Supplementary material
Table S1 Properties and elemental compositions of AL- and AC-biochar. ND: Not detected. DOC: dissolved organic carbon. Distinct lowercase letters indicate statistically significant differences at the 0.05 level (least significant difference test) among the treatments.
	Element/
[bookmark: OLE_LINK25]Stoichiometry
	AL-biochar
	AC-biochar
	Experimental soil

	C (%)
	25.75±2.53 b
	69.02±0.68 a
	2.10±0.06 c

	H (%)
	1.31±0.08 b
	1.93±0.06 a
	0.44±0.01 c

	O (%)
	8.60±0.41 b
	18.38±0.09 a
	7.73±0.17 b

	N (%)
	0.60±0.06 a
	0.72±0.02 a
	0.45±0.03 b

	S (%)
	0.006±0.002 b
	ND
	0.052±0.015 a

	P (%)
	0.080±0.02 b
	0.17±0.01 a
	0.070±0.002 b

	K (%)
	2.60±0.01 a
	0.05±0.02 c
	1.51±0.01 b

	Na (%)
	0.50±0.01 a
	0.13±0.07 b
	0.50±0.01 a

	Ca (%)
	0.11±0.01 c
	0.16±0.001 b
	0.89±0.01 a

	H:C
	0.051±0.002 b
	0.028±0.001 c
	0.21±0.009 a

	O:C
	0.34±0.02 b
	0.27±0.003 b
	3.68±0.05 a

	C:N
	43.02±0.51 b
	95.31±1.92 a
	4.71±0.51 c

	C:P
	364.75±91.43 a
	401.49±19.65 a
	30.81±1.57 b

	N:P
	8.51±2.17 a
	4.22±0.27 a
	6.63±0.43 a

	DOC (mg kg−1)
	398.20±7.03 a
	161.25±4.30 b
	113.58±1.14 c

	pH
	8.8± 0.2 a
	2.3±0.1 b
	8.6±0.3 a

	BET Specific surface 
area (cm2 g−1)
	1.14±0.51 b
	1658.65±1.49 a
	-

	Adsorption average
pore width (nm)
	16.75±3.26 a
	3.23±0.002 b
	-




Table S2 Impact of biochar type and application rate on soil and plant properties. Significance levels were determined via two-way ANOVA. Asterisks denote statistical significance: ***p < 0.001; **p < 0.010; *p < 0.05.
	Variable type
	Variables
	Type
	Addition rate
	Type × Addition rate

