[bookmark: _Hlk123144707][bookmark: _Hlk123145503][bookmark: _Hlk123141096]Section S1  15N, 33P, and 35S analysis and nutrient flux rates calculation
The 15N content was measured using element analyser-stable isotope mass spectrometry (EA-IRMS) (IsoPrime100; Isoprime Ltd., Cheadle Hulme,UK) (Pan et al., 2022). The 33P and 35S activity was determined after mixing with Optiphase HiSafe 3 liquid scintillation cocktail (PerkinElmer Inc., Waltham, MA, USA) and placing on a Wallac 1404 scintillation counter (Wallac EG&G, Milton Keynes, UK) with automated quench correction (Brown et al., 2022). Gross NH4+, NO-, PO43-, and SO42- production (GP) and consumption (GC) at 20 ℃ were calculated as formula (1) and (2) (Braun et al., 2018):
                                               (1)
                                                 (2)
 Where Q1 and Q2 are NH4+, NO-, PO43-, or SO42- concentrations and A1 and A2 are the 15N atom%, 33P, or 35S activity at time t1 (3 h) and t2 (24 h), respectively, after the N, P, and S were labelled.




























[bookmark: _Hlk123120881]Table S1. Total nutrient input for each fertilization treatment from 1996 to 2018
	Treatment
	Total nutrient input (t)

	　
	C
	N
	P
	S

	NM
	0
	2.46
	1.77
	0.96

	MM
	14.1
	2.63
	1.69
	1.00

	HM
	112.5
	5.80
	1.26
	1.22


NM, MM, and HM indicate zero, medium, and high rates of farmyard manure application, respectively.




































[bookmark: _Hlk82631554][bookmark: _Hlk122988401]Table S2. Soil physicochemical properties under long-term manure application.
	　
	　
	Top-soil
	　
	Sub-soil

	　
	　
	NM
	MM
	HM
	　
	NM
	MM
	HM

	pH
	
	7.2a
	7.2a
	7.1a
	
	7.2b
	7.5a
	7.5a

	EC
	(μS cm-1)
	124.0a
	106.3b
	105.3b
	
	61.5b
	100.8a
	90.0a

	Basal respiration
	(mg CO2 kg-2 h-1)
	7.6b
	11.3a
	13.0a
	
	2.9c
	7.9b
	12.5a

	Total C
	(%)
	0.69c
	0.88b
	1.29a
	
	0.64c
	0.79b
	1.02a

	SOM
	(%)
	1.9c
	2.4b
	2.6a
	
	1.7b
	2.2a
	2.3a

	DOC
	(mg C kg-1)
	42.7b
	49.6a
	69.7a
	
	36.4c
	51.2b
	75.8a

	Protein
	(mg N kg-1)
	14.0b
	15.7b
	18.2a
	
	14.4a
	15.8a
	16.7a

	Peptide
	(mg N kg-1)
	5.8a
	6.6a
	7.4a
	
	5.2b
	6.6ab
	7.5a

	Amino acids
	(mg N kg-1)
	2.5b
	5.8a
	6.0a
	
	2.8b
	6.7a
	5.9a

	MB-C
	(mg kg-1)
	365c
	475b
	573a
	
	297a
	391a
	367a

	Total N
	(%)
	0.07c
	0.09b
	0.10a
	
	0.07c
	0.08b
	0.09a

	EON
	(mg N kg-1)
	15.9a
	14.3a
	16.8a
	
	7.5b
	7.5b
	11.0a

	NO3-
	(mg kg-1)
	5.1b
	6.2ab
	8.7a
	
	0.8c
	2.0b
	4.2a

	NH4+
	(mg kg-1)
	1.4c
	2.1b
	3.1a
	
	1.5c
	2.0b
	2.3a

	MB-N
	(mg kg-1)
	42.3b
	48.2b
	83.0a
	
	35.4b
	48.7a
	54.8a

	Total P
	(mg kg-1)
	910b
	1247a
	593c
	
	368a
	257b
	203b

	Organic P
	(mg kg-1)
	834b
	1174a
	522c
	
	288a
	180ab
	129b

	Olsen-P
	(mg kg-1)
	76.3a
	73.5a
	70.9a
	
	80.4a
	76.8a
	74.4a

	PO43-
	(mg kg-1)
	20.5a
	21.2a
	21.5a
	
	23.6a
	24.6a
	25.3a

	MB-P
	(mg kg-1)
	18.1b
	35.2a
	18.6b
	
	7.1a
	11.3a
	12.4a

	Total S
	(mg kg-1)
	252.9a
	230.4ab
	226.4b
	
	217.4a
	208.2a
	230.6a

	Organic S
	(mg kg-1)
	249.3a
	226.2b
	222.2b
	
	215.5a
	204.8a
	226.2a

	SO42-
	(mg kg-1)
	3.6a
	4.1a
	4.1a
	
	1.8c
	3.4b
	4.3a

	MB-S 
	(mg kg-1)
	8.5b
	11.7a
	9.9ab
	　
	3.2b
	7.0a
	2.3b


Values represent the mean of four replicates. Different letters indicate significant differences between treatments in the topsoil or subsoil at P < 0.05. One-way ANOVA was performed with topsoil and subsoil separately. EC: electrical conductivity; SOM: soil organic matter; DOC: dissolved organic carbon; EON: extractable organic nitrogen; MB: microbial biomass. NM, MM, and HM indicate zero, medium, and high rates of farmyard manure application, respectively. Topsoil: 0-23cm, Subsoil: 23-38cm.











