Supplementary Materials and Methods
S1.1 Field management
[bookmark: OLE_LINK5][bookmark: OLE_LINK3][bookmark: _Hlk183995552][bookmark: OLE_LINK6]During the rotation, wheat was sown at the beginning of October and harvested at the beginning of June the following year, and then maize was immediately sown and harvested at the end of September. In the zero N input treatments (N0, N0+S), no fertilizer N was applied with straw removal and return, respectively. In the optimum N input (Nopt, Nopt+S) treatments, chemical N was applied at the rate of 160.0 kg N ha−1 in wheat and maize season, respectively, based on the synchronization of crop N demand and soil N supply (Zhao et al., 2006). In the conventional N input (Ncon, Ncon+S) treatments, chemical N was applied at conventional rates of 300.0 kg N ha−1 in wheat and 260.0 kg N ha−1 in maize season. In the manure input (Nbal+M, Nbal+M +S) treatments, the fertilizer N rate was based on the N balance calculation, that is, the difference between the target N supply of winter wheat season (170.0 kg N ha−1) or summer maize season (180.0 kg N ha−1) and the mineralized N in the manure of winter wheat season (the proportion of N mineralized from the manure in winter wheat season is 40%) or summer maize season (the proportion of N mineralized from the manure in summer maize season is 20%), at the rate of 30,000.0 kg ha−1 in the form of composted fresh cow manure and applied at one time in the winter wheat base fertilization. The composted manure was evenly spread on the surface of the treatment Nbal+M and Nbal+M+S, and chemical N was spread on the surface of N fertilized plots. Besides, P and K were spread on the surface of all plots as base fertilizer. 
S1.2 Biomarker assay
Soil samples (ca. 10 g) were sonicated for 15 min each with 30 mL of organic solvents (dichloromethane [DCM], dichloromethane/methanol [1:1 v/v], and methanol [MeOH]). The supernatant was filtered through P8 filter paper into a single conical flask. Subsequently, the combined solvent extracts were filtered through glass fiber filters (Whatman GF/A; Whatman plc, Maidstone, UK) into a round bottom flask, concentrated by rotary evaporation at 37℃ (Re-52AA, Shanghai Yarong Biochemical Instrument Factory, China). The residue was transferred into a GC vial with DCM/MeOH 1:1, dried with N2 gas, and stored at -20℃ until derivatization. The remaining solids were air-dried in a fume hood (Otto et al., 2005).
[bookmark: OLE_LINK30]The subsamples from the solvent extraction were oxidized with CuO to isolate lignin phenols. Teflon bombs were loaded with 1 g CuO, 100 mg ammonium iron (II) sulfate hexahydrate [Fe(NH4)2 (SO4)2⋅6H2O], and 15 mL of 2 M sodium hydroxide, sealed, and heated for 2.5 h at 170℃. After heating, the vessels were cooled with tap water, and the supernatant was decanted into a centrifuge tube with a pipette, and the residue was washed twice with 10 mL of distilled water, and sonicated for 15 min. The combined extracts were centrifuged at 2500 rpm for 10 min. The supernatant was decanted into another centrifuge tube, acidified to pH 1 with HCl, and incubated for 1 h in the dark at room temperature. After centrifugation, the supernatant was decanted into a separation funnel. HLB cartridge (WATERS Oasis, Beijing, China) and a vacuum filter pump were used to filter the supernatant. After vacuum drying for 10 min, the extracts from the HLB cartridge filter were washed into GC vials with the organic solvents (DCM: methylacetate: pyridine 70:25:5) and MeOH, dried with N2 gas, and stored at -20℃ until derivatization (Otto and Simpson, 2006).
[bookmark: OLE_LINK37][bookmark: OLE_LINK38]The amino sugar content was determined according to the method of Zhang and Amelung (1996). The soil samples containing approximately 0.3 mg nitrogen were hydrolysed with 10 mL of 6 M HCl at 105°C for 8 h. After cooling, the hydrolysate was added to 100 μL of Internal Standard solution (inositol), filtered through filter paper into a flask, dried on a rotary evaporator, and then dissolved in deionized water. The pH of the extracts was adjusted to 6.6–6.8 using KOH and HCl solutions, and the pH-adjusted samples were centrifuged at 2500 rpm for 10 min. The supernatant was re-dried using a rotary evaporator and the sediment at the bottom was discarded. The residues were dissolved in methanol, transferred to GC vials, and dried with nitrogen gas. 
