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S. Supporting Information 936 

S1. Methods 937 

S1.1. Examples of mapped structures 938 

A1 - Storm drainage inlets on or next to roads or farm tracks 939 

Storm drainage inlets on or next to roads or farm tracks were always considered as a potential shortcut 940 
in the connectivity model. 941 

 942 

Figure S 1: Storm drainage inlet with a gridded metal lid on a road in the study area Nürensdorf 943 

 944 

 945 

Figure S 2: Lateral concrete storm drainage inlet next to a road in the study area Molondin 946 

 947 
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 948 

Figure S 3: Storm drainage inlet with a gridded metal lid on a road in the study area Oberneunforn 949 

 950 

A2 - Strom drainage inlets on fields 951 

Storm drainage inlets on fields are always considered as a potential shortcut in the connectivity model. 952 

 953 

Figure S 4: Storm drainage inlet with a metal grid lid in a field of the study area Meyrin 954 
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 955 

Figure S 5: Storm drainage inlet with a concrete grid lid in a field of the study area Nürensdorf 956 

 957 

B1 – Maintenance manholes on or next to roads 958 

Maintenance manholes on or next to roads are considered a potential shortcut if they are located in an 959 
internal sink (only for shortcut definition B). 960 

 961 

Figure S 6: Maintenance manhole with a metal lid with a pick hole next to a road in the study area Buchs 962 
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 963 

Figure S 7: Maintenance manhole with a concrete lid with a pick hole on a road in the study area Courroux 964 

 965 

B2 – Maintenance manholes on fields 966 

Maintenance manholes on fields are considered a potential shortcut if they are located in an internal 967 
sink (only for shortcut definition B). 968 

 969 

Figure S 8: Damaged tile drainage maintenance manhole in a field in the study area Vufflens-la-Ville 970 

 971 
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 972 

Figure S 9: Tile drainage maintenance manhole in a field in the study area Molondin 973 

 974 

C1 – Channel drains 975 

 976 

Figure S 10: Channel drain on a road in the study area Clarmont 977 

 978 
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 979 

Figure S 11: Channel drain and inlet with a metal grid lid on a road in the study area Lommiswil 980 

 981 

C2 – Ditches 982 

 983 

Figure S 12: Ditch between a field and a road in the study area Meyrin 984 

 985 

S1.2. List of mapped structures 986 

Table S 1: Types of mapped point features 987 

ID Description Potential shortcut 
1 Inlet Yes 
2 Maintenance manhole If lying in an internal sink (shortcut definition B) 
3 Other manhole If lying in an internal sink (shortcut definition B) 
4 Stormwater tank If lying in an internal sink (shortcut definition B) 
5 Spillway If lying in an internal sink (shortcut definition B) 



  48 

6 Pumping station No 
7 House connection No 
8 Other point object No 
9 Unknown manhole If lying in an internal sink (shortcut definition B) 
10 Outfall No 
11 Infiltration structure If lying in an internal sink (shortcut definition B) 
12 Unknown object No 

 988 

Table S 2: Types of lids 989 

ID Description 
1 Metal grid 
2 Concrete lid with pick hole 
3 Concrete lid without pick hole 
4 Metal lid with pick hole 
5 Metal lid without pick hole 
6 Other lid type 
7 Concrete grid 
8 Concrete lid with lateral inlet 
9 Metal lid with lateral inlet 
0 Unknown lid type 

 990 

Table S 3: Types of line features mapped 991 

ID Description Potential shortcut 
1 Drainage pipe No 
2 Tile drainage pipe No 
3 Other pipe No 
4 Channel drain Yes 
5 Ditch Yes 
6 Sequence of channel drains & ditches Yes 
7 Stone wall No 
8 Earth wall No 
9 Hedge No 
10 River No 
11 Other line objects No 
12 Unknown line objects No 

 992 
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 993 

Figure S 13: Definition of shortcut recipient areas 994 

 995 

S1.3. Dates of field mapping and drone flights 996 

Table S 4: Dates of field mapping and drone flights for each study area. In some areas a second drone flight had to be 997 
performed to ensure sufficient image quality. 998 

