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Abstract: [ Objective] Soil health is essential to achieving sustainable agricultural development. [Method] This
study selected the soil of a typical rice-wheat rotation area in southern Jiangsu Province as the research object. By
measuring physical, chemical, and biological indicators, principal component analysis was used to identify soil
health indicators and determine their weights. Combined with the membership function, the soil health index was
calculated and subsequently classified. The microbial community indicators were obtained via high-throughput
sequencing, and the random forest model was used to screen the indicators and construct a soil health assessment
system based on microbial community indicators. [Result]The results showed that biochar application significantly
increased the content of soil available phosphorus (AP), but the content of available potassium (AK) was slightly
lower compared to direct straw returning. The impact of different treatments on the alpha diversity index of the
fungal community was more significant compared to that of the bacterial community. Also, the minimum dataset for
soil health evaluation in the typical rice-wheat rotation area in southern Jiangsu Province, selected based on principal
component analysis, consisted of soil organic carbon, AP, AK, and the activities of SUC and urease. The application
of nitrogen fertilizer, single straw returning, and straw carbonization returning significantly increased the soil health
index, while double straw returning reduced the soil health index in the short term. Moreover, the microbial
community indicators selected by the random forest model were the relative abundance of Spirochaetota,
Actinobacteriota, Mortierellomycota, bacterial Chaol index, fungal Shannon index, and the relative abundance of
functional genes such as rbcL, nosZ, ureC, and soxA. [Conclusion] The results of this study provide a scientific
foundation for the formulation of agricultural management measures in the southern Jiangsu region and offer
valuable insights into the construction of a soil health system based on microbial community indicators.

Key words: Typical rice-wheat rotation area; Soil health assessment; Minimum data set; Microbial community

indicators; Random forest model
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HEE RS TR R MIBCR A, AU A VIR TR bR VF tr 3R 4 BE o AT BT 72 44
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PRBIEFC T AN AR U S0 IR TR R, SRR, BRI TR IR SRR T SRR R R R, T
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FRF RS LRSI fG 1AL AR i LR e, 458K W], 25T 16S rDNA JEPIII T HOAR
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PR 5 A R ) 9%, VTR AE SRR A2 A8 AR DX I A U STt /I e 11 ] BE I & ot
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PR LSRR REPR AN IR R B S MR IR .

1 MRS 5k

1.1 38 X
TS XA T 7548 SR BH T [ 2 72 8] Bt 150t e i S S MR AR 3000k (31°30127N, 119°12'407ED .
IR X H P A e, BT, LR EH BERFER, FiRZZ, KEARK. 2FETLHE N 224
d, S-S 154 °C, FFF/KE 1149.7mm, W H 133d, “FHXEE 3.0m-s*, HIE 2103.7h.
TR IEE B KB N, R ARE A i L 1.
=1 REATEIE (0~20cm) BUMR (n=24)

Table 1 Physical and chemical properties of soil (0-20 cm) before the experiment (n=24)

TP/(g-kg"  AP/(mg-kg
1

+3EHRMY pH BD/(g-cm®) SOC/(g-kg™) TN/(g-kg?) NOz-N/(mg-kg™) NH,*-N/(mg-kg?) .

W E K
547 1.30 11.56 1.08 25.47 5.12 0.43 3.96
PN v
#: BD, #H; SOC, HAHLEK: TN, &% NOs-N, FHA%: NH N, #&%: TP, 48 AP, HikWE. ~H. Note:

BD, Bulk density; SOC, Soil organic carbon; TN, Total nitrogen; NOs™ -N, Nitrate nitrogen; NH;* -N, Ammonium nitrogen; TP,

Total phosphorus; AP, Available phosphorus. The same below. (DSoil type, @Orthic stagnic hydragric soils.
1.2 At SHEmARE

