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The following text contains supplementary information for the methods and outputs in the main 
text. It is organised as a series of supplementary figures and tables either separately or in 
combination with supplementary notes that go into further detail. 
 
 

 
 
Supplementary Fig 1 showing the steps involved in filtering and processing the data to obtain the 
estimates of current and reference concentrations of each analyte. 
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Supplementary Table 1 showing the variables and their sources used to create a single human 
effect variable and considered in the final model to predict the concentrations of nitrogen and 
phosphorus fractions at each site. The short title for each variable used in the modelling process is 
given in parentheses. 

Variable (years of data used) Units Source 

Human effect variables   
  Crop cover 2009 (crop) % of catchment 1 
  Forest cover 2009 (forest) % of catchment 1 
  Lentic cover 2009 (lentic) % of catchment 1 
  Pasture cover 2009 (pasture) % of catchment 1 
  Rangeland cover 2009 (range_land) % of catchment 1 
  Urban cover 2009 (urban) % of catchment 1 
  Soil Olsen P stock (2010) (OlsenP) kg ha-1 2 
  Population density (2000) (PopDens) Number of people 

km-2 
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Catchment characteristics considered in final models   
  Human effect (Human) mg L-1 from above 
  Number of observations at each site (NObs) - - 
  Mean altitude (2008) (Mean_Altitude) m above sea level 4 
  Mean slope (2008) (Mean_Slope) % 4 
  Soil order (2015) (S_order) % of catchment 5 
  GDP per capita (2015) (GDP) USD person-1 6 
  Latitude (Latitude) Degrees 7 
  Catchment area (2008) (Area_SqKm) km2 4 
  Mean evapotranspiration (1950-1999) (ET) mm yr-1 8 
  Mean potential evapotranspiration (1950-1999) (ETpot) mm yr-1 8 
  Soil wetness (1950-1999) (SoilWet) mm over profile 8 
  Mean daily runoff by month (1-12) (2000)a (runoff_n) mm 9 
  Mean rainfall (1970-2000)a (rainfall_n) mm yr-1 10 
  Mean precipitation by month (1-12) (1970-2000) (precip_n) mm 10 
  Ecoregion within biomes (ECO_NAME) Categorical 11 
  Global ecological land units – Bioclimate (EF_Bio_Des) Categorical 12 
  Global ecological land units – landform (EF_LF_Desc) Categorical 12 
  Global ecological land units – lithology (EF_Lit_Des) Categorical 12 
  Terrestrial biomes (BIOME_NAME) Categorical 11 

a Note that we adjusted the 12 variables measuring the average water runoff and rainfall in each of the 12 
months of the year to account for seasonality. For sites in the northern hemisphere, the months were 
advanced by six.  Hence for sites in the southern hemisphere, month 1 is January, while month 1 is July for 
sites in the northern hemisphere. “_n” refers to month (1-12) in the shortened name. Latitude was included in 
the model for two reasons: 1) to identify the split between the topics and seasonal data from temperate zones 
and 2) to act as a catch-all for the interaction of biophysical parameters. 
 

Supplementary Note 1: Deriving Human Effects 
 
We wished to derive one factor to account for human effects. We used partial least squares 13 to 
amalgamate anthropogenic effects on each analyte. Partial least squares avoided any potential 
effect from multi-collinearity amongst variables (especially land uses). The resulting distribution of 
human effects was normally distributed across each analyte (Supplementary Fig 2). 
 Olsen phosphorus was the most important predictor of human effect in dissolved reactive 
phosphorus and total nitrogen. Olsen phosphorus may capture the intensity of farm practices better 
than proportions of land use. For instance, nutrient losses from grassland can vary by orders of 
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magnitude depending on the fertility of the soils – as reflected by their Olsen phosphorus 
concentration 14. Population density was the most important component of human effect in nitrate-
nitrogen and total phosphorus. Population density could reflect a need to intensively produce food 
(with high nutrient losses) close to cities to avoid transportation costs but is probably more a 
reflection of point source discharges 15.  
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Supplementary Fig 2. Output of the partial least squares analysis of human effects for each analyte 
(a = DRP, dissolve reactive phosphorus; b = NO3-N, nitrate-nitrogen; c = TP, total phosphorus; d = 
TN, total nitrogen) showing the relative importance of each predictor. The function is also given for 

(a) DRP = 0.6482 × Olsen P 

+ 0.3410 × Pasture + 

0.1977 × Lentic + 0.4610 ×

Population Density + 

0.3031 × Forest + 0.3113 ×

Urban - 0.1323 ×

Rangeland + 0.0759 × Crop 

r2 = 0.37 p<0.001

(b) NO3-N = 0.2636 × Olsen P -

0.1019 × Pasture + 0.1031 ×

Lentic + 0.2264 × Urban + 0.4273 

× Crop + 0.1119 × Rangeland + 

0.3126 × Forest + 0.7520 ×

Population Density 

r2 = 0.23 p<0.001

(c) TP = 0.2468 × Olsen P + 

0.0537 × Pasture + 0.6571 ×

Population Density + 0.1068 

× Lentic + 0.5415 × Urban + 

0.4055 × Forest + 0.0720 ×

Rangeland + 0.1736 × Crop 

r2 = 0.33 p<0.001

(d) TN = 0.6960 × Olsen P + 

0.2229 × Pasture + 0.3031 ×

Rangeland + 0.0401 × Crop + 

0.1548 × Forest + 0.3505 × Urban 

+ 0.1513 × Lentic + 0.4503 ×

Population Density 

r2 = 0.29 p<0.001
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each human effect along with its coefficients and performance (coefficient of determination and 
significance). 
 

Supplementary Note 2: Finding a suitable model in R 
 
We modelled each analyte in R to derive suitable models after first examining the 
representativeness of the training and test data to the total dataset (Supplementary Table 2) and 
tuning the predictor variables, choosing the final model to be implemented in Python within ArcGIS 
Pro (the R models could not be implemented in ArcGIS Pro) based on a small mean absolute error, 
high coefficient of determination and the fewest terms (Supplementary Table 3, Supplementary 
Table 4, Supplementary Table 5, Supplementary Table 6). The performance of the final model was 
good 16 with a low mean absolute error and high coefficient of determination. Importantly, human 
effect was the most important predictor relative to all other predictors chosen in each model 
(Supplementary Fig 3, Supplementary Fig 4, Supplementary Fig 5, Supplementary Fig 6).  
  
Supplementary Table 2 giving descriptive statistics (natural log) for the combined dataset and 
those split and used for training and testing the random forest models in R for each log-
transformed nitrogen (NO3-N = nitrate-nitrogen, TN = total nitrogen) and P (DRP = dissolved 
reactive phosphorus, TP = total phosphorus) fraction. 

Parameter Count Mean Median Std 
deviation 

25th 
percentile 

75th 
percentile 

Min Max 

DRP all 2022 -5.167 -5.307 0.042 -6.908 -3.685 -8.080 3.726 
DRP train 1516 -5.164 -5.307 0.048 -6.908 -3.685 -8.080 3.726 
DRP test 506 -5.176 -5.307 0.082 -6.908 -3.685 -8.080 0.642 
NO3-N all 2189 -1.492 -1.427 0.032 -2.408 -0.511 -6.475 3.059 
NO3-N train 1641 -1.488 -1.427 0.038 -2.408 -0.511 -6.475 2.708 
NO3-N test 548 -1.503 -1.427 0.064 -2.408 -0.511 -6.475 3.059 
TP all 2438 -2.822 -2.781 0.032 -3.905 -1.833 -9.284 2.196 
TP train 1827 -2.825 -2.781 0.036 -3.905 -1.833 -9.284 2.196 
TP test 611 -2.814 -2.786 0.064 -3.905 -1.833 -5.809 1.435 
TN all 1007 -0.820 -0.674 0.045 -2.038 0.095 -4.605 3.090 
TN train 753 -0.819 -0.674 0.053 -2.038 0.086 -4.605 3.090 
TN test 254 -0.824 -0.673 0.088 -2.022 0.095 -4.605 2.198 
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Supplementary Table 3 showing the array of initial models for the prediction of dissolved reactive phosphorus along with performance metrics as implemented in R. Also included are model tuning (predictor variables, j; trees, i; 
and nodes, k) and performance metrics (mean absolute error (MAE), root mean square error (RMSE), and the coefficient of determination (R2)). 

