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Supplementary Methods
Data compilation. We searched the ISI Web of Science database for published peer-reviewed papers with the topic matching the query ‘phosphorus AND grass* AND (fertili*er OR fertili*ation) AND (uptake OR yield)’, for all years, to a cut-off date of 31 December 2016. We selected publications from the query results that fitted all of the following criteria: (i) field studies with an experimental duration of at least one growing season; (ii) studies reporting yield of grass and/or grass/legume mixtures as response variable; and (iii) studies with experimental treatments for which a suitable control treatment could be identified. Control treatments were deemed suitable if experimental factors (i.e. site, sampling time, soil characteristics, and N application rate) were identical to those in the experimental treatment, and the control treatment did not receive any P fertilisation. This resulted in a database containing 67 studies and 1227 side-by-side comparisons of experimental and control treatments (Supplementary Table 2). From these studies, we collected the mean yield, the standard deviation (SD) or standard error (SE), and the number of replicates (n) for the experimental and control treatments. When SD or SE values were missing, proxy SD values were conservatively substituted using the mean of the observation and 150% of the averaged variance across the entire dataset. Figure error bars that were not labelled were assumed to represent SEs, rather than SDs (). 
Controlling factors. In addition to yield means and measures of variance, we extracted soil and environmental data that have been suggested to control the response of plant yield to P fertilisation. For all observations the parameters crop (i.e. grass or grass/legume mixture), P application rate (P rate), and latitude were collected. Data on average annual temperature at the study sites was extracted from the papers. In cases where no temperature data were provided, an approximate average temperature was extracted from an online database1. When available, we also included soil P test (SPT) data on soil P status (value and extraction procedure), soil pH (value and extraction method), soil OM content, soil clay content, and N application rate (N rate). All these parameters were used as controlling factors to make different categorical groups (Table 1) which we used to analyse the data. We gathered data on additional variables, such as application rates of K and CaCO3, grass species and seeding density, and soil Fe and Al content. However, these values were not reported consistently enough throughout the studies in the database to be included in the analysis.
The agronomic P status of a soil is commonly determined by a SPT. Based on the resulting SPT value, soil is classified as deficient or sufficient, depending on how the yield of a crop responds to P fertilisation at this SPT, which requires a series of P fertilisation trials2,3. Because soil type, climate, and crop response vary considerably across the world, each country and sometimes even region has its own SPT method and classification system3,4. The amount of P extracted by different SPTs varies strongly and depends on the nature of the extraction solution as well as the extraction procedure2. In the included studies, we encountered a wide array of SPT procedures applied across the world (Supplementary Figure 2). To be able to compare our response variables for grass yield (defined below) based on the soil P status, we transformed SPT values using the various extraction methods to an ‘Olsen P-equivalent’ with the help of conversion equations taken from peer-reviewed papers. Although the Olsen P test may produce unreliable results at low soil pH, we chose this test as a reference because it was the most frequently used extraction in our database, and it is used widely across the world. We selected the equations based on largest the number of samples included (n), the quality of fit of the equation (R2 > 0.7), and whether the SPT data to be converted fell within the range of SPT values used to derive the equation. Only direct conversions to Olsen P were used. The resulting selected equations are:
From Otabbong et al.5, for P-AL (mg kg-1) to P Olsen (mg kg-1):
 				   (1)
(n=82; R2=0.94)
From Wolf and Baker6, for Bray P1 (mg kg-1), Mehlich 1 (mg kg-1) and Mehlich 3 (mg kg-1) to Olsen P (mg kg-1):
								   (2)
(n=91; R2=0.72)
								   (3)
(n=91; R2=0.87)
								   (4)
(n=91; R2=0.79)
From Moody et al.7, for Colwell P (mg kg-1) to Olsen P (mg kg-1):
								   (5)
(n=468; R2=0.71)
From Qian et al.8, for Modified Kelowna P (mg kg-1) to Olsen P (mg kg-1):
								   (6)
(n=253; R2=0.92)
