Supplementary Information
Article title:
Nitrogen-rate effects on rhizosphere gene-enzyme coupling and maize yield in drip-irrigated maize
Journal:
Plant and Soil
Authors:
Kanghui Liu a,b, Baoguo Yang a,b*, Zhi Chen c, Ning Li d, Fei Liang a, Qinzheng Xu e, Wenxin Ma e, Baoqiang Li e, Dongmei Zhao e, Tongxu Liu f, Waseem Hassan g, Muqarrab Ali h, Shengguang Zhang a
Affiliations:
a Key Laboratory of Pollutant Chemistry and Environmental Treatment, School of Resources and Environment, Yili Normal University, Yining 835000, China
b Xinjiang Key Laboratory of Clean Conversion and High Value Utilization of Biomass Resources, Yili Normal University, Yining 835000, China
c Xinjiang Agricultural Vocational and Technical University, Changji 831100, China
d College of Resources and Environment, Xinjiang Agricultural University, Urumqi, China
e Xinjiang Huier Agriculture Group Co., Ltd., Changji 831100, China
f National-Regional Joint Engineering Research Center for Soil Pollution Control and Remediation in South China, Guangdong Key Laboratory of Integrated Agro-Environmental Pollution Control and Management, Institute of Eco-Environmental and Soil Sciences, Guangdong Academy of Sciences, Guangzhou 510650, China
g Department of Soil and Environmental Sciences, Muhammad Nawaz Shareef University of Agriculture, Multan, Pakistan
h Department of Climate Change, Muhammad Nawaz Shareef University of Agriculture, Multan, Pakistan
[bookmark: _GoBack]* Corresponding author: bgyang@cug.edu.cn(B. Yang)
Supplementary Method S1. Metagenomic sequencing and bioinformatic analysis
S1.1 Adapter removal and quality filtering
Raw shotgun metagenomic reads were processed to obtain quality-filtered reads using fastp (v0.23.2) with the parameters -l 50 -g -W 5 -5 -q 20 -u 30. The filtered read set was used for subsequent taxonomic classification, assembly, gene prediction, functional annotation, and gene-abundance analysis.
S1.2 Taxonomic classification
Taxonomic annotation of high-quality paired-end reads was performed using Kraken2 v2.0.8-beta (https://github.com/DerrickWood/kraken2) with the parameters --paired --confidence 0.5 against a locally constructed Kraken2 database based on the NCBI nucleotide (nt) database downloaded in June 2024. According to the sequencing-provider response, no host-removal step was applied.
S1.3 Metagenomic assembly
Quality-filtered reads were error-corrected using BBCMS from BBTools v38.98 with tossjunk=t, ecc=f, mincount=2, hcf=0.4, and bits=4. The corrected reads were assembled using MEGAHIT v1.1.2 with --k-list 33,55,77,99,127 and --min-contig-len 300. Contigs shorter than 300 bp were removed before non-redundant gene-catalogue construction. The >=300 bp threshold was used to reduce unreliable annotation from very short contigs, following common metagenomic assembly practice (Hu et al. 2024).
S1.4 Gene prediction
Protein-coding genes were predicted from retained contigs using Prodigal v2.6.3 with the metagenomic mode parameter -p meta.
S1.5 Gene catalogue construction
Predicted coding sequences generated from the retained contigs using Prodigal were processed across all samples according to the sequencing-provider workflow to construct a non-redundant gene catalogue. The resulting catalogue was used as the reference for subsequent gene-abundance quantification and functional annotation.
S1.6 Gene-abundance quantification
Effective reads were aligned to the non-redundant gene catalogue using Strobealign v0.12.0; the resulting alignments were sorted and converted to BAM format with samtools v1.8. Gene-level read counts were obtained using featureCounts v2.0.3, giving the reads count (RC) for each gene. Gene abundance was normalized as transcripts per kilobase per million mapped reads (TPM), calculated as TPMi = 10^6 x (RCi/Li) / sum(RCj/Lj), where RCi is the read count assigned to gene i and Li is the gene length in kilobases.
S1.7 Functional annotation
Functional annotations of the non-redundant genes were generated by searching predicted protein sequences against common protein and functional databases using MMseqs v13.45111 (https://github.com/soedinglab/MMseqs2) with the parameters -s 5.7 --max-seq-len 100000 --max-accept 1 --max-seqs 100. The provider-confirmed database releases were KEGG 20200920, eggNOG v5.0.0, GO 20221015, CAZy 07292021, NCBI-nr 2022-11-12, and Swiss-Prot 20221015. KOBAS/KOBAS-i was not used in the present analysis; KEGG annotation was performed solely using MMseqs2 against the specified KEGG database release.
S1.8 Quality-control summary
Shotgun metagenomic libraries were constructed from total microbial DNA and sequenced using the Illumina NovaSeq platform in paired-end mode (2 × 150 bp). One library was generated for each rhizosphere sample. Basic library information, raw sequencing statistics, and clean-data statistics are shown in Tables S1-S3.
	Sample
	Insert fragment library
	Sequencing platform
	Sequencing mode

	CK-1
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	CK-2
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	CK-3
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N22-1
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N22-2
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N22-3
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N28-1
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N28-2
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N28-3
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N34-1
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N34-2
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N34-3
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N40-1
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N40-2
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp

	N40-3
	PE
	Illumina NovaSeq
	paired-end, 2 × 150 bp


Table S1. Basic sequencing information
Note: PE, paired-end sequencing. All samples were sequenced on the Illumina NovaSeq platform in paired-end mode (2 × 150 bp).
Table S2. Raw sequencing statistics
	Sample
	Reads
	Total bases (bp)
	N (%)
	GC (%)
	Q20 (%)
	Q30 (%)

	CK-1
	47127712
	7116284512
	0.0054
	65.26
	97.76
	91.72

	CK-2
	47666150
	7197588650
	0.0053
	65.99
	97.66
	91.45

	CK-3
	47864918
	7227602618
	0.0054
	65.41
	97.74
	91.7

	N22-1
	46750854
	7059378954
	0.0054
	65.6
	97.65
	91.49

	N22-2
	49280274
	7441321374
	0.0053
	65.7
	97.75
	91.72

	N22-3
	47111380
	7113818380
	0.0053
	65.8
	97.75
	91.75

	N28-1
	46895030
	7081149530
	0.0054
	65.4
	97.82
	91.91

	N28-2
	49928360
	7539182360
	0.0048
	65.34
	97.83
	92.03

	N28-3
	46626232
	7040561032
	0.0053
	65.4
	97.73
	91.75

	N34-1
	41050734
	6198660834
	0.0055
	65.2
	97.51
	91.03

	N34-2
	48173998
	7274273698
	0.0054
	65.19
	97.86
	92.05

	N34-3
	48204080
	7278816080
	0.0037
	64.48
	98.01
	92.53

	N40-1
	42696938
	6447237638
	0.004
	65.24
	98.38
	93.8

	N40-2
	36792318
	5555640018
	0.0055
	65.45
	97.25
	90.43

	N40-3
	48636466
	7344106366
	0.0054
	65.57
	97.82
	91.96


Note: Raw sequencing statistics are shown for each sample before quality filtering.
Table S3. Clean-data statistics
	Sample
	Clean reads
	Clean reads (%)
	Clean bases (bp)
	Clean bases (%)

