
Supplementary Information.  Data sources and processing. Regression trees. 1 

To make the BNs operational, several different issues needed to be dealt with. The exact same value 2 

of a soil property that leads to Good SQH (Fit soil) in one context may lead to Bad SQH in another 3 

(e.g. Baveye, 2020). We encouraged our experts to take their chains of reasoning back to 4 

measurable properties of soil from which to ground the nets. Therefore, we need to have consistent, 5 

widespread sources of data from which to derive background probability distributions of the values 6 

of these properties as default (prior) positions for the network (Figs 1, main article). Alongside these, 7 

we also need specific point data values where we seek to produce maps of SQH or the potential for 8 

amelioration (Figs 2 & 3). 9 

In this section, therefore, we address: 10 

1. How we make the specific categories chosen by the experts consistent across all nets. 11 

2. The means by which we discover and assign category thresholds (suggested by experts) from 12 

data sources such as the Countryside Survey (CS) and National Soils Inventory (NSI), 13 

NATMAP, The UKCEH Land Cover Map Plus ©, and UK Nitrate Vulnerable Zones. 14 

3. How we map available data to categories and establish default distributions. 15 

4. The use of data overlays to take account of the fact that locations of our major datasets (CS, 16 

NSI) differ from one another or are published at coarser resolution than sampled to maintain 17 

the privacy of the landowner (CS). By this means, we tie the disparate data sources together 18 

at a consistent resolution whether that be for default probabilities or for the state of soil at a 19 

particular place. 20 

Major sources of data are: 21 

- The National Soil Inventory (NSI) for England & Wales (NSRI, 2001)  22 

- NATMAP 23 

- National Soil Inventory of Scotland (NSIS 1978-88, Lilly et al. 2010) 24 

- The UKCEH Countryside Survey (Carey et al., 2008 Emmett et al., 2010, Maskell et al., 2008, 25 

Rowe et al., 2012). 26 

- The UKCEH LandCover Plus © maps (2017, 2016, 2007) 27 

NSI is a database of topsoil properties, (0-15cm) with sampling centred on the intersections of a 28 

regular 5x5km grid throughout England & Wales.  At each of the approximately 5600 nodes, 25 soil 29 

cores were taken at 4-m intervals within a 20m square and bulked to create a single sample.  Cores 30 

were originally taken in 1978-83 and the network was partially resampled in 1995-6 (Bellamy et al. 31 

2005). 32 

 33 

NATMAP is the National Soil Map for England And Wales mapping 300 soil associations at the scale 34 

of 1:250,000 and is the result of more than 60 years of soil survey work by the Soil Survey of England 35 

and Wales (NSRI, 2001). Each NATMAP soil association can be characterised with the properties of 36 

constituent soil series based on soil descriptions defined from representative soil profiles captured 37 

during the Soil Survey. Further information on NATMAP and associated datasets can be obtained 38 

from http://www.landis.org.uk/data/natmap.cfm.  We use it for certain interpolations of land 39 

management needed to decide the susceptibility of land to poor drainage and compaction in use. 40 

The Countryside Survey (Countryside Survey © Database Right/Copyright NERC– UK Centre for 41 

Ecology & Hydrology. All rights reserved.) has been published in the form of several scientific 42 

articles.  In what follows we refer to the appropriate publication on each occasion. 43 

http://www.landis.org.uk/data/natmap.cfm


UKCEH LandCoverMap ® plus (https://www.ceh.ac.uk/crops2015) Two million land parcels are 44 

categorised within the Land Cover Map spatial framework, providing information on annual crop 45 

types for every field in Great Britain. We use information on cropping to decide the probability that 46 

pests or pathogens are present in soil 47 

 48 

In what follows we tabulate the instructions left by the experts, but in many cases populating the 49 

conditional probability tables from hard data was not straightforward.  Although some items can 50 

simply be read from one of the databases, others require interpolation from spatially mapped data, 51 

some require inference from more than one source of information some of which itself might be 52 

available as discrete data and some on a spatially-mapped basis.  In all cases we detail the course of 53 

action taken, working with publicly available data. We took the NSI locations, on their 5km grid, as 54 

the basis for our maps (Figs 2 & 3) and infer values for data at these locations either directly from 55 

other datasets if available or indirectly as spelt out below. In all cases a recipe is given. 56 

  57 

https://www.ceh.ac.uk/crops2015


1. Arable Land-use 58 

Table S1.1: Arable Net 59 

Node specified by experts Source of data Thresholds or Categories 

Texture NSI: CLAY, SILT, VSAND, 

MSAND, CSAND 

{Heavy, medium, Light} 

pH NSI: PH {Extreme, 5.5-7.5} 

SOM NSI: CARBON {<2%, 2-4%, >4%} 

Nutrients NSI: K_NITRATE, P_OLSEN {Inadequate, Adequate} 

Contamination NSI, various. Categories: 

Charlton et al., 2016. 

