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S1. Statistics used
For the comparison between historical record of P uptake and model simulated P uptake of
countries and regions, we used the coefficient of determination (R? equation S1), root mean

square error (RMSE, equation Sl11):

_ 100 3R (Mi=Sp?
RMSE = — / - (S1)

Where S; is the simulated value, M; is the measured value, M is the average of the measured
values and n is the number of data pairs. The RMSE estimates the average deviation between
simulations and measurements (Wallach et al., 2006). It is an unbounded measure which
shows the (normalized) relative size of the average difference (Willmott, 1982). For the

global scale, we consider RMSE < 50% to be acceptable following Beusen et al. (2015).

S2. Sensitivity analysis

S2.1 Method

The sensitivity of the modelled LP, SP and crop uptake to variations of 12 model parameters
(n=12) were investigated for two years (1950 and 2000) based on parameter-specific
distributions between the minimum and maximum range around the standard parameter
values (Table 2).Computational load is limited by using Latin Hypercube Sampling (LHS)
method. It is a stratified sampling method based on subdividing the range of each of the n
parameters into disjunct equiprobable intervals (Num); one sample is taken in each interval in
each run, based on the assumed uniform distribution within each interval(Saltelli et al.,
2004;Saltelli et al., 2000). Num was 500 in this analysis. We obtained Num sampled values
for each parameter i. The sampled values of different model parameters are randomly paired.
LHS thus consists of Num combinations of n parameters and the parameter space is thus

sampled with a limited number of representative samples.



The uncertainty contributions of the input parameters to the model outputs can be further
analyzed by combining LHS with linear regression, since the model output Y (here uptake) is
approximated by a linear function of the parameters X;:

Y= Bo+2i21(BX) +e (S2)
where £ are ordinary regression coefficients, e is the error of the approximation. Evaluation
of the linear regression model uses the coefficient of determination (R?), which is the
variation in Y as explained by Y - e. The regression coefficients S depend on the scale and
dimension of X;. Therefore, we use the standardized regression coefficient (SRC;) which

normalizes £ using standard deviations for Y(oy) and X(ox;) as follows:

SRC, = ff, 2% (s3)

Oy
SRC; can assume values [-1,1] and represents the relative change in Y (AY/oy) due to the
relative change in X(AXilok) with respect to their standard deviations. SRC; is thus
independent of the units, scale and size of the parameters, and thus likens the sensitivity
analysis to an uncertainty analysis. Positive SRC; imply that a higher parameter value leads to
a higher the model output. Negative SRC; indicate a decreased model output with higher

parameter value.

The sum of squares of SRC; values of all parameters is equal to R?. SRCi%/R? is thus the
contribution of variation of X; to variation of Y. For example, an X; with SRC; = 0.1 adds 0.01
or 1% to Y for R? = 1 (i.e. a perfect fit). We calculated the SRC for 15 parameters in the DPPS
model. Parameters with SRC values exceeding 0.2 are considered to be important ones (green
for positive values > 0.2, 8l for negative values <-0.2, see Table S4), with a contribution of
0.22=0.04 or 4% contribution to the variation of global results. This analysis can be done for

country, region to global levels.



S2.2 Results (see Table S4 in excel file Zhang_Table_S4.xlsx)

At the global scale, the initial LP content from virgin soil (LP_yang), is the most important
factor for global LP pool both in 1950 and 2000. Fertilizer is an important factor in 2000 but
not beforel950, as the application of chemical fertilizers had not yet began to increase
exponentially. Likewise, the initial total P content from virgin soil (TP_yang) exerts an
important influence on the SP pool size. This influence is largest in 1950 in all regions, and in
2000 this influence is decreasing in industrialized countries due to the increasing impact of

fertilizer and manure inputs on the pool sizes of both LP and SP (Table S4).

Turning to the sensitivity of crop uptake for world regions and countries, we see that in all
regions and countries, max_uptake and fr_mobile are important factors, with SRC values for
max_uptake ranging from 0.29 to 0.60, and for fr_mobile from 0.42 to 0.57 in 2000. In 1950,
max_uptake is an important factor in all countries and regions, while fr_mobile is not, such as
in Western European countries. Likewise, the LP size is also increasingly important for crop
P uptake, with values increasing from low in a range of countries in 1950 to 0.26-0.48 in
2000. The importance of init_recovery also increases with time, from SRC values often
around 0.2 in 1950 to a range from 0.46 to 0.58 in 2000 (Table S4). Fertilizer is not important
for uptake in 1950, but in 2000 it is important in industrialized countries and a number of
transition countries like Brazil, Korea and China, i.e. all countries and regions with high P

inputs in 2000.



S3. Tables

Table S1. Region definition.