From Humphreys et al.9, for Morgan P (mg l-1) to Olsen P (mg l-1):
 (for values ≤ 10 mg l-1)						   (7)
(n=236; R2=0.76)
 (for values > 10 mg l-1)				   (8)
(n=368; R2=0.94)
More details about the SPT conversion can be found in Supplementary Table 1. For some studies it was necessary to convert soil P status from mg l-1 to mg kg-1 using the soil:solution ratio (SSR) employed during the extraction procedure, or from kg ha-1 to mg kg-1, using bulk density and sampling depth. If bulk density values (g cm-3) were unavailable, a value was calculated using an estimated mineral bulk density based on soil texture in combination with an assumed organic matter (OM) density (0.224 g cm-3)10:
 							   (9)
Throughout the dataset soil pH values were measured with different extracts and SSR. Values reported as pH-KCl and pH-CaCl2 were transformed to pH-H2O values using the following equations11,12: 
								 (10)
								 (11)
We did not correct for a difference in SSR if the pH value that had to be converted was measured at a different SSR than present in the conversion equation, as the effect is expected to be minimal due to the proton buffering capacity of the soil.
Data for P rate and N rate were divided into four categories: ≤ 25; 25-50; 50-100 and > 100 kg P ha-1 for P rate; and ≤ 50; 50-100; 100-200 and > 200 kg N ha-1 for N rate. Olsen-equivalent P values were separated into four categories: ≤ 5; 5-10; 10-25 and > 25 mg P kg-1. Across the world, countries use widely different Olsen P values to delimit the various agronomic P statuses. Even within a continent, the variation can be considerable: in France a value of 20 mg kg-1 is classified as ‘low’, whereas in Italy it is considered ‘excessive’3. In Australia, optimal Olsen P levels for a legume-based pasture are considered to be ~12-15 mg P kg-113 and critical values of between 9 and 15 mg P kg-1 have been established for a range of grass species14.In China, critical yield response values have also shown to be around this range15. Additionally, critical values of 23-25 mg P kg-1 have been reported for grass16. Partly to ensure there would be enough observations per category, we chose to divide the Olsen-equivalent P values into four categories, covering the range of these values (≤ 5; 5-10; 10-25 and > 25 mg P kg-1). To observe the interaction between P rate and soil P status, both controlling factors were divided into two categories (‘low’ ≤ 50 kg P ha-1 and ‘high’ > 50 kg P ha-1 for P rate and ‘low’ ≤ 10 mg P kg-1 and ‘high’ > 10 mg P kg-1 for SPT). A distinction was made between tropical and subtropical (latitude ≤ 35°) and temperate (latitude > 35°) climates. For soil OM content (≤ 2; 2-5; 5-10 and > 10%) and pH (≤ 5; 5-6; 6-7 and >7), four categories were also distinguished.
Meta-analysis. The effect size chosen to assess the response of grass and grass/legume yield to P fertilisation was the natural logarithm of the response ratio (R)17: 
										 (12)
with  and  the means of the experimental (P fertilised) and control treatments respectively. 
We also analysed the phosphorus agronomic efficiency (PAE) for each study in our dataset. This metric represents the yield increase per kg of P fertiliser and is defined as:
											We performed a mixed‐effects meta‐analysis in R, using the rma.uni function in the “metafor” package18, and weighting ln(r) and PAE by the inverse of their variance. We estimated missing variances using the average coefficient of variation across the dataset. To ease interpretation, the results from all analyses on ln(r) were back‐transformed and reported as the percentage change under P fertilisation ((r − 1) × 100%). Both effect sizes were analysed using a mixed-effects model to calculate 95% confidence intervals19. For all analyses, we inferred an effect of P fertilisation if the 95% CI of the mean effect size did not overlap with 0. We used a Wald test to determine whether treatment effects were statistically different between study categories. To test for possible interactions among controlling factors, Spearman’s rank correlation coefficient was calculated for the relationships between factors.
Rosenthal’s Fail-safe N technique at p = 0.05 was used to test the potential impact of publication bias20. The fail-safe number showed that around 1,650,000 studies with null-results (i.e. with an effect size of 0) would be needed to make the mean yield response non-significant. This is remarkably higher than the critical value (5n + 10 = 6145, with n as the number of side-by-side comparisons included in the meta-analysis) suggested by Rosenthal. Therefore, it is unlikely that publication bias existed in the literature to a sufficient extent to affect the overall statistical significance of our results. 

