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[bookmark: _Hlk184371202]S1 The costs and benefits of bone biochar production and use
[bookmark: OLE_LINK35][bookmark: _Hlk184329468][bookmark: OLE_LINK49]The core of soil restoration is the ability to support plant growth, maintain ecological balance and purify the environment. Biochar, a porous carbon-rich material formed by pyrolysis of waste biomass at high temperature (≤700℃) under anaerobic or low oxygen conditions (Maroušek et al. 2019), has been shown to be effective in repairing soil and enhancing crop yield. It also exhibits characteristics of carbon sequestration, stability and efficiency (Chen et al. 2022). However, the cost of biochar is $670-$1,780 ton−1 (Zhang et al. 2022), which alone makes it economically uncompetitive with fertilizers, greatly limiting farmers' understanding and use of biochar (Pourhashem et al, 2019). To ensure the continuation of biochar technology and promote growth of related markets, it is economically feasible to produce biochar from more economical raw materials (Josef et al. 2023).
[bookmark: OLE_LINK18]As the world's population grows and fresh meat consumption increases, more than 130 million metric tons of discarded bones are produced globally each year, posing an environmental burden through land occupation and improper disposal of skeletal residues (Hart et al. 2022). Bone biochar (BC), prepared from these bones, reduces costs and contains high hydroxyapatite and nutrient content (C, N, P), advantageous for soil improvement over other biochars (Xiao et al. 2023). Recycling strategies can not only address this environmental burden but also increase economic benefits and reduce biochar prices by establishing a bone biochar industry. This could interest farmers and attract investors, potentially leading to commercial success (Akbari et al. 2021; Pavolová et al. 2021).
Low-cost biochar has been considered the main driving force for the growth of the global biochar market (He et al. 2022), and P-rich biochar such as bone biochar can meet phosphorus consumption caused by current insufficient P reserves, which is believed to contribute to the growth of the global biochar market in the future (Josef and Beata. 2021; Nguyen et al. 2022). This is desirable not only for farmers seeking to improve soil quality, but also for biogas plants and wastewater treatment plants aiming to reduce costs and comply with environmental legislation (Josef et al. 2023). Such P-rich biochar may become a future hot spot in the global biochar market and be supported by local governments through policy.
[bookmark: OLE_LINK57]To understand if the production and use of bone biochar is profitable enough to attract investor and other beneficiary group attention, investigate costs and benefits from economic analyses of biochar production and use to date. This paper briefly analyzes the production process and cost of biochar. 
Patel and Panwar (2024) considered that the calculation of the production cost of bone biochar includes raw materials, labor, energy consumption and machinery costs. To determine the cost per unit, the unit cost for the biochar production is calculated in terms of ($ ton−1), the calculation formula is as follows：

