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Online Resource 1: Mean temperature and precipitation at site A*
	[bookmark: _GoBack]Parameter
	unit
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Year

	
	1991 - 2020

	Temperature x̄
	°C
	-0.1
	0.5
	4.4
	8.8
	13.1
	16.6
	18.3
	18.0
	13.4
	9.0
	3.8
	0.7
	8.9

	Precipitation ∑
	mm
	54.0
	43.0
	60.0
	54.0
	103.0
	110.0
	110.0
	103.0
	71.0
	63.0
	58.0
	59.0
	888.0

	
	2018

	Temperature x̄
	°C
	3.9
	-2.9
	2.8
	12.9
	15.4
	17.3
	19.3
	20.2
	15.0
	10.0
	3.9
	2.8
	10.6

	Precipitation ∑
	mm
	99.7
	44.5
	27.3
	12.7
	92.8
	128.7
	101.1
	82.5
	88.9
	39.0
	23.8
	80.3
	821.3

	
	2019

	Temperature x̄
	°C
	-0.8
	2.7
	6.2
	9.6
	10.6
	19.4
	19.2
	18.7
	13.8
	10.9
	4.5
	2.5
	9.8

	Precipitation ∑
	mm
	84.1
	21.3
	48.2
	16.9
	129.5
	41.0
	93.9
	87.1
	72.2
	71.3
	29.6
	39.6
	734.7

	
	2020

	Temperature x̄
	°C
	2.1
	5.2
	4.9
	11.0
	11.9
	15.8
	18.6
	18.9
	14.7
	9.2
	4.8
	1.1
	9.9

	Precipitation ∑
	mm
	20.7
	118.0
	52.8
	25.8
	45.1
	253.4
	61.3
	130.4
	47.6
	82.5
	13.4
	39.1
	890.1

	
	2021

	Temperature x̄
	°C
	-0.5
	2.5
	4.2
	6.3
	10.3
	18.3
	17.8
	16.6
	14.9
	8.4
	2.7
	2.1
	8.6

	Precipitation ∑
	mm
	55.2
	39.8
	47.1
	21.7
	161.4
	168.3
	114.2
	136.7
	40.6
	23.2
	31.7
	70.6
	910.6

	
	2022

	Temperature x̄
	°C
	1.3
	3.8
	4.5
	7.4
	14.8
	18.5
	19.6
	19.2
	12.9
	12.6
	5.6
	1.6
	10.2

	Precipitation ∑
	mm
	23.4
	30.2
	13.6
	42.3
	85.9
	97.4
	71.2
	60.7
	81.3
	78.8
	53.7
	53.4
	691.9


*Weather station Maisach-Galgen (10 km west of the study fields)
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Online Resource 2: Mean temperature and precipitation at site B*
	Parameter
	unit
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Year

	1991-2020

	Temperature x̄
	°C
	-0.7
	0.6
	4.3
	9.0
	13.3
	16.9
	18.1.
	17.8
	13.3
	8.9
	3.7
	0.5
	8.8

	Precipitation ∑
	mm
	50.4
	39.2
	51.6
	49.0
	91.5
	100.1
	102.1
	94.5
	66.3
	61.9
	53.5
	53.2
	813.1

	2018
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	3.6
	-2.5
	2.9
	13.1
	16.3
	17.8
	19.2
	19.8
	14.7
	10.0
	4.2
	2.7
	10.2

	Precipitation ∑
	mm
	88.1
	29.2
	30.2
	8.8
	93.4
	123.0
	69.3
	66.7
	65.8
	55.3
	27.2
	97.4
	745.4

	2019

	Temperature x̄
	°C
	-0.6
	2.2
	6.3
	10.2
	10.6
	19.6
	19.0
	18.7
	13.8
	10.2
	4.5
	2.2
	9.7

	Precipitation ∑
	mm
	86.3
	38.3
	48.5
	12.3
	118.0
	79.3
	54.3
	98.9
	48.4
	50.2
	35.9
	54.9
	725.3

	2020

	Temperature x̄
	°C
	1.3
	4.7
	5.0
	10.6
	11.8
	16.1
	18.4
	18.8
	14.3
	9.0
	4.2
	1.2
	9.6