ID Location Date field mapping Date drone flights 
1 Böttstein 26.10.2017 26.10.2017 
2 Ueken 25.10.2017 25.10.2017 
3 Rüti b. R. 23.11.2017 23.11.2017 
4 Romont 02.11.2017 03.11.2017 
5 Meyrin 27.11.2017 Usage of cantonal aerial images only 
6 Boncourt 24.11.2017 24.11.2017; 07.06.2018 
7 Courroux 17.11.2017 17.11.2017 
8 Hochdorf 29.09.2017 27.04.2018 
9 Müswangen 21.09.2017 16.08.2018 
10 Fleurier 24.05.2018 24.05.2018 
11 Lommiswil 16.11.2017 16.11.2017 
12 Illighausen 30.08.2017 07.12.2017 
13 Oberneunforn 06.09.2017 01.11.2017; 19.04.2018 
14 Clarmont 09.11.2017 10.11.2017; 04.12.2017 
15 Molondin 02.11.2017 03.11.2017 
16 Suchy 10.11.2017 08.11.2017 
17 Vufflens 09.11.2017 08.11.2017; 24.08.2018 
18 Buchs 23.08.2017 09.08.2017; 17.08.2017 
19 Nürensdorf 18.09.2017 24.10.2017 
20 Truttikon 20.09.2017 01.11.2017 

 999 

S1.4. Catchment statistics 1000 
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 1001 

 1002 

Figure S 14: Histogram of catchment statistics for study areas (blue) and all catchments in Switzerland containing 1003 
arable land (grey). Catchment statistics were calculated only for catchment parts defined as arable land areas by the 1004 
dataset BFS (2014). Relative road length (road length per arable land area) and relative water body length (water 1005 
body length per arable land area) were derived from the dataset swissTLM3D (Swisstopo 2010). Precipitation was 1006 
derived from Kirchhofer and Sevruk (1992), and slope from Swisstopo (2018). 1007 

Table S 5: Datasets used for calculating catchment statistics 1008 

Catchment statistic Data source Dataset used 

Fraction of forests swissTLM3D (Swisstopo 2010): 
TLM_BODENBEDECKUNG OBJEKTART in [12,13] 

Fraction of agricultural area 

swissTLM3D (Swisstopo 2010): 
o TLM_BODENBEDECKUNG, 
o TLM_STRASSEN, 
o TLM_SIEDLUNGSNAME, 
o TLM_NUTZUNGSAREAL 

(Total area) - (forests, water bodies, urban 
areas, traffic areas, and other non-agricultural 
areas) 

Road density  
(total; paved; unpaved) 

swissTLM3D (Swisstopo 2010): 
TLM_STRASSEN 

BELAGSART in [100,200]; BELAGSART = 100; 
BELAGSART = 200 

Water body density  
(total; rivers; lakeshores) 

swissTLM3D (Swisstopo 2010):  
o TLM_FLIESSGEWAESSER 
o TLM_STEHENDES_GEWAESSER 

Both datasets; TLM_FLIESSGEWAESSER only; 
TLM_STEHENDES_GEWAESSER only 

Mean annual precipitation Kirchhofer and Sevruk (1992) Mean annual precipitation depths 1951-1980 
Mean slope of agricultural 
areas swissALTI3D (Swisstopo 2018) Slopes as calculated by swisstopo, agricultural 

areas as defined above 

Area fractions (direct; 
indirect; not connected) Alder et al. (2015) 

Fraction of total directly connected area; 
fraction of total indirectly connected area; 
fraction of total not connected area 

 1009 

 1010 

 1011 

 1012 
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S1.5. Extrapolation to the national scale 1013 

In the following, mathematical details on the extrapolation of the local surface runoff connectivity 1014 

model (LSCM) to the national scale are given. A schematic overview is given in the main part of this 1015 

publication. Our model is using the area fractions of the national erosion connectivity model (NECM) 1016 

to extrapolate the LSCM to the national scale, resulting in area fractions of a national surface runoff 1017 

connectivity model (NSCM). 1018 

We defined the area fractions of model m and catchment c as follows: 1019 

𝒇𝒇𝒎𝒎 =
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 (1) 1020 

 with: m: Model (either LSCM, NECM, or NSCM) 1021 

  Am,dir,c: Directly connected agricultural area of model m in catchment c (ha)  1022 

  A m,indir,c: Indirectly connected agricultural area of model m in catchment c (ha) 1023 