[bookmark: _Hlk184809961][bookmark: OLE_LINK50]Where Cp is the unit cost of biochar production and application ($ ton-1); Ca and Co are the annual capital and operating expenditure of the pyrolysis equipment ($/ year-1); Cb is the total annual cost of bone ($ year-1); Ct is the total annual cost of feedstock and biochar transportation ($ year-1); W is the total annual production of biochar (t year-1).
[bookmark: OLE_LINK12][bookmark: _Hlk184809203][bookmark: _Hlk184809255][bookmark: _Hlk185326831]Currently, the market price for scrap bone recycling is $68.91 ton−1, while the price of bone meal for preparing BC is $413.45-$551.29 ton−1. Considering the use of a continuous carbonization furnace as continuous production equipment, the yield of animal bone raw materials is about 68% (Iriarte-Velasco et al. 2016), resulting in a raw material cost of about $608.01-$810.72 ton−1 for preparing bone charcoal. The transportation cost of the produced BC is $293.71, including vehicle costs of $184.80 and personnel transportation costs of $108.91. The operating costs of maintaining and operating the biochar preparation system, including repair and maintenance, general expenses, purchasing biomass fuel, and labor, account for approximately 20% of the total cost, or about $225.43-$276.11 ton−1 (https://b2b.baidu.com). Overall, the total cost for producing BC is estimated at $1127.14-$1380.54 ton−1. In this study, BC was sourced from Shandong Qingdao Lizhou Chemical Co., Ltd., at a price of $1210.6 ton−1.
The current high production cost of BC makes it too expensive for general agricultural applications. However, BC significantly improves soil performance and crop yields when used on ornamental and high-value crops in degraded soils, justifying its high cost. At the same time, reasonable application measures can also reduce the economic cost of BC in agricultural production, thereby ensuring the benefits of agricultural and forestry practitioners. In this study, the application of 5% biochar (BC) can promote growth of the valuable woody oil species Olive tree (Olea europaea L.) in coastal saline soil, when planted in the form of hole cultivation, BC can be applied to the soil where the plants grow. The size of the hole is 0.5m × 0.5m × 0.2m. According to a 5% BC application rate, 1.78kg of BC is added to each hole. When Olea europaea planting spacing is set to 1.5 m × 1.5 m, 2,500 Olea europaea can be planted on 1 ha of land, requiring 4.44 tons of BC, with an application cost of $5004.5-$5375.06 per hectare.
[bookmark: _Hlk185362973][bookmark: OLE_LINK25]According to Taskin and Ertan (2023) research that under salt-alkali environment, the lowest yield of non-bearing 50-55 year old Olea europaea in their off year is 24.9kg, and the average yield of 50-55 year old Olea europaea in a bumper year is 49.2kg per tree. It is estimated that in the case of a bumper year, 123 tons of olives can be harvested per hectare in the coastal saline land after applying 5% BC, and 12 kg of olives are needed to obtain 1 kg of olive oil, so 10.25 tons of olive oil can be obtained. Global olive oil prices reached $59,89.7 per ton in March 2023, according to commodity data tracked by the International Monetary Fund (IMF) (https://www.imf.org). The application of 5% BC can yield $61,394.425 per hectare, while the application cost of BC is 8.15-8.75%, which falls within the farmer's affordability range. In the off year, 62.25 tons of olives can be harvested per hectare of improved land, which is also worth $31071.57 in olive oil earnings. And the remaining biochar in the soil reduces production costs in the second year (off year). 
The above economic analysis shows that, although the current BC cost price is high, BC is an effective solution for agroforestry workers to improve soil, promote plant growth, and provide long-term benefits. It also offers economic benefits for redeveloping degraded land and planting plants with high economic value. Additionally, it reduces fertilizer use and carbon sequestration.
As mentioned above, with the establishment and improvement of the BC industry and the development and breakthrough of BC preparation technology, the price and treatment cost of waste bone will be reduced, and the cost price of BC will also be significantly reduced to meet the acceptable range of farmers and enter the horizon of investors (Vochozka et al. 2020). In the face of rising phosphorus prices, agricultural and environmental management costs are increasing. The production of low-cost and phosphorus-rich biochar (like BC) will be highly competitive in the future.
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[bookmark: _Hlk184140237]S2 The PCA method for calculating SQI and GQI
Principal component analysis (PCA) is a method of dimensionality reduction for comparative data, and according to the load size, the correlation between Norm value and index can be combined. This method  can be used for comprehensive evaluation of soil quality index (SQI) and plant growth quality index (GQI). The specific calculation method is as follows:
1. Data standardization: Part of the data is processed to improve the model by solving the problem of index directivity. The data is subtracted from the mean and divided by the standard deviation to eliminate the effects of dimension and scale, or the data is standardized using SPSS (v16.0). Open the "Analysis" option at the top of the SPSS page, then select "Description" in "Description Statistics", put the data to be standardized in the box on the right of the "Modal", and then check "Save standardized score as output". The standardized data can be obtained in the SPSS data page.
[bookmark: _Hlk184151256][bookmark: _Hlk184151072][bookmark: _Hlk184151183]Assume that there are m index variables for principal component analysis: x1, x2, x3 ... xm, there are a total of n evaluation objects, and the value of the j index of the i evaluation object is xij. Convert each index value xij to ij.


