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Effects of microbial compound inoculants on plant growth and soil quality in

degraded grasslands

REN Siyu, LIU Yuhan, LIU Yinghui® ,XU Mingwen
Faculty of Geographical Science ,Beijing Normal University , Bejjing 100875, China

Abstract: The northern agro-pastoral zone is an important ecological barrier in China,but the degradation of grasslands in
the region has intensified as a result of global changes and intensified human activities, and there is an urgent need for green
and sustainable soil restoration measures. Microorganisms and organic fertilisers have shown a positive role in agricultural
soil improvement. However, there are fewer studies on the application of microbial compound inoculants in the restoration of
degraded grasslands in ecologically fragile areas. Microbial compound inoculants are able to play an important potential in
improving soil structure , enhancing soil fertility ,and promoting plant growth due to the synergistic effect of multiple strains,
which is expected to be a low-cost and high-efficiency strategy for grassland restoration. In this study, three beneficial
microorganisms , namely Bacillus subtilis , Azotobacter salinestris ,and Claroideoglomus lamellosum ,were selected and applied
in a pot experiments, either individually or in combination with organic fertilizers, to investigate the effects on the

physicochemical properties of the degraded grassland soil, microbial factors and plant biomass, and to compute the
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comprehensive indexes of soil quality scores by using the affiliation function in combination with the factor analysis method,
to compare the soil quality improvement effects of the different microbial additives. The results showed that organic fertiliser
combined with beneficial microorganisms could improve the soil quality. The results showed that the combination of organic
fertiliser with beneficial microorganisms significantly increased the effectiveness of soil nutrients and improved soil quality.
Compared with the application of organic fertiliser alone, the addition of microbial inoculants significantly promoted plant
growth and nutrient uptake ,and the best effect was achieved by the mixing of three microorganisms. At the same time, it was
found that there were synergistic effects among different combinations of microbial composites, which enhanced the functional
performance of microorganisms in the soil, such as increasing soil enzyme activity, promoting soil nutrient cycling, and
enhancing the microbial biomass,which ultimately enhanced the nutrient uptake and growth of plants. This study provides a
feasible path and theoretical basis for microbial-based grassland ecological restoration technology, and provides scientific
perspectives and practical guidance for improving the function of degraded grassland ecosystems , maintaining soil health and

guaranteeing the sustainable development of grasslands.

Key Words: degraded grassland; microbial inoculant; soil quality; plant biomass; soil nutrient
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EMCEPITIA , 6 TTHEEE IR T SR B SR IR
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1.1 BpAh L HeREE

S AT 2023 4F 8 HOREE T NS B IR X AR B 248 EL i b R BEAE YT 58 T 2R R A A A
RN TSN+ = B (116°17'E,42°02'N,1324m) , 7EREHL EBENLAE T SRAE R, 70 3 AR AR
MEERIZEH(0—20em) , RAMRAEIE M — NG 10, BT E 2R £, W 48 LR e
PR SRS Z G 0 (2mm) ORAF T 2R e R E R B 2 B VR, HL Ry T T 2 i i) 8 35 ol
Z— , AR 5 6 FH 2 A Sy AR S IR b - 68 B RO R /R )
1.2 it

SEEE T =R A Y R 2R AT R ( Bacillus subtilis ) FNEE 5 [ & F ( Azotobacter salinestris) R BRAE 4=
B, Z R B ERBEFE ( Claroideoglomus lamellosum) A MK BRI BB . 3X = FP sl A 9034 £ 9k B HLoA o3 1 1
FEATIIRE T, BN [ S A LR (R A SR AR BR A2 ol R i o A S R R R 3 (R A 10g/L,
RN 3¢/1., NaCl 5g/L) 1A Z K: 55 38 (WAL I 0.5¢/L, H & B 20¢/L, KH, PO, 0.2¢/L, K, HPO,
0.8g/1,MgS0,-7H,0 0.2¢/L,CaS0,-2H,0 0.1g/L, FeCl, fi i, Na,MoO, - 2H, 0 3 ) H4™ B 41 1 B ik ok il 45 42
P, BT AR AT EEA TR . SRR T 3528 REFPR B IR B R R A A B,
A IERL S A — & A DL, — Oy I RUE Y AR5, 0 — g I H A pLR & i

FEAR SIS AE B BN L EA T, F ARG P HRAE 25—37°C , IRAE 20°C 247 TR AE 22%—38% .,
BB T A YRR AL BN X B A4S 3 R — R A T R, 4 FME G R AR AR I R DLOR
BN P A B CK R HUIB AL BRI IR O (26 1) o Al B ZE AT B AN 36 5 [ 0 i Tk 5 ok 10° B
VEEL/ mL T IR TR 6L B 1336 filF/mL, 7E 9 Rt ALl ik E 4 M EE A E 36 N
Ho HEFEET, HAPUE (3£3% 150g/ 4, #5FF 90g/%8) 5 HHERG . SRR E MR 5 R EE TR, B4
&Rl 12 BRERE ) SRR 16.5em 148 15.5em B SRHAE 70V A AR 15 4% 1L, 43590 25 40 e EL it 075 1) + 32 24
2kg, BEAE—URMETE ST 30mL BT (A RIS L BRR A |, 1R IR THE 6 5 K 27 60%—80%

F1 AEALEFMET

Table 1 Experimental design with different treatments added

P )

