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o OE: A INGEIEX A T TR IR, LUSE UL LT RS+ MDA TR RE I & B AL IS4, R T
LR NAC IR ERAE P A AL FET LT DT R RE T OS2I . 255 0, LA INADHE, A INSRAE LD 38 ks T 4O s Ak e, 30m T+
HRANE K . AL . AV A S, FRILT R EAAZE K, S0 3 AR A RS AEAL IR, S U280 AT ab
BB ERE A LS o B 14.9% M1 13.8%, @S RAHHER 163% M 12.1%. [N, X NSIEGEER T4
MFEFET RHRRE S, UL R ML E R F AN R EG MUK TR 0 ~ 60 cm +/Z RERT:, FRIEETHTR™E
B 2022 4, SRR K FLIHE 20 ~ 40 om L 2ZH U EKEIRFIRER 271.5% 4 RGO XTI 2 204 30 S /K 2 W STk
FREFURM IR, TIBRELBI R 55.3%. 23.8% 1 19.4%. W50 A IR SR AE AL BREE TH AT EHRAN 2 P T R 424t T BT
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KEER: LR, RHCARCEOKG; EWHT R, HHUEE,; LHg

hESHES: S156.6 XHERARRRD: A

Effect of Winter Green Manure on Seasonal Drought Resistance of Red Soil

WANG Ye'?, GAO Lei*", WANG Yanling', ZHONG Yong? PENG Xinhua®"

(1 College of Ecology and Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing 210044, China; 2
State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 211135, China;
3 Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China)

Abstract: Given the increasing challenges posed by seasonal drought in regions with red soils, this study aimed to assess the
regulatory effects of winter fallow (CK) and winter green manure (CK+GM) on the drought resistance of red soil, focusing on soils
derived from two parent materials: Quaternary red clay and red sandstone. The results showed that compared to CK treatment,
CK+GM treatment significantly changed the physicochemical properties of the red soil, in which increased soil saturated moisture
content, effective porosity, contents of organic carbon and total nitrogen, while reduced soil bulk density and wilting moisture content.
After three years of CK+GM treatment, soil organic carbon increased by 14.9% and 13.8%, and total nitrogen increased by 16.3%
and 12.1% in soils derived from Quaternary red clay and red sandstone, respectively. Meanwhile, CK+GM treatment improved the
resilience of red soil to seasonal drought. Under CK+GM treatment, the effective moisture contents of soils derived from Quaternary
red clay and red sandstone were significantly increased in the 0—60 cm soil layer during the dry season. In particular, during the
severe seasonal drought in 2022, the effective soil moisture content was increased by 271.5% in the 20—40 cm layer of red soil
derived from Quaternary red clay. The contribution of winter green manure treatment to the effective soil moisture content of red soil
during the dry season was 55.3%, which was greater than those of the parent material (23.8%) and soil depth (19.4%). This study
provides direct evidence that winter green manure treatment enhances the resistance of red soil to seasonal drought by improving soil
quality, and demonstrates that it is a recommended measure for soil resistance to seasonal drought in red soil areas.

Key words: Soil parent material; Effective soil moisture content; Seasonal drought; Soil fertilization; Soil structure
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AT G AE VL PG 48 T VT AR VL DX v [ 2 g 1
LTI S 20 (28°15'N, 116°55'E)JF g . T4
b Jg MARZTHE X, SRy SRR 20 KU, R IR
HAEN AR, 50% DL EREKHBLZE 3—6 A, Bl
JE ) 7—10 Ha ¥ iR/ bW, 54T ET R i
UM (2021 4E 1 H—2023 4E 12 A), BF5EX HFH
IR 19.1 C, HEm HBEEE 413 C, BAKEN
~7.6 C, FVHBAFEAEEUL & 877.7 mm, AFF-HRE
KEE 1 602.9 mm, Hr, 3—6 J I H BIRFKE RS
AEBIMEM 1.8 5%, MBI fEZE R LT 24
K 7—10 A0 H BIREKE AR 2AERE R
50%, TVETEZE R R AE AR RIER 1.5 f5. B,
3—6 HiEH MiZHIX 2, 1 7—10 A ATk
TREEE 1), NTEEE LA, 2022 FHE T
B, 2023 AEAHXTRENE, 2021 AEfE T,

- ) 1300
20234

WAL ZEHUR HE (mm)