	Soil properties
	Salinity (%)
	48.33 ****
	8.44 **
	1.69

	
	pH
	348.11 ****
	104.54 ****
	21.95 ****

	
	Water content (%)
	23.19 ****
	0.06
	10.75 **

	
	NO3− (mg kg−1)
	44.67 ****
	60.68 ****
	9.96 **

	
	NO2− (mg kg−1)
	21.74 ****
	1.31
	6.26 *

	
	NH4+ (mg kg−1)
	115.99 ****
	2.53
	1.14

	
	Total nitrogen (TN, g kg−1)
	4.51 *
	22.21 ****
	1.98

	
	Soil organic carbon (SOC, g kg−1)
	220.24 ****
	158.81 ****
	37.35 ****

	
	Available phosphorus (AP, g kg−1)
	360.72 ****
	3.06
	0.16

	Plant traits
	Germination rate (%)
	131.22 ****
	22.19 ****
	10.68 **

	
	Shoot dry biomass (g plant−1)
	52.86 ****
	6.8 *
	14.08 ***

	
	Root dry biomass (g plant−1)
	15.93 ****
	24.46 ****
	2.38

	
	Root-shoot-ratio (%)
	38.46 ****
	35.06 ****
	6.39 *

	
	Height (cm)
	124.23 ****
	0.24
	45.69 ****

	
	Number of branches per plant
	25.58 ****
	0.51
	44.31 ****

	
	Stem diameter
	41.12 ****
	0.26
	4.57 *

	
	Average leaf area (cm2)
	5.79 **
	4.32 *
	6.57 *

	
	Root length (cm)
	47.53 ****
	30.81 ****
	9.56 **

	
	Total root length (cm)
	8.39 ***
	19.81 ****
	7.84 **

	
	Root ProjArea (cm2)
	11.78 ****
	25.07 ****
	7.89 **

	
	Root surface area (cm2)
	11.87 ****
	25.42 ****
	8.08 **

	
	Average root diameter (mm)
	25.16 ****
	1.1
	4.81 *

	
	Root volume (cm3)
	16.13 ****
	27.83 ****
	7.54 **

	
	Root length per volume (cm m−3)
	8.51 ***
	20.37 ****
	8.21 **

	
	Root tips
	16.72 ****
	1.12
	3.89

	Plant physiological
	MDA (μmol mg−1)
	50.98 ****
	6.62 *
	5.73 *

	
	Proline (mg g−1)
	25.55 ****
	7.46 **
	0.31

	
	Soluble protein (mg g−1)
	7.94 ***
	0.26
	0.06

	
	Soluble sugar (μg g−1)
	28.92 ****
	3.32
	1.02

	
	Superoxide dismutase (SOD, U g−1)
	32.65 ****
	8.22 **
	1.17

	
	Catalase (CAT, μmol min−1·g−1)
	4.88 *
	3.77
	99.62 ****

	
	Peroxidase (POD, U g−1)
	24.28 ****
	18.29 ****
	0.32

	
	Ascorbate peroxidase (APX, nmol min−1·g−1)
	9.62 ***
	13.86 ***
	7.94 **

	Plant nutrients
	K (mg·g−1)
	42.97 ****
	0.22
	0.63

	
	Na (mg·g−1)
	27.95 ****
	2.55
	5.73 *

	
	Na/K
	40.95 ****
	1.83
	3.24

	
	Crude fat (%)
	4.94 *
	0.01
	15.42 ***

	
	Crude protein (%)
	43.64 ****
	4.98 *
	8.48 **

	
	Lignin (%)
	9.59 ***
	19.79 ****
	0.61

	
	Acid detergent fiber (ADF, %)
	17.93 ****
	13.73 ***
	55.48 ****

	
	Neutral detergent fiber (NDF, %)
	25.11 ****
	0.58
	14.41 ***

	
	Relative feed value (RFV, %)
	24.14 ****
	0.86
	23.23 ****




Table S3 Results of ANOSIM, ADONIS, and MRPP tests for differences in metabolic patterns across paired treatments. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
	
	Anosim
	Adonis
	MRPP

	Compare set
	R
	p-value
	F
	R2
	p-value
	A
	delta
	p-value

	CK vs. AC5
	0.432
	0.001
	5.394
	0.278
	0.001
	0.113
	0.232
	0.001

	CK vs. AL5
	0.340
	0.005
	3.410
	0.196
	0.005
	0.077
	0.240
	0.004

	AC5 vs. AL5
	0.612
	0.002
	7.630
	0.353
	0.002
	0.163
	0.231
	0.001





Table S4 Comparison of shared and unique Up-regulated and Down-regulated metabolites between AL- (AL5) and AC- (AC5) biochar treatments versus control (CK). Metabolites were classified at the Class I level according to the KEGG database.
	[bookmark: RANGE!A1:A13]Metabolites Class I
	Down-regulated
	Up-regulated

	
	AL -Unique
	AL and AC -Shared
	AC -Unique
	AL -Unique
	AL and AC -Shared
	AC -Unique

