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Table S1. Principle equations used for LePA model operating of all experimental sites
	Equation number
	Equations
	
	
	
	
	

	
	Yangling
	Qiyang
	Jinxian
	Chongqing
	Zhengzhou
	Gongzhuling

	a Correlation between soil TP (x) and Olsen-P (y) 
	
	
	
	
	
	

	1
	y1=93.1x-51.1, x<1.32
	y1=3.5x+2.8, x<0.51
	y1=20.7x-2.0, x≤0.51
	y1=5.3x-0.05, x<0.73
	y1=34.3x-13.3, x≤0.64
	y1=44.4x-9.1, x<0.74

	2
	y2=257.6x-268.4, x>1.32
	y2=152.8x-73.3, x≥0.51
	y2=105.9x-45.2, x>0.51
	y2=57.0x-20.3, x≥0.73
	y2=237.1x-143.1, x>0.64
	y2=175.2x-106.1, x>0.74

	b Correlation between soil Olsen-P (x) and crop yield (y)
	
	
	
	
	
	

	3 Wheat (Early rice in Jinxian)
	y=0.06x-0.5, x<16.1
	y=0.04x+0.19, x<12.7
	y=0.01x+0.57, x<29.2
	y=0.05x+0.76, x<11.1
	y=0.08x+0.30, x<7.6
	

	4 Wheat (Early rice in Jinxian)
	y=0.90, x≥16.1
	y=0.69, x≥12.7
	y=0.94, x≥29.2
	y=0.87, x≥11.1
	y=0.91, x≥7.6
	

	5 Maize (Late rice in Jinxian; Rice in Chongqing)
	y=0.05x+0.22, x<14.6
	y=0.02x+0.22, x<28.2
	y=0.01x+0.56, x<30.0
	y=0.02x+0.75, x<10.9
	y=0.04x+0.60, x<8.0
	y=0.03x+0.67, x<10.4

	6 Maize (Late rice in Jinxian; Rice in Chongqing)
	y=0.90, x≥14.6
	y=0.71, x≥28.2
	y=0.92, x≥30.0
	y=0.93, x≥10.9
	y=0.90, x≥8.0
	y=0.93, x≥10.4

	c Correlation between soil TPA (x) and PA (y)
7 Wheat
8 Maize
	
y=0.04x-51.19
y=0.02x-9.22
	
y=0.02x-25.30
y=0.02x-17.93
	
y=0.0035x+5.5331
y=0.0016x+8.0522
	
y=0.0222x-27.851
y=0.0093x-0.2541
	
y=0.0693x-81.696
y=0.0195x-8.4064
	

PA/TPA=0.03


a The correlation between soil TP and Olsen-P at Yangling and Qiyang sites in detail was shown in the published literatures (Bai et al., 2013; Yu et al., 2021). Figure S1 showed the correlation between soil TP and Olsen-P of Jinxian, Chongqing, Zhengzhou and Gongzhuling in detail
b The correlation between soil Olsen-P and crop yield at Yangling and Qiyang sites in detail was shown in the published literatures (Bai et al., 2013; Yu et al., 2021). The correlation between soil Olsen-P and crop yield at Chongqing site was shown in Bai et al. (2013). Figure S2 showed the correlation at Jinxian, Zhengzhou and Gongzhuling sites in detail
c The correlation between soil TPA and PA at Yangling and Qiyang sites in detail was shown in Yu et al. (2021). Figure S3 showed the correlation between soil TPA and PA of Jinxian, Chongqing and Zhengzhou in detail

Table S2. Observed crop P uptakes (kg ha-1) in the Yangling, Qiyang, Jinxian, Chongqing, Zhengzhou and Gongzhuling for validation of LePA model.
	
	Yanglinga
	Qiyangb
	Jinxianc
	Chongqingd
	Zhengzhoue
	Gongzhulingf

	Year
	Wheat-Maize
	Wheat-Maize
	Rice-Rice
	Wheat-Rice
	Wheat-Maize
	Maize

	
	NP  NPK  NPKS
	NP  NPK  NPKS
	NP
	NPK
	HNPK
	NK
	NP
	NPK
	NPKS
	NK
	NP
	NPK
	NPKS
	NK
	NP
	NPK
	NPKS

	1981
	
	
	22
	24
	24
	
	
	
	
	
	
	
	
	
	
	
	

	1982
	
	
	23
	25
	27
	
	
	
