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FRCER S ARG . [ ek ] ZE TRV e R+ LR 9 FERA/INE I FORRAER R A HUIE A B RE A
R, ER/NE-FKRUERFEH (SNPK) ., BHUEEE 50% LAE (50%M) DL A HLIEE 100% fIE
(100%M)., HififLiE (NPK) 4 AMEB/NX, REMHEFUR L, 055 E . BILBE . FIRES M. HIRE
FUEME . KAPRRIERTZR . MR SACR DL AR R Sk, JRIEER R ERK U 6, [ 4558 ] St
(NPK) # L, FEFFIE B LB AT HLAC it FH A BRI AC AT i i me I o RAFLBURE . SR AA 0 A 3] % T 2R 1k
FasErE . THOKAEE MRS BB R, 7830 kPa T 100%M Ab3E 4 & 7K it B 3E & T NPK Ab38, HALW /1 F 4%
b TR S K AR E TN . NPK<50%M<SNPK<100%M, 100%M 4bFi4E NPK 43R B & 425 T K2 (0—
5cm) HHERBAEILBRIAR, IR EERS T LRI RZE (10—15 cm) TTRFLBAARL. 5 NPK AL, FEFFE H
DL B G 3= T R SOk R, (AR IR SOKREG B EER . WA, HAHAVIEE SR

T2 (0—15 cm) T TR E B B RIR KB, WA/ NERRERKA BEFN, SNPK Fl 50%M REfS
#4455 NPK AFUAR T G/E 7= B A Wi, i 100%M %5 NPK A B 5 B AR T H TR M7= B A/ NE R A Y
TR RS AR YR, A WA N R TR A . [ G5 ] TERRE PR R &N - B
FORFPHEAR R T, WL 9 FIMERS AT IE HAL G 5 AL IEAA HUIL IR 50% LI mHE i, WaEuesE T+
WeRpkEE S, (e T HFORMRARAK, W H= S PR A AT . 1 100% i A LB AL BEREAG T 3745
R R TR, EHX Y BRI B AR SCR . B, XN A 100% A HLIE . BhA,
FhEFFIA LA SA HUAE AR 50% ARAL XS V4™ et A -+ Sy 3T 07 5 me 7 st e e Wa
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Effects of straw return and organic fertilizer substitution for chemical

fertilizers on physical fertility and crop yield of loess soil
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Abstract: [ Objectives ] Efficient utilization of agricultural organic byproducts is an pivotal strategy for

advancing green agricultural development in China. This study explored the effects of straw return and organic
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fertilizer substitution for chemical fertilizer on soil physical properties and crop yields in loess soils, to furnish a
theoretical framework for optimizing nutrient management and enhancing agricultural efficiency in the region.

[ Methods ] The research was based on a nine-year field experiment conducted in loess soil of Guanzhong Plain.
The cropping system was winter wheat (T7iticum aestivum L.)-summer maize (Zea mays L.) rotation. Undisturbed
soil samples were collected from plots subjected to four treatments: straw return with chemical fertilizers (SNPK),
50% and 100% organic fertilizer substitution for chemical fertilizers (50%M and 100%M), and a control using
only chemical fertilizers (NPK). Analyses encompassed soil bulk density, total porosity, aggregate distribution,
aggregate stability, moisture retention characteristics, saturated and unsaturated hydraulic conductivity, crop root
development, and yield. [ Results ] The implementation of straw return and organic fertilizer application did not
result in a significant change in soil bulk density, total porosity, aggregate distribution, or aggregate stability
compared to the NPK treatment. However, the soil water retention analysis revealed that the 100%M treatment
exhibited a notably higher water-holding capacity at 30 kPa compared with the NPK treatment. Across other soil
water retention levels, a general trend of NPK<50%M<SNPK<100%M in soil water content was observed. The
100%M treatment significantly augmented capillary pore volume in the topsoil (0—5 cm) and increased ineffective
pore volume in the subsoil (10—15 cm) compared to NPK. Both straw return and manure application generally
enhanced soil saturated hydraulic conductivity relative to NPK, though no significant disparities in unsaturated
hydraulic conductivity were noted among treatments. Furthermore, manure application significantly boosted root
weight density and root length density of summer maize in the topsoil (0—15 cm), with no discernible impact on
winter wheat root traits. Crop yields from the SNPK and 50%M treatments were comparable to those from NPK,
whereas the 100%M treatment led to a significant reduction in summer maize yield and total yield (wheat plus
maize). [ Conclusions ] After nine years of double-season straw return or 50% organic fertilizer substitution for
chemical fertilizer in the wheat-maize cropping system in the Guanzhong Plain of Shaanxi, soil physical properties
were improved to certain extent, and crop root growth was influenced, while crop yield was comparable to that
under the NPK treatment alone. Considering the trade-offs between crop yield and soil physical fertility, both
straw return and manure substitution for chemical fertilizer are recommended, but the substitution rate should be
controlled within 50%.