	Precipitation ∑
	mm
	25.9
	96.0
	37.5
	23.4
	31.8
	154.1
	68.0
	104.3
	37.7
	90.0
	16.4
	45.7
	766.8

	2021

	Temperature x̄
	°C
	-0.7
	2.3
	4.1
	6.3
	10.5
	18.8
	17.9
	16.4
	14.5
	8.0
	2.8
	2.0
	8.6

	Precipitation ∑
	mm
	53.7
	40.2
	36.6
	29.0
	161.0
	131.0
	114.8
	166.7
	35.9
	17.7
	36.9
	90.9
	914.4

	2022

	Temperature x̄
	°C
	1.2
	3.8
	4.6
	7.4
	14.8
	18.8
	19.6
	19.4
	12.7
	11.9
	5.2
	1.3
	10.1

	Precipitation ∑
	mm
	48.5
	36.7
	13.8
	57.4
	70.1
	99.4
	57.0
	85.4
	75.3
	60.6
	55.9
	56.6
	719.7


*Weather station Freising (1 km north of the study fields)


Online Resource 3: Mean temperature and precipitation at site C*
	Parameter
	unit
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Year

	1991-2020
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	-0.8
	0.4
	4.4
	9.2
	13.6
	16.9
	18.5
	18.2
	13.6
	8.9
	3.6
	0.1
	8.9

	Precipitation ∑
	mm
	48.4
	40.5
	61.6
	49.6
	93.6
	100.4
	106.5
	102.4
	77.7
	60.6
	53.7
	53.9
	848.8

	2018
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	3.0
	-2.4
	2.6
	13.7
	16.6
	18.3
	19.6
	20.5
	15.3
	11.0
	4.6
	2.0
	10.4

	Precipitation ∑
	mm
	88.0
	27.3
	41.7
	13.5
	68.5
	63.2
	79.0
	86.4
	55.7
	47.1
	32.2
	92.7
	695.3

	2019
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	-0.9
	1.9
	6.6
	10.6
	11.0
	20.8
	19.6
	19.3
	14.3
	10.3
	4.2
	2.4
	10.0

	Precipitation ∑
	mm
	65.6
	36.5
	57.4
	15.3
	162.5
	44.9
	65.7
	53.7
	52.8
	44.8
	37.9
	32.5
	669.6

	2020
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	0.9
	4.4
	5.2
	11.4
	12.3
	16.7
	18.6
	19.2
	14.9
	8.9
	4.0
	1.0
	9.8

	Precipitation ∑
	mm
	23.9
	91.5
	39.0
	33.7
	57.1
	186.0
	96.8
	125.3
	81.2
	71.2
	20.7
	37.1
	863.5

	2021
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	-1.1
	2.3
	4.4
	6.7
	11.0
	19.8
	18.7
	16.9
	15.5
	8.2
	3.2
	1.5
	8.9

	Precipitation ∑
	mm
	66.4
	32.7
	19.4
	28.2
	127.5
	107.4
	164.1
	193.1
	35.3
	34.5
	46.1
	78.2
	933.0

	2022
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Temperature x̄
	°C
	1.1
	3.9
	5.4
	7.7
	15.2
	19.0
	19.9
	20.1
	13.0
	12.3
	5.3
	0.9
	10.3

	Precipitation ∑
	mm
	34.1
	31.3
	19.0
	44.7
	53.7
	103.5
	34.4
	54.1
	71.3
	58.9
	69.9
	66.7
	641.7


*Weather station Frieding (15 km north of the study field)


Online Resource 4: Crop rotation at the study fields
	Field
	A1
	B1
	C1
	C2

	Year
	Crop rotation
	Crop rotation
	Crop rotation
	Crop rotation

	2018
	Winter wheat
	Winter wheat
	Winter wheat
	Corn

	2019
	Corn
	Winter barley
	Canola 
	Soybeans

	2020
	Winter wheat
	Canola 
	Winter barley
	Corn

	2021
	Winter barley
	Winter wheat
	Corn
	Winter wheat

	2022
	Spring barley
	Winter barley
	Winter wheat
	Winter barley




Online Resource 5: Crop-specific growth stages
	Growth stages
	Description of growth stages
	Winter wheat
	Winter barley
	Canola
	Corn
	Soybeans