	Alkaloids and derivatives
	0
	0
	3
	0
	0
	1

	Benzenoids
	2
	2
	5
	2
	0
	0

	Lignans, neolignans, and related compounds
	0
	0
	1
	0
	0
	1

	Lipids and lipid-like molecules
	5
	5
	6
	2
	0
	6

	Nucleosides, nucleotides, and analogs
	2
	1
	3
	0
	0
	0

	Organic acids and derivatives
	3
	2
	7
	2
	0
	1

	Organic nitrogen compounds
	0
	0
	0
	1
	0
	0

	Organic oxygen compounds
	3
	2
	4
	0
	0
	1

	Organoheterocyclic compounds
	4
	1
	8
	1
	0
	1

	Phenylpropanoids and polyketides
	4
	3
	1
	1
	0
	7

	unclassified
	7
	5
	21
	3
	0
	7

	None
	0
	1
	1
	1
	0
	0

	Total
	30
	22
	60
	13
	0
	25




Table S5 Results of ANOSIM, ADONIS, and MRPP tests for bacterial community variations across paired treatments. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
	Compare set
	Anosim
	Adonis
	MRPP

	
	R
	p-value
	F
	R2
	p-value
	A
	delta
	p-value

	CK vs. AC5
	0.994
	0.002
	12.876
	0.563
	0.004
	0.290
	0.441
	0.003

	CK vs. AL5
	1.000
	0.005
	14.254
	0.588
	0.005
	0.305
	0.394
	0.002

	AC5 vs. AL5
	0.994
	0.001
	11.527
	0.535
	0.003
	0.273
	0.421
	0.002




Table S6 Analysis of shared and unique Up-regulated and Down-regulated genera between AL- (AL5) and AC- (AC5) biochar treatments compared to the control (CK). Genera were categorized at the phylum level.
	Phylum
	Down-regulated
	Up-regulated

	
	AL -Unique
	AL and AC -Shared
	AC -Unique
	AL -Unique
	AL and AC -Shared
	AC -Unique