Table S3. Network parameters of bacteria and fungi under long-term manure application.  
	Treatment
	NM
	　
	MM
	　
	HM
	　

	kingdom
	Bacteria
	Fungi
	Bacteria
	Fungi
	Bacteria
	Fungi

	Average degree
	4.96 
	3.32 
	3.53 
	2.99 
	2.99 
	3.13 

	Closeness centrality
	0.32 
	0.31 
	0.36 
	0.35 
	0.50 
	0.53 

	Betweenness centrality
	281 
	347 
	323
	291 
	35 
	72 

	Average clustering coefficient
	0.37 
	0.28 
	0.21 
	0.29 
	0.23 
	0.25 

	[bookmark: _Hlk123048611]Average eigencentrality
	0.17 
	0.01 
	0.13 
	0.02 
	0.10 
	0.07 


NM, MM, and HM indicate zero, medium, and high rates of farmyard manure application, respectively. Topsoil: 0-23cm, Subsoil: 23-38cm.
































[image: 图表, 树状图

描述已自动生成]Fig. S1 Major phyla of (A) bacterial and (B) fungal communities under long-term manure application. NM, MM, and HM indicate zero, medium, and high rates of farmyard manure application, respectively. Topsoil: 0-23cm, Subsoil: 23-38cm. Relationships between the abundance of major phyla of bacteria (C), fungi (D) and soil chemical properties. EC: electric conductivity; BS: basal respiration; TC, TN, TP, and TS: total carbon, nitrogen, phosphorus, and sulphur. SOM: soil organic matter; DOC: dissolved organic carbon; AA: amino acids; MBC, MBN, MBP, and MBS: microbial biomass carbon, nitrogen, phosphorus, and sulphur; EON: extractable organic N. OP and OS: organic phosphorus and sulphur.  
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Fig. S2 Heatmap of C, N, P, and S processes under different fertilisation treatments.
[bookmark: _Hlk123215181]NM, MM, and HM indicate zero, medium, and high rates of farmyard manure application, respectively. Topsoil: 0-23cm, Subsoil: 23-38cm.
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Fig. S3 Pearson correlation analysis between soil nutrients cycling and chemical properties. EC: electric conductivity; BS: basal respiration; SOM: soil organic matter; DOC: dissolved organic carbon; AA: amino acids; MBC, MBN, MBP, and MBS: microbial biomass carbon, nitrogen, phosphorus, and sulphur; EON: extractable organic N. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Fig. S4 Mantel analysis of the relationship between functional genes and soil chemical properties. EC: electric conductivity; BS: basal respiration; TN, TP, and TS: total nitrogen, phosphorus, and sulphur. SOM: soil organic matter; DOC: dissolved organic carbon; AA: amino acids; MBC, MBN, MBP, and MBS: microbial biomass carbon, nitrogen, phosphorus, and sulphur; EON: extractable organic N. OP and OS: organic phosphorus and sulphur.  
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Fig. S5 Pearson correlation between functional genes abundance and soil physicochemical properties. EC: electric conductivity; BS: basal respiration; SOM: soil organic matter; DOC: dissolved organic carbon; AA: amino acids; MBC, MBN, MBP, and MBS: microbial biomass carbon, nitrogen, phosphorus, and sulphur; EON: extractable organic N.  
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描述已自动生成]
Fig. S6 Heatmap of the correlation between key taxa, soil processes, and functional genes. N*, p < 0.05; **, p < 0.01. 























References
Braun, J., Mooshammer, M., Wanek, W., Prommer, J., Walker, T.W.N., Rütting, T., Richter, A., 2018. Full 15N tracer accounting to revisit major assumptions of 15N isotope pool dilution approaches for gross nitrogen mineralization. Soil Biology and Biochemistry 117, 16-26.
Brown, R.W., Chadwick, D.R., Bending, G.D., Collins, C.D., Whelton, H.L., Daulton, E., Covington, J.A., Bull, I.D., Jones, D.L., 2022. Nutrient (C, N and P) enrichment induces significant changes in the soil metabolite profile and microbial carbon partitioning. Soil Biology and Biochemistry 172, 108779.
Pan, W.K., Tang, S., Zhou, J.J., Liu, M.J., Xu, M., Kuzyakov, Y., Ma, Q.X., Wu, L.H., 2022. Plant-microbial competition for amino acids depends on soil acidity and the microbial community. Plant and Soil 475, 457-471.

image5.png
Total N
NHa4*
Total P
Organic P
MBP
'(I;otals .
rganic
SGh
MBS

“INOs
7|POs*

Citrate cycle (TCA cycle, Krebs cycle)

