E R
(MV) FIEEEE T (Luc 1Y) #ERpE NEN/NX
30.0 kgthm 2, FHFARE (Vet 1Y ) BAMhil %5 i hy 5
AKX 70 703 BRI BEAS /N XA 54 BRE K,
B 9x10* #k-hm 2, 558 A7 K G RS B 958

http://pedologica.issas.ac.cn



1926 + b1

=

63 %

BB/ DX FERK A TR R, BB = KPR
A IHEE A BB R A TR S em, HLAREEVE AL 2
TR ATHEA TR, FRETEASEEE, B R AE R
LB R I — VA o B ZE EORFER, B ib
B ARkt A R R R WA, LAB Ik SR
rRZ IR 2E . A S FER R IR
% (N=46%) 150 kg-hm * | i #RES ( P,0s=12% )
580 kg-hm 2, ZfLH (K,0=40% ) 88 kg'hm?; &
Tk EEHENIRE (N=46%) 650 kghm 2,
T MRS ( P,0s=12% ) 1 166 kg-hm . &AL ( K,0
=40% ) 325 kg-hm >, B /DNXE RN 6 m* (2 mx3
m), FMEEEE 3R, FENLXAHEY] .
1.2 TEHMmRE

FKHABEOVIAR ] (4KFL 100 cm?®, & 5.2 cm, H
% 5.0cm) fF Fik 4 FhersE (GS. CS. AS F1SS)
B 2 A HJEEE (0~20 cm F120~40 cm ) FLif%
£ 24 AR R, BURESE RS BB RN, e
W2 KRR 2R A L e i, AR R — TR
THCT kg AR AT HAEREAT A HILT AN 4 4
Hi 40 5E o
1.3 TEMEMERNE

4 PR A A BT AR T3 2 mm B, £
AT AL R A TR A - A I Pk a1 i R
FAWAE LI, ¥ 4 ~+)2 (0~10 cm, 10~20 cm,
20~40 cm fi1 40~60 cm) B0 T EFELE 105 C
R LA R BT 2 I A R

BB O T SRS, R AR TS AT O AL
SE 4 Fh2r e+ BOKMFERRZRNT, (1) Bb4
B (R 135, 0~50 kPa): £ 10 kPa. 20 kPa
130 kPa Y77 R R 3EAKE, YA A KM
HEACE R (2~6d), BEIAPE@5EM. (2) B
(WG, 50~1 500 kPa ). {8 FH &5 3 B0 L
( GR21 G, HITACHI ) #— 5 Mr e i i F b4 1
WY 3R, AR S B O AL Z RN IR
5 cm, RIEFEE (25 C), £ 50 kPa (#:# N
1440 rrmin', B}E]H 60 min), 100 kPa ( %57 N
2 040 rrmin”", A[E] % 200 min). 500 kPa ( %%k
4 670 rmin', W}EA 550 min) 1 1 500 kPa ( %434
4 8 640 rrmin~', WFIA] 650 min ) T 445 5K
H ., 7€ RETC #M"KH van Genuchten F A %5} 7K
SIRFAE i 22 S (AT LA PO

4 e A LB B A 3875 ¢ =AY ( DIK-1130)
AT RE , #£ 10, 20, 30, 50, 100, 500 il 1 500 kPa
W 7 R R L WP R A L, AT A )
AR S 00 i e A AL

3B SR F SC900 358 B Sz FE AN 5
X2 ANREE 0~45 cm )2 09 55 B pEA T IR A7 0
i, 2.5 em s —AFHIE, 4 FhergER 7 A8
VEAR I BRI E 9 K. 4 Fhergaklki 2 4~ +
JZ (0~20 cm F120~40 cm) LUK HHEIREG HEHL 4
A+JZ (0~10cm, 10~20 cm, 20~40 cm 1 40~
60 cm ) FJF-IIBHIIEAE Rz )2 B 1A . [RIAS7E
2 375 B 77 W0 SRR A AN SR AR 4 Fh 2D 6 1Y)
2 AN EZAHHERE R 4 2 RN, B0t
R ES 9 W, JFHMERE, RN E
#% H RS TR KR
1.4 TIEFERENFFIEER