Model i j k Terms MAE RMSE R2 Model terms 

1 100 16 4 25 0.750 1.103 0.815 Latitude + Runoff_1 + Runoff_2 + Runoff_3 + Runoff_4 + Runoff_5 + Runoff_6 + Runoff_7 + Runoff_8 + Runoff_9 + Runoff_10 + Runoff_11 + Runoff_12 + Area_SqKm + 
Mean_Slope + S_Order + LC + BIOME_NAME + EF_Lit_Des + ET + ETPot + SoilWet + Bio_temp + Bio_Moist + human_effect 

2 500 19 1 24 0.751 1.110 0.812 EF_Lit_Des + LC + Runoff_8 + Runoff_7 + Runoff_10 + S_Order + Runoff_4 + Runoff_9 + Runoff_12 + Runoff_1 + Runoff_11 + SoilWet + Runoff_2 + Runoff_6 + 
Area_SqKm + Runoff_5 + Bio_temp + Runoff_3 + ET + ETPot + Mean_Slope + Latitude + BIOME_NAME + human_effect 

3 300 13 1 23 0.749 1.104 0.815 LC + Runoff_8 + Runoff_7 + Runoff_10 + Runoff_4 + Runoff_9 + S_Order + Runoff_1 + Runoff_11 + Runoff_12 + SoilWet + Runoff_2 + Bio_temp + Runoff_3 + Runoff_6 + 
Runoff_5 + Area_SqKm + ETPot + ET + Mean_Slope + Latitude + BIOME_NAME + human_effect 

4 300 13 3 22 0.749 1.104 0.814 Runoff_8 + Runoff_7 + Runoff_10 + S_Order + Runoff_4 + Runoff_9 + Runoff_1 + SoilWet + Runoff_11 + Runoff_12 + Runoff_6 + Runoff_5 + Area_SqKm + Bio_temp + 
Runoff_2 + Runoff_3 + ETPot + ET + Mean_Slope + Latitude + BIOME_NAME + human_effect 

5 500 13 1 21 0.750 1.106 0.813 Runoff_7 + Runoff_10 + Runoff_4 + S_Order + Runoff_9 + Runoff_1 + SoilWet + Runoff_12 + Runoff_11 + Runoff_6 + Runoff_5 + Runoff_2 + Area_SqKm + Bio_temp + 
Runoff_3 + ETPot + ET + Mean_Slope + Latitude + BIOME_NAME + human_effect 

6 300 13 1 20 0.748 1.104 0.814 Runoff_4 + Runoff_7 + Runoff_1 + S_Order + Runoff_9 + Runoff_12 + SoilWet + Runoff_11 + Runoff_2 + Runoff_6 + Bio_temp + Runoff_3 + Runoff_5 + Area_SqKm + 
ETPot + ET + Mean_Slope + Latitude + BIOME_NAME + human_effect 

7 300 13 3 19 0.746 1.101 0.815 Runoff_7 + S_Order + Runoff_1 + Runoff_11 + Runoff_12 + SoilWet + Runoff_9 + Bio_temp + Runoff_6 + Runoff_2 + Runoff_5 + Area_SqKm + Runoff_3 + ET + ETPot + 
Mean_Slope + Latitude + BIOME_NAME + human_effect 

8 500 13 1 18 0.744 1.103 0.814 S_Order + Runoff_1 + Runoff_12 + Runoff_11 + Runoff_9 + Bio_temp + SoilWet + Runoff_2 + Area_SqKm + Runoff_6 + Runoff_5 + Runoff_3 + ETPot + ET + Mean_Slope 
+ Latitude + BIOME_NAME + human_effect 

9 300 11 3 17 0.742 1.100 0.815 Runoff_1 + SoilWet + Runoff_12 + Runoff_11 + Runoff_9 + Bio_temp + Runoff_2 + Runoff_5 + Runoff_6 + Area_SqKm + Runoff_3 + ETPot + ET + Mean_Slope + Latitude 
+ BIOME_NAME + human_effect 

10 900 9 1 16 0.744 1.097 0.817 Runoff_12 + SoilWet + Runoff_11 + Runoff_9 + Runoff_2 + Area_SqKm + Bio_temp + Runoff_6 + Runoff_5 + Runoff_3 + ETPot + ET + Mean_Slope + Latitude + 
BIOME_NAME + human_effect 

11 300 9 1 15 0.741 1.097 0.816 SoilWet + Runoff_9 + Runoff_12 + Bio_temp + Area_SqKm + Runoff_5 + Runoff_2 + Runoff_6 + Runoff_3 + ETPot + Mean_Slope + ET + Latitude + BIOME_NAME + 
human_effect 

12 100 7 4 14 0.740 1.093 0.818 Bio_temp + Runoff_9 + Runoff_12 + Area_SqKm + Runoff_6 + Runoff_3 + Runoff_2 + Runoff_5 + ETPot + ET + Mean_Slope + Latitude + BIOME_NAME + human_effect 
13 700 7 1 13 0.749 1.105 0.813 Runoff_9 + Runoff_5 + Area_SqKm + Runoff_6 + Runoff_12 + Runoff_2 + Runoff_3 + ETPot + Mean_Slope + ET + Latitude + BIOME_NAME + human_effect 
14 900 7 2 12 0.751 1.108 0.812 Area_SqKm + Runoff_12 + Runoff_6 + Runoff_5 + Runoff_2 + Runoff_3 + Mean_Slope + ETPot + ET + Latitude + BIOME_NAME + human_effect 
15 900 6 2 11 0.752 1.106 0.813 Runoff_5 + Runoff_12 + Runoff_2 + Runoff_6 + Runoff_3 + Mean_Slope + ET + ETPot + Latitude + BIOME_NAME + human_effect 
16 700 5 2 10 0.754 1.106 0.813 Runoff_5 + Runoff_6 + Runoff_2 + Runoff_3 + Mean_Slope + ET + ETPot + Latitude + BIOME_NAME + human_effect 
17 500 4 2 9 0.752 1.101 0.815 Runoff_6 + Runoff_2 + Runoff_3 + Mean_Slope + ETPot + ET + Latitude + BIOME_NAME + human_effect 
18 500 3 1 8 0.754 1.099 0.816 Runoff_6 + Runoff_3 + Mean_Slope + ET + ETPot + Latitude + BIOME_NAME + human_effect 
19 500 3 1 7 0.752 1.098 0.816 Mean_Slope + Runoff_3 + ETPot + ET + Latitude + BIOME_NAME + human_effect 
20 900 3 2 6 0.750 1.098 0.815 Runoff_3 + ET + ETPot + Latitude + BIOME_NAME + human_effect 
21 900 3 2 5 0.769 1.124 0.806 ET + ETPot + Latitude + BIOME_NAME + human_effect 
22 500 2 1 4 0.783 1.145 0.798 ETPot + Latitude + BIOME_NAME + human_effect 
23 300 3 2 3 0.788 1.201 0.773 Latitude + BIOME_NAME + human_effect 
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Supplementary Table 4. showing the array of initial models for the prediction of nitrate-nitrogen along with performance metrics as implemented in R. Also included are model tuning (predictor variables, j; trees, i; and nodes, k) 
and performance metrics (mean absolute error (MAE), root mean square error (RMSE), and the coefficient of determination (R2)). 

Model i j k Terms MAE RMSE R2 Model terms 

1 500 7 4 25 0.728 0.991 0.762 Latitude + Runoff_1 + Runoff_2 + Runoff_3 + Runoff_4 + Runoff_5 + Runoff_6 + Runoff_7 + Runoff_8 + Runoff_9 + Runoff_10 + Runoff_11 + Runoff_12 + Area_SqKm + 
Mean_Slope + S_Order + LC + BIOME_NAME + EF_Lit_Des + ET + ETPot + SoilWet + Bio_temp + Bio_Moist + human_effect 

2 700 7 1 24 0.729 0.991 0.761 EF_Lit_Des + Runoff_5 + Bio_temp + Runoff_3 + Runoff_6 + Runoff_2 + Runoff_7 + Runoff_4 + Runoff_10 + S_Order + Runoff_8 + Mean_Slope + Runoff_9 + Runoff_1 + 
SoilWet + Runoff_12 + Area_SqKm + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 

3 500 7 3 23 0.728 0.989 0.762 Runoff_5 + Runoff_3 + Bio_temp + Runoff_7 + Runoff_6 + Runoff_4 + Runoff_2 + Runoff_10 + S_Order + Runoff_8 + Runoff_9 + Mean_Slope + SoilWet + Runoff_1 + 
Area_SqKm + Runoff_12 + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 

4 300 7 1 22 0.728 0.990 0.762 Runoff_3 + Runoff_6 + Runoff_7 + Runoff_4 + Runoff_2 + Bio_temp + Runoff_10 + S_Order + Runoff_8 + Runoff_1 + Mean_Slope + Runoff_9 + SoilWet + Runoff_12 + 
Area_SqKm + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 

5 500 7 1 21 0.729 0.991 0.761 Runoff_3 + Runoff_6 + Runoff_7 + Runoff_2 + Runoff_4 + Runoff_10 + Runoff_8 + S_Order + Runoff_1 + SoilWet + Runoff_9 + Mean_Slope + Runoff_12 + Area_SqKm + 
ETPot + LC + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 

6 500 7 1 20 0.728 0.991 0.761 Runoff_6 + Runoff_7 + Runoff_2 + Runoff_4 + Runoff_10 + S_Order + Runoff_8 + Runoff_1 + Runoff_9 + Mean_Slope + SoilWet + Runoff_12 + Area_SqKm + ET + ETPot + 
LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 

7 300 7 1 19 0.729 0.991 0.761 Runoff_6 + Runoff_10 + Runoff_2 + Runoff_4 + S_Order + Runoff_8 + Runoff_9 + Runoff_1 + Mean_Slope + SoilWet + Runoff_12 + Area_SqKm + ETPot + ET + LC + 
Runoff_11 + Latitude + BIOME_NAME + human_effect 

8 500 5 3 18 0.727 0.987 0.764 Runoff_6 + Runoff_2 + Runoff_4 + S_Order + Runoff_8 + Runoff_1 + Mean_Slope + Runoff_9 + SoilWet + Runoff_12 + Area_SqKm + ETPot + ET + LC + Runoff_11 + 
Latitude + BIOME_NAME + human_effect 

9 700 5 1 17 0.727 0.988 0.763 Runoff_2 + S_Order + Runoff_4 + Runoff_8 + Runoff_1 + Mean_Slope + Runoff_9 + SoilWet + Area_SqKm + Runoff_12 + ETPot + ET + LC + Runoff_11 + Latitude + 
BIOME_NAME + human_effect 

10 700 5 1 16 0.727 0.987 0.764 S_Order + Runoff_4 + Runoff_8 + Mean_Slope + Runoff_1 + Runoff_9 + SoilWet + Area_SqKm + Runoff_12 + ETPot + LC + ET + Runoff_11 + Latitude + BIOME_NAME + 
human_effect 