	CK-1
	45279420
	96.08
	6806490605
	95.65

	CK-2
	45472614
	95.4
	6842326046
	95.06

	CK-3
	45892778
	95.88
	6896808266
	95.42

	N22-1
	44694558
	95.6
	6723428375
	95.24

	N22-2
	47172538
	95.72
	7094132592
	95.33

	N22-3
	45120282
	95.77
	6780115191
	95.31

	N28-1
	45144108
	96.27
	6795053325
	95.96

	N28-2
	47824560
	95.79
	7189400732
	95.36

	N28-3
	44665814
	95.8
	6713338260
	95.35

	N34-1
	39456358
	96.12
	5918751168
	95.48

	N34-2
	46445274
	96.41
	6980338196
	95.96

	N34-3
	46481054
	96.43
	6983401175
	95.94

	N40-1
	41711644
	97.69
	6270057443
	97.25

	N40-2
	35064038
	95.3
	5266341545
	94.79

	N40-3
	46680744
	95.98
	7018193563
	95.56


Note: Clean-data statistics are shown after adapter trimming and quality filtering. Numerical values were retained from the original supplementary file.
Supplementary Method S2. Functional indices and multivariate analyses
All calculations were conducted using sample-level data from 15 rhizosphere samples representing five nitrogen treatments with three biological replicates per treatment. Functional gene abundance was interpreted as microbial functional potential, whereas enzyme assays represented measured soil enzyme activity under the specified assay conditions.
S2.1 Bacterial diversity and community composition
Alpha-diversity indices, including Chao1, ACE, Shannon, and Simpson indices, were calculated at the sample level and compared among nitrogen fertilizer treatments. Differences in microbial community composition were visualized by non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarities using the vegan package (v2.6-10) in R 4.3.2. NMDS was run with k = 2, trymax = 200, and autotransform = FALSE. PERMANOVA was performed using vegan::adonis2 with Bray-Curtis dissimilarities and 999 permutations to test treatment-level differences in community composition.
S2.2 Functional gene indices
Each functional gene variable was standardized across the 15 samples using Z = (X - mean(X))/SD(X). The C gene index was calculated as the equal-weighted mean of bglB, sacA, and bglX. The N gene index was calculated as the equal-weighted mean of narG, napA, and ureC. The P gene index was calculated as the equal-weighted mean of phoD, appA, and phoA. The integrated functional gene index was calculated as the equal-weighted mean of the standardized C gene index, N gene index, and P gene index. Higher index values indicate greater microbial functional potential within the present experiment.
S2.3 Enzyme index
The enzyme index was calculated at the sample level from Z-score-standardized measured soil enzyme activities, including S-SC, S-CL, S-UE, S-ACP, S-NR, S-DHA, and S-AKP/ALP. The standardized enzyme variables were averaged with equal weighting. No directional reversal was applied because higher measured activity represented greater enzyme activity under the assay conditions.
S2.4 Direct coupling index
For each predefined gene–enzyme pair, gene abundance and the corresponding measured enzyme activity were min–max normalized across all 15 samples. The direct coupling index was calculated as:
DCI = √(Gnorm × Enorm) × [1 - |Gnorm - Enorm|]
where Gnorm is normalized functional-gene abundance and Enorm is normalized corresponding enzyme activity. Higher DCI values indicate greater coordination between normalized functional-gene abundance and corresponding measured enzyme activity. Because min-max normalization was performed within the present dataset, DCI values represent relative gene-enzyme coordination within this experiment and should not be compared directly across independent studies.
The seven pairwise calculations were: sacA-S-SC, ureC-S-UE, narG-S-NR, napA-S-NR, appA-S-ACP, phoA-S-AKP/ALP, and phoD-S-AKP/ALP. C-related DCI proxy was represented by the sacA-S-SC pair. N DCI was calculated as the mean of ureC-S-UE, narG-S-NR, and napA-S-NR. P DCI was calculated as the mean of appA-S-ACP, phoA-S-AKP/ALP, and phoD-S-AKP/ALP. Integrated DCI was calculated as the mean of all seven pairwise DCI values.
S2.5 Correlation analysis
Spearman correlation analysis was used to evaluate sample-level associations among soil physicochemical properties, enzyme activities, functional genes, bacterial genera, gene-enzyme coupling indices, grain yield, and agronomic nitrogen use efficiency (ANUE). Grain-yield correlations used all 15 samples, whereas ANUE-related analyses excluded CK because ANUE was not applicable under zero nitrogen input. Raw P values were retained in the complete output, and Benjamini-Hochberg false-discovery-rate-adjusted P values were calculated for the prespecified correlation families. For Figure 5, the complete cross-module analysis comprised 357 Spearman tests, and the corresponding ρ, raw P values, and FDR-adjusted P values are provided in Table S16. Associations based only on unadjusted P values were interpreted as exploratory.
S2.6 Random Forest analysis
Random Forest regression was conducted separately for grain yield and ANUE using the randomForest package (v4.7-1.2) in R 4.3.2. The main Random Forest models used set.seed(20260621). Grain-yield models used all 15 samples, whereas ANUE models excluded CK. Candidate predictors included soil physicochemical variables, measured enzyme activities, selected functional gene variables, and selected bacterial genera as described in the main text. Each main model was fitted with 5,000 trees. Predictor importance was quantified as the percentage increase in mean squared error (%IncMSE). Model performance was evaluated using out-of-bag R² and root mean square error (RMSE). To evaluate ranking stability, the Random Forest analysis was repeated 1,000 times with 1,000 trees per repeat, and median importance values and ranking frequencies were summarized. Random Forest analysis was used as an exploratory relative-importance analysis because of the limited sample size.
S2.7 Exploratory PLS-SEM
A prespecified exploratory regression-based path model was fitted to evaluate the hypothesized sequential associations linking nitrogen input, soil conditions, the predefined bacterial taxa index, C-, N-, and P-cycling functional potential, Integrated DCI, enzymatic function, and grain yield. Nitrogen input was represented by the actual fertilizer rates of 0, 150, 225, 300, and 375 kg N ha-1. Soil nutrient status was constructed from standardized NH4+-N, hydrolyzable N, AK, AP, DOC, and SOM values, whereas soil nitrate-ionic status was constructed from standardized NO3--N and EC values. The predefined bacterial taxa index was constructed from standardized relative abundances of Agromyces, Ramlibacter, and Mesorhizobium.
All variables entering the structural model were standardized before analysis, and each endogenous variable was fitted by multiple linear regression against its prespecified predictor(s) using the lm() function in R. Standardized regression coefficients were used as path coefficients. The specified model included paths from nitrogen input to soil nutrient status and soil nitrate-ionic status; from soil nutrient status to the predefined bacterial taxa index; from the predefined bacterial taxa index to the three parallel C-, N-, and P-cycling functional modules; from the three functional modules and soil nitrate-ionic status to Integrated DCI; from Integrated DCI to enzymatic function; and from enzymatic function and soil nitrate-ionic status to grain yield. The direct path from nitrogen input to grain yield was not included in the prespecified model. Standardized path coefficients, R², indirect effects, total effects, structural VIF diagnostics, and leave-one-out sensitivity results were examined. Indirect effects were calculated as products of the standardized coefficients along the corresponding prespecified paths, whereas total indirect and total effects were obtained from the fitted path-coefficient matrix. Statistical uncertainty was evaluated using 5,000 nonparametric bootstrap resamples of the samples, with two-sided 95% percentile confidence intervals. Path significance was assessed using 5,000 bootstrap resamples and two-sided 95% confidence intervals. PLS-SEM was interpreted as an exploratory, hypothesis-guided model rather than a confirmatory causal model. Because Integrated DCI was calculated partly from enzyme-activity data, the pathway from Integrated DCI to the enzymatic-function construct was interpreted as an exploratory measure of functional coordination rather than an independent causal effect. Summary PLS-SEM results and diagnostic outputs are provided in Tables S9–S12, branch-specific indirect effects are reported in Table S15, and complete total indirect and total effects with bootstrap confidence intervals are provided in Table S17.
Supplementary tables
Table S4. Functional genes included in each C-, N-, and P-cycling index
	Index
	Functional gene variables
	Calculation

	C gene index
	bglB, sacA, bglX
	Equal-weighted mean of Z-score-standardized variables

	N gene index
	narG, napA, ureC
	Equal-weighted mean of Z-score-standardized variables

	P gene index
	phoD, appA, phoA
	Equal-weighted mean of Z-score-standardized variables

	Integrated functional gene index
	C gene index, N gene index, P gene index
	Equal-weighted mean after standardizing the three index values


Table S5. Gene–enzyme pairs used to calculate direct coupling indices
	DCI module
	Gene–enzyme pair(s)
	Calculation

	C-related DCI proxy
	sacA-S-SC
	Single pairwise DCI

	N DCI
	ureC-S-UE; narG-S-NR; napA-S-NR
	Mean of three pairwise DCI values

	P DCI
	appA-S-ACP; phoA-S-AKP/ALP; phoD-S-AKP/ALP
	Mean of three pairwise DCI values

	Integrated DCI
	All seven pairwise DCI values
	Mean of all pairwise DCI values



Table S6. Internal robustness checks for the integrated direct coupling index
	Robustness check
	Summary output
	Interpretation

	Alternative matching metrics
	Median sample-level Spearman's ρ with Integrated DCI = 0.96
	Treatment pattern was consistent with geometric mean, product, minimum, harmonic mean, and agreement-only metrics.

	Treatment-mean ranking
	Rank Spearman's ρ = 1.00
	Treatment ranking was unchanged.

	Alternative normalization
	Treatment-rank ρ = 1.00
	Treatment ranking was robust to normalization choice.

	Leave-one-out recalculation
	Minimum rank ρ = 1.00
	No single sample changed the treatment ranking.

	Small perturbation of Gnorm and Enorm
	1,000 iterations retained 300 kg N ha-1 as the highest Integrated DCI treatment
	The highest-coupling treatment classification was stable to small input perturbations.


Table S7. Random Forest model performance
	Response
	n
	Predictors used
	OOB R²
	OOB RMSE
	Interpretation

	Grain Yield
	15
	31
	0.514
	1216.957
	Exploratory relative-importance ranking; OOB R2 > 0.

	ANUE
	12
	31
	0.439
	2.295
	Exploratory relative-importance ranking; OOB R2 > 0.


Table S8. Random Forest 1000-run stability summary for the top 10 predictors in each model
	Response
	Predictor
	Category
	Median %IncMSE
	2.5% quantile
	97.5% quantile
	Top-3 freq.
	Top-10 freq.
	Median rank

	Grain Yield
	napA
	Functional genes
	11.40
	10.40
	12.38
	1.00
	1.00
	1.0

	Grain Yield
	S-SC
	Enzyme activities
	7.64
	6.57
	8.69
	0.88
	1.00
	2.0

	Grain Yield
	Ramlibacter
	Bacterial genera
	7.42
	6.36
	8.40
	0.78
	1.00
	3.0

	Grain Yield
	EC
	Soil properties
	6.90
	5.89
	7.84
	0.32
	1.00
	4.0

	Grain Yield
	NH4+-N
	Soil properties
	5.81
	4.48
	6.92
	0.02
	1.00
	5.0

	Grain Yield
	S-UE
	Enzyme activities
	5.19
	3.67
	6.49
	0.00
	1.00
	6.0

	Grain Yield
	S-ACP
	Enzyme activities
	4.30
	2.77
	5.61
	0.00
	0.94
	7.0

	Grain Yield
	Arthrobacter
	Bacterial genera
	3.58
	1.84
	5.09
	0.00
	0.75
	9.0

	Grain Yield
	SOM
	Soil properties
	3.15
	1.22
	4.89
	0.00
	0.52
	10.0

	Grain Yield
	Agromyces
	Bacterial genera
	2.91
	0.89
	4.53
	0.00
	0.42
	11.0

	ANUE
	S-SC
	Enzyme activities
	7.28
	6.17
	8.34
	0.98
	0.98
	1.0

	ANUE
	Mesorhizobium
	Bacterial genera
	6.76
	5.71
	7.83
	0.98
	0.99
	2.0

	ANUE
	NH4+-N
	Soil properties
	6.05
	4.76
	7.25
	0.85
	0.99
	3.0

	ANUE
	S-AKP/ALP
	Enzyme activities
	5.01
	3.96
	5.98
	0.13
	0.99
	4.0

	ANUE
	S-DHA
	Enzyme activities
	4.57
	3.45
	5.52
	0.03
	0.95
	5.0

	ANUE
	AP
	Soil properties
	4.03
	2.33
	5.36
	0.01
	0.72
	8.0

	ANUE
	SOM
	Soil properties
	3.86
	2.76
	4.78
	0.00
	0.73
	9.0

	ANUE
	bglX
	Functional genes
	3.80
	2.15
	5.22
	0.01
	0.62
	9.0

	ANUE
	Hydrolyzable-N
	Soil properties
	3.80
	2.34
	5.06
	0.00
	0.66
	9.0

	ANUE
	Microvirga
	Bacterial genera
	3.67
	2.25
	4.79
	0.00
	0.56
	10.0


Table S9. PLS-SEM standardized path coefficients and bootstrap confidence intervals
	Path
	Beta
	Bootstrap mean
	SE
	Lower 95% CI
	Upper 95% CI
	P
	Significance