1 20212023 2%, REENREAYRKERBERHLE

Fig. 1 Monthly average rainfall and potential evapotranspiration for the whole year, dry season, and rainy season from 2021 to 2023
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WHEE 4 AR, 7 ARGk, BR8N o .
BERMRER B 2 FRaR AL B . 4 PR AL B (CK) FN4- i
JE AL HE(CK+GM), CK A EN R4 2Rl oK, 4
Z+ %5 N . CK+GM b B 2 5 CK Ab# R HF—3K,
MAEAZERME AL 8 D, AR S T3R5 7E 9—10 J
RIS b, 554 3 ArEIEEE NRIEISH, &
FHEREE R 0 ~ 15 cm, AEHSE A KA LA B LA
TR RO, AR 37.5 ~ 62.5 thm®, BEN/)
DX SR FFAH ) ) ft A 2 Rt A £, A 120 kg/hm?
FISALER . 300 kg/hm? (43 BERRES AT 120 kg/hm® (4 JR
. BMEHRE 3 AEL, L 124/DNX. R
J R B L B (G E i) 25 7 2, SR IUZR 2R+
MLLRY % B LU I BhoRL & & 40 5 ok 48.6% Al
22.7%, FyRiArHIR 31.6% Fl 16.6%, fWKL551H
19.8% Fi1 60.7%.
1.3 fEHRiNE

1) BEEEKE: FERA/DXHEE 1H# 100 cm K
KRR PVC &, I F# #55X TDR(Trime PICO, IMKO,
Ettlingen, Germany)aliZ%illE 387K 3, WA H
258 1k, WA 69 WK, ME R 0~
20, 20 ~40, 40 ~ 60 cm, BEAEERRNE 2 4~ E
i, BULYIME, J3RAS 2 484 A~ 3K 50 Bl

2) HHUKFFEINZ . 2022 4F 10 A, EEA
AN FHA IR JTREE 0 ~ 20 ecm )2 AR - 3eke
fh, EEE RIS, ARG, FRE
TR A K& BRI A B O, R E 8
ABLOHUEHE , 43598 310.1.980.6.2 192.7.2 773.6.
3100.9, 5371.1, 6933.9 19 806.1 r/min, XJ LW 7
35120 10, 100, 500, 800, 1000, 3000, 5000 Fl
10 000 hPa, FfB.CoHLI5 23 % MO 2 R IR T
A, XFRZEFE] 2050 10.0, 262, 48.5. 55.1, 582,
73.4. 80.5 F190.1 min, E.LERUGHEGHIRTT, #T
WTVINRA S G TR, 13 ENZW T Y 88K,
YRSEIAT T — A = A R A B0 o S0 I AR A i 0
J& . B IT R RN 105 °C RgHERE T = E E, it
SRR AT, LUK IR S K R SO R R Bk

DL K Iy R i A bR, DL SRR K
(em’/em®)y Y ABFR, fH) Van Genuchten ##1Hp)
G BHOKRRIEIN L, BRI FRIEAN

0=0,+(6,-6,)1+(a-h)' | O
Kb 0 N EHARBIEKE(em’/em’); 7 NET7Kk
(cm); 6, F1 0, 43 IR IR TR A S /K AR A& K 2
(em¥/em’); a(em YAl n BEBEZREL, m=1-1n,

R K RRIE - 2R, AT LAZRAS 25 i (1
Z&KE, B 15000 hPa M) T i 3RS K &,
S Y - BEAR AR S K i S 2R K 2 25 B 1 B

Ok i = 0501 — OC¥ = 15000 hPa) 2)

FIHILE 7K SRR 2 AR B R RT Y
TIELLB G Lo ZE— A EHERRTY AR, 8
FLBRR B A iR 2 AN R BLAR I [BE B AL, X4 4%
KW Ty EE W R R LR B IER A
B, A T Ul R R
4ycosy

D (3)
Arf: S HEIEW J), hPa; y R/KEYRE K T, HAH
H75%10° N/m; XFHEMAHE, KA v
AR/, K YiEHE IR E R 0;D A BAME Y e,
mm, I, ARGl T 500 Y &
LR(A@)), ARSI (R 1),