  A m,nc,c: Not connected agricultural area of model m in catchment c (ha) 1024 

  A tot,c: Total agricultural area in catchment c (ha) 1025 

  f m,dir,c: Fraction of directly connected agricultural areas of model m in catchment c (-) 1026 

  f m,indir,c: Fraction of indirectly connected agricultural areas of model m in catchment c (-) 1027 

  f m,nc,c: Fraction of not connected agricultural areas of model m in catchment c (-) 1028 

The area fraction matrices fm underlie two boundary conditions (see main part). To ensure that 1029 

extrapolation model meets these boundary conditions, we used a unit simplex transformation 1030 

approach. 1031 

We performed a unit simplex inverse transformation to the area fraction matrices of the LSCM 𝒇𝒇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 1032 

and the NECM 𝒇𝒇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (3x20 matrices), resulting in the matrices 𝒛𝒛𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and 𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (2x20 matrices).  1033 
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 (2) 1034 
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In order to model the difference ∆𝒛𝒛 (2x20 matrix) between the transformed LSCM and the 1035 

transformed NECM (∆𝒛𝒛 = 𝒛𝒛𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁), we tested the same list of nationally available catchment 1036 

statistics that was already used before. For each of the two dimensions, we selected the variable that 1037 

correlated best with ∆𝒛𝒛. Those were the fraction of directly connected areas fNECM,dir, and the fraction 1038 

of indirectly connected areas fNECM,indir. Using these variables, we performed the following linear 1039 

regression to describe ∆𝒛𝒛: 1040 

 ∆𝒛𝒛 =𝑎⃗𝑎 +𝑏𝑏�⃗ ∙ �
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�⎯⎯⎯⎯⎯⎯�𝑇𝑇

𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
�⎯⎯⎯⎯⎯⎯⎯�𝑇𝑇� + 𝜀𝜀 (3) 1041 

For each of the catchments of the transformed national erosion connectivity model (𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 2xn 1042 

matrix, n = 11’503), this linear regression was used to calculate the transformed national surface 1043 

runoff connectivity model (𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, 2xn matrix): 1044 

 𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐳𝐳𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + ∆𝒛𝒛 (4) 1045 

Finally, using a unit simplex transformation, we transformed 𝒛𝒛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 back, resulting in the area fraction 1046 

matrix of the national surface runoff connectivity model 𝒇𝒇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 (3xn matrix). 1047 

 𝒇𝒇𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �
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 (5) 1048 

This extrapolation model was run for each of the 100 area fractions matrices resulting from the 1049 

Monte Carlo analysis that was performed on the local scale.  1050 

  1051 
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S2. Results 1052 

S2.1. Occurrence of hydraulic shortcuts 1053 

 1054 

Figure S 15: Density of manholes (ha-1) on agricultural areas of the study catchments 1055 

 1056 

 1057 

 1058 

Figure S 16: Density of channel drains and ditches (m ha-1) on agricultural areas of the study catchments 1059 

 1060 
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Table S 6: Linear regression of different catchment statistics with inlet densities (ha-1) per study area. R2 equals the 1061 
coefficient of determination, m is the slope of the linear regression, and p is the p-value. 1062 

Catchment statistic R2 m p 

Paved road density (m-1) 3.3E-01 5.7E+01 8.4E-03** 

Unpaved road density (m-1) 6.3E-02 -1.5E+01 2.8E-01 

Mean annual precipitation (mm yr-1) 4.9E-04 -5.1E-05 9.3E-01 

Mean slope on agricultural areas (deg) 8.3E-04 -4.7E-03 9.0E-01 

Surface water body density (m-1) 4.4E-02 -4.3E-05 3.7E-01 

Subsurface water body density (m-1) 6.2E-02 5.1E+02 2.9E-01 

 1063 

Table S 7: Linear regression of different catchment statistics with maintenance manhole densities (ha-1) per study 1064 
area. R2 equals the coefficient of determination, m is the slope of the linear regression, and p is the p-value. 1065 

Catchment statistic R2 m p 

Paved road density (m-1) 3.7E-01  1.8E+02 4.6E-03** 

Unpaved road density (m-1) 3.1E-02 -3.2E+01 4.6E-01 

Mean annual precipitation (mm yr-1) 4.2E-03 -4.5E-04 7.9E-01 

Mean slope on agricultural areas (deg) 1.6E-02 -6.2E-02 6.0E-01 

Surface water body density (m-1) 3.5E-02 -1.2E-04 4.3E-01 

Subsurface water body density (m-1) 1.2E-01  2.2E+03 1.3E-01 

 1066 

 1067 

Figure S 17: Fraction of inlets per study area belonging to a certain landscape element  1068 
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 1069 

