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Fig. S1 Climate diagram showing monthly precipitation and temperature from sowing to harvest, recorded at the Wernigerode Weather Station. The light blue bars represent the monthly precipitation for the experimental year, while the blue points show the long-term (1991-2020) average precipitation. The solid yellow line represents the monthly temperatures during the experimental period, and the dashed orange line indicates the long-term (1991-2020) average temperatures. The sampling period, which occurred in mid-May, is highlighted in red (2019-05) on the x-axis. Precipitation is displayed in millimeters on the left y-axis, and temperature is shown in degrees Celsius on the right y-axis.
Table S1 Overview of dominant soil types, topsoil textures, crop rotation, tillage practices, and P and N application rates (2019) at the Kiebitzbreite and Schmatzfelder Breite sites.
	Parameter
	Kiebitzbreite
	Schmatzfelder Breite

	Predominating soil unit according to IUSS Working Group WRB (2022)  
	Eutric stagnosol, associated with stagnic fluvisol
	Cambic stagnosol, associated with stagnic cambisol

	Soil texture (topsoil)
	16% clay
	18% clay

	
	59% silt
	73% silt

	
	25% sand
	9% sand

	Crop rotation
	2017: Winter oilseed rape
	2017: Winter wheat

	
	2018: Winter wheat
	2018: Winter barley

	
	2019: Winter wheat
	2019: Winter wheat

	
	2020: Winter barley
	2020: Winter wheat

	Soil tillage
	Plowing (depth of 23 cm)
	Deep chisel tillage (depth of 25 cm)

	P application rate (kg total P ha-1)
	October 2018: 34.5
	September 2018: 41.5

	N application rate (kg total N ha-1)
	March 2019: 66.7 (urea NH₄NO₃) 
	March 2019: 21 ((NH₄)₂SO₄)

	
	April 2019: 50 (NH₄NO₃) 
	April 2019: 46 (urea)

	
	May 2019: 56 (urea)
	May 2019: 40.5 (Ca(NO₃)₂ • NH₄NO₃)

	
	
	June 2019: 54 (Ca(NO₃)₂ • NH₄NO₃)

	Sampling time point
	BBCH 31; May 2019
	BBCH 31/32; May 2019
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Fig. S2 Schematic representation of the experimental setup. Field trials were conducted in two sites in close vicinity with similar P availability but differences in soil texture and management practices. The experimental design followed a randomized complete block design.

Table S2 Plant and soil chemical information of the two experimental sites.
	Sample type
	Unit
	Kiebitzbreite
	Schmatzfelder Breite

	 
	 
	TSP
	Str
	Ash
	BCplus
	P0
	TSP
	Str
	Ash
	BCplus
	P0

	Plant biomass (dry matter) at sampling time
	[t ha-1]
	4.8 ± 0.6
	4.9 ± 0.6
	4.1 ± 0.4
	3.2 ± 0.3
	2.6 ± 0.3
	4.8 ± 0.2
	5.0 ± 0.4
	4.4 ± 0.2
	4.1 ± 0.3
	4.0 ± 0.9

	Grain yield (dry matter)
	[t ha-1]
	7.4 ± 1.0
	6.7 ± 0.7
	7.3 ± 0.1
	6.9 ± 0.6
	5.8 ± 0.3
	7.4 ± 1.3
	8.0 ± 1.0
	7.3 ± 0.9
	6.9 ± 1.1
	6.4 ± 1.0

	Total C of bulk soil
	[g kg-1]
	22.9 ± 3.8
	21.9 ± 3.2
	21.0 ± 1.1
	21.6 ± 4.8
	21.5 ± 3.2
	13.6 ± 1.0
	13.8 ± 1.2
	13.4 ± 0.6
	13.9 ± 1.1
	13.1 ± 0.6

	Total N of bulk soil
	[g kg-1]
	2.1 ± 0.3
	2.1 ± 0.2
	2.1 ± 0.1
	2.2 ± 0.4
	2.0 ± 0.3
	1.4 ± 0.1
	1.4 ± 0.1
	1.4 ± 0.1
	1.4 ± 0.1
	1.4 ± 0.1