Where x̄j, Sj are the sample mean and sample standard deviation of the j index. 

Where  is the standardized indicator variable
2. The correlation coefficient matrix R between variables is established

Where rij is the correlation coefficient between the i index and the j index.
3. The eigenvalues and eigenvectors of the correlation coefficient matrix R are calculated
[bookmark: _Hlk184200301]The eigenvalue λ1, λ2, …, λm of the correlation coefficient matrix R and the corresponding eigenvector u1, u2, …, um are calculated. uj = (u1j, u2j, …, unj)T, there are eigenvectors that form m new index vectors.

[bookmark: _Hlk184200488]Where y1 is the first principal component, y2 is the second principal component, ... ym is the m principal component.
4. Write out the principal components and calculate the composite score
[bookmark: _Hlk184200615]The information contribution rate and the cumulative contribution rate of the characteristic value λj (j = 1, 2, …, m) are calculated.

Where the information contribution rate of bj as the main component yj.

Where αp is the cumulative contribution rate of principal components y1, y2, …, yp. When αp is close to 1, the first p index variables y1, y2, …, yp are selected as p principal components to replace the original m index variables, so that comprehensive analysis of p principal components can be carried out
Finally, the comprehensive score is calculated.

The SQI and PQI are calculated according to the above method. The combined scores of SQI and GQI were calculated by combining the key indicators of soil quality and plant growth. Principal component composite scores (SQI and GQI) are calculated using the following formula:

Where wi is the contribution rate of the i principal component, si is comprehensive scores of the j principal component, and n is the number of variables.

Where bj is the contribution rate of the j principal component, yj is comprehensive scores of the j principal component, and n is the number of variables.


Table S1 Nomenclature
	Abbreviation
	Original name
	Abbreviation
	Original name

	ALP
	soil alkaline phosphatase
	Mg
	magnesium

	ANOVA
	one-way analysis of variance
	N
	nitrogen

	BC
	bone biochar
	Na
	sodium

	BD
	soil bulk density
	NBT
	nitroblue tetrazolium

	C
	carbon
	P
	phosphorus

	Ca
	calcium
	PBS
	potassium phosphate buffer

	CAT
	catalase
	PCA
	principal component analysis

	CEC
	cation exchange capacity
	Pn
	net photosynthetic rate

	CFI
	comparative fit index
	POD
	peroxidase

	[bookmark: _Hlk184290124]CHI/dF
	chi-square/degrees of freedom
	ROS
	reactive oxygen species

	Chl a
	chlorophyll a
	RMR
	root mean square residual

	Chl b
	chlorophyll b
	SC
	soil sucrase

	Ci
	intercellular CO2 concentration
	SD
	standard deviation

	EC
	electrical conductivity
	SEM
	structural equation model

	G250
	coomassie brilliant blue
	SO42-
	sulfate radicals

	GQI
	plant growth quality index
	SOD
	superoxide dismutase

	Gs
	stomatal conductance
	SP
	soil porosity

	H
	homeostatic
	SQI
	soil quality index

	HA
	humic acid
	SU
	soil urease

	K
	potassium
	Tr
	transpiration rate

	MDA
	malondialdehyde
	WC
	soil water content



Table S2 The chemicals, reagents, experimental materials, experimental instruments and application software used in the experiments
	Regents
	Chemical formula
	Producer

	2,4-Dinitrophenol
	C6H4N2O5
	Shanghai Shanpu Chemical Co.,Ltd.

	3,5-Dinitrosalicylic acid
	C7H4N2O7
	Shanghai Macklin Biochemical Co.,Ltd.

	Aluminium sulfate 
	Al2(SO4)3
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Ammonium molybdate 
	(NH4)2MoO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Ammonium sulfate 
	(NH4)2SO4
	Shanghai Macklin Biochemical Co.,Ltd.

