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Supplementary Methods
Cation Exchange Capacity (CEC) Determination
The soil cation exchange capacity (CEC) was determined using the barium chloride buffer solution method (Jaremko and Kalembasa, 2014). A 2.0 g soil sample was weighed, and 40 mL of BaCl2 buffer solution (specific for calcareous soils) and 80 mL of BaCl2 buffer solution were successively added. After oscillation, the mixture was allowed to stand overnight. Then, 80 mL of distilled water was added, and the mixture was centrifuged. Next, 40 mL of 0.025 mol L−1 MgSO4 solution was added. After oscillation for equilibrium, the mixture was centrifuged, and the supernatant was taken. Using Eriochrome Black T as an indicator, the supernatant was titrated with 0.01 mol L−1 Na2 - EDTA solution in a buffer system at pH = 10.

Soil Density Fractionation
Soil aggregates were sieved by the modified dry - sieving method (Jiang et al., 2018). The aggregate fraction passing through a 250 µm sieve was defined as MA (Microaggregate, < 0.25 mm). The density fractionation of soil aggregate components was carried out according to the method of Weng et al (2018). Briefly, a 10 g aggregate sample was mixed with 50 mL of sodium polytungstate (1.6 g cm-3). After gently inverting the test tube several times, the mixture was centrifuged at 4000 rpm for 1 h. The suspension was filtered through a 0.45 µm membrane filter. To the residue, 30 mL of 0.5% sodium hexametaphosphate and 5 glass microbeads (for breaking up aggregates) were added. After shaking at 60 rpm for 18 h, the mixture was passed through a 53 µm stainless - steel sieve. The residue retained on the sieve was identified as occluded particulate organic matter (oPOM, > 53 µm, ρ > 1.6 kg m-3), and the fraction passing through the sieve was mineral - associated organic matter (MAOM, < 53 µm, ρ > 1.6 kg m-3).

Free Iron Oxide (Fed) Quantification
We used the citrate - bicarbonate - dithionite (CBD) method (Lalonde et al., 2012) to characterize the content of free iron oxides (Fed) in the soil, which represents the total pedogenic iron oxides, including amorphous and complexed iron oxides. Specifically, 0.25 g of soil was weighed into a 50 mL centrifuge tube. According to the extractant: soil ratio of 60:1, 15 mL of a mixed solution of 0.27 M trisodium citrate and 0.11 M sodium bicarbonate was added. The centrifuge tube was placed in a water - bath shaker. After the temperature rose to 80 ℃, 0.25 g of sodium dithionite was added, and the mixture was kept at 80 ℃ for 15 min. Then, it was centrifuged at 4000 rpm for 10 min, and the supernatant was poured into a 50 mL volumetric flask. 5 mL of deionized water was added to the centrifuge tube, mixed thoroughly, and centrifuged again. The supernatant was poured into the volumetric flask. This step was repeated 3 times, and the solution in the volumetric flask was made up to 50 mL with deionized water. Finally, the iron content in the solution was determined using an inductively coupled plasma - optical emission spectrometer (ICP - OES; iCAP 6300, Thermo Scientific, USA).

Extracellular Enzyme Activities
β−1,4-glucosidase (BG) and β-N-acetylglucosaminidase (NAG) activities were determined using p-nitrophenyl-β-D-glucopyranoside and p-nitrophenyl-N-acetyl-β-D-glucosaminide substrates, respectively, following Paz-Ferreiro et al (2012). Modified universal buffer (MUB; 50 mM, pH 6.0 for BG and pH 5.5 for NAG) was prepared by adjusting with 2 M NaOH. Fresh soil equivalent to 1 g dry weight was incubated with substrate-MUB mixtures at 37°C for 1 h. Reactions were terminated using 0.2 M NaOH and 2.0 M CaCl2. Enzyme activity was measured using a microplate reader at a wavelength of 405 nm, with the unit of μmol g−1 h−1.