Limitations of our study
This study presents an overview of the efficiency of P fertiliser applications on grassland production across the world and explores the underlying factors and soil properties. Although grasslands from all continents (except Antarctica) were incorporated, there was a strong underrepresentation of African studies; only one study from Nigeria could be included. Considering the large expected population growth for this continent, future research should focus on phosphorus use on African grasslands. 
Besides the factors shown in Table 1, other factors that were not taken into account in this analysis may determine the success of P fertilisation of grasslands. Globally, a total amount of 45.9 Mt P2O5 is applied as mineral fertiliser P on the world’s agricultural land21. Of this total, 1.8 Mt P2O5 is applied to grasslands, which amounts to 4%. Most of this fertiliser is applied in China (610 kt), Australia (320 kt), New Zealand (319 kt), and the European Union (259 kt)21. These numbers are small compared to the amount of P that is applied as manure, which has been estimated to be up to 20 times as high globally in intensive grassland/livestock systems22. In our meta-analysis there were only three studies that used organic fertiliser as source of P. Although we found more published research on manure (or other forms of organic fertiliser) using the search query described earlier, these studies usually did not account and correct for the other nutrients applied alongside P, and could therefore not be included in this meta-analysis. Depending on the origin, treatment, and composition of manure sources, the response of grass to manure applications may differ from that to mineral fertilisers such as triple superphosphate23,24. Animal manure sources usually contain a variety of organic and inorganic P forms that have to be mineralised and dissolve before P is available for plant uptake25. Besides the form in which P is applied, the timing and method of application of P fertiliser can greatly influence the crop response. We had no consistent information on either application method or timing, so these factors were not included in the meta-analysis. 
Many of the controlling factors that were examined in our meta-analysis are soil properties or other environmental factors that are often closely related. Disregarding these relationships can lead to misinterpretation of results as some factors may act as surrogates for others. In our dataset, latitude and mean annual temperature were strongly correlated (ρ = -0.95; Supplementary Figure 4), as is to be expected. Grasslands in warmer areas also generally had lower amounts of OM, which may be explained by higher mineralisation rates, and lower SPT. This corresponds with the analysis of these factors individually, as shown in Figures 2 and 3. There was a relatively strong correlation between SPT and soil OM content (ρ = 0.71), whereas responses to P application were strongest under soils with low SPT and high OM content. This indicates that these factors have separate effects and do not act as surrogates. The correlation between SPT and pH or clay content was less prominent. Nevertheless, the results presented in this meta-analysis should be interpreted with these relationships in mind.
Furthermore, there are other soil factors that influence the availability of P to plants, and are thus likely to affect the success of P fertilisation. Most predominantly, the quantities of Al and Fe oxides in soil, which can act as an adsorbent for P, often strongly governs the amount of P that is available to crops. Generally, there was a lack of information on these quantities: from the studies in our database, as merely 11 studies reported some form of information on the soil content of Al and Fe oxides. Climate can also play an important role, for example by leading to water and/or heat stress, which is why parameters like soil temperature and soil moisture can influence the effectivity of P fertilisation. Unfortunately, these were not reported frequently enough to be included in this study. Lastly, although we considered differences between grass and grass/legume systems in this study, we did distinguish between different species, or mixtures of grass species. As grass and legume species vary in their P requirement and root uptake characteristics, so may their response to P fertilisation26–28.
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Supplementary Tables and Figures
Supplementary Table 1. List of soil phosphorus tests and corresponding extraction procedures, as well as the conversion formulas used to compare over different studies.
	Soil phosphorus test
	Extractants
	Soil : solution ratio
	Extraction time
	Method reference
	Conversion formula
	Conversion reference