- 8 25 BH T AR A B AR A B - AR AL
AT 43 A B e 2E 3 B AR RN AR 1 R 2 ),
AR 2 B AR (AR 3 FIBERY 4) FIZAr i
ZEIEPH IR (BEAY S ),

S ZE BB ) KON IR R EE S oK R (B3
B, HHEEZEERL S (PR) H5& /K (aidEmFE)
RERmEBERT M,

PR = a6’ (1)
PR=C|l//|d—e|l//| (2)

K, PR W HIEEEEM T, kPa; 6 S HIEIRELS
K, emrem™; WONIEFEHY, -kPa; a. b, c. d Al
e NG SEL, W SEPR e Bl G- .

W T e AT AR i, PR AR
RIMT G NS EX A E AT, %R
0l 4y 22231,

PR = 1% p" (3)
log; PR =ilog, |y S|+ jlogyy p+k (4)

KL, 0 BIHERRIE KA, cmem s phy LIRS,
grem 5 WONIEREY, kPa; SN HHEKMBANE (+
S KR/ e K ); foogy h iy j Rk TR
PGS, BRI F A 3RS .

http://pedologica.issas.ac.cn



6 T A mA . 214 2R B RRAE i 2 N s e R 1927

T HEY R (KSR T ) SRR
THEEEH M EERE, HHOKREZE +
HOK IR LA R, Iz AE B S RbR S 1)
DIAE /R e # R i R RN ) o I
FI2EE R ISR A P LT, Dexter 254
T— AR AR (S) AR (o) 5
FLZF B BH 7 FRAE i 2 A58 .

PR:l+0é+po" (5)

K, S A EHORMEAE (L3S K S/ H K
H)s o NARUN S (KRR S FI3E R )
PHRFIREL); [, o Ml p HITFEMASHL, PR
I 7 B A0 A5
1.5 S/REIKSTEENE

B /NBR K ZrJEFE ( LLWR ) J2& 34 505 K
L RAALBE KT 10%., HHEZE /M T 2 000
kPa —FPRGEM HIES KBS, HBE RIS E
AP R EBE, W RS KRS LR
OB FE . RAILBERITEIS

- HEE KRR K S AL R,

0=0,+(0, - 6,)/[1+|ay|" 1" (6)

K, 0. 0,8 60,5050 0 HEIRBIE K i R A
EOKE MR A S, emPom ;WO RS,
kPa; . n Mlm WA SE, m=1-1/n, R
ISUIER A ETTE R e TN

1B K R T A AL B A U,

AFP=qgO0+rp+s (7)
K, AFP N HHERSALBREE, %; 0 0 HIERFLE
KiE, em’em”; phHIEAE, gem®; g r Ml s
J TG S, R SEBRIN E E LA A .
il (1), X (6) F=X (7) Al4E LLWR ¥ &
1) 4 A S 7K

Opc=6,+(6, —6,) /[l +|-a33" 1" (8)

Opyp=06.+(6, —6,)/[1+|-1500]" 1" (9)

1
Opr =(?)b (10)

AFP—s—rp
q

(11)

Oppp=

LLWR 1 L RN G oM G W B/ MEL, T IRA
Boa il Bpp TN KAE, LRRANT PR Z 22 B0 8% )2
A de/INBR K A B L e B R B A T
—33 kPa JIr X0 B & 7K B, B opp B BTHAE T-1 500
kPa JIr X W 1 7 K £, Bpp M 5 B 155 F 2 000 kPa
PRI E K, Easg WA SALIRE ST 10% 5%t
N 1) K
1.6 HEE

K Microsoft Excel 2021 &R 56503 1
i, Ff SigmaPlot 12.5 £ Origin 2021 #17AEZk il
LA VANMAERE, I Origin 2021 X477 F2 & H:
SHAT TG ERTR