	N rate -> Soil nutrient status
	0.499
	0.493
	0.164
	0.131
	0.764
	0.015
	*

	N rate -> Soil nitrate ionic status
	0.740
	0.737
	0.118
	0.459
	0.900
	0.003
	**

	Soil nutrient status -> Predefined bacterial taxa index
	0.686
	0.676
	0.140
	0.334
	0.885
	0.002
	**

	Predefined bacterial taxa index -> C functional potential
	-0.083
	-0.060
	0.325
	-0.661
	0.569
	0.835
	ns

	Predefined bacterial taxa index -> N functional potential
	0.595
	0.583
	0.184
	0.140
	0.857
	0.011
	*

	Predefined bacterial taxa index -> P functional potential
	0.067
	0.044
	0.294
	-0.565
	0.557
	0.816
	ns

	C functional potential -> Integrated DCI
	-0.554
	-0.535
	0.445
	-1.404
	0.268
	0.236
	ns

	N functional potential -> Integrated DCI
	0.862
	0.877
	0.286
	0.385
	1.462
	0.008
	**

	P functional potential -> Integrated DCI
	0.689
	0.618
	0.378
	-0.157
	1.224
	0.095
	ns

	Soil nitrate ionic status -> Integrated DCI
	-0.540
	-0.521
	0.381
	-1.230
	0.361
	0.125
	ns

	Integrated DCI -> Enzymatic function
	0.948
	0.938
	0.054
	0.803
	0.985
	<0.001
	***

	Enzymatic function -> Grain yield
	0.690
	0.698
	0.110
	0.485
	0.915
	<0.001
	***

	Soil nitrate ionic status -> Grain yield
	0.435
	0.427
	0.191
	0.016
	0.743
	0.048
	*


Table S10. PLS-SEM R² values for endogenous variables
	Endogenous variable
	R²
	Adjusted R²

	Soil nutrient status
	0.249
	0.191

	Soil nitrate ionic status
	0.547
	0.513

	Predefined bacterial taxa index
	0.470
	0.429

	C functional potential
	0.007
	-0.070

	N functional potential
	0.354
	0.304

	P functional potential
	0.004
	-0.072

	Integrated DCI
	0.592
	0.428

	Enzymatic function
	0.900
	0.892

	Grain yield
	0.722
	0.675


Table S11. Structural VIF diagnostics for the PLS-SEM
	Endogenous variable
	Predictor
	VIF
	Tolerance
	Diagnostic note

	Soil nutrient status
	N rate
	1.000
	1.000
	single predictor

	Soil nitrate ionic status
	N rate
	1.000
	1.000
	single predictor

	Predefined bacterial taxa index
	Soil nutrient status
	1.000
	1.000
	single predictor

	C functional potential
	Predefined bacterial taxa index
	1.000
	1.000
	single predictor

	N functional potential
	Predefined bacterial taxa index
	1.000
	1.000
	single predictor

	P functional potential
	Predefined bacterial taxa index
	1.000
	1.000
	single predictor

	Integrated DCI
	C functional potential
	1.905
	0.525
	acceptable: VIF < 3

	Integrated DCI
	N functional potential
	1.792
	0.558
	acceptable: VIF < 3

	Integrated DCI
	P functional potential
	1.611
	0.621
	acceptable: VIF < 3

	Integrated DCI
	Soil nitrate ionic status
	1.977
	0.506
	acceptable: VIF < 3

	Enzymatic function
	Integrated DCI
	1.000
	1.000
	single predictor

	Grain yield
	Enzymatic function
	1.009
	0.991
	acceptable: VIF < 3

	Grain yield
	Soil nitrate ionic status
	1.009
	0.991
	acceptable: VIF < 3


Table S12. Leave-one-out stability of key PLS-SEM paths
	Path/effect
	Full beta
	Minimum beta
	Maximum beta
	Median beta
	Sign retention
	Significant frequency
	Sign reversals
	Stability

	Predefined bacterial taxa index -> C functional potential
	-0.083
	-0.283
	0.247
	-0.084
	0.93
	0.00
	1
	stable

	Predefined bacterial taxa index -> N functional potential
	0.595
	0.486
	0.721
	0.600
	1.00
	0.87
	0
	stable

	Predefined bacterial taxa index -> P functional potential
	0.067
	-0.240
	0.229
	0.068
	0.93
	0.00
	1
	stable

	C functional potential -> Integrated DCI
	-0.554
	-0.763
	-0.243
	-0.572
	1.00
	0.07
	0
	stable

	N functional potential -> Integrated DCI
	0.862
	0.765
	0.972
	0.857
	1.00
	1.00
	0
	stable

	P functional potential -> Integrated DCI
	0.689
	0.413
	0.827
	0.698
	1.00
	0.80
	0
	stable

	Integrated DCI -> Enzymatic function
	0.948
	0.933
	0.969
	0.948
	1.00
	1.00
	0
	stable

	Enzymatic function -> Grain yield
	0.690
	0.633
	0.722
	0.691
	1.00
	1.00
	0
	stable

	N rate total indirect effect on Grain yield
	0.196
	0.089
	0.307
	0.194
	1.00
	NA
	0
	stable


Supplementary Table S13. Commercial soil enzyme assay kits and assay principles
Manufacturer: Suzhou Mengxi Biomedical Technology Co., Ltd. (Suzhou, China; www.michybio.com). Assays were conducted according to the kit instructions using the microplate colorimetric methods listed below.
	Measured enzyme
	Abbreviation
	Catalogue no.
	Assay principle
	Detection wavelength

	Soil sucrase
	S-SC
	M1408A
	Sucrose hydrolysis generates reducing sugars, which react with 3,5-dinitrosalicylic acid to form a coloured product measured at 510 nm.
	510 nm

	Soil cellulase
	S-CL
	M1405A
	Cellulase hydrolyses carboxymethyl cellulose to reducing sugars, which are quantified by the DNS colour reaction at 540 nm.
	540 nm

	Soil urease
	S-UE
	M1401A
	Urease hydrolyses urea to release NH3-N, which is quantified using an indophenol-blue colour reaction at 578 nm.
	578 nm

	Soil acid phosphatase
	S-ACP
	M1409A
	Acid phosphatase hydrolyses disodium phenyl phosphate to release phenol, which is quantified colorimetrically at 660 nm.
	660 nm

	Soil nitrate reductase
	S-NR
	M1407A
	Nitrate reductase reduces nitrate to nitrite, which forms an azo dye in the colour reaction and is measured at 540 nm.
	540 nm

	Soil dehydrogenase
	S-DHA
	M1412A
	Dehydrogenase activity is determined by reduction of 2,3,5-triphenyltetrazolium chloride to triphenyl formazan, measured at 485 nm.
	485 nm

	Soil alkaline phosphatase
	S-AKP/ALP
	M1411A
	Alkaline phosphatase hydrolyses disodium phenyl phosphate to release phenol, which is quantified colorimetrically at 660 nm.
	660 nm


Supplementary Table S14. Initial soil physicochemical properties before fertilization
Initial topsoil background samples were collected from the 0–20 cm soil layer before fertilizer application. Units are reported in the same format as the main soil-property results.
	Treatment
	pH
	AK 
(mg kg⁻¹)
	DOC 
(g kg⁻¹)
	NO3⁻-N 
(mg kg⁻¹)
	Hydrolyzable N 
(mg kg⁻¹)
	AP 
(mg kg⁻¹)
	NH4+-N (mg kg⁻¹)
	SOM 
(g kg⁻¹)
	EC 
(mS m⁻¹)

	CK
	8
	93
	0.055
	2.36
	37.8
	3.01
	3.33
	9.95
	15.4


Supplementary Table S15. Specific indirect effects of the C-, N-, and P-cycling branches in the exploratory PLS-SEM
	Functional branch
	Indirect effect
	Bootstrap mean
	SE
	Lower 95% CI
	Upper 95% CI
	P
	Significance

	C-cycling
	0.010238
	0.024858
	0.058502
	-0.045649
	0.161996
	0.6784
	ns

	N-cycling
	0.114644
	0.117748
	0.082899
	0.003631
	0.301297
	0.0336
	*

	P-cycling
	0.010303
	0.021978
	0.054488
	-0.053647
	0.152470
	0.7484
	ns


Specific indirect effects represent the prespecified pathways from N input to grain yield through soil nutrient status, the predefined bacterial taxa index, the corresponding C-, N-, or P-cycling functional module, Integrated DCI, and enzymatic function. Path-specific effects were calculated as the product of the standardized coefficients along each branch. Bootstrap statistics were obtained from 5,000 resamples. Two-sided bootstrap P values and percentile-based 95% confidence intervals are reported. * P < 0.05; ns, not significant.