D=2
S

S =

4
F1 TBEILBREBERAOTER

Table 1 Calculation of soil pore indexes

bzt FEERE SRR
RALBR >50 um Ocw = onpa) - O = 60nPa)
LB 0.2 ~50 um Ocw = 60npa) - O(w = 15000hPa)
THALBR <0.2 um, RPZEE A 6w = 150001Pa)
AL A ORI FE A FLBR Ocw = ohpa) - O(¥ = 15000nPa)

WAA R A RE T B LB

O = onpa) - O(¥ = 330hPa)

3) Hofth 3 fbdedn. 2022 4F 10 A, fERA
INX 3 AR E RS 0 ~ 20 em 080 H4E, IRAH
SlJa, EHTP A MRS, ARNKNTEL
10 B, SRR e H Rk 4 ag; i 100 H
T 5 -3 AR AN 4 R B i DA A - S Ak
T2 R Tk ) R,

1.4 HESESSH

FIMH Excel 2007 3 F 4788 e BAW) A0 5347
K JH SPSS18.0 41T Pearson FHIE/HT . BRI K
7725537 H1(One-way ANOVA), 37 t K% (Independent-
samples t-test) FIZ2 H 2 7 2243 (MANOVA), FIFHT™
SR AERA A4 PR R0 - K o B Bk« 2 ER
Origin 2024 44,

2 HBREHSN

2.1 ZRGIEXT LTI 4L M R A B2
22 PRI A (CK+GM) b BHAT R0l 3 1 2038 i B A
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JEYE(ER 2). WrsgEbR I, SRR S a4l AL
Fitmt, 5 CKACFEAI L, CK+GM BT Y 1 454f
MEKEMBEIKEFEESNNDERS T 6.0%
20.0%, HHEIZE KR BRI T 9.5%; XM thF
RN AR, CK+GM ZRBE T A&k E . B3
LA A RS R ERES 7.9% . 25.0% Fl

43.8%. fLdRbR i, CK+GM Kb BT AP 4T
B HLRR A4 R LA EE S N TR P 4D 4L
AT, 5 CK MM, CK+GM AbF Ry
AP R R B B ERE T 14.9% Hl 16.3%; *f
TaAWaERFAE, WiaileERS T 13.8% Fl
12.1%.

R 2 ZIRFEBAIET M RIRAEARIBUIER

Table 2 Basic physicochemical properties of red soils derived from two parent materials under winter green manure treatment

+ HEFR Ak e R EHLERRAR R - AR /S ey S FAR:
CK CK+GM CK CK+GM

A (g/em’) 1.13+0.01a 1.08+0.02 b 127+0.04a 1.19+0.01 b
TR K 4 (em/em?) 0.50 £ 0.00 b 0.53+0.01 a 0.38+0.01 b 0.41£0.02a
LB (cm/cm?) 0.30+0.01 a 0.33+0.03a 0.24+0.02b 0.30+0.02a
PHZE &K (em/em®) 0.21+0.01 a 0.19+0.00b 0.14+0.02a 0.12+0.02 2
A E(em/em’) 0.25+0.01b 0.30+0.00 a 0.16£0.02b 0.23+0.02a
T HEE Bk (g/ke) 410+0.18b 471+0.09a 449+0.12b 511+£0.19a
T4 R (g/ke) 0.43+0.01b 0.50+0.03 a 0.33+0.00b 0.37+0.03a

T R AR NG P RS Al — L A [R) b BE R 25 5 2 3% (P<0.05), FE.

CK+GM A3 T 203 ALBR oA o X TP+
HERE, CK+GM AbERES B35 T RFLB A7 e, 98
AT LB A LB AR (8] 2). Y EEFTR SR 4
AR R F AR, 5 CK B, CK+GM kbR
TRYRFLE S R E T T 22.9%, HFLBR 3 FRAIK
T 9.2%, WALBRRERIRT 10.4%; EEFUNLZLAD
FARE TR, 5 CK ARHAI L, CK+GM AbHF (K

Bk [ ko
030
EAEREAR ST FARE RS0
a
025+
a
o b
E 020f b a
=
2 a
a
j_; 0.15 b b
oy a b
= 010 b
=
0.05
0.00

RALBE LBt LB LB LB LR
LB

(B HORRING B3R - HEFL R G Fr 8 P Ak 388 ) 2 5 Wk 2
(P<0.05), TFTal)

B2 ZAFBLETAMERAZSLIENTLESH

Fig. 2 Pore distributions of red soils derived from two parent
materials with winter green manure treatment