	Olsen
	0.5 M NaHCO3; pH 8.5
	1:20 (w:v)
	30 min
	Olsen et al. 195429
	-
	-

	Ammonium lactate (P-AL)
	0.1 M ammonium lactate + 0.4 N acetic acid; pH 3.75
	1:20 (w:v)
	2 h
	Egner et al. 196030
	
	Otabbong et al. 20095

	Bray P1
	0.03 M NH4F + 0.025 M HCl
	1:10 (w:v)
	5 min
	Bray and Kurtz 194531
	
	Wolf and Baker 19856

	CO2-H2O
	CO2-saturated water
	1:2.5 (w:v)
	1 h
	Dirks and Scheffer 1930
	N/A
	N/A

	Colwell
	0.5 M NaHCO3; pH 8.5
	1:100 (w:v)
	16 h
	Colwell 196332
	
	Moody et al. 20137

	Modified Kelowna
	0.025 M acetic acid + 0.25 M ammonium acetate + 0.015 M NH4F; pH 4.9
	1:10 (w:v)
	5 min
	Qian et al. 19948
	
	Qian et al. 19948

	Mehlich 1
	0.025 M H2SO4 + 0.05 M HCl; pH 1.2
	1:5 (v:v)
	5 min
	Mehlich 195333
	
	Wolf and Baker 19856

	Mehlich 3
	0.015 M NH4F + 0.2 M acetic acid + 0.25 M NH4NO3 + 0.013 M HNO3; pH 2.5
	1:10 (v:v)
	2 h
	Mehlich 198434
	
	Wolf and Baker 19856

	Morgan
	10% sodium acetate; pH 4.8
	1:5 (v:v)
	15 min
	Morgan 194135
	 (≤ 10 mg l-1)
 (> 10 mg l-1)
	Humphreys et al. 19989

	Modified Morgan
	10% ammonium acetate; pH 4.8
	1:5 (v:v)
	15 min
	McIntosh 196936
	N/A
	N/A

	Texas A&M (NH4OAc-EDTA)
	1.43 M ammonium acetate + 0.025 M EDTA + 1 M HCl; pH 4.2
	1:10 (w:v)
	30 min
	Texas A&M Univ. Ext. Serv. 1980
	N/A
	N/A




Supplementary Table 2. List of the 67 studies included in the meta-analysis. Given for each study are the number of observations contributed, the soil phosphorus test method used, and the inclusion of the study in different subsets to test the effect of controlling factors. Full references can be found in the Supplementary References.
	
	
	
	
	Contribution of studies to subsetsa

	Study
	# Obs.
	
	Soil P Test
	SPT
	pH
	OM
	Clay
	N rate

	Alvim et al. 199237
	3
	
	Unknown
	
	x
	x
	
	x

	Atul-Nayyar et al. 200838
	2
	
	Olsen
	x
	x
	x
	
	

	Aydin and Uzun 200539
	8
	
	Olsen
	x
	x
	x
	
	x

	Balabanli et al. 201040
	6
	
	Olsen
	x
	x
	x
	
	x

	Belarmino et al. 200341
	9
	
	Unknown
	
	x
	x
	
	x

	Butler and Muir 200642
	10
	
	Texas A&M
	
	x
	
	
	x

	Calviere and Duru 199943
	2
	
	None
	
	
	
	
	x

	Caraballo et al. 199744
	1
	
	Unknown
	
	x
	
	
	x

	Cayley et al. 199845
	20
	
	None
	
	
	
	
	

	Coates 199446
	18
	
	Colwell
	x
	
	
	
	

	Coates et al. 199047
	30
	
	Colwell
	x
	
	
	
	

	Cop et al. 200948
	6
	
	Unknown
	
	x
	x
	
	x

	Covacevich et al. 200649
	24
	
	Bray P1
	x
	x
	x
	
	x

	Davidson et al. 200450
	4
	
	None
	
	x
	
	x
	x

	Davison et al. 199751
	4
	
	Colwell
	x
	
	
	
	x

	Erkovan et al. 201052
	16
	
	Olsen
	x
	x
	x
	
	

	Griffin et al. 200253
	8
	
	Modified Morgan
	
	
	
	
	x

	Guretzky et al. 201054
	12
	
	Mehlich 3
	x
	x
	x
	
	x

	Haby 200255
	26
	
	Texas A&M
	
	x
	
	
	x

	Haynes and Williams 199256
	2
	
	None
	
	
	
	
	

	Hejcman et al. 201257
	8
	
	Mehlich 3
	x
	x
	
	
	x

	Hendricksen et al. 199458
	2
	
	Colwell
	x
	
	
	
	

	Hillard et al. 199259
	54
	
	Texas A&M
	
	x
	
	
	x

	Honsova et al. 200760
	41
	
	None
	
	x
	
	
	

	Jacobsen and Surber 199561
	6
	
	Olsen
	x
	
	
	
	x

	Jones and Betteridge 199462
	2
	
	Unknown
	
	
	
	
	

	Jones et al. 199563
	96
	
	Olsen
	x
	x
	x
	x
	

	Junquan et al. 200764
	3
	
	Bray P1
	x
	x
	
	
	