Key words: wheat-maize system; aggregate stability; soil bulk density; saturated hydraulic conductivity;
unsaturated hydraulic conductivity; soil water retention
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JEOOs (R A 3R B K AN IR R IE
BUS, A, AUREORY], WAL BRI W
9000 kg/hm? (& £ K & 2L TR FF 4 | 3000 A1
6000 kg/hm?; BEA AT 4R E/R, AL H &
SHED) = R TSR A, Wu 5093RGE, #bY
Bt A 45% Mtk AN, T DR N -
HERMERRHWRE; FEEL/NE-FRIER T,
A ZERRAR 50% AR AE AT A4 15 55 B i Ak B AR AL G 1
P, AR RN, REAENAIIEE
RACAE LB A 40%~60%1*", [Kit, X4E 13 Fnfh
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BT, AWFRAAE LA NE-B ERIERARA
PUAEERAC AL IR S5 A5 FF 08 B A 9 4F 8 7k 56, P75+
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1 MRS
1.1 #ARXER

IRISTEREPY 4 PP A% s X (34°17'517N,
108°00'48"'E) #EA T, % H X Ry W a7 KBl 22 U<,
M5, WK 534 m, EFERR 12.9°C, FRKEN
550~600 mm, PFEMEEZEE D6 F 9 A, HIE
KA RPN L, BT, R TFRET 0—
20 cm HIERARIIAMERT: 4¥H 1.3 g/lem’, pH (17K
Fo1:1)8.6, ALK 15.1 g/kg, 4% 0.7 ghkg, AL
W% 10.1 mg/kg, HAAN 165.6 mg/kg.
1.2 Wit

KN B AR R A HUERARALIE KRS #F 4 H
I T 2014 4F 10 A, s 7 408, A5
VEREI P 4 b BEHEST HIEIORE, AEE: 100% fRIE
(NPK). 50% A HLAE+50% FLAE (50%M). 100% A HL
I (100%M) . 4= NPK [t & /N2 F B KA ZEFEFF 6
M (SNPK). X5k HFEHLIX i it, &b 3 4>
FHE, BA/PXEHN 30 m® (7.5 mx4 m), NPK 4t
B % 43t FH o R 2 M AR i A, A5 AL AR /D
. EARFNEPRA . B WAL 1.
TRRE R PR 2 | 38 1 B RS DL B IR AR, A HLIE N
fEEARE, AP, A B BTSSR 362,
27.6. 11.1, 7.6 g/kg. SNPK AZbFH iz /N XSOk A /)N
F . OEKRFEF, W 3~5em KIERLH, NEFE
AN . ERE P AERE AR , SR 5 R et
BUBERFA T3, KRBT Rt B . i/ 22
Rl C/ME 227 (2014—2021) Fil R 1697 (2022—
2024), THRAFE 10 A LAJHEF, #EFEER 375 1~
420 Jitk/mm?, FORGFP R CEREL 9587, F/NE IR
JE R ERE, BRI N 67500 Hik/mm?, VEHA K

R1 BANBHEBEENE [kg/(hm’ a)]

Table 1 Annual application rates of nitrogen, phosphorus, and potassium in different fertilization treatments

AbER £ /NA Winter wheat H >k Summer maize BFEA Total input
Treatment N P K N P K N P K
SNPK 165+70 65+4 75+131 180+36 0+3 0+205 451 72 412
NPK 165+0 65+0 75+0 180+0 0 0 345 65 75
50%M 83+172 33+82 38+51 90+0 0 0 345 115 89
100%M 0+345 0+163 0+102 0 0 0 345 163 102

TE: NPK—HEALIE ; SNPK—FEFT WZEIR LG NPK ; 50%M—4- 38 R50%LIE; 100%M—Ei 43¢, R4 IR H A =R “Ib

EAREFTaFEAL”

Notes: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M—100% cattle manure application. The nutrient input amount in the table was expressed as “chemical

fertilizer+straw or cattle manure” .
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V)RR B0 A T 55 0 R AT VR TE B U TR A 24 80 mm,
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1.3 #mRE

2023 4F 10 H B RWGR)E , B 5 R4 3
A 0—5 Fl 10—15 cm ¥ J] () 100 em?®) JFk £+
B, TR AT WAEKE ., 5L
JE AT ERUK SRR L S4h, Ak
FERAE 6 4> 0—10 A1 10—20 cm JFR +RES, T
72 A A RAR KN Aii o IR, HoRER 0—15,
1530 cm HJERMFERIR R, W THEARK % LK
WREREE, BOEEREELEWKEAK, 2024 4
6 H/NEZIARIE, K8 0—15. 15—30 cm + )2 H9/)
MR, WETHERKEE D ARERE, 5§40
HE M EAR 8 ecm MMES 53 T/NEAT R 517 AT
D=

INFE L R, BN B R 3 m? Al
15 m* (2 mx7.5 m) FEARA TUCE], W Bk, i
b LA i DA ROk R =
14 #HmNERITE

WML TR AR, MR LR E., LA
BEE (Py) A (1) 15, b R EE N
2.65 g/em’:

Py =1- T4/ e (1)

BUA AR R M P 3R A SR FH 1 0 32 05T 7 o R B
200 g T HREA T, TP B ZE TR
2. 1. 0.5, 0.25 F10.053 mm, 3 JH e ShHEG LT
4y, %A 60 r/min, YRIGHSE]K 5 min, 0558
BURBGE FRERRE, TR B RAR T 5 LA