KALBR G B ERTE T 72.8%, ALER W R T
4.7%, LB E KT 8.5%.
2.2 Z RGBS BT E ST AR

2021—2023 AP FBE LI K o3 i E] 378 R
(#l 3), CK+GM Ab#EEm T Rk & i, A5
TR FEAERZ LT, TIEW S &R %, g
ATl o FAR (U E =y B = EAR: S 3 U TR/ e - N [ 6]
&, RN R FLE L, CK+GM b HE R
T 20 em PUF )20 50K 0, LA Kk F 4104
A 40 ~ 60 cm )2 3K AT W LUK 5T 3
], XTSI LLR R B LI, CK+GM Ab#H i
FARET 20 ~ 40cm 1 40 ~ 60 cm + 2 H K, 12
R RN 17.0% F1 11.9%(F 3), Ti%FT 0~20 cm
HEMEHOK TR ER W, X TAE LT,
CK+GM Kb 2 & $2 7 T 40 ~ 60 cm - JZ 7K 43
i, REIEEY 9.8%,

AREEGFIARTE ZETT, CK+GM AT 37K 43
SEIA AT, 2021 4F, B4=(7—10 H), 5 CK
AbFEAR L, CK+GM b3 i E 27t T e8I g 2r g+ &
HLIHE 20 ~ 40cm F1 40 ~ 60 e +JZ KAy, R E
B3N 14.0% F1 11.3%, MiA0EFRIL0aE Kk
HLHE 40 ~ 60 cm +)2 K 10.4%; W2,
CK+GM Ab3XF + 8K /i s iR R, Lk =%
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Fig. 3 Dynamics of volume water contents of red soils derived from two parent materials with winter green manure treatment

F3 ZAZPABETAIESKENELRFITHFE
Table 3  Statistical characteristics of red soil moisture contents with
winter green manure treatment

TEHE ki BNLOF T ATLAN AmakEaRE
(cm) (cm*/cm’)
CK CK+GM CK CK+GM
0~20 AT 025a 026a 020a 02la
Bl 0.34 0.35 027 028
H/IMi 0.14 0.14 010  0.10
AR ER%)  22.1 223 24.1 24.0
20 ~ 40 AT 0.29b 0.34a 025a 024a
Bl 0.35 0.42 029 029
/M 0.19 0.23 016  0.16
REK%) 134 147 14.1 14.5
40 ~ 60 SEAAE 030b 0.34a 026b 029a
NI 0.34 0.41 029 033
H/IMi 0.23 0.26 017 019
A5 5 (%) 7.9 105 103 11.0

RN 17.0% ., 18.0% F1 12.1%. 2022 4EZ
TPET R RN, %A R T H YRR RO 24
BIRE KRN 18%, 1T 22 A ¥ [K &b AR HI{E )
1.8 fif. B2, CK+GM AbHLsr51 3T 745 e
CIFb+ LTI 20 ~ 40 F1 40 ~ 60 cm +JZ + 3K
17.1% F110.6%, W EHET+ T LR A & B L1458 40 ~ 60

em HJ2HHK 10.7%; W2, =H40HEBEERT
T 20.8%. 16.5% F112.1%. 7¢ 3 4ERF5EHIA], 2023
T RRAHE, 22, CK+GM 4H 5 2
FPRT T LR R F LI 20 ~ 40 140 ~ 60
cm + 28K 20.0% F1 9.9%, bk ELIE
40 ~ 60 cm + )2 HHIR ML 6.6%; Mz, =3
BRI T 20.1%, 14.2% F19.2%.
23 ZRFENEFLAEFEURAKENZ T

Ze A5 T R e MOKIE AR TR AR K &
BB LR 4 B M T CK 4B, CK+GM
AbFR R E IR EATE 0 ~ 60 cm T ERZ RS K
o X TR IUZLLLRE LR FLIE, 2021 4 2022 4
2023 4F 0 ~ 20 cm TR ARG KR HIE R 227.9% .
37.1% #119.8%, 20 ~ 40 cm +J2 3 MK SAFEARE
JKEET I 83.1%. 271.5% H195.1%, 40 ~ 60 cm
RSP ES 58.6%. 69.4% Fl 40.6%. Xf T4IHbi
KELE, 0~20 cm )2 BTG KEAE 3 AKX
R R Z AR 135.9% . 150.7% Fil 44.9%, 20 ~
40 cm +JZ25 R 19.7% . 36.8% F119.8%, 40 ~ 60 cm
SRR 52.1%. 52.8% Al 30.3%. Gk, HEpugl
CLE LR B LI R TR ROK X A PRI T Fry e iy
SRTLIRP R FLE . BEE SRR, WIRpRER
CLEMAREK R BE T, T REC™
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Fig. 4 Effective soil moisture contents at three depths during dry season (July-October) between 2021 and 2023