The extracts after solvent extraction and CuO oxidation were converted to trimethylsilyl derivatives by reacting with 90 μL N, O-bis-(trimethylsilyl)-trifluoroacetamide and 10 μL pyridine at 70℃ for 1 h. After cooling, 400 μL hexane was added to dilute the reactants. The base hydrolysis extracts were first treated with N, N-dimethylformamide dimethyl acetal (DMF-DMA) to alkylate the acid groups and then silylated by reaction with BSTFA and pyridine, as described in the derivation steps of solvent extraction and CuO oxidation. The derivatized extracts were detected by gas chromatography-mass spectrometry using an Agilent 7890 B gas chromatograph coupled with a 5977 B mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The He carrier gas flow rate was 1 mL min−1. The samples (1 μL) were injected with a 1:5 split into an HP-5MS Ultra Inert fused silica capillary column (30 m × 250 μm i.d., 0.25 μm film thickness) and injector temperature of 280℃. The GC operating conditions were as follows: 65℃ for 2 min, a temperature ramp to 300℃ at a rate of 6℃ min-1, and a final hold for 20 min at 300℃. The MS was operated in electron impact (EI) mode at 70 eV ionization energy and scanned from 35 to 650 Da (Otto and Simpson, 2007). The acquired data were processed using Qualitative Analysis 10.0, and MS Data Review software. Individual compounds were identified by comparison of the mass spectra with the NIST17 database, authentic standards, and interpretation of mass spectrometric fragmentation patterns. 
The recovered amino sugars were transformed into aldononitrile derivatives by cyanidation (the samples keep at 75–80℃ for 30 min in a water bath with the addition of 600 μL reagent consisting of 800 mg 4-aminopyridine and 640 μL hydroxylamine hydrochloride to a pyridine: methanol 1:1 solution) and acetylation (the samples keep at 75–80℃ for 60 min in a water bath with the addition of 2 mL acetic anhydride). The amino sugar derivatives extracted with 2 mL dichloromethane and re-dissolved in 300 μL hexane and ethyl acetate solvent (v: v 1:1), were transferred to a brown GC vial with internal intubation and stored at 4°C before GC-MS analysis. The GC operating conditions were as follows: 120℃ for 1 min, a temperature ramp to 250℃ at a rate of 10℃ min−1 held for 2.5 min at 250℃, and then elevated temperature to 270℃ at a rate of 40℃ min−1 held for 5.5 min at 270℃. The mass spectrometer was operated in electron impact (EI) mode at 70 eV ionization energy and scanned from 50 to 650 Da (Otto and Simpson, 2007; Feng and Simpson, 2011). 
Given that the average conversion values from MurN to bacterial carbon are 45 and GluN to fungal carbon are 9, contributions of microbial residual carbon (MRC) to SOC were calculated based on amino sugar data as follows (Liang et al., 2019):
Bacterial residual C = 45 × MurN                 (1)
Fungal residual C = (GluN/179.2 – 2 × MurN/251.2) × 179.2 × 9      (2)
where 179.2 and 251.2 are the molecular weights of glucosamine and muramic acid, respectively. The total MRC was estimated as the sum of the fungal and bacterial residual carbon.
According to the release efficiency in three types of lignin monomers, the plant-derived carbon in SOC was estimated using the following equation (Yang et al., 2022): 
                     (3)
Where V, S, and C represent the lignin phenol monomers, Z denotes the general lignin content in the main crop residues.
[bookmark: OLE_LINK52]Three diversity indices are considered in this paper. The Shannon diversity index (H) was used to parameterize the diversity of the quantized biomarker molecules using the following equation (Jones et al., 2023):
H = −                     (4)
[bookmark: OLE_LINK53]Evenness = H/lnS                      (5)
The Simpson index (H’) also applied to molecular mixtures takes the intensity distribution into account (Mentges et al., 2017):
[bookmark: OLE_LINK94]H’= −                      (6)
Where Pi is the abundance portion of the i-th compounds to the total abundance of all identified compounds. The value H’ can be interpreted as the probability that the molecular formulas of two randomly chosen molecules (selection with replacement) differ. 
[bookmark: _Hlk185001692][bookmark: OLE_LINK97][bookmark: _Hlk190814341]                                 (7)
Where C, H, N, O, and S are the elemental stoichiometric numbers per formula, and Z is the net charge of the biomarker (LaRowe and Van Cappellen, 2011).
[bookmark: _Hlk190814705][bookmark: _Hlk190814640]The combustion enthalpy of a given organic compound can be calculated using the following empirical equation (ΔH; kJ mol−1 C) (Gunina and Kuzyakov, 2022):
                                         (8)
S1.3 N2O site preference
[bookmark: _Hlk133186811]The isotope ratios of δ15Nα, δ15Nβ, δ15NSP and δ18O can be calculated according to the following equations:
δ15Ni = 15 / 15 – 1 (i=α, β)               (9)
δ18O = 18 / 18 – 1                 (10)
[bookmark: _Hlk133186684]δ15NSP = δ15Nα – δ15Nβ                      (11)
where 15Ni and 18O refer to the isotopic ratios of 15N/14N and 18O/16O, respectively; δ15Nα and δ15Nβ represent the ratios of two 15N/14N structures in the N2O molecule (14N-15N-16Oand15N-14N-16O). Site Preference is a descriptive factor of the intramolecular distribution of 15N illustrated by the differences between δ15Nα and δ15Nβ (Toyoda et al., 2011). All values were presented in ‰ based on the Vienna Standard Mean Ocean Water (V-SMOW) and atmospheric N2 (Toyoda et al., 2005). 