Treatment methods Microbial inoculant

Xt & Control CK {UAANIEH K ; O (LA A HLAL
BAJifi Single application B B 2E AT R A PR

A FEEAFE AL
C ERIEHER BB+ AL
XUEH It Dual application AB R ST T+ [ A + A LU
BC A B 2F AR B8 + 2 IR 3T W Bk 75 o + A ALIIE
AC F5 3 B U + 2R P BR P 25 T+ HLAE
= IR Triple application ABC il B ZEFURT T + 30 J 11 R0 + 2 DR T W R o o + A HILAIE

1.3 HERFE

T 2023 4F 11 HHEREY TG 30d BORE , WA TP BEDL R SEARAR PR 14 B 51 TR G i — M REAS s 41
WA 4 ANEEFA, B AR VOC R FE SR AL & 5 D AL, B EEREY 60g
e, —r R R RATAE -20°C LI E 3R BRAL M BT, 55— BB R YA JEUH T S - 9 AN S 4
1.4 $85RI0E

145 pH R AL, FREC 10g X HHEE T S0mL B8, A 25mL 788K, MR A R i e,
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pH IHIUGE , IS /K E (SWC) RIHHE T FREEE 1 & T 105°CHUf rh it T 2 fHE B B =R EHE, 7
T EAPLER (DOC) HASA (NOS-N) FIEE S (NH,-N) BRI 10g &£ 4=, FH] 40mL 0.05mol/L K,SO AR 12 , ¥k
D JE e 4G e U BT, A AL 20 M ( TOC-L CPN , Shimadzu , Japan ) {ll i€ DOC, [/
FH AA3 BUESE 343 B4 (CFA , Bran Luebbe , Germany ) {ll%E NO;-N Fl NH}-N, A% (AP ) {fi FHEL AR - i IR
BAR IR A T IR G nE TP B, R 1CP AN SE , Kb EAE BT T I AESIERE 65 CRMEAE T
M AEE RERESRIEYH EAY R (AGB) . YRR E T 0.5mm W4 [ 52 ik B 2B BR £ 200, 78
65°C F T, AR EMA S Y F AP R (BGB) ™,

A W AR W) B A (MBC , MBN) SR JH 5817 28 7253 12 125, (i TS AT ML Bk 23 7 A% ( TOC-L CPN,
Shimadzu , Japan ) M5E >, 225 + HERk AR S IR0 RIGH MY 3 Fh BB 1Y MK i BEEHEE  Synergy H1 23]
RERCALARACINACI 2 , A0 45 B~ 2 H 11 B8 ( BG) | S BEZ L #0171 (NAG) (IR PERR TR (Acpase) . FRIX
1.50g it +  JiA 125mL 50mmol/L Tris-HCl 22 3% (pH =8) I 804+ . FRTR A B 200l b ik +FE R
TR 50pL 200 wmol/ L Xof Ji7 L EC ) IN AAH L 1 JE 8, 96 B AL Hh , 7 25°C REOLHE IR 3h, BG YRy 4-H ks
Ui - B-D-4] 2 B it ( 4-Methylumbelliferyl B-D-glucopyranoside) , NAG HJJEE 4 Ry 4-H A F i -N- 2, fk-B-D-
A HE A 2 BT (4-Methylumbelliferyl N-acetyl-B-D-glucosaminide ) , Acpase FYJES 4k 4-H 3 <> 72 il 5 iR 5 ( 4-
Methylumbelliferyl phosphate) . 35 7% 45 9 5 72 BEFR 8 & G 360nm 40 L (3424

2 FitSiR

5 SPSS 26 BT HLH K T 2250 M7 (one-way ANOVA) |, K 56 A 6] &2 & U2 W v 77U X AL . - 338 B Ak
PEBTFNGA ) R 1 22 5 8 Duncan (75 22551 ) 281 Dunnett-T3 ( 7 248 5% ) W5 2 5 WO A 4T
P FHER. RIN Person HOGH: SRR TS Y 4 SESRAL BCE 9046 SR 0 DGR . 9 T 25
AV -SRI i, ARSI BRS80S A b £ — F A B0, 3 -
E I EE A5 (soil quality assessment values, SQAV) , LA FE B[R B AN T B9 4398 i el 34 58, SQAV {E
RREEIT 1, T Ry, R R SRS PR A 2T o pH AR S I Y R A, AR TR bR
FEEIE“S"TEREL ™

IE“S"IBHHE AR,

0.1, x=m,
x—m,
f(x)=40.1+0.9% , m,<m, (1)
m,=m,
1, x=m,
IR/ M R/NE
0.1, AEm, ,x=m,
x—m,
0.1+0.9x , m,<x<0,
e o (2)
X )=
1, 0,=x<0,
x=0,
1-0.9% , 0,<x<m,
m,=U,

AP () FoRRIREE  x R EBRAE, my om, 0, F1 O, 50 73 L HEAE T3 B BB ST 55, my I m, 23 B oR 44 L
SEAR AR T BRAEAN_EBRAE, 0, 71 0, W ZI/RIX SEAR bRl S, 3 T AL Rtk R4 WS 2B IX - 4
RESTBAR, et i UE IR 2 FR

X AR T N 52087, ol LA BIRFIE(E 7 22 DTERE L 3T stk E A4 I 1520, e, il it A5
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SQAV = Y a.z (3)
X, SQAV RF IR 50, M5 @ AT 17 22 BT 32, 058« AN 784y,