AT T 2022 SETFUG HIREFTIE BT AR E Arike, R B A EE: (1) CK, AL
HREFTAIE R (2) CS, AMEMANEHREFEH;  (3) NPK, JEE+REFTAER; (4) NS,
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FMENE+FEFHLH;  (5) NHS, JlinZAE+REFTSUREIEH ;s (6) NBC, il i ZAE+AS AT R Ak ik
Mo % /NX 2 8 ZERa T, DART&%/NX Z A B4 R38R LI H &0t AN EE 4
HE, BN/DNX 130m? (10mx 13m). EEHESE YR E, NEFREIE RF) HER
250 kg-hm?2 (LA N i+, FRED , BEAE BB 5 100 kg-hm?2 (L P,0sit, D , #IHE (&
164D 24 100 kg-hm? (BA K20 if, RIED o HABEARMAIEE pbtiE N, BIEHIKE, 3
BRI E LA 5.5: 4.5, KIEEEME (JRE) HEHR 360kg-hm?2, BEAE CESEEEEAE) 24 75 kg-hm
2, BRAE CEALAT) A 120 kg-hm2. AR AEFIAR AR (R A JERE N, B AR IR R, AR, 4)rBE
JE. B ELE N 4: 4: 2.

2023 4F 11 H /KRG R S L IRE S 3L 24 A, SRARRFEE N 0~20 em. AR 56 FH He SR A
TEAT R2RAE R3E, SR U5 F DU 020G 70 e b e N 1 48, J i FH P B OKES IR DRI AR R AT B 1%
R HEFE MR PR I NERRE . MRS H AR IR AT B S0 I0 = )5, & e d TR 70, 35—t
SRR E T-80 CREMRIRUKAE S, M TRCEMBE R INE; H—MoE T-4 CrukFE+HH
T YR AL BRSO E ;s R EEXT . BEREiE, TE E AR
1.3 BFRNE R ZE

TR BT I E S R R A A HT) B9 kA (WC) HEBENE, pH R HAL
PasE, THEAHK (SOC) H BRI S —sMin#aklE, 48 (TP) RAE LB
Pty , A0 (AP) SRR SR R—ESPILEENE, 2% (TN RAERME L
OB B — 2R TEINE , AR (NOs-ND 5 (NH.-ND SR &R — ok ikl e,
BT (AKD R CIREOR S — S C TR E o B-HI AT AT (B-G) R FH X Al = 1y b a2
M5, FEALEF (SUC) KA 3,5- /KR byl e, IREF (URE) R FH 2R 8N- 1k SR B L
EIENE, wEEAM (PRO) KA el =Hi b Eakille, RIEBEIREE (ACP) K XA R B IR — 8N

(PNPP) JEUSIIIE s A ER (MBC) R &7 BA SR — 2 AR T4 (TOC) Ml
SE o S FENLE ] OMEGA 133877 %& (Omega Bio-Tek, Norcross, GA, EE) $#2H DNA, {# /] 16S
rRNA B K V3~V4 XX 4HEE I 18S 1TS1 X F #4770 95 . FFLE lllumina NovaSeq - & #E47
J¥'o DNA $2H{. PCR 4 $8F1 /7 B B nUUR A 5 2 R B G BR A 73T B a4 8 & 1
2 [ SR L L P A i KA & (CNGBdb) , 778054~ CNP0007789.
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PR R B4 random forest G52 R, FFHIH rfPermute 330547 235 14 B THE FF AR .
1.6 HIEALIE

WIS H T Excel 2019 BEATHIPHEHE, KA SPSS 26 X HdE #HAT MR MEGE T o0 M. E Ry
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2 Gt

2.1 TELIEFS 1R FRAIS MR

ANRIAL BN AR L BRI AN 3R 2 fios, BEE PRI 1 pfros . S5 R, ZUIEIE AT 2
ERESTEANK. 2% HER. BAASE, e DIRIREEEYE . RATE T4 s g R oK
BEJT, fem LA U 2% BUEYAEYER S E, UL R E A EHETE QSRS ATE H (NHS)
BURAEFEATIEH (NS) 353 HIRBUEY E Y EIR S B . FEAT IR A3 H T 36 i - 3 2wt 25
&, HEY YRR S B K.