IKFRPE P SR AR R O il o o 6T T s 9
PRFCEL, FREL S0 g HRERCASE IR, B, 4R
J DB 5 L300 2% e S T A8 92 18 I A 24 L i) 7K
s 5% MK, INEEAE 4°C VKA . 2R
ZE, HiFLEN EETREKK 2. 1. 0.5,
0.25 F10.053 mm, RFEE T Iar K B AR N
5 min, JAshAKAL, FEREE LT 3 om IHE A H
4y 2min, b FHRS) 50 K. SREHUHER, K594
RBE Ak EC A E R R AR, FE 105C HERE
T EAREE, RSB RIRTT & ], <0.053 mm
1 P SR AA BT 5 P il i 22 08k 1 . RIS (2) 3t
A PR AR & AR (MWD):

MWD =}y W, ©)

i=1

P, X ORI AR AR Y B AR (mm) . WO ikE

VAR AR 11 J0 f 0. 1 0 2 AR 0 3 000 e 1+ 1987
¥y B A4 BIkRie ) DMWD fl WMWD,

KA RFAESR R B DAL e . RSt
HERES B 24 h, FREE. RJE, RS AR
E.O0HL(CR21G T, HA) 7E 25°C FEL, K11,
3.5, 10, 20, 30, 60, 100, 300, 500 F1 800 kPa
BT R E R, SR EMA T 105°C TR
24h, RE, 456 HEAEITEEDNRIE T AR
FoKE, BIKRHERMZ . f#H van Genuchten £
RUORIAA KA EE IR, WLt (3):

+ & h<0

[1+]|aA-hlT" 3)
0, h>0
Kb, o) AR S VER T AR S K & (%),
0, MERAARRI B KB (%), 6, A AAT S K& (%),
h AR, o HHAHESE (em™) BEIEL, AN
IR E 5 R AR T AR (em?), n Fll m FAEHh IR
Hd m=1-1/n,

R HHEEEBIRC, AR KRG,
KW h FE R R A E AL B B
MBS IERSEZE R . LB EAR d (mm) FIKK
71 h (Pa) KR T TR N AR (4):

d =300/h (4)

+ s g n] Ay il S ALEE (>9 um) . BEFLER
(0.2~9 pm) FITERLFLER (<0.2 um), FFXd R AY 730
Fil 43 51 <33 kPa, 33~1500 kPa F1>1500 kPa™*’,

TRLR T K SRR AR SRR fHKCke i
S, mal (S) IR IR EKR (K,):

K, =0OXL/AXTxH &)
K, H KRR ARNEKKLZ (cm); L AK
MR HLEE (cm); Q WS (mL); 4 A/K
M RN (cm?); T HFAY ] (min),

HHEAR N G RIE TR MR R £, AR van
Genuchten B EE 4 Mualem RIS 4450 - 17 15
(6) F1= (7):

K(S)=KS[1-(1-8")T (6)
{f, KNRKE, S.=(0-6)/(0,-06), o
0, 53 B M RATL &K B FBR AR RS K|, K,
EMAFAKE, SR fLBAHEEHF T, Mualem {i
E1=0.5,

O(h) = f(x) =
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T @n T "

X, a N—1NB%, m=1-1n, oM nidati/h
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THEATRE], YOIk TT (AT kPa).

HE AR b1 s AR R Y (Win RHIZO,
Epson V700 #Y) 47434, RBOR R - JZ R R0
SR RL, cm) FIMRERETR RS, om?), FFHIAZ (8)
HHEARKHE RLD, km/m*)™, SR/5T 60°C #t 1,
FREIFFARIE A (9) IHAME R E (RWD, kg/m),
N ANF

AR (kmv/m®) = ARG/ TSR ®)

WEHE (kg/m’) = MR/ AR )
1.5 Geitoth

IR 45 B R SPSS 27.0 BAFHEAT )7 20001, £
H LB LSD ¥, RFEKFPBEN o=0.05; {H24HE
LRSI, 0—5 om 12 HIETRHLBIX — R bRk
AiE A FFE A, 8 Games-Howell iE47 50 #7 .
FIH] Pearson AHICAT M oA+ EW B 5T 5 77 1 1Y
FHOCHE

2 RS0

2.1 THIERBMFLEE
M2 LA, 0—5om 12 AT N 114~
1.23 glem?®, 10—15 cm )2 HHEZ N 1.45~1.54 g/emr’s
0—5 cm T2 I SLLB RN 53.75%~56.87%,
%2 FEERAETIEREMRTLIEE

Table 2 Soil bulk density and total porosity under different
fertilization treatments

TERE (em)  AF HHERE (goem®) HHERFLBE (%)

Soil depth Treatment Bulk density Total porosity
0—s5 NPK 1.20+0.08 a 54.53+3.14 a
SNPK 1.2340.06 a 53.75+2.40 a

50%M 1.1540.07 a 56.6242.61 a

100%M 1.14+0.04 a 56.87+1.59 a

10—15 NPK 1.50+0.01 a 43.49+0.20 a
SNPK 1.54+0.04 a 41.98+1.48 a

50%M 1.45+0.18 a 45.47+6.96 a

100%M 1.4840.03 a 44.16+1.05 a

TE: NPK—HEALAL; SNPK—FREFT XU FIBLENPK; 50%M—
FHES0%IAL; 100%M—HiE 42, [RIFIEHE R AR/ NS 7
RERIR Al — 1 2 AL BRI AE 10 3 25 57 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize
straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M—100% cattle manure
application. Different lowercase letters after data in the same column
indicate significant difference among treatments within the same soil
layer (P<0.05).