R2 REERHHZPITNERETRRE

Table 2 Values of evaluation index inflection points in membership function curves

, . . g CBERSE
LS . T} /) ) o BT 4 i
PSR gy phor msm miga TRIE BURML D BURW g B g DML WBUE
Turning point . + - Fhli AP A il e AR R EE7h
pH SWC NH;-N  NO3-N ) AP i .
values DOC MBC MBN BG NAG Acpase AGB BGB
m, 7.86 0.17 10.27 4.17 4253 15154 19.72 15.11 22.87 1.45 51.49 0.07 0.20
0, 8.09 — — — — — — — — — — — —
0, 8.24 — — — — — — — — — — — —
m, 8.54 0.29 3093 28.27 77.01  381.28  51.56 30.63 58.97 4.65 87.21 0.35 0.76

pH:FRBAE Pondus hydrogenii; SWC: 3% /K% Soil water content; NH}-N: £ 7 A Ammonium nitrogen; NO3-N.: i #5 % Nitrate nitrogen; DOC ; 7] ¥ ¥ 45 HL ik
Dissolved organic carbon; MBC.: i /l: ¥ 2E ¥ 5 3% Microbial biomass carbon; MBN : f{/E ¥4 ¥ i & Microbial biomass nitrogen; AP : HA(# Available phosphorus;BG : B-%i
W B-glucosidase; NAG : ZBEZIE A ZIFEHHE N-acetylglucosaminidase ; Acpase : FRYEBEFRM Acid phosphatase; AGB : 4131 I =4/t Aboveground biomass; BGB
i T 49 Belowground biomass

3 £R

3.1 A YRR S SO A P i AR A

AR FIZEXT AGB Fil BGB Y945 W& 540 ( P<0.01) , ELEFEALFE(C . AC . BC ABC) fyHitkH BGB &
TAHE A FRAIGT IR (18] 1,P<0.05) . BC ZbFHA ABC AbFRE E 10T AGB, SACAHLIEXT IR O A EL , 23 5148 fin
T 183.1%41215.6% (18 1,P<0.05)
3.2 A YRR 5 8 M AR Ak

TRAE W A RIS B2 5 T 88 SWC DOC \NH-N 1 NO;-N & (P<0.01) , 8 & 00 AP & &
(P<0.05) {BXF pH JC W E M, RGN E G4 Y ERIE R T H 3K 0 PR RFRE Oy T R B, WA
S 358 pH RIZIAR L, KA Y A 3 2 e & T 38 DOC i, Hirb 43 AC A1 ABC A LEXT
WO BEIRAA, AT 79.4%H1 90.6% (& 2,P<0.05) . FIr A Ab BEAH b X IR CK #B32 T+ T+ A9 NH-N
FINO;-N i, AbFE AC F ABC 2 T NH;-N & 5 i s R IR , A TXF B O 430 T 59.6% F1 36.0%
(Kl 2,P<0.05), 4b# AC BC Fil ABC &N T NO;-N &, FHE T X8 O, 34054351 A 134.3% .65.3% Fl
112.2% (& 2,P<0.05) , KEB/ALHELA L CK YIHE0E T AP 5 5340, (EAH F XS R O $2THRCR R .35 (& 2,
P<0.05) .
3.3 A TR S B P AN A Yy s A R

AR R )RR S XT 14 MBC , MBN  BG F1 Acpase &5 & (YR WA B % (P<0.01) , X} NAG FiI
MBC/MBN SZI 4 0 3 (P<0.05) , IRAALHEXT AP E i A & 093 Tt TR B (& 3) . 78 LM Ah
BTG PR T T, R M R AR S T SRR TR . ABC B BG I Acpase 15 PE W3 i TAUCH HLAE AT IR
TRG ALY BG FI Acpase TH PR W2 T 4R CK (18 3,P<0.05) . AC . ABC HI C A NAG 7% P i 2% 5
T CK X (& 3,P<0.05) ,
34 BIEFEITN A FREE R

TR WoR , LB 72 UIAHOC (B 4) . NHG-N 5 SWC ,DOC 1 NO3-N 245 i IEAHSE (P<
0.01) ,5 MBC ,Acpase Fl AGB & i F IF A5 (P<0.05) , NO;-N 5 SWC . DOC F Acpase S4% i # IEAH & (P<
0.01) , ST AEYI A NAG F1 BGB 2 W3 IEAH X (P<0.05) . AP 5EY Sk A M Acpase 3 IEAHC
AGB 5 MBC 2 #% i # 1EAHX , BGB 55 DOC F1 Acpase M i # IEAHX (P<0.01)
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Fig.1 Effects of different fertilization methods on plant biomass
CKAVRIMTEHE /K Only sterile water; O {CZRMNAHLIE Only organic fertilizer; A ; 5 & [ BB Azotobacter salinestris; B : 4t B 2 f AT Bacillus
subtilis; C; JZARITBIBRETE T Claroideoglomus lamellosum 3 AB A 55 27 F0 AT 18 + 5 5 [ B Bacillus subtilis+Azotobacter salinestris ; BC ; A B 2 41
FFH+)2 4R T W] 3K %8 %5 B Bacillus subtilis + Claroideoglomus lamellosum; AC; £ & [ % B + J2 IR I W] Bk 2% 55 0 Azotobacter salinestris +
Claroideoglomus lamellosum ; ABC . 4 55 25 J0 AT T + 5 J 151 S0 B8 + )2 R 3 B BR %8 55 18 Bacillus subtilis + Azotobacter salinestris + Claroideoglomus
lamellosum ; AGB . 104 Hb_I- A= ¥ i Aboveground biomass ; BGB AHHYJHL T A= ¥ Belowground biomass ; A [A] - BE 7R AN [F] TR 5 28 U 19 22 57 f 3
(P<0.05)