	Boric acid 
	H3BO3
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Bromocresol green 
	C21H14Br4O5S
	Shanghai Macklin Biochemical Co.,Ltd.

	Calcium sulfate 
	CaSO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Chlorobromo-p-benzoquinone imide
	C6H2Br2ClNO
	Guangzhou Weibo Technology Co.,Ltd.

	Citric Acid
	C₆H₈O₇
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Dibasic Sodium Phosphate
	Na2HPO4·12H2O
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Disodium Phenyl Phosphate
	C6H9Na2O6P
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	EDTA-2Na
	C10H14N2Na2O8
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Ethyl Alcohol 
	C2H6O
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Ferrous sulfate 
	FeSO4·7H2O
	Tianjin Komio Chemical Reagents Co.,Ltd.

	Glucose 
	C6H12O6
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Hexaamminecobalt (III) chloride 
	[Co(NH3)6]Cl3
	Shanghai Macklin Biochemical Co.,Ltd.

	Hydrochloric acid 
	HCl
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Hydrofluoric Acid
	HF
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Hydrogen Peroxide 
	H2O2
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Hydroxylamine hydrochloride 
	HONH2HCl
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Magnesium oxide 
	MgO
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Methanol 
	CH3OH
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Methionine 
	C5H11O2NS
	Shanghai Macklin Biochemical Co.,Ltd.

	Methyl Red 
	C15H15N3O2
	Shanghai Macklin Biochemical Co.,Ltd.

	Methylbenzene 
	C7H8
	Zhejiang Sanying Chemical Reagent Co.,Ltd.

	Nitric acid 
	HNO₃
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Nitro-Blue Tetrazolium
	C40H30N10O6C12
	Shanghai Macklin Biochemical Co.,Ltd.

	Octanol 
	C8H18O
	Shanghai Macklin Biochemical Co.,Ltd.

	O-Methoxy-Phenol 
	C7H8O2
	Shanghai Macklin Biochemical Co.,Ltd.

	Perchloric acid 
	HClO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Phenyl hydroxide 
	C6H6O
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Potassium dihydrogen phosphate 
	KH2PO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Potassium hydroxide 
	KOH
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Potassium oxide 
	K2O
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Potassium permanganate 
	KMnO4
	Zhejiang Sanying Chemical Reagent Co.,Ltd.

	Potassium sulfate 
	K2SO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Propanone 
	CH3COCH3
	Zhejiang Sanying Chemical Reagent Co.,Ltd.

	Reduced iron powder 
	Fe
	Shantou Xilong Science Co.,Ltd.

	Seignette salt 
	NaKC4H4O6
	Shanghai Macklin Biochemical Co.,Ltd.

	Sodium chloride 
	NaCl
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Sodium Dihydrogen Phosphate 
	NaH2PO4·2H2O
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Sodium hydroxide 
	NaOH
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Sodium Hypochlorite 
	NaClO
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Sucrose 
	C12H22O11
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Sulfuric acid 
	H2SO4
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Thiobarbituric acid 
	C4H4N2O2S
	Shanghai Macklin Biochemical Co.,Ltd.

	Trichloroacetic acid 
	C2HCl3O2
	Shanghai Macklin Biochemical Co.,Ltd.

	Trolamine
	C6H15NO3
	Shanghai Sinopharm Chemical Reagent Co.,Ltd.

	Vitamin B2 
	C17H20N4O6
	Shanghai Macklin Biochemical Co.,Ltd.

	Water 
	H2O
	Hangzhou Wahaha Group Co.,Ltd.

	Experimental materials
	Purity
	Producer

	Bone biochar
	99.5%
	Shandong Qingdao Lizhou Chemical Co.,Ltd.

	Humic acid
	99.5%
	Shandong Tengyao Biotechnology Co.,Ltd.

	Experimental instrument
	Model number
	Producer

	Atomic absorption spectrophotometer
	PYESP9-400
	Thermo Fisher Scientific Co.,Ltd.

