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Supporting Methods
[bookmark: OLE_LINK8]Soil enzyme activity determination
The potential activities of α-1,4-glucosidase (AG), β-1,4-glucosidase (BG), cellobiohydrolase (CBH), β-xylosidase (BX), leucine amino peptidase (LAP), β-1,4-N-Acetyl-glucosaminidase (NAG), and acid phosphatase (ACP) were measured by using the MUF-linked model substrates (Deforest, 2009). Based on the study of Tabatabai and Bremner (1969), the potential activity of extracellular alkaline phosphatases (ALP) in soil was estimated by measuring the releases of p-nitrophenol from p-nitrophenyl phosphate. Specific procedure for the determination of the activity is offered in our previous researches (Luo et al. 2017).
[bookmark: OLE_LINK11]
Soil C and nutrient determination
The volumetric method of potassium dichromate was employed to measure soil organic C content (Bao, 2000). The steps are as follows: A certain amount of dry soil was weighed and placed in a test tube, and then added 5 mL potassium dichromate standard solution and 5 mL sulphuric acid to the tube and shook well. The tube was inserted into a wire cage and boiled in an oil bath at about 190 ℃ for about 5 min. The decolorized soil suspension was filtered, and the supernatant was used for titration with ferrous ammonium sulphate. Meanwhile, blank test was done to calculate C content according to the consumption volume of ammonium ferrous sulphate standard solution.
[bookmark: _GoBack]The Kjeldahl method was employed to measure soil total N content (Bao, 2000). The 1.0 g soil sample was weighed and placed in a 100 mL digestion tube, 3.0 g of catalyst and 5.0mL of concentrated sulfuric acid were added and thoroughly shaken. The digestion tube was put into the graphite furnace digestion device, and gradient heating was carried out: heating at 240 ℃ for 15 min, heating at 300℃ for 15 min, heating at 340℃ for 40 min. Until the digestion solution in the tube turned white or light green, removed the digestion tube and cooled to room temperature. The Kjeldner analyzer was opened, and the instrument was first washed by cooking with blank distilled water for three times, the digested soil samples were replaced, the cooking time was set, and the amount of sodium hydroxide solution and distilled water added was set. The distilled ammonia gas was collected in a receiving bottle with boric acid indicator until the color of the solution inside the bottle changed from blue-green to dark red. Then the ammonia gas was titrated with standard solution of hydrochloric acid. Meanwhile, blank test was done to calculate N content according to the consumption volume of hydrochloric acid.
The anti-colorimetric H2SO4-Molybdenum antimony method was used to measure soil total P content (Bao, 2000). The 0.5000 g of dry soil was weighed into a 100 mL conical flask, concentrated sulfuric acid and perchloric acid were added to shake well, and then digested at low temperature on an electric heating plate. After boiling, the suspension was transferred to a 50ml volumetric flask, and ultra-pure water was added to about 20 ml. After adjusting the acidity of the solution, 10 mL ammonium vanadate mixed solution was added, shaken well, and left for 30 minutes to compare colors. The absorbance value of the solution to be measured was read by a spectrophotometer at a wavelength of 420 nm, and P content was calculated.

Soil microbial biomass determination
[bookmark: OLE_LINK13]The contents of soil microbial C (MBC), N (MBN), and P (MBP) were measured using the chloroform-fumigation extraction method, and values were calculated from the difference between soil extracted with 0.5 M K2SO4 or NaHCO3 in fumigated and unfumigated samples (Vance et al. 1987). Organic C in the extracts was quantified by the dichromate oxidation method, organic N was detected by the Kjeldahl method, and P content was quantified by the anti-colorimetric H2SO4-Molybdenum antimony. Correction factors of 0.45 (KC), 0.54 (KN), and 0.40 (KP) were used for the calculated MBC, MBN, and MBP content, respectively.
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Table S1 The primers and function of 64 biomaker genes.
	Gene
	Function
	Forward Primer (5’-3’)
	Reverse Primer (5’-3’)