Supplementary Table S16. Complete cross-module Spearman correlation results used for Figure 5
The table includes all 357 prespecified cross-module pairwise tests among soil properties, enzyme activities, selected bacterial genera, and functional gene variables. P values were adjusted using the Benjamini-Hochberg false discovery rate (FDR) procedure across the full set of 357 tests.
	Variable 1
	Module 1
	Variable 2
	Module 2
	Spearman ρ
	Raw P
	FDR-adjusted P
	FDR significance

	S-SC
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.911
	2.40E-06
	8.55E-04
	**

	S-DHA
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.829
	1.35E-04
	0.0219
	*

	NH4+-N
	Soil properties
	S-SC
	Enzyme activities
	0.818
	1.95E-04
	0.0219
	*

	S-DHA
	Enzyme activities
	Microvirga
	Bacterial genera
	0.811
	2.46E-04
	0.0219
	*

	S-SC
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.804
	3.07E-04
	0.0219
	*

	Agromyces
	Bacterial genera
	narG
	Functional genes
	0.782
	5.70E-04
	0.0320
	*

	S-CL
	Enzyme activities
	phoD
	Functional genes
	-0.779
	6.27E-04
	0.0320
	*

	Hydrolyzable N
	Soil properties
	S-ACP
	Enzyme activities
	0.767
	8.53E-04
	0.0381
	*

	S-NR
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.754
	0.0012
	0.0467
	*

	NH4+-N
	Soil properties
	Ramlibacter
	Bacterial genera
	0.743
	0.0015
	0.0539
	ns

	S-SC
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.736
	0.0018
	0.0574
	ns

	NH4+-N
	Soil properties
	S-NR
	Enzyme activities
	0.725
	0.0022
	0.0663
	ns

	S-AKP/ALP
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.711
	0.0030
	0.0815
	ns

	Ramlibacter
	Bacterial genera
	napA
	Functional genes
	0.707
	0.0032
	0.0815
	ns

	S-SC
	Enzyme activities
	napA
	Functional genes
	0.696
	0.0039
	0.0933
	ns

	Microvirga
	Bacterial genera
	sacA
	Functional genes
	0.689
	0.0045
	0.0998
	ns

	SOM
	Soil properties
	bglX
	Functional genes
	0.683
	0.0050
	0.1045
	ns

	NH4+-N
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.668
	0.0065
	0.1291
	ns

	AK
	Soil properties
	Ramlibacter
	Bacterial genera
	0.660
	0.0075
	0.1405
	ns

	Ramlibacter
	Bacterial genera
	bglB
	Functional genes
	-0.643
	0.0097
	0.1739
	ns

	Solirubrobacter
	Bacterial genera
	sacA
	Functional genes
	0.639
	0.0103
	0.1747
	ns

	Hydrolyzable N
	Soil properties
	S-UE
	Enzyme activities
	0.636
	0.0108
	0.1747
	ns

	NO3--N
	Soil properties
	napA
	Functional genes
	0.629
	0.0121
	0.1875
	ns

	SOM
	Soil properties
	napA
	Functional genes
	0.624
	0.0129
	0.1912
	ns

	SOM
	Soil properties
	Ramlibacter
	Bacterial genera
	0.621
	0.0135
	0.1932
	ns

	S-AKP/ALP
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.618
	0.0141
	0.1937
	ns

	NH4+-N
	Soil properties
	S-ACP
	Enzyme activities
	0.614
	0.0148
	0.1961
	ns

	S-UE
	Enzyme activities
	napA
	Functional genes
	0.611
	0.0156
	0.1988
	ns

	S-AKP/ALP
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.607
	0.0164
	0.2017
	ns

	NH4+-N
	Soil properties
	S-UE
	Enzyme activities
	0.593
	0.0198
	0.2251
	ns

	Solirubrobacter
	Bacterial genera
	narG
	Functional genes
	0.593
	0.0198
	0.2251
	ns

	AK
	Soil properties
	napA
	Functional genes
	0.592
	0.0202
	0.2251
	ns

	Mesorhizobium
	Bacterial genera
	phoD
	Functional genes
	0.582
	0.0228
	0.2466
	ns

	EC
	Soil properties
	S-UE
	Enzyme activities
	0.568
	0.0272
	0.2777
	ns

	EC
	Soil properties
	napA
	Functional genes
	0.568
	0.0272
	0.2777
	ns

	S-SC
	Enzyme activities
	bglB
	Functional genes
	-0.561
	0.0297
	0.2831
	ns

	S-DHA
	Enzyme activities
	phoD
	Functional genes
	0.561
	0.0297
	0.2831
	ns

	AK
	Soil properties
	S-SC
	Enzyme activities
	0.559
	0.0301
	0.2831
	ns

	S-SC
	Enzyme activities
	Agromyces
	Bacterial genera
	0.557
	0.0310
	0.2834
	ns

	DOC
	Soil properties
	bglX
	Functional genes
	0.553
	0.0323
	0.2885
	ns

	S-AKP/ALP
	Enzyme activities
	bglB
	Functional genes
	-0.550
	0.0337
	0.2888
	ns

	NH4+-N
	Soil properties
	Arthrobacter
	Bacterial genera
	0.543
	0.0365
	0.2888
	ns

	S-DHA
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.543
	0.0365
	0.2888
	ns

	S-DHA
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.539
	0.0380
	0.2888
	ns

	S-ACP
	Enzyme activities
	appA
	Functional genes
	0.539
	0.0380
	0.2888
	ns

	Mesorhizobium
	Bacterial genera
	napA
	Functional genes
	0.539
	0.0380
	0.2888
	ns

	NH4+-N
	Soil properties
	bglB
	Functional genes
	-0.539
	0.0380
	0.2888
	ns

	NH4+-N
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.532
	0.0412
	0.2996
	ns

	SOM
	Soil properties
	S-UE
	Enzyme activities
	0.530
	0.0424
	0.2996
	ns

	S-NR
	Enzyme activities
	bglB
	Functional genes
	-0.529
	0.0428
	0.2996
	ns

	Agromyces
	Bacterial genera
	napA
	Functional genes
	0.529
	0.0428
	0.2996
	ns

	S-NR
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.525
	0.0445
	0.2996
	ns

	Arthrobacter
	Bacterial genera
	narG
	Functional genes
	0.525
	0.0445
	0.2996
	ns

	Hydrolyzable N
	Soil properties
	S-NR
	Enzyme activities
	0.518
	0.0478
	0.3116
	ns

	Arthrobacter
	Bacterial genera
	phoD
	Functional genes
	0.518
	0.0480
	0.3116
	ns

	S-SC
	Enzyme activities
	Microvirga
	Bacterial genera
	0.511
	0.0517
	0.3298
	ns

	Arthrobacter
	Bacterial genera
	napA
	Functional genes
	0.507
	0.0537
	0.3361
	ns

	S-DHA
	Enzyme activities
	Agromyces
	Bacterial genera
	0.504
	0.0557
	0.3426
	ns

	DOC
	Soil properties
	phoD
	Functional genes
	0.491
	0.0634
	0.3818
	ns

	S-UE
	Enzyme activities
	Agromyces
	Bacterial genera
	0.489
	0.0642
	0.3818
	ns

	AK
	Soil properties
	ureC
	Functional genes
	0.484
	0.0673
	0.3939
	ns

	NH4+-N
	Soil properties
	S-DHA
	Enzyme activities
	0.475
	0.0736
	0.4104
	ns

	Agromyces
	Bacterial genera
	sacA
	Functional genes
	0.475
	0.0736
	0.4104
	ns

	Microvirga
	Bacterial genera
	phoD
	Functional genes
	0.475
	0.0736
	0.4104
	ns

	S-AKP/ALP
	Enzyme activities
	Agromyces
	Bacterial genera
	0.471
	0.0761
	0.4178
	ns

	AP
	Soil properties
	S-DHA
	Enzyme activities
	-0.468
	0.0786
	0.4190
	ns

	S-CL
	Enzyme activities
	Arthrobacter
	Bacterial genera
	-0.468
	0.0786
	0.4190
	ns

	NH4+-N
	Soil properties
	phoA
	Functional genes
	-0.461
	0.0839
	0.4396
	ns

	S-CL
	Enzyme activities
	Microvirga
	Bacterial genera
	-0.457
	0.0867
	0.4396
	ns

	Solirubrobacter
	Bacterial genera
	ureC
	Functional genes
	0.457
	0.0867
	0.4396
	ns

	SOM
	Soil properties
	S-SC
	Enzyme activities
	0.456
	0.0874
	0.4396
	ns

	S-ACP
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.454
	0.0895
	0.4414
	ns

	SOM
	Soil properties
	Arthrobacter
	Bacterial genera
	0.453
	0.0903
	0.4414
	ns

	AP
	Soil properties
	S-CL
	Enzyme activities
	0.450
	0.0924
	0.4456
	ns

	S-UE
	Enzyme activities
	Ramlibacter
	Bacterial genera
	0.446
	0.0953
	0.4476
	ns

	S-AKP/ALP
	Enzyme activities
	Microvirga
	Bacterial genera
	0.446
	0.0953
	0.4476
	ns

	S-CL
	Enzyme activities
	Agromyces
	Bacterial genera
	-0.443
	0.0983
	0.4557
	ns

	AK
	Soil properties
	S-NR
	Enzyme activities
	0.440
	0.1010
	0.4580
	ns

	S-CL
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	-0.439
	0.1014
	0.4580
	ns

	NH4+-N
	Soil properties
	napA
	Functional genes
	0.436
	0.1045
	0.4645
	ns

	SOM
	Soil properties
	S-ACP
	Enzyme activities
	0.435
	0.1054
	0.4645
	ns

	Arthrobacter
	Bacterial genera
	sacA
	Functional genes
	0.432
	0.1077
	0.4689
	ns

	SOM
	Soil properties
	phoD
	Functional genes
	0.426
	0.1136
	0.4721
	ns

	AP
	Soil properties
	bglB
	Functional genes
	0.425
	0.1143
	0.4721
	ns

	Ramlibacter
	Bacterial genera
	bglX
	Functional genes
	0.425
	0.1143
	0.4721
	ns

	Solirubrobacter
	Bacterial genera
	phoD
	Functional genes
	0.425
	0.1143
	0.4721
	ns

	AK
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.424
	0.1156
	0.4721
	ns

	S-CL
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	-0.421
	0.1177
	0.4721
	ns

	S-SC
	Enzyme activities
	phoA
	Functional genes
	-0.421
	0.1177
	0.4721
	ns

	S-CL
	Enzyme activities
	bglX
	Functional genes
	-0.418
	0.1212
	0.4807
	ns

	Solirubrobacter
	Bacterial genera
	bglB
	Functional genes
	0.414
	0.1247
	0.4840
	ns

	AP
	Soil properties
	Mesorhizobium
	Bacterial genera
	-0.414
	0.1247
	0.4840
	ns

	S-CL
	Enzyme activities
	sacA
	Functional genes
	-0.411
	0.1283
	0.4913
	ns

	SOM
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.410
	0.1294
	0.4913
	ns