3.5 OR[EIBE MG N 4980 PP

XIHRAEACECHE HE1T KMO F1 Bartlett BRIE A5 , 2558 W m i & 204 (KMO {E25 0. 762>0. 6) . 3
IR AT S AN TR B TTRRIA T T 75.655% 483 13 D8RR, I B RS RR A B M S 75% L b
SR FH 5 2 B K 1E S8 e 2 2 A B, A 25 DRl L R A2 E S

®3 BEFHLEERAERHEK

Table 3 The eigencalues and squared loadings of components

. ETTHRR/ % RIT 5Tk % P TR/ % BTk R/ %
R ES S ﬁ%mﬁk? b i?‘l‘mﬁk'i ol T E J2%T Fﬂ(}i b FitT ﬁk}i o
. Variance Cumulative . Variance Cumulative

Factor Eigenvalue L. o Factor Eigenvalue L .

contribution rate contribution rate contribution rate  contribution rate
¥ 1 Factor 1 2.879 22.144 22.144 HF 4 Factor 4 1.802 13.859 66.580
K 2 Factor 2 2.161 16.625 38.769 [AI-F 5 Factor 5 1.180 9.075 75.655
¥ 3 Factor 3 1.814 13.951 52.720

F 4 %W HT 1 5 SWC DOC NH;-N Al NO;-N HA B K IEAHSCH: (HF#HA7>0. 7 5i<-0. 7) ; AT 2
5/Kf#E§ BG NAG I Acpase ARG, IR iy SRS A B T L3 &, 1 3 5 MBN AP IEAH
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Fig.2 Effects of different fertilization methods on soil properties
pH;Eﬁ‘iﬁiﬁfE Pondus hydrogenii;SWC;j:*%ﬁﬂ(% Soil water (:ontent;NHZ-N:@?ui?Et Ammonium nitrogen;NOE—N:ﬁﬁ?’:&?}?( Nitrate nitrogen; DOC

AL PEA BLIK Dissolved organic carbon; AP 44 Available phosphorus ;

5 B3 (P<0.05)

%N 4 5 AGB BGB 1EAHZE; N1 5 W5 pH AHetEE K, RIGHREE
HEREAS A, AN TR P 7R AY O T B A A ALAE X

AC>BC>AB>A>0>C>B>CK(E 5) .,

x4 TERERGERS ST

e H

AN 9 PN

XS PO E S A B (£SE) 5 A PR IR AR

IR Y

SRR R LA L
P

o0 M\ R BRI ABC>

Table 4 Results of principal components analysis (PCA) of soil quality indicators

PR 43 BT 2847 46
E=Y Factor analysis loadings matrix EEY
Indicators K1 K2 ¥ 3 K+ 4 ¥ 5 Weight coefficient
Factor 1 Factor 2 Factor 3 Factor 4 Factor 5

FR0% % pH -0.023 -0.101 0.029 -0.022 0.906 0.037
FKF SWC 0.778 0.121 0.351 -0.088 -0.206 0.074
Al A LK DOC 0.719 0.107 0.289 0.057 -0.33 0.067
A= A= Wy st MBC 0.436 0.168 0.601 0.139 -0.063 0.087
TR YRR MBN 0.308 -0.043 0.739 0.262 -0.249 0.070
B S NHL-N 0.812 0.133 0.089 0.234 0.199 0.101
%A NO3-N 0.819 0.228 0.063 0.248 0.104 0.103
H W AP 0.063 0.177 0.791 -0.042 0.238 0.074
B-H B BG 0.07 0.819 0.176 0.243 0.043 0.088
BRI AT I NAG 0.116 0.858 0.002 -0.014 -0.167 0.057
FRPEBE BRI Acpase 0.27 0.734 0.107 0.159 -0.011 0.086
TP AP AGB 0.194 0.112 0.129 0.859 0.033 0.084
THPp N APy BGB 0.089 0.186 0.046 0.873 -0.066 0.072
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Fig.3 Effects of different fertilization methods on microbial factors
BG : B-F A& B-glucosidase; NAG ; ZBEEILH A A N-acetylglucosaminidase ; Acpase ; FRTEEFRAEE Acid phosphatase ; MBC ; ## 4= ) 4=
Y% Microbial biomass carbon; MBN ; 8 2 9 4= ) 4 & Microbial biomass nitrogen; MBC/N ; f# 4= #) 2 5% %&( kb Microbial biomass carbon to
nitrogen ratio ; 3¢ SEE 2 PU YK 8 5 1Y B(E ( 2SE ) 5 A [R) F-RE 7R AN [ B30 26 2 10 22 53 ik 35 (P<0.05)

1.0

pH * *

o sve R - - B
0045 077 DOC Hk *k ok - * *k * kk | 06
028 061 054 MBC - * * * xx - -

0.15 044 050 081 MBN * o = * o * 04
0056 069 062 042 028 NHON| * * o2
20056 078 079 043 037 076 NOy-N * - *
20077 024 0086 044 046 0047 012 AP * O
003 031 028 049 046 0086 0.7 035 BG | ®k — -0.2
2017 028 038 033 036 016 042 -0.026 058 NAG L o4
023 070 063 062 054 036 056 042 051 031 Acpase o