	abfA
	C degradation
	CGS TAY CCS GCC GGC AAY TT
	TGC CAS GGN CCG TCC ATY TC

	xylA
	C degradation
	TGG GGB GGT CGY GAA GG
	ACT TTG GCR TCR AAG TT

	mnp
	C degradation
	MAC RCC STT CGA CTC SAC C
	ACG TCS GAG CAG TCR AYG A

	amyX
	C degradation
	TAT AAY TGG GGM TAT GAY CC
	CCC ATY AAA TCA AAW CGR AA

	apu
	C degradation
	ACV TGG ATA GGY GAG CCY CA
	CCR TCS GGG AAG TAG TTK CC

	sga
	C degradation
	CGS AAC TGG GAY TAC CGS
	TCC CAC AGS CCS KCG TC

	cex
	C degradation
	YST ACG GSA TGC ACT GGM T
	TAN CGC AGR TAG TCV CCC AT

	manB
	C degradation
	ATG CGC GGB GTC AAC CA
	TCG TTG SCG ATG TTG ABG A

	amyA
	C degradation
	YGG TTT TCG TCT TGA CGC SG
	MGG CTG MGT RTC ATG RTT K

	chiA
	C degradation
	TSA AGA ART ACG CSG ACA ACG
	ASG TCA TCA GRC CCT TSA G

	glx
	C degradation
	AAC CAR TCG ATC ATC TAC GA
	RTG SAC GAG CTC DGG CAT GG

	lig
	C degradation
	CCG CAC ACA CTG TTG CTG C
	CGA AGG ATT GCC ACT CGC A

	cdh
	C degradation
	ATW RYC TWC CGM RTH GCC MT
	GTK AGS GGR TTB YKG RYC AT

	pox
	C degradation
	ACY AGT ATC CAT TGG CAC GGT
	AGA TGV GAR TGA TAC CAR AA

	pgu
	C degradation
	ANC ATT GGT GGC CST GGA A
	TTR AYG GCR ATR CAR TCR TC

	naglu
	C degradation
	TVA AYT GGT AYC TGA AAT AY
	CCR TGY AGV GCC ATC CAG TC

	gcd
	C degradation
	ATC GCG TTC GGG CCG GAC G
	ATS AGR TTS AGC TCG TCC CA

	rbcL
	C fixation
	AAG GAC GAC GAG AAC ATC
	TGC AGGA TCA TGT CGT T

	aclB
	C fixation
	TGG ACM ATG GTD GCY GGK GGT
	ATA GTT KGG SCC ACC TCT TC

	korA
	C fixation
	GCC GGC TAC CCC ATC ACC CC
	ATG ATG GGA TGG TCC CCA TG

	acsA
	C fixation
	GAT ACC TGG TGG CAG ACC GA
	TGA TCA CGT CGT CGA CCC GG

	acsE
	C fixation
	TCA TCG GCG AAC GCA TCA AC
	AGR CCG GCT TCS ATG GC

	accA
	C fixation
	GAA GGC TAY CGC AAR GC
	CCT TCM GGS GAR ATM AC

	pccA
	C fixation
	GTG MTG ATC AAG GCC WC
	CGS GTG TTC ATY TCS AGG AA

	acsb
	C fixation
	CTY TGY CAG TCM TTY GCB CC
	CCC ATA AAB CCY GGD GTY TG

	smtA
	C fixation
	TTT CTG GCC GGB TAY GCD GC
	CGG TAC GGI ICC GGT YTG VCC

	mct
	C fixation
	TGG GCG CSG ASG TSA TMC G
	TTC ACS GTR TAR TCS AYS GC

	frdA
	C fixation
	MTG CTG CAC ACS CTG TW
	CCG GTS GGG TGR WAC TG

	mcrA
	C fixation
	GGT GGT GTM GGD TTC ACM CAR TA
	CGT TCA TBG CGT AGT TVG GRT AGT

	mmoX
	Methane metabolism 
	ATG GAG GCG GTC AAG GAC GA
	CGC TTC ATG CCC TTC CAC AG

	pmoA
	Methane metabolism 
	GGN GAC TGG GAC TTC TGG
	GAA SGC NGA GAA GAA SGC

	mxaF
	Methane metabolism 
	GCG GCA CCA ACT GGG GCT GGT
	GGG CAG CAT GAA GGG CTC CC