& 2 TRIAIEXKFEZTTIRIBH M BRAIF M
Table 2 Effect of different treatments on the physicochemical properties of soils in the rice season

Ab BD wc soc TN NOs-N
Treatment /(g-cm™®) /(g-kg™?) pH /(g-kg™?) /(g-kg™?) /(mg-kg?h)
CK 1.35+0.05a 27.02+1.02c 5.39+0.10a 9.47+0.40d 1.04+0.03b 6.93+0.11b
CS 1.32+0.14a 34.33+£2.08a 5.63+0.30a 9.76+0.54cd 1.04+0.02b 6.60+0.48b
NPK 1.37+0.02a 26.00£1.73c 5.45+0.24a 10.42+0.24bc 1.07+0.03ab 12.11+1.34a
NS 1.25+0.04a 30.66+1.15b 5.44+0.07a 10.74+0.66ab 1.23+0.03a 11.85+2.27a
NHS 1.22+0.10a 31.05+1.41b 5.40+0.12a 11.25+0.29ab 1.12+0.06ab 10.21+0.07ab
NBC 1.27+0.02a 26.75+2.16¢C 5.43+0.09a 11.36+0.60a 1.12+0.05ab 10.25+1.06ab
sl NH,~-N TP AP AK MBC
Treatment /(mg-kg™) /(mg-kg™) /(mg-kg™) /(mg-kg™) /(mg-kg™)
CK 3.89+0.11c 360.1 +£30.2b 13.15+1.77bc 145.2+10.7bc 144.8+8.6¢
CS 4.09+0.72hc 400.0+47.6ab 11.62+1.19¢ 112.2+14.4c 162.3+13.6¢
NPK 4.83+0.41b 407.3+£22.6ab 13.754+0.90bc 133.247.7bc 204.6+19.5b
NS 6.06+0.47a 412.9+8.6ab 13.64+1.60bc 182.7+£3.8a 217.1+25.3b
NHS 4.74+0.62bc 408.7+23.2ab 15.74+1.81b 183.5+14.0a 248.7+14.8a
NBC 4.60+0.56hc 436.8+49.0a 18.54+0.52a 168.5+11.4ab 206.9+2.4b

I WC: B7K%; AK: HRH; MBC: WUEMAEYERR: CK: AHEMENE+HFEFTALH: CS: AN +AEFTIE H 5

NPK: i ZE+REFFAZE: NS: M AE+FREFFEH: NHS: FEnEAE+REFF S E: NBC: M Z&AL+F5FF R AGIE
H o FIBIAE /NG R R AN [F) A P 8] 77 AE B 2 V72 7 (P <0.05) . [ . Note: WC, Water content; AK, Available potassium;
MBC, Microbial biomass carbon; CK, no N fertilizer and no straw returning; CS, no N fertilizer but with straw returning; NPK, N
fertilizer applied but no straw returning; NS, N fertilizer applied and straw returned; NHS, N fertilizer applied and double straw
returned; NBC, N fertilizer applied and biochar returned. Different lowercase letters in the same column indicate significant

differences among different treatments (P < 0.05). The same below.
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3O o~ b be 1 I t
E 2 3 . 1
[ORN-a T
5 o
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= o)
TgE?
2
= 1
0