11 300 5 1 15 0.733 0.995 0.759 Runoff_4 + Runoff_8 + Mean_Slope + Runoff_1 + Runoff_9 + SoilWet + Area_SqKm + Runoff_12 + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + 
human_effect 

12 300 5 4 14 0.733 0.993 0.760 Runoff_8 + Mean_Slope + Runoff_1 + SoilWet + Runoff_9 + Runoff_12 + Area_SqKm + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 
13 300 5 1 13 0.732 0.994 0.759 Mean_Slope + Runoff_1 + SoilWet + Runoff_9 + Runoff_12 + Area_SqKm + ETPot + ET + LC + Runoff_11 + Latitude + BIOME_NAME + human_effect 
14 300 5 1 12 0.731 0.996 0.757 Runoff_1 + SoilWet + Runoff_9 + Area_SqKm + Runoff_12 + ETPot + LC + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
15 500 3 1 11 0.731 0.992 0.761 SoilWet + Runoff_12 + Runoff_9 + ETPot + Area_SqKm + LC + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
16 300 3 3 10 0.734 0.994 0.759 Area_SqKm + Runoff_9 + Runoff_12 + ETPot + LC + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
17 500 2 2 9 0.743 1.000 0.755 Runoff_9 + LC + Runoff_12 + ETPot + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
18 100 2 2 8 0.743 1.004 0.753 LC + ETPot + Runoff_12 + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
19 900 2 1 7 0.745 1.008 0.750 ETPot + Runoff_12 + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
20 900 2 3 6 0.746 1.008 0.750 ETPot + ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
21 500 2 1 5 0.745 1.012 0.748 ET + Runoff_11 + Latitude + BIOME_NAME + human_effect 
22 500 2 2 4 0.757 1.017 0.744 ET + Latitude + BIOME_NAME + human_effect 
23 700 2 2 3 0.806 1.080 0.707 Latitude + BIOME_NAME + human_effect 
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Supplementary Table 5. showing the array of initial models for the prediction of total phosphorus along with performance metrics as implemented in R. Also included are model tuning (predictor variables, j; trees, i; and nodes, k) 
and performance metrics (mean absolute error (MAE), root mean square error (RMSE), and the coefficient of determination (R2)). 

Model i j k Terms MAE RMSE R2 Model terms 

1 300 16 4 25 0.728 1.015 0.759 Latitude + Runoff_1 + Runoff_2 + Runoff_3 + Runoff_4 + Runoff_5 + Runoff_6 + Runoff_7 + Runoff_8 + Runoff_9 + Runoff_10 + Runoff_11 + Runoff_12 + Area_SqKm + 
Mean_Slope + S_Order + LC + BIOME_NAME + EF_Lit_Des + ET + ETPot + SoilWet + Bio_temp + Bio_Moist + human_effect 

2 500 16 1 24 0.728 1.017 0.758 Runoff_6 + Runoff_1 + Runoff_10 + LC + S_Order + EF_Lit_Des + Runoff_8 + Runoff_4 + Runoff_11 + Runoff_3 + Runoff_2 + SoilWet + Runoff_12 + Runoff_7 + ET + 
Runoff_9 + Bio_temp + Mean_Slope + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 

3 500 16 3 23 0.728 1.014 0.759 LC + Runoff_10 + Runoff_1 + S_Order + EF_Lit_Des + Runoff_4 + Runoff_8 + Runoff_3 + Runoff_11 + Runoff_2 + SoilWet + Runoff_12 + ET + Runoff_7 + Runoff_9 + 
Mean_Slope + Bio_temp + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 

4 300 13 3 22 0.728 1.016 0.758 LC + Runoff_1 + S_Order + Runoff_4 + EF_Lit_Des + Runoff_8 + Runoff_11 + Runoff_3 + Runoff_2 + Runoff_12 + SoilWet + ET + Runoff_7 + Runoff_9 + Mean_Slope + 
Bio_temp + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 

5 300 10 3 21 0.725 1.011 0.761 Runoff_1 + S_Order + EF_Lit_Des + Runoff_8 + Runoff_4 + Runoff_2 + Runoff_11 + Runoff_12 + Runoff_3 + SoilWet + ET + Runoff_9 + Mean_Slope + Runoff_7 + 
Bio_temp + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 

6 900 13 3 20 0.731 1.020 0.756 Runoff_1 + S_Order + Runoff_11 + Runoff_4 + Runoff_8 + Runoff_12 + Runoff_3 + Runoff_2 + SoilWet + Runoff_9 + ET + Runoff_7 + Mean_Slope + Runoff_5 + 
Area_SqKm + Bio_temp + ETPot + Latitude + BIOME_NAME + human_effect 

7 900 13 1 19 0.731 1.019 0.756 S_Order + Runoff_4 + Runoff_3 + Runoff_8 + Runoff_2 + Runoff_12 + Runoff_11 + SoilWet + ET + Runoff_7 + Runoff_9 + Bio_temp + Mean_Slope + Area_SqKm + 
Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 

8 300 13 1 18 0.732 1.022 0.755 Runoff_4 + Runoff_8 + Runoff_3 + Runoff_2 + Runoff_11 + SoilWet + Runoff_12 + ET + Runoff_7 + Runoff_9 + Bio_temp + Mean_Slope + Area_SqKm + Runoff_5 + ETPot 
+ Latitude + BIOME_NAME + human_effect 

9 700 9 1 17 0.732 1.021 0.756 Runoff_3 + Runoff_8 + Runoff_11 + SoilWet + Runoff_2 + Runoff_12 + ET + Runoff_7 + Bio_temp + Runoff_9 + Mean_Slope + Area_SqKm + Runoff_5 + ETPot + Latitude 
+ BIOME_NAME + human_effect 

10 700 11 1 16 0.732 1.022 0.755 Runoff_11 + SoilWet + Runoff_12 + Runoff_2 + Runoff_3 + ET + Runoff_9 + Bio_temp + Runoff_7 + Mean_Slope + Area_SqKm + Runoff_5 + ETPot + Latitude + 
BIOME_NAME + human_effect 

11 300 7 3 15 0.731 1.018 0.758 Runoff_11 + Runoff_2 + SoilWet + Runoff_12 + ET + Bio_temp + Runoff_7 + Runoff_9 + Mean_Slope + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + 
human_effect 

12 500 9 2 14 0.731 1.020 0.756 Runoff_12 + SoilWet + ET + Runoff_2 + Bio_temp + Runoff_9 + Mean_Slope + Area_SqKm + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
13 700 7 1 13 0.730 1.018 0.757 ET + Runoff_12 + Runoff_2 + Bio_temp + Runoff_7 + Mean_Slope + Runoff_9 + Area_SqKm + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
14 300 5 2 12 0.728 1.015 0.759 Runoff_2 + ET + Bio_temp + Mean_Slope + Runoff_9 + Area_SqKm + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
15 100 6 5 11 0.731 1.021 0.755 Runoff_2 + ET + Mean_Slope + Runoff_9 + Area_SqKm + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
16 300 4 1 10 0.732 1.021 0.755 Mean_Slope + ET + Area_SqKm + Runoff_9 + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
17 900 4 2 9 0.734 1.024 0.753 Area_SqKm + Mean_Slope + Runoff_9 + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
18 300 3 1 8 0.737 1.023 0.754 Area_SqKm + Runoff_9 + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
19 700 3 1 7 0.740 1.026 0.752 Area_SqKm + Runoff_7 + Runoff_5 + ETPot + Latitude + BIOME_NAME + human_effect 
20 700 3 2 6 0.745 1.032 0.748 Runoff_5 + Runoff_7 + ETPot + Latitude + BIOME_NAME + human_effect 
21 100 3 1 5 0.751 1.041 0.742 Runoff_7 + ETPot + Latitude + BIOME_NAME + human_effect 
22 300 2 3 4 0.771 1.057 0.733 ETPot + Latitude + BIOME_NAME + human_effect 
23 100 2 3 3 0.818 1.105 0.705 Latitude + BIOME_NAME + human_effect 
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Supplementary Table 6. showing the array of initial models for the prediction of total nitrogen along with performance metrics as implemented in R. Also included are model tuning (predictor variables, j; trees, i; and nodes, k) and 
performance metrics (mean absolute error (MAE), root mean square error (RMSE), and the coefficient of determination (R2)). 