Table S3 Overview of the sampling procedure for the various samples used in this study.
	Sample type
	Parameter
	Storage
	Sampling

	Bulk soil Sample per plot
	PCAL
	Air-dried
	10 composite soil cores

	
	Pwater
	Air-dried
	(0-10 cm)

	
	ALP
	4 °C
	

	
	ACP
	4 °C
	

	Rhizosphere and bulk soil per plant
	Nucleic acid extraction
	-20 °C
	3 samples per plot
Rhizosphere: soil adhered to the roots
Bulk soil: (0 - 20 cm) soil at 10 cm of horizontal distance from the sampled plants

	
	DC
	4 °C
	

	
	TDN
	4°C
	

	
	DON
	4 °C
	

	
	NH4+
	4 °C
	

	
	NO3-
	4 °C
	

	
	pH
	4 °C
	

	Plant
	Biomass
	60 °C until constant weight
	4 x 0.25 m2

	
	C, N, P contents of plants
	60 °C until constant weight
	

	
	Mycorrhizal colonization
	4°C in H2O
	5 roots from the 4 x 0.25 m2




Table S4 qPCR reaction conditions, standard sources, and primers used for qPCR of target genes.
	Target gene
	primer (pmol μl-1)
	Thermal profile
	Primer name
	Sequence 5‘-3‘
	Fragment length (bp)
	Reference
	Calibration standard source

	16S rRNA
gene
	0.5
	95 °C/45 sec, 58 °C/45 sec, 72 °C/45 sec
	FP 16S
	GGTAGTCYAYGCMSTAAACG
	264
	(Bach et al., 2001)
	Pseudomonas putida

	
	
	
	RP 16S
	GACARCCATGCASCACCTG
	
	
	

	large subunit of AMF
	0.5
	94 °C/30 sec, 60 °C/40 sec, 72 °C/60sec
	FLR3
	TTGAAAGGGAAACGATTGAAGT
	380
	(Gollotte et al., 2004)
	Rhizophagus irregularis

	
	
	
	FLR4
	TACGTCAACATCCTTAACGAA
	
	
	

	nifH

	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	nifH-f-Rosch
	AAAGGYGGWATCGGYAARTCCACCAC
	458
	(Rösch et al., 2002)
	Sinorhizobium meliloti 30136

	
	
	
	nifH-r-Rosch
	TTGTTSGCSGCRTACATSGCCATCAT
	
	
	

	apr

	1
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	apr-f
	TAYGGBTTCAAYTCCAAYAC
	194
	(Bach et al., 2001)
	Pseudomonas aeruginosa 5071

	
	
	
	apr-r
	VGCGATSGAMACRTTRCC
	
	
	

	chiA
	1
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	chiA-f
	GACGGCATCGACATCGATTGG
	406
	(Xiao et al., 2005)
	Streptomyces griseus

	
	
	
	chiA-r
	CSGTCCAGCCGCGSCCRTA
	
	
	

	amoA (AOA)
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	19F
	ATGGTCTGGCTWAGACG
	624
	(Leininger et al., 2006)
	Fosmid colne 54d9

	
	
	
	CrenamoA616r48x
	GCCATCCABCKRTANGTCCA
	
	
	

	amoB (AOB)
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	amoA 1F
	GGGGTTTCTACTGGTGGT
	491
	(Rotthauwe et al., 1997)
	Nitrosomonas sp.

	
	
	
	amoA 2R
	CCCCTCKGSAAAGCCTTCTTC
	
	
	

	nxrA
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	F1norA
	CAGACCGACGTGTGCGAAAG
	322
	(Poly et al., 2008; Wertz et al., 2008)
	Nitrobacter hamburgensis X14 (DSMZ 10229)

	
	
	
	R2norA
	TCCACAAGGAACGGAAGGTC
	
	
	

	nirS
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	nirScd3af
	GTSAACGTSAAGGARACSGG
	413
	(Michotey et al., 2000)
	Pseudomonas stutzeri