Table S1 The primers and real-time PCR thermal profiles.
	Target gene
	Primer Name
	Primer sequence (5′-3′)
	Thermal program
	Reference

	16S rRNA
	515F
	GTGCCAGCMGCCGCGGTAA
	95°C/5 min; 95°C/10 s, 60°C/30 s, 72°C/30 s, 40 times
	(Yarza et al., 2014)

	
	806R
	GTGCCAGCMGCCGCGGTAA
	
	

	bacterial amoA gene
	amoA-1F
	GGGGTTTCTACTGGTGGT
	95°C/5 min; 95°C/10 s, 60°C/30 s, 72°C/30 s, 40 times
	(Rotthauwe et al., 1997)

	
	amoA-2R
	CCCCTCKGSAAAGCCTTCTTC
	
	

	nirK gene
	nirK-F1aCu
	ATCATGGTSCTGCCGCG
	95°C/5 min; 95°C/10 s, 60°C/30 s, 72°C/30 s, 40 times
	(Hallin and Lindgren, 1999)

	
	nirK-R3aCu
	GCCTCGATCAGRTTGTGGTT
	
	

	nirS gene
	nirS-cd3aF
	GTSAACGTSAAGGARACSGG
	95°C/5 min; 95°C/15 s, 50°C/40 s, 72°C/40 s, 40 times.
	(Throbäck et al., 2004)

	
	nirS-R3cd
	GA(C/G)TTCGG(A/G)TG(C/G)GTCTTGA
	
	

	nosZ I gene
	nosZ-F
	CGYTGTTCMTCGACAGCCAG
	95°C/5 min; 95°C/10 s, 60°C/30 s, 72°C/30 s, 40 times
	(Kloos et al., 2001)

	
	nosZ-R
	CATGTGCAGNGCRTGGCAGAA
	
	

	nosZ II gene
	nosZ II-F
	CTIGGICCIYTKCAYAC
	95°C/5 min; 95°C/10 s, 55°C/30 s, 72°C/30 s, 40 times
	(Jones et al., 2013)

	
	nosZ II-R
	GCIGARCARAAITCBGTRC
	
	






Table. S2 The SOC and TN content of eight treatments
	Treatment
	SOC (g kg-1)
	TN (g kg-1)
	SOC/TN

	N0 a
	7.38±0.50b
	0.79±0.07b
	9.35±0.35a

	N0+S b
	7.46±0.63b
	0.72±0.07ab
	10.33±0.10a

	Nopt c
	8.33±0.33ab
	0.86±0.04ab
	9.73±0.47a

	Nopt+S d
	9.07±0.27ab
	1.09±0.01b
	8.30±0.30a

	Ncon e
	8.20±0.63ab
	0.87±0.09ab
	9.62±1.07a

	Ncon+S f
	9.25±0.64ab
	0.95±0.08ab
	9.81±0.27a

	Nbal+M g
	10.69±0.82a
	1.14±0.11a
	9.47±0.64a

	Nbal+M+S h
	10.59±1.02a
	1.14±0.14a
	9.42±0.73a


[bookmark: OLE_LINK12]a control, no fertilizer N was applied, straw removal;
b control, no fertilizer N was applied, straw return;
[bookmark: OLE_LINK11]c optimized fertilizer N application according to Nmin test, straw removal;
d optimized fertilizer N application according to Nmin test, straw return;
e conventional chemical fertilizer N application, straw removal;
f conventional chemical fertilizer N application, straw return;
g chemical N application based on the N balance calculation, straw removal;
h chemical N application based on the N balance calculation, straw return.
Means denoted by a different letter in the same column differ significantly according to Tukey's HSD post-hoc tests at alfa = 0.05.