015 021 -0064 021 -035 021 0095 0.0086 0034 -0.051 0076 MBC/N - 06
041 043 035 049 027 038 021 024 028 0020 029 032 AGB |k L o
038 041 05T 030 019 024 041 009 033 02 047 on o0& BGB | [

4 TEREFMNEFZEMEBEEXR
Fig.4 Interrelationships among soil quality assessment factors

# fRRAE 0.05 KV b W EFIE; + + fRERTE 0.01 /KF I B 2 AHC

http ; //www.ecologica.cn



3248 xR 45 %
4 e

41 S AE YRR K »

A 2R e (IR 7 L B4 CF T REAR 5 4 HLIE A 06}

FHAI ) SRR e M R LR 04l

AP ST TR R I M R B E o) H H H
V(P 1— 4) . BCEbE I A %5 o

TLF O T2 4 26 1 0 HE R A K AR T 43 2 1] it e e
Y AT HUIREE T L R T A | A
K B A ) AT & R, KRR A A T A
TR LI 5 LA [5) B | B 4 T T R 40 2 2
(1), 5OeRiBrse s f—80 > SR, A4l
NE A A T BRI FH R 06 & TR PR Fr AR BT M rh ) PR B A L
Wy AR E ) B BN, A5 20 A B A R BOB 0, S T 22 WS TR R I 72 0 I Ui
fe e,

AL 5 SRR B ISR R R R T K | G W o R AN PR 2
HERRARPE R, Az AR YRR WE RN T 3 DOC NOS-N NH;-N I AP &4, R Hygos 7 +8p
BRI SN TCHL AU, I B4R 5 LB A, WA 22 DOC W3 (LR Wy , sk A WL 16
PR YRR A R S A U RR R RIEE #5 T AT A4y, S 2 RUDRTE S SO A, A 5 2L 2
(IR P LSS T G0 AR 0 S B0 AR T TR BRI TS B 1 S5 PR ) SR T, B 0 )
St 5 pH BEIRR 2 TT Ak IR R B T

S AT LTS3 T A PR B G R P9, ol 90308 o B8 ) B 0 1 5 50 w2
HEF AR, M T 5 R RIS A T 1 ) AWIRSE S B0, B 00 S T 5 B L B OB MG fr 7k
i BG NAG Fil Acpase BHEME. A BRI 7 7T R ROBRUE, B0CE 950 210 BG W, 3 HL
AT R I B M B AV NAG AN T A . MR R L 5 H B, 4 R e, 2 2 30
Acpase BEDCIUBE TE 2 , DL 246 5 0B T 45" L 6 3 M4 1 M 8 0 3% 7 2 0 0 9 43 B 4R ST 8 7 -
MBC Fl MBN 54825 5 R A 1 IE [ 20
42 RG-S MY BRI L3R R

SR T PR A R M ORI (L PR TR M 2SR B M Ry 25 5%
To i — WP AR i R R AAS A FA T, e i) 13 TSR VR T R DGR 5 2T
TR, S5, SRR A R S UGG A Al B B R, 4 A A R A T S B 3
WL AIEBFIE A R 57 | L AT R T 2 B W S B BRI I PGPR 3 5oL Vs e
TR AMF A2 AMF K438 PGPR Ak AR R ) . A1 2 18]t 7T L= 2 R FE R A T A
[ AERE 110

TS S TR R 5 A AU R RN 10 5 B i O T AR A HUIE, it — S B 7 R 4 5 B
Z AT HNRRON ) AR5 0 RIS A HL TR, T8 A 3 40 AL, (8 BL T 5 Bk i
R A R 2L AL A BRI T AN 44, AMF 53 25 AN D R4 AR 5 T R 0 32 S0 R MO A e
IR LB AT 5 R E O BFST R, AN RS HE AMF 10K, 2 5 AMF X HUE K 104 355
7 AME 2243 W00 40 UL GRS 00T 1 T o 20 T 2 0 2 0 10 it 0 Ay T 22 M5 B W
WIS AMF T3h1) | 303 40 P RO AR 20 T 1 1 5 AL 1 o 245 71 - 08 5% b A
KT EAT BB . A A S e 1B A T S ) 06 S 68 1 - 0 R BN 008 T 7 0 45

0.8

TR R G A TR SQAV
Soil quality assessment values

B5 AEEEBAXTLERSTFNER
Fig.5 Soil quality assessment results under different fertilization

methods

http ; //www.ecologica.cn



73 TR 25 S5 A W T 7RG IR A e A Ay A A A S Y ST 3249

B FEE P 45 SR T e s sty IR AL R0t PR 8 A A5 i B B SRR S L
5 #ig

TR 4 B A T AT M ) A (O R B, R R 2 AT B R ] S A2 AR W ek e
PRI TE 45t RS S8 o 5k ) T o) 52 o T HC SRt P 00 T S 4 ey - S R 1) ) R P s A SRR R Y
FERETT . PGPR FI AMF H5450 T LA AR DR RI RN, 5245 TR 2B 00 e R0 084 39 57 23 O BR 0 A A=
Yy A0 L SRR TR o LS O P A0 R B A 9 S T W RGBT S B S B IR AL
W b

22 3L Hf ( References)

[ 1] O'Mara F P. The role of grasslands in food security and climate change. Annals of Botany,2012,110(6) : 1263-1270.