2 %5 R

2.1 TEFEMRNSEERLE

5 BRI T R RBE & B 203800 28 5 FHL
JIFFERER, Gtk ds THIARCR R 1 iR, |
THAKRALR SSE i, #4 5 X% GS. CS. AS Hl
SS HYILA SR S0 T ol 4 AR, LR AR 1
2 M3, MR RBR 4. N RPEORFE, A S X4
PR LTI (4L RORAR T oAl 4 ABEAY R AR A
2.3 F 1% GS. CS Fl AS FEI Bt i LA 300
AL 3 1 2 % SS KB FAF MBI A ROER , fieJm 2
BRI 4, 258 PAEKTR , 5 RE G SURTEA R RE
JRLTIEFIARR 2R N AAEES, B 5. 1, 2
3BT 4 Fpar e, SR 2 5E FHF GS Ml SS 213
MANIE FHT CS Al AS, feJa /et 4 76 4 Fherigny
WA RO A
22 IEYIEMRXFER AR

ANHEFRATE R 2B B ) (PR) Hkf + 38 5K
EREAL TR EE N, HR)E 45 (0~20cm) 1Y PR
& F 20~40 cm + )2 (& 1a FE 1b), 7E K
AT, AREEEFRLIER PR MR & K AR
gergsgm, mh&BEONF2; (A2 S KERIRE

http://pedologica.issas.ac.cn



1928 + g: i 2 Eird 63 &

F1 AMFEBEHFHEERE 4 MARRE B ROEAEMBR

Table 1 Simulation effect of five penetration resistance models in red soil with four different parent materials

+ e i) TR AR Simulation effect

Soil type Model Soil depth/cm §% 257 J7 il SSE HERB R FEARKN WEKFE P
FiASESEARE 1 0~20 498 591 0.78 9 0.00
Granitic soil ( GS) 20~40 1302 477 0.84 9 0.00
2 0~20 446 211 0.81 9 0.00
20~40 1224220 0.85 9 0.00
3 0~20 458 060 0.80 9 0.00
20~40 1298 720 0.84 9 0.00
4 0~20 567 484 0.76 9 0.01
20~40 3922779 0.51 9 0.12
5 0~20 495 291 0.79 9 0.01
20~40 654 515 0.92 9 0.00
e EGRA R Tt s 1 0~20 709 737 0.82 9 0.00
Quaternary red clayey soil 20~40 582 669 0.81 9 0.00
(cs) 2 0~20 231 064 0.94 9 0.00
20~40 447771 0.86 9 0.00
3 0~20 540 895 0.87 9 0.00
20~40 568 898 0.82 9 0.00
4 0~20 2152730 0.47 9 0.15
20~40 1236 734 0.60 9 0.06
5 0~20 340 650 0.92 9 0.00
20~40 554 672 0.82 9 0.01
AT WIESEARE 1 0~20 1294 407 0.76 9 0.00
Argillaceous shale soil 20~40 2934 358 0.72 9 0.00
(AS) 2 0~20 1214143 0.77 9 0.00
20~40 2574 534 0.75 9 0.00
3 0~20 1217 721 0.77 9 0.00
20~40 2 569 346 0.75 9 0.00
4 0~20 1181590 0.78 9 0.00
20~40 7339 375 0.29 9 0.36
5 0~20 1231043 0.77 9 0.01
20~40 1936 625 0.81 9 0.01
AR F=FAR: 1 0~20 1815 634 0.77 9 0.00
Red sandstone red soil 20~40 1874 945 0.78 9 0.00
(ss) 2 0~20 2101 694 0.73 9 0.00
20~40 1403 383 0.84 9 0.00
3 0~20 1412 052 0.82 9 0.00
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3R (i) + R FERIZR Simulation effect

Soil type Model Soil depth/cm 525V J5 #1 SSE Yo RER FEAK N BEK- P
AR F=FAR: 20~40 1414 402 0.83 9 0.00
Red sandstone red soil 4 0~20 3055042 0.61 9 0.06
(SS) 20~40 1 858 335 0.78 9 0.01
5 0~20 1779010 0.77 9 0.01
20~40 1875 904 0.78 9 0.01

TE: MR, 20 30 4F05 0 LA K e | R ISR AT | R AN A E LR AR R i) i e

Note: Models 1, 2, 3, 4, and 5 are the curve models for soil water content, matric potential, water content and bulk density, matric potential

and bulk density, and saturated stress, respectively.
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Fig. 1 Relationship between penetration resistance and water content of red soil with different parent materials
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Fig. 4 Effects of mechanical tillage and biological tillage on soil penetration resistance
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