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[bookmark: _Toc216337682]Section S1. Pyrolysis and biochar analysis
[bookmark: _Hlk216266819]Pyrolysis. Corncob biochar was produced from 2 mm corncob granules in a furnace (Nabertherm©, Germany) through low-temperature slow pyrolysis at 350 oC (heating rate of 0.2-0.3oC s-1) in a N2 environment. After 60 min of heating, the biochar was cooled to room temperature under N2. The biochar yield, based on air-dried weight, was 30-32%. The pyrolysis conditions were chosen to increase labile C fraction, ash content, CEC, and overall yield as estimated in the previous studies (Cao, 2004; Gabhane et al., 2020; Ippolito et al., 2020; Shariff et al., 2016; Tenic et al., 2020).
[bookmark: _Hlk216267163]Biochar analysis was conducted according to Singh et al. (2017). Proximate analysis included moisture, volatile matter, ash and fixed carbon (Table S1). Moisture was measured by weight loss after drying at 105oC for 18 hours. Volatile matter was assessed by combusting 1 g of biochar in a crucible at 950oC for 10 min. Ash content was determined by combusting of about 1 g of biochar at 750oC for 6 hours. Fixed carbon content that represents the non-volatile fraction of biochar was calculated as the difference between dry matter and the sum of volatile matter and ash. pH was measured with pH-meter (SenTix, WTW, Germany), and electrical conductivity (EC) was determined using the inoLab© Cond 7110 electrical conductivity meter (Xylem Analytics, Germany) at a 1:10 w/v biochar-to-water ratio after1 hour of shaking and 0.5 hours of equilibration. Carbon, nitrogen, and hydrogen contents were measured with an elemental analyser (Elementar vario EL Cube CNHS, Elementar Analysensysteme GmbH, Germany), and the corresponding C/N and H/C ratios were derived from the elemental data. 
To determine dissolved organic carbon (DOC), dissolved nitrogen (DN), and water-soluble phosphorus (P), grinded biochar was mixed with water at a 1:10 w/v ratio, shaken at 250 rpm for 1 h, and filtered twice through a 0.45 µm syringe filter. DOC and DN were analysed using a multi N/C 2100S combustion analyzer (Analytik Jena, Germany), while water soluble P was measured spectrophotometrically at 630 nm using a malachite green method with NanoPhotometer NP80 (Implen, Germany). 
[bookmark: _Toc216337683][bookmark: _Hlk196134335]Table S1. Biochar characteristics
	Property
	Valuea
	Property
	Valuea

	Proximate analysis (wt.%)
	
	

	Moisture content
	2.72±0.03
	C/N ratio
	163±2

	Volatile matter (VM)
	30.3±0.13
	H/C ratio
	0.058±0.003

	Ash
	3.20±0.07
	
	

	Fixed carbon (FC)
	66.5±0.14
	pH H2O (1:10)
	8.67±0.01

	VM/FC
	0.46
	EC (1:10) (mS/cm)
	1.54±0.01

	Ultimate analysis (wt.%)
	
	Nutrients content
	

	C
	71.2±0.2
	Dissolved organic C (mg kg-1)
	232±3

	H
	4.09±0.02
	Dissolved N (mg kg-1)
	8±0.06

	N
	0.43±0.01
	Water-soluble P (mg kg-1)
	104±2


aValues presented as mean (n= 5) ± standard error. 
P sorption kinetics. To study phosphate sorption on biochar, a P sorption kinetic experiment was performed. Four replicates of 0.25 g of dry ground biochar were places in 100 ml centrifuge tubes, followed by 50 ml of a 500 mg L-1 P monopotassium phosphate solution spiked with 33P phosphoric acid to achieve 50 kBq per tube, matching the biochar-to-P ratio. The tubes were sealed and shaken at 160 rpm at room temperature in a reciprocal shaker (RS-OS 20, Phoenix Instrument, Germany). After 2, 4, 6, 8, and 24 h the tubes were centrifuged at 4000 rpm for 5 min (Heraeus Biofuge Primo, Heraeus Instruments, Germany), and 0.1 ml aliquots were taken from the supernatant to measure 33P radioactivity using liquid scintillation counter (Hidex 300 SL, Finland). P sorption kinetics was assessed via the changes in radioactivity over time. 

