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Table S1. Coefficients, standard errors and levels of significance used to predict global dissolved reactive P
concentrations depending on the stated variables. Biomes refer to US EPA Ecoregions °. Log-transformed
data must be multiplied by the bias correction factor after back-transformation.

Variable Estimate Standard P value
error
Intercept -7.5078 0.5265 <0.001
Olsen P (kg ha?) 0.0268 0.0030 <0.001
Mean precipitation (mm) -0.0104 0.0026 <0.001
Mean slope (%) -0.0728 0.0329 0.027
Biome - deserts & xeric shrublands 2.4167 0.5039 <0.001
Biome - Mediterranean forests, woodlands & scrub 2.7699 0.5766 <0.001
Biome - montane grasslands & shrublands 1.6239 0.5457 0.003
Biome - temperate broadleaf & mixed forests 1.5045 0.4426 0.001
Biome - temperate conifer forests 2.3976 0.4844 <0.001
Biome - temperate grasslands, savannas & <0.001
shrublands 2.5965 0.4579
Biome - tropical & subtropical dry broadleaf forests 0.4863 0.5874 0.408
Biome - tropical & subtropical grasslands, savannas
& shrublands 2.1517 0.5455 <0.001
Biome - tropical & subtropical moist broadleaf
forests 1.6839 0.5246 0.001
Biome - tundra 3.2534 0.9481 0.001
Potential evapotranspiration (mm) 0.0182 0.0047 <0.001
Soil wetness (mm over profile) 0.0067 0.0029 0.021
Population density (2000) 0.0032 0.0005 <0.001
Coefficient of determination 0.35
Bias correction 1.290

Table S2. Coefficients, standard errors and levels of significance used to predict global total P
concentrations depending on the stated variables. Biomes refer to US EPA Ecoregions *°. Log-transformed
data must be multiplied by the bias correction factor after back-transformation.

Variable Estimate Standard P value
error
Intercept -4.2396 0.2161 <0.001
Olsen P (kg ha) 0.0100 0.0017 <0.001
Mean precipitation (mm) -0.0062 0.0010 <0.001
Mean slope (%) -0.0768 0.0198 <0.001
Biome - deserts & xeric shrublands 1.4481 0.2496 <0.001
Biome - Mediterranean forests, woodlands & scrub 1.8352 0.3854 <0.001
Biome - montane grasslands & shrublands 0.5575 0.2531 0.028
Biome - temperate broadleaf & mixed forests 0.5216 0.1902 0.006
Biome - temperate conifer forests 0.8749 0.2220 <0.001
Biome - temperate grasslands, savannas &
shrublands 1.0591 0.1990 <0.001
Biome - tropical & subtropical dry broadleaf forests 0.2002 0.3356 0.551
Biome - tropical & subtropical grasslands, savannas
& shrublands 0.9004 0.2549 <0.001
Biome - tropical & subtropical moist broadleaf
forests 1.0789 0.2381 <0.001
Biome - tundra 1.9464 0.4573 <0.001
Cropland (%) 0.0075 0.0011 <0.001

Potential evapotranspiration (mm) 0.0134 0.0029 <0.001




Coefficient of determination 0.41
Bias correction 0.855

Table S3. Coefficients, standard errors and levels of significance used to predict global nitrate-nitrite-N
concentrations depending on the stated variables. Biomes refer to US EPA Ecoregions *°. Log-transformed
data must be multiplied by the bias correction factor after back-transformation.

Variable Estimate Standard P value
error
Intercept -4.8564 0.3595 <0.001
Biome - deserts & xeric shrublands 2.0325 0.3973 <0.001
Biome - Mediterranean forests, woodlands & scrub 1.3059 0.4883 0.008
Biome - montane grasslands & shrublands 0.2563 0.5353 0.632
Biome - temperate broadleaf & mixed forests 1.5984 0.3358 <0.001
Biome - temperate conifer forests 1.3921 0.3680 <0.001
Biome - temperate grasslands, savannas & <0.001
shrublands 1.8649 0.3320
Biome - tropical & subtropical dry broadleaf forests 2.0295 0.9102 0.026
Biome - tropical & subtropical grasslands, savannas
& shrublands 1.0883 0.3853 0.005
Biome - tropical & subtropical moist broadleaf
forests 1.4408 0.3565 <0.001
Biome - tundra 0.1286 1.2705 0.919
Population density (2000) 0.0358 0.0107 0.001
Soil wetness (mm over profile) 0.0198 0.0022 <0.001
Area (km?) 0.0001 0.0000 0.001
Olsen P (kg ha) 0.0279 0.0046 <0.001
Population density (1995) -0.0342 0.0110 0.002
Lentic (%) -0.1808 0.0455 <0.001
Forest (%) -0.0225 0.0022 <0.001
Mean slope (%) 0.0203 0.0342 0.552
Coefficient of determination 0.49
Bias correction 1.440

Table S4. Coefficients, standard errors and levels of significance used to predict global total N
concentrations depending on the stated variables. Biomes refer to US EPA Ecoregions *°. Log-transformed
data must be multiplied by the bias correction factor after back-transformation.

