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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
	-
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Table S2 Properties of soil and plants in AL- and AC-biochar amendments. Distinct lowercase letters indicate statistically significant differences at the 0.05 level (least significant difference test) among the treatments. CK: control group.
	Parameters
	CK
	AL (1%)
	AL (2%)
	AL (5%)
	AC (1%)
	AC (2%)
	AC (5%)

	Water Content (%)
	24.62±0.4 a
	18.69±0.97 c
	18.45±0.56 c
	15.81±0.85 d
	20.29±0.49 bc
	18.47±1.42 c
	22.21±0.95 b

	pH
	8.4±0.02 a
	8.33±0.01 b
	8.26±0.01 c
	8.15±0.01 d
	7.97±0.04 e
	7.56±0.01 f
	7.43±0.01 g

	Salinity (%)
	1.16±0.04 a
	1.20±0.09 a
	1.25±0.06 a
	1.02±0.04 b
	0.83±0.03 c
	0.74±0.03 c
	0.73±0.03 c

	NO3− (mg kg−1)
	4.87±0.32 b
	2.43±0.61 c
	10.95±0.82 a
	12.54±0.90 a
	1.62±0.19 c
	1.53±0.23 c
	4.77±0.54 b

	NO2− (mg kg−1)
	0.059±0.003 bc
	0.104±0.016 a
	0.126±0.021 a
	0.075±0.004 b
	0.032±0.004 d
	0.045±0.006 cd
	0.05±0.005 bcd

	NH4+ (mg kg−1)
	7.00±0.31 a
	2.86±0.27 c
	3.41±0.44 bc
	3.80±0.31 b
	1.47±0.25 d
	1.59±0.23 d
	1.65±0.13 d

	SOC (g kg−1)
	1.7±0.08 e
	1.37±0.07 f
	1.58±0.08 ef
	2.2±0.05 d
	2.92±0.23 c
	3.36±0.19 b
	5.28±0.11 a

	Total nitrogen (TN, g kg−1)
	0.90±0.01 c
	0.86±0.02 c
	1.04±0.04 ab
	1.08±0.04 a
	0.98±0.03 b
	0.98±0.03 b
	1.08±0.01 a

	Available phosphorus (g kg−1)
	0.031±0.001 d
	0.036±0.001 cd
	0.037±0.001 c
	0.039±0.001 c
	0.082±0.001 b
	0.096±0.002 a
	0.091±0.006 a

	MBC (mg kg−1)
	142.15±15.8 c
	274.63±29.85 b
	316.59±23.95 ab
	373.22±34.4 a
	175.58±18.5 c
	151.81±20.32 c
	144.11±23.81 c

	MBN (mg kg−1)
	13.98±1.5 b
	11.83±1.99 bc
	9.23±1.47 bc
	22.61±3.6 a
	21.74±6.29 a
	6.70±1.07 c
	4.74±0.75 c

	MBP (mg kg−1)
	2.49±0.12 c
	1.56±0.19 c
	1.67±0.17 c
	2.34±0.31 c
	4.76±0.44 b
	7.16±0.62 a
	7.23±1.37 a

	Shoot dry weight (g plant−1)
	0.090±0.008 c
	0.138±0.008 b
	0.181±0.01 a
	0.209±0.014 a
	0.102±0.01 c
	0.098±0.007 c
	0.090±0.01 c

	Root dry weight (g plant−1)
	0.014±0.001 e
	0.031±0.004 d
	0.045±0.007 bc
	0.063±0.005 a
	0.033±0.005 cd
	0.035±0.003 cd
	0.048±0.007 b

	Root-shoot-ratio
	0.16±0.01 e
	0.21±0.03 de
	0.24±0.03 cd
	0.29±0.02 bc
	0.31±0.03 b
	0.35±0.03 b
	0.53±0.04 a

	Root length (cm)
	43.76±2.67 c
	60.74±8.18 bc
	76.59±8.62 b
	121.94±11.5 a
	72.84±9.63 b
	67.84±6.03 b
	84.92±13.44 b

	Root projected area (cm2)
	1.63±0.09 c
	2.31±0.31 bc
	2.89±0.3 b
	4.64±0.49 a
	2.30±0.32 bc
	2.11±0.15 bc
	2.88±0.42 b

	Root surface area (cm2)
	5.13±0.30 c
	7.24±0.97 bc
	9.08±0.96 b
	14.59±1.55 a
	7.22±1 bc
	6.62±0.48 bc
	9.05±1.33 b

	Average root diameter (mm)
	0.38±0.01 a
	0.39±0.01 a
	0.39±0.01 a
	0.38±0.01 a
	0.31±0.01 c
	0.32±0.01 bc
	0.34±0.01 b

	Root length per volume (cm m−3)
	43.76±2.67 d
	60.32±8.13 cd
	76.33±8.56 bc
	123.80±11.55 a
	72.84±9.63 bc
	67.84±6.03 bc
	84.92±13.44 b

	Root volume (cm3)
	0.048±0.003 d
	0.069±0.009 bcd
	0.087±0.009 b
	0.142±0.017 a
	0.057±0.009 cd
	0.052±0.004 cd
	0.078±0.011 bc

	Root tips
	59.92±4.09 c
	119.94±14.4 b
	123.65±14.32 b
	169.43±15.34 ab
	190.83±30.89 a
	191.17±24.93 a
	175.33±18.37 a



Table S3 Substrates, incubation times, and measurement wavelengths in assays of soil enzymatic activities.
	[bookmark: _Hlk168514389]Type
	Enzyme
	Substrate
	Incubation time
	Measurement wavelength