10—15 cm )2 - S ALBREE Y 41.98%~45.47%,
A HUAEERC AL BEAT AR I 25, 398 B LB
B, (R —1 2R 2R E .
22 TEARKSHRERBEM

T 75 5 AR 7 32k 3000 AN () Ak 3L ) 58 AR Ky il
RGBT AT, AN [ A Ak B O R
T AR E P A R AR SR R M R AR LUI>2 mm
IR A e, HKCh 2~0.25 mm FIRMAR, ks
B B, W — 2R R AT AT KN B
SUKFEME SRR S R IC B 2 R

- A R R AR AR (K 2) R, 0—
10 F110—20 em )2, HURES & M A SR A7 34 o
H 1% (DMWD) 4317 3 Fil 43051k 3.98~4.31 1 4.07~
4.14 mm, [A]— L Z0RRE TR E 2R

TR AR M A R ARF 4 & i AR (WMWD) IR
DMWD, 0—10 cm +JZ WMWD 43 i {E Fl N 3.27~
3.73 mm, 100%M Kb 2 5 F 50%M Fl SNPK 4b
PR, 10—20 cm + /2 WMWD 43 fiJi il Ky 3.21~
3.70 mm, 50%M 4b ¥ 3 5 T NPK., SNPK fl
100%M LB,

2.3 IKSTHHERhZE

1E 30 kPa /KW SR, 100%M 4bHE 0—5 cm +)Z
TS KR B T NPK, HAlK W R B 10—
15 em 2 A /KW 7R Ab 3] 398 5K B0 B 3
FESE, FIKW 5T B E KRR I NPK<
50%M<SNPK<100%M ## (K 3).

£ 0—5cm H)Z2H, o fHIEFEIN 0.02~0.23 cm ',
nEEEHN 1.10~1.15, m HTEHEHN 0.09~0.11;
£ 10—15 cm L2, o HEHEH 0.01~0.05 cm ™,
n HIEHE N 1.09~1.11, m {HTEHE N 0.08~0.10
(#%3)o [F—1JZ T AFRAERR) a . n (G mHH
TR EER.

0—5 cm 12 HIEMAE K EH 0.49~0.52 cm/eny’,
10—15 cm + )2 HEWAIE 7K E R 0.41~0.43 cm¥/em’,
IFi] — A SR B A B [ o R K A W A R, 0—
5 cm + )2 M EREK RN 0.29~0.35 cm/em®,
H1100%M 4b G FH A]$F /K B 358 T NPK b
FHE K B T 17.1% (3% 3); 10—15 cm )2 H
Bl 35K 50 0.34~0.36 cm®/cm®, ACH A A B

AN [ i A A BT = SR [ /N 24 L B ) A
A LA 40 0—5 em 2, EASFLBRAEALY
TR 16.7%~20.0%; BB LB ERE Y L Y
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T IEH R AR Soil aggregate size (mm)

1 T EMEBLEER R TRARFRED K
Fig. 1 Distribution of soil aggregate mass percentage across size classes under different fertilization treatments
TE: NPK—HitifbAl; SNPK—FREFF XL FIBLE NPK; 50%M—4- 28X 50% fLAl; 100%M—100% 43§, M LA RE/NG TR [ —

LA B 24 5 0. 2 (P<0.05).

Note: DMWD—Weighted mean diameter of mechanical-stable aggregates; WMWD—Weighted mean diameter of water-stable aggregates.
NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical fertilizer
replaced with cattle manure; 100%M—100% cattle manure application. Different lowercase letters above the bars indicate significant difference

among treatments within the same soil aggregate size (P<0.05).

11.0%~13.3%, H 100%M 4b P B 2 & T NPK Ak
o TORAELBR AR S 17%~21%. 10—15
em +EH, EAFLBRAR L HERE R 5%~9%; B
LB & ST BN 10.6%~11.0%; JoakfFLERIA
B Gy 23.4%~25.4%, Hd 100%M 4bFH 5
T NPK Ab3,
24 HIRSKE

0—5 cm 2 H 10—15 cm 1 2 ISR
(K,) 735} 18.4~80.2 F1 2.7~32.5 cm/d (& 5). 1E
0—>5 cm )2 71 SNPK AbFH (1) 340 A Sk oR i 28
T NPK fl1 100%M Ab B, 2035 T 334.8% Fl
329.6%, 1H5 50%M 4bBRIC W %225 £ 10—15 cm
2 50%M Ak BRSOk R B R T NPK
FI SNPK 4bH, 5 100%M AbHITC B EH# 5