Model i j k Terms MAE RMSE R2 Model terms 

1 100 16 7 25 0.669 0.986 0.729 Latitude + Runoff_1 + Runoff_2 + Runoff_3 + Runoff_4 + Runoff_5 + Runoff_6 + Runoff_7 + Runoff_8 + Runoff_9 + Runoff_10 + Runoff_11 + Runoff_12 + Area_SqKm + 
Mean_Slope + S_Order + LC + BIOME_NAME + EF_Lit_Des + ET + ETPot + SoilWet + Bio_temp + Bio_Moist + human_effect 

2 100 13 7 24 0.672 0.993 0.725 EF_Lit_Des + LC + Runoff_6 + Runoff_9 + S_Order + Runoff_10 + Runoff_12 + Runoff_8 + Bio_temp + Runoff_7 + Runoff_11 + SoilWet + Runoff_4 + Runoff_1 + Runoff_5 
+ ETPot + Mean_Slope + Area_SqKm + ET + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

3 500 10 1 23 0.672 1.000 0.718 LC + S_Order + Runoff_6 + Runoff_12 + Runoff_11 + Runoff_10 + Runoff_9 + Runoff_7 + Runoff_8 + SoilWet + Bio_temp + Runoff_1 + Runoff_5 + Mean_Slope + 
Runoff_4 + ETPot + Area_SqKm + ET + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

4 300 13 3 22 0.672 0.997 0.720 S_Order + Runoff_6 + Runoff_7 + Runoff_10 + Runoff_9 + Runoff_12 + Bio_temp + Runoff_8 + Runoff_11 + SoilWet + Runoff_1 + Runoff_5 + Mean_Slope + Area_SqKm 
+ ETPot + ET + Runoff_4 + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

5 700 7 3 21 0.672 0.992 0.724 S_Order + Runoff_9 + Runoff_12 + Runoff_8 + Runoff_10 + Runoff_7 + Bio_temp + Runoff_11 + SoilWet + Runoff_5 + Runoff_1 + Runoff_4 + Mean_Slope + ETPot + ET + 
Area_SqKm + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

6 300 10 3 20 0.672 0.995 0.721 Runoff_12 + Runoff_10 + Runoff_9 + Bio_temp + Runoff_7 + Runoff_8 + Runoff_11 + Runoff_1 + SoilWet + Runoff_5 + Mean_Slope + Area_SqKm + ETPot + ET + 
Runoff_4 + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

7 300 10 3 19 0.671 0.994 0.722 Runoff_12 + Runoff_9 + Runoff_10 + Runoff_8 + Runoff_7 + Runoff_11 + SoilWet + Runoff_1 + Runoff_5 + Mean_Slope + Runoff_4 + Area_SqKm + ETPot + ET + 
Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 

8 500 9 7 18 0.672 0.994 0.723 Runoff_9 + Runoff_12 + Runoff_10 + Runoff_11 + Runoff_8 + SoilWet + Runoff_1 + Runoff_5 + Runoff_4 + Mean_Slope + Area_SqKm + ET + ETPot + Runoff_2 + 
Runoff_3 + Latitude + BIOME_NAME + human_effect 

9 700 11 3 17 0.671 0.998 0.719 Runoff_10 + Runoff_9 + Runoff_8 + Runoff_11 + SoilWet + Runoff_1 + Runoff_5 + Runoff_4 + Mean_Slope + Area_SqKm + ETPot + ET + Runoff_2 + Runoff_3 + Latitude + 
BIOME_NAME + human_effect 

10 900 11 3 16 0.669 0.998 0.719 Runoff_9 + Runoff_11 + Runoff_8 + SoilWet + Runoff_5 + Runoff_1 + Runoff_4 + Mean_Slope + ETPot + ET + Area_SqKm + Runoff_2 + Runoff_3 + Latitude + 
BIOME_NAME + human_effect 

11 300 9 1 15 0.668 0.996 0.721 Runoff_11 + Runoff_8 + SoilWet + Runoff_4 + Runoff_5 + Runoff_1 + Mean_Slope + ETPot + ET + Area_SqKm + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + 
human_effect 

12 300 7 2 14 0.666 0.992 0.723 Runoff_11 + Runoff_8 + Runoff_1 + Runoff_5 + Runoff_4 + Mean_Slope + ETPot + ET + Area_SqKm + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
13 700 5 2 13 0.663 0.990 0.725 Runoff_5 + Runoff_8 + Runoff_1 + Runoff_4 + Mean_Slope + Area_SqKm + ET + ETPot + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
14 100 3 6 12 0.664 0.986 0.730 Runoff_1 + Runoff_5 + Area_SqKm + Runoff_4 + Mean_Slope + ET + ETPot + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
15 300 4 2 11 0.666 0.997 0.722 Area_SqKm + Mean_Slope + ET + Runoff_4 + ETPot + Runoff_5 + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
16 500 3 2 10 0.664 0.991 0.726 Area_SqKm + Mean_Slope + ET + ETPot + Runoff_4 + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
17 500 4 3 9 0.661 0.984 0.730 Mean_Slope + ET + ETPot + Runoff_4 + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
18 900 3 1 8 0.662 0.981 0.731 Runoff_4 + ET + ETPot + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
19 500 3 3 7 0.673 0.990 0.726 Runoff_4 + ETPot + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
20 300 2 1 6 0.663 0.971 0.738 ETPot + Runoff_2 + Runoff_3 + Latitude + BIOME_NAME + human_effect 
21 100 2 1 5 0.684 1.000 0.721 Runoff_3 + Runoff_2 + Latitude + BIOME_NAME + human_effect 
22 700 2 1 4 0.689 1.006 0.716 Runoff_3 + Latitude + BIOME_NAME + human_effect 
23 500 1 2 3 0.710 1.008 0.715 Latitude + BIOME_NAME + human_effect 
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Supplementary Table 7 showing model performance in R. Performance metrics (in log space) of the 
random forest models are split into training and testing data for the final model to predict each 
nitrogen (NO3-N = nitrate-nitrogen, TN = total nitrogen) and P (DRP = dissolved reactive phosphorus, 
TP = total phosphorus) fraction. 

Analyte Dataset Mean absolute error Root mean square error R2 

DRP Train 0.366 0.615 0.97 

 Test 0.974 1.650 0.76 

TP Train 0.376 0.538 0.94 

 Test 1.056 1.540 0.55 

NNN Train 0.307 0.423 0.96 

 Test 0.906 1.253 0.71 

TN Train 0.384 0.557 0.96 

 Test 0.972 1.502 0.74 

 
 

 
Supplementary Fig 3 showing the relative importance of predictor variables in the final model’s 
estimation of dissolved reactive phosphorus concentration as implemented in R.  
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Supplementary Fig 4. showing the relative importance of predictor variables in the final model’s 
estimation of total phosphorus concentration as implemented in R. 
 

 
Supplementary Fig 5. showing the relative importance of predictor variables in the final model’s 
estimation of nitrate-nitrogen concentration as implemented in R.  
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Supplementary Fig 6. showing the relative importance of predictor variables in the final model’s 
estimation of total nitrogen concentration as implemented in R. 

 

Supplementary Note 3: Implementation of the chosen model in Python 
 
The performance of the chosen model (implemented in Python) is shown in Supplementary Table 8. 
The performance metrics, the coefficient of determination, mean absolute error and mean square 
error are acceptable 16. Moreover they are better than previous attempts to model these analytes 
and derive likely effects on periphyton at a global 7 and national/regional scale 17. Human effect was 
the most important predictor in each of the models followed by latitude and biophysical (e.g., mean 
slope) or climate conditions (e.g., runoff or potential evapotranspiration - ETPot). This order of effect 
is consistent with other models at the global 18, continental 19 or regional 20 scales. However, it is 
expected that at smaller scales, land use would become more important as biophysical or climate 
variation wanes 21. Biomes were likely too large to capture farm scale changes in land use and the 
intensity of land management, both known to dominate catchment-scale losses 22.   
  
Supplementary Table 8. showing model performance in Python. Performance metrics (in log space) 
of the random forest models are split into training and testing data for the final model to predict 
each nitrogen (NO3-N = nitrate-nitrogen, TN = total nitrogen) and P (DRP = dissolved reactive 
phosphorus, TP = total phosphorus) fraction.  

Analyte Dataset Mean absolute error          Root mean square error R2 

DRP Train 0.235 0.148 0.96 

 Test 0.643 0.962 0.75 

NO3-N Train 0.260 0.126 0.95 

 Test 0.737 0.992 0.57 

TP Train 0.259 0.133 0.94 

 Test 0.741 1.043 0.61 

TN Train 0.249 0.141 0.93 

 Test 0.598 0.815 0.60 
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Supplementary Fig 7. showing the relative importance of predictor variables in the final model’s 
estimation of dissolved reactive phosphorus concentration as implemented in Python. 

 
Supplementary Fig 8. showing the relative importance of predictor variables in the final model’s 
estimation of total phosphorus concentration as implemented in Python. 
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Supplementary Fig 9. showing the relative importance of predictor variables in the final model’s 
estimation of nitrate-nitrogen concentration as implemented in Python. 

 
Supplementary Fig 10. showing the relative importance of predictor variables in the final model’s 
estimation of total nitrogen concentration as implemented in Python. 
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Supplementary Fig 11 showing partial dependence profile for the effect of Human Effect on each 
nitrogen and phosphorus fraction. These data are for a = DRP, dissolve reactive phosphorus; b = 
NO3-N, nitrate-nitrogen; c = TP, total phosphorus; d = TN, total nitrogen concentrations as 
implemented in Python. 
 

(a)

(d)

(b)

(c)



16 
 

 
Supplementary Fig 12 showing plots in log space of predicted versus actual (viz observed data) for 
the training and test data as implemented in Python. The panels refer to a, b = DRP, dissolve 
reactive phosphorus; c, d = TP, total phosphorus; e, f = NO3-N, nitrate-nitrogen; g, h = TN, total 
nitrogen. The red line is the 1:1 line. 

(b) DRP

(d) TP

(f) NO3-N

(h) TN

(a) DRP

(c) TP

(e) NO3-N

(g) TN
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Supplementary Note 4: Spatial performance and representativeness 
 
We examined the spatial performance of each model by plotting the residuals as the proportional 
difference between the observed and predicted concentrations (Supplementary Fig 13). The median 
residual values ranged from 0.36 for NO3-N to 0.52 for TN. Generally, residuals were evenly spread 
across the globe, except for a cluster of high residuals located in New Zealand commensurate with 
generally low observational concentrations. This cluster infers that a regional model may perform 
better. 
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Supplementary Fig 13 showing the residuals for each site plotted as a proportion of the site 
concentration. (a) NO3-N = nitrate-nitrogen; (b) TN = total nitrogen; (c) DRP = dissolve reactive 
phosphorus; (d) TP = total phosphorus;. Administrative boundaries from GADM 
(https://gadm.org/data.html). 
 

https://gadm.org/data.html
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Supplementary Note 5: Performance of the model in estimating reference conditions 
 
Our approach makes several assumptions, viz. that: (1) our human effect variable is a good surrogate 
of anthropogenic influence on water quality analytes; (2) the number of sites used to fit the model 
are a representative, unbiased sample of the population of sites within a class; and (3) the estimate 
can be relied on and was not unduly influenced by other variables not included in the model. 