	GS 32
	Second node1 detectable
	X
	X
	
	
	

	GS 39
	Flag leaf fully unrolled, ligule just visible1
	X
	X
	
	X
	

	GS 50
	Flower buds present and enclosed by leaves 2
	
	
	X
	
	

	GS 60
	Start of flowering (first flowers open)2
	
	
	X
	
	

	GS 65
	Flowering halfway (50% of anthers mature1
	X
	X
	
	X
	

	GS 70
	10 % of the pods have reached their final size2
	
	
	X
	
	

	V5
	Fifth Trifoliate (five nodes on the main steam with fully developed leaves)3
	
	
	
	
	X

	R2
	Full bloom (there is an open flower at one of the two uppermost nodes3
	
	
	
	
	X

	R5
	Beginning of seed filling (seed is 3 mm long in one of the pods of the four uppermost nodes at the main stem)3
	
	
	
	
	X


1Description of the main system of growth stages of cereals according to Biologische Bundesanstalt, Bundessortenamt und CHemical Industry (BBCH) AHDB (2023a)
2Description of the development stages of canola according to the two main systems in use (BBCH and AAB scales AHDB (2023b)
3Decription of the development stages of soybeans (NDSU 2021)



Online resource 6: Methods description of plant data
	Plant parameters
	
	
	
	

	Variable
	Unit 
	Data source
	Method
	Literature

	a) based on combine harvester

	Grain yielda
	t ha-1
	Combine harvester
	Volume flow sensor
	(Noack 2007)

	b) based on satellite data

	Vegetation index
	NDVI
	Satellite datab
	Reflectance measurements
	(DLR 2022)

	Biomass potential
	%
	Satellite datab
	Multi-year NDVI raster/              mean multi-year NDVI field*100
	(Hagn et al. 2023)

	c) based on data from tractor-mounted sensor system
	
	
	
	

	Vegetation index
	REIP
	Tractor-mounted sensorc
	Reflectance measurements
	(tec5 2021)

	Grain yieldc
	t ha-1
	Tractor-mounted sensorc
	Yield algorithm
	(Maidl et al. 2019)

	d) based on  biomass samples
	
	
	
	

	Grain yielda
	t ha-1
	Biomass samples
	Threshing
	(Wintersteiger 2023)

	a Grain yield (14 % moisture content)
b Sentinel-2 MSI-Level 2A (MAJA Tiles)
c Tractor-mounted reflectance measurements sensor (350-1140 nm)







Online resource 7: Methods description of soil data
	Soil properties
	
	
	
	

	Property
	Unit 
	Data source
	Method
	Literature

	Soil organic carbon  content (0-30 cm)
	% DM
	Soil samples
	C/N Analyzer
	(DIN ISO 10694 1996)

	Soil total nitrogen content (0-30 cm)
	% DM
	Soil samples
	C/N Analyzer
	(DIN ISO 10694 1996)

	Plant available phosphorus content (0-30 cm)
	mg (100 g)-1
	Soil samples
	CAL method
	(VDLUFA 2012)

	Plant available potassium content (0-30 cm)
	mg (100 g)-1
	Soil samples
	CAL method
	(VDLUFA 2012)

	pH (0-30 cm)
	
	Soil samples
	CaCl2  method
	(VDLUFA 2016)

	Soil texture (0-30cm)
	