	DOC
	Soil properties
	Ramlibacter
	Bacterial genera
	0.408
	0.1312
	0.4913
	ns

	pH
	Soil properties
	S-DHA
	Enzyme activities
	0.406
	0.1335
	0.4913
	ns

	AK
	Soil properties
	S-UE
	Enzyme activities
	0.406
	0.1335
	0.4913
	ns

	S-CL
	Enzyme activities
	ureC
	Functional genes
	-0.400
	0.1396
	0.4974
	ns

	S-DHA
	Enzyme activities
	sacA
	Functional genes
	0.400
	0.1396
	0.4974
	ns

	Agromyces
	Bacterial genera
	phoD
	Functional genes
	0.400
	0.1396
	0.4974
	ns

	SOM
	Soil properties
	Agromyces
	Bacterial genera
	0.397
	0.1427
	0.4974
	ns

	AK
	Soil properties
	Arthrobacter
	Bacterial genera
	0.397
	0.1431
	0.4974
	ns

	S-AKP/ALP
	Enzyme activities
	phoD
	Functional genes
	0.396
	0.1435
	0.4974
	ns

	AK
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.395
	0.1451
	0.4980
	ns

	S-SC
	Enzyme activities
	ureC
	Functional genes
	0.393
	0.1475
	0.5014
	ns

	S-AKP/ALP
	Enzyme activities
	bglX
	Functional genes
	0.389
	0.1515
	0.5097
	ns

	SOM
	Soil properties
	S-CL
	Enzyme activities
	-0.388
	0.1528
	0.5097
	ns

	S-NR
	Enzyme activities
	Microvirga
	Bacterial genera
	0.386
	0.1556
	0.5144
	ns

	pH
	Soil properties
	Microvirga
	Bacterial genera
	0.382
	0.1594
	0.5187
	ns

	S-NR
	Enzyme activities
	napA
	Functional genes
	0.382
	0.1598
	0.5187
	ns

	AK
	Soil properties
	Microvirga
	Bacterial genera
	0.381
	0.1615
	0.5196
	ns

	NH4+-N
	Soil properties
	Microvirga
	Bacterial genera
	0.379
	0.1641
	0.5230
	ns

	NH4+-N
	Soil properties
	Agromyces
	Bacterial genera
	0.375
	0.1684
	0.5275
	ns

	S-UE
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.375
	0.1684
	0.5275
	ns

	Hydrolyzable N
	Soil properties
	Ramlibacter
	Bacterial genera
	0.374
	0.1702
	0.5284
	ns

	Hydrolyzable N
	Soil properties
	appA
	Functional genes
	0.370
	0.1747
	0.5376
	ns

	Solirubrobacter
	Bacterial genera
	napA
	Functional genes
	0.364
	0.1819
	0.5551
	ns

	NO3--N
	Soil properties
	S-UE
	Enzyme activities
	0.361
	0.1866
	0.5644
	ns

	S-NR
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.354
	0.1961
	0.5833
	ns

	S-DHA
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	0.354
	0.1961
	0.5833
	ns

	EC
	Soil properties
	Agromyces
	Bacterial genera
	0.350
	0.2009
	0.5879
	ns

	NO3--N
	Soil properties
	bglX
	Functional genes
	0.350
	0.2009
	0.5879
	ns

	SOM
	Soil properties
	S-DHA
	Enzyme activities
	0.349
	0.2025
	0.5879
	ns

	EC
	Soil properties
	narG
	Functional genes
	0.346
	0.2059
	0.5928
	ns

	AP
	Soil properties
	S-ACP
	Enzyme activities
	0.343
	0.2109
	0.5976
	ns

	AP
	Soil properties
	appA
	Functional genes
	0.343
	0.2109
	0.5976
	ns

	AK
	Soil properties
	S-DHA
	Enzyme activities
	0.340
	0.2156
	0.6060
	ns

	Arthrobacter
	Bacterial genera
	ureC
	Functional genes
	0.336
	0.2212
	0.6170
	ns

	Mesorhizobium
	Bacterial genera
	bglB
	Functional genes
	-0.332
	0.2265
	0.6219
	ns

	Solirubrobacter
	Bacterial genera
	phoA
	Functional genes
	-0.332
	0.2265
	0.6219
	ns

	S-UE
	Enzyme activities
	ureC
	Functional genes
	0.329
	0.2318
	0.6222
	ns

	AP
	Soil properties
	bglX
	Functional genes
	-0.329
	0.2318
	0.6222
	ns

	Arthrobacter
	Bacterial genera
	phoA
	Functional genes
	-0.329
	0.2318
	0.6222
	ns

	Hydrolyzable N
	Soil properties
	napA
	Functional genes
	0.327
	0.2341
	0.6236
	ns

	Hydrolyzable N
	Soil properties
	S-SC
	Enzyme activities
	0.322
	0.2423
	0.6276
	ns

	S-ACP
	Enzyme activities
	Arthrobacter
	Bacterial genera
	0.321
	0.2427
	0.6276
	ns

	pH
	Soil properties
	napA
	Functional genes
	-0.318
	0.2478
	0.6276
	ns

	pH
	Soil properties
	appA
	Functional genes
	-0.318
	0.2478
	0.6276
	ns

	DOC
	Soil properties
	phoA
	Functional genes
	0.318
	0.2480
	0.6276
	ns

	S-UE
	Enzyme activities
	narG
	Functional genes
	0.318
	0.2483
	0.6276
	ns

	S-DHA
	Enzyme activities
	napA
	Functional genes
	0.318
	0.2483
	0.6276
	ns

	pH
	Soil properties
	ureC
	Functional genes
	-0.315
	0.2535
	0.6276
	ns

	SOM
	Soil properties
	narG
	Functional genes
	0.311
	0.2588
	0.6276
	ns

	NO3--N
	Soil properties
	narG
	Functional genes
	0.311
	0.2597
	0.6276
	ns

	S-SC
	Enzyme activities
	phoD
	Functional genes
	0.311
	0.2597
	0.6276
	ns

	AK
	Soil properties
	appA
	Functional genes
	-0.309
	0.2621
	0.6276
	ns

	AK
	Soil properties
	sacA
	Functional genes
	0.307
	0.2650
	0.6276
	ns

	EC
	Soil properties
	phoD
	Functional genes
	0.307
	0.2655
	0.6276
	ns

	S-ACP
	Enzyme activities
	Agromyces
	Bacterial genera
	0.307
	0.2655
	0.6276
	ns

	S-CL
	Enzyme activities
	narG
	Functional genes
	-0.307
	0.2655
	0.6276
	ns

	Solirubrobacter
	Bacterial genera
	bglX
	Functional genes
	-0.307
	0.2655
	0.6276
	ns

	SOM
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.306
	0.2675
	0.6283
	ns

	S-AKP/ALP
	Enzyme activities
	napA
	Functional genes
	0.304
	0.2714
	0.6291
	ns

	Mesorhizobium
	Bacterial genera
	sacA
	Functional genes
	0.304
	0.2714
	0.6291
	ns

	DOC
	Soil properties
	S-CL
	Enzyme activities
	-0.302
	0.2741
	0.6306
	ns

	SOM
	Soil properties
	bglB
	Functional genes
	-0.301
	0.2764
	0.6306
	ns

	EC
	Soil properties
	Ramlibacter
	Bacterial genera
	0.300
	0.2773
	0.6306
	ns

	S-NR
	Enzyme activities
	phoA
	Functional genes
	-0.296
	0.2834
	0.6402
	ns

	Mesorhizobium
	Bacterial genera
	appA
	Functional genes
	-0.289
	0.2957
	0.6551
	ns

	pH
	Soil properties
	S-UE
	Enzyme activities
	-0.286
	0.3015
	0.6551
	ns

	Microvirga
	Bacterial genera
	narG
	Functional genes
	0.286
	0.3019
	0.6551
	ns

	Hydrolyzable N
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.284
	0.3046
	0.6551
	ns

	S-SC
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	0.282
	0.3083
	0.6551
	ns

	S-UE
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.282
	0.3083
	0.6551
	ns

	S-SC
	Enzyme activities
	bglX
	Functional genes
	0.282
	0.3083
	0.6551
	ns

	S-UE
	Enzyme activities
	sacA
	Functional genes
	0.282
	0.3083
	0.6551
	ns

	S-ACP
	Enzyme activities
	napA
	Functional genes
	0.282
	0.3083
	0.6551
	ns

	S-DHA
	Enzyme activities
	bglX
	Functional genes
	0.282
	0.3083
	0.6551
	ns

	S-AKP/ALP
	Enzyme activities
	appA
	Functional genes
	0.279
	0.3147
	0.6648
	ns

	NO3--N
	Soil properties
	Microvirga
	Bacterial genera
	-0.271
	0.3278
	0.6884
	ns

	DOC
	Soil properties
	S-DHA
	Enzyme activities
	0.270
	0.3313
	0.6885
	ns

	Ramlibacter
	Bacterial genera
	phoA
	Functional genes
	-0.268
	0.3344
	0.6885
	ns

	AK
	Soil properties
	phoD
	Functional genes
	0.265
	0.3407
	0.6885
	ns

	EC
	Soil properties
	Arthrobacter
	Bacterial genera
	0.264
	0.3412
	0.6885
	ns

	Mesorhizobium
	Bacterial genera
	ureC
	Functional genes
	0.264
	0.3412
	0.6885
	ns

	AK
	Soil properties
	Agromyces
	Bacterial genera
	0.263
	0.3441
	0.6885
	ns

	AK
	Soil properties
	S-CL
	Enzyme activities
	-0.261
	0.3475
	0.6885
	ns

	pH
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.261
	0.3475
	0.6885
	ns

	EC
	Soil properties
	bglX
	Functional genes
	0.261
	0.3480
	0.6885
	ns

	Hydrolyzable N
	Soil properties
	Microvirga
	Bacterial genera
	0.259
	0.3510
	0.6885
	ns

	AK
	Soil properties
	phoA
	Functional genes
	-0.257
	0.3544
	0.6885
	ns

	NO3--N
	Soil properties
	sacA
	Functional genes
	-0.257
	0.3549
	0.6885
	ns

	S-ACP
	Enzyme activities
	bglB
	Functional genes
	-0.257
	0.3549
	0.6885
	ns

	Mesorhizobium
	Bacterial genera
	narG
	Functional genes
	0.257
	0.3549
	0.6885
	ns