Table S3 The ammonium (NH4+) and nitrate (NO3−) concentrations in the pre- and post-incubated soils.
	Treatment
	NH4+-N (mg N kg-1 soil)
	NO3--N (mg N kg-1 soil)

	
	Pre-incubation
	Post-incubation
	Pre-incubation
	Post-incubation

	N0 
	1.87±0.27 a
	0.64±0.25 b
	1.72±0.58 b
	39.09±1.42 b

	Ncon 
	2.45±0.03 a
	2.06±0.43 a
	6.50±2.46 a
	48.62±2.44 a

	Ncon+S 
	2.81±0.17 a
	1.34±0.19 ab
	5.08±0.11 ab
	48.24±2.47 a

	Nbal+M+S
	3.25±0.80 a
	1.14±0.12 ab
	2.13±0.55 ab
	50.22±0.34 a


Notes: Means denoted by different letters within the same column differ significantly according to Tukey's HSD post hoc test at α = 0.05. N0, zero N; Ncon, conventional N; Ncon+S, conventional N with straw return; Nbal+M+S, balance N with straw return.

Table S4 Compounds and concentrations identified in different treatments
	Compound name
	Formula
	Concentration (μg g-1 soil)

	
	
	N0
	N0+S
	Nopt
	Nopt+S
	Ncon
	Ncon+S
	Nbal+M
	Nbal+M+S

	Solvent-extractable compounds

	n-Undecane
	C11H24
	0.26 (0.01)
	0.30 (0.01)
	0.78 (0.10)
	0.43 (0.10)
	0.32 (0.02)
	0.31 (0.01)
	0.27 (0.01)
	0.31 (0.03)

	n-Pentadecane
	C15H32
	0.11 (0.00)
	0.57 (0.05)
	0.15 (0.03)
	0.27 (0.10)
	0.32 (0.08)
	0.51 (0.05)
	0.26 (0.10)
	0.30 (0.08)

	n-Heptadecane
	C17H36
	0.16 (0.00)
	0.62 (0.04)
	0.23 (0.04)
	0.34 (0.11)
	0.36 (0.07)
	0.61 (0.08)
	0.34 (0.10)
	0.37 (0.11)

	n-Octadecane
	C18H38
	0.19 (0.00)
	0.59 (0.03)
	0.39 (0.05)
	0.35 (0.10)
	0.39 (0.07)
	0.56 (0.08)
	0.32 (0.08)
	0.42 (0.05)

	n-Eicosane
	C20H42
	0.09 (0.00)
	0.24 (0.01)
	0.20 (0.02)
	0.15 (0.04)
	0.19 (0.02)
	0.27 (0.04)
	0.13 (0.02)
	0.20 (0.01)

	n-Heneicosane
	C21H44
	0.04 (0.00)
	0.14 (0.00)
	0.15 (0.04)
	0.07 (0.02)
	0.11 (0.01)
	0.16 (0.03)
	0.06 (0.01)
	0.11 (0.01)

	n-Docosane
	C22H46
	0.04 (0.00)
	0.12 (0.00)
	0.11 (0.01)
	0.07 (0.02)
	0.08 (0.00)
	0.12 (0.01)
	0.05 (0.01)
	0.09 (0.01)

	n-Tetracosane
	C24H50
	0.09 (0.00)
	0.21 (0.02)
	0.30 (0.05)
	0.17 (0.05)
	0.17 (0.00)
	0.20 (0.03)
	0.14 (0.02)
	0.19 (0.01)

	n-Pentacosane
	C25H52
	0.08 (0.00)
	0.65 (0.21)
	0.30 (0.03)
	0.17 (0.05)
	0.20 (0.02)
	0.23 (0.01)
	0.14 (0.02)
	0.11 (0.02)

	n-Hexacosane
	C26H54
	0.03 (0.00)
	0.08 (0.01)
	0.15 (0.03)
	0.07 (0.02)
	0.12 (0.03)
	0.10 (0.02)
	0.07 (0.00)
	0.09 (0.01)

	n-Heptacosane
	C27H56
	0.25 (0.01)
	0.43 (0.05)
	0.58 (0.07)
	0.36 (0.09)
	0.50 (0.06)
	0.45 (0.01)
	0.33 (0.02)
	0.44 (0.05)

	n-Octacosane
	C28H58
	0.44 (0.02)
	1.29 (0.17)
	1.48 (0.18)
	0.95 (0.25)
	1.52 (0.18)
	1.17 (0.01)
	0.69 (0.08)
	1.31 (0.21)

	n-Hentriacontane
	C31H64
	0.29 (0.04)
	1.35 (0.18)
	1.36 (0.21)
	0.77 (0.23)
	1.53 (0.17)
	1.20 (0.05)
	0.51 (0.10)
	1.42 (0.25)