	pqq.mdh
	Methane metabolism
	TGT TCT ATG TGC CGG CCA A
	CTT CCA CAG TTC CTT GCC

	nifH
	N fixtion
	AAA GGY GGW ATC GGY AAR
TCC ACC AC
	TGS GCY TTG TCY TCR
 CGG ATB GGC AT

	amoB
	Nitrification
	TGG TAC GAC ATG ATA TGG
	ACG CGG CAG GAA CAT CGG

	amoA1
	Nitrification
	STA ATG GTC TGG CTT AGA CG
	GCG GCC ATC CAT CTG TAT GT

	nxrA
	Nitrification
	CAG ACC GAC GTG TGC GAA AG
	TCC ACA AGG AAC GGA AGG TC

	amoA2
	Nitrification
	GGG GTT TCT ACT GGT GGT
	CCC CTC KGS AAA GCC TTC TT

	narG
	Nitrate reducers
	TAY GTS GGG CAG GAR AAA CTG
	CGT AGA AGA AGC TGG TGC TGT

	napA
	Nitrate reducers
	CTG GAC IAT GGG YTT IAA CCA
	CCT TCY TTY TCI ACC CAC AT

	nasA
	Nitrate reducers
	CAR CCN AAY GCN ATG GG
	ATN GTR TGC CAY TGR TC

	nirS1
	Denitrification
	GTS AAC GTS AAG GAR ACS GG
	GAS TTC GGR TGS GTC TTG A

	nirS2
	Denitrification
	ATC GTC AAC GTC AAR GAR ACV GG
	TTC GGG TGC GTC TTS ABG AAS AG

	nirS3
	Denitrification
	TGG AGG AAC GCC GGN CAR GTN TGG
	GAT GAT GTC CAC GGC NAC RTA NGG

	nosZ1
	Denitrification
	CGY TGT TCM TCG ACA GCC AG
	CGS ACC TTS TTG CCS TYG CG

	nosZ2
	Denitrification
	CGC RAC GGC AAS AAG GTS MSS GT
	CAK RTG CAK SGC RTG GCA GAA

	nirK1
	Anammox
	GGM ATG GTK CCS TGG CA
	GCC TCG ATC AGR TTR TGG TT

	nirK2
	Anammox
	ATG GCG CCA TCA TGG TNY TNC C
	TCH AAH HCC TCH ATN ARR TTR TG

	nirK3
	Anammox
	TGC ACA TCG CCA ACG GNA 
TGT WYG G
	GGC GCG GAAG ATG SHR 
TGR TCN AC

	hzsB
	Anammox
	ARG GHT GGG GHA GYT GGA AG
	GTY CCH ACR TCA TGV GTC TG

	ureC
	Ammonification
	AAG MTS CAC GAG GAC TGG GG
	AGR TGG TGG CAS ACC ATS AGC AT

	gdhA
	Ammonification
	GCC ATC GGY CCW TAC AAG GG
	ATG TCR CCN GCC GGA ACG TC

	pqqC
	Pi-solubilization
	AAC CGC TTC TAC TAC CAG
	GCG AAC AGC TCG GTC AG

	ppk
	Pi-solubilization
	GAC CCG AAB GTR CTB GCS AT
	TTA TAA TTN CCS GTN CCN A

	ppx
	Pi-solubilization
	TGC ATC TGG CGG ACG GCC T
	AGA TCC HCC HCC AAT ATC A

	bpp
	Po-minerilization
	GAC GCA GCC GAY GAY CCN 
GCN ITN TGG
	CAG GSC GCA NRT CIA 
CRT TRT T

	phnK
	Po-minerilization
	CAT CGT CGG CGA ATC CGG
	TGC TGC ATG CCG CCG GAA AA

	phoD
	Po-minerilization
	CAG TGG GAC GAC CAC GAG GT
	GAG GCC GAT CGG CAT GTC G

	phoX
	Po-minerilization
	GAR GAG AAC WTC CAC GGY TA
	GAT CTC GAT GAT RTG RCC RAA G

	dsrB
	S cycling
	CAA CAT CGT YCA YAC CCA GGG
	GTG TAG CAG TTA CCG CA

	apsA
	S cycling
	GGG YCT KTC CGC YAT CAA YAC
	ATC ATG ATC TGC CAG CGG CCG GA

	soxY
	S cycling
	ATC GAT GAC AAC CCC GTG CC
	AGC TGG TCC ATC TGC ATG CCG

	dsrA
	S cycling
	ACS CAC TGG AAG CAC G
	GGT GGA GCC GTG CAT GTT

	yedZ
	S cycling
	CTG CTG ATC ACG CTG GCC AT
	GCG ATG CAG CTT CTT CCA GCG




Table S2 Biogeochemical cycles, group of functions, full names, abbreviations, and services supported by the 18 ecosystem functions.
	 Ecosystem functions
	Group of functions
	Full name
	Abbreviation
	Service