	EC
	Soil properties
	S-CL
	Enzyme activities
	-0.254
	0.3618
	0.6982
	ns

	S-NR
	Enzyme activities
	ureC
	Functional genes
	0.250
	0.3688
	0.7004
	ns

	S-DHA
	Enzyme activities
	bglB
	Functional genes
	-0.250
	0.3688
	0.7004
	ns

	Ramlibacter
	Bacterial genera
	phoD
	Functional genes
	0.250
	0.3688
	0.7004
	ns

	AP
	Soil properties
	S-SC
	Enzyme activities
	-0.246
	0.3760
	0.7064
	ns

	EC
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.246
	0.3760
	0.7064
	ns

	Agromyces
	Bacterial genera
	phoA
	Functional genes
	-0.243
	0.3831
	0.7087
	ns

	NH4+-N
	Soil properties
	sacA
	Functional genes
	0.243
	0.3831
	0.7087
	ns

	S-UE
	Enzyme activities
	phoD
	Functional genes
	0.243
	0.3831
	0.7087
	ns

	SOM
	Soil properties
	S-NR
	Enzyme activities
	0.242
	0.3859
	0.7101
	ns

	AP
	Soil properties
	S-AKP/ALP
	Enzyme activities
	-0.239
	0.3904
	0.7110
	ns

	S-NR
	Enzyme activities
	narG
	Functional genes
	-0.239
	0.3904
	0.7110
	ns

	S-UE
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	0.236
	0.3977
	0.7171
	ns

	S-ACP
	Enzyme activities
	Microvirga
	Bacterial genera
	0.236
	0.3977
	0.7171
	ns

	S-UE
	Enzyme activities
	bglX
	Functional genes
	0.232
	0.4051
	0.7267
	ns

	NH4+-N
	Soil properties
	bglX
	Functional genes
	0.229
	0.4126
	0.7291
	ns

	Agromyces
	Bacterial genera
	ureC
	Functional genes
	0.229
	0.4126
	0.7291
	ns

	S-UE
	Enzyme activities
	bglB
	Functional genes
	-0.229
	0.4126
	0.7291
	ns

	Hydrolyzable N
	Soil properties
	Agromyces
	Bacterial genera
	0.225
	0.4197
	0.7352
	ns

	NO3--N
	Soil properties
	Ramlibacter
	Bacterial genera
	0.225
	0.4201
	0.7352
	ns

	Hydrolyzable N
	Soil properties
	phoD
	Functional genes
	0.223
	0.4235
	0.7375
	ns

	AP
	Soil properties
	Arthrobacter
	Bacterial genera
	-0.214
	0.4431
	0.7636
	ns

	Microvirga
	Bacterial genera
	ureC
	Functional genes
	0.214
	0.4431
	0.7636
	ns

	NH4+-N
	Soil properties
	ureC
	Functional genes
	0.211
	0.4510
	0.7636
	ns

	S-DHA
	Enzyme activities
	narG
	Functional genes
	0.211
	0.4510
	0.7636
	ns

	NO3--N
	Soil properties
	Agromyces
	Bacterial genera
	0.207
	0.4588
	0.7636
	ns

	S-DHA
	Enzyme activities
	phoA
	Functional genes
	0.207
	0.4588
	0.7636
	ns

	Arthrobacter
	Bacterial genera
	bglX
	Functional genes
	0.207
	0.4588
	0.7636
	ns

	Arthrobacter
	Bacterial genera
	bglB
	Functional genes
	-0.207
	0.4588
	0.7636
	ns

	Solirubrobacter
	Bacterial genera
	appA
	Functional genes
	-0.207
	0.4588
	0.7636
	ns

	S-UE
	Enzyme activities
	Microvirga
	Bacterial genera
	0.204
	0.4668
	0.7636
	ns

	S-ACP
	Enzyme activities
	ureC
	Functional genes
	0.204
	0.4668
	0.7636
	ns

	AP
	Soil properties
	Microvirga
	Bacterial genera
	-0.204
	0.4668
	0.7636
	ns

	DOC
	Soil properties
	S-UE
	Enzyme activities
	0.203
	0.4679
	0.7636
	ns

	S-ACP
	Enzyme activities
	Mesorhizobium
	Bacterial genera
	0.200
	0.4748
	0.7636
	ns

	S-UE
	Enzyme activities
	appA
	Functional genes
	0.200
	0.4748
	0.7636
	ns

	S-ACP
	Enzyme activities
	bglX
	Functional genes
	0.200
	0.4748
	0.7636
	ns

	Ramlibacter
	Bacterial genera
	ureC
	Functional genes
	0.200
	0.4748
	0.7636
	ns

	NH4+-N
	Soil properties
	S-CL
	Enzyme activities
	-0.196
	0.4829
	0.7731
	ns

	SOM
	Soil properties
	phoA
	Functional genes
	0.193
	0.4903
	0.7757
	ns

	S-CL
	Enzyme activities
	phoA
	Functional genes
	-0.193
	0.4910
	0.7757
	ns

	S-ACP
	Enzyme activities
	phoA
	Functional genes
	-0.193
	0.4910
	0.7757
	ns

	S-NR
	Enzyme activities
	Agromyces
	Bacterial genera
	0.189
	0.4993
	0.7817
	ns

	S-CL
	Enzyme activities
	napA
	Functional genes
	-0.189
	0.4993
	0.7817
	ns

	SOM
	Soil properties
	sacA
	Functional genes
	-0.186
	0.5068
	0.7823
	ns

	NH4+-N
	Soil properties
	appA
	Functional genes
	0.186
	0.5075
	0.7823
	ns

	S-CL
	Enzyme activities
	Ramlibacter
	Bacterial genera
	-0.186
	0.5075
	0.7823
	ns

	pH
	Soil properties
	S-CL
	Enzyme activities
	-0.182
	0.5155
	0.7823
	ns

	S-SC
	Enzyme activities
	sacA
	Functional genes
	0.182
	0.5159
	0.7823
	ns

	S-DHA
	Enzyme activities
	appA
	Functional genes
	-0.182
	0.5159
	0.7823
	ns

	DOC
	Soil properties
	S-SC
	Enzyme activities
	0.181
	0.5174
	0.7823
	ns

	Hydrolyzable N
	Soil properties
	S-DHA
	Enzyme activities
	0.181
	0.5197
	0.7823
	ns

	Hydrolyzable N
	Soil properties
	Arthrobacter
	Bacterial genera
	0.181
	0.5197
	0.7823
	ns

	NH4+-N
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.179
	0.5243
	0.7823
	ns

	EC
	Soil properties
	ureC
	Functional genes
	0.179
	0.5243
	0.7823
	ns

	Hydrolyzable N
	Soil properties
	ureC
	Functional genes
	0.177
	0.5281
	0.7823
	ns

	Hydrolyzable N
	Soil properties
	phoA
	Functional genes
	0.177
	0.5281
	0.7823
	ns

	pH
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.175
	0.5324
	0.7854
	ns

	S-NR
	Enzyme activities
	appA
	Functional genes
	0.171
	0.5413
	0.7945
	ns

	DOC
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.171
	0.5430
	0.7945
	ns

	AP
	Soil properties
	phoD
	Functional genes
	-0.168
	0.5499
	0.7980
	ns

	NO3--N
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.168
	0.5499
	0.7980
	ns

	S-ACP
	Enzyme activities
	narG
	Functional genes
	0.157
	0.5760
	0.8291
	ns

	Mesorhizobium
	Bacterial genera
	bglX
	Functional genes
	0.157
	0.5760
	0.8291
	ns

	AP
	Soil properties
	Ramlibacter
	Bacterial genera
	-0.154
	0.5848
	0.8364
	ns

	DOC
	Soil properties
	Arthrobacter
	Bacterial genera
	0.151
	0.5913
	0.8364
	ns

	DOC
	Soil properties
	sacA
	Functional genes
	-0.151
	0.5913
	0.8364
	ns

	AP
	Soil properties
	S-UE
	Enzyme activities
	0.150
	0.5936
	0.8364
	ns

	EC
	Soil properties
	S-SC
	Enzyme activities
	0.150
	0.5936
	0.8364
	ns

	DOC
	Soil properties
	S-ACP
	Enzyme activities
	0.147
	0.6002
	0.8364
	ns

	DOC
	Soil properties
	napA
	Functional genes
	0.147
	0.6002
	0.8364
	ns

	EC
	Soil properties
	S-ACP
	Enzyme activities
	0.146
	0.6025
	0.8364
	ns

	S-SC
	Enzyme activities
	narG
	Functional genes
	0.146
	0.6025
	0.8364
	ns

	pH
	Soil properties
	narG
	Functional genes
	0.143
	0.6112
	0.8364
	ns

	NH4 N
	Soil properties
	phoD
	Functional genes
	0.143
	0.6115
	0.8364
	ns

	EC
	Soil properties
	phoA
	Functional genes
	0.143
	0.6115
	0.8364
	ns

	S-AKP/ALP
	Enzyme activities
	narG
	Functional genes
	0.143
	0.6115
	0.8364
	ns

	Microvirga
	Bacterial genera
	bglB
	Functional genes
	0.139
	0.6205
	0.8456
	ns

	Microvirga
	Bacterial genera
	napA
	Functional genes
	0.136
	0.6296
	0.8547
	ns

	S-NR
	Enzyme activities
	sacA
	Functional genes
	0.132
	0.6387
	0.8638
	ns

	NO3--N
	Soil properties
	S-NR
	Enzyme activities
	-0.129
	0.6479
	0.8696
	ns

	Ramlibacter
	Bacterial genera
	appA
	Functional genes
	-0.129
	0.6479
	0.8696
	ns

	NO3--N
	Soil properties
	phoD
	Functional genes
	0.125
	0.6571
	0.8746
	ns

	NO3--N
	Soil properties
	phoA
	Functional genes
	0.125
	0.6571
	0.8746
	ns

	DOC
	Soil properties
	S-NR
	Enzyme activities
	0.124
	0.6597
	0.8746
	ns

	Hydrolyzable N
	Soil properties
	sacA
	Functional genes
	0.123
	0.6615
	0.8746
	ns

	AP
	Soil properties
	S-NR
	Enzyme activities
	0.118
	0.6757
	0.8890
	ns

	pH
	Soil properties
	bglB
	Functional genes
	-0.116
	0.6801
	0.8890
	ns

	SOM
	Soil properties
	Microvirga
	Bacterial genera
	0.114
	0.6845
	0.8890
	ns

	Hydrolyzable N
	Soil properties
	bglX
	Functional genes
	0.114
	0.6848
	0.8890
	ns