As noted in Supplementary Note 1 and Supplementary Note 3, human effect was well 
characterised by variables thought likely to influence anthropogenic impact. Furthermore, the 
performance of the model to predict analyte concentrations was good and included human effect as 
the most important variable. Other studies have similarly shown the variables included in our human 
effect term like intensive agriculture (cropland or pasture) as prime drivers of reference conditions 
either as individual terms or grouped by biophysical and climatic classes 23,24 
 In our analysis the success of the model is determined by the spread in the data, with an 
accurate estimate of reference conditions dependent on having sufficient data of low human effect 
to “anchor” the prediction. Out of 14241 catchments, 6128 had an Olsen P concentration ≤ 5 and 
1577 had ≥ 80% forest cover. Some 615 (or 4.3%) met both conditions and had a low population 
density. Although the proportion of catchments with different concentrations of Olsen P, forest 
cover and population density vary across the database, we can say that the proportion was similar 
those with high Olsen P (>90th percentile; 42 mg kg-1) and <20% forest cover 25. This infers that the 
regression is equally leveraged by the proportion of sites with low and high human effect.  
 Finally, while we used many sites in our analysis, some biomes were underrepresented (e.g., 
Deserts and Xeric Shrublands and Borel Forests and Taiga). Although the model’s performance 
suggests that estimates for reference conditions could be used to inform management, we chose to 
exclude these biomes from our continental calculations. This decision was also informed by the low 
likelihood that flowing streams and rivers would originate in these biomes (e.g., too dry, or too cold).  
 Even in areas where there are many sites, if there are no true reference sites (i.e., not just 
under minimally disturbed conditions), there is a possibility that reference conditions may not be 
well estimated due to the exclusion of natural factors. Such factors include, but are not limited to, 
climate and hydrologic variation 26. Other studies have incorporated flow into regression models to 
help estimate nutrient concentrations under reference conditions 27. Our choice of the median was 
deliberate to avoid undue bias by either low or high flow events. While this also means that values 
for some analytes will be different if flow dependant, and potentially under- or over-estimated at 
certain times of year, it avoids complexity when defining a value for a catchment or biome. Any 
variation due to flow would also be encompassed and expressed in the respective confidence 
intervals. 
 A final caveat is that our analysis did not account for trend over the period of record. 
However, the median trend for all analytes over the period of record in most developed countries is 
generally small (< 1% of site median values per annum 28,29).  
 

Supplemantary Note 6: Global reference values from the literature 
  
Data (Supplementary Fig 14) were sourced from 37 global studies of reference conditons for nutrient 
concentrations established using least disturbed conditions represent a low (usually the 25th) 
percentile of concentrations for a representative set of sites, minimally disturbed conditions where 
sites are confirmed to have little human influence (e.g., <5% agricultural land), or statistical models 
that relate the level of human influence to nutrient concentrations and use this relationship to 
determine concentrations at zero human influence (i.e., the intercept of a regression relationship). 
The data were natural log-transformed and a general linear model fitted to either TN and TP (too 
few data were avilable for DRP or NO3-N) with the main method of determining reference conditions 
and country nested within method as a fixed effect. For TN method and the country by method 
interaction were significant (P<0.001) with the model accounting for 54% of the variaiton in 
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concentration. For TP the country by method interacton was significant (but method not) with the 
the model accounting for 45% of the variation in concentrations. The respective regression equatons 
were: 
 
LnTN = -0.590 + 0.443 TNmethod_LDC - 0.525 TNmethod_MDC + 0.082 TNmethod_Statistical - 0.254 

TNCoutry(TNmethod)_Australia(LDC) + 0.695 TNCoutry(TNmethod)_China(LDC) - 0.442 
TNCoutry(TNmethod)_United States(LDC) - 0.089 TNCoutry(TNmethod)_Brazil(MDC) + 0.140 
TNCoutry(TNmethod)_Finland(MDC) - 0.265 TNCoutry(TNmethod)_Norway(MDC) + 0.013 
TNCoutry(TNmethod)_Sweden(MDC) + 0.201 TNCoutry(TNmethod)_Venuzeuela(MDC) + 0.766 
TNCoutry(TNmethod)_Brazil(Statistical) + 0.188 TNCoutry(TNmethod)_Canada(Statistical) + 1.096 
TNCoutry(TNmethod)_China(Statistical) - 1.393 TNCoutry(TNmethod)_New Zealand(Statistical) - 0.808 
TNCoutry(TNmethod)_Turkey(Statistical) + 0.151 TNCoutry(TNmethod)_United States(Statistical) 

 
LnTP = -3.429 + 0.221 TPmethod_LDC - 0.238 TPmethod_MDC + 0.017 TPmethod_Statistical + 0.134 

TPcountry(TPmethod)_Australia(LDC) + 0.307 TPcountry(TPmethod)_China(LDC) - 2.091 
TPcountry(TPmethod)_Cyprus (LDC) + 0.212 TPcountry(TPmethod)_Cyprus, France, Italy, UK(LDC) + 1.598 
TPcountry(TPmethod)_Germany(LDC) + 0.192 TPcountry(TPmethod)_Italy(LDC) - 0.353 
TPcountry(TPmethod)_United States(LDC) + 0.170 TPcountry(TPmethod)_Brazil(MDC) - 0.245 
TPcountry(TPmethod)_China(MDC) + 1.627 TPcountry(TPmethod)_Cote d’Ivoire(MDC) - 0.273 
TPcountry(TPmethod)_Finland(MDC) - 0.960 TPcountry(TPmethod)_Norway(MDC) + 0.854 
TPcountry(TPmethod)_Portugal(MDC) - 0.950 TPcountry(TPmethod)_Sweden(MDC) + 0.023 
TPcountry(TPmethod)_United Kingdom(MDC) - 0.245 TPcountry(TPmethod)_Venuzeuela(MDC) + 1.792 
TPcountry(TPmethod)_Brazil(Statistical) + 0.177 TPcountry(TPmethod)_Canada(Statistical) + 0.167 
TPcountry(TPmethod)_China(Statistical) - 1.042 TPcountry(TPmethod)_New Zealand(Statistical) - 0.744 
TPcountry(TPmethod)_Turkey(Statistical) - 0.351 TPcountry(TPmethod)_United States(Statistical) 

 

 
 
Supplementary Fig 14 showing box plots showing the concentration of nutrient reference 
conditions published in the literature (see Supplementary Table 9) by the main method of 

3 2 18 5 6 20 32 19 45 38 28 46N =
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determination. Box plots consist of the 5, 25, 50, 75, and 95th percentiles (and outliers) for least 
disturbed condition [LDC], minimally disturbed condition [MDC], or statistical methods. Also given 
are the count (N) for each method. A general linear model of the natural log-transformed 
concentrations of TN and TP indicated difference in reference conditions by method for TN but not 
for TP (DRP and NO3-N had too few data to make meaningful contrasts). 
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Supplementary Table 9 showing examples of reference conditions by different methods for nutrient concentrations in different jurisdictions. Methods 
are classified as per Hawkins, Olson and Hill 67 and  Stoddard, et al. 68 into those that have defined minimally disturbed conditions (MDC; e.g., a maximum 
population density), least disturbed conditions (LDC; usually a percentile [e.g., 25th] of nutrient concentrations for a group of biophysically similar sites), and 
statistical which includes mechanistic models for a few sites or techniques that group sites by typologies or ecopregions of similar biophysical characteristics 
and relate concentrations in those groups to a level of human activity (e.g., percentage catchment area in agriuclutrual land use), predicting the 
concentrations for zero human activity. Target refers to where the study has linked the nutrient criteria to thresholds in specific biological communities. If 
nothing is specified, values are for thresholds in ecological health – including periphyton.  