	
	
	
	
	
	
	
	
	

	1983
	
	
	19
	22
	24
	
	
	
	
	
	
	
	
	
	
	
	

	1984
	
	
	20
	21
	23
	
	
	
	
	
	
	
	
	
	
	
	

	1985
	
	
	21
	22
	24
	
	
	
	
	
	
	
	
	
	
	
	

	1986
	
	
	23
	27
	31
	
	
	
	
	
	
	
	
	
	
	
	

	1987
	
	
	19
	23
	28
	
	
	
	
	
	
	
	
	
	
	
	

	1988
	
	
	18
	22
	26
	
	
	
	
	
	
	
	
	
	
	
	

	1989
	
	
	19
	23
	29
	
	
	
	
	
	
	
	
	
	
	
	

	1990
	
	
	20
	22
	28
	
	
	
	
	
	
	
	
	31
	32
	33
	23

	1991
	39   40    43
	19   18    22
	18
	22
	25
	
	
	
	
	47
	48
	47
	52
	28
	29
	29
	26

	1992
	37   38    40
	22   24    25
	19
	21
	24
	27
	28
	29
	32
	42
	54
	52
	54
	27
	29
	28
	27

	1993
	40   40    39
	18   17    27
	20
	23
	26
	21
	21
	23
	29
	41
	51
	59
	50
	29
	31
	31
	30

	1994
	38   37    41
	21   21    24
	17
	19
	24
	29
	32
	32
	36
	26
	39
	35
	41
	33
	35
	35
	33

	1995
	40   41    43
	19   22    22
	16
	17
	19
	27
	27
	29
	32
	28
	46
	49
	50
	33
	35
	37
	36

	1996
	39   38    38
	20   26    28
	22
	23
	27
	25
	29
	29
	32
	25
	45
	45
	48
	30
	31
	32
	32

	1997
	48   49    41
	14   25    30
	24
	28
	34
	22
	26
	29
	30
	26
	43
	47
	53
	29
	30
	30
	31

	1998
	57   52    56
	5    25    23
	16
	17
	21
	18
	21
	25
	28
	16
	42
	39
	44
	33
	30
	33
	33

	1999
	58   40    47
	11   19    24
	20
	21
	24
	22
	25
	29
	29
	32
	60
	55
	60
	34
	32
	35
	36

	2000
	41   43    46
	3    14    11
	16
	24
	26
	21
	25
	28
	30
	24
	53
	47
	53
	19
	22
	22
	24

	2001
	49   55    50
	11   18    22
	21
	22
	26
	20
	25
	28
	29
	28
	43
	53
	57
	34
	32
	36
	37

	2002
	68   67    69
	7    18    19
	19
	21
	27
	18
	23
	28
	29
	21
	42
	47
	46
	30
	33
	33
	36

	2003
	34   39    42
	8    17    22
	20
	20
	23
	25
	31
	37
	36
	21
	44
	53
	47
	27
	30
	32
	33

	2004
	45   50    50
	5    13    13
	22
	24
	27
	24
	29
	33
	33
	29
	61
	62
	58
	28
	28
	30
	32

	2005
	45   46    44
	4    9     11
	22
	24
	25
	21
	27
	33
	32
	
	
	
	
	29
	30
	31
	32

	2006
	48   48    48
	3    5     10
	16
	18
	20
	18
	22
	27
	26
	
	
	
	
	30
	32
	34
	34

	2007
	46   47    53
	3    6     7
	17
	20
	24
	19
	21
	25
	25
	
	
	
	
	34
	37
	39
	36

	2008
	48   48    53
	
	23
	24
	25
	25
	32
	36
	37
	
	
	
	
	30
	34
	35
	36

	2009
	
	
	
	
	
	
	
	30
	31
	
	
	
	
	32
	35
	38
	38

	2010
	
	
	
	
	
	
	
	32
	34
	
	
	
	
	28
	35
	37
	39

	2011
	
	
	
	
	
	
	
	33
	33
	
	
	
	
	29
	38
	41
	41

	2012
	
	
	
	
	
	
	
	31
	30
	
	
	
	
	28
	39
	41
	39

	2013
	
	
	
	
	
	
	
	
	
	
	
	
	
	24
	37
	39
	36

	2014
	
	
	
	
	
	
	
	
	
	
	
	
	