	[bookmark: _Hlk184285172]Conductivity meter
	DDS-307A
	[bookmark: OLE_LINK17]INASE Scientific Instrument Co.,Ltd.

	[bookmark: _Hlk184285330]pH meter
	PHS-3G
	INASE Scientific Instrument Co.,Ltd.

	Photosynthetic fluorescence measurement system
	LI-6800
	LI-COR Biosciences

	Application software
	Model number
	Producer

	[bookmark: OLE_LINK20]Excel
	2016
	[bookmark: OLE_LINK23]Microsoft Corp.

	Origin Pro
	2021
	OriginLab Corp.

	PowerPoint
	2016
	Microsoft Corp.

	[bookmark: OLE_LINK24]SPSS
	v16.0
	International Business Machines Corp.

	Word
	2016
	Microsoft Corp.



[bookmark: _Hlk184291453]Table S3 The physicochemical properties of soil, bone biochar and humic acid in present study
	Parameters
	Units
	Soil
	Bone biochar
	Humic Acid

	pH
	-
	8.54
	7.93
	7.84

	EC
	μs·cm-1
	828.5
	929
	1312

	CEC
	cmol+·kg-
	1.33
	4.47
	2.82

	Specific surface area
	m2·g-1
	-
	57.17
	-

	Bulk density
	g·cm-3
	1.25
	-
	-

	Water content
	%
	16.62
	-
	-

	Soil porosity
	%
	38.23
	-
	-

	C
	g·kg-1
	7.48
	104
	314

	TN
	g·kg-1
	0.75
	26.00
	7.57

	TP
	g·kg-1
	1.18
	21.20
	5.30

	AN
	mg·kg-1
	28.2
	-
	-

	AP
	mg·kg-1
	10.08
	-
	-

	Na+
	mg·kg-1
	220
	1030
	1680

	K+
	mg·kg-1
	1412
	130
	1160

	Ca2+
	mg·kg-1
	113.5
	38850
	3890

	Mg2+
	mg·kg-1
	50.16
	660
	4710



[bookmark: _Hlk184291510]Table S4 Changes of selected soil properties with different treatments of BC and HA
	Soil properties
	Treatment

	
	Control
	BC2.5
	BC5.0
	HA2.5
	HA5.0
	BH2.5
	BH5.0

	BD (g·cm-3)
	1.25±0.01 a
	1.05±0.01 c
	1.05±0.01 c
	1.14±0.05 b
	1.01±0.04 c
	1.17±0.02 b
	1.12±0.02 b

	WC (%)
	16.62±0.54 f
	20.39±1.1 cd
	29.62±1.84 a
	20.93±0.01 c
	18.34±0.84 e
	18.92±0.8 de
	23±0.00 b

	SP (%)
	38.23±0.35 e
	47.08±0.74 b
	41.69±0.05 d
	41.8±0.18 d
	41.05±0.01 d
	43.1±0.53 c
	48.03±0.93 a

	pH
	8.54±0.06 a
	8.35±0.02 b
	8.26±0.05 bc
	8.35±0.01 b
	8.11±0.02 d
	8.19±0.01 cd
	8.31±0.05 b

	EC (μs.cm-1)
	829±7 a
	568±16 c
	456±18 d
	453±11 d
	278±16 e
	434±14 d
	681±13 b

	CEC (cmol·kg-1)
	1.33±0.01 f
	5.23±0.25 b
	6.07±0.30 a
	3.01±0.25 e
	3.55±0.27 d
	3.26±0.20 de
	4.2±0.24 c

	Na+ (mg·kg-1)
	220±9 a
	131.1±14.8 e
	84.7±5.5 f
	193.8±9.3 b
	171.7±4.0 c
	157.8±6.3 d
	74±1 f

	K+ (mg·kg-1)
	1412±60 a
	831.3±61 d
	1095±85 b
	829±10 d
	1039±145 bc
	675.7±53 e
	902±100 cd

	Ca2+ (mg·kg-1)
	113.5±4.0 e
	250.1±22.7 a
	246.1±6.7 a
	135.5±13.5 d
	159.5±1.0 c
	124.5±4.0 de
	183.8±4.5 b