Glyoxylate cycle

Methane oxidation

HRELEN

IN-Acetylglucosamine transport system

s[o[e[e[+][¢]|OlIsen P

oooo
oo
oo

QRO

(General L-amino acid transport system C

op
0O
olele]e)
Olele|e
pooe

(Glutamate transport system

Peptides/nickel transport system

Xylene degradation

ol® Oé—g-ﬂ

Methanogenesis

o] [©
“[slo] @l®[o[e]-[s|EON

Glucose/mannose transport system

Urea cycle

@®|Urea transport system

o [Nitrate/nitrite transport system

» [Nitrogen fixation

Nitrification N
Denitrification

®

°

L
BEOE0

@ [Dissimilatory nitrate reduction

0EEO0EEGOOEOB0

QoEacac)

|Assimilatory nitrate reduction

o|e]e|e[e]0]0]O)
c|efe]e]e]O]®

» [Nitrate assimilation

DORRORARE
EE0CEAEREE
OEROREQREAR

QO00EEOQRD
DO000EAGAa

@ Complete nitrification

Pentose phosphate pathway

oo ]|Q]e

Inositol phosphate metabolism

Reductive pentose phosphate cycle P

Phosphate transport system

PhoR-PhoB (phosphate starvation response)

©

+[SenX3-RegX3 (phosphate starvation response

ICreC-CreB (phosphate regulation)

Pentose phosphate pathway

o|e]e] |Inositol-phosphate transport system

Dermatan sulfate degradation

IChondroitin sulfate degradation

Heparan sulfate degradation

olejo]e]e]e

elele| [Keratan sulfate degradation S

BEO00

ssimilatory sulfate reduction

ISulfate transport system

®| |Thiosulfate oxidation by SOX complex

olee|o[o[ooo] (o[ [o[e|eee|s[s[0[®O[0l60®Ge[0[0[0[+[0]
D D

@
00000000
clefefofefefafe
Oa0a0an

Dissimilatory sulfate reduction





image6.png
COz respiration
0.6

NH4" production I
0.4

NH4" consumption

0.2
NO3" production 0

NO3 consumption = -0-2

PO4* production & 04

PO4+* consumption

S04% production

S04* consumption

C cycle genes

_- N cycle genes

P cycle genes

S cycle genes

ggnjogd
9oLnjog
Gcniod
091 njod




image1.png
20%

0%
100%

0%

3

ive abundance (%)

40%

3
z

Topsoil

|= Proteobacteria
|= Actinobacteria
|» Firmicutes

|» Acidobacteria

Explained variation (%)

|w Chioroflexi
e @
lm Verrucomcrobia os.
lm Gemmatimonadetes  Ts-
|w Bacteroidetes MBP
|m Planctomyeetes Pas ®
lmother Osen ° o Olsen? o
op- o o oP: O] o
L2 o o T* O o
menjo|o|o|O|O|O °|o MBN ° o
cnscomeon i _[Ofo] | o[ |0 e Jolo] |
=Mortierellomycota  NO°1_J 1 © gl (o vosjolofolo| [Ofefe]ojo]
. eonfole[e[-|0]=]| |O]o]0 eon{olo|o]=| [O]e|o]o]o
= Basidiomycota —
~Jo[o[e[o[O]s [o]e]o |- w{o|e|o|e olo[e|o]o]
Ay =
y wec{o|o|o[o]e[e[o]e|o]e wec{ o[o]| [o]e oo
= Mucoromycota AA. ° ° AA- o|olo olole [ |
= Chytridiomycota  peptide{ O O|o|ofe[Ofo]|o]| repice] - of[e|ofofo|e]e]0
= Cercozoa Protein: ) o - Protein: °|o|O ojo|0|e
®Rozellomycota ooc- ° o Olo ooc{o|o|[O]o|O]e|ofe o
aCiliophora som{o|o]=]-[0] O] som{ » [O|o] - [o]o[o]B]o]O
a Glomeromycata TC: ) -|o|o || Tc{e|Ofo]|0|Ofe|e|o o
BS. O|o|o o o BS{ o ofo o
mothers o|Oo o|o
ec{o|ofo|o]o|o|o]-|0|O Ec- o|o|o|O|o|ofe|o]|0
o |O[e]o]o]e] |o o] o ° ° eDIOIOlO
& @& & PP S & S o
Subsarl P B S E P E W S P ©

| Corelation

10
N
00
.ns
40
Importance (%)
o s
o w©
[eRD]
Q=
O




image2.png
NMT MMT HMT NMS MMS HMS

Topsoil

Subsaoil

COz2respiration
NHa* production
NH4* consumption
NOs3- production
NO3" consumption
PO4% production
PO43 consumption
S042 production

S042- consumption

'
N




image3.png
Total_P
Organic_P
Olsen_P
POs>
Total_S
Organic_S
00@ s
MBS

I
=)

o
w
@
[
J
[ ]

BS

@)| Peptide
AA
MBC
Total_N
EON
NO3
NH4*
MBN

COzrespiration

NH4* production

NH4* consumption

NOs production

NOs™ consumption

PO4* production

PO4* consumption

S042 production

S04 consumption





image4.png
Mantel's p
- <00t
- 001-005
=005

Mantel's r

— <02
-—02-04

Pearson's r
10