	
	
	
	nirSR3cd
	GASTTCGGRTGSGTCTTGA
	
	(Throbäck et al., 2004)
	

	nirK
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	nirK 876
	ATYGGCGGWCAYGGCGA
	164
	(Henry et al., 2004)
	Azospirillum irakense DMS 11586

	
	
	
	nirK 5R
	GCCTCGATCAGRTTRTGG
	
	(Braker et al., 2000; Henry et al., 2004)
	

	nosZ
	0.5
	95 °C/45 sec, 60 °C/45 sec, 72 °C/45 sec
	nosZ1-F
	CTIGGICCIYTKCAYAC
	267
	(Henry et al., 2006)
	Pseudomonas fluorescens C7R12

	
	
	
	nosZ2-R
	GCIGARCARAAITCBGTRC
	
	
	

	gcd
	0.75
	5x touchdown (1 °C annealing/ cycle)
	gcd_FW
	CGGCGTCATCCGGGSITIYRAYRT
	330
	(Bergkemper et al., 2016)
	Salmonella enterica DSM 17058 (DSMZ)

	
	
	95 °C/15 sec, 65 °C/60 sec, 72 °C/60sec
	gcd_RW
	GGG CAT GTC CAT GTC CCA IAD RTC RTG
	
	
	

	phoD
	1
	95 °C/20 sec, 60 °C/60 sec, 72 °C/30sec
	phoD_FW
	TGTTCCACCTGGGCGAYWMIATHTAYG
	208
	(Bergkemper et al., 2016)
	Bradyrhizobium japonicum

	
	
	
	phoD_RW
	CGTTCGCGACCTCGTGRTCRTCCCA
	
	
	

	pitA
	0.5
	5x touchdown (1 °C annealing/ cycle)
	pitA-FW
	CCAGGTGACCAGGTTCCAIRNDAT
	270
	(Bergkemper et al., 2016)
	Pseudomonas fluorescens

	
	
	95 °C/15 sec, 65 °C/60 sec, 72 °C/60sec
	pitA-RW
	CCAGGTGACCAGGTTCCAIRIDAT
	
	modified in this work
	

	pstS
	1
	95 °C/20 sec, 60 °C/60 sec, 72 °C/30sec
	pstS-FW
	TCTACCTGGGGAAGATCACAAARTGGRAYGA
	221
	(Bergkemper et al., 2016)
	Bradyrhizobium japonicum

	
	
	
	pstS-RW
	TGCCGACGGGCCAITYNW
	
	
	



Table S5 Mean values and standard deviations are presented for soil and plant chemical parameters, including dissolved carbon (DC) [mg kg⁻¹ dwt], dissolved organic nitrogen (DON) [mg kg⁻¹ dwt], ammonium (NH₄⁺) [mg kg⁻¹ dwt], total dissolved nitrogen (TDN) [mg kg⁻¹ dwt], nitrate (NO₃⁻) [mg kg⁻¹ dwt], pH, Ca-acetate-lactate-extractable P (PCAL) [mg kg⁻¹ dwt], and water-extractable P (Pwater) [mg kg⁻¹ dwt]. Significant treatment differences (p < 0.05) within sites and soil compartments are indicated by capital letters; treatments without differences are unmarked.
	Soil
	Parameter
	Unit
	Kiebitzbreite
	 Schmatzfelder Breite

	
	
	
	TSP
	Str
	Ash
	BCplus
	P0
	TSP
	Str
	Ash
	BCplus
	P0

	Bulk soil
	DC
	[mg kg-1 dwt]
	78.9 ± 17.3
	72.3 ± 19.4
	90.6 ± 39. 6
	72.9 ± 9.0
	75.8 ± 13.7
	71.6 ± 26.0
	61.1 ± 14.7
	69.1 ± 25.2
	67.8 ± 21.3
	64.9 ± 19.1

	
	DON
	[mg kg-1 dwt]
	7.3 ± 4.9
	5.9 ± 3.3
	7.7 ± 5.2
	6.5 ± 4.0
	6.7 ± 4.2
	6.7 ± 2.3
	6.2 ± 2.3
	7.6 ± 3.1
	7.0 ± 2.0
	8.4 ± 5.10