CK €S NPK NS NHS NBC
/#b3E Treatment
W B-G: B-HIEIPEFEE; SUC: %1tE§; URE: JREE; PRO: E[AMEE; ACP: MMBIREEE. ARG PR R AL
HEZEREE (P<0.05) . M. Note: B-G: p-Glucosidase; SUC: Sucrase; URE: Urease; PRO: Protease; ACP: Acid
phosphatase. Different lowercase letters indicate significant differences among different treatments (P < 0.05). The same below.
1 AN A Bt A A9 T P 5 i)
Fig. 1 Effects of different treatments on soil enzyme activities
2.2 ETER7 7 TIRERITN
AR FEPP AR bR R TS SR R 3 B, FEXT AR R AR T R L, S
5 ML RT 1 ERy, HITZ A2 EIRT 5%, $REUH K 5 A>3 ok Rt 7 2 sik ik
27 84.09%, K5 AT PTEOCHEE IR T @ Bt . fE R 1, SUC. TN, pH
Ak 0.5, /RS —4 B, RS 2 1, PRO. URE. MBC. BD 45 TP [ttt
0.5, RIZr#H _HE, fEFM5 3%, AP, WC MM 05, RIARHE=HE: FMm 4
& ACP; RS 5 A NOs-N. BEAh, AK TEERST 15 E/S 2 HEAT KT 0.5,
HAEF RS 1 8 AR, Mo RIS 25 A, F#E, % B-G 5 NOs N Ry 25 —4l,
SOC Xl7r 25 Tidl.
FERFAL A B R 55 Norm {EL AT 10%31 Bl Y (4R, 55— 2L s Norm {28 SUC (1.897) ,

il 10%3EH 4y 1.707~1.897, KL —HhfRE SUC. TN 5 AK; 55 41 Norm {4 URE
(1.734) , I 10%;36 M 1.561~1.734, KL —4I{£¥ URE 5 PRO; 28 =41+ Norm i
9 AP (1.395) , Hij 10%7E [y 1.256 ~ 1.395, RIMLE =401 AP 5 WC {RE: HPUAHE
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ACP, WU %5 H4 % Norm {44 SOC (1.564) , Hi 10%3EEI A 1.408~1.564, KI5
H ) SOC 1418 .

kIR TUAY, ST PR B AR AR AT R DGR A3 BT o S — 4 SUC 5 TN AHC R0k 0.81,
EEFEK (P<0.001) , fRE Norm {HECKM SUC: 2 ZH911) URE 5 PRO HIMHK R EH
0.7, EEZEMAMI (P<0.05) , H URE ) Norm {f (1.734) KT PRO ] Norm {8 (1.651) ,
RIS —ZHAR R URE. [AEE, =P H Norm EHACKK AP; %5 T4 Norm fHHKH
SOC. ZAidFpisr /4G Norm {E UL RA G R BT, B ZenfiE T3 4g BT e DR SN -
SUC. SOC. AK. AP. URE. HR¥Z=5E5R00%} fo/NHR SE R A FHATUCR M &5, AR Fiad it &
B3 43 M 4854 Norm B A 1 i /NS 2 (1) SOC. AP AK S5 bRk BUBI 24 K T 60%, URE
55 SUC 73 SIS AE AR RIS = DUGL, ZRWIAHIF U A i ) o /N B8 6 HoAT U AR R A