£ 0—5 F1 10—15 cm )2, AbFE[E AR A S
KRB BFXER (K 6), 100%M ZFELE 0—5 cm
TR A B R R R AR S

2.5 INE/ERRIBRERFE

HE 7 0, 16 0—15em 12T, Z/NEREK
BN 15~17 km/m’, 15—30 cm + 2R KHE K
8~15 km/m’*; A [7] 1 )2 it A Acb $H i) /)N 2 AR 85 B 34
WHBEER, 0—15cm FEZE E KRB KFHE R
1.27~1.67 km/m’, H:H 100%M 5 50%M &b H i #
K% W% T SNPK FII NPK b3, 15—30 cm +
ZEH, EERRKEE N 0.29~0.41 kn/m®, JifiEAb
PRR] A 3 25 o

fE0—15cm 12, Z/NEREEER 0.6~
0.8 kg/m’, 15—30 cm )2 REH R 0.1~0.2 kg/m’,
AR TR A J2 it I A 42 ) AR %85 R B A W 25 R
0—15 cm TR E T KRMWEEE N 0.25~0.41 kg/m®
(& 7), Hh 100%M. 50%M A3 AR &% R B 2
T NPK, 75K T 64% F158%; 15—30 cm 12
tr, AREBEEN 0.018~0.019 kg/m®, Jiti AL &b 34 a] 1
WA B EER.
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Fig. 2 The mean weight diameter of soil aggregates under
different fertilization treatments

. DMWD—HLIEE P B R4, WMWD—K 2 E M 3R 1.
NPK—HUEfBAE ; SNPK—HFF XA L& NPK; 50%M—2-3%§
BefR 50% LI ; 100%M—100% 3% #E EARR/NG FRER R
— R bR 22 5 52 (P<0.05).

Note: DMWD—Weighted mean diameter of mechanical-stable
aggregates; WMWD—Weighted mean diameter of water-stable
aggregates. NPK—Chemical fertilizers only; SNPK—Both wheat and
maize straw returning to field at the base of NPK; 50%M—50% of
chemical fertilizer replaced with cattle manure; 100%M—100% cattle
manure application. Different lowercase letters above the bars indicate
significant difference among treatments within the same soil layer
(P<0.05).

26 1EHI=E

WNIE 8 fiz, /N7l 5558~6778 kg/hm?,
RhPRIE G W 25 5. B KR HE R 9275~10916
kg/hm?>, Hif NPK Fl 50%M 4bFp= & g & 5 T
100%M AbEE, 43 53457 18% F1 15%, SNPK 5
100%M A3 22 R . /NES E KA/,
NPK. SNPK fl 50%M Ab B /=g AHRL, HEEF&ST
100%M LB, 435137 19% . 15% Fl 16%.

KNG AR 11039~14800 kg/hm?®, 50%M
A PR T 100%M LB, HEINT 34%, HY
NPK il SNPK AbFEEA W& 25 . EREKEYEN
17628~20048 kg/hm?, AbFHZ (8] JC i 25, 74
AWEh, NPK. 50%M Fll SNPK AZbHAHALL, 5 5%
FET 100%M kb3,
27 TEVERERAHERERESEMFENKLR

£ 0—10 cm 12, 4T (BD) 5MAE K&
(0) BWEFRADE; HRRYUNER E P & i B AR
(DMWD) 5 H [E]Ff/K & (FC) FITCRALER (P) 2 8%
IEHSG, HEAALE (P 2 REFEAMIG; BELK
(Po) 5 P 2 W FIEMK (81 9). £ 10—20cm + )2

', BD 5 DMWD 2 B FIEMC, 5 6,. P, At
FKE (K) BRERMLG; 0, 5P, K, 2BEIEMH
X, 5 DMWD 2B EHMK; P, 5 K, 2 5EEM
X%, Hp REEAHK.

H R KAFARL 5 5 R JZE (10—20 cm) H1E P,
EREIEME, SFCHP ERENML; £WiE
53&JZ (0—10 cm) +3E BD £ B F LMK, K/hE
FrhL ™ i 5 2 2 HOK R E ok A R AR 1 8 AR
(WMWD) 1 6, 2 W ERAC; EYaES5ERZE THE
WMWD £ B EfAHK; 5FRZE 3% WMWD £ 12
FIEAIE, 5 FC P, 28 E A,

ATl NE AL B+ e HAE ) 22 3E . YEMIIR R LA
Kepr i g A% e i & 10 Bk . 100%M ., 50%M
1 SNPK %% NPK AbFREE = T L3 BAL /1 .