	Kering et al. 201265
	6
	
	Unknown
	
	x
	x
	
	x

	Kirkham and Wilkins 199466
	4
	
	None
	
	x
	
	
	x

	Koc 201367
	8
	
	Olsen
	x
	x
	x
	
	

	Liebisch et al. 201368
	4
	
	CO2-H2O
	
	x
	x
	x
	x

	Liebisch et al. 201469
	1
	
	None
	
	
	
	x
	x

	Lkhagvasuren et al. 201170
	24
	
	Modified Kelowna
	x
	x
	x
	
	x

	Loeppky et al. 199971
	8
	
	Olsen
	x
	
	
	
	x

	Martiniello and Berardo 200772
	5
	
	Olsen
	x
	x
	x
	x
	x

	Massey et al. 201573
	3
	
	Morgan
	x
	
	x
	x
	x

	Mendoza et al. 201674
	2
	
	Bray P1
	x
	x
	x
	x
	

	Messiga et al. 201475
	24
	
	Mehlich 3
	x
	
	
	
	x

	Michael et al. 199176
	6
	
	None
	
	x
	
	
	x

	Michalk et al. 199877
	12
	
	None
	
	
	
	
	

	Morton et al. 199878
	10
	
	Olsen
	x
	x
	
	
	

	Moyer et al. 199579
	2
	
	Bray P1
	x
	x
	
	
	x

	Mullen et al. 200080
	20
	
	Mehlich 3
	x
	x
	
	
	

	Obour et al. 201181
	6
	
	Mehlich 1
	x
	x
	
	
	x

	Paynter and Dampney 199182
	2
	
	Olsen
	x
	x
	
	
	x

	Peters et al. 199783
	24
	
	Bray P1
	x
	x
	x
	x
	

	Polat et al. 200784
	15
	
	Unknown
	
	x
	x
	
	x

	Potthast et al. 201285
	2
	
	Bray P1
	x
	
	
	
	x

	Power et al. 200586
	120
	
	Olsen
	x
	x
	
	
	x

	Qi et al. 201587
	2
	
	Olsen
	x
	x
	x
	
	

	Rao et al. 199688
	80
	
	Olsen
	x
	x
	x
	x
	x

	Rasmussen 199589
	1
	
	None
	
	
	x
	x
	x

	Romero and Marquez 200290
	3
	
	None
	
	x
	x
	
	

	Saarela et al. 200691
	22
	
	Olsen
	x
	x
	x
	x
	x

	Sale et al. 199792
	204
	
	Colwell
	x
	x
	x
	
	

	Schellberg et al. 199993
	6
	
	None
	
	x
	
	
	x

	Schils and Snijders 200494
	15
	
	P-AL
	x
	x
	x
	
	x

	Scholefield et al. 199995
	20
	
	None
	
	x
	
	
	

	Seither et al. 201496
	4
	
	None
	
	x
	
	
	x

	Sheil et al. 201697
	96
	
	Morgan
	x
	x
	x
	x
	x

	Shi et al. 201698
	4
	
	Olsen
	x
	x
	x
	
	x

	Smith et al. 201299
	6
	
	None
	
	
	
	
	

	Stroia et al. 2007100
	2
	
	Olsen
	x
	x
	x
	x
	x

	Sweeney et al. 1996101
	2
	
	Bray P1
	x
	x
	x
	
	x

	Wedderburn et al. 2005102
	2
	
	Olsen
	x
	x
	
	
	

	Yolcu et al. 2010103
	27
	
	Unknown
	
	x
	x
	
	x


a An ‘x’ indicates that a study was incorporated in a subset to test the corresponding controlling factor.


Supplementary Table 3. Results of a meta-analysis on the effect of P fertilisation on plant biomass. Results are shown for categories based on P rate, Climate, Continent, P status, Soil pH, Soil OM content, Soil Clay content, and N rate, including the nature of the effect, the size of the effect, the p-value, significant differences between categories, and the confidence interval.
	Controlling factors
	 Categories
	 Studies and observations
	Effecta
	p-value
	CI-minb
	CI-max