	
	TDN
	[mg kg-1 dwt]
	15.0 ± 3.8
	15.4 ± 3.9
	12.1 ± 3.6
	22.3 ± 9.4
	19.6 ± 9.3
	14.0 ± 6.0
	14.7 ± 5.5
	17.7 ± 7.8
	15.4 ± 5.3
	25.0 ± 12.3

	
	NH4+
	[mg kg-1 dwt]
	0.6 ± 0.1
	0.6 ± 0.1
	0.9 ± 0.5
	0.6 ± 0.1
	0.6 ± 0.2
	0.9 ± 0.6
	0.6 ± 0.2A
	0.9 ± 0.5
	1.0 ± 0.4B
	0.9 ± 0.4

	
	NO3-
	[mg kg-1 dwt]
	8.6 ± 10.9
	8.9 ± 11.1
	9.07 ± 7.9
	8.89 ± 5.0
	15.8 ± 13.4
	8.4 ± 11.0
	8.2 ± 8.3
	10.0 ± 10.5
	9.0 ± 5.0
	15.7 ± 13.6

	
	pH
	
	7.1 ± 0.1
	7.1 ± 0.1
	7.1 ± 0.1
	7.1 ± 0.0
	7.1 ± 0.2
	6.6 ± 0.1AB
	6.5 ± 0.3A
	6.6 ± 0.2AB
	6.7 ± 0.2B
	6.4 ± 0.1C

	
	PCAL
	[mg kg-1 dwt]
	68.4 ± 14.6
	71.8 ± 7.0
	60.8 ± 11.1
	40.4 ± 10.1
	45.5 ± 4.7
	62.0 ± 7.8
	74.6 ± 22.1
	62.9 ± 8.4
	36.5 ± 8.0
	43.6 ± 4.7

	
	Pwater
	[mg kg-1 dwt]
	8.6 ± 1.8AC
	8.4 ± 1.2A
	5.5 ± 0.7
	2.9 ± 0.6BC
	2.4 ± 0.4C
	16.1 ± 2.8A
	24.7 ± 9.3A
	16.1 ± 1.2A
	7.6 ±1.7B
	7.6 ± 1.4B

	Rhizosphere
	DC
	[mg kg-1 dwt]
	86.7 ± 24.8
	84.6 ± 14.2
	92.4 ± 24.8
	95.0 ± 16.8
	80.6 ± 11.9
	82.1 ± 22.9
	75.5 ± 20.3
	99.0 ± 37.7
	88.9 ± 23.3
	94.3 ± 26.0

	
	DON
	[mg kg-1 dwt]
	7.6 ± 2.3
	8.0 ± 2.0
	8.3 ± 3.0
	5.6 ± 2.1
	6.5 ± 4.3
	8.4 ± 3.3
	7.0 ± 0.9A
	7.9 ± 1.8
	8.1 ± 1.7
	12.3 ± 9.9B

	
	TDN
	[mg kg-1 dwt]
	14.0 ± 6.0
	24.7 ± 5.5
	27.7 ± 7.8
	25.4 ± 5.3
	25.0 ± 12.3
	 4.8 ± 7.0
	15.1 ± 4.2
	15.8 ± 5.9
	15.2 ± 4.1 
	22.4 ± 10.4

	
	NH4+
	[mg kg-1 dwt]
	0.8 ± 0.3
	0.8 ± 0.3
	0.9 ± 0.4
	1.0 ± 0.4
	0.7 ± 0.3
	1.0 ± 0.4
	0.8 ± 0.5 A
	1.6 ± 1.0 B
	1.1 ± 0.4
	1.3 ± 0.7 B