Figure S 18: Fraction of maintenance manholes per study area belonging to a certain landscape element 1070 

 1071 

S2.2. Surface runoff connectivity: Study areas 1072 

S2.2.1. Example results for each study area 1073 

In the following, three example Monte Carlo analysis results (MC28, MC41, and MC40) are given for 1074 

each of the study areas. The figures below correspond to Figure 5 in the main part. 1075 

 1076 
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 1077 

 1078 

 1079 

 1080 

 1081 
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 1083 

 1084 

 1085 

 1086 
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 1087 

 1088 

 1089 

 1090 



  59 

 1091 

 1092 

 1093 

 1094 
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 1095 

 1096 

 1097 

 1098 
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S2.2.2. Monte Carlo Results: Directly, indirectly, and not connected areas 1100 

 1101 

Figure S 19: Left: Directly connected area per total agricultural area (-) as calculated by the Monte Carlo analysis for 1102 
each study area. Right: Distribution of medians of directly connected area per total agricultural area (-) per study 1103 
area and per Monte Carlo simulation.  1104 

 1105 

 1106 

Figure S 20: Indirectly connected area per total agricultural area (-) as calculated by the Monte Carlo analysis for 1107 
each study area. Right: Distribution of medians of indirectly connected area per total agricultural area (-) per study 1108 
area and per Monte Carlo simulation. 1109 
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 1110 

Figure S 21: Not connected area per total agricultural area (-) as calculated by the Monte Carlo analysis for each 1111 
study area. Right: Distribution of medians of not connected area per total agricultural area (-) per study area and per 1112 
Monte Carlo simulation. 1113 

  1114 
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S2.2.3. Correlation of connectivity fractions with catchment statistics 1115 

Table S 8: Correlation of catchment statistics with fractions of connected area connectivity. For each of the four 1116 
columns, a different area fraction of the national connectivity model (first row) was used. Those were directly 1117 
connected agricultural area area per total agricultural area fNECM,dir, indirectly connected agricultural area per total 1118 
connected agricultural area fNECM,indir, not connected agricultural area per total agricultural area fNECM,nc, and 1119 
indirectly connected agricultural area per total connected agricultural area fNECM,fracindir. 1120 

 Fraction directly connected 
fLSCM,dir  (-) 

Fraction indirectly connected 
fLSCM,indir (-) 

Fraction not connected 
fLSCM,nc (-) 

Fraction indirectly 
connected to total 
connected fLSCM,fracindir  (-) 

Variable R2 Slope P R2 Slope P R2 Slope P R2 Slope p 

Area fractions of national 
erosion connectivity 
model (fNECM,dir, fNECM,indir, 
fNECM,nc, fNECM,fracindir) (-)  