	26
	35
	38
	35


Crop P uptakes = Crop grain yields × P concentration in grain + Crop straw yields × P concentration in straw. Crop straw yields are calculated by crop grain yields and crop harvest index. P concentrations respectively in grain and straw of wheat are 3.25 and 0.8 g kg-1, P concentrations respectively in grain and straw of maize are 2.18 and 1.52 g kg-1 and P concentrations respectively in paddy and straw of rice are 1.1 and 1.3 g kg-1 (Zhu et al., 2017).
a Data of crop grain yields at Yangling site sources from Xu et al. (2015). 
b Data of crop grain yields at Qiyang site was collected from the published literatures (Cai et al., 2011; Zhao et al., 2012). 
c Data of crop grain yields at Jinxian site sources from Xu et al. (2015). 
[bookmark: _Hlk66435734]d Data of crop grain yields at Chongqing site sources from Xu et al. (2015). 
e Data of crop grain yields at Zhengzhou site sources from Zhao et al. (2012). 
f Data of crop grain yields at Gongzhuling site was collected from the published literatures (Zhao et al., 2012; Xu et al., 2015).


Table S3. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Yangling for validation of LePA model.
	Year

	TP
	Olsen-P

	
	NP
	NPK
	NPKS
	NP
	NPK
	NPKS

	1991
	0.58
	(0.62)
	0.59
	7.89
	7.65
	12.94

	1992
	
	
	
	16.76
	14.92
	15.80

	1993
	0.73
	0.72
	
	14.83
	15.61
	17.70

	1994
	(0.71) 
	0.60
	(0.70)
	15.27
	11.91
	17.50

	1995
	0.79
	0.85
	
	14.83
	21.07
	26.65

	1996
	0.84
	0.83
	0.86
	18.28
	23.41
	25.81

	1997
	0.84
	(0.77)
	
	15.61
	14.73
	21.46

	1998
	
	
	
	21.75
	25.28
	

	1999
	0.86
	0.83
	
	21.41
	25.26
	

	2000
	0.95
	0.91
	0.95
	19.47
	18.89
	29.57

	2001
	0.88
	0.82
	
	24.68
	24.73
	28.76

	2002
	0.86
	(0.76)
	0.96
	25.61
	28.08
	25.68

	2003
	0.92
	0.86
	(0.83)
	
	
	

	2004
	
	
	
	22.48
	24.69
	34.49

	2005
	1.17
	1.14
	1.24
	25.61
	25.61
	33.51

	2006
	
	
	
	25.19
	30.86
	25.93

	2007
	1.03
	0.99
	1.02
	28.10
	27.49
	31.37

	2008
	0.93
	1.01
	1.03
	25.82
	33.30
	23.96


[bookmark: _Hlk66437462]Data of soil TP and Olsen-P was collected from the published literatures (Yang et al., 2009; Yang et al., 2014; Xu et al., 2015; Yang et al., 2018; Khan et al., 2018; Wu et al., 2020). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.








Table S4. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Qiyang for validation of LePA model.
	Year
	TP
	Olsen-P

	
	NP
	NPK
	NPKS
	NP
	NPK
	NPKS

	1991
	0.51
	0.51
	0.52
	9.57
	9.68
	8.06

	1992
	(0.56)
	(0.55)
	0.52
	9.57
	9.68
	8.06

	1993
	(0.61)
	0.63
	(0.58)
	14.36
	20.97
	18.31

	1994
	0.73
	0.74
	0.62
	19.26
	24.18
	21.80

	1995
	0.69
	0.65
	0.75
	14.36
	12.90
	29.03

	1996
	0.66
	0.83
	0.66
	20.74
	24.38
	31.89

	1997
	(0.73)
	0.96
	0.78
	22.34
	31.86
	35.48

	1998
	0.96
	1.39
	0.85
	38.86
	27.42
	33.61

	1999
	0.74
	0.74
	0.69
	27.15
	22.58
	22.58

	2000
	0.74
	0.71
	0.69
	18.01
	17.42
	11.60

	2001
	0.74
	0.86
	0.75
	
	
	

	2002
	(0.69)
	0.74
	0.69
	22.54
	43.54
	27.42

	2003
	0.53
	0.65
	0.64
	41.17
	35.48
	35.48

	2004
	(0.77)
	0.78
	0.78
	23.53
	27.41
	25.20

	2005
	(0.74)
	0.79
	0.79
	44.98
	45.16
	48.36

	2006
	(0.79)
	0.79
	0.47
	
	
	

	2007
	(0.81)
	0.84
	0.97
	37.80
	37.81
	39.79


Data of soil TP and Olsen-P was collected from the published literatures (Xu et al., 2015; Li et al., 2019). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.