	Hydrolyzable N
	Soil properties
	narG
	Functional genes
	0.114
	0.6848
	0.8890
	ns

	S-AKP/ALP
	Enzyme activities
	phoA
	Functional genes
	-0.111
	0.6945
	0.8961
	ns

	Hydrolyzable N
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.109
	0.6989
	0.8961
	ns

	DOC
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.108
	0.7021
	0.8961
	ns

	AK
	Soil properties
	S-ACP
	Enzyme activities
	0.105
	0.7084
	0.8961
	ns

	NO3--N
	Soil properties
	S-DHA
	Enzyme activities
	-0.104
	0.7134
	0.8961
	ns

	AP
	Soil properties
	Agromyces
	Bacterial genera
	-0.104
	0.7134
	0.8961
	ns

	S-ACP
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	-0.104
	0.7134
	0.8961
	ns

	AP
	Soil properties
	phoA
	Functional genes
	0.104
	0.7134
	0.8961
	ns

	SOM
	Soil properties
	appA
	Functional genes
	0.102
	0.7176
	0.8961
	ns

	pH
	Soil properties
	S-SC
	Enzyme activities
	0.100
	0.7227
	0.8961
	ns

	EC
	Soil properties
	Microvirga
	Bacterial genera
	-0.100
	0.7229
	0.8961
	ns

	NO3--N
	Soil properties
	Arthrobacter
	Bacterial genera
	0.100
	0.7229
	0.8961
	ns

	EC
	Soil properties
	appA
	Functional genes
	0.100
	0.7229
	0.8961
	ns

	DOC
	Soil properties
	Microvirga
	Bacterial genera
	0.095
	0.7356
	0.9087
	ns

	pH
	Soil properties
	bglX
	Functional genes
	-0.093
	0.7418
	0.9103
	ns

	S-AKP/ALP
	Enzyme activities
	ureC
	Functional genes
	0.093
	0.7420
	0.9103
	ns

	DOC
	Soil properties
	Agromyces
	Bacterial genera
	-0.090
	0.7502
	0.9127
	ns

	DOC
	Soil properties
	appA
	Functional genes
	0.090
	0.7502
	0.9127
	ns

	NO3--N
	Soil properties
	S-AKP/ALP
	Enzyme activities
	-0.089
	0.7517
	0.9127
	ns

	Hydrolyzable N
	Soil properties
	S-CL
	Enzyme activities
	-0.086
	0.7611
	0.9182
	ns

	S-NR
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	-0.086
	0.7613
	0.9182
	ns

	pH
	Soil properties
	Arthrobacter
	Bacterial genera
	0.084
	0.7660
	0.9207
	ns

	Mesorhizobium
	Bacterial genera
	phoA
	Functional genes
	-0.082
	0.7710
	0.9237
	ns

	S-SC
	Enzyme activities
	appA
	Functional genes
	-0.079
	0.7808
	0.9322
	ns

	pH
	Soil properties
	Agromyces
	Bacterial genera
	0.077
	0.7854
	0.9347
	ns

	DOC
	Soil properties
	narG
	Functional genes
	-0.075
	0.7892
	0.9360
	ns

	Hydrolyzable N
	Soil properties
	bglB
	Functional genes
	0.070
	0.8050
	0.9516
	ns

	Microvirga
	Bacterial genera
	bglX
	Functional genes
	-0.064
	0.8199
	0.9661
	ns

	NO3--N
	Soil properties
	S-CL
	Enzyme activities
	-0.061
	0.8298
	0.9713
	ns

	S-AKP/ALP
	Enzyme activities
	sacA
	Functional genes
	0.061
	0.8298
	0.9713
	ns

	S-CL
	Enzyme activities
	bglB
	Functional genes
	-0.057
	0.8397
	0.9765
	ns

	S-CL
	Enzyme activities
	appA
	Functional genes
	0.057
	0.8397
	0.9765
	ns

	S-ACP
	Enzyme activities
	sacA
	Functional genes
	0.054
	0.8496
	0.9848
	ns

	DOC
	Soil properties
	Solirubrobacter
	Bacterial genera
	-0.050
	0.8587
	0.9867
	ns

	AK
	Soil properties
	bglB
	Functional genes
	-0.050
	0.8594
	0.9867
	ns

	Agromyces
	Bacterial genera
	bglB
	Functional genes
	-0.050
	0.8595
	0.9867
	ns

	NO3--N
	Soil properties
	Mesorhizobium
	Bacterial genera
	-0.046
	0.8695
	0.9887
	ns

	NO3--N
	Soil properties
	S-SC
	Enzyme activities
	0.046
	0.8695
	0.9887
	ns

	pH
	Soil properties
	S-ACP
	Enzyme activities
	-0.043
	0.8794
	0.9887
	ns

	S-ACP
	Enzyme activities
	phoD
	Functional genes
	0.043
	0.8795
	0.9887
	ns

	SOM
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.039
	0.8892
	0.9887
	ns

	S-NR
	Enzyme activities
	bglX
	Functional genes
	0.039
	0.8894
	0.9887
	ns

	SOM
	Soil properties
	ureC
	Functional genes
	0.038
	0.8943
	0.9887
	ns

	pH
	Soil properties
	S-NR
	Enzyme activities
	-0.036
	0.8994
	0.9887
	ns

	AP
	Soil properties
	Solirubrobacter
	Bacterial genera
	-0.036
	0.8994
	0.9887
	ns

	S-UE
	Enzyme activities
	phoA
	Functional genes
	-0.036
	0.8994
	0.9887
	ns

	EC
	Soil properties
	Mesorhizobium
	Bacterial genera
	0.036
	0.8994
	0.9887
	ns

	NO3--N
	Soil properties
	ureC
	Functional genes
	0.036
	0.8994
	0.9887
	ns

	S-NR
	Enzyme activities
	phoD
	Functional genes
	0.036
	0.8994
	0.9887
	ns

	EC
	Soil properties
	S-NR
	Enzyme activities
	0.032
	0.9095
	0.9887
	ns

	pH
	Soil properties
	sacA
	Functional genes
	-0.029
	0.9194
	0.9887
	ns

	EC
	Soil properties
	S-DHA
	Enzyme activities
	0.029
	0.9195
	0.9887
	ns

	NH4+-N
	Soil properties
	narG
	Functional genes
	0.029
	0.9195
	0.9887
	ns

	AP
	Soil properties
	ureC
	Functional genes
	0.029
	0.9195
	0.9887
	ns

	S-AKP/ALP
	Enzyme activities
	Solirubrobacter
	Bacterial genera
	0.029
	0.9195
	0.9887
	ns

	Ramlibacter
	Bacterial genera
	sacA
	Functional genes
	0.029
	0.9195
	0.9887
	ns

	NO3--N
	Soil properties
	bglB
	Functional genes
	-0.029
	0.9195
	0.9887
	ns

	DOC
	Soil properties
	bglB
	Functional genes
	-0.027
	0.9240
	0.9889
	ns

	pH
	Soil properties
	Ramlibacter
	Bacterial genera
	-0.025
	0.9295
	0.9889
	ns

	AK
	Soil properties
	S-AKP/ALP
	Enzyme activities
	-0.021
	0.9395
	0.9889
	ns

	Microvirga
	Bacterial genera
	appA
	Functional genes
	0.021
	0.9396
	0.9889
	ns

	NO3--N
	Soil properties
	appA
	Functional genes
	-0.021
	0.9396
	0.9889
	ns

	Agromyces
	Bacterial genera
	bglX
	Functional genes
	-0.021
	0.9396
	0.9889
	ns

	Ramlibacter
	Bacterial genera
	narG
	Functional genes
	-0.021
	0.9396
	0.9889
	ns

	Hydrolyzable N
	Soil properties
	Solirubrobacter
	Bacterial genera
	0.020
	0.9446
	0.9889
	ns

	pH
	Soil properties
	phoD
	Functional genes
	0.020
	0.9446
	0.9889
	ns

	DOC
	Soil properties
	ureC
	Functional genes
	-0.016
	0.9544
	0.9909
	ns

	pH
	Soil properties
	phoA
	Functional genes
	-0.014
	0.9597
	0.9909
	ns

	AP
	Soil properties
	sacA
	Functional genes
	-0.014
	0.9597
	0.9909
	ns

	pH
	Soil properties
	Solirubrobacter
	Bacterial genera
	-0.013
	0.9647
	0.9909
	ns

	AK
	Soil properties
	narG
	Functional genes
	-0.011
	0.9697
	0.9909
	ns

	AP
	Soil properties
	narG
	Functional genes
	-0.011
	0.9698
	0.9909
	ns

	EC
	Soil properties
	sacA
	Functional genes
	-0.011
	0.9698
	0.9909
	ns

	S-DHA
	Enzyme activities
	ureC
	Functional genes
	0.011
	0.9698
	0.9909
	ns

	AK
	Soil properties
	bglX
	Functional genes
	0.009
	0.9748
	0.9909
	ns

	AP
	Soil properties
	napA
	Functional genes
	-0.007
	0.9798
	0.9909
	ns

	Arthrobacter
	Bacterial genera
	appA
	Functional genes
	0.007
	0.9798
	0.9909
	ns

	Microvirga
	Bacterial genera
	phoA
	Functional genes
	-0.007
	0.9798
	0.9909
	ns

	NO3--N
	Soil properties
	S-ACP
	Enzyme activities
	0.004
	0.9899
	0.9927
	ns

	EC
	Soil properties
	S-AKP/ALP
	Enzyme activities
	0.004
	0.9899
	0.9927
	ns

	EC
	Soil properties
	bglB
	Functional genes
	-0.004
	0.9899
	0.9927
	ns

	Agromyces
	Bacterial genera
	appA
	Functional genes
	0.000
	1.0000
	1.0000
	ns


Note: * FDR-adjusted P < 0.05; ** FDR-adjusted P < 0.01; ns, not significant after FDR correction. This table reports correlation statistics only and does not include raw abundance, enzyme-activity, or soil-property measurements.
Supplementary Table S17. Bootstrap estimates of total indirect and total effects in the exploratory PLS-SEM
	Effect type
	Predictor
	Outcome
	Estimate
	Bootstrap mean
	SE
	Lower 95% CI
	Upper 95% CI
	P
	Significance

