SUPPLEMENTARY MATERIALS
Table S1 Location characterization including maize cultivation parameters and soil properties of the growing seasons 2019 and 2020.
	Parameters
[Unit]Enviro-
ments

	Altitude
[m ASL]
	Ø Temperature*
[°C]
	Ø Precipitation*
[mm]
	Sowing
[Date]
	Harvest
[Date]
	Soil type
	pH
	Mg
[mg/100g soil]
	P2O5**
[mg/100g soil]
	P**
[mg/100g soil]
	Classification P
availability***

	Heidfeldhof 2019
	402
	10.6
	857
	Apr 30th
	Oct 14th - 24th
	Silty loam
	6.79
	17.5
	19.5
	8.5
	D

	Heidfeldhof 2020
	402
	10.9
	667
	Apr 20th
	Sep 16th – Oct 13th
	Silty loam
	6.95
	11
	14.4
	6.3
	D

	Eckartsweier 2020
	142
	12.2
	659
	Apr 15th
	Aug 31st - Sep 16th
	Clayey loam
	5.66
	19.6
	9.9
	4.3
	C


* Data retrieved from <www.wetter-bw.de>
** Calcium Acetate lactate (CAL) method and photometric determination of available soil P
*** According to VDLUFA-P-content-classes (A = very low, E = very high) defined by the Association of German Agricultural Analytic and Research Institutes (Verband Deutscher Landwirtschaftlicher Untersuchungs- und Forschungsanstalten).



Table S2 Field raw data of measured and calculated phosphate efficiency measures.
See separate Excel file for Table S2.

Table S3 Population-specific variance components of the investigated phosphate efficiency measures.  denotes the genotypic variance,  the genotype-by-environment-interaction variance,  the error variance, and  the broad-sense heritability. Traits are abbreviated as follows: seedling yield (SeY), P concentration in seedling (Pconc Seedling), stover yield (StY), P concentration in stover (Pconc Stover), grain yield (GY), P concentration in grain (Pconc Grain); phosphate use efficiency of seedling (PUE Se), of stover (PUE St), of grain (PUE G); P content seedling (Pcont Se), stover (Pcont St), grain (Pcont G), and biomass (Pcont BM); phosphate utilization efficiency of stover (PUtE St), grain (PUtE G), biomass (PUtE BM), P ratio, P quotient of utilization (QUTIL), P internal utilization efficiency (PUtE int), and P balance (Pbal). If nothing is indicated, the population-specific values are based on the 2020 field data only, three location-year-combinations (Hohenheim 2019 and Hohenheim 2020, Eckartsweier 2020) are marked with ♣. Different superscript letters indicate significant (p-value < 0.05) differences between the eight subgroup means.
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	Subgroup
	Variable
	SeY♣
[g/4 plants]
	Pconc
Seedling♣
[ppm]
	StY
[g/plant]
	Pconc
Stover
[ppm]
	GY♣
[t/ha]
	Pconc
Grain♣
[ppm]
	PUE
Se♣
[kg/g P]
	PUE
St
[kg/g P]
	PUE
G♣
[kg/g P]
	Pcont
Se♣
[g/plant]
	Pcont
St
[g/plant]
	Pcont
G♣
[kg/ha]
	Pcont
BM
[kg/ha]
	PUtE
St
[g/mg P]
	PUtE
G
[kg/g P]
	PUtE
BM
[kg/g P]
	P
ratio
[%]
	QUTIL♣
[ ]
	PUtE
Int
[ ]
	Pbal
[kg/ha]

	WA
	mean
	6.42bc
	2957.03b
	37.15bc
	2321.89b
	0.74d
	3324.76b
	0.37a
	0.47cd
	0.30cd
	0.01bc
	0.08a
	2.36c
	9.45b
	0.36b
	0.07bc
	0.42b
	162.75b
	302.65cd
	581.04c
	-9.45a

	[bookmark: _Hlk98425458]
	
	2.11
	1.51E+05
	92.55
	9.85E+04
	0.14
	1.85E+04
	2.41E-03
	4.36E-03
	1.62E-04
	1.99E-06
	6.50E-04
	1.75
	6.41
	3.69E-03
	1.07E-03
	2.62E-03
	394.00
	167.00
	14939.91
	6.41

	
	
	1.62
	4.11E+04
	23.68
	3.76E+04
	0.11
	1.79E+04
	1.48E-03
	5.98E-03
	1.27E-04
	1.65E-06
	2.50E-04
	0.94
	0.88
	1.04E-03
	2.09E-04
	1.27E-03
	683.01
	125.42
	10698.70
	0.88

	
	