Phospholipid Fatty Acid (PLFA) Analysis
PLFAs were extracted from 8 g freeze-dried soil using a chloroform-methanol-phosphate buffer (1:2:0.8 v/v/v; 0.15 M, pH 4.0) via the Bossio and Scow (1998) protocol. Lipids were fractionated on 0.5 g silicic acid columns into neutral lipids, glycolipids, and phospholipids. The methanol fraction containing phospholipids was methylated to fatty acid methyl esters (FAMEs) using mild alkaline methanol. Methyl palmitate (19:0) was used as an internal standard, and concentration analysis was performed on a gas chromatograph equipped with a flame ionization detector (GC-FID, Agilent 7890B, USA). Peak identification was carried out using bacterial fatty acid standards and MIDI peak identification software (MIDI, Inc., USA). The relative biomass of Gram-positive bacteria (GP) was calculated based on PLFAs i15:0, α15:0, i16:0, i17:0, and α17:0, while that of Gram-negative bacteria (GN) was calculated based on PLFAs 16:1ω9c, 16:1ω7c, 18:1ω7c, cy17:0, and cy19:0. Bacterial biomass was the sum of GP and GN. The biomass of saprophytic fungi was represented by PLFA 18:2ω6c, the biomass of arbuscular mycorrhizal fungi (AMF) by PLFA 16:1ω5c, and the biomass of actinomycetes by PLFAs 10Me16:0, 10Me17:0, and 10Me18:0. PLFA concentrations were expressed in nmol g−1 dry soil.

Microbial Community Profiling
Microbial diversity and community structure were determined by the extraction and sequencing of 16S rDNA and ITS rDNA (Wang et al., 2017). Soil DNA was extracted using the M9. Equalbit 1x dsDNA HS detection kit (Lot: 7E551E1) and M1.Magen Hipure soil DNA kit (Lot: HD150300) according to the manufacturer's protocol. DNA concentration was measured using the Qubit® dsDNA HS assay kit on a NanodropTM 1000 spectrophotometer (Nanodrop, USA). A sequencing library was constructed using the MetaVxTM library construction kit (Azenta, Inc., USA). Paired-end sequencing (2 × 250 bp) was performed on the Illumina Miseq/Novaseq platform (Illumina, USA). For the construction of the bacterial 16S rDNA sequencing library, a two-step PCR amplification method was used to amplify the genes in the V3 - V4 hypervariable region. The forward primer sequence was CCTACGGRRBGCASCAGKVRVGAAT, and the reverse primer sequence was GACTACNVGGGTWTCTAATCC. Similarly, for the amplification of the genes in the ITS2 hypervariable region of fungal ITS rDNA, the forward primer sequence was GTGAATCATCGARTC, and the reverse primer sequence was GTGAATCATCGARTC.

Constructed the "Carbon-Metal Coupling Index" (CMCI) using the entropy weight method
The CMCI encompasses core indicators from two dimensions, namely the carbon sequestration capacity (characterized by the Carbon Sequestration Efficiency (CSE)) and the heavy metal immobilization capacity (characterized jointly by the reduction rate of heavy metal bioavailable concentration (Δ BC) and the increase in the proportion of stable forms (Δ SS)). After the data are normalized using the range normalization method (Min-Max) to eliminate the dimensional effects, the entropy values () and coefficient of variation () of each indicator are calculated to obtain the final weights (Lu et al., 2019).

Among them, the Carbon Sequestration Efficiency (CSE) is:

where SOC is the difference in soil organic carbon (g kg−1) between the control and different carbon management treatments (HBC, LBC and Straw). ExoC (g kg−1) is the total amount of exogenous carbon input, which is calculated as the application rate (Mg ha−1 yr−1) × carbon content (%) × the number of experimental years and then divided by the total mass of the soil (1 hectare with a depth of 20 cm). The specific application rates are as follows: LBC: 4.5 Mg ha−1 yr−1, HBC: 9.0 Mg ha−1 yr−1, Straw: 15.0 Mg ha−1 yr−1. From 2007 to 2012, the carbon content of the applied corn straw biochar was 65.73%, from 2012 to 2021, the carbon content of the applied rice husk biochar was 30.80%, and the carbon content of the straw was 40% (Zhao et al., 2018).
The reduction rate of heavy metal bioavailable concentration (ΔBC) is:

where  represents the difference in the bioavailable concentrations of Cd, Pb, Ni, Co, Cu, and Mo between the control () and the soils under different carbon management strategies (HBC, LBC, and Straw).
The increase in the proportion of stable forms (ΔSS) is:

where represents the difference in the proportions of the residual and reducible fractions of Cd, Zn, Pb and Cu, and the residual and oxidizable fractions of Cr and Ni to the total forms between the soils under different carbon management strategies (HBC, LBC, and Straw) and the control ().