3 ihig

3.1 FERIBHADIEAT T IEIE M RS0
LA B K R LR R
BRSO, RFRER YR, ELE 9 FMITREFF
WERH)E, HIEAER ., BLBRE . FRERN
I3 BeRa e S P AL AC AR e 2 A AR B R
(F2. B1., B 2), HAth—LefFoswiil 7 H L
559, B4n Zhang SFURE HGE R FRA H 20 4F )5 KA
+AE . AREREN SRRl Gan 557
Bt b 8 AEM M EAIR R, FEFHAH S £1>2 mm
1) A SR A B A Bt AL I 8 A 5 AR A, ER Bt
AN R, WAERFFEH)E, Bt HIEAER
PTG IE AN, T meta ST R, KIIREFTIE
M (=20 4F) iT UL 5 REAR 84 0, 0 38 0L
BREES, Thf 22 Aoy e+ | 17 AR 7 i
KB, FEAFIS H RO T >2 mm AR R,
(FSINELGE SINODNZIE 2NN s g o3 |
W L FIT R, REFRE H AT 3 A R R R
SEME . AR ST 2 0] Y 45 SR 22 S nT g 5 - s A
Tl FF A FH L 3 FE S ) DA B M £ AR B R Tl A 6
B, At KRS AT 5 T eSS F Y o 25 RUR
BT ZRALHIX ;. it (3~6 t/hm?) 5 FT i H X £33
SRR YR SOR LT R A (6~9 t/hm?) T FFi4 H
20 AEFEFFIR HO6E 3R BB AU IR T 11~20 4ER5FF
WH, “HEMT 6~ 10 ERFFEH; fERPHEL
HEATRS AR FH 5 X 4 S92 4 1) i 8 A% SR K T3
e TR AT 2 S AT R S50 b 1T M A A
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B3 TEHEARLIE T IEAK S FFErZE
Fig. 3 Soil moisture retention curve under different fertilization treatments
TE: NPK—Hjtifb i ; SNPK—EFF AL AL A NPK; 50%M—2F 25818 50% fhAE; 100%M—100% 4-3% . VG—HliZk i van
Genuchten A5 .
Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M-—100% cattle manure application. VG—Curve fitted by the van Genuchten model.

*3 TEEBLE VG EHENIE S

Table 3 Parameters from fitting the van Genuchten model under different fertilization treatments

+ 2R Soil depth (cm)  4hFH Treatment a(cm™) n m 0, (cm¥/em®) 0, (cm¥em?)  FC (cm’/cm?)
0—s5 NPK 0.02+0.01 a 1.10+0.01 a 0.09+0.01 a 0.00+0.00 a 0.49+0.01 a 0.29+0.04 b

SNPK 0.20+0.02 a 1.15+0.01 a 0.09+0.01 a 0.00+0.00 a 0.50+0.02 a 0.33+0.01 ab

50%M 0.23+0.01 a 1.12+0.01 a 0.11+0.01 a 0.00+0.00 a 0.51+0.02 a 0.31£0.04 ab

100%M 0.14+0.01 a 1.11+0.01 a 0.10+0.01 a 0.00+0.00 a 0.52+0.00 a 0.35+0.02 a

10—15 NPK 0.02+0.01 a 1.10+0.01 a 0.09+0.01 a 0.00+0.00 a 0.41+0.01 a 0.34+0.01 a

SNPK 0.01+0.00 a 1.11+0.00 a 0.10+0.01 a 0.00+0.00 a 0.41+0.02 a 0.36+0.01 a

50%M 0.05+0.01 a 1.09+0.01 a 0.08+0.00 a 0.00+0.00 a 0.43£0.06 a 0.34+0.02 a

100%M 0.01+0.00 a 1.10+0.02 a 0.09+0.02 a 0.00+0.00 a 0.42+0.02 a 0.36+0.02 a

Hi: NPK—HUALAL; SNPK—FREFHZHE HECENPK; 50%M—4- 25 R50%LAL; 100%M—100%4F38 . o— T EREEAIEL, n—FFK
HATERSHL, 0—skekit, o—MEKE, FC—MARKE (TIHEHR30 kPa T RIS/, FFIEWEE ARG FRFRR R — =
Ab3 R 22 5 5 2 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M—100% cattle manure application. a—The reciprocal of the soil air entry value, n—The shape
parameter of the moisture retention curve, —Residual water content, §,—Saturated water content, FC—Field capacity (water content at a suction of
30 kPa). Different lowercase letters after data in the same column indicate significant difference among treatments within the same soil layer
(P<0.05).

et | R R RS AT A A A BREAR T . B S AL F3E I 0—10 cm +
2AK, JZ>2 mm FIRE S EEHE G2 K1 B2)., £

WA, AR, AHUEHT 9 FREWEA MG s i A MU IS 1345 8 Rl IR
BERW AT FLRE AR RSN, B S5 NPKAHLEABEES. WEKY (23 4) 50%

23|
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70 r O FLRFLER Ineffective pores (<0.2 pum)
O E&F LK Capillary pores (0.2—9 pm)
60 - @@ 4LBY Acration pores (>9 um)

[\ T . A
(= = =

Soil pore volume percentage of
equivalent pore diameter

I AR LBA R B (%)
=

(=]

+J2 Soil layer (cm)

4 TEITERALIETIRE LYEFLEFLRER
HEEDHER
Fig. 4 Variation in soil pore volume percentage of
equivalent pore diameter under different
fertilization treatments

TE: NPK—Hitifbil; SNPK—FEATXUFiE AL S NPK; 50%M—
MR 50% LA ; 100%M—100% 2F-38, FEPARR/NG F B3
ARl — R Ab R 25 5 i 2 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize
straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M—100% cattle manure
application. Different lowercase letters in the bars indicate significant
difference among treatments within the same soil layer (P<0.05).