Variable Estimate Standard P value
error

Intercept -1.5181 0.2136 <0.001
Mean precipitation (mm) -0.0089 0.0012 <0.001
Mean slope (%) -0.1838 0.0193 <0.001
Biome - deserts & xeric shrublands 1.9935 0.2435 <0.001
Biome - Mediterranean forests, woodlands & scrub 3.2782 0.4312 <0.001
Biome - montane grasslands & shrublands 1.5238 0.2471 <0.001
Biome - temperate broadleaf & mixed forests 1.3245 0.1829 <0.001
Biome - temperate conifer forests 1.8488 0.2202 <0.001
Biome - temperate grasslands, savannas &

shrublands 1.6756 0.1891 <0.001

Biome - tropical & subtropical dry broadleaf forests 1.0801 0.2509 <0.001



Biome - tropical & subtropical grasslands, savannas
& shrublands

Biome - tropical & subtropical moist broadleaf
forests

Cropland (%)
Soil wetness (mm over profile)

Coefficient of determination
Bias correction

0.5203

1.2144
0.0106
0.0055

0.60
0.595

0.2309

0.2089
0.0011
0.0015

0.025

<0.001
<0.001
<0.001




Table S5. Data sources and the number of catchments and data records remaining after harmonisation and filtering. These harmonised and filtered data were

used to predict and validate the median concentrations of phosphorus and nitrogen forms.

Database/reference NorP Number of Number of data Number of catchments Mean number of harmonised

fraction catchments records following harmonisation and filtered data records

and filtering

GEMStat ? DRP 215 53,703 106 27,217

TP 278 109,398 249 38,209

NOs-N 674 68,634 130 22,262

TN 777 32,558 68 12,030
GLORICH ? DRP 11,835 660,942 394 54,017

TP 10,532 484,700 488 89.484

NOs-N 7,401 583,114 430 80,021

TN 4,685 267,060 388 60,887
Murray-Darling 3 DRP 23 34,642 23 5,431

TP 23 35,889 23 5,715

NOs-N 23 34,454 23 5,559

TN 23 42,770 23 5,669
NZwQ ** DRP 728 74,573 357 (20)* 45,474 (2903)

TP 728 74,571 357 (20) 45,474 (2903)

NOs-N 728 74,573 357 (20) 45,474 (2903)

TN 728 74,573 357 (20) 45,474 (2903)

! Denotes the number of catchments and data used for validation purposes.



Table S6. List of units and sources of variables used to predict the concentrations of nitrogen and

phosphorus.
Variable (years of data used) Units Source
Catchment area (2008) km? 6

Mean altitude (2008)

Mean slope (2008)

Net primary production - 2015
Soil order (2015)

Soil organic carbon (1950-
1999)

Soil Olsen P stock (2010)

Mean potential
evapotranspiration (1950-
1999)

Soil wetness (1950-1999)
Discharge (2000)

Mean runoff by month (1-12)
(2000)

Mean rainfall (1970-2000)
Mean precipitation by month
(1-12) (1970-2000)

Crop cover 2009

Forest cover 2009

Lentic cover 2009

Pasture cover 2009
Rangeland cover 2009

Urban cover 2009

GDP per capita (2015)
Population density (1990)

Population density (1995)
Population density (2000)

Terrestrial biomes

Ecoregion within biomes
Global ecological land units -
Bioclimate

Global ecological land units —
landform

Global ecological land units -
lithology

Global ecological land units —
land cover

m above sea level
%

gCmZyrt

% of catchment
gCmZyrt

kg ha?

mm yr?

mm over profile
m3yr?

% of catchment

% of catchment

% of catchment

% of catchment

% of catchment

% of catchment
USD person™
Number of people
km

Number of people
km-

Number of people
km-

Categorical
Categorical
Categorical

Categorical
Categorical

Categorical

See Supplementary information ‘Global
Soil Map’
9

10
10

11
11

12
12
12
12
12
12
13
14

14
14
15
15
16
16

16

16




Table S7. Range and form of nitrogen and phosphorus thresholds designed to prevent unwanted periphyton blooms in streams and rivers. Data for selected

biomes were compared using a one-way analysis of variance.