	
	NO3-
	[mg kg-1 dwt]
	6.6 ± 5.5
	5.3 ± 2.8
	6.0 ± 4.1
	6.1 ± 4.0
	7.6 ± 5.3
	5.3 ± 5.5
	6.7 ± 3.1
	5.0 ± 4.0
	6.0 ± 4.0
	8.40 ± 4.7

	
	pH
	
	7.1 ± 0.1A
	7.1 ± 0.1A
	6.9 ± 0.4
	7.1 ± 0.0A
	6.9 ± 0.3B
	6.5 ± 0.3
	6.5 ± 0.2
	6.6 ± 0.2
	6.6 ± 0.2
	6.6 ± 0.2

	Plant
	C
	[mg kg-1 dwt]
	435625.3 ± 5536.9
	435371.8 ± 4126.3
	436330.5 ± 6978.3
	434811.7 ± 5490.5
	423706.4 ± 17434.2
	459362.4 ± 51944.9
	420674.9 ± 22488.8
	472116.8 ± 78566.5
	426116.8 ± 111442.7
	407155.7 ± 38729.4

	
	N
	[mg kg-1 dwt]
	24626.8 ± 1282.2
	25881.7 ± 3859.3
	23922.5 ± 2146.2
	29289.5 ± 5350.00
	28614.1 ± 5350.0
	32600.5 ± 5331.4
	28967.0 ± 1082.3
	35951.5 ± 9124.7
	29273.0 ± 6689.3
	29785.8 ± 2828.8

	
	P
	[mg kg-1 dwt]
	1981.6 ± 54.1
	2170.8 ± 150.0
	2015.2 ± 68.9
	1978.0 ± 284.0
	2097.1 ± 107.8
	2652.0 ± 250.8
	2083.4 ± 122.2
	2549.0 ± 144.0
	2110.6 ± 310.2
	1964.7 ± 180.0





Table S6 Main effects on microorganisms’ abundance of sites (KB, SB), soil compartments (bulk soil, rhizosphere), and fertilization treatments (TSP, Str, Ash, BCplus, P0) assessed by permutational multivariate analysis of variance (PERMANOVA). The table presents results that consider both soil compartments but exclude parameters already shown in Fig. 2. Separate PERMANOVA results for bulk soil and rhizosphere were additionally performed.
	
	
	Df
	SumOfSqs
	R2
	F
	Pr(<F)
	

	Both compartments
	Fertilizer:Site
	4
	0.001
	0.006
	1.040
	0.406
	

	
	Fertilizer:Compartment
	4
	0.001
	0.009
	1.438
	0.156
	

	
	Fertilizer:Site:Compartment
	4
	0.001
	0.004
	0.701
	0.784
	

	
	Residual
	220
	0.050
	0.332
	
	
	

	
	Total
	239
	0.149
	1.000
	
	
	

	Bulk Soil
	Fertilizer
	4
	0.001
	0.031
	1.254
	0.233
	

	
	Site
	1
	0.013
	0.287
	46.931
	0.001
	***

	
	Fertilizer:Site
	4
	<0.001
	0.011
	0.435
	0.968
	

	
	Residual
	110
	0.031
	0.672 
	
	
	

	
	Total
	119
	0.046
	1.000
	
	
	

	Rhizosphere
	Fertilizer
	4
	0.002
	0.047
	2.377
	0.005
	**

	
	Site
	1
	0.013
	0.383
	78.176
	0.001
	***

	
	Fertilizer:Site
	4
	0.001
	0.031
	1.602
	0.057
	

	
	Residual
	110
	0.018
	0.539
	
	
	

	
	Total
	119
	0.034
	1.000
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Fig. S3 Gene copy numbers calculated per gram dry weight (dwt) of all tested marker genes in this study plotted on a linear scale as box plots (n = 4). Samples were taken from two sites with five fertilization treatments (TSP, Str, Ash, BCplus, and P0). The significant differences (p < 0.05) between treatments within one site are indicated with capital letters. Treatments without significant differences are not marked with letters.
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Fig. S4 The ratio between gene copy numbers in the rhizosphere and the bulk soil in the form of a heatmap. Average gene abundances were calculated for each treatment (TSP, Str, Ash, BCplus, and P0) in the rhizosphere and normalized to the rhizosphere's respective abundance (r = rhizosphere/bulk soil). If the values in the rhizosphere were lower than in the bulk soil, r = - bulk soil / rhizosphere was calculated. r > 1 indicate higher abundances in the rhizosphere and are displayed in red. r < −1 indicates higher values in the bulk soil and are shown in blue. Only values above 4 or below −4 are additionally depicted as numbers.
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