(2] BIEE,ERE, QU] £V FF. PSRRI S ARHI A R AT, et IR 2B, 2003,26(1) ¢ 29-37.

[ 3] Huang D,Wang K,Wu W L. Problems and strategies for sustainable development of farming and animal husbandry in the Agro-Pastoral Transition
Zone in Northern China (APTZNC). International Journal of Sustainable Development & World Ecology,2007,14(4) : 391-399.

(4] s walsf, |AS AF20  BgiA.  BEHE 7 RS BT 1 bR A s A AU e 2t I A 25 %41, 2018,29(10) ; 3487-3495.

[5] WP, IMESE Bood XM, 20 a5 sl . JRIERIRAE 5040 i LS X 58, rh R Be e 711, 2021,36(6)
666-674.

(6] W, Bk, kbl a7, 20 S, PEIB ARSI RELSOR 5R S, A ,2022,31(7) : 1465-1475.

(7] 239, 2, ZE . RR S R ER G B L HOARHAR. H AR ,2020,51(11) « 88-91.

[ 8] IR AR R RO - ek KRR, RA IR ,2020(2) - 81.

[ 9] Wubs ER,Van der Putten W H, Bosch M, Bezemer T M. Soil inoculation steers restoration of terrestrial ecosystems. Nature Plants,2016,2; 16107.

[10] Kardol P,Wardle D A. How understanding aboveground-belowground linkages can assist restoration ecology. Trends in Ecology & Evolution,2010,
25(11) : 670-679.

[11] Matos P S,da Silva C ¥, Damian J M, Cerri C E P, Pereira M G, Zonta E. Beneficial services of Glomalin and Arbuscular Mycorrhizal fungi in
degraded soils in Brazil. Scientia Agricola,2022,79(5) : €20210064.

[12] Wang Z K,Xu Z H,Chen Z Y, Kowalchuk G A, Fu X X, Kuramae E E. Microbial inoculants modulate growth traits, nutrients acquisition and
bioactive compounds accumulation of Cyclocarya paliurus (Batal.) Iljinskaja under degraded field condition. Forest Ecology and Management,2021,
482, 118897.

[13] LiY,He M,DuY Z,Wang X P,Zhang H,Dai Z C,Wan J S,Sun J Q,Wang C Y,Du D L. Indigenous PGPB inoculant from Qinghai-Tibetan
Plateau soil confer drought-stress tolerance to local grass Poa annua. International Journal of Environmental Research,2022,16(5): 1-11.

[14] Doran J W,Parkin T B. Defining and assessing soil quality. Defining Soil Quality for a Sustainable Environment,1994,35; 1-21.

[15]) BKIEA,ZE0EF , B0, 22 AR T7F, PR R R AT TP SR PPN TT k. Al TR 441, 2010,26(12) : 311-318.

[16]  #AME, XSO, XSRS JET e N 4 LS VAN M 98 bR i Sz, B4, 2024, (4) ¢ 1-14.

(17] sl okEE, HoL, 0k, WSO, Sese  BRBE , FLALA 0BT, B, b R M e BT A 5 i B L R . BEIRREE S T 4%, 2024,
38(1):26-33

[18] Liao X F,Chen J Z,Guan R T, Liu J M, Sun Q W. Two arbuscular mycorrhizal fungi alleviates drought stress and improves plant growth in
Cinnamomum migao seedlings. Mycobiology,2021,49(4) . 396-405.

[19] Morris E K, Morris D J P, Vogt S, Gleber S C, Bigalke M, Wilcke W, Rillig M C. Visualizing the dynamics of soil aggregation as affected by
arbuscular mycorrhizal fungi. The ISME Journal ,2019,13(7) : 1639-1646.

[20] Chennappa G, Sreenivasa M Y, Nagaraja H. Azotobacter salinestris: a novel pesticide-degrading and prominent biocontrol PGPR bacteria//
Microorganisms for Sustainability. Singapore: Springer Singapore 2018 23-43.

[21] Singh S,Tripathi A,Chanotiya C S, Barnawal D, Singh P,Patel V K, Vajpayee P, Kalra A. Cold stress alleviation using individual and combined
inoculation of ACC deaminase producing microbes in Ocimum sanctum. Environmental Sustainability,2020,3(3) : 289-301.

[22] LiHY,ZhangJ Q,Tian D S,Liu Y H,Dong J Y. Nitrogen significantly affected N cycling functional gene abundances compared with phosphorus
and drought in an alpine meadow. Agronomy,2023,13(4) . 1041.

[23] Dong Q,Liu Y H,He P,Du W. Belowground biomass changed the regulatory factors of soil N, O funder N and water additions in a temperate steppe
of Inner Mongolia. Journal of Soil Science and Plant Nutrition,2024,24(1) : 606-617.

http ; //www.ecologica.cn



3250 JAE = 45 4

[24]

[25]
[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Liu Y H,Zhang J Q,Li Y,He P,Dong J Y. Do long-term N additions affect the soil organic carbon pool in temperate grasslands? Science of the Total
Environment,2022,810. 152227.

EMTE, IR WA, B, A BT BRI (P b AT T K R . FREERLAE 2024 1-16.

TRICE, EAE, RIHEE e R, B OCH, N, AR AR PRI 2R R DR, R T R O B £ S R BTN LI S A MLIE AT i
XELSERA UL Iy (4RI . R 95 5 IR 4, 2021,27(5) « 777-790.