	Overall average
	 
	(67/1227)
	+
	36.7%
	 
	< 0.001
	33.3%
	40.2%

	Crop
	Grass
	(37/696)
	+
	25.1%
	a
	< 0.001
	21.1%
	29.2%

	 
	Grass/legume
	(37/531)
	+
	54.3%
	b
	
	48.6%
	60.3%

	P rate
	≤ 25 kg P ha-1
	(46/523)
	+
	40.4%
	b
	< 0.001
	35.1%
	45.9%

	 
	25-50 kg P ha-1
	(46/500)
	+
	25.7%
	a
	
	21.0%
	30.7%

	 
	50-100 kg P ha-1
	(21/133)
	+
	52.4%
	bc
	
	41.4%
	64.3%

	 
	> 100 kg P ha-1
	(7/71)
	+
	65.1%
	c
	
	49.0%
	82.9%

	Climate
	Tropical (≤ 35°)
	(22/389)
	+
	45.6%
	b
	0.002
	38.9%
	52.7%

	 
	Temperate (> 35°)
	(46/838)
	+
	33.3%
	a
	
	29.4%
	37.3%

	MATc
	< 10 °C
	(25/348)
	+
	10.7%
	a
	< 0.001
	5.9%
	15.7%

	
	10-20 °C
	(30/648)
	+
	45.9%
	b
	
	41.2%
	50.8%

	
	> 20 °C
	(14/231)
	+
	58.1%
	c
	
	49.3%
	67.4%

	Continent
	Africa
	(1/24)
	+
	80.0%
	cd
	< 0.001
	54.2%
	110.1%

	
	Asia
	(10/177)
	+
	16.0%
	a
	
	9.4%
	23.1%

	
	Europe
	(19/367)
	+
	14.7%
	a
	
	10.4%
	19.2%

	
	North America
	(20/327)
	+
	29.1%
	b
	
	23.6%
	34.8%

	
	Oceania
	(11/300)
	+
	94.8%
	d
	
	85.9%
	104.1%

	
	South America
	(8/48)
	+
	58.2%
	c
	
	41.9%
	76.4%

	P status
	≤ 5 mg P kg-1
	(16/269)
	+
	109.7%
	c
	< 0.001
	99.4%
	120.4%

	 
	5-10 mg P kg-1
	(14/242)
	+
	15.6%
	ab
	
	9.9%
	21.7%

	 
	10-25 mg P kg-1
	(10/245)
	+
	25.3%
	b
	
	19.2%
	31.6%

	 
	> 25 mg P kg-1
	(5/168)
	+
	6.5%
	a
	
	0.3%
	13.2%

	P status × P rated
	Low SPT; low P rate
	(25/457)
	+
	50.3%
	b
	< 0.001
	44.1%
	56.8%