	c_Alphaproteobacteria
	5
	3
	3
	1
	0
	3

	c_Betaproteobacteria
	0
	1
	1
	1
	1
	0

	c_Deltaproteobacteria
	1
	0
	1
	0
	1
	0

	c_Gammaproteobacteria
	3
	3
	0
	0
	0
	1

	c_Oligoflexia
	1
	0
	0
	0
	0
	0

	p_Acidobacteria
	0
	0
	1
	0
	0
	0

	p_Actinobacteria
	0
	0
	2
	0
	1
	15

	p_Bacteroidetes
	2
	7
	3
	1
	2
	1

	p_Chloroflexi
	0
	0
	1
	0
	0
	1

	p_Firmicutes
	0
	0
	1
	9
	0
	0

	p_Plantae
	0
	0
	0
	0
	0
	1

	p_Rhodothermaeota
	0
	0
	1
	0
	0
	0

	p_Verrucomicrobia
	0
	1
	1
	0
	1
	0

	Total
	12
	15
	15
	12
	6
	22
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Fig. S1 Enhancement of alfalfa seedling growth and root morphological traits under biochar amendment. Different lowercase letters indicate statistically significant differences among treatments based on LSD tests (p < 0.05).
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Fig. S2 Influence of biochar amendments on alfalfa forage nutrient quality parameters. Assessed metrics include acidic detergent fiber (ADF), neutral detergent fiber (NDF), and relative feed value (RFV). Different lowercase letters indicate statistically significant differences among treatments based on LSD tests (p < 0.05).
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Fig. S3 Volcano plots depicting differential metabolites, based on log2 (Fold Change) and - log10 (p-value) of Metabolites. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
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Fig. S4 Distribution of shared and unique differential metabolites among AC-biochar, AL-biochar, and control (CK) treatments. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
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Fig. S5 Fold change analysis of differential metabolites among AC-biochar (AC5), AL-biochar (AL5), and control (CK) treatments. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
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Fig. S6 Heatmap of relative abundance of differential metabolites among AC-biochar (AC5), AL-biochar (AL5), and control (CK) treatments. Data were normalized using z-scores of metabolite intensity areas.
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Fig. S7 Correlation analysis between differential metabolites and soil-plant properties under AC- and AL-biochar treatments. Asterisks denote statistical significance: ***p < 0.001; **p < 0.010; *p < 0.05.
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Fig. S8 Rarefaction curve for bacterial sequencing. Labels AC5 and AL5 indicate treatments with AC-biochar and AL-biochar applied at a 0.5% rate, respectively.
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Fig. S9 Shifts in dominant bacterial phyla in the rhizosphere of saline-alkali soils amended with AC- and AL-biochar. Different lowercase letters signify statistically significant differences at the 0.05 level (LSD test) among treatments. Labels AC5 and AL5 represent treatments with 0.5% addition rates of AC-Biochar and AL-Biochar, respectively. CK represents the control without biochar. 
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Fig. S10 Changes in dominant bacterial genera in the rhizosphere of saline-alkali soils Amended with AC- and AL-biochar. Different lowercase letters indicate statistically significant differences at the 0.05 level (LSD test) among treatments. Labels AC5 and AL5 represent treatments with 0.5% addition rates of AC-biochar and AL-biochar, respectively.
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Fig. S11 Volcano plots depicting differential bacterial genera, based on log2(Fold Change) and -log10 (p-value). Labels AC5 and AL5 represent treatments with 0.5% addition rates of AC-biochar and AL-biochar, respectively.
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Fig. S12 Fold change analysis of differential bacterial genera among AC-biochar (AC5), AL-biochar (AL5), and control (CK) treatments.
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Fig. S13 Summary of differential bacterial genera among AC-biochar (AC5), AL-biochar (AL5), and control (CK) treatments.
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Fig. S14 Relative abundance of differential metabolites among AC-biochar (AC5), AL-biochar (AL5), and control (CK) treatments.
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Fig. S15 Correlation between differential genera and soil-plant properties under AC- and AL-biochar treatments. Asterisks denote statistical significance: ***p < 0.001; **p < 0.010; *p < 0.05.
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Fig. S16 Correlation between differential metabolites and differential genera under AL-biochar treatment. Asterisks denote statistical significance: ***p < 0.001; **p < 0.010; *p < 0.05.
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[bookmark: _GoBack]Fig. S17 Correlation between differential metabolites and differential genera under AC-biochar treatment. Asterisks denote statistical significance: ***p < 0.001; **p < 0.010; *p < 0.05.
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(R,S)-N-NITROSOANABASINE.Down

12-epi Leukotriene B4.Down

2-Hydroxy-1-(4-methoxyphenyl)propyl hexopyranoside.Down

3-(1-Naphthyl)-1,5-diphenylpentane-1,5-dione.Down

3-N-butyl-4,5-dihydrophthalide.Down

4'-Methoxy-

α

-ethylaminovalerophenone.Down

5-Methylcytidine.Down

C-hexosyl-luteolin O-feruloylhexoside.Down

Coniferin.Down

Eriocitrin.Down

Geniposidic acid.Down

GMP.Down

Guanosine monophosphate (GMP).Down

Hordenine.Down

L-Cystine.Down

N-(2,4-Dimethylphenyl)formamide.Down

Olivetol.Down

Plantagoside.Down
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Tyr-Tyr.Down
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4-Methylhippuric acid.NS

alpha-Ketoglutaric acid.NS

Eupatilin.NS

1-(4-methylphenyl)-3-(2-pyridylthio)pyrrolidine-2,5-dione.Up

7-(3,4-dihydroxyphenyl)-5-hydroxy-1-(4-hydroxyphenyl)heptan-3-one.Up

Acetylcysteine.Up

Artemether.Up

Chlordiazepoxide.Up

Isoliquiritigenin.Up

Medicarpin.Up

O-Feruloyl 4-hydroxylcoumarin.Up

Palmaturbine.Up

Polypodine B.Up

Schisanhenol.Up
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