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[bookmark: _Hlk197443565][bookmark: _Hlk206230158][bookmark: _Hlk206229849][bookmark: OLE_LINK7]Abstract: This study developed phosphorus-modified biochar (BCP) and phosphorus-magnesium co-modified biochar (BCPM) to improve nitrogen retention and humification during composting. Systematically, this study elucidated the synergistic biotic-abiotic mechanisms by tracking nitrogen transformation, fluorescence spectral dynamics, functional genes and microbial succession. Results demonstrated that compared to conventional biochar (BC), the BCP/BCPM immobilized NH₄⁺ via abiotic pathway (surface adsorption and struvite crystallization), mitigating NH₃ emissions by 21.29–27.99%, while upregulating nitrification genes (amoA, hao, nxrA) and enriching functional consortia (Bacillaceae) to enhance total nitrogen retention (3%) through a biotic pathway. The biotic-abiotic synergy elevated the humification index (PV,n/PIII,n) by 24.01–33.61%. The potential mechanism might be that nitrogen retention supplied nitrogen skeleton and nitrogenous precursors for aromatic condensation reactions. Moreover, the enriched functional microbiota (Thermobifida) drove lignin degradation and protein-like conversion, redirecting toward precursors to stable humic-like substances. The phosphorus mainly mediated and enhanced the humification process (+7.74% vs. BCPM), while magnesium synergistically reduced more NH₃ emission (–8.51% vs. BCP). Therefore, based on the phosphorus-magnesium co-modified biochar, increasing the phosphorus content loaded on biochar offers greater potential for humification. The spatiotemporal coordination of abiotic mineral interactions and biotic microbial specialization enabled simultaneous nitrogen retention and humification in composting.
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Table S1 Key physicochemical properties of raw composting materials.
	Material
	Pig manure
	Corn stalks
	Woodchips

	MC (%) a
	70.63±0.26
	8.08±0.10
	7.14±0.07

	pH (-) a
	7.94±0.04
	5.51±0.03
	7.12±0.05

	TC (%) b
	32.76±0.80
	43.82±0.10
	47.04±0.30

	TN (%) b
	2.65±0.10
	0.90±0.10
	0.37±0.10

	C/N (-) b
	12.36±0.30
	48.69±0.10
	127.14±0.10

	NH4+-N (g kg−1) a
	8.91±0.05
	0.02±0.04
	45.19±0.74

	NO3−-N (g kg−1) a
	0.02±0.01
	10.71±0.22
	0.91±0.04


MC: Moisture content; TC: Total carbon; TN: Total nitrogen; C/N: Carbon to nitrogen ratio. 
a: wet weight basis; b: dry weight basis.


Table S2 Primers used for quantitative PCR.
	Gene Name
	Forward Primer
	Reverse Primer

	amoA
	GGGGTTTCTACTGGTGGT
	CCCCTCKGSAAAGCCTTCTTC

	hao
	CATGGTCTGGCCGAACGGACAAT
	GCGAGTCTTGCGGGTGAT

	nxrA
	CAGACCGACGTGTGCGAAAG
	TCYACAAGGAACGGAAGGTC





Table S3 Olsen-P content in water extract from compost samples.
	Treatments
	Olsen-P (g kg)

	
	D0 
	D42 

	BC
	1.61±0.05
	2.44±0.12

	BCP
	1.73±0.07
	3.09±0.04

	BCPM
	1.77±0.02
	3.23±0.01






Fig.S1. Changes in biologcal index (BIX) (A) and UV absorption spectrum SUVA254 (B) during composting. 
BC, BCP and BCPM represent treatments with the addition of conventional biochar (BC), phosphorus-modified biochar (BCP) and phosphorus-magnesium co-modified biochar (BCPM), respectively.




Fig.S2. Changes in humic acid-nitrogen during composting. 
BC, BCP and BCPM represent treatments with the addition of conventional biochar (BC), phosphorus-modified biochar (BCP) and phosphorus-magnesium co-modified biochar (BCPM), respectively.

oleObject1.bin

image2.emf
0 7 14 21 28 35 42

5

10

15

20

25

Humic acid-nitrogen

 

(

mg g

–1

 DM

)

 BC

 BCP

 BCPM

Time (d)


oleObject2.bin

image1.emf
0 7 21 35 42

0.0

0.2

0.4

0.6

0.8

BIX index

Time (d)

 BC    BCP    BCPM

(A) (B)

0 7 21 35 42

0

1

2

3

4

Time (d)

SUVA

254

 

(

-

)

 BC  BCP  BCPM