Location Terrestrial biome Threshold Total N (nitrate-  Total P (dissolved Reference
N), mg L? reactive P), mg L?
US studies
Arkansas and Oklahoma Temperate broadleaf Thresholds derived to protect from - 0.035 17
and mixed forests; nuisance algal biomass
Temperate grasslands, Phosphorus thresholds based on the shift - 0.018-0.040!
savannas and . . .
shrublands in periphyton biomass
Phosphorus thresholds based on the - 0.032-0.058
proportion and biovolume of nuisance
algal biomass
Phosphorus thresholds based on mean - 0.011-0.049
community level shifts (that is, species
declining or increasing)
Connecticut Temperate broadleaf Ranging from the protection of sensitive - 0.020-0.082 18
and mixed forests taxa to where tolerant diatoms increased
Florida Temperate grassland, Significant increase in macroalgae - 0.250-0.284 0.026-0.033 19

Michigan and Kentucky

Mid-Atlantic Highlands, NE
USA
Minnesota

Montana

New Jersey

New Jersey and surrounding
Atlantic states

savannas and
shrublands
Temperate broadleaf
and mixed forests

Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests;
Temperate grasslands,
savannas and
shrublands
Temperate grassland,
savannas and
shrublands
Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests;

Lyngbya wollei and Vaucheria spp.

Significant response indicated by
Cladophora coverage and chlorophyll-a
concentrations

Decreases in native taxa, especially
diatoms

Recommended regional river
eutrophication criteria

Chlorophyll-a < 100 mg m2in streams

Change in impairment based on biological
condition gradient in diatom assemblages
Change in impairment based on biological
condition gradient in diatom assemblages

(0.230-0.261)

0.400-1.000

0.400

0.350

1.000

(0.022-0.028)

0.010-0.030

0.010-0.012

0.050-0.150

0.030

0.050

0.050

20

21

22

23

24

25




New York

Ohio
Ohio

Pennsylvania

Various American states
Washington, Nebraska

Wisconsin

Other studies
Sao Paulo state, Brazil

Atlantic maritime, Canada
Montane Cordillera, Canada
Mixed wood plains, Canada

Interior prairies, Canada

Temperate grassland,
savannas and
shrublands
Temperate broadleaf
and mixed forests

Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests

Various

Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests;
Temperate grasslands,
savannas and
shrublands

Tropical and
subtropical moist
broadleaf forests;
Tropical and
subtropical grasslands,
savannas and
shrublands
Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests
Temperate grassland,
savannas and
shrublands

Protection of aquatic life as measured by
chlorophyll-a, diatoms and
macroinvertebrates

Chlorophyll-a > 182 mg m™

Sensitive taxa are lost and algal
assemblage changes

Mid-point between impaired and
unimpaired catchments for biological
health

Change in trophic status of streams when
chlorophyll-a > 100 mg m

Range of thresholds to deter the growth
of motile algae and diatoms

Nutrient concentrations based on change
in chlorophyll-a and diatom indices in
wadeable streams

Oligotrophic (chlorophyll-a < 1.7 ug L)
Mesotrophic (chlorophyll-a < 9.0 ug LY

Combination of measures to control
benthic algae and protect
macroinvertebrates

0.700
(0.300)

(435)

2.010

0.285-0.375
0.590-1.790

0.872-1.169

0.460
0.820

0.870-1.200
0.210
1.100

0.390-0.980

0.030

0.038

0.040

0.070

0.023-0.029

0.030-0.280

0.039-0.074

0.010
0.030

0.010-0.030

0.020

0.030

0.100

26

27

18

28

29

30

31

32

33




Liao River Basin, China

Streams of the Lake Taihu
catchment, China

Streams of the Lake Dianchi
catchment, China

Streams of the Miyun
Reservoir catchment, China
New Zealand

New Zealand
Norway

Touw and Duiwe River, South
Africa

Temperate broadleaf
and mixed forests

Temperate broadleaf
and mixed forests
Tropical and
subtropical moist
broadleaf forests

Temperate broadleaf
and mixed forests
Temperate broadleaf
and mixed forests,
Temperate grassland,
savannas and
shrublands

Montane grasslands
and shrublands
Temperate broadleaf
and mixed forests
Temperate conifer
forests, tundra

Mediterranean forests,

woodlands and scrub

Mean (temperate broadleaf and mixed forests) TN, TP only

Mean (temperate grassland, savannas and shrublands) TN, TP only

Mean (tropical biomes) TN, TP only
Mean (overall)

Standard error of the mean
P value (biome)

Recommended criteria

Chemical and biological thresholds related
to human activity and water quality
Preventing the growth of Microcystis in
the lake by setting in-stream thresholds
Ranging from the maintenance of high-
quality streams to preventing the
nuisance growth of tolerant taxa

Designed to keep chlorophyll-a
concentrations < 20 mg m2 in reservoir

Designed to keep chlorophyll-a < 120 mg
m? in upland and lowland streams

Declines in the most sensitive taxa
Responses of benthic algae to TP inputs

Suggested guidelines for total nutrients

1.000
0.750-1.288

0.800

0.380-1.390

(0.500)