	Soil samples
	Texture by feel method
	(VDLUFA 1997)
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Online Resource 8: Descriptive statistic of the plant parameters (field B1)
	Variable
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	rel. BMP GS 32 winter wheat (2018)
	511
	%
	100.0
	101.8
	81.9
	117.5
	8.5
	-0.33

	rel. BMP GS 39 winter wheat (2018)
	511
	%
	100.0
	102.4
	72.8
	122.5
	13.1
	-0.22

	rel. BMP GS 65 winter wheat (2018)
	511
	%
	100.0
	100.9
	88.5
	108.4
	5.0
	-0.46

	rel. BMP GS 32 winter barley (2019)
	511
	%
	100.0
	100.0
	92.8
	106.4
	3.0
	-0.12

	rel. BMP GS 39 winter barley (2019)
	511
	%
	100.0
	100.0
	91.7
	106.2
	3.0
	-0.06

	rel. BMP GS 65 winter barley (2019)
	511
	%
	100.0
	100.0
	94.2
	104.7
	2.5
	0.04

	rel. BMP GS 50 canola (2020)
	511
	%
	100.0
	100.2
	62.4
	136.3
	15.9
	0.16

	rel. BMP GS 60 canola (2020)
	511
	%
	100.0
	99.2
	84.6
	116.6
	7.0
	0.27

	rel. BMP GS 70 canola (2020)
	511
	%
	100.0
	100.3
	95.1
	105.6
	1.6
	-0.92

	Yield harvester (2018)
	4922
	t ha-1
	10.0
	10.0
	6.2
	13.6
	1.6
	0.16

	REIP (2018)
	2617
	nm
	730.5
	730.7
	727.1
	733.3
	1.5
	-0.29

	Method description in Electronic Supplementary Material (Online Resource 6)










Online Resource 9: Descriptive statistic of the soil parameters (field B1)
	Property
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	SOC
	48
	% DM
	1.5
	1.4
	1.2
	2.1
	0.1
	1.42

	TN
	48
	% DM
	0.16
	0.16
	0.11
	0.23
	0.02
	1.03

	Sand
	48
	%
	24.3
	23.3
	16.9
	35.2
	4.6
	0.46

	Clay
	48
	%
	20.6
	21.5
	12.8
	23.4
	2.5
	-1.32

	Silt
	48
	%
	55.0
	56.6
	45.2
	57.7
	3.3
	-1.38

	AWC
	48
	Vol. %
	17.9
	17.9
	15.9
	22.0
	0.7
	2.67

	PCAL
	48
	mg (100 g)-1
	5.7
	5.4
	3.4
	12.4
	1.5
	1.09

	KCAL
	48
	mg (100 g)-1
	14.0
	13.3
	9.1
	26.1
	2.7
	1.24

	pH
	48
	 
	7.0
	7.0
	6.9
	7.0
	0.0
	-0.81

	Elevation
	4922
	m
	480
	480
	471
	487
	3.6
	-0.06

	Method description in Electronic Supplementary Material (Online Resource 7)
	 
	 












Online Resource 10: Descriptive statistic of the plant parameters (field C1)
	Variable
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	rel. BMP winter wheat (2018)
	781
	%
	100.0
	100.3
	91.8
	106.9
	3.5
	-0.35

	rel. BMP canola (2019)
	781
	%
	100.0
	100.9
	92.7
	105.5
	2.9
	-0.79

	rel. BMP winter barley (2020)
	781
	%
	100.0
	100.1
	94.1
	105.2
	2.1
	-0.43

	rel. BMP corn (2021)
	781
	%
	100.0
	100.4
	92.7
	105.2
	2.9
	-0.43

	rel. BMP winter wheat (2022)
	781
	%
	100.0
	100.2
	94.0
	105.4
	1.2
	-0.44

	rel. BMP all crops (2018-2022)
	781
	%
	100.0
	100.3
	94.5
	106.0
	2.2
	-0.42

	Yield1 (2022)
	2114
	t ha-1
	9.4
	9.5
	8.9
	10.0
	0.24
	0.00


Method description in Electronic Supplementary Material (Online Resource 6)
1 Yield derived from REIP (tractor-mounted sensor system) + yield algorithm (Maidl et. al 2019)










Online Resource 11: Descriptive statistic of the soil parameters (field C1)
	Property
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	SOC (0-30 cm)
	60
	% DM
	1.4
	1.3
	1.1
	2.1
	0.2
	-0.33