DU, ST, BOLE, . B AR L i S AR AN [ L AR T U BRI, BEIRRLE 2012,34(1) ¢ 120-127.

Wei X P, Xie B K, Wan C, Song R F,Zhong W R, Xin S Q, Song K. Enhancing soil health and plant growth through microbial fertilizers:
mechanisms, benefits, and sustainable agricultural practices. Agronomy,2024,14(3) : 609.

Bargaz A, Lyamlouli K, Chtouki M, Zeroual Y, Dhiba D. Soil microbial resources for improving fertilizers efficiency in an integrated plant nutrient
management system. Frontiers in Microbiology,2018,9: 1606.

Muhammad H,Fahad S,Saud S,Hassan S,Nasim W, Ali B, Hammad H M, Bakhat H F,Mubeen M,Khan A Z,Liu K, Harrison M T, AbdElgawad
H, Abdel-Maksoud M A. A paradigm shift towards beneficial microbes enhancing the efficiency of organic and inorganic nitrogen sources for a
sustainable environment. Land,2023,12(3) : 680.

Wang Z K, Chen Z Y, Fu X X. Integrated effects of co-inoculation with phosphate-solubilizing bacteria and N,-fixing bacteria on microbial
population and soil amendment under C deficiency. International Journal of Environmental Research and Public Health,2019,16(13) . 2442.

Ali A M,Awad M Y M, Hegab S A,El Gawad A M A, Eissa M A. Effect of potassium solubilizing bacteria ( Bacillus cereus) on growth and yield of
potato. Journal of Plant Nutrition,2021,44(3) ; 411-420.

Glick B R. Plant growth-promoting bacteria: mechanisms and applications. Scientifica,2012,2012; 963401.

Timofeeva A M, Galyamova M R, Sedykh S E. Plant growth-promoting soil bacteria: nitrogen fixation, phosphate solubilization, siderophore
production, and other biological activities. Plants: Basel, Switzerland ,2023,12(24) . 4074.

Zhang Y P,Yan J,Rong X M,Han Y L,Yang Z Y ,Hou K,Zhao H,Hu W. Responses of maize yield,nitrogen and phosphorus runoff losses and soil
properties to biochar and organic fertilizer application in a light-loamy fluvo-aquic soil. Agriculture, Ecosystems & Environment,2021,314; 107433.
Fasusi O A, Babalola O O, Adejumo T O. Harnessing of plant growth-promoting rhizobacteria and arbuscular mycorrhizal fungi in agroecosystem
sustainability. CABI Agriculture and Bioscience,2023,4(1) ; 26.

Dutta S C, Neog B. Inoculation of arbuscular mycorrhizal fungi and plant growth promoting rhizobacteria in modulating phosphorus dynamics in
turmeric thizosphere. National Academy Science Letters,2017,40(6) ; 445-449.

Liu X L, Yang W P,Li W G, Ali A, Chen J,Sun M, Gao Z Q, Yang Z P. Moderate organic fertilizer substitution for partial chemical fertilizer
improved soil microbial carbon source utilization and bacterial community composition in rain-fed wheat fields: current year. Frontiers in
Microbiology ,2023,14; 1190052.

Harpole W S,Ngai J T, Cleland E E,Seabloom E W, Borer E T, Bracken M E S, Elser J J, Gruner D S, Hillebrand H,Shurin J B, Smith J E. Nutrient
co-limitation of primary producer communities. Ecology Letters,2011,14(9) . 852-862.

Wang F,Zhang L,Zhou J C,Rengel Z,George T S, Feng G. Exploring the secrets of hyphosphere of arbuscular mycorrhizal fungi: processes and
ecological functions. Plant and Soil ,2022,481(1) ; 1-22.

Ayub M A, Usman M, Faiz T,Umair M,ul Hag M A,Rizwan M, Ali S,Zia ur Rehman M. Restoration of degraded soil for sustainable agriculture//
Soil Health Restoration and Management. Singapore: Springer Singapore,2019: 31-81.

LiY,Wet ] L,Ma L,Wu X B,Zheng F L,Cui R Z,Tan D S. Enhancing wheat yield through microbial organic fertilizer substitution for partial
chemical fertilization ; regulation of nitrogen conversion and utilization. Journal of Soil Science and Plant Nutrition,2024,24( 1) ; 935-943.

Wang X L,Chi Y K, Song S Z. Important soil microbiota’s effects on plants and soils: a comprehensive 30-year systematic literature review. Frontiers
in Microbiology,2024,15: None.

Wang Y,Li Q X,Li C Y. Organic fertilizer has a greater effect on soil microbial community structure and carbon and nitrogen mineralization than
planting pattern in rainfed farmland of the Loess Plateau. Frontiers in Environmental Science,2023,11; 1232527.

Lori M, Symnaczik S,Méder P,De Deyn G,Gattinger A. Organic farming enhances soil microbial abundance and activity-a meta-analysis and meta-
regression. PLoS One,2017,12(7) : e0180442.

Sun K, Jiang H J,Pan Y T,Lu F,Zhu Q,Ma C Y,Zhang A Y,Zhou J Y,Zhang W ,Dai C C. Hyphosphere microorganisms facilitate hyphal spreading
and root colonization of plant symbiotic fungus in ammonium-enriched soil. The ISME Journal ,2023,17(10) ; 1626-1638.