	0.73
	0.82
	0.74
	0.71
	0.69
	0.65
	0.76
	0.49
	0.66
	0.71
	0.71
	0.74
	0.79
	0.78
	0.79
	0.72
	0.42
	0.68
	0.54
	0.79

	SM
	mean
	5.28d
	3023.51ab
	33.30c
	1938.76c
	1.20c
	3193.47c
	0.36ab
	0.58b
	0.32b
	0.00d
	0.07b
	3.70c
	8.29b
	0.41a
	0.09b
	0.49a
	194.74a
	316.23b
	764.77b
	-8.29a

	
	
	3.17
	2.13E+05
	206.61
	2.17E+05
	0.66
	3.19E+04
	4.16E-03
	2.48E-02
	3.21E-04
	2.82E-06
	1.10E-03
	6.24
	16.96
	3.06E-02
	1.92E-03
	2.48E-02
	3281.66
	325.73
	55532.39
	16.96

	
	
	3.58
	2.48E+05
	0.54
	3.57E+04
	0.60
	1.43E+04
	3.54E-03
	8.32E-03
	1.09E-04
	4.32E-06
	2.59E-10
	4.99
	0.00
	9.30E-04
	7.47E-04
	3.76E-04
	194.62
	118.13
	26481.72
	0.00

	
	
	0.69
	0.68
	0.91
	0.84
	0.74
	0.78
	0.74
	0.81
	0.81
	0.63
	0.89
	0.76
	0.93
	0.97
	0.78
	0.98
	0.92
	0.81
	0.73
	0.93

	SF
	mean
	7.34ab
	3136.91ab
	38.13bc
	2615.62b
	0.89cd
	3263.22bc
	0.35ab
	0.41de
	0.31bc
	0.01ab
	0.10a
	2.80c
	11.00b
	0.31bc
	0.06bc
	0.37bc
	137.04bc
	309.43bc
	499.47c
	-11a

	
	
	2.94
	7.56E+04
	35.14
	1.91E+05
	0.18
	2.12E+04
	7.17E-04
	3.66E-03
	1.85E-04
	1.36E-06
	1.77E-04
	1.68
	3.19
	1.90E-03
	8.60E-04
	2.46E-03
	396.53
	188.29
	11453.43
	3.19

	
	
	1.66
	3.13E+04
	35.57
	2.70E+04
	0.24
	1.29E+04
	4.55E-04
	5.19E-04
	8.15E-05
	1.78E-06
	5.55E-04
	2.23
	3.21
	4.20E-04
	4.82E-04
	1.48E-10
	0.00
	93.72
	0.01
	3.21

	
	
	0.79
	0.72
	0.48
	0.84
	0.63
	0.72
	0.63
	0.66
	0.74
	0.62
	0.30
	0.62
	0.53
	0.72
	0.68
	0.87
	0.67
	0.73
	0.60
	0.53

	RT
	mean
	8.20a
	2985.20ab
	33.35bc
	3072.53a
	0.70d
	3410.13ab
	0.36ab
	0.34e
	0.30cd
	0.01a
	0.10a
	2.34c
	11.21b
	0.27cd
	0.05bc
	0.32c
	120.51c
	295.81cd
	403.76c
	-11.21a

	
	
	4.72
	7.17E+04
	27.05
	9.66E+04
	0.10
	6.06E+04
	1.14E-03
	6.62E-10
	4.46E-04
	2.36E-06
	3.01E-05
	0.98
	2.54
	1.03E-03
	1.38E-04
	7.54E-04
	61.86
	415.55
	0.05
	2.54

	
	
	2.41
	1.18E-02
	7.03
	1.84E+03
	0.07
	8.93E+03
	2.57E-04
	7.17E-04
	3.21E-05
	1.88E-06
	5.20E-04
	0.62
	1.06
	3.32E-09
	1.24E-04
	2.33E-09
	0.00
	58.18
	0.00
	1.06

	
	
	0.82
	0.79
	0.53
	0.81
	0.66
	0.90
	0.76
	0.00
	0.90
	0.73
	0.07
	0.66
	0.59
	0.67
	0.37
	0.67
	0.24
	0.88
	0.00
	0.59

	GB
	mean
	7.45a
	3067.83ab
	39.56bc
	2432.61b
	0.71d
	3249.47bc
	0.35ab
	0.44cde
	0.31bc
	0.01ab
	0.09a
	2.22c
	9.83b
	0.36bc
	0.05c
	0.41b
	148.48bc
	311.54bc
	513.09c
	-9.83a

	
	