	< C20 n-alkanes
	
	0.72 (0.01)
	2.08 (0.12)
	1.54 (0.14)
	1.39 (0.40)
	1.39 (0.22)
	1.99 (0.20)
	1.18 (0.28)
	1.40 (0.24)

	≥ C20 n-alkanes
	
	1.37 (0.08)
	4.51 (0.21)
	4.63 (0.57)
	2.77 (0.76)
	4.42 (0.42)
	3.91 (0.09)
	2.12 (0.27)
	3.96 (0.50)

	Total alkane
	
	2.08 (0.08)
	6.59 (0.09)
	6.17 (0.60)
	4.16 (1.16)
	5.82 (0.55)
	5.90 (0.28)
	3.31 (0.54)
	5.36 (0.67)

	n-Decanol
	C10H24O
	0.00 (0.00)
	0.15 (0.02)
	0.00 (0.00)
	0.00 (0.00)
	0.19 (0.00)
	0.29 (0.01)
	0.00 (0.00)
	0.18 (0.04)

	n-Dodecanol
	C12H26O
	0.00 (0.00)
	0.11 (0.02)
	0.00 (0.00)
	0.00 (0.00)
	1.07 (0.18)
	1.89 (0.38)
	0.00 (0.00)
	0.00 (0.00)

	[bookmark: OLE_LINK4]n-Tetradecanol
	C14H30O
	0.07 (0.01)
	0.38 (0.05)
	0.16 (0.05)
	0.21 (0.08)
	0.21 (0.05)
	0.52 (0.14)
	0.15 (0.05)
	0.20 (0.05)

	n-Pentadecanol
	C15H32O
	0.05 (0.00)
	0.29 (0.04)
	0.18 (0.07)
	0.10 (0.03)
	0.12 (0.02)
	0.27 (0.10)
	0.12 (0.04)
	0.22 (0.03)

	n-Hexadecanol
	C16H34O
	0.76 (0.04)
	1.21 (0.79)
	1.16 (0.24)
	1.28 (0.46)
	2.16 (0.22)
	2.75 (0.53)
	0.91 (0.12)
	1.80 (0.18)

	n-Octadecanol
	C18H38O
	0.69 (0.05)
	2.25 (0.29)
	0.94 (0.18)
	1.08 (0.38)
	2.00 (0.19)
	2.41 (0.45)
	0.78 (0.09)
	1.64 (0.17)

	n-Eicosanol
	C20H42O
	0.07 (0.00)
	0.17 (0.01)
	0.17 (0.02)
	0.11 (0.03)
	0.13 (0.02)
	0.19 (0.03)
	0.09 (0.01)
	0.16 (0.02)

	n-Docosanol
	C22H46O
	0.20 (0.01)
	0.78 (0.03)
	0.58 (0.06)
	0.34 (0.09)
	0.66 (0.07)
	1.20 (0.26)
	0.34 (0.06)
	0.64 (0.05)

	n-Tetracosanol
	C24H50O
	0.27 (0.01)
	0.43 (0.05)
	0.68 (0.06)
	0.47 (0.11)
	0.46 (0.07)
	0.57 (0.14)
	0.35 (0.05)
	0.40 (0.05)

	n-Hexacosanol
	C26H54O
	0.22 (0.02)
	0.48 (0.11)
	0.45 (0.07)
	0.30 (0.06)
	0.41 (0.04)
	0.38 (0.01)
	0.44 (0.09)
	0.65 (0.15)

	n-Octacosanol
	C28H58O
	1.42 (0.19)
	3.03 (0.54)
	3.69 (0.52)
	3.40 (0.60)
	3.86 (0.64)
	3.11 (0.27)
	2.33 (0.24)
	3.39 (0.63)

	n-Triacontanol
	C30H62O
	0.21 (0.01)
	0.70 (0.13)
	0.53 (0.04)
	0.29 (0.06)
	0.62 (0.09)
	0.55 (0.03)
	0.41 (0.01)
	0.75 (0.11)

	< C20 n-alkanols
	
	1.08 (0.13)
	2.90 (0.79)
	1.96 (0.72)
	2.24 (1.07)
	4.45 (0.56)
	6.18 (0.80)
	1.47 (0.34)
	3.07 (0.72)

	≥ C20 n-alkanols
	
	2.39 (0.19)
	5.59 (0.87)
	6.11 (0.64)
	4.91 (0.94)
	6.15 (0.92)
	6.00 (0.69)
	3.95 (0.28)
	5.98 (0.98)