MR B o ATE SR IS AR AR 707 22, SR HCH I BT A e br A 707 223578 0.8 LA E,
H:rp SOC 5 0.941, URE 4 0.897, AP 4 0.875, SUC 4 0.863, AK 4 0.829, MR¥E&Fahr bk
AT I ZERECE, TR S BV d N B S R AR T B o AR B R R A )
PR R AT NRIE e 78 $R AR I B 3 s ISR R FE R B 20, 0l /DN SRR dn EAT A, 0L
AR 0~1 M TE BB, AL E SR, Wi/ MR EN TR T BRI, 115
AR RS, 45 RWR 3 R, WAL, 7EHIEEELEAVRN b, g B R B 1S NS
5 NBC 4b#, H 2 NHS 4b3, CK ALFE M) -3 Fifa 2%, L+ NBC. NHS 5 NS [
EPONEUEE, NPK 5 CS AHWAERE, CK NEAMERE, FEFFi4 H o] o S gef@ ek, 27+
BRSNS 5 NHS AFEAE T NPK AbH -3 i B e %0 Bl 7 19.85% 5 14.45%, CS
() LI FE R AU AT CK 32T T 16.49% . ZAE Mt it — e F2 B b oies 1 LI BetR o, NPK
FHECT CK, NS AHET CS LI FRFR#0 ml#2 Tt 1 37.37%M1 47.12%, HAFEFRALICH 5 E#
WHITEHEZES . AU, REFHEH 5 Z AR T3 & T @ e, X5 Liu 5R2AY
Wang 52—, FEFFIE H 5 i8I o I b, SRR S I, AT D PR E
BTy, MAER, A 22 SR = A IR S i IR R T AR R T R S 1E
VIR R TES, SRm g, HRIR RPN RIE, Mg m L@ BORol . AR, #
FF B AL IS FH R 3 e e — MRS AR BOE T o B0 AR TR B, R AT R ALIE 0 7 B TR AR
ANELZE P AR AR R 24281, H A ) it B 22 HUFE R — R AR R A, BRIELIHA 2 AL 5 K&
RHE ReH], BE0S B AL VR TE 45 46, AT S - 338 5 e 26-270, xof L 3 FRfR v A 21 1E /B F
AN, FEAT IR AGIE ) - 58 - FE AR B R AR AR FE RN, DA AR R AL H 35 T 3 0l
AT k8 F e N R 2R B N R R 3] g e B 0 52 281, R A Sk F AR R T S
H BRI T I B4R 4, HArm ks, AR, dEMTEHS S0 ENHEH, st
SR AD IE 5 R AR, FRAR -3 pHEO, Somd HIRBAEMBERE, WK EY B, o g
R g B A7 THT S o

%3 TEILETHR/NBIEEEIFREE R TIFERFRIKR

Table 3 Membership degree of the minimum data set index and soil health index under different treatments

st g fE et H fa e
AK SoC AP URE SUC

Treatment Soil health index ~ Health level
CK 0.710 0373 0.347 0.333 0.19 0.388 LN
Cs 0.535 0387 0.310 0.647 0.386 0.452 VA
NPK 0.646 0417 0361 0.751 0.498 0.533 VA
NS 0.903 0431 0359 0910 0.747 0.665 il
NHS 0910 0454 0410 0605 0.699 0.610 il
NBC 0.699 0460 0.478 0.857 0.900 0.662 B
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AR FE AN [ Ab B GE S A 1 KT 2 A 6 = FE s e LI 2a, HEAA R 10 BB ]9y
BN E ] (Proteobacteria) « 482517 (Chloroflexi) . FEF 1] (Acidobacteriota) . Zf
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I'T (Verrucomicrobiota) o AN [F] A BR AT 38 BB ] /K P-4 b 2B seAE % =5 FE s i 0L ] 2b, APl
WETTATERE] (Ascomycota) « H-F 1] (Basidiomycota) . #7147 (Mortierellomycota)
P25 1] (Rozellomycota)

AR HEAT HBE RS o Z2FEMERR BN S A B T AN B A VE S 2 (B 3D o BTt B
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<0.05) o FEATIE HH AT 50t UG AN 715 SR AORE R 2 REVEFRAIR I /L, 15 NPKORHEE, NS AbER i 242
1 26.32% (P < 0.05) . 5 NS #ith, NBC AHE[¥E# Chaol ¥R ¥ T 1 167.53%, Ak