The range normalization method (Min - Max) is used to eliminate the dimensional differences (He et al., 2017):

where  is the original value of the i -th treatment group on the j - th indicator, and  and  are the maximum and minimum values of this indicator respectively.

The weight assignment is based on the entropy weight method (Lu et al., 2019):




[bookmark: _Hlk193747091]where is the probability distribution of the j - th indicator in the i- th treatment group, is the entropy value of the j - th indicator,  is the coefficient of variation of the j - th indicator, and is the weight of the j - th indicator.



 



TABLES
Table S1. DGT measurements revealed treatment-specific bioavailable concentrations (mg L−1).
	Sample
	Cd
	Pb
	Ni
	Co
	Cu
	Mo

	Control1
	0.03
	0.09
	0.61
	0.82
	0.42
	2.08

	Control2
	0.03
	0.05
	0.19
	0.20
	0.65
	1.89

	Control3
	0.03
	0.05
	0.52
	0.18
	0.48
	1.84

	HBC1
	0.02
	0.07
	0.52
	0.08
	0.48
	0.87

	HBC2
	0.03
	0.04
	0.42
	0.01
	0.31
	0.55

	HBC3
	0.03
	0.07
	0.35
	0.03
	0.27
	1.17

	LBC1
	0.04
	0.11
	0.61
	0.37
	0.37
	1.94

	LBC2
	0.03
	0.07
	0.42
	0.34
	0.37
	2.05

	LBC3
	0.02
	0.03
	0.40
	0.05
	0.38
	1.77

	Straw1
	0.02
	0.04
	0.59
	0.36
	0.34
	2.64

	Straw2
	0.04
	0.07
	0.67
	0.73
	0.36
	3.30

	Straw3
	0.03
	0.04
	0.51
	0.30
	0.50
	3.21


Note: DGT, Diffusive Gradients in Thin-films.


Table S2. BCR sequential extraction quantified four speciation of Cd, Zn, Pb, Cu, Cr and Ni (mg kg−1).
	HMs
	Cd
	Zn
	Pb
	Cu
	Cr
	Ni

	Sample
	F1
	F2
	F3
	F4
	F1
	F2
	F3
	F4
	F1
	F2
	F3
	F4
	F1
	F2
	F3
	F4
	F1
	F2
	F3
	F4
	F1
	F2
	F3
	F4

	Control1
	0.05
	0.10
	0.04
	0.10
	3.92
	11.46
	4.14
	36.87
	0.05
	11.46
	1.72
	14.03
	0.10
	2.81
	0.98
	17.47
	0.59
	1.61
	18.38
	43.98
	0.44
	2.43
	5.69
	17.22

	Control2
	0.05
	0.11
	0.04
	0.10
	4.17
	12.92
	4.09
	36.36
	0.03
	11.22
	1.75
	13.97
	0.09
	3.07
	1.02
	17.51
	0.57
	1.59
	18.00
	45.90
	0.41
	2.55
	5.43
	18.08

	Control3
	0.04
	0.10
	0.04
	0.09
	4.58
	12.17
	4.30
	36.14
	0.04
	11.17
	1.53
	14.64
	0.09
	2.83
	0.94
	17.44
	0.59
	1.56
	17.53
	46.37
	0.45
	2.42
	5.31
	18.15

	HBC1
	0.04
	0.10
	0.03
	0.10
	4.16
	12.42
	3.77
	35.81
	0.05
	11.18
	1.49
	13.70
	0.08
	2.37
	0.91
	17.73
	0.47
	1.34
	15.46
	48.29
	0.43
	2.27
	4.50
	18.11