	 
	Low SPT; high P rate
	(7/54)
	+
	129.1%
	c
	
	102.8%
	158.8%

	 
	High SPT; low P rate
	(14/365)
	+
	14.5%
	a
	
	9.4%
	19.8%

	 
	High SPT; high P rate
	(3/48)
	+
	49.2%
	b
	
	30.9%
	69.9%

	Soil pH
	≤ 5
	(5/92)
	+
	25.7%
	b
	< 0.001
	17.4%
	34.7%

	 
	5-6
	(24/478)
	+
	60.0%
	c
	
	54.9%
	65.2%

	 
	6-7
	(15/280)
	+
	16.4%
	ab
	
	11.9%
	21.2%

	 
	> 7
	(14/226)
	+
	10.7%
	a
	
	5.6%
	15.9%

	Soil OM content
	≤ 2 %
	(7/132)
	+
	10.9%
	a
	< 0.001
	3.0%
	19.4%

	 
	2-5 %
	(18/230)
	+
	40.9%
	b
	
	33.3%
	49.0%

	 
	5-10 %
	(8/353)
	+
	56.3%
	c
	
	49.6%
	63.4%

	 
	>10 %
	(3/16)
	+
	80.2%
	c
	
	46.5%
	121.6%

	Soil clay content
	≤ 10 %
	(3/89)
	0
	6.6%
	a
	< 0.001
	-1.1%
	14.7%

	 
	10-25 %
	(9/202)
	+
	37.9%
	b
	
	31.6%
	44.5%

	 
	> 25 %
	(5/33)
	+
	75.3%
	c
	
	55.5%
	97.7%

	N rate
	≤ 50 kg N ha-1
	(19/127)
	+
	19.8%
	b
	< 0.001
	14.8%
	25.0%

	 
	50-100 kg N ha-1
	(21/169)
	+
	20.6%
	b
	
	16.7%
	24.6%

	 
	100-200 kg N ha-1
	(15/96)
	+
	18.2%
	b
	
	12.9%
	23.7%

	 
	> 200 kg N ha-1
	(11/275)
	+
	11.2%
	a
	
	8.3%
	14.1%


a For each of the weighting functions and subgroups a + indicates a significant positive effect (95% confidence interval > 0) and a 0 indicates non-significance (95% confidence interval overlaps 0). Letters indicate significant differences within categories. Values with the same letter per controlling factor, per weighting method, are not significantly different.
b CI-min indicates the lower limit of the 95% confidence interval; CI-max indicates the upper limit of the 95% confidence interval.
c MAT = mean annual temperature
d Low SPT: Olsen-equivalent P status ≤ 10 mg P kg-1; High SPT: Olsen-equivalent P status > 10 mg P kg-1; low P rate: ≤ 50 kg P ha-1; high P rate: > 50 kg P ha-1.



Supplementary Table 4. Results of a meta-analysis on the effect of P fertilisation on P agronomic efficiency. Results are shown for categories based on P rate, Climate, Continent, P status, Soil pH, Soil OM content, Soil Clay content, and N rate, including the nature of the effect, the size of the effect, the p-value, significant differences between categories, and the confidence interval.
	Controlling factors
	 Categories
	 Studies and observations
	PAEa
	p-value
	CI-minb
	CI-max

	Overall average
	 
	(67/1227)
	+
	32.0
	
	< 0.001
	29.5
	34.4

	Crop
	Grass
	(37/696)
	+
	22.2
	a
	< 0.001
	19.2
	25.2

	 
	Grass/legume
	(37/531)
	+
	46.3
	b
	
	42.5
	50.1

	P rate
	≤ 25 kg P ha-1
	(46/523)
	+
	52.8
	c
	< 0.001
	48.1
	57.5

	 
	25-50 kg P ha-1
	(46/500)
	+
	24.8
	b
	
	21.4
	28.2

	 
	50-100 kg P ha-1
	(21/133)
	+
	30.8
	b
	
	24.8
	36.7

	 
	> 100 kg P ha-1
	(7/71)
	+
	11.9
	a
	
	4.8
	19.0

	Climate
	Tropical (≤ 35°)
	(22/389)
	+
	33.8
	
	0.31
	29.6
	38.0

	 
	Temperate (> 35°)
	(46/838)
	+
	31.1
	
	
	28.1
	34.2

	Continent
	Africa
	(1/24)
	+
	117.2
	e
	< 0.001
	91.1
	137.3

	
	Asia
	(10/177)
	+
	11.9
	a
	
	7.0
	16.7

	
	Europe
	(19/367)
	+
	23.3
	b
	
	19.5
	27.1

	
	North America
	(20/327)
	+
	17.1
	a
	
	13.3
	21.0

	
	Oceania
	(11/300)
	+
	74.3
	d
	
	69.0
	79.6

	
	South America
	(8/48)
	+
	61.0
	c
	
	49.4
	72.5

	P status
	≤ 5 mg P kg-1
	(16/269)
	+
	74.7
	c
	< 0.001
	69.2
	80.3

	 
	5-10 mg P kg-1
	(14/242)
	+
	16.3
	a
	
	11.1
	21.5

	 
	10-25 mg P kg-1
	(10/245)
	+
	26.9
	b
	
	21.9
	31.9

	 
	> 25 mg P kg-1
	(5/168)
	+
	8.7
	a
	
	2.7
	14.7

	P status × P ratec
	Low SPT; low P rate
	(25/457)
	+
	46.2
	b
	< 0.001
	41.5
	50.9