Region# Country name ISO Region name

1 CANADA 124 Canada

2 SAINT PIERRE AND MIQUELON 666 USA

2 UNITED STATES 840 USA

2 UNITED STATES MINOR OUTLYING ISLANDS 581 USA

3 MEXICO 484 Mexico

4 ANGUILLA 660 Rest Central America
4 ANTIGUAAND BARBUDA 28 Rest Central America
4 ARUBA 533 Rest Central America
4 BAHAMAS 44  Rest Central America
4 BARBADOS 52  Rest Central America
4 BELIZE 84  Rest Central America
4 BERMUDA 60 Rest Central America
4 CAYMAN ISLANDS 136 Rest Central America
4 COSTARICA 188 Rest Central America
4 CUBA 192 Rest Central America
4 DOMINICA 212 Rest Central America
4 DOMINICAN REPUBLIC 214 Rest Central America
4 EL SALVADOR 222 Rest Central America
4 GRENADA 308 Rest Central America
4 GUADELOUPE 312 Rest Central America
4 GUATEMALA 320 Rest Central America
4 HAITI 332 Rest Central America
4 HONDURAS 340 Rest Central America
4 JAMAICA 388 Rest Central America
4 MARTINIQUE 474 Rest Central America
4 MONTSERRAT 500 Rest Central America
4 NETHERLANDS ANTILLES 530 Rest Central America
4 NICARAGUA 558 Rest Central America
4 PANAMA 591 Rest Central America
4 PUERTO RICO 630 Rest Central America
4 SAINT KITTS AND NEVIS 659 Rest Central America
4 SAINT LUCIA 662 Rest Central America
4 SAINT VINCENT AND THE GRENADINES 670 Rest Central America
4 TRINIDAD AND TOBAGO 780 Rest Central America
4 TURKS AND CAICOS ISLANDS 796 Rest Central America
4 VIRGIN ISLANDS_BRITISH 92  Rest Central America
4 VIRGIN ISLANDS_U.S. 850 Rest Central America
5 BRAZIL 76  Brazil

6 ARGENTINA 32 Rest South America
6 BOLIVIA 68 Rest South America
6 BOUVET ISLAND 74  Rest South America
6 CHILE 152 Rest South America
6 COLOMBIA 170 Rest South America
6 ECUADOR 218 Rest South America
6 FALKLANDS ISLANDS (MALVINAS) 238 Rest South America
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Table S2. P excretion rates for livestock in IMAGE-GNM.

Category P excretion in kg head™ year™
1. Beef cattle 10.5%/8.7°/7.0°

2. Dairy cattle 22.7%/17.5°/10.5°
3. Buffaloes 7.9

4. Pigs 1.8

5. Poultry 0.1

6. Sheep and goats 1.5

7. Horses 7.39/6.5°

8. Asses 4.4

9. Mules 4.4

10. Camels 8.0

& = Canada, USA, Japan;

® = OECD Europe;

d = Canada, USA, OECD Europe, Japan;
¢ = all other countries.



Table S3. Crop groups used as a basis for
calculating crop P uptake, P content on dry
matter basis, and dry matter content.

Crops  Name P Dry

content matter

Q)

()
1 Wheat 0.0034 0.880
2 Rice 0.0025 0.880
3 Maize 0.0029 0.880
4 Barley 0.0036 0.880
5 Millet 0.0030 0.850
6 Sorghum 0.0030 0.850
7 Other cereals 0.0031 0.870
8 Potato 0.0005 0.212
9 Sweet potato 0.0003 0.272
10 Cassava 0.0004 0.326
11 Other root crops 0.0004  0.270
12 Plantain 0.0003 0.653
13 Sugar beet 0.0004 0.260
14 Sugar cane 0.0004 0.232
15 Pulses 0.0025 0.850
16 Vegetables 0.0003 0.070
17 Banana 0.0002 0.257
18 Citrus 0.0001 0.103
19 Fruit crops 0.0001 0.131
20 Oil crops 0.0050 0.920
21 Rapeseed 0.0056 0.910
22 Oil palm 0.0031  0.940
23 Soybean 0.0050 0.850
24 Groundnut 0.0042 0.942
25 Sunflower 0.0045 0.920
26 Sesame seed 0.0056  0.940
27 Coconut 0.0004 0.896
28 Cocoa 0.0026 1
29 Coffee 0.0022 1
30 Tea 0.0150 0.525
31 Tobacco 0.0006 0.21
32 Cotton 0.0053 0.92
33 Fiber crops 0.0095 1

w
N

Rubber 0.0000 1




Table S4. Sensitivity results of world regions and selected countries.

This table showed the detailed results of model sensitivity analysis. See separate Excel file
"Zhang_Table_S4.xlIsx"



S4. Figures
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Figure S1.Global P inputs (a), uptake (b) and agronomic P budget (c) for cropland in 2010.
Inputs per hectare refer to mineral fertilizer and manure; uptake is the P withdrawal in
harvested parts of crops and agronomic P budget per hectare is the difference between inputs
and uptake, which is different from soil P budget, since deposition and runoff are not

included in agronomic P budget.
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Figure S2. The global distribution of labile and total P in global agricultural land soils in 1900.
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We can produce the grid maps for every year for the period 1900-2010 and here we only

show 1900 as an example.



S5. Movies
Movie S1. Labile Phosphorus (LP) pool distribution in kg P ha™ for all grid cells of the global

cropland, presented with 4-year intervals for the period 1900-2010.

Movie S2. Stable Phosphorus (SP) pool distribution in kg P ha™ for all grid cells of the global

cropland, presented with 4-year intervals for the period 1900-2010

Movie S3. Crop P uptake in kg P ha™ for all grid cells of the global cropland, presented with

4-year intervals for the period 1900-2010
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