	HBC2
	0.06
	0.12
	0.04
	0.09
	4.32
	14.72
	3.86
	35.38
	0.08
	11.17
	1.78
	13.35
	0.12
	2.45
	1.03
	17.68
	0.55
	1.36
	16.71
	49.73
	0.48
	2.64
	5.43
	17.13

	HBC3
	0.05
	0.11
	0.04
	0.10
	3.92
	14.88
	3.79
	37.31
	0.06
	11.53
	1.62
	19.48
	0.10
	2.58
	0.94
	18.27
	0.55
	1.41
	16.50
	45.92
	0.45
	2.29
	4.93
	19.43

	LBC1
	0.04
	0.11
	0.04
	0.08
	4.05
	12.48
	3.87
	36.11
	0.04
	10.91
	1.66
	12.79
	0.09
	2.52
	0.98
	17.07
	0.60
	1.46
	16.90
	44.08
	0.42
	2.36
	5.03
	17.37

	LBC2
	0.05
	0.13
	0.03
	0.09
	4.50
	15.60
	3.99
	35.56
	0.05
	11.70
	1.65
	13.83
	0.27
	2.57
	1.03
	17.90
	0.60
	1.47
	17.29
	45.15
	0.40
	2.66
	5.29
	17.80

	LBC3
	0.04
	0.12
	0.04
	0.08
	10.51
	12.68
	3.98
	31.47
	0.05
	11.43
	1.75
	14.30
	0.08
	2.48
	1.12
	19.03
	0.60
	1.40
	17.95
	42.91
	0.37
	2.55
	5.46
	21.52

	Straw1
	0.03
	0.11
	0.04
	0.11
	3.84
	25.19
	4.62
	25.01
	0.03
	10.55
	2.19
	11.79
	0.06
	2.23
	1.40
	16.59
	0.53
	1.39
	20.54
	40.00
	0.34
	2.47
	6.45
	18.07

	Straw2
	0.06
	0.16
	0.04
	0.06
	4.29
	21.78
	4.19
	28.04
	0.02
	11.19
	2.23
	13.67
	0.07
	2.15
	1.58
	18.13
	0.58
	1.46
	18.59
	46.91
	0.39
	3.19
	5.86
	17.05

	Straw3
	0.05
	0.14
	0.04
	0.10
	4.14
	21.32
	4.20
	27.86
	0.03
	11.17
	2.17
	13.42
	0.06
	2.11
	1.47
	18.17
	0.56
	1.39
	18.96
	42.57
	0.37
	2.59
	5.89
	18.38


Note: BCR, European Community Bureau of Reference. HMs, heavy metals; F1, Exchangeable Fraction; F2, Reducible Fraction; F3, Oxidizable Fraction; F4, Residual Fraction. 
Table S3. Soil physicochemical properties under biochar and straw amendments.
	Sample
	pH
	SOC
(g kg−1)
	SIC
(g kg−1)
	DOC
(mg kg−1)
	SUVA254
(L mg−1 m−1)
	CEC
(cmol kg−1)
	MA
(%)
	MAOM
(%)
	Fed
(g kg−1)