Analyte Country River, Basin or Typology Method Analyte median or 
range (mg L-1) 

Ref 

DRP United Kingdom Axe River LDC 0.02 30 

DRP Germany 
 

LDC 0.1 31 

DRP Europe-14 member states 
 

LDC 0.020-0.040 32 

DRP Mediterranean Typology LDC 0.07 33 

DRP Cote d’Ivoire 
 

MDC 0.054 34 

DRP Greece 
 

MDC 0.01 35 

DRP Spain 
 

MDC 0.035-0.045 36 

DRP New Zealand Cool dry lake   Statistical 0.003 24 

DRP New Zealand Cool dry lowlands   Statistical 0.006 24 

DRP New Zealand Cool dry mountainous   Statistical 0.004 24 

DRP New Zealand Cool dry uplands   Statistical 0.003 24 

DRP New Zealand Cool extremely wet lake  Statistical 0.002 24 

DRP New Zealand Cool extremely wet lowlands  Statistical 0.007 24 

DRP New Zealand Cool extremely wet mountainous  Statistical 0.003 24 

DRP New Zealand Cool extremely wet uplands  Statistical 0.005 24 

DRP New Zealand Cool wet lake   Statistical 0.002 24 

DRP New Zealand Cool wet lowlands   Statistical 0.008 24 

DRP New Zealand Cool wet mountainous   Statistical 0.003 24 

DRP New Zealand Cool wet uplands   Statistical 0.006 24 

DRP New Zealand Warm dry lowlands   Statistical 0.008 24 

DRP New Zealand Warm extremely wet lowlands  Statistical 0.004 24 
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DRP New Zealand Warm extremely wet uplands  Statistical 0.008 24 

DRP New Zealand Warm wet lake   Statistical 0.032 24 

DRP New Zealand Warm wet lowlands   Statistical 0.009 24 

DRP New Zealand Warm wet uplands   Statistical 0.008 24 

NO3-N Cyprus 
 

LDC 0.01 37 

NO3-N Cyprus, France, Italy, UK 
 

LDC 2.82 38 

NO3-N Italy 
 

LDC 0.88 39 

NO3-N United Kingdom Axe River LDC 0.672 30 

NO3-N Europe-14 member states 
 

LDC 2.000-6.000 32 

NO3-N Mediterranean Typology LDC 1.15 33 

NO3-N Brazil Cerrado MDC 0.004 40 

NO3-N Brazil Cerrado MDC 0.008 41 

NO3-N Cote d’Ivoire 
 

MDC 0.62 34 

NO3-N Greece 
 

MDC 0.1 35 

NO3-N Portugal 
 

MDC 0.67 42 

NO3-N Spain 
 

MDC 0.015 36 

NO3-N New Zealand Cool dry lake   Statistical 0.036 24 

NO3-N New Zealand Cool dry lowlands   Statistical 0.042 24 

NO3-N New Zealand Cool dry mountainous   Statistical 0.027 24 

NO3-N New Zealand Cool dry uplands   Statistical 0.014 24 

NO3-N New Zealand Cool extremely wet lake  Statistical 0.05 24 

NO3-N New Zealand Cool extremely wet lowlands  Statistical 0.072 24 

NO3-N New Zealand Cool extremely wet mountainous  Statistical 0.046 24 

NO3-N New Zealand Cool extremely wet uplands  Statistical 0.046 24 

NO3-N New Zealand Cool wet lake   Statistical 0.01 24 

NO3-N New Zealand Cool wet lowlands   Statistical 0.115 24 

NO3-N New Zealand Cool wet mountainous   Statistical 0.025 24 

NO3-N New Zealand Cool wet uplands   Statistical 0.061 24 

NO3-N New Zealand Warm dry lowlands   Statistical 0.157 24 

NO3-N New Zealand Warm extremely wet lowlands  Statistical 0.063 24 
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NO3-N New Zealand Warm extremely wet uplands  Statistical 0.053 24 

NO3-N New Zealand Warm wet lake   Statistical 0.219 24 

NO3-N New Zealand Warm wet lowlands   Statistical 0.039 24 

NO3-N New Zealand Warm wet uplands   Statistical 0.067 24 

NO3-N United States New York Statistical 0.3 43 

NO3-N United States New York Statistical 0.24 44 

TN Australia Victoria LDC 0.251 45 

TN Australia Victoria LDC 0.49 45 

TN Australia Victoria LDC 0.406 45 

TN Australia Victoria LDC 0.33 45 

TN Australia Victoria LDC 0.568 45 

TN Australia Victoria LDC 0.69 45 

TN Australia Victoria LDC 0.957 45 

TN Australia Victoria LDC 0.97 45 

TN Australia Victoria LDC 1.27 45 

TN Australia Victoria LDC 1.306 45 

TN Australia Victoria LDC 1.22 45 

TN China Cao-E River LDC 1.73 46 

TN United States Ecoregion I LDC 0.31 47 

TN United States Ecoregion II LDC 0.12 47 

TN United States Ecoregion III LDC 0.38 47 

TN United States Ecoregion IV LDC 0.56 47 

TN United States Ecoregion IX LDC 0.69 47 

TN United States Ecoregion IX LDC 2.3 48 

TN United States Ecoregion IX LDC 0.53 49 

TN United States Ecoregion V LDC 0.88 47 

TN United States Ecoregion VI LDC 2.18 47 

TN United States Ecoregion VII LDC 0.54 47 

TN United States Ecoregion VII LDC 0.47 48 

TN United States Ecoregion VIII LDC 0.38 47 
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TN United States Ecoregion VIII LDC 0.27 48 

TN United States Ecoregion X LDC 0.76 47 

TN United States Ecoregion XI LDC 0.31 47 

TN United States Ecoregion XI LDC 0.21 49 

TN United States Ecoregion XI LDC 0.58 48 

TN United States Ecoregion XII LDC 0.9 47 

TN United States Ecoregion XIV LDC 0.71 47 

TN United States Ecoregion XIV LDC 1.26 48 

TN Brazil Sao Paulo MDC 0.3 50 

TN Venezuela Caura River MDC 0.401 51 

TN Europe Typology MDC 0.250-35.0 52 

TN Finland RN1     MDC 0.335 53 

TN Finland RN3     MDC 0.45 53 

TN Finland RN4     MDC 0.335 53 

TN Finland RN5     MDC 0.335 53 

TN Finland RN9     MDC 0.45 53 

TN Norway Clay rivers    MDC 0.325 53 

TN Norway RN1     MDC 0.275 53 

TN Norway RN3     MDC 0.275 53 

TN Norway RN4     MDC 0.275 53 

TN Norway RN5     MDC 0.15 53 

TN Norway RN9     MDC 0.25 53 

TN Sweden Clay rivers    MDC 0.613 53 

TN Sweden RN1     MDC 0.306 53 

TN Sweden RN3     MDC 0.424 53 

TN Sweden RN4     MDC 0.337 53 

TN Sweden RN5     MDC 0.147 53 

TN Sweden RN9     MDC 0.341 53 

TN Brazil Rio de Janeiro Statistical 1.294 54 

TN Cambodia Mekong River Statistical 0.266-0.313 55 
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TN Canada AB Prairies Statistical 0.98 56 

TN Canada BC  Montane Cordillera Statistical 0.21 56 

TN Canada MB Prairies and transition to Boreal Plans Statistical 0.39 56 

TN Canada NB Atlantic Maritime Statistical 0.87 56 

TN Canada ON  Mixedwood Plains Statistical 1.06 56 

TN Canada PEI Atlantic Maritime Statistical 1.21 56 

TN Canada QC  Mixedwood Plains Statistical 1.19 56 

TN China Haihe River Statistical 1.8 57 

TN China Luan River Statistical 1.297-1.642 58 

TN China Qing River Statistical 0.724-1.288 59 

TN New Zealand Cool dry lake   Statistical 0.14 24 

TN New Zealand Cool dry lowlands   Statistical 0.207 24 

TN New Zealand Cool dry mountainous   Statistical 0.115 24 

TN New Zealand Cool dry uplands   Statistical 0.105 24 

TN New Zealand Cool extremely wet lake  Statistical 0.142 24 

TN New Zealand Cool extremely wet lowlands  Statistical 0.154 24 

TN New Zealand Cool extremely wet mountainous  Statistical 0.084 24 

TN New Zealand Cool extremely wet uplands  Statistical 0.104 24 

TN New Zealand Cool wet lake   Statistical 0.08 24 

TN New Zealand Cool wet lowlands   Statistical 0.272 24 

TN New Zealand Cool wet mountainous   Statistical 0.074 24 

TN New Zealand Cool wet uplands   Statistical 0.165 24 

TN New Zealand Warm dry lowlands   Statistical 0.371 24 

TN New Zealand Warm extremely wet lowlands  Statistical 0.164 24 

TN New Zealand Warm extremely wet uplands  Statistical 0.15 24 

TN New Zealand Warm wet lake   Statistical 0.26 24 

TN New Zealand Warm wet lowlands   Statistical 0.178 24 

TN New Zealand Warm wet uplands   Statistical 0.185 24 

TN Turkey R1 Statistical 0.71 60 

TN Turkey R10 Statistical 0.28 60 
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TN Turkey R11 Statistical 0.3 60 

TN Turkey R12 Statistical 0.58 60 

TN Turkey R13 Statistical 0.16 60 

TN Turkey R14 Statistical 0.15 60 

TN Turkey R15 Statistical 0.26 60 

TN Turkey R16 Statistical 1.46 60 

TN Turkey R17 Statistical 0.21 60 

TN Turkey R2 Statistical 0.14 60 

TN Turkey R3 Statistical 0.19 60 

TN Turkey R4 Statistical 0.69 60 

TN Turkey R5 Statistical 0.35 60 

TN Turkey R6 Statistical 0.22 60 

TN Turkey R7 Statistical 0.27 60 

TN Turkey R8 Statistical 0.07 60 

TN Turkey R9 Statistical 0.11 60 

TN United States New York Statistical 0.7 43 

TN United States 14 Ecoregions Statistical 0.020-2.300 47,49,61 

TP Australia Victoria LDC 0.024 45 

TP Australia Victoria LDC 0.024 45 

TP Australia Victoria LDC 0.025 45 

TP Australia Victoria LDC 0.024 45 

TP Australia Victoria LDC 0.019 45 

TP Australia Victoria LDC 0.035 45 

TP Australia Victoria LDC 0.054 45 

TP Australia Victoria LDC 0.039 45 

TP Australia Victoria LDC 0.086 45 

TP Australia Victoria LDC 0.063 45 

TP Australia Victoria LDC 0.067 45 

TP Australia Victoria LDC 0.06 45 

TP Australia Victoria LDC 0.42 45 
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TP China Cao-E River LDC 0.055 46 