0.614 (0.444)

0.295 (0.167)

(0.070)

0.252

0.914
0.732
0.721

0.800 (0.309)
0.073
0.300

0.040
0.035-0.101

0.050

0.020-0.040

(0.040)

0.033 (0.010)

0.026 (0.009)

0.010-0.030
0.035

0.046
0.058
0.023

0.046 (0.025)
0.010
0.576

34

35

36

37

38,39

40

41

42

1 For those studies exhibiting a range of thresholds, the mid-point is used to enable the calculation of an overall mean. This was thought to be the best compromise between studies that derived a

single threshold for large catchments and those that derived multiple thresholds for smaller catchments.
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Figure S1A-B. Relative modelléd median dissolved reactive P (A) and nitrate-N (B) concentrations
(mg L) during likely periphyton growth periods at catchment scale across the globe. Areas without
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predictions are white (e.g., Greenland and Antarctica). The relative median values for each of the
nutrients are depicted as five different concentration ranges, which include the threshold and half

threshold concentration ranges.
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Figure S2. Relationships between predicted and observed total P (top) and N (bottom)
concentrations for Australian and New Zealand validation catchments (stream order >6, n = 41, both
relationships were significant at the P<0.001 level).
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Figure S3. Catchment boundaries for all rivers whose data were used in the calculation (blue; n =

| No data

- Catchments used for prediction
D Catchments used for validation

1406) and validation (green; n = 43) phases of model development. All other global catchments are
coloured light grey (n = 6020).

Global map of soil Olsen phosphorus

Table S8. List of data sources used to construct the map shown in Fig. S4 of estimated global soil

Olsen P for 2009-2011.

Data source  Number  Year Conversion to Olsen P Coverage  References
of
samples
ISRIC-World 23,538 2010 20900 samples converted Global 43
Soil from Bray-I P or Mehlich 11l
Information using Malo and Gelderman *
for soils > pH 6 and using
Wolf and Baker ** for soils <
pH 6; conversion was not
necessary for 2638 samples
LUCAS 19,965 2009  Conversion unnecessary — Europe 46
Topsoil already in Olsen P
Survey
ASRIS 6,537 2011  Converted from Colwell P Australia 48
using ¥
NZ Soil 47,206 2011  Conversion unnecessary — New 49
database already in Olsen P Zealand
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Of the 97246 samples in the database, 69809 were measured as Olsen P. Published regression
equations were used to convert other soil test P methods to Olsen P equivalents (Table S8). The
ASRIS database also contained total P data for 7247 samples of topsoil collected at depths of 0-20
cm

Modelling of soil Olsen P

Information was gained for soil group, land cover, and gross domestic product per capita (GDPPC)
from http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-
database-vl12/en/ *°. A full treatment combination of soil group by land cover by GDPPC for each
country was fitted as random terms via a random effect, maximum likelihood analysis in Genstat 1,
generating a mean estimated Olsen P concentration for each combination. Data were analysed on a
log scale. We analysed 17906 combinations of countries (including GDPPC) by land cover and soil
group to estimate a mean Olsen P concentration. Another 974 combinations, mostly relating to
areas in north African countries, could not be modelled. These were assigned a default Olsen P value
of 2 mg P/kg, equivalent to values found in undeveloped soils *2. The model estimated 39% of the
variation in the data.

Soil groups and land cover were converted to a 400-m equal area raster; each pixel therefore
represents an area of 160,000 m2. Soil Olsen P concentrations were assighed to the topsoil of
grassland, forests and cropland (i.e., the top 7.5, 10 and 20 cm, respectively). United Nations Food
and Agriculture Organization soil information & was used to assign a bulk density for each soil group
int m3 (values equal g cm™) and the mass of soil in each pixel was calculated in kilotons. Assigned
modelled Olsen P concentrations were used to calculate the tonnes of Olsen P in each pixel. The
same process was used to calculate the mass of total P for the continent of Australia.

Results

The results of the modelling are shown for 256 ha parcels of land across the globe in Supplementary
Figure S4. As a check of the model’s performance, we compared our calculated mass of Olsen P for
Africa to that estimated as Mehlich-3 P by Hengl, et al. >3 using WoSIS data. The mass of Mehlich-3
extractable P stored in the top 30 cm of soils for Sub-Saharan Africa was calculated to be 93,195 kt,
which was 3.14 times more than our modelled estimate of 29636 kt as Olsen P. Nevertheless our
modelled estimate was comparable to that of Hengl, et al. >3 given that Mehlich-3 extracts about
three times more P than the Olsen method *4.

13


http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
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Figure S4. Raster map (256 ha resolution) showing the estimated mass (kg ha™) of soil Olsen P in the
topsoil (top 7.5, 10 and 20-cm for grassland, forests and cropland, respectively). Areas without
predictions are white.
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