	Control1
	8.14
	9.8
	1.8
	104.85
	4.55
	11.16
	20.42
	73.60
	3.44

	Control2
	8.00
	11.0
	0.7
	105.88
	4.79
	11.21
	20.25
	74.58
	3.41

	Control3
	7.97
	9.3
	2.1
	103.82
	4.73
	11.12
	20.44
	72.69
	3.31

	HBC1
	8.01
	23.7
	0.6
	119.65
	5.52
	13.19
	42.90
	75.30
	3.76

	HBC2
	7.90
	19.3
	3.1
	119.86
	5.32
	13.02
	42.30
	75.47
	3.80

	HBC3
	7.96
	20.8
	3.7
	119.44
	5.15
	13.36
	42.57
	74.98
	3.74

	LBC1
	7.98
	14.8
	2.8
	110.65
	5.13
	11.13
	44.58
	66.20
	3.68

	LBC2
	8.00
	16.3
	1.6
	112.14
	5.09
	16.05
	44.85
	67.66
	3.70

	LBC3
	8.00
	13.7
	3.8
	109.17
	5.01
	11.79
	44.91
	66.57
	3.89

	Straw1
	8.00
	13.0
	4.4
	141.80
	4.85
	9.54
	28.39
	69.40
	3.43

	Straw2
	7.96
	14.7
	2.7
	142.05
	5.08
	10.09
	27.36
	69.99
	3.39

	Straw3
	8.04
	12.2
	5.0
	141.55
	4.78
	11.03
	28.05
	69.81
	3.44


Note: Control, no biochar or straw addition; LBC (low biochar addition group, 4.5 Mg ha−1 yr−1), HBC (high biochar addition group,9.0 Mg ha−1 yr−1) and Straw (straw addition group, 15.0 Mg ha−1 yr−1). SOC, soil organic carbon; SIC, soil inorganic carbon; DOC, soil dissolved organic carbon; CEC, soil cation exchange capacity; MA, Microaggregate; MAOM, Mineral-Associated Organic Matter; Fed, free iron oxide.
Table S4. Microbial characteristics and community restructuring following biochar/straw application.
	Sample
	BG
(µmol g−1 h−1)
	NAG
(µmol g−1 h−1)
	Fungi_PLFA
(nmol g−1)
	Bacteria_PLFA
(nmol g−1)
	Fungi_Shannon
	Bacteria_Shannon

	Control1
	3.15
	0.57
	1.59
	2.48
	6.30
	9.06

	Control2
	3.16
	0.56
	1.53
	2.36
	6.20
	9.05

	Control3
	3.17
	0.55
	1.68
	2.70
	5.90
	9.03

	HBC1
	1.92
	0.53
	1.18
	2.00
	6.34
	8.91

	HBC2
	1.92
	0.50
	1.15
	1.89
	6.12
	8.90

	HBC3
	1.92
	0.50
	1.25
	1.99
	6.25
	8.93

	LBC1
	2.30
	0.44
	0.97
	1.52
	6.08
	8.98

	LBC2
	2.30
	0.43
	0.92
	1.45
	6.24
	9.00

	LBC3
	2.30
	0.43
	1.01
	1.59
	6.23
	8.98

	Straw1
	5.44
	1.17
	3.11
	4.44
	6.21
	9.02

	Straw2
	5.54
	1.18
	2.99
	4.32
	6.27
	9.01

	Straw3
	5.59
	1.19
	3.12
	4.77
	6.29
	8.96


Note: BG, β−1,4-glucosidase; NAG, β-N-acetylglucosaminidase; PLFA, phospholipid fatty acid; and the Shannon index were used to evaluate the α-diversity of bacterial and fungal communities.
[bookmark: _Hlk193746392]Table S5. Estimate the CSE, ΔBCave and ΔSSave over 14 years through the addition amounts of biochar and straw.
	[bookmark: _Hlk193746756]Sample
	Soil density
(g cm−3)
	Soil depth
(m)
	Carbon content
(%)
	Application rate
(Mg ha−1 yr−1)
	ExoC
(g kg−1)
	SOC
(g kg−1)
	CSE
(%)
	ΔBCave
(%)
	ΔSSave
(%)
	CSE
norm
	ΔBC
norm
	ΔSSnorm
	CMCI

	HBC
	1.52
	0.2
	65.73% (5 years), 
30.8% (9 years)
	4.5
	17.94
	11.24
	63%
	32%
	0%
	1
	1
	0.25
	0.703

	LBC
	1.52
	0.2
	65.73% (5 years),
 30.8% (9 years)
	9
	8.97
	4.89
	55%
	5%
	0%
	0.84
	0.40
	0
	0.360