TP Cyprus  
 

LDC 0.005 37 

TP Cyprus, France, Italy, UK 
 

LDC 0.05 38 

TP Italy 
 

LDC 0.049 39 

TP United States Ecoregion I LDC 0.047 47 

TP United States Ecoregion II LDC 0.01 47 

TP United States Ecoregion III LDC 0.022 47 

TP United States Ecoregion IV LDC 0.023 47 

TP United States Ecoregion IX LDC 0.037 47 

TP United States Ecoregion IX LDC 0.035 48 

TP United States Ecoregion IX LDC 0.06 49 

TP United States Ecoregion V LDC 0.067 47 

TP United States Ecoregion VI LDC 0.076 47 

TP United States Ecoregion VII LDC 0.033 47 

TP United States Ecoregion VII LDC 0.019 48 

TP United States Ecoregion VIII LDC 0.01 47 

TP United States Ecoregion VIII LDC 0.01 48 

TP United States Ecoregion X LDC 0.128 47 

TP United States Ecoregion XI LDC 0.01 47 

TP United States Ecoregion XI LDC 0.012 48 

TP United States Ecoregion XI LDC 0.02 49 

TP United States Ecoregion XII LDC 0.04 47 

TP United States Ecoregion XIV LDC 0.031 47 

TP United States Ecoregion XIV LDC 0.053 48 

TP Germany 
 

LDC 0.2 31 

TP Brazil Sao Paulo MDC 0.006 62 

TP Brazil Sao Paulo MDC 0.04 50 

TP Brazil Cerrado MDC 0.035 40 

TP Brazil Cerrado MDC 0.1 41 

TP China Tuojiang River MDC 0.02 63 
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TP Cote d’Ivoire 
 

MDC 0.13 34 

TP Portugal Mondego Basin MDC 0.06 42 

TP United Kingdom Lowland rivers (high alkalinity) MDC 0.036 64 

TP United Kingdom Lowland rivers (low alkalinity) MDC 0.019 64 

TP Venezuela Caura River MDC 0.02 51 

TP Europe Typology MDC 0.008-0.660 52 

TP Finland Clay rivers    MDC 0.04 53 

TP Finland RN1     MDC 0.015 53 

TP Finland RN3     MDC 0.02 53 

TP Finland RN4     MDC 0.015 53 

TP Finland RN5     MDC 0.015 53 

TP Finland RN9     MDC 0.02 53 

TP Norway Clay rivers    MDC 0.03 53 

TP Norway RN1     MDC 0.009 53 

TP Norway RN3     MDC 0.009 53 

TP Norway RN4     MDC 0.009 53 

TP Norway RN5     MDC 0.005 53 

TP Norway RN9     MDC 0.008 53 

TP Sweden Clay rivers    MDC 0.024 53 

TP Sweden RN1     MDC 0.01 53 

TP Sweden RN3     MDC 0.012 53 

TP Sweden RN4     MDC 0.009 53 

TP Sweden RN5     MDC 0.004 53 

TP Sweden RN9     MDC 0.009 53 

TP Brazil Rio de Janeiro Statistical 0.198 54 

TP Cambodia Mekong River Statistical 0.025-0.039 55 

TP Canada AB Prairies Statistical 0.106 56 

TP Canada BC  Montane Cordillera Statistical 0.02 56 

TP Canada MB Prairies and transition to Boreal Plans Statistical 0.102 56 

TP Canada NB Atlantic Maritime Statistical 0.013 56 
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TP Canada ON  Mixedwood Plains Statistical 0.026 56 

TP Canada PEI Atlantic Maritime Statistical 0.048 56 

TP Canada QC  Mixedwood Plains Statistical 0.042 56 

TP China Haihe River Statistical 0.039 57 

TP China Luan River Statistical 0.041-0.049 58 

TP China Qing River Statistical 0.024-0.046 59 

TP New Zealand Cool dry lake   Statistical 0.012 24 

TP New Zealand Cool dry lowlands   Statistical 0.015 24 

TP New Zealand Cool dry mountainous   Statistical 0.012 24 

TP New Zealand Cool dry uplands   Statistical 0.008 24 

TP New Zealand Cool extremely wet lake  Statistical 0.006 24 

TP New Zealand Cool extremely wet lowlands  Statistical 0.013 24 

TP New Zealand Cool extremely wet mountainous  Statistical 0.006 24 

TP New Zealand Cool extremely wet uplands  Statistical 0.009 24 

TP New Zealand Cool wet lake   Statistical 0.009 24 

TP New Zealand Cool wet lowlands   Statistical 0.018 24 

TP New Zealand Cool wet mountainous   Statistical 0.009 24 

TP New Zealand Cool wet uplands   Statistical 0.01 24 

TP New Zealand typology Statistical 0.006-0.033 24 

TP New Zealand Warm dry lowlands   Statistical 0.02 24 

TP New Zealand Warm extremely wet lowlands  Statistical 0.008 24 

TP New Zealand Warm extremely wet uplands  Statistical 0.012 24 

TP New Zealand Warm wet lake   Statistical 0.033 24 

TP New Zealand Warm wet lowlands   Statistical 0.019 24 

TP New Zealand Warm wet uplands   Statistical 0.012 24 

TP United States Typology Statistical 0.006-0.080 65 

TP Turkey R1 Statistical 0.017 60 

TP Turkey R10 Statistical 0.008 60 

TP Turkey R11 Statistical 0.008 60 

TP Turkey R12 Statistical 0.008 60 
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TP Turkey R13 Statistical 0.008 60 

TP Turkey R14 Statistical 0.065 60 

TP Turkey R15 Statistical 0.142 60 

TP Turkey R16 Statistical 0.003 60 

TP Turkey R17 Statistical 0.032 60 

TP Turkey R2 Statistical 0.007 60 

TP Turkey R3 Statistical 0.023 60 

TP Turkey R4 Statistical 0.169 60 

TP Turkey R5 Statistical 0.018 60 

TP Turkey R6 Statistical 0.031 60 

TP Turkey R7 Statistical 0.005 60 

TP Turkey R8 Statistical 0.003 60 

TP Turkey R9 Statistical 0.015 60 

TP United States New York Statistical 0.03 43 

TP United States New York Statistical 0.018 44 

TP United States 14 Ecoregions Statistical 0.006-0.080 47,49,66 
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Supplementary Note 7: Continental enrichment for each analyte by biome 
 
Following the assessment of reference and current conditions for each nitrogen and phosphorus fraction, we calculated the enrichment as the difference between estimated current and estimated reference concentrations relative to 
reference conditions. Enrichment refers to the effect of human activity on the concentrations of nitrogen and phosphorus fractions for the period of record. These enrichment data are separated in Supplementary Table 10 into biomes 
for each continent. 
 
Supplementary Table 10 giving the count and the median continential percentage enrichment for the median concentraitons of each analyte by biome. Data are given for all catchments and only those catchments exhibiting 
enrichment, when compared to the median concentrations for reference conditions. 

Continent / biome ------ Dissolved reactive phosphorus ------ ------------ Total phosphorus ------------ ------------ Nitrate nitrogen ------------ ------------ Total nitrogen ------------ 

 

All catchments Catchments 
enriched >0% 

All catchments Catchments 
enriched >0% 

All catchments Catchments 
enriched >0% 

All catchments Catchments 
enriched >0% 

  Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment Count 
Median % 

enrichment 

Africa                 

Deserts & Xeric Shrublands 1010 0.0 288 3.1 1010 0.0 222 1.8 1010 0.0 179 0.5 1010 0.0 267 4.7 

Flooded Grasslands & Savannas 77 0.5 43 4.0 77 0.9 47 4.0 77 0.3 48 1.1 77 0.1 40 3.4 

Mangroves 17 6.4 13 7.4 17 0.8 11 2.9 17 8.7 14 12.7 17 19.0 15 19.7 

Mediterranean Forests, Woodlands & Scrub 125 12.5 98 29.0 125 11.0 95 19.0 125 6.4 87 22.2 125 9.1 86 18.5 

Montane Grasslands & Shrublands 69 14.4 59 24.9 69 8.5 49 16.5 69 16.4 60 22.0 69 50.0 65 52.0 

Temperate Conifer Forests 1 53.4 1 53.4 1 108.1 1 108.1 1 18.0 1 18.0 1 221.8 1 221.8 

Tropical & Subtropical Dry Broadleaf Forests 24 6.7 18 10.7 24 2.9 17 5.4 24 1.5 18 3.2 24 0.0 3 40.4 

Tropical & Subtropical Grasslands, Savannas & Shrublands 1856 3.2 1297 9.9 1856 1.6 1204 5.1 1856 1.1 1267 4.1 1856 5.1 1199 34.1 

Tropical & Subtropical Moist Broadleaf Forests 373 18.3 313 28.3 373 8.7 317 10.9 373 9.2 329 12.2 373 42.6 295 66.5 

Asia                         

Boreal Forests/Taiga 499 0.0 114 0.8 499 0.0 207 1.0 499 0.0 250 0.5 499 1.8 408 2.5 

Deserts & Xeric Shrublands 1341 0.0 426 2.0 1341 0.0 485 1.8 1341 0.0 405 1.0 1341 0.0 619 4.9 

Flooded Grasslands & Savannas 42 1.2 28 3.7 42 2.1 34 2.7 42 0.3 30 2.4 42 1.8 31 3.2 

Mangroves 20 8.0 18 8.5 20 5.7 17 7.4 20 3.4 17 3.9 20 10.1 13 14.0 

Mediterranean Forests, Woodlands & Scrub 42 53.1 41 55.8 42 39.6 40 41.7 42 72.0 41 73.2 42 35.7 38 39.0 

Montane Grasslands & Shrublands 228 0.2 126 2.1 228 1.0 152 2.1 228 1.5 170 3.0 228 9.0 202 16.1 