[bookmark: _Toc216337684]Section S2. Preparation of suspensions 
[bookmark: _Hlk216266840]The procedure for suspension preparation was developed during preliminary experiments conducted in collaboration with the R&D Department of the Research and Production Company KVADRAT (Kharkiv, Ukraine) (Loginova et al. 2024). 
A pre-calculated amount of xanthan gum in app. 0.2% final concentration was mixed with a portion of heated to 50-55oC water (for the Control and BC suspensions) or with KH2PO4 solution (for P and BC+P suspensions) on a magnetic stirrer at 600 rpm for 10 min. For BC and BC+P, biochar was gradually added to water/KH2PO4 solution correspondingly and mixed for 20-30 min at 600 rpm, then combined with xanthan gel. In the Control and P suspension, xanthan gum was mixed into the remaining water/KH2PO4 solution. The total BC concentration in BC and BC+P suspensions was around 12%. The suspensions were applied to the rhizoboxes in two portions as shown in the Figure S1. 
[image: ]
[bookmark: _Toc216337685]Fig. S1 The principal steps in the application of suspensions. (a) Tools used to inject the suspensions into the soil: spatula (1) and syringe (2). (b) The process of injecting suspensions into the soil simulating “band” application. (c) Application of the second portion of the suspensions onto the soil surface
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[bookmark: _Toc216337686]Fig. S2 The procedure of soil sampling and root harvesting. (a) The band soil with applied suspensions is separated from the bulk soil using metal cylinder of 5 cm diameter. (b) The maize roots of each plant shacked out of the soil and washed using sonication bath

[image: ]
[bookmark: _Toc216337687]Fig. S3 Soil pH in bulk and band soil of five treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P) and without plants (BC+P (w/o)). Means of four replicates are reported (whiskers indicate standard errors), with different lowercase letters denoting the difference between each treatment at p < 0.05 determined with two-way ANOVA followed by post-hoc test . Effect sizes (ƞ²) shows the contribution of each factor to the total variation


[image: ]
[bookmark: _Toc216337688]Fig. S4 The percentage of Olsen-P and Resin-P to the total phosphorus (total P) (a), relative recovery of applied 33P-labelled fertilizer in the extracted Olsen-P and Resin-P (b), and a proportion of phosphorus applied as 33P-labelled fertilizer in the total P, Olsen-P and Resin-P pools (c) in band soil. Data are presented for the band soil (n=4, whiskers indicate standard errors) in five treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P) and without plants (BC+P (w/o)). Capital letters indicate one-way ANOVA differences between treatments for each parameter (p < 0.05)
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[bookmark: _Toc216337689]Fig. S5 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with only P application (Replication 1) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337690]Fig. S6 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with only P application (Replication 2) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337691]Fig. S7 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with only P application (Replication 3) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337692]Fig. S8 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with only P application (Replication 4) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337693]Fig. S9 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with BC+P application (Replication 1) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337694]Fig. S10 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with BC+P application (Replication 2) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337695]Fig. S11 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with BC+P application (Replication 3) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)



[image: ]