0.71 1.0E+00 < 0.001 
*** 0.52 6.0E-01 < 0.001 

*** 0.26 4.0E-01 0.022 
* 0.60 7.4E-01 < 0.001 

*** 

Surface water body 
density (m-1) 0.51 2.2E+02 < 0.001 

*** 0.35 -1.4E+02 0.006 
** 0.14 -7.6E+01 0.10 

* 0.51 -2.5E+02 < 0.001 
*** 

Paved road density (m-1) 0.20 -2.2E+01 0.049 
* 0.19 1.7E+01 0.053 

- 0.04 6.5E+00 0.41 
- 0.21 2.7E+01 0.040 

* 

Inlet density (ha-1) 0.07 -1.3E-01 0.28 
- 0.10 1.2E-01 0.17 

- 0.00 1.0E-02 0.90 
- 0.11 1.9E-01 0.15 

- 

Manhole density (ha-1) 0.15 4.0E+02 0.09 
- 0.07 -2.0E+02 0.27 

- 0.07 -1.8E+02 0.27 
- 0.08 -3.4E+02 0.23 

- 

Yearly rainfall (mm/year) 0.10 -5.2E-02 0.17 
- 0.06 3.2E-02 0.28 

- 0.04 2.0E-02 0.43 
- 0.11 6.4E-02 0.15 

- 

Total road density (m-1) 0.05 2.6E-01 0.35 
- 0.05 -2.0E-01 0.33 

- 0.00 -4.5E-02 0.80 
- 0.07 -3.5E-01 0.26 

- 
Subsurface waterbody 
density (m-1) 0.11 -7.5E+00 0.14 

- 0.04 3.3E+00 0.40 
- 0.10 4.5E+00 0.18 

- 0.08 7.3E+00 0.22 
- 

Fraction of agricultural 
area (-) 0.00 2.6E+01 0.94 

- 0.03 -1.7E+02 0.48 
- 0.03 1.7E+02 0.43 

- 0.00 -1.0E+02 0.78 
- 

Unpaved road density (m-

1) 0.15 4.4E-04 0.09 
- 0.02 -1.2E-04 0.55 

- 0.18 -3.2E-04 0.063 
- 0.10 -4.3E-04 0.17 

- 

Lake shore density (m-1) 0.03 1.3E-02 0.49 
- 0.02 7.7E-03 0.60 

- 0.13 -1.9E-02 0.13 
- 0.00 5.5E-04 0.98 

- 
Slope on agricultural areas 
(°) 0.04 -5.8E+00 0.41 

- 0.00 2.2E-01 0.97 
- 0.09 6.0E+00 0.19 

- 0.01 4.1E+00 0.61 
- 
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S2.2.4. Sensitivity analysis 1123 

 1124 

Figure S 22: Sensitivity analysis for shortcut definition A. The y-axis shows the fraction of indirectly connected area 1125 
per total connected area. The parameters were varied within the following bandwidths. Hedge infiltration [no; yes], 1126 
infiltration width [6 m; 100 m], road carving depth [0 cm; 100 cm], sink depth [0 cm; 100 cm] 1127 

 1128 

Figure S 23: Sensitivity analysis for shortcut definition B. The y-axis shows the fraction of indirectly connected area 1129 
per total connected area. The parameters were varied within the following bandwidths. Hedge infiltration [no; yes], 1130 
infiltration width [6 m; 100 m], road carving depth [0 cm; 100 cm], sink depth [0 cm; 100 cm] 1131 
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 1132 

Figure S 24: Influence of flow distance on Monte Carlo results. Distribution of medians of indirectly connected area 1133 
per total connected area (-) per study area and per Monte Carlo simulation for different flow distances. Left: 1134 
Consideration of all flow distances. Right: Consideration of flow distances of smaller than 100 m, 100 to 200 m, 200 to 1135 
500 m, and larger than 500 m, respectively. 1136 
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S2.2.5. Distribution of slope and wetness index 1139 

 1140 

Figure S 25: Slope distribution (degrees) on different source area types 1141 

 1142 

Figure S 26: Topographic wetness index distribution (-) on different source area types  1143 
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S2.3. Surface runoff connectivity: Extrapolation to national level 1144 

S2.3.1. National area fractions 1145 

 1146 

Figure S 27: Modelled fractions of connected crop areas per total agricultural area by the NECM and the NSCM: 1147 
Directly, indirectly, and not connected crop areas per total agricultural area, non-cropping area per total agricultural 1148 
area, and indirectly connected crop area per total connected crop area for all catchments in Switzerland. 1149 

 1150 
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 1151 

Figure S 28: Fraction of crop area (arable land, vineyards, orchards, horticulture) per total agricultural area per 1152 
catchment. Source of background map: Swisstopo (2010) 1153 

 1154 

 1155 

Figure S 29: Fraction of directly connected agricultural area per total agricultural area per catchment fNSCM,dir. 1156 
Source of background map: Swisstopo (2010) 1157 
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 1158 

Figure S 30: Fraction of indirectly connected agricultural area per total agricultural area per catchment fNSCM,indir. 1159 
Source of background map: Swisstopo (2010) 1160 

 1161 

 1162 

Figure S 31: Fraction of not connected agricultural area per total agricultural area per catchment fNSCM,nc. Source of 1163 
background map: Swisstopo (2010) 1164 
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 1165 

Figure S 32: Fraction of directly connected crop area per total agricultural are per catchment fNSCM,drop,dir. Source of 1166 
background map: Swisstopo (2010) 1167 

 1168 

 1169 

Figure S 33: Fraction of not connected crop area per total agricultural area per catchment fNSCM,drop,nc. Source of 1170 
background map: Swisstopo (2010) 1171 
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 1172 

 1173 

Figure S 34: Fraction of indirectly connected crop area per total connected crop area fNSCM,drop,fracindir. Source of 1174 
background map: Swisstopo (2010) 1175 
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