Temperate Broadleaf & Mixed Forests 552 12.7 428 27.2 552 9.5 488 11.9 552 15.1 487 19.1 552 41.3 499 48.1 

Temperate Conifer Forests 89 0.8 53 3.1 89 1.0 58 3.0 89 2.9 65 8.6 89 3.9 69 22.8 

Temperate Grasslands, Savannas & Shrublands 416 0.0 141 6.8 416 1.8 323 3.0 416 0.6 253 6.1 416 22.6 398 28.2 

Tropical & Subtropical Coniferous Forests 3 5.0 2 20.3 3 1.5 2 4.3 3 2.3 3 2.3 3 39.3 2 57.1 

Tropical & Subtropical Dry Broadleaf Forests 160 31.1 153 32.8 160 0.0 60 7.5 160 11.7 129 22.6 160 23.6 139 27.2 

Tropical & Subtropical Grasslands, Savannas & Shrublands 7 11.9 7 11.9 7 7.1 6 10.6 7 1.6 5 8.0 7 37.6 5 50.9 

Tropical & Subtropical Moist Broadleaf Forests 867 19.5 753 25.6 867 6.4 675 9.8 867 13.1 818 14.1 867 26.6 674 50.3 

Tundra 26 0.0 9 0.9 26 0.0 6 0.4 26 0.1 14 0.3 26 1.6 24 2.0 

Europe                         

Boreal Forests/Taiga 300 0.0 94 0.9 300 0.0 136 2.0 300 0.6 198 3.5 300 3.6 240 6.7 

Deserts & Xeric Shrublands 24 0.1 12 2.0 24 0.4 13 2.0 24 0.0 9 2.3 24 0.4 15 2.7 

Mediterranean Forests, Woodlands & Scrub 109 83.7 102 104.7 109 24.7 103 29.8 109 49.9 107 50.7 109 59.1 101 64.1 

Temperate Broadleaf & Mixed Forests 554 6.1 324 54.4 554 8.2 525 10.8 554 38.8 506 44.8 554 78.8 551 79.2 

Temperate Conifer Forests 28 41.1 25 47.6 28 32.6 28 32.6 28 64.0 28 64.0 28 136.6 28 136.6 

Temperate Grasslands, Savannas & Shrublands 146 1.0 83 8.3 146 4.6 132 5.2 146 1.6 95 22.7 146 34.2 136 35.9 

Tundra 54 0.0 24 1.3 54 0.0 14 1.5 54 0.2 32 1.4 54 2.0 47 2.2 
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North America                         

Boreal Forests/Taiga 581 0.0 109 1.7 581 0.3 329 2.9 581 0.2 359 2.5 581 2.6 426 4.8 

Deserts & Xeric Shrublands 309 0.0 115 2.4 309 0.0 141 2.0 309 0.0 119 0.9 309 0.0 150 4.9 

Flooded Grasslands & Savannas 2 58.4 2 58.4 2 8.4 2 8.4 2 30.0 2 30.0 2 20.7 2 20.7 

Mangroves 2 10.9 2 10.9 2 3.6 2 3.6 2 66.1 2 66.1 2 37.5 2 37.5 

Mediterranean Forests, Woodlands & Scrub 21 5.6 16 13.9 21 2.0 16 11.2 21 7.2 17 7.7 21 1.4 13 13.5 

Temperate Broadleaf & Mixed Forests 369 7.7 285 13.3 369 5.5 321 6.9 369 11.3 326 14.6 369 24.5 329 29.7 

Temperate Conifer Forests 254 0.2 136 3.2 254 0.2 138 3.2 254 0.6 175 2.2 254 1.8 182 3.8 

Temperate Grasslands, Savannas & Shrublands 393 1.6 238 11.2 393 4.0 314 6.0 393 1.1 251 8.5 393 26.6 335 41.5 

Tropical & Subtropical Coniferous Forests 59 3.2 44 4.4 59 1.9 39 5.9 59 7.7 52 9.8 59 45.9 47 56.0 

Tropical & Subtropical Dry Broadleaf Forests 71 6.3 61 11.6 71 0.5 39 5.4 71 21.8 60 28.4 71 37.5 63 39.2 

Tropical & Subtropical Grasslands, Savannas & Shrublands 26 10.4 22 17.6 26 4.2 21 6.5 26 2.1 19 5.0 26 30.7 16 66.5 

Tropical & Subtropical Moist Broadleaf Forests 89 18.8 83 23.9 89 11.0 79 12.0 89 19.2 87 20.9 89 70.3 81 72.6 

Tundra 76 0.0 18 1.0 76 0.0 28 6.6 76 0.0 37 0.7 76 0.5 46 2.9 

Oceania                         

Deserts & Xeric Shrublands 421 0.0 20 0.9 421 0.0 22 1.4 421 0.0 17 0.3 421 0.0 28 2.8 

Mediterranean Forests, Woodlands & Scrub 115 0.6 66 2.8 115 0.0 57 1.8 115 0.0 54 0.8 115 0.8 66 3.6 

Montane Grasslands & Shrublands 4 1.1 3 2.1 4 1.3 2 3.2 4 0.0 1 42.0 4 13.4 3 26.1 

Temperate Broadleaf & Mixed Forests 83 7.7 72 11.1 83 2.6 60 3.2 83 7.8 70 12.2 83 40.4 74 51.7 

Temperate Grasslands, Savannas & Shrublands 80 0.0 20 2.6 80 0.0 26 1.4 80 0.0 21 0.5 80 0.0 32 4.3 

Tropical & Subtropical Grasslands, Savannas & Shrublands 302 0.0 60 1.1 302 0.0 52 1.2 302 0.0 84 0.3 302 0.0 100 1.4 

Tropical & Subtropical Moist Broadleaf Forests 12 10.6 11 11.9 12 8.2 9 11.0 12 7.1 11 7.4 12 0.0 4 0.9 

South America                         

Deserts & Xeric Shrublands 63 0.0 31 26.8 63 0.0 30 4.0 63 0.0 29 11.8 63 0.5 38 11.7 

Flooded Grasslands & Savannas 27 0.0 5 0.9 27 0.0 12 2.8 27 0.0 14 1.3 27 0.0 11 1.8 

Mangroves 16 4.6 15 4.6 16 8.4 16 8.4 16 6.3 16 6.3 16 9.8 12 21.6 

Mediterranean Forests, Woodlands & Scrub 12 0.1 6 3.9 12 3.2 8 4.7 12 4.0 8 9.8 12 14.3 11 16.1 

Montane Grasslands & Shrublands 63 0.0 23 1.7 63 0.1 33 0.6 63 0.4 43 1.0 63 0.9 51 1.1 

Temperate Broadleaf & Mixed Forests 54 7.6 40 11.3 54 1.5 36 5.1 54 3.2 43 8.5 54 34.1 53 34.4 

Temperate Grasslands, Savannas & Shrublands 218 2.0 173 3.4 218 0.8 136 2.0 218 0.9 152 2.2 218 2.3 160 4.8 

Tropical & Subtropical Dry Broadleaf Forests 194 2.2 117 11.7 194 5.5 147 8.4 194 2.7 147 4.6 194 29.7 142 54.8 

Tropical & Subtropical Grasslands, Savannas & Shrublands 455 0.0 208 3.8 455 1.4 265 5.6 455 0.8 309 3.3 455 0.0 209 3.9 

Tropical & Subtropical Moist Broadleaf Forests 808 0.0 321 5.9 808 1.0 440 9.0 808 1.1 542 3.9 808 0.0 345 5.8 
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Supplementary Note 8: Representativeness of the outputs 
 
Observations were available for 3679 out of 14241 catchments at level 6 of HydroBasins 69. We tested if the count of sites across our observations was 
consistent with the count of catchments at level 6 of HydroBasins by comparing the proportion of catchments in each biome and a Chi-squared test. The 
output (Supplementary Table 11) indicated that there was a difference in the proportion of observations between biomes compared to the proportion at 
level 6 of HydroBasins caused largely by a paucity of observations in the Deserts & Xeric Shrublands and Boreal Forests/Taiga biomes (and an over-
representation of observations in the Temperate Broadleaf & Mixed Forests biome). Owing to the poor representativeness and low likelihood of flowing 
water originating in the Deserts & Xeric Shrublands and Boreal Forests/Taiga biomes we chose to report continental statistics and present maps without 
predictions for these biomes.  
 
Supplementary Table 11. Count of catchments (by biome) within the global HydroBasins (level 6) database and our observations along with the Chi-squared 
proportion indicating the leverage of each count biome in producing an expected count that is different (P<0.001) between HydroBasins and the 
observations. 

Biome Count HydroBasins L6 Count observations Chi-sq test proportion 

Boreal Forests/Taiga 1380 54 0.097 

Deserts & Xeric Shrublands 3168 62 0.222 

Flooded Grasslands & Savannas 148 16 0.010 

Mangroves 55 9 0.004 

Mediterranean Forests, Woodlands & Scrub 424 79 0.030 

Montane Grasslands & Shrublands 364 56 0.026 

Temperate Broadleaf & Mixed Forests 1613 559 0.113 

Temperate Conifer Forests 372 107 0.026 

Temperate Grasslands, Savannas & Shrublands 1253 163 0.088 

Tropical & Subtropical Coniferous Forests 62 46 0.004 

Tropical & Subtropical Dry Broadleaf Forests 449 192 0.032 

Tropical & Subtropical Grasslands, Savannas & Shrublands 2646 670 0.186 

Tropical & Subtropical Moist Broadleaf Forests 2151 1507 0.151 

Tundra 156 12 0.011 

Total 14241 3679 P value <0.001 
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