	Total indirect
	N input
	Predefined bacterial taxa index
	0.342
	0.345
	0.152
	0.055
	0.637
	0.0160
	*

	Total indirect
	N input
	C-cycling functional potential
	-0.028
	-0.031
	0.118
	-0.283
	0.190
	0.8276
	ns

	Total indirect
	N input
	N-cycling functional potential
	0.203
	0.197
	0.105
	0.015
	0.420
	0.0272
	*

	Total indirect
	N input
	P-cycling functional potential
	0.023
	0.027
	0.110
	-0.184
	0.263
	0.8108
	ns

	Total indirect
	N input
	Integrated DCI
	-0.193
	-0.151
	0.327
	-0.796
	0.472
	0.6076
	ns

	Total indirect
	N input
	Enzymatic function
	-0.183
	-0.142
	0.306
	-0.742
	0.448
	0.6076
	ns

	Total indirect
	N input
	Grain yield
	0.196
	0.239
	0.228
	-0.183
	0.707
	0.2628
	ns

	Total indirect
	Soil nutrient status
	C-cycling functional potential
	-0.057
	-0.038
	0.222
	-0.440
	0.415
	0.8368
	ns

	Total indirect
	Soil nutrient status
	N-cycling functional potential
	0.408
	0.390
	0.142
	0.087
	0.643
	0.0132
	*

	Total indirect
	Soil nutrient status
	P-cycling functional potential
	0.046
	0.052
	0.198
	-0.309
	0.450
	0.8144
	ns

	Total indirect
	Soil nutrient status
	Integrated DCI
	0.415
	0.482
	0.189
	0.138
	0.861
	0.0048
	**

	Total indirect
	Soil nutrient status
	Enzymatic function
	0.393
	0.455
	0.185
	0.114
	0.830
	0.0048
	**

	Total indirect
	Soil nutrient status
	Grain yield
	0.271
	0.320
	0.140
	0.070
	0.605
	0.0048
	**

	Total indirect
	Predefined bacterial taxa index
	Integrated DCI
	0.605
	0.699
	0.196
	0.310
	1.072
	0.0028
	**

	Total indirect
	Predefined bacterial taxa index
	Enzymatic function
	0.574
	0.658
	0.191
	0.280
	1.020
	0.0028
	**

	Total indirect
	Predefined bacterial taxa index
	Grain yield
	0.396
	0.460
	0.150
	0.166
	0.748
	0.0028
	**

	Total indirect
	C-cycling functional potential
	Enzymatic function
	-0.525
	-0.501
	0.412
	-1.287
	0.248
	0.2356
	ns

	Total indirect
	C-cycling functional potential
	Grain yield
	-0.362
	-0.338
	0.276
	-0.835
	0.175
	0.2356
	ns

	Total indirect
	N-cycling functional potential
	Enzymatic function
	0.817
	0.825
	0.270
	0.337
	1.364
	0.0080
	**

	Total indirect
	N-cycling functional potential
	Grain yield
	0.564
	0.575
	0.203
	0.204
	0.957
	0.0080
	**

	Total indirect
	P-cycling functional potential
	Enzymatic function
	0.654
	0.587
	0.354
	-0.124
	1.173
	0.0952
	ns

	Total indirect
	P-cycling functional potential
	Grain yield
	0.451
	0.412
	0.250
	-0.069
	0.829
	0.0952
	ns

	Total indirect
	Soil nitrate-ionic status
	Enzymatic function
	-0.513
	-0.491
	0.357
	-1.144
	0.331
	0.1248
	ns

	Total indirect
	Soil nitrate-ionic status
	Grain yield
	-0.353
	-0.336
	0.260
	-0.790
	0.260
	0.1248
	ns

	Total indirect
	Integrated DCI
	Grain yield
	0.654
	0.658
	0.123
	0.404
	0.883
	<0.001
	***

	Total effect
	N input
	Soil nutrient status
	0.499
	0.493
	0.164
	0.131
	0.764
	0.0148
	*

	Total effect
	N input
	Predefined bacterial taxa index
	0.342
	0.345
	0.152
	0.055
	0.637
	0.0160
	*

	Total effect
	N input
	C-cycling functional potential
	-0.028
	-0.031
	0.118
	-0.283
	0.190
	0.8276
	ns

	Total effect
	N input
	N-cycling functional potential
	0.203
	0.197
	0.105
	0.015
	0.420
	0.0272
	*

	Total effect
	N input
	P-cycling functional potential
	0.023
	0.027
	0.110
	-0.184
	0.263
	0.8108
	ns

	Total effect
	N input
	Soil nitrate-ionic status
	0.740
	0.737
	0.118
	0.459
	0.900
	0.0028
	**

	Total effect
	N input
	Integrated DCI
	-0.193
	-0.151
	0.327
	-0.796
	0.472
	0.6076
	ns

	Total effect
	N input
	Enzymatic function
	-0.183
	-0.142
	0.306
	-0.742
	0.448
	0.6076
	ns

	Total effect
	N input
	Grain yield
	0.196
	0.239
	0.228
	-0.183
	0.707
	0.2628
	ns

	Total effect
	Soil nutrient status
	Predefined bacterial taxa index
	0.686
	0.676
	0.140
	0.334
	0.885
	0.0020
	**

	Total effect
	Soil nutrient status
	C-cycling functional potential
	-0.057
	-0.038
	0.222
	-0.440
	0.415
	0.8368
	ns

	Total effect
	Soil nutrient status
	N-cycling functional potential
	0.408
	0.390
	0.142
	0.087
	0.643
	0.0132
	*

	Total effect
	Soil nutrient status
	P-cycling functional potential
	0.046
	0.052
	0.198
	-0.309
	0.450
	0.8144
	ns

	Total effect
	Soil nutrient status
	Integrated DCI
	0.415
	0.482
	0.189
	0.138
	0.861
	0.0048
	**

	Total effect
	Soil nutrient status
	Enzymatic function
	0.393
	0.455
	0.185
	0.114
	0.830
	0.0048
	**

	Total effect
	Soil nutrient status
	Grain yield
	0.271
	0.320
	0.140
	0.070
	0.605
	0.0048
	**

	Total effect
	Predefined bacterial taxa index
	C-cycling functional potential
	-0.083
	-0.060
	0.325
	-0.661
	0.569
	0.8348
	ns

	Total effect
	Predefined bacterial taxa index
	N-cycling functional potential
	0.595
	0.583
	0.184
	0.140
	0.857
	0.0112
	*

	Total effect
	Predefined bacterial taxa index
	P-cycling functional potential
	0.067
	0.044
	0.294
	-0.565
	0.557
	0.8164
	ns

	Total effect
	Predefined bacterial taxa index
	Integrated DCI
	0.605
	0.699
	0.196
	0.310
	1.072
	0.0028
	**

	Total effect
	Predefined bacterial taxa index
	Enzymatic function
	0.574
	0.658
	0.191
	0.280
	1.020
	0.0028
	**

	Total effect
	Predefined bacterial taxa index
	Grain yield
	0.396
	0.460
	0.150
	0.166
	0.748
	0.0028
	**

	Total effect
	C-cycling functional potential
	Integrated DCI
	-0.554
	-0.535
	0.445
	-1.404
	0.268
	0.2356
	ns

	Total effect
	C-cycling functional potential
	Enzymatic function
	-0.525
	-0.501
	0.412
	-1.287
	0.248
	0.2356
	ns

	Total effect
	C-cycling functional potential
	Grain yield
	-0.362
	-0.338
	0.276
	-0.835
	0.175
	0.2356
	ns

	Total effect
	N-cycling functional potential
	Integrated DCI
	0.862
	0.877
	0.286
	0.385
	1.462
	0.0080
	**

	Total effect
	N-cycling functional potential
	Enzymatic function
	0.817
	0.825
	0.270
	0.337
	1.364
	0.0080
	**

	Total effect
	N-cycling functional potential
	Grain yield
	0.564
	0.575
	0.203
	0.204
	0.957
	0.0080
	**

	Total effect
	P-cycling functional potential
	Integrated DCI
	0.689
	0.618
	0.378
	-0.157
	1.224
	0.0952
	ns

	Total effect
	P-cycling functional potential
	Enzymatic function
	0.654
	0.587
	0.354
	-0.124
	1.173
	0.0952
	ns

	Total effect
	P-cycling functional potential
	Grain yield
	0.451
	0.412
	0.250
	-0.069
	0.829
	0.0952
	ns

	Total effect
	Soil nitrate-ionic status
	Integrated DCI
	-0.540
	-0.521
	0.381
	-1.230
	0.361
	0.1248
	ns

	Total effect
	Soil nitrate-ionic status
	Enzymatic function
	-0.513
	-0.491
	0.357
	-1.144
	0.331
	0.1248
	ns

	Total effect
	Soil nitrate-ionic status
	Grain yield
	0.082
	0.091
	0.268
	-0.392
	0.626
	0.6952
	ns

	Total effect
	Integrated DCI
	Enzymatic function
	0.948
	0.938
	0.054
	0.803
	0.985
	<0.001
	***

	Total effect
	Integrated DCI
	Grain yield
	0.654
	0.658
	0.123
	0.404
	0.883
	<0.001
	***

	Total effect
	Enzymatic function
	Grain yield
	0.690
	0.698
	0.110
	0.485
	0.915
	<0.001
	***


Note: Total indirect effects represent the summed indirect associations between each predictor-outcome pair across all pathways specified in the exploratory PLS-SEM. Total effects represent the sum of the specified direct effect, where present, and the corresponding total indirect effect. Bootstrap statistics were obtained from 5,000 resamples. Two-sided bootstrap P values and percentile-based 95% confidence intervals are reported. Direct path coefficients are provided in Supplementary Table S9, whereas the branch-specific C-, N-, and P-cycling indirect effects from N input to grain yield are reported in Supplementary Table S15. * P < 0.05; ** P < 0.01; *** P < 0.001; ns, not significant.