A AR AT AE Ab PRAE NPK Ab PR3 A W2 52
- R AR FE SEED . Guo ZEORT Y AN ) X 5, - 43
KL, KA PR NPK B4 g B+
Wt eh R AN PRI R E T, T
INLTERKAS + AR AR R E M . SR, Fu 5504
W, K A AL AN [ 5 b - 1 2] 2 R
R EiERE, Rl . Hah 2ok
AHZEAE . 3R AN A= 908 LIS RS AR AL IR 2 ] 45 7 (A1 23R
PRFSE PR 7o, X EEgE L il 3R A HLAE
P& it FH o LA K it B ] 45 R 3R 52 i) - 1 4y 2R
NBERWMN AR, A TE R RN, B+ kL
R, AOLTE SRS, Mg Eokidn/, fREae

S, HE R R TR AR 2 ], A AL
R it FH X5 0 = A R KT X B, A HLAR X A
SN T A HUAEEEA>20 t/(hm?-a) Xf £ 3
SER IR SR AL T 10~20 t/(hm*a), —FHH1L
T<10 t/(hm>a)*, MARAHICH TE . B, 85
it AU R E Y TE AR AR 22 5, oy 2e sy
AR . B BB AL, R
TR R, AR R, T LG R AR
TABMASE, MG BCESCR N T4

140

a ENPK
B SNPK
120 |
0 E@50%M
100 | 0 100%M

A O ®
(= =l

HFIFIKE (cm/d)
Saturated hydraulic conductivity
(3%
(=)

(=]

0—5 10—15
+ )2 Soil layer (cm)

5 T REIFEAEAIEHIRIEM TR
Fig. 5 Soil saturated hydraulic conductivity under
different fertilization treatments

TE: NPK—HUiALAL ; SNPK—FREFF XL HELE NPK; 50%M—
AN 50% FRIE; 100%M—100% 2-3%, H EARVNG FHRE%R
7 ] — - 2 A B ) 24 57 b 25 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize
straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M-—100% cattle manure
application. Different lowercase letters above the bars indicate significant
difference among treatments within the same soil layer (P<0.05).

FEZIE™, Fihh, A AUIEBA S i HA HLA B
AL, O T IS R ROR BN T, T2
KW >10 4F) AHUEHEE, T 3EA Pl & it =%
o, R R RS, S R
R ke AR R R L, AR
FAFE, 50%M AFHE AN E 10 t/(hm? year), I
AL A>3 et Nae ) X B[R ] GBS AT HL
NE WA 5k 25 52 )+ LS R AH OCHE BR ) S5 A

IR R 2 0T DAz e 4= 38 K o3t A7 1 e B
ARPE, JEAT A S e L B R/ NI A A 7 A
SERM, i FHA DL NPK A 0—5 cm + 2 H
[k B Bk HY, Hoi 100%M 354 T H a4 K
it (R 3), X 5EELBRAER AL —3 (A 4),
Yang SE0 3@ 1 %PV AT I 3 ARRGAESY, R
it XS 2 A MU REA R - - 80y H |l Hpk &, JF
B+ R LBRIAR . S BEETHRE, fERYT
KBt A 2 MU S Bt A AT db R T g
MY H E KR, SR, WA R, KA
FEVT A FET5 (B 5% [EAR) S BA B35 e 1 4 fL
BRUe, X SELE IR 2 Rl et Tl T AN [FIZE AL A
UL, GnETSCRTR, XG5l BT, iR 28 50 i
LR, BT AR 1S ORI AN [R] O
T, AP R, X A HLT A S5 e
HROR 2N,
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102
= 0—5 cm
E 10 |
= % NPK
s 10" | A SNPK
g o1 | os5%M
£ 100% M
o 102 L
3
£ 100} S
= A\
g 10% A et
g
= 10*5 L v
Z O yuj
D —6 L
e (U 5
< *o
107 b %o
=z *
2 10* |
L
T

10*‘) 1 1 1 1
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10%
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10"
100

107" }

107 |
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10°

107 o

10°% |
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PARFAE 7K & Volumetric water content (cm*/cm?)

E 6 TREIHEARLELTIEIEAMSKE
Fig. 6 Unsaturated hydraulic conductivity under different fertilization treatments
TE: NPK—HUtiALAL ; SNPK—FEFF UL LA NPK; 50%M—2-3885 {8 50% LI ; 100%M—100% 2F3%.
Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M-—100% cattle manure application.

RN HEk

,{E\ 40 ~ Winter wheat . Summer maize 25
E ENPK '
2 B SNPK !
> 0050%M 1 a 420
Z 30 r Otoo%M : 1 ‘}
3 ! 1
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9020 -7 a ;
= a 3 : 110
= a
2 1 !
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i i 2aa d05
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Eé 0 1 ] 1 0
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U\ HEK

;E\ 20 Winter wheat . Sum;ner maize 05
B :
< P
2 ¢ ab ‘} -4 04
% 1.5 h
= | 105
5 1.0 g B .
o a !
o i
z ad, H - 0.2
S i

0.5 H :
find a, ! H 0.1

H a a
s@ 0 ' : s |
0—15 15—30 0—15 15—30

+JZ Soil layer (cm)

E7 TEMEELENEMERRKBEERIRERE WRH)
Fig. 7 Root length and weight density of wheat and maize at harvest under different fertilization treatments
E: NPK—HUALAL; SNPK—FEFT AL HIBL & NPK; 50%M—4- 25X 50% fLAL; 100%M—100% 438, A LA R/NG FRERR A —

T+ ZA0E ) 24 5 B3 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M-—100% cattle manure application. Different lowercase letters above the bars indicate significant

difference among treatments within the same soil layer (P<0.05).