Table S5. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Jinxian for validation of LePA model.
	Year

	TP
	Olsen-P

	
	NP
	NPK
	HNPK
	NP
	NPK
	HNPK

	1981
	(0.50)
	0.48
	(0.52)
	4.73
	5.45
	10.06

	1982
	0.39
	0.40
	0.49
	6.59
	7.27
	10.95

	1983
	0.50
	(0.51)
	(0.54)
	6.61
	7.27
	10.92

	1984
	0.61
	0.57
	(0.60)
	13.96
	13.64
	21.88

	1985
	0.77
	0.69
	0.73
	11.24
	10.00
	20.94

	1986
	0.56
	0.56
	0.58
	9.43
	12.73
	19.09

	1987
	0.57
	0.57
	(0.64)
	15.86
	15.45
	24.56

	1988
	0.57
	0.59
	(0.68)
	19.55
	19.09
	30.03

	1989
	(0.56)
	0.58
	0.78
	15.00
	15.45
	26.34

	1990
	(0.56)
	(0.56)
	0.67
	14.11
	14.55
	25.40

	1991
	
	
	
	
	
	

	1992
	0.41
	(0.57)
	0.70
	10.49
	31.82
	59.22

	1993
	
	
	
	
	
	

	1994
	
	
	
	
	
	

	1995
	0.56
	0.63
	(0.80)
	19.72
	22.73
	42.67

	1996
	0.65
	0.69
	0.96
	
	
	

	1997
	
	
	
	
	
	

	1998
	0.88
	0.41
	1.11
	59.16
	34.55
	62.74

	1999
	
	
	
	
	
	

	2000
	0.51
	0.53
	(0.89)
	11.61
	11.82
	

	2001
	
	
	
	
	
	

	2002
	0.59
	0.57
	0.99
	20.81
	21.82
	68.14

	2003
	
	
	
	
	
	

	2004
	
	
	
	
	
	

	2005
	
	
	
	
	
	

	2006
	
	
	
	
	
	

	2007
	(0.69)
	0.84
	(1.03)
	26.42
	31.82
	75.34


Data of soil TP and Olsen-P source from Xu et al. (2015). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.







Table S6. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Chongqing for validation of LePA model.
	Year
	TP
	Olsen-P

	
	NP
	NPK
	NPKS
	NP
	NPK
	NPKS

	1992
	0.59
	0.57
	0.62
	
	
	

	1993
	
	
	
	
	
	

	1994
	0.93
	
	1.07
	6.54
	6.53
	5.61

	1995
	
	
	
	
	
	

	1996
	0.91
	0.83
	1.08
	
	
	

	1997
	
	
	
	16.50
	16.55
	18.56

	1998
	
	
	
	
	
	

	1999
	0.68
	
	
	
	
	

	2000
	(0.79)
	0.70
	0.65
	25.90
	30.3
	32.49

	2001
	0.61
	0.73
	(0.77)
	
	
	

	2002
	
	
	
	
	
	

	2003
	
	
	
	24.78
	24.54
	27.07

	2004
	0.79
	0.73
	(0.81)
	
	
	

	2005
	0.79
	0.75
	0.89
	
	
	

	2006
	(0.84)
	0.75
	(0.83)
	25.37
	19.83
	23.01

	2007
	
	
	
	
	
	

	2008
	
	
	
	
	
	

	2009
	
	
	
	21.19
	18.51
	23.01

	2010
	
	
	
	
	
	

	2011
	0.79
	0.77
	0.84
	
	
	

	2012
	
	
	
	31.54
	28.48
	34.42


Data of soil TP and Olsen-P source from Xu et al. (2015) and Liu (2015). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.