	C cycles
	Hydrolysis of soluble saccharides
	[bookmark: OLE_LINK10]α-1,4-glucosidase
	AG
	Organic matter decomposition

	
	Hydrolysis of cellulose
	β-1,4-glucosidase
	BG
	

	
	
	β-D-cellobiosidase
	CBH
	

	
	Hydrolysis of hemicellulose
	β-1,4-xylosidase
	BX
	

	
	C availability
	Microbial biomass C
	MBC
	Nutrient cycling

	
	Soil C stocks
	[bookmark: OLE_LINK5]Soil organic C
	SOC
	Climate regulation

	N cycle
	Protein degradation
	Leucine amino peptidase
	LAP
	Organic matter decomposition

	
	[bookmark: OLE_LINK12] Hydrolysis of chitooligosaccharides
	[bookmark: OLE_LINK9]β-1,4-N-acetylglucosaminidase
	NAG
	

	
	N availability
	Microbial biomass N
	MBN
	Nutrient cycling

	
	Soil N stocks
	Soil total N
	TN
	Nutrient pool accumulation

	P cycle
	Organic P mineralization
	Alkaline phosphatase
	ALP
	Organic matter decomposition

	
	Inorganic P dissolution
	Acid phosphatase
	ACP
	Nutrient cycling

	
	P availability
	Microbial biomass P
	MBP
	

	
	Soil P stocks
	Soil total P
	TP
	Nutrient pool accumulation

	Plant productivity
	 Plant nutrient stock
	Plant N uptake
	/
	Nutrient flow

	
	
	Plant N uptake
	/
	

	
	Production
	Yield
	/
	[bookmark: OLE_LINK6]Biomass production

	
	
	Plant biomass
	/
	




Table S3 Basic soil properties (0-20 cm) at At beginning of field experiment.
	[bookmark: OLE_LINK4][bookmark: OLE_LINK3]Treatment
	pH
(1:2.5)
	Total N
(g kg-1)
	Total P
(g kg-1)
	Total K
(g kg-1)
	alkali hydrolyzed N (mg kg-1)
	available P
(mg kg-1)
	available K (mg kg-1)
	organic matter
(g kg-1)

	 Soil
	5.8
	1.42
	0.57
	14.32
	47.33
	40.95
	56.22
	18.47




Table S4 Fertilizer application rates and fertilizer types of each treatment.
	         Treatment
	Fertilizing amount (kg ha-1)

	CK
	no fertilizer
	0

	CF
	chemical fertilizer 1
	N 240, P2O5 150, K2O 150

	BF
	chemical fertilizer and biochar 2
	N 240, P2O5 150, K2O 150, biochar 1500

	OF
	chemical fertilizer+organic fertilizer (20% chemical N was replaced by organic fertilizer 3)
	N 240 (inorganic N 192 and organic N 48), 
P2O5 150, K2O 150

	BOF
	chemical fertilizer+organic fertilizer (20% chemical N was replaced by organic fertilizer)+biochar 
	N 240 (inorganic N 192 and organic N 48), 
P2O5 150, K2O 150, biochar 1500


1 The chemical fertilizer types were urea, calcium superphosphate, and potassium chloride.
[bookmark: OLE_LINK1]2 Biochar made from rice straw that was carbonized at 500 ℃ for 2 hours (pH, 9.71; TC, 519 g kg-1; TN, 17.2 g kg-1; TP, 2.7g kg-1).
[bookmark: OLE_LINK2]3 The organic fertilizers were Qiangxiang organic fertilizers (N, 3.11%; P2O5, 0.08%; K2O, 1.71%; organic matter, 48%).


[image: Fig. 6]
Fig. S1 Random forest mean predictor importance (% increase in MSE) of the soil functional microbial population abundance with respect to ecosystem multifunctionality.


[image: Fig. S1]
Fig. S2 Random forest mean predictor importance (% increase in MSE) of the soil chemical property with respect to Functional microbial population abundance. AP, available P; DON, dissolved organic N; DOP, dissolved organic P; DOC, dissolved organic carbon.
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