L3 b HE S R RN 3R R 1 RS K AR 45 R Ok
A, FEAT I A LA R B IR B R A AL £
w1 K 5). ZFEZOIEuEAE F2E . FIERIRTN
A PR ZAHATIE H 58 NPK 5485 K, XAl fE
Je PRt P AT ILHE IS 386 1 R A5 BIL 3 A0 R L B 4
H Ry JEEp e 750 SR, Shi S5 45 3R 3R Wit
28 AR A HUIL BT AL BEAT 25200 K5 Zhao 257

POERSFHE R K WBA B2 M SKRE
B2 B HERFLBR, AR AR EE | sl R W
ZERysZ ™, A HUIE MRS AE S, 3l LB
AR S EK, FETHI S R SR, R
FA BILG B e i 4, ZREE AR ALBR K i
A REXTAR AN K AR A TTERE R, IS T A L)
TEEHIXS K, 520, B B2 (B B W5 22 5%
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Fig. 8 Crop yield and aboveground biomass in different fertilization treatments under wheat-maize system
T : NPK—HUtABAL ; SNPK—FEFFANZEE LA NPK; 50%M—A4- 2880 50% LA ; 100%M—100% 4-3¢ . A FAE/NG 51 2R [ —

Ve AL B ) 2 5 i 2 (P<0.05),

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M-—100% cattle manure application. Different lowercase letters above the bars indicate significant

difference among treatments for the same crop (P<0.05).
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PR 8 R N 138446 kg/hm?, B KA 1A it
oM N 19363 kg/hm™™, 6, A58 A HLAE AL

HET FOR G4 /INFE ] RE 8 A7 0 7 5 A UMK o

FORMUNZE P= 5 R, 9 AFFEFT B4 H L
K 50% A HLAE B ACALE 44 5 it A AR AR RL A VR
P (8. K 10), A meta S-HT R, KIIFEFFL
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9 TIRYBERNERERESERF/NEZEHR Pearson XM

Fig. 9 Pearson correlation analysis between soil physical fertility elements and yields of maize and wheat

e O—IAIEKE; K—ATKE; FC—HIEFKE;

P,—iBAFLB; P—BEFLBL; P—ICAILIR; BD—%H; DMWD—HLiE

MR RAF YT B WMWD—KEUE BRI R A2, Y—EY™ i, Bio—EWEY . *—P<0.05,
Note: ,—Saturated water content; K,—Saturated hydraulic conductivity; FC—Field capacity; P,—Aeration pores; P-—Capillary pores;
P—Ineffective pores; BD—Bulk density; DMWD—Mean weight diameter of mechanically stable aggregates; WMWD—Mean weight diameter of

water-stable aggregates; Y—Crop yield; Bio—Crop biomass. *—P<0.05.
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2021 4, BREIEE F B IR SRS 464 Mt/year™,
IR S 50% AHUE AL, RAIEARAFEAH
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E 10 FEREELEDRMERNER. EYIRA
AR = BRI E Tt
Fig. 10 Comparison of soil physical fertility, crop root, and
yield among fertilization treatments

TE: NPK—HUALIL; SNPK—FEFFIZEIE LA NPK; 50%M—
A AEFEC 50% FLIE; 100%M—100% 4-2% . 0, —HIRI& KT
FC—M [ $K 4t ;s K—RFKE; P—BEL; P—AL
Bil; MR—EARMRKEE; WR—/PNERKERE; MY—FAHKhL
FEit s WY—/NERPRIF= I, BD—%H; WMWD—/KEE PR
AP ERE A, “17 Fm 0—10 om (HIEYEEEFR) B 0—15 cm
WEIIRFR) 12, “27 FoR 1020 om (HHEHHEHR) B 15—30 cm
(TEYIIRAR) L2 Eh S EbRE R AL AUl (BN Bk
13—k kP,

Note: NPK—Chemical fertilizers only; SNPK—Both wheat and maize
straw returning to field at the base of NPK; 50%M—50% of chemical
fertilizer replaced with cattle manure; 100%M—100% cattle manure
application. BD—Bulk density, WMWD—Weighted mean diameter of
water-stable aggregates, §,—Saturated soil water content, FC—Field

capacity, K—Saturated hydraulic conductivity, Pc—Capillary porosity,
Pi—Ineffective porosity, MR—Maize root length density, WR—Wheat
root length density, MY—Maize grain yield, WY—Wheat grain yield.

Wy
1

represents the 0—10 cm (soil physical index) or 0—15 cm (crop
root) soil layer, and “2” refers to the 10—20 cm (soil physical index) or

15-30 cm (crop root) soil layer. The values of the various indicators in

the figure are standardized using the min-max normalization method®.
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