	Total alkanol
	
	3.96 (0.26)
	9.99 (0.51)
	8.55 (0.53)
	7.57 (1.85)
	11.90 (1.17)
	14.13 (2.11)
	5.91 (0.57)
	10.02 (1.35)

	n-Hexanoic acid
	C6H12O2
	0.09 (0.03)
	0.48 (0.14)
	0.00 (0.00)
	0.05 (0.02)
	0.32 (0.14)
	0.18 (0.07)
	0.13 (0.03)
	0.32 (0.19)

	n-Heptanoic acid
	C7H14O2
	0.06 (0.01)
	0.14 (0.02)
	0.05 (0.01)
	0.03 (0.01)
	0.09 (0.02)
	0.10 (0.02)
	0.05 (0.00)
	0.04 (0.00)

	n-Octanoic acid
	C8H16O2
	0.10 (0.01)
	0.37 (0.04)
	0.06 (0.01)
	0.12 (0.04)
	0.27 (0.05)
	0.35 (0.06)
	0.10 (0.01)
	0.32 (0.12)

	n-Nonanoic acid
	C9H18O2
	0.16 (0.01)
	0.23 (0.01)
	0.21 (0.07)
	0.50 (0.08)
	0.89 (0.25)
	1.26 (0.28)
	0.21 (0.03)
	0.87 (0.34)

	n-Dodecanoic acid
	C12H24O2
	0.13 (0.01)
	0.57 (0.02)
	0.24 (0.04)
	0.26 (0.08)
	0.42 (0.09)
	0.72 (0.15)
	0.21 (0.05)
	0.41 (0.09)

	n-Tetradecanoic acid
	C14H28O2
	0.11 (0.02)
	0.44 (0.01)
	0.28 (0.06)
	0.23 (0.07)
	0.30 (0.07)
	0.72 (0.19)
	0.18 (0.03)
	0.37 (0.08)

	n-Pentadecanoic acid
	C15H30O2
	0.07 (0.01)
	0.43 (0.02)
	1.15 (0.54)
	0.09 (0.01)
	0.22 (0.05)
	0.44 (0.09)
	0.09 (0.02)
	0.35 (0.07)

	n-Hexadecenoic acid
	C16H30O2
	0.21 (0.02)
	0.21 (0.00)
	0.25 (0.04)
	0.24 (0.05)
	0.21 (0.03)
	0.36 (0.08)
	0.15 (0.03)
	0.24 (0.01)

	n-Hexadecanoic acid
	C16H32O2
	1.32 (0.15)
	2.83 (0.04)
	2.53 (0.43)
	2.11 (0.51)
	2.16 (0.39)
	3.83 (0.81)
	1.98 (0.29)
	2.58 (0.25)

	n-Octadecadienoic acid
	C18H32O2
	0.07 (0.03)
	0.12 (0.00)
	0.18 (0.05)
	0.02 (0.01)
	0.10 (0.03)
	0.21 (0.06)
	0.04 (0.01)
	0.04 (0.00)

	n-Octadecenoic acid
	C18H34O2
	0.29 (0.01)
	0.16 (0.02)
	0.48 (0.06)
	0.16 (0.04)
	0.16 (0.03)
	0.40 (0.09)
	0.19 (0.02)
	0.27 (0.03)

	n-Octadecanoic acid
	C18H36O2
	0.34 (0.05)
	0.69 (0.03)
	0.65 (0.16)
	0.58 (0.14)
	0.55 (0.11)
	0.92 (0.19)
	0.62 (0.11)
	0.70 (0.09)

	n-Eicosanoic acid
	C20H40O2
	0.00 (0.00)
	0.03 (0.01)
	0.03 (0.01)
	0.02 (0.01)
	0.05 (0.01)
	0.05 (0.01)
	0.01 (0.01)
	0.04 (0.00)

	n-Docosanoic acid 
	C22H44O2
	0.05 (0.00)
	0.10 (0.02)
	0.07 (0.01)
	0.05 (0.01)
	0.24 (0.06)
	0.13 (0.02)
	0.09 (0.01)
	0.13 (0.02)

	n-Tetracosanoic acid
	C24H48O2
	0.07 (0.01)
	0.18 (0.06)
	0.24 (0.06)
	1.58 (1.24)
	0.18 (0.04)
	0.17 (0.03)
	0.07 (0.00)
	0.76 (0.45)

	< C20 n-alkanoic acids
	
	2.96 (0.23)
	6.68 (0.09)
	6.07 (0.45)
	4.41 (1.02)
	5.69 (1.05)
	9.49 (1.96)
	3.94 (0.55)
	6.51 (1.12)

	≥ C20 n-alkanoic acids
	
	0.12 (0.01)
	0.31 (0.09)
	0.33 (0.07)
	1.66 (1.22)
	0.47 (0.01)
	0.36 (0.06)
	0.17 (0.01)
	0.93 (0.45)