[image: ]
[bookmark: _Toc216337696]Fig. S12 The 33P phosphor images (top) and normal light (NL) photos (bottom) of soil and root surface in the rhizoboxes with BC+P application (Replication 4) at five growth stages of maize: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337697]Fig. S13 The 33P phosphor images (top) and normal light (NL) photos (bottom) of rhizoboxes with BC+P application kept without plants (Replication 1) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337698]Fig. S14 The 33P phosphor images (top) and normal light (NL) photos (bottom) of rhizoboxes with BC+P application kept without plants (Replication 2) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337699]Fig. S15 The 33P phosphor images (top) and normal light (NL) photos (bottom) of rhizoboxes with BC+P application kept without plants (Replication 3) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337700]Fig. S16 The 33P phosphor images (top) and normal light (NL) photos (bottom) of rhizoboxes with BC+P application kept without plants (Replication 4) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337701][bookmark: _Hlk194418012]Fig. S17 Normal light photos of rhizoboxes in Control treatment (Replication 1) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
[bookmark: _Hlk194418016][image: ]
[bookmark: _Toc216337702]Fig. S18 Normal light photos of rhizoboxes in Control treatment (Replication 2) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337703][bookmark: _Hlk194418020]Fig. S19 Normal light photos of rhizoboxes in Control treatment (Replication 3) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
[bookmark: _Hlk194418025][image: ]
[bookmark: _Toc216337704]Fig. S20 Normal light photos of rhizoboxes in Control treatment (Replication 4) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5) 
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[bookmark: _Toc216337705][bookmark: _Hlk194418029]Fig. S21 Normal light photos of rhizoboxes with only BC application (Replication 1) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
[bookmark: _Hlk194418042][image: ]
[bookmark: _Toc216337706]Fig. S22 Normal light photos of rhizoboxes with only BC application (Replication 2) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
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[bookmark: _Toc216337707][bookmark: _Hlk194418046]Fig. S23 Normal light photos of rhizoboxes with only BC application (Replication 3) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5)
[bookmark: _Hlk194418049][image: ]
[bookmark: _Toc216337708]Fig. S24 Normal light photos of rhizoboxes with only BC application (Replication 4) at five time points corresponding to the growth stages of maize in other treatments with plants: Emergence to 1 fully extended leaf (V1), two leaves (V2), three leaves (V3), four leaves (V4) and five leaves (V5) 
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[bookmark: _Toc216337709]Fig. S25 Phosphorus sorption isotherms for untreated and biochar-treated soil fitted to the Langmuir model (R2=0.98, p < 0.001)
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[bookmark: _Toc216337710]Fig. S26 The proportion of P in plants derived from applied 33P-labelled fertilizer (a) in shoots and root of two treatments: phosphorus (P) -blue bar and jointly applied biochar and phosphorus with plants (BC+P) – green bar, and zinc (Zn) stock in maize plants (b) at the five-leaf growth stage of four treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P)). All data are presented as a means of four replicates; whiskers indicate standard errors. Capital letters indicate one-way ANOVA differences between treatments for each parameter (p < 0.05)


[bookmark: _Toc216337711][bookmark: _Hlk194418090][bookmark: _Hlk203032485]Table S2. The plant P and Zn concentrations and ratio between the zinc absorbed by the plant and the phosphorus content in maize plants
	Treatmenta
	Concentration in plant shoots
	µg Zn per mg P

	
	P, g kg-1
	Zn, mg kg-1
	roots
	shoots
	total plant

	Control
	2.0
	23.1
	11.6
	36.6
	19.3

	P 
	2.1
	25.3
	12.3
	33.7
	19.0

	BC
	2.0
	23.0
	11.8
	38.5
	19.0

	BC+P
	2.1
	23.4
	11.8
	34.6
	19.1

	ANOVAb
	NS
	NS
	NS
	NS
	NS


a The treatments are Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P). 
b One-way ANOVA represent the significant differences between the treatment (NS – non-significant with p > 0.05). 
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[bookmark: _Toc216337712]Fig. S27 Maize plants height (A), leaf area (B) and specific leaf area (SLA) (C) at five leaves growth stage of four treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P)). All data are presented as a means of four replicates with whiskers indicating standard errors. Capital letters indicate one-way ANOVA differences for each parameter (p < 0.05)
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[bookmark: _Toc216337713]Fig. S28 Maize plant root surface area (a) and specific root area (SRA) (b) of four treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P)). All data are presented as a means of four replicates with whiskers indicating standard errors. Capital letters indicate one-way ANOVA differences for each parameter (p < 0.05)
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[bookmark: _Toc216337714]Fig. S29 Specific root length (SRL) (a) and root tissue density (RTD) (b) of four treatments (Control, phosphorus (P), biochar (BC), jointly applied biochar and phosphorus with plants (BC+P)). All data are presented as a means of four replicates with whiskers indicating standard errors. Capital letters indicate one-way ANOVA differences for each parameter (p < 0.05)
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