	TN (0- 30 cm)
	60
	% DM
	0.15
	0.14
	0.12
	0.22
	0.0
	-0.42

	PCAL (0-30 cm)
	60
	mg (100 g)-1
	7.6
	5.8
	3.1
	31.7
	5.5
	2.64

	KCAL (0-30 cm)
	60
	mg (100 g)-1
	12.6
	11.2
	7.0
	25.3
	4.4
	0.93

	pH (0-30 cm)
	60
	 
	6.5
	6.5
	6.0
	7.2
	0.3
	-6.36

	Method description in Electronic Supplementary Material (Online Resource 7)
	 
	 
	 
	 

















Online Resource 12: Descriptive statistic of the plant parameters (field C2)
	Variable
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	rel. BMP corn (2018)
	713
	%
	99.9
	99.9
	96.1
	103.0
	1.5
	-0.28

	rel. BMP soybeans (2019)
	713
	%
	99.8
	99.7
	95.7
	103.5
	1.8
	-0.23

	rel. BMP winter wheat (2020)
	713
	%
	99.6
	99.7
	93.5
	105.5
	2.7
	-0.33

	rel. BMP winter barley (2021)
	713
	%
	99.4
	99.8
	90.9
	106.0
	3.5
	-0.41

	rel. BMP corn (2022)
	713
	%
	100.2
	100.1
	91.3
	109.6
	3.8
	0.17

	rel. BMP (2018 - 2022)
	713
	%
	99.8
	99.8
	94.5
	104.2
	1.9
	-0.19

	Yield1  (2020)
	1894
	t ha-1
	9.4
	9.4
	8.51
	10.3
	0.36
	-0.05


Method description in Electronic Supplementary Material (Online Resource 6)
1 Yield derived from REIP (tractor-mounted sensor system) + yield algorithm (Maidl et. al 2019)



Online Resource 13: Descriptive statistic of the soil parameters (field C2)
	Variable
	n
	Unit
	Mean
	Median
	Minimum
	Maximum
	Standard deviation
	Skewness

	SOC
	60
	% DM
	1.5
	1.5
	1.4
	1.8
	0.1
	0.18

	TN
	60
	% DM
	0.15
	0.15
	0.13
	0.19
	0.0
	0.29

	PCAL
	60
	mg (100 g)-1
	4.1
	4.1
	2.8
	5.9
	0.7
	0.29

	KCAL
	60
	mg (100 g)-1
	7.5
	7.5
	3.2
	14.1
	1.5
	0.41

	pH
	60
	 
	6.5
	6.5
	6.0
	6.9
	0.1
	-0.18

	Method description in Electronic Supplementary Material (Online Resource 7)
	 
	 
	 
	 






Online resource 14: Variograms of a) SOC content, b) TN content, c) Sand content, d) rel. BMP winter wheat 2018, e) rel. BMP winter wheat 2020, f) rel. BMP winter wheat 2018 &2020, g) yield combine harvester , h) yield biomass samples, i) spectral reflectance measurements (field A1)
[image: ]


Online resource 15: Variograms of a) rel. BMP GS 32 winter wheat 2018, b) rel. BMP GS 39 winter wheat 2018 c) rel. BMP GS 65 winter wheat 2018, d) rel. BMP GS 32 winter barley 2019, e rel. BMP GS 39 winter barley 2019, f) rel. BMP GS 65 winter barley 2019, g) rel. BMP GS 50 canola 2020, h) rel. BMP GS 60 canola 2020, i) rel. BMP GS 70 canola 2020 (field B1)
[image: ]

Online resource 16: Variograms of a) SOC content, b) TN content, c) pH, d) rel. BMP winter wheat 2018, e) rel. BMP canola 2019, f) rel. BMP winter barley 2020, g) rel. BMP corn 2021, h) rel. BMP winter wheat 2022, i) rel. BMP all crops 2018-2022 (field C1)
[image: ]


Online resource 17: Variograms of a) SOC content, b) TN content, c) pH, d) rel. BMP corn 2018, e) rel. BMP soybeans 2019, f) rel. BMP winter wheat 2020, g) rel. BMP winter barley 2021, h) rel. BMP corn 2022, i) rel. BMP all crops 2018-2022 (field C2)
[image: ] 
[image: ]
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