	Total alkanoic acid
	
	3.08 (0.23)
	6.98 (0.00)
	6.41 (0.46)
	6.06 (0.73)
	6.16 (1.04)
	9.85 (2.01)
	4.10 (0.55)
	7.44 (1.21)

	Cholesterol
	C27H46O
	0.26 (0.01)
	0.52 (0.06)
	0.57 (0.08)
	0.36 (0.09)
	0.52 (0.08)
	0.54 (0.10)
	0.36 (0.02)
	0.50 (0.08)

	Campesterol
	C28H48O
	0.41 (0.03)
	0.37 (0.07)
	0.63 (0.03)
	0.33 (0.10)
	0.47 (0.01)
	0.42 (0.06)
	0.87 (0.18)
	0.74 (0.26)

	Stigmasterol
	C29H48O
	0.51 (0.03)
	0.77 (0.14)
	0.84 (0.14)
	0.60 (0.11)
	0.66 (0.11)
	0.67 (0.08)
	0.61 (0.07)
	0.63 (0.06)

	β-Sitosterol
	C29H50O
	1.05 (0.04)
	1.37 (0.19)
	1.93 (0.28)
	1.23 (0.20)
	1.43 (0.19)
	1.37 (0.08)
	1.29 (0.07)
	1.35 (0.16)

	Total steroids
	
	2.22 (0.09)
	3.03 (0.32)
	3.98 (0.52)
	2.52 (0.49)
	3.09 (0.39)
	3.00 (0.31)
	3.14 (0.23)
	3.22 (0.41)

	[bookmark: OLE_LINK1]Sucrose
	C12H22O11
	3.95 (0.20)
	3.35 (1.40)
	7.74 (1.59)
	7.23 (0.86)
	4.59 (0.89)
	5.70 (0.61)
	3.71 (0.37)
	2.87 (0.78)

	[bookmark: OLE_LINK2]Trehalose
	C6H12O6
	3.78 (0.51)
	11.14 (2.67)
	20.86 (1.39)
	11.93 (1.96)
	5.60 (0.67)
	7.87 (1.00)
	3.30 (0.36)
	8.53 (3.52)

	Total sugar
	
	7.74 (0.55)
	14.50 (4.08)
	28.59 (2.67)
	19.16 (2.60)
	10.19 (1.56)
	13.57 (1.49)
	7.01 (0.65)
	11.41 (3.86)

	Total solvent extracts
	
	19.07 (0.81)
	41.09 (4.32)
	53.70 (3.51)
	39.48 (5.75)
	37.16 (4.52)
	46.45 (5.00)
	23.47 (2.22)
	37.44 (4.71)

	Lignin-derived phenols

	Benzoic acid
	C7H6O2
	15.76 (1.59)
	16.12 (1.94)
	15.76 (1.26)
	12.65 (0.60)
	21.21 (1.33)
	19.54 (2.23)
	24.38 (1.16)
	13.06 (0.88)

	p-Hydroxybenzaldehyde
	C7H6O2
	98.65 (8.67)
	96.11 (12.70)
	104.30 (9.32)
	83.33 (4.47)
	109.25 (6.33)
	132.40 (10.85)
	146.18 (3.74)
	90.17 (6.92)

	Vanillin
	C8H8O3
	67.82 (3.64)
	99.01 (19.63)
	92.05 (9.76)
	92.16 (9.38)
	110.75 (0.93)
	127.97 (14.88)
	178.52 (7.64)
	160.17 (8.91)

	m-Hydroxybenzoic acid
	C7H6O3
	2.92 (0.67)
	2.50 (0.36)
	3.36 (0.35)
	2.74 (0.13)
	4.11 (0.30)
	3.88 (0.69)
	3.52 (0.28)
	3.35 (0.28)

	Acetovanillone
	C8H10O3
	12.99 (1.38)
	22.59 (4.08)
	18.93 (2.21)
	22.39 (2.22)
	26.64 (1.33)
	24.66 (4.11)
	38.31 (2.69)
	41.32 (0.77)

	p-Hydroxybenzoic acid
	C7H6O3
	15.07 (1.47)
	14.73 (2.13)
	15.52 (1.06)
	12.96 (0.75)
	18.84 (1.22)
	19.96 (2.26)
	20.12 (0.49)
	17.08 (0.52)

	Syringaldehyde
	C9H10O4
	61.70 (4.71)
	97.93 (13.84)
	83.56 (7.82)
	108.76 (13.24)
	115.92 (2.57)
	131.76 (17.47)
	174.46 (7.12)
	189.60 (12.30)