	2.67
	9.36E+04
	94.86
	1.27E+05
	0.15
	2.36E+04
	1.42E-03
	3.32E-03
	2.08E-04
	1.52E-06
	6.24E-04
	1.58
	4.11
	2.81E-03
	7.30E-04
	2.51E-03
	448.87
	180.99
	5224.85
	4.11

	
	
	1.56
	6.96E+04
	1.43
	5.95E+03
	0.13
	8.51E+03
	1.01E-03
	6.62E-10
	1.05E-04
	1.76E-06
	1.84E-04
	1.26
	3.08
	2.00E-03
	2.92E-04
	7.97E-04
	0.00
	119.04
	0.00
	3.08

	
	
	0.78
	0.69
	0.82
	0.84
	0.68
	0.78
	0.70
	0.67
	0.74
	0.65
	0.73
	0.69
	0.60
	0.65
	0.70
	0.77
	0.70
	0.70
	0.41
	0.60

	CG
	mean
	6.26bcd
	3378.56a
	27.07c
	2618.35ab
	0.65d
	3542.86a
	0.33bc
	0.41cde
	0.29d
	0.01abc
	0.07ab
	2.30c
	8.11b
	0.30bcd
	0.07bc
	0.37bc
	153.88bc
	285.81d
	509.28c
	-8.11a

	
	
	0.85
	5.57E+04
	46.21
	2.99E+05
	0.16
	1.57E+05
	3.66E-04
	5.32E-03
	1.06E-03
	6.84E-07
	3.58E-04
	1.96
	6.57
	4.87E-03
	8.15E-04
	3.77E-03
	917.78
	1090.32
	7256.47
	6.57

	
	
	0.23
	1.47E+05
	0.00
	4.84E+04
	0.06
	6.94E+03
	1.24E-03
	1.55E-03
	4.18E-11
	2.13E-06
	9.21E-11
	0.62
	0.22
	2.65E-09
	2.36E-04
	4.69E-04
	117.20
	1.75
	2656.87
	0.22

	
	
	0.73
	0.45
	0.69
	0.87
	0.77
	0.96
	0.35
	0.69
	0.96
	0.42
	0.72
	0.80
	0.83
	0.90
	0.74
	0.86
	0.78
	0.97
	0.45
	0.83

	EF
	mean
	6.93ab
	3239.03a
	39.68b
	2231.26b
	2.46b
	3211.18c
	0.33bc
	0.5c
	0.31b
	0.01ab
	0.09a
	7.78b
	14.67a
	0.24d
	0.15a
	0.39bc
	162.67b
	314.4b
	853.91b
	-14.67b

	
	
	0.94
	3.40E+04
	84.57
	1.59E+05
	2.82
	3.95E+04
	3.40E-04
	7.44E-03
	3.60E-04
	5.96E-07
	6.91E-04
	26.99
	6.94
	2.14E-03
	1.35E-03
	1.71E-03
	755.41
	361.10
	41688.24
	6.94

	
	
	1.15
	2.28E+04
	4.00
	3.13E+04
	0.46
	1.16E+04
	5.32E-05
	2.85E-03
	1.06E-04
	9.87E-07
	1.36E-04
	3.85
	1.35
	2.10E-10
	2.51E-04
	1.38E-05
	202.78
	117.10
	27685.46
	1.35

	
	
	0.60
	0.56
	0.79
	0.81
	0.94
	0.83
	0.55
	0.71
	0.83
	0.51
	0.77
	0.94
	0.78
	0.81
	0.82
	0.82
	0.72
	0.82
	0.66
	0.78

	ED
	mean
	5.69cd
	3375.28a
	56.45a
	1715.70c
	3.15a
	2943.15d
	0.32c
	0.66a
	0.34a
	0.01cd
	0.09a
	8.99a
	15.95a
	0.31bc
	0.15a
	0.47a
	202.63a
	344.55a
	1069.6a
	-15.95b

	
	
	1.24
	8.94E+04
	131.37
	1.24E+05
	5.24
	1.13E+05
	6.54E-04
	1.41E-02
	1.43E-03
	7.52E-07
	3.94E-04
	38.44
	3.82
	2.44E-03
	9.96E-04
	3.03E-03
	1430.46
	1493.37
	35700.02
	3.82

	
	
	0.63
	4.26E+04
	40.45
	3.20E+04
	1.72
	9.20E+03
	2.92E-04
	1.84E-02
	2.40E-04
	7.83E-07
	4.58E-04
	10.22
	5.37
	1.99E-03
	1.83E-03
	5.83E-04
	1221.92
	248.80
	153485.98
	5.37

	
	