	Straw
	1.52
	0.2
	40% (14 years)
	15
	27.63
	3.28
	12%
	−12%
	1%
	0
	0
	1
	0.396


[bookmark: _Hlk193745025]Note: SOC is the difference in soil organic carbon (g kg⁻¹) between the control and different carbon management treatments (HBC, LBC and Straw). ExoC (g kg⁻¹) is the total amount of exogenous carbon input, which is calculated as the application rate (Mg ha⁻¹ yr−1) × carbon content (%) × the number of experimental years and then divided by the total mass of the soil (1 hectare with a depth of 20 cm). CSEnorm, ΔBCnorm and ΔSSnorm are the standardized value obtained by using the range normalization method (Min - Max). ΔBCave is the average value of the reduction rates of the bioavailable concentrations of Cd, Pb, Ni, Co, Cu, and Mo. ΔSSave is the average value of the increased proportions of the stable speciation of Cd, Zn, Pb, Cu, Cr, and Ni. CMCI, an index used to evaluate the effectiveness of different carbon management strategies in terms of carbon sequestration capacity and heavy metal immobilization potential. 
Table S6. The weight values () of CSE, ΔBCave, and ΔSSave calculated based on the entropy weight method
	Indicator
	
	
	

	CSE (%)
	0.63
	0.37
	0.27

	ΔBCave (%)
	0.54
	0.46
	0.33

	ΔSSave (%)
	0.46
	0.54
	0.40


Note: is the entropy value of the j - th indicator,  is the coefficient of variation of the j - th indicator, and is the weight of the j - th indicator. 
Table S7. Physicochemical properties of maize straw and rice husk biochar.
	Biochar
	pH₍CaCl₂₎
	δ13C (‰)
	C (g kg‒1)
	N (g kg‒1)
	P (g kg‒1)
	Application period

	Maize straw
	8.2
	−16.10
	657.3
	9.1
	0.8
	2007−2012

	Rice husk
	6.31
	−29.39
	308.0
	3.3
	0.68
	2012−2021

	Average
	－
	−22.18
	432.75
	5.4
	0.72
	－



Table S8. Main effects of heavy metal, treatment and their interactions on speciation using two-way ANOVA test and Tukey multiple comparison. The bold font indicates the p < 0.05.
	Exchangeable Fraction
	ANOVA
	Heavy metal
	<0.001

	
	
	Treatment
	0.312

	
	
	Heavy metal×Treatment
	0.392

	
	Turkey
	Cd
	b

	
	
	Zn
	a

	
	
	Pb
	b

	
	
	Cu
	b

	
	
	Cr
	b

	
	
	Ni
	b

	Reducible Fraction
	ANOVA
	Heavy metal
	<0.001

	
	
	Treatment
	0.287

	
	
	Heavy metal×Treatment
	0.209

	
	Turkey
	Cd
	c

	
	
	Zn
	a

	
	
	Pb
	b

	
	
	Cu
	c

	
	
	Cr
	c

	
	
	Ni
	c

	Oxidizable Fraction
	ANOVA
	Heavy metal
	<0.001

	
	
	Treatment
	<0.001

	
	
	Heavy metal×Treatment
	<0.001

	
	Turkey
	Cd
	f

	
	
	Zn
	c

	
	
	Pb
	d

	
	
	Cu
	e

	
	
	Cr
	a

	
	
	Ni
	b

	
	Turkey
	CK
	b

	
	
	HBC
	a

	
	
	LBC
	b

	
	
	Straw
	c

	Residual Fraction
	ANOVA
	Heavy metal
	<0.001

	
	
	Treatment
	0.152

	
	
	Heavy metal×Treatment
	0.778

	
	Turkey
	Cd
	d

	
	
	Zn
	b

	
	
	Pb
	c

	
	
	Cu
	c

	
	
	Cr
	a

	
	
	Ni
	c


Note: Control, no biochar or straw addition; LBC (low biochar addition group, 4.5 Mg ha−1 yr−1), HBC (high biochar addition group,9.0 Mg ha−1 yr−1) and Straw (straw addition group, 15.0 Mg ha−1 yr−1). Different lowercase letters denote significant differences.


FIGURES  [image: ]Figure S1. Rarefaction curves for fungal (a) and bacterial (b) communities approached asymptotes under all treatments, confirming sufficient sequencing depth.
[image: ]
Figure S2. Phylum-level microbial composition shifts after biochar and straw treatments.Significant divergence in relative abundance (%) for fungal (a) and bacterial (b) was observed.

[image: ]
Figure S3. Cumulative carbon mineralization in soil after 70 days of biochar and straw addition.
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