	Mg2+ (mg·kg-1)
	50.61±1.15 d
	64.21±1.8 ab
	65.71±9.0 a
	53.3±2.68 cd
	56.5±0.4 bcd
	50.58±6.37 d
	59.36±2.42 abc

	SOC (g·kg-1)
	7.48±1.04 f
	16.58±0.1 e
	17.28±0.87 e
	51.49±2.45 b
	67.23±1.35 a
	30.88±1.9 d
	43.84±0.94 c

	TN (g·kg-1)
	0.75±0.01 f
	2.93±0.14 b
	3.4±0.17 a
	1.68±0.14 e
	1.99±0.15 d
	1.83±0.11 de
	2.35±0.14 c

	TP (g·kg-1)
	1.18±0.07 e
	25.19±0.2 b
	48.1±0.12 a
	1.04±0.004 e
	0.81±0.02 f
	9.25±0.08 d
	12.3±0.12 c

	Soil C:N
	10.02±1.33 d
	5.67±0.27 e
	5.09±0.26 e
	30.68±2.07 b
	33.97±2.39 a
	16.92±1.04 c
	18.7±1.03 c

	Soil C:P
	6.41±1.23 c
	0.66±0.004 e
	0.36±0.02 e
	49.38±2.54 b
	82.6±2.56 a
	3.34±0.18 d
	3.57±0.04 d

	Soil N:P
	0.64±0.04 c
	0.12±0.01 d
	0.07±0.003 d
	1.61±0.14 b
	2.44±0.24 a
	0.2±0.01 d
	0.19±0.01 d

	SC (U·g-1)
	1.57±0.1 e
	5.07±0.05 ab
	5.48±0.62 ab
	2.84±0.23 de
	4.27±0.66 bc
	3.1±0.12 cd
	5.87±1.39 a

	UE (U·g-1)
	73.71±1.08 e
	75.95±1.6 de
	81.26±2.4 cd
	84.32±1.2 c
	81.79±4.01 c
	95.08±4.78 b
	104.1±2.44 a

	ALP (U·g-1)
	4.09±0.52 f
	7.62±0.93 e
	16.37±1.83 b
	9.69±0.55 d
	13.16±0.85 c
	16.85±1.44 b
	20.41±0.4 a


Note: Values are means ± standard deviation (n = 3). Lower-case letters show significant difference at p < 0.05 level across all treatments. BD, bulk density; WC, soil water content; SP, soil porosity; EC, electrical conductivity; pH, soil pH; CEC, cation exchange capacity; Na+, soil Na+ content; K+, soil K+ content; Ca2+, soil Ca2+ content; Mg2+, soil Mg2+ content; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; SC, soil sucrose; UE, soil urease; ALP, soil alkaline phosphatase.

Table S5 The results of principal component analysis of SQI
	Principal components
	PC1
	PC2
	PC3
	PC4

	Total eigenvalue
	8.066
	3.39
	1.991
	1.003

	Percent (%) of variance
	50.414
	21.187
	12.442
	6.271

	Cumulative (%) 
	50.414
	71.601
	84.043
	90.314

	Eigen vectors
	
	
	
	