	Vanillic Acid
	C8H8O4
	11.69 (1.39)
	15.71 (3.11)
	14.37 (1.21)
	13.58 (1.40)
	18.96 (0.89)
	17.77 (2.71)
	18.17 (0.40)
	24.03 (2.42)

	3,5-Dihydroxybenzoic acid
	C7H6O4
	0.00 (0.00)
	1.94 (0.42)
	2.00 (0.21)
	2.07 (0.30)
	3.03 (0.13)
	2.54 (0.65)
	2.36 (0.13)
	2.63 (0.13)

	Syringic acid
	C9H10O5
	4.24 (0.48)
	10.73 (1.97)
	7.57 (0.76)
	11.69 (1.75)
	13.10 (1.23)
	10.88 (1.98)
	9.67 (0.65)
	27.18 (2.46)

	p-Coumaric acid
	C9H8O3
	2.30 (0.53)
	11.22 (2.49)
	6.17 (0.58)
	16.39 (4.88)
	11.25 (1.59)
	7.90 (2.05)
	8.77 (0.80)
	53.46 (3.25)

	Ferulic acid
	C10H10O4
	0.00 (0.00)
	1.09 (0.62)
	0.68 (0.06)
	2.18 (0.93)
	1.43 (0.44)
	0.61 (0.50)
	0.00 (0.00)
	8.09 (0.33)

	Total lignin-derived phenols
	
	160.74 (12.12)
	258.27 (45.60)
	223.33 (22.33)
	700.72 (387.53)
	298.05 (7.34)
	321.55 (42.95)
	427.89 (19.24)
	503.84 (30.09)

	Amino sugars

	Glucosamine
	C6H13NO5
	221.09 (17.06)
	275.55 (16.88)
	253.82 (5.55)
	289.66 (25.31)
	253.22 (3.81)
	301.23 (6.49)
	333.89 (27.17)
	366.31 (15.83)

	Mannosamine
	C6H13NO5
	4.50 (0.45)
	5.98 (1.06)
	7.39 (0.72)
	8.58 (0.51)
	11.32 (1.36)
	11.37 (1.12)
	10.58 (2.06)
	7.59 (0.37)

	Galactosamine
	C6H13NO5
	121.50 (8.93)
	150.03 (10.88)
	145.82 (1.32)
	169.64 (7.42)
	123.66 (9.08)
	163.48 (1.32)
	180.19 (16.63)
	187.67 (5.48)

	Muramic acid
	C9H17NO7
	4.57 (1.03)
	14.45 (2.15)
	8.61 (0.13)
	22.05 (3.65)
	11.01 (0.65)
	8.15 (0.06)
	6.06 (0.64)
	17.67 (0.17)

	Total amino sugar
	
	351.65 (27.01)
	446.01 (28.54)
	415.64 (5.79)
	492.90 (36.80)
	350.31 (35.00)
	430.47 (43.83)
	430.91 (45.75)
	511.54 (55.33)


Abbreviations for treatment are the same as those in Table S1. Data presented are means (standard errors).
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Fig. S1. The contributions of plant- (quantified as lignin), bacterial-, and fungal-derived carbon to soil organic carbon (SOC) in different fertilization treatments.
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Fig. S2. The nominal oxidation state of carbon (a), combustion enthalpy (b), and the Shannon index (c), Simpson index (d) and Evenness (e) of soil organic matter molecules in different treatments. Different letters indicate significantly different means among treatments in gene copies (α = 0.05). Error bars indicate standard errors of three replicates. N0, zero N; Ncon, conventional N; Ncon+S, conventional N with straw return; Nbal+M+S, balance N with straw return.
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Fig. S3. Cumulative N2 emissions in 20% O2 phase (a), 5% O2 phase (b), 0% O2 phase(c), and whole incubation period (d). Capital letters indicate significantly different means between emissions within each O2 condition; lowercase letters indicate significantly different means between emissions for each treatment (α = 0.05). Error bars indicate standard errors of three replicates.
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Fig. S4. Dynamics of N2O/(N2O+N2) ratio during robotized incubations under aerobic, hypoxic, and anaerobic conditions. Error bars indicate standard errors of three replicates. N0, zero N; Ncon, conventional N; Ncon, conventional N with straw return; Nbal+M+S, balance N with straw return.
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Fig. S5. Cumulative CO2 emissions in 20% O2 phase (a), 5% O2 phase (b), 0% O2 phase (c), and whole incubation period (d). Capital letters indicate significantly different means between emissions within each O2 condition; lowercase letters indicate significantly different means between emissions for each treatment (α = 0.05). Error bars indicate standard errors of three replicates.
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