Table S7. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Zhengzhou for validation of LePA model.
	Year

	TP
	Olsen-P

	
	NP
	NPK
	NPKS
	NP
	NPK
	NPKS

	1991
	0.64
	0.63
	(0.66)
	2.39
	3.67
	5.63

	1992
	
	
	
	6.97
	10.83
	7.29

	1993
	0.56
	0.52
	0.53
	7.34
	8.62
	9.79

	1994
	0.66
	0.61
	0.74
	13.03
	15.23
	17.92

	1995
	(0.69)
	0.65
	0.66
	7.34
	7.16
	7.92

	1996
	0.64
	0.64
	0.66
	10.46
	13.03
	16.04

	1997
	0.63
	0.67
	0.68
	11.38
	25.50
	18.33

	1998
	0.66
	0.67
	0.66
	19.08
	29.91
	17.29

	1999
	0.59
	0.60
	0.62
	19.27
	26.79
	34.38

	2000
	0.68
	(0.76)
	0.70
	18.17
	28.07
	30.00

	2001
	(0.76)
	0.71
	0.68
	16.33
	19.08
	14.17

	2002
	0.71
	0.73
	0.72
	17.98
	27.34
	32.71

	2003
	
	
	
	18.17
	22.57
	27.50

	2004
	0.73
	0.76
	0.77
	18.53
	33.39
	27.29


Data of soil TP and Olsen-P source from Xu et al. (2015). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.





















[bookmark: _Hlk61189683]Table S8. Observed soil TP (g kg-1) and Olsen-P (mg kg-1) in Gongzhuling for validation of LePA model.
	Year
	TP
	Olsen-P

	
	NP
	NPK
	NPKS
	NP
	NPK
	NPKS

	1990
	(0.62)
	0.68
	0.68
	11.14
	10.17
	10.22

	1991
	0.78
	0.73
	0.75
	12.03
	11.21
	11.31

	1992
	0.61
	0.59
	(0.64)
	21.42
	29.37
	20.39

	1993
	0.54
	0.54
	0.59
	13.23
	13.30
	8.94

	1994
	0.55
	0.58
	0.62
	13.24
	13.21
	14.59

	1995
	0.51
	0.47
	0.49
	20.58
	13.11
	22.52

	1996
	0.59
	0.60
	(0.65)
	13.56
	17.58
	19.06

	1997
	0.53
	0.44
	0.85
	13.28
	20.90
	22.43

	1998
	0.54
	0.48
	0.53
	16.51
	20.81
	22.38

	1999
	0.46
	0.53
	0.56
	18.87
	42.38
	41.72

	2000
	0.53
	0.55
	0.60
	23.27
	20.62
	32.55

	2001
	0.56
	0.61
	0.70
	21.82
	38.77
	15.40

	2002
	0.55
	0.52
	0.60
	18.32
	21.57
	17.63

	2003
	0.57
	0.56
	0.56
	34.73
	24.90
	9.60

	2004
	
	
	
	
	
	

	2005
	(0.64)
	0.54
	0.65
	38.86
	21.29
	17.49

	2006
	0.72
	0.65
	0.79
	28.91
	8.65
	9.46

	2007
	0.65
	0.65
	0.70
	33.02
	34.78
	8.27

	2008
	
	
	
	43.58
	26.70
	40.15

	2009
	
	
	
	
	
	

	2010
	
	
	
	
	
	

	2011
	
	
	
	
	
	

	2012
	
	
	
	55.64
	47.99
	31.98


Data of soil TP and Olsen-P source from Zhao et al. (2012) and Xu et al. (2015). Unseasonable values of observed soil TP were obvious within these datasets according to the P budget between P inputs and removals, and these values were eliminated as outliers when less than 1/3 or more than 3 times the theoretical changes between two adjacent years were evident. Soil TP data in parentheses are the observed values used to validate the LePA model after removing outliers. Observed soil Olsen-P are used to validate the LePA model.













Table S9. Statistical analysis of LePA model performance on crop P uptake in Yangling, Qiyang, Jinxian, Chongqing, Zhengzhou and Gongzhuling sites
	Criteria
	Yanglinga
	Qiyangb
	Jinxianc
	Chongqingd
	Zhengzhoue
	Gongzhulingf

	
	Wheat     Maize     Total
	Wheat      Maize    Total
	Early rice
	Late rice
	Total
	Wheat
	Rice
	Total
	Wheat
	Maize
	Total
	Maize