	BD
	0.737
	0.196
	0.536
	-0.184

	WC
	0.785
	-0.281
	-0.039
	0.441

	SP
	0.64
	0.149
	-0.503
	-0.534

	EC
	0.386
	0.612
	0.638
	0.1

	pH
	0.517
	0.703
	0.33
	0.164

	CEC
	0.958
	-0.18
	0.114
	-0.03

	Na+
	0.901
	-0.055
	-0.361
	0.109

	K+
	-0.404
	-0.583
	0.181
	0.378

	Ca2+
	0.846
	-0.433
	0.137
	-0.221

	Mg2+
	0.782
	-0.363
	0.125
	-0.091

	SOC
	0.086
	0.864
	0.246
	-0.027

	TN
	0.966
	-0.174
	0.113
	-0.037

	TP
	0.771
	-0.534
	0.046
	0.227

	SC
	0.906
	0.018
	-0.102
	-0.095

	UE
	0.298
	0.611
	-0.698
	0.164

	ALP
	0.645
	0.502
	-0.385
	0.388


[bookmark: _Hlk165276973][bookmark: _Hlk165190964][bookmark: _Hlk165190316][bookmark: _Hlk165190336]Note: Soil quality indicators in bold are considered forward processed, Abbreviations: BD, bulk density; WC, soil water content; SP, soil porosity; EC, electrical conductivity; pH, soil pH; CEC, cation exchange capacity; Na+, soil Na+ content; K+, soil K+ content; Ca2+, soil Ca2+ content; Mg2+, soil Mg2+ content; SOC, soil organic carbon; TN, soil total nitrogen; TP, soil total phosphorus; SC, soil sucrose; UE, soil urease; ALP, soil alkaline phosphatase.. Eigenvectors in bold are considered highly weighted. Norm value of the Soil quality indicator in bold are considered within 10% of the highest Norm value of the group.

Table S6 The results of principal component analysis of GQI
	Principal components
	PC1
	PC2

	Total eigenvalue
	2.866
	1.249

	Percent (%) of variance
	57.32
	24.98

	Cumulative (%) 
	57.32
	82.3

	Eigen vectors
	
	

	PH
	0.809
	-0.417

	RL
	0.78
	-0.469

	PHR
	0.689
	0.656

	GDR
	0.736
	0.602

	PB
	0.766
	-0.251


Note: Plant growth quality indicators abbreviations: PH, plant overground height; RL, root length; PHR, plant height growth rate; GDR, ground diameter growth rate; PB, biomass. Eigenvectors in bold are considered highly weighted. Norm value of the Soil quality indicator in bold are considered within 10% of the highest Norm value of the group.
[image: ]
[bookmark: _Hlk149850217][bookmark: _Hlk149850099][bookmark: _Hlk149850374][bookmark: _Hlk149850133][bookmark: _Hlk151735951]Fig. S1 Olea europaea L leaf Chlorophyll contents and leaf Gas exchange under different bone biochar and humic acid treatments. (a) Chlorophyll content (b) Carotenoid content (c) Pn (d) Tr (e) Ci (f) Gs.
Note: Data represent mean ± standard deviation (SD) of three replicates. Different letters indicate significant difference between each treatment by the one-way analysis of variance (ANOVA) and Duncan's multiple range test (p < 0.05).

[bookmark: _Hlk184066753][image: ] Fig. S2 Olea europaea L leaf physiological parameters under different bone biochar and humic acid treatments. (a) Soluble protein (b) MDA (c) RC (d) SOD (e) CAT (f) POD.
Note: Data represent mean ± standard deviation (SD) of three replicates. Different letters indicate significant difference between each treatment by the one-way analysis of variance (ANOVA) and Duncan's multiple range test (p < 0.05).
[bookmark: _Hlk161356643][bookmark: _Hlk165186525][bookmark: _Hlk165186583][bookmark: _Hlk161301338][bookmark: _Hlk161300342][bookmark: _Hlk161332639][bookmark: _Hlk162984233][bookmark: _Hlk162986970][bookmark: _Hlk162984244][image: ] Fig. S3 Changes in cations, cation ratios and nutrient uptake of Olea europaea L organs under different bone biochar and humic acid treatments. (a) Plant Na+ content (b) Plant K+ content (c) Plant Ca2+ content (d) Plant Mg2+ content (e) Plant K+/ Na+ (f) Plant K+/ Ca2+ (g) Plant Ca2+/ Na+ (h) Plant Mg2+/ Na+
[bookmark: _Hlk165038795]Note: Data represent mean ± standard deviation (SD) of three replicates. Different letters indicate significant difference between each treatment by the one-way analysis of variance (ANOVA) and Duncan's multiple range test (p < 0.05).
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