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Data used to estimate plant Olsen phosphorus requirements 
 
The data used to estimate the critical soil Olsen phosphorus concentrations for optimal yield were 
sourced for diverse locations from the literature (Supplementary Table 1). Optimal yield is defined as 
the 97th percentile of maximum relative yield derived from the fit of a Mitscherlich response curve to 
field data of crop growth against soil Olsen phosphorus concentration. 
 
Supplementary Table 1. Critical soil Olsen phosphorus concentrations for the optimal yield of the 
most widely grown crop species globally. 

Crop Critical Olsen phosphorus 
concentration for optimal 

growth1 

Countries where critical 
concentrations were 
established 

Reference 

Improved pasture2 15–25 Australia, New Zealand 1,2 
Wheat 10–21# Canada, USA, Europe, UK 3-7 
Rice 11-17 Senegal, China 8,9 
Maize 8–18 

10 
8–12# 

18* 

14 

Ethiopia 
Tanzania 
Nigeria 
USA 
Europe 

10 
11 
12 
3 
6 

Soybean 11–17* USA, Brazil 13,14 
Barley 15 UK 7 
Sorghum 6* 

 
9* 

Benin, Burkina Faso, 
Ghana, Mali, Niger, 
Europe, Nigeria, Mali 

15 
 

6,16 
Millet 6* 

 
Benin, Burkina Faso, 
Ghana, Mali, Niger, 
Nigeria 

15 
 

Cotton 3–6§ Australia, USA 17 
Rapeseed 10 Australia 18 
Groundnut 10 India 19 
Sunflower 8–10 Australia 20 
Sugarcane 12 Japan 21 
Potato 20–33* Europe, USA, Chile 6,22,23 
Cassava 3–8 Colombia, USA 24,25 
Oil palm 10 Sri Lanka 26 
Rye 16–25 UK 27 
Sugar beet 20–25 Europe, UK 6,28 
Banana 10 USA 29 
Cabbage 30–40 New Zealand, Norway 30,31 
Rapeseed 10–20 Australia, Switzerland 18,32 
Onion 43–60 New Zealand, Norway 30,31 
Tomato 39–50 China, New Zealand 30,33 
Grapes (wine) 7–10 USA 34,35 
Watermelon 60 China 36 
Cucumber 60 China 36 
Orange 7–20 India 37,38 
Apple 12–13 Canada, USA 39,40 

1 *, # and § = equivalent Olsen phosphorus concentrations calculated using the equations in Supplementary Table 3 for 

non-calcareous soils from Mehlich-3, Bray-I and Colwell-phosphorus data, respectively.  
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2 Note that considerable variation in improved pasture yield is possible at low available soil phosphorus concentrations41. 
However, our data pertains to concentrations required for optimal yield of intensively grazed pastures, for example, for 
dairy production. 
 
 

Model residuals. 
 
Table S2. Mean percentage residuals between the observed and estimated (modelled) soil 
Olsen phosphorus concentrations for each continent split into classes. Data from McDowell, 
et al. 42 

Continent 0 to 2 >2 to 5 >5 to 10 >10 to 25 >25 

Africa -0.6 -1.2 0.9 3.3 26.1 

Asia -0.4 -1.9 -4.0 -6.8 63.8 

Europe -0.1 -0.8 -2.7 -9.0 0.4 

North America -0.2 -1.6 -4.1 -0.9 47.8 

Oceania -0.6 -2.3 -3.0 9.5 48.4 

South America -0.3 -1.3 -4.6 -4.3 51.4 
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Wasted phosphorus by crop type 
 

 
Supplementary Fig 1. Sum of wasted phosphorus (kt) applied to major crops grown in each 
continent.  

 

Validation of maintenance fertiliser applications 
 
Data were obtained for phosphorus fertiliser applications to Maize, Rice, Soybeans and Wheat in 24 
countries (Argentina, Australia, Bangladesh, Belarus, Canada, Chile, China, Egypt, Indonesia, Iran, 
Japan, Malaysia, Mexico, Morocco, Pakistan, Philippines, Russia, South Africa, Thailand, Turkey, 
Ukraine, United States, Uzbekistan, and Vietnam) 43. These represent the best freely available and 
audited data at the crop by country level and come from multiple sources as compiled by the 
International Fertilizer Association. We plotted these data against our estimates of the phosphorus 
required to maintain current soil Olsen phosphorus concentrations. Although dominated by two 
clusters of data, the regression was significant (P<0.001) and with a slope near to 1 (Supplementary 
Fig 2), suggesting that our estimates of maintenance phosphorus were reasonable. However, it is 
important to note that we could not validate wasted or deficit phosphorus nor phosphorus use in 
other countries.  
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Supplementary Fig 2. Plot of predicted against observed fertiliser used across 24 countries for four 
crops. Observed fertiliser data were obtained from Ludemann, et al. 43 
 
 

The effect of climate change on the phosphorus needs of maize and wheat 
 
Data were sourced from Jägermeyr, et al. 46 who produced predicted changes in the yield  of maize 
and wheat in 2099 under the representative concentration pathways RCP2.6 and 8.5  across a range 
of climate and crop models for current growing regions (> 10 ha). We matched the predicted 
changes in percentage yield to Olsen P thresholds from existing relationships between Olsen P and 
relative yield 3-6,9,10,13. For yield, decreases of -30, -20 and -10%, Olsen P was assumed to be the 
limiting factor and decreased from 15 to 8, 10 and 12 mg kg-1 respectively, with phosphorus 
requirements calculated according to soil phosphorus retention (assuming a phosphorus buffering 
index 2 – the most common soil type for these crops). For increases, soil phosphorus is unlikely to be 
limiting yield; hence, most fertiliser advice is to match phosphorus requirements with offtakes in 
grain 47,48 with residues being returned to the soil. For yield increases of 10, 20 and 30% we assumed 
that capital and maintenance Olsen phosphorus increased to 22, 28 and 35 mg kg-1, respectively for 
maize and to 20, 25 and 30 mg kg-1, respectively for wheat 48. Too few data were available to 
calculate changes in rice and soybean. However, with changes likely to be only +/- 2% we assumed 
capital and maintenance requirements of +/- 1 mg kg-1 Olsen phosphorus, respectively. 

Observed phosphorus fertiliser applications (kg): Ludemann et al. (2022)

0 200000000 400000000 600000000 800000000 1000000000

P
re

d
ic

te
d

 p
h

o
sp

h
o

ru
s 

fe
rt

ili
se

r 
ap

p
lic

at
io

n
s 

(k
g)

0

200000000

400000000

600000000

800000000

1000000000

Maize
Rice
Soybeans
Wheat
Observed vs predicted
95% Prediction band 

Pred = 0.71.Obs + 5672334

R2 = 0.83
P<0.001



5 
 

 
Supplementary Fig 3. Plot of the percentage change in maize or wheat yield against Olsen 
phosphorus concentration with labels indicating the source of the data.
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