H 1Y 2022 4ELE, CK+GM AN 2= T 305 K B
SESIPVE S P IRTE

FRREE . BRI RS 3 IZE X 0 ~ 60 cm
TR BB LA ROK & R 2 K R 7 22 50 W s
RER DR, LEFRETE P<0.001 K- FRERR
*4 TBERE. BRAMEAREMNEBEFTTEFYLAKE

FME T ZE 2
Table 4 Variance analysis of effects of soil depth, parent material

and winter green manure treatment on effective soil moisture content
during dry season

G df F{& P{H
T2 2 79.790 <0.001
Bl Ji 1 4,983 <0.05
eI 1 8.328 <0.01
R B < BE BT 2 1.439 0.247
R TREE <A R4 2 0.443 0.645
B x4 R T 1 0.369 0.546
A JR TR < B T < A PR 1 2 4.366 <0.05

BELHAYOKE &, LNSIELE P<0.01 K W2
S HIEAROK S &, MRETE P<0.05 K T35
i A RO & . R | A REEIERAEET 3 AN
FO R I RUK & R DT R 55.3%. 23.8%
H119.4%, 1 =F A HAEHRITTHERA R 2.0% (K] 5)-

3 ihie

31 ZREIELEFHNTRSIETERSE
SIS — R XT T A W] ) B A ) -
FAIPY . ARG R, AR ER AR AL B Rk 3E T 4T
LY — A BB, 5 CK A HAH L,
CK+GM b2 3 T +4emn AR R, i 3443,
LR+ R EF RN A YRS B T 14.9%
(P<0.05), ZIPA R B LR T 13.8%(P<0.05), -
HEAT LR 2 B e T B o F A AR R B AR,
HESY W IR IR GRS, FRE, A L
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Fig. 5 Contributions of soil depth, parent material and winter green

manure treatment to effective moisture content of red soil during dry
season
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e, AT T A ISR AL FEAE 3 1 3% IR
L5 T 25 SR AT 45 SR A — 3 BT A g
i b, AR ZERE R, LN FERE S LT
S FLBRES Y, BRI W T LR 5 L
SR R FaHET >50 m BIFLBRRE N T 22.9%
(P<0.05), £L00A KB LERIEIN T 72.8%(P<0.05)(
2). HIELLIREEA 5K SCTIRE R VIAASC, FLERIL
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. S—Iri, SRt A S WL R A A ek
AR A SEFLBREGAY . - 3EE AL EFLBR S5 A =2 ]
e BB AR SEE, YR e K B AR
PRI, A PRERAE Ab AR 2 R T2 5 A fRRRE AR
3.2 ZRGIEAMERF TLAENR R

T3 R e RAEYIE R RE R fE 2 BRAR BE
M 5T, 2038 X ZE T VR 7 1 1 S AN
B, B 2T 2 T R AR BE T X X A
VY RT R 4 Je e B ARBGE R B, A N ERIE ik
PEfE WA R S A R E B AR 2 0~ 60 cm )2

AR KA 4). EHEA UK TG R ) 2 Al
T EHUR BRI R OCE bR . AR, i R IR
SRR REAR = R Rk BE Y, (R, KRG
FhAE X B ZAE P2 e ) AT 9T B Rk, ABIFTY 45
TRy 2% TR g N AR ST S AR AR 2= Pk T+ 5 P g O i m 4k
FHERHE T IR 4L R A S K R A2 B —
ZONH R ILFE S, AR 85 R B, SR
SERCIR AT ROK 3 Fr i o A R, R A
PRERNE AL, H ot T REBAIPEN, 3 M EEZ A oTmk
IR 55.3%. 23.8% F1 19.4%(F 5), +IFEREE
K, HHEZBNZER MW, X R LRI
HEE H B T A K R R B A g e R A
PIRhZE R X HOA Ry Sk 2 A 213 R I, HE 33 ok 40
BN B 7 Y B W3 2 5 (%, g i,
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