	R2
	0.28       0.02      0.19
	0.70       0.70       0.74
	0.03
	0.09
	0.08
	0.55
	0.06
	0.39
	0.70
	0.25
	0.64
	0.08

	RMSE
	4.77       4.56      7.85
	1.37       3.55       4.11
	2.01
	2.19
	3.46
	2.43
	2.74
	4.04
	4.93
	5.34
	7.39
	4.20

	Number of samples
	54         54       54
	51         51        51
	84
	84
	84
	76
	76
	76
	56
	56
	56
	100


a Correlation between simulated and observed crop P uptake in the NP, NPK and NPKS treatments from 1991 to 2008 in Yangling (Yu et al., 2021).
b Correlation between simulated and observed crop P uptake in the NP, NPK and NPKS treatments from 1991 to 2007 in Qiyang (Yu et al., 2021).
c Correlation between simulated and observed crop P uptake in the NP, NPK and HNPK treatments from 1981 to 2008 in Jinxian.
[bookmark: _Hlk61192256]d Correlation between simulated and observed crop P uptake in the NK, NP, NPK and NPKS treatments from 1992 to 2012 in Chongqing.
e Correlation between simulated and observed crop P uptake in the NK, NP, NPK and NPKS treatments from 1991 to 2004 in Zhengzhou.
f Correlation between simulated and observed crop P uptake in the NK, NP, NPK and NPKS treatments from 1990 to 2014 in Gongzhuling.











Table S10. Critical level (mg kg-1) of soil Olsen-P for P leaching potential and the highest annual crops P uptake (kg P ha-1 yr-1) in China and five P management zones
	
	Northwest
	Northeast
	North
	Yangtze Plain
	South
	China

	a Leaching level
	36.9
	51.6
	51.0
	76.1
	78.2
	_

	Annual crops P uptake
	40.0
	35.0
	51.0
	33.0
	28.0
	35.0


a The critical level of soil Olsen-P for P leaching potential was adopted from Li et al. (2015)
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y1=34.3x-13.3  x≤0.64
y2=237.1x-143.1 x>0.64
R2=0.75**     n=117

TP (g kg-1)


Figure S1. The relationship between soil TP and soil Olsen-P at Jinxian (A), Chongqing (B), Zhengzhou (C) and Gongzhuling (D) sites. The arrows mean the change-point of the response curve.
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Figure S2. The crop relative yield response to soil Olsen-P of early rice (A) and late rice (B) in Jinxian, wheat (C) and maize (D) in Zhengzhou and maize (E) in Gongzhuling. 
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Figure S3. The correlation between TPA and PA of early rice (A) and late rice (C) in Jinxian, wheat (B) and rice (D) in Chongqing and wheat (E) and maize (F) in Zhengzhou. 









(B)
(A)

[image: ] [image: ]Crop P uptake (kg ha-1 yr-1)
NP
(D)
(C)
NP

 [image: ]  [image: ]NPK
(E)
(F)
NPK

        [image: ][image: ]HNPK
HNPK

Fig S4. Simulated and observed P uptake of early rice (A and C, E) and late rice (B and D, F) by the LePA model in the NP, NPK, and HNPK treatments at Jinxian site (1981–2008).
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Fig S5. Simulated and observed P uptake of wheat (A and C, E, G) and rice (B and D, F, H) by the LePA model in the NP, NK, NPK, and NPKS treatments at Chongqing site (1992–2012).
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Fig S6. Simulated and observed P uptake of wheat (A and C, E, G) and maize (B and D, F, H) by the LePA model in the NP, NK, NPK, and NPKS treatments at Zhengzhou site (1991–2004).
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Fig S7. Simulated and observed P uptake of maize (A-D) by the LePA model in the NP, NK, NPK, and NPKS treatments at Gongzhuling site (1990–2014).
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[bookmark: _Hlk61274667]Figure S8. Correlation of modelled and observed soil total P in the NP, NPK and HNPK treatments of Jinxian (A) and in the NP, NPK and NPKS treatments of Chongqing (B), Zhengzhou (C) and Gongzhuling (D). The grey dashed lines were the 1:1 lines. Correlation of modelled and observed soil total P in the NP, NPK, NPKS treatments of Yangling and Qiyang was shown in Yu et al. (2021).
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Figure S9. Correlation of modelled and observed soil Olsen-P in the NP, NPK and HNPK treatments of Jinxian (A) and in the NP, NPK and NPKS treatments of Chongqing (B), Zhengzhou (C) and Gongzhuling (D). The grey dashed lines were the 1:1 lines. Correlation of modelled and observed soil Olsen-P in the NP, NPK, NPKS treatments of Yangling and Qiyang was shown in Yu et al. (2021).
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