	 
	Low SPT; high P rate
	(7/54)
	+
	50.5
	b
	
	40.1
	60.8

	 
	High SPT; low P rate
	(14/365)
	+
	22.3
	a
	
	17.5
	27.1

	 
	High SPT; high P rate
	(3/48)
	+
	10.9
	a
	
	0.9
	20.9

	Soil pH
	≤ 5
	(5/92)
	+
	19.7
	b
	< 0.001
	12.6
	26.9

	 
	5-6
	(24/478)
	+
	49.9
	c
	
	46.2
	53.6

	 
	6-7
	(15/280)
	+
	24.2
	b
	
	19.6
	28.8

	 
	> 7
	(14/226)
	+
	9.7
	a
	
	5.2
	14.2

	Soil OM content
	≤ 2 %
	(7/132)
	0
	7.2
	a
	< 0.001
	-0.1
	14.4

	 
	2-5 %
	(18/230)
	+
	41.5
	b
	
	35.4
	47.7

	 
	5-10 %
	(8/353)
	+
	59.2
	c
	
	53.9
	64.5

	 
	>10 %
	(3/16)
	+
	64.1
	c
	
	44.8
	83.4

	Soil clay content
	≤ 10 %
	(3/89)
	0
	3.3
	a
	< 0.001
	-1.3
	7.9

	 
	10-25 %
	(9/202)
	+
	32.8
	b
	
	28.7
	37.0

	 
	> 25 %
	(5/33)
	+
	31.5
	b
	
	23.3
	39.8

	N rate
	≤ 50 kg N ha-1
	(19/127)
	+
	12.8
	
	0.13
	8.5
	17.1

	 
	50-100 kg N ha-1
	(21/169)
	+
	15.8
	
	
	12.0
	19.6

	 
	100-200 kg N ha-1
	(15/96)
	+
	21.9
	
	
	15.0
	28.8

	 
	> 200 kg N ha-1
	(11/275)
	+
	17.8
	
	
	13.8
	21.8


a For each of the subgroups a + indicates a significant positive effect (95% confidence interval > 0) and a 0 indicates non-significance (95% confidence interval overlaps 0). Letters indicate significant differences within categories. Values with the same letter per controlling factor, per weighting method, are not significantly different.
b CI-min indicates the lower limit of the 95% confidence interval; CI-max indicates the upper limit of the 95% confidence interval.
c Low SPT: Olsen-equivalent P status ≤ 10 mg P kg-1; High SPT: Olsen-equivalent P status > 10 mg P kg-1; low P rate: ≤ 50 kg P ha-1; high P rate: > 50 kg P ha-1.
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Supplementary Figure 1. Map with the distribution and approximate locations of the 77 experimental sites used in the 67 studies incorporated in this meta-analysis. Note that several studies had more than one study site, and that some locations were used by multiple studies. The image was generated using Google Maps, and is available in more detail (https://www.google.com/maps/d/viewer?mid=1lAkTLvnkB-Gb7HD4NufYFo36-Ak&usp=sharing).  


[image: ]Supplementary Figure 2. Distribution of different soil phosphorus test methods used to measure initial soil phosphorus status over the studies included in this meta-analysis. The study count is represented by the broad bars, whereas the narrow bars show the corresponding number of data points. For methods with a green bar, the data were transformed to Olsen-equivalent values and subsequently incorporated in the Soil P subset. Short summaries of the different SPT methods can be found in Supplementary Table 1.



Supplementary Figure 3. Soil phosphorus (P) status (as Olsen-equivalent mg P kg-1) over different categories of P application rate (a; 39 studies, 924 observations) and soil pH (b; 30 studies, 827 observations). The black dots represent the P status of the soils at the start of the P fertilisation experiments underlying the calculated yield effects and the red diamonds indicate the averages (for both x and y variables) per defined category. The dotted lines indicate category limits for P application rate (≤ 25; 25-50; 50-100; > 100 kg P ha-1) and pH (≤ 5; 5-6; 6-7; > 7). ≤ 25    25-50   50-100   > 100 kg ha-1
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Supplementary Figure 4. Spearman’s rank correlation test results (ρ) for the various controlling factors used in our meta-analysis. Polsen = Olsen-equivalent SPT; avg_T = mean annual temperature. Numbers close to 1 indicate a strong positive correlation and numbers close to -1 a strong negative correlation. Numbers close to 0 indicate a lack of correlation.


Supplementary Figure 5. Absolute yield response (in tonnes ha-1) as a function of the soil phosphorus (P) status (as Olsen-equivalent mg P kg-1) over different categories of soil P status (39 studies, 924 observations). The black dots represent the P status of the soils at the start of the P fertilisation experiments underlying the calculated yield effects and the red diamonds indicate the averages (for both x and y variables) per defined soil P status category. The dotted lines indicate category limits for soil P status (≤ 5; 5-10; 10-25; > 25 mg P kg-1).
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Yield response [tonnes ha-1]
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