Pliego C,Kamilova F,Lugtenberg B. Plant growth-promoting bacteria: fundamentals and exploitation//Bacteria in Agrobiology: Crop Ecosystems.
Berlin, Heidelberg: Springer Berlin Heidelberg,2011; 295-343.

Dotaniya M L, Aparna K, Dotaniya C K, Singh M, Regar K L. Role of soil enzymes in sustainable crop production//Enzymes in Food Biotechnology.
Amsterdam; Elsevier,2019; 569-589.

http ; //www.ecologica.cn



73

TR 25 S5 A W T 7RG IR A e A Ay A A A S Y ST 3251

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

Liu S J,Xia X,Chen G m,Mao D,Che S g,Li Y X. Study progress on functions and affecting factors of soil enzymes. Chinese Agricultural Science
Bulletin,2011,27(21) ; 1-7.

Dominchin M F,Verdenelli R A,Berger M G, Aoki A, Meriles J] M. Impact of N-fertilization and peanut shell biochar on soil microbial community
structure and enzyme activities in a Typic Haplustoll under different management practices. European Journal of Soil Biology,2021,104. 103298.
REE M, DR WIS BRER MO | IR | R . IRAE DLUR I - S R 43 B AR W R 0 TR By o o 7 A 245241, 2018,
29(10) : 3221-3228.

Liao H J,Sheng M H, Liu J,Ai X Y,Li C N,Ai S H,Ai Y W. Soil N availability drives the shifts of enzyme activity and microbial phosphorus
limitation in the artificial soil on cut slope in southWestern China. Environmental Science and Pollution Research International,2021,28(25) .
33307-33319.

Akter S, Kamruzzaman M,Sarder M P, Amin M S, Joardar J C,Islam M S, Nasrin S, Islam M U, Islam F, Rabbi S, Halder M. Mycorrhizal fungi
increase plant nutrient uptake,aggregate stability and microbial biomass in the clay soil. Symbiosis,2024,93(2) : 163-176.

Mukherjee A,Lal R. Comparison of soil quality index using three methods. PLoS One,2014,9(8) . €105981.

Guo M X. Soil health assessment and management: recent development in science and practices. Soil Systems,2021,5(4) . 61.

PR, FL¥E  FEZR 58 KA 0T VT R RR BRI, S BRI N A A B X S AL TR S M 0 S e Ml BL2E SR, 2022,
35(3): 55-62.

Bharti N, Barnawal D, Wasnik K, Tewari S K, Kalra A. Co-inoculation of Dietzia natronolimnaea and Glomus intraradices with vermicompost
positively influences Ocimum basilicum growth and resident microbial community structure in salt affected low fertility soils. Applied Soil Ecology,
2016,100; 211-225.

Hrynkiewicz K, Szymanska S,Piernik A, Thiem D. Ectomycorrhizal community structure of Salix and Betula spp. at a saline site in central Poland in
relation to the seasons and soil parameters. Water, Air,and Soil Pollution,2015,226(4) : 99.

Nanjundappa A, Bagyaraj D J, Saxena A K, Kumar M, Chakdar H. Interaction between arbuscular mycorrhizal fungi and Bacillus spp. in soil
enhancing growth of crop plants. Fungal Biology and Biotechnology,2019,6. 23.

Cameron D D,Neal A L,van Wees S C M, Ton J. Mycorrhiza-induced resistance; more than the sum of its parts? Trends in Plant Science,2013,18
(10) : 539-545.

Shanmugam S R, Chaganti S R, Lalman J A,Heath D D. Effect of inhibitors on hydrogen consumption and microbial population dynamics in mixed
anaerobic cultures. International Journal of Hydrogen Energy,2014,39(1) ; 249-257.

Yu X, Liu X,Zhu T H,Liu G H,Mao C. Co-inoculation with phosphate-solubilzing and nitrogen-fixing bacteria on solubilization of rock phosphate
and their effect on growth promotion and nutrient uptake by walnut. European Journal of Soil Biology,2012,50. 112-117.

Song X C,Liu M Q,Wu D, Griffiths B S, Jiao ] G,Li H X, Hu F. Interaction matters: Synergy between vermicompost and PGPR agents improves soil
quality, crop quality and crop yield in the field. Applied Soil Ecology,2015,89: 25-34.

Daunoras J, Kagergius A, Gudiukaité R. Role of soil microbiota enzymes in soil health and activity changes depending on climate change and the
type of soil ecosystem. Biology,2024,13(2) . 85.

Prasad S,Malav L C, Choudhary J, Kannojiya S, Kundu M, Kumar S, Yadav A N. Soil microbiomes for healthy nutrient recycling//Yadav A N, Singh
J,Singh C,Yadav N,eds. Environmental and Microbial Biotechnology. Singapore: Springer Singapore,2020: 1-21.

Azcon-Aguilar C,Barea J M. Nutrient cycling in the mycorrhizosphere. Journal of Soil Science and Plant Nutrition,2015.

Miransari M. Interactions between arbuscular mycorrhizal fungi and soil bacteria. Applied Microbiology and Biotechnology,2011,89(4) : 917-930.
Wang F,Feng G. Arbuscular mycorrhizal fungi interactions in the rhizosphere//Gupta V'V S R,Sharma A K,eds. Rhizosphere Biology. Singapore :
Springer Singapore,2020. 217-235.

http ; //www.ecologica.cn