(Shannon) FE%0E 5 1 59.16%, H5JFE (Pielou_e) FE¥UIRE T 27.29%. X5 F kB
WEFTas R L. AL B BEVE T, U i IR R 2 BRI 2 R, (RS AT IS H JF AR B
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Table 4 Affiliation values and weighting of microbial community indicators

i HHAE ) . JRE RuBisCo BEM N0
Y1 Chaol o WRmI BMEAT MAET ‘ 3
JosLd ) RIg% . . . BEk KSR wiDEE RS
TBE Mortierello Spirochaet Actinobact
Treatment Shannon fiFL ] LA
Chaol (Bac) mycota ota eriota
(Fun) ureC rbcL SOXA nosZ
CK 0.513 0.742 0.145 0.277 0.479 0.251 0.165 0.505 0.438
CSs 0.370 0.933 0.189 0.235 0.417 0.564 0.468 0.409 0.322
NPK 0.498 0.474 0.130 0.732 0.604 0.726 0.258 0.588 0.382
NS 0.762 0.617 0.431 0.233 0.490 0.750 0.449 0.447 0.858
NHS 0.816 0.719 0.477 0.327 0.442 0.460 0.582 0.556 0.490
NBC 0.715 0.910 0.330 0.327 0.417 0.849 0.595 0.741 0.604
BIJj Rz
. 3.771 3.274 3.468 3.238 2.301 4535 5.506 2.797 3.610
1%
T 0.116 0.101 0.107 0.100 0071 0140  0.169 0.086 0.111

@ Increase in mean squared error, @Weight.

i A B A VR AR bR S S AR, BT INBURANTH 5, 19 1 T REHLAR K
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3 fd FE R AL (RF-SHID , FE 5T SCET 3 o 7 i i B i 3 fi e 45 % (PCA-SHID
HATXIEG, g5 5 s . Hr RF-SHI S =i{E A NBC |1 0.623, #4542 NS [ 0.569, #
IRK)FE CK 11 0.367. ] ., RF-SHI 7E%0{t AT PCA-SHI 2 B [FIFE B A, {H %
HER A AR, { NBC 5 NS [HEA KA T4k, v DL Hb S e - 3 fa Btk . 76
PCA-SHI 1 NBC 5 NS #A#:F, {H RF-SHI 1 NBC #it T NS. bl W, SFHAHIF
34 HH PRI AR D ot AT R b DAY - 49 B AL

5 AMTIRERITN G EERIIEE

Table 5 Comparison of the results of two soil health assessment methods

BT TR o BT LB A B AN FETRENLARMR K LA HEVF
Soil health assessment based on principal Soil health assessment based on random forests
A component analysis (PCA-SHI) (RF-SHI)
Treatment
IR R Hi44 I R Hi44
Soil health index Ranking Soil health index Ranking
CK 0.388 6 0.367 6
Cs 0.452 5 0.439 5
NPK 0.533 4 0.474 4
NS 0.665 1 0.569 2
NHS 0.610 3 0.547 3
NBC 0.662 2 0.623 1
34 it

A ALTF B R A0 VE X BN T R, WE T W3 A5 A iehs, MR T /6
5 X SEBRIE DL T @ BT A R, T LI R . TIPS I, i N AR AR Y
THREAE D BEVE PRAR I RFIE B L, 008 5 T (g R DG T FE m (M 2 E VR PR, 43 8110 2 22
ER TR (I 3 5o o M i it 0 7K RS 25 3 (i BE VAN B/ B0 4 JeBUEE A BLAR (0.213)
HAAHR (0.188) . AHAAME (0.199) . JIREE (0.204) . #:4LEE (0.196) . KFEZE 1 {d TR HGE
44: NS>NBC>NHS>NPK>CS>CK, H:H' NHS. NS. NBC [{J--3ff@ Bk A i, NPK.
CS MH N AR, CKAAH NEAERE. (20 FIFARPLARMB AT EM BRI, 75
AR T ACE YR s da kR . 2)edk 1] (Spirochaetota) « £k ] (Actinobacteriota) ;
B ACE TP R AL A8 ARG #1557 T (Mortierellomycota) ; o Z2#EMEFEEE b7 40 Chaol
Fe8055 E 5 Shannon 353, BEVEXTIAETEAR N rbcl. nosZ. ureC 55 soxA. #:T-07i% IR A= B
WARAREEAT LIREERTAT, PPN R G EE T R TR R AR — 8, AT U e - g IR
Do
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