	Carbon-acquiring enzymes
	β-1,4-glucosidase (BG)
	pNP-β-glucopyranoside
	6 h
	405 nm

	
	Cellobiohydrolase (CBH)
	pNP-cellobioside
	6 h
	405 nm

	
	Sucrase
	8% Sucrose Solution
	24 h
	508 nm

	Nitrogen-acquiring enzymes
	β-1,4-N-acetylglucosaminidase (NAG)
	pNP-β-N-acetylglucosaminide
	6 h
	405 nm

	
	L-leucine aminopeptidase (LAP)
	leucine p-nitroanilide
	4 h
	405 nm

	
	Urease
	10% Urea Solution
	24 h
	578 nm

	Phosphorus-acquiring enzyme
	Alkaline phosphatase (ALP)
	pNP-phosphate
	45 min
	405 nm

	Oxidation-associated enzyme
	Polyphenol oxidase (PPO)
	Pyrogallol
	2 h
	405 nm

	
	Peroxidase (PER)
	Pyrogallol, EDTA
	2 h
	405 nm




Table S4 Effects of biochar type and addition rate on soil extracellular enzyme activities and their stoichiometry. Statistical significance based on two-way ANOVA. Asterisks indicate significance levels: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.
	Parameters
	AL-biochar
	AC-biochar
	Type
	Addition rate
	Type ×
Addition rate

	β-1,4-glucosidase (BG)
	9.84 **
	0.15
	2.54
	11.35 **
	9.26 **

	Cellobiohydrolase (CBH)
	19.62 ****
	29.12 ****
	44.51 ****
	18.24 ****
	4.62 *

	[bookmark: OLE_LINK17]Sucrase
	10.76 **
	2.01
	21.78 ****
	14.78 ***
	2.69

	L-leucine aminopeptidase (LAP)
	4.59 *
	15.73 ***
	367.1 ****
	13.66 ***
	3.59

	β-1,4-N-acetylglucosaminidase (NAG)
	31.54 ****
	7.95 **
	67.66 ****
	49.44 ****
	33.42 ****

	Urease
	6.82 *
	0.01
	41.65 ****
	0.64
	0.39

	Alkaline phosphatase (ALP)
	0.54
	1.02
	138.2 ****
	1.37
	0.32

	Peroxidase (PER)
	6.17 *
	26.95 ****
	45.02 ****
	34.78 ****
	22.57 ****

	Polyphenol oxidase (PPO)
	6.69 *
	23.95 ****
	59.26 ****
	16.00 ***
	2.48

	Vector length
	22.67 ****
	0.78
	13.9 ****
	11.06 **
	3.74

	Vector angle
	0.68
	7.97 **
	240.95 ****
	6.53 *
	11.17 **

	Ecoenzymatic activities C:N ratio (EEArC:N)
	21.53 ****
	23.55 ****
	18.44 ****
	56.49 ****
	1.21

	Ecoenzymatic activities C:P ratio (EEArC:P)
	22.01 ****
	0.01
	33.27 ****
	3.07
	2.53

	Ecoenzymatic activities N:P ratio (EEArN:P)
	0.04
	6.36 *
	33.85 ****
	7.49 **
	7.69 **

	Carbon use efficiency (CUE)
	27.83 ****
	0.71
	14.17 ****
	4.65 *
	0.43
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[bookmark: OLE_LINK1][bookmark: OLE_LINK4]Fig. S1 (A) Scanning electron microscope images and (B) Fourier transform infrared spectroscopy of AL- and AC-biochar.


[image: ]
Fig. S2 Correlation of soil properties and plant traits with enzymatic activities, their stoichiometry, and carbon use efficiency in AL- and AC-biochar amendments. Enzymes measured include β-1,4-glucosidase (BG), cellobiohydrolase (CBH), Sucrase, β-1,4-N-acetylglucosaminidase (NAG), L-leucine aminopeptidase (LAP), Urease, alkaline phosphatase (ALP), polyphenol oxidase (PPO), and peroxidase (PER). Asterisks indicate the significance level of Pearson’s correlation: *** p < 0.001, ** p < 0.01, * p < 0.05.

[image: ]
Fig. S3 Relative importance of predictors (including biochar addition rate, soil properties, and plant traits) in predicting changes in vector angle, vector length, and CUE in AL- and AC-biochar amendments. An increase in mean squared error (IncMSE%) values was calculated using random forest modeling.

[image: ]
Fig. S4 Direct and indirect effects of AL- and AC-biochar amendments on vector angle (AL: A, AC: D), vector length (AL: B, AC: E), and microbial carbon use efficiency (AL: C, AC: F). The red line indicates direct effect, while the blue line indicates direct effect. The solid line indicates positive effect, while the dashed line indicates negative effect. The thickness of the line and the numerical values displayed in the arrows represent the effect size.

[bookmark: _GoBack][image: ]
Fig. S5 Correlation of bacterial diversity with enzymatic activities, their stoichiometry, and carbon use efficiency in AL- and AC-biochar amendments. Enzymes measured include β-1,4-glucosidase (BG), cellobiohydrolase (CBH), Sucrase, β-1,4-N-acetylglucosaminidase (NAG), L-leucine aminopeptidase (LAP), Urease, alkaline phosphatase (ALP), polyphenol oxidase (PPO), and peroxidase (PER). Asterisks indicate the significance level of Pearson’s correlation: *** p < 0.001, ** p < 0.01, * p < 0.05.

[image: ]
Fig. S6 Shifts in the most common bacterial phyla in AL- and AC-biochar amendments. Distinct lowercase letters indicate statistically significant differences at the 0.05 level (least significant difference test) among the treatments.
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