	0.74
	0.73
	0.76
	0.77
	0.90
	0.94
	0.64
	0.56
	0.92
	0.60
	0.52
	0.91
	0.49
	0.62
	0.48
	0.82
	0.64
	0.92
	0.30
	0.49




Table S4 Markers reaching the Bonferroni-corrected significance threshold of 5.65 in the genome-wide association study. Frequency indicates how often this SNP was identified as a significant marker for the 20 investigated phosphate efficiency measures.
	Trait
	Marker 
	Chr.
	Pos. [bp]
	P value
	Frequency

	Seedling yield
	-
	-
	-
	-
	-

	P concentration seedling
	AX-90559399
	10
	62,300,773
	1.18E-11
	7

	
	AX-90549380
	6
	103,112,536
	1.13E-07
	1

	
	AX-91363640
	10
	18,983,353
	2.69E-07
	1

	
	AX-90528468
	1
	2,106,411
	2.82E-06
	1

	
	AX-90539192
	3
	155,496,851
	3.46E-06
	1

	Stover yield
	AX-90551406
	7
	85,298,782
	4.08E-07
	1

	P concentration stover
	AX-90561279
	4
	238,100,142
	3.13E-10
	4

	
	AX-90571724
	3
	29,590,115
	7.13E-10
	2

	
	AX-90540452
	3
	232,646,913
	2.68E-06
	1

	Grain yield
	AX-90538422
	3
	112,492,593
	1.93E-06
	2

	P concentration grain
	AX-90546602
	5
	140,470,238
	3.31E-07
	3

	P content grain
	AX-90554163
	2
	119,423,856
	7.32E-09
	1

	
	AX-90538422
	3
	112,492,593
	1.20E-08
	2

	
	AX-90547819
	5
	215,515,596
	2.78E-07
	1

	
	AX-90565978
	6
	98,782,602
	6.84E-07
	1

	PUE seedling
	AX-90559399
	10
	62,300,773
	4.63E-19
	7

	
	AX-90552092
	7
	122,960,118
	4.01E-08
	1

	PUE grain
	AX-90559399
	10
	62,300,773
	2.37E-07
	7

	
	AX-90546602
	5
	140,470,238
	4.76E-07
	3

	PUE stover
	AX-90561279
	4
	238,100,142
	5.60E-08
	4

	P content seedling
	AX-90542610
	4
	135,840,932
	9.51E-08
	1

	
	AX-90559399
	10
	62,300,773
	5.45E-07
	7

	
	AX-90539179
	3
	155,180,061
	1.30E-06
	1

	P content stover
	AX-90527406
	2
	205,704,579
	5.14E-07
	1

	
	AX-91348995
	4
	224,627,185
	1.06E-06
	1

	
	AX-90559399
	10
	62,300,773
	1.75E-06
	7

	
	AX-91360121
	8
	135,656,836
	2.19E-06
	1

	P content biomass
	AX-90559588
	10
	71,953,924
	1.67E-06
	1

	PUtE stover
	AX-90571337
	7
	177,638,927
	1.40E-13
	2

	
	AX-91354059
	6
	91,229,070
	4.32E-08
	1

	
	AX-90559399
	10
	62,300,773
	2.20E-07
	7

	
	AX-91377974
	10
	70,052,981
	1.05E-06
	1

	
	AX-90558912
	10
	30,081,724
	1.61E-06
	1

	PUtE grain
	
	-
	-
	-
	-

	PutE biomass
	AX-90571337
	7
	177,638,927
	2.76E-15
	2

	
	AX-90559399
	10
	62,300,773
	4.71E-15
	7

	
	AX-90571724
	3
	29,590,115
	8.16E-14
	2

	
	AX-90561279
	4
	238,100,142
	1.21E-12
	4

	
	AX-90571133
	1
	66,654,956
	6.66E-09
	1

	
	AX-90542916
	4
	155,454,018
	3.79E-07
	1

	
	AX-90573683
	1
	51,465,666
	5.60E-07
	1

	
	AX-90550118
	6
	150,515,669
	1.37E-06
	1

	P ratio
	AX-90561279
	4
	238,100,142
	2.59E-08
	4

	QUTIL
	AX-90559602
	10
	73,628,694
	1.29E-08
	1

	
	AX-91332263
	3
	228,880,245
	1.21E-06
	1

	
	AX-90546602
	5
	140,470,238
	1.28E-06
	3

	PUtE int
	AX-91364519
	10
	73,645,344
	7.73E-08
	1

	P balance
	AX-90559588
	10
	71,953,924
	1.67E-06
	-





[image: ]

[bookmark: _GoBack]Figure S1 Weather data of the three location-year combinations during the maize growing season. Precipitation is depicted as bar plots, the tem
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