{No, Yes} mg kg-1 

Plough pan Bradley (2002) {Absent, Present} 

Aggregate Stability Defra 2004 {Unstable, Stable} 

Excess Nutrients NVZ maps {Absent, Present} 

Beneficial Biology CS: Emmett et al., 2016a {Low, High} 

Pests & Pathogens LandCover ® plus Map {Below Threshold, Above Threshold} 

Ecological Diversity CS: Bunce et al. (2014) {Low, High} 

 60 

 61 

Texture {Heavy, Medium, Light}  62 

 63 

Data are directly available as CLAY, SILT and the sum of VFSAND, MSAND and CSAND for all soils in 64 

the NSI as the clay, silt or sand contents of the mineral fraction of the soil respectively. These 65 

categories (from Hodgson, ed., 1997) were agreed in workshop by mapping onto the simplified 66 

textural triangle (http://www.landis.org.uk/data/nmtopsoiltexture.cfm) as shown  67 

 68 
 69 

Figure S1.1 Textural triangle illustrating the allocation of soils based on their sand, silt and clay 70 

contents to the categories defined by the experts. 71 

 72 

 73 

pH {Extreme, 5.5-7.5}  74 

http://www.landis.org.uk/data/nmtopsoiltexture.cfm


pH values were taken from the NSI: PH. Thresholds were defined by the experts 75 

 76 

 77 

SOM {<2%, 2-4%, >4%} 78 

Data from NSI: SOM is defined as 1.72*CARBON, where CARBON is the variable in the NSI. 79 

Thresholds were defined by experts 80 

 81 

 82 

Contamination {Yes, No}  83 

 84 

Data was obtained from the NSI for acid extractions (units mg kg-1). Cadmium – CD_ACID , Chromium 85 

– CR_ACID, Copper - CU_ACID, Nickel - NI_ACID, Lead - PB_ACID, Zinc - ZN_ACID. The limit values 86 

below were obtained from McGrath & Zhao (2006) and Charlton et al. (2016). An arable soil is 87 

considered contaminated {Yes} if either of the following criteria are satisfied: 88 

• Any metal exceeds ambient background levels in Table S1.1, given the soil’s texture and has 89 

pH below 5 or, 90 

• Any metal exceeds the limit values defined in Table S1.3 given the soil’s pH status,  91 

Otherwise, a soil is considered not contaminated {No} 92 

32 arable soils have either missing metal, pH or texture data and so have been set at NA.  93 

 94 

Table S1.1: Concentration values of metals in mg kg-1 in soils of the texture specified at which soils 95 

are considered to start to exceed ambient background levels. McGrath and Zhao (2006). 96 

 Clayey Fine 

loamy 

Fine silty Coarse 

silty 

Coarse 

loamy 

sandy peaty 

Cd 1.6 1.3 1.7 1.4 1.0 0.6 1.2 

Cr 82.8 63.8 66.0 66.2 45.2 27.0 38.8 

Cu 39.4 36.2 32.4 34.5 37.9 20.6 43.7 

Ni 51.1 41.2 44.2 39.2 29.3 18.3 24.2 

Pb 71.0 99.0 92.0 103 114 54.8 314 

Zn 157 151 156 145 132 86 104 

 97 

The texture groups in Table S1.1 were mapped onto the soil triangle (Fig. S1.1) as shown in Table 98 

S1.2 and the classes identified from the contents of CLAY, SILT, CSAND, MSAND and FSAND in the 99 

NSI. 100 

 101 

  102 



Table S1.2: Correspondence between texture groups used to define ambient metal concentrations 103 

and soil categories in the texture triangle (Fig S1.1) 104 

Texture Group Class 

Sandy  Sand, loamy sand 

Coarse loamy  Sandy loam, sandy silt loam 

Fine loamy  Sandy clay loam, clay loam 

Coarse silty  Silt loam 

Fine silty  Silty clay loam 

Clayey  Sandy clay, silty clay, clay 

Peaty  Peaty 

 105 
 106 

Table S1.3. Maximum concentrations, in relation to pH, of heavy metals in sludge-amended soils 107 

permitted by the UK Sludge (Use In Agriculture) Regulations (SI, 1989). Charlton et al (2016). 108 
 

Soil limit value (mg kg−1) 

pH 
5.0 < 5.5 

pH 
5.5 < 6.0 

pH 6.0–
7.0 

pH > 7.0 

Zinc 200 250  300  450  

Copper 80 100 135 200 

Nickel 50 60 75 110 
 

For pH 5.0 and Above 

Cadmium 3 

Lead 300 

Chromium 400 

 109 

 110 

 111 

Plough Pan {Absent, Present}   112 

 113 

The likely presence or absence of a plough pan was assessed based on the pre-existing ‘susceptibility 114 

to compaction’ and ‘soil potential for natural regeneration of structure following compaction’ maps 115 

for England and Wales derived from NATMAP soil properties by National Soil Resources Institute at 116 

Cranfield University (currently Centre for Environmental and Agricultural Informatics) using criteria 117 

defined in Bradley et al. (2002) and methods first conceived in Bradley et al. (2000)). These criteria 118 

include soil texture, CaCO3 contents, soil organic status, depth to semi-permeable soil layer and soil 119 

wetness class.  The tables S1.4, S1.5, S1.6 and S1.7 give the recipe for deciding the likelihood of a 120 

plough pan. 121 

 122 

Soil wetness class is defined in Table S1.4 after Table 18 in Hodgson (1997), Appendix II p. 107 and the 123 

resulting map is available at http://www.landis.org.uk/data/nmwetness.cfm. 124 

https://www.sciencedirect.com/science/article/pii/S026974911630625X#bib62
http://www.landis.org.uk/data/nmwetness.cfm


Table S1.4 Definition of wetness classes and soil moisture status classification used to assess (i) the 125 

possibility that an arable soil will develop a plough pan and (ii) that soil is well or poorly drained in 126 

the semi-natural net (section 3). 127 

Wetness 

class 

Descriptive term Description Soil 

moisture 

status 

I  

 

Rarely wet 

(well drained)1 

The soil profile is not wet within 70 cm depth for more 

than 40 days2 in most years3 

Drained 

II  

 

Seldom wet 

(slight seasonal 

waterlogging) 

The soil profile is wet within 70 cm depth for 30-90 days 

in most years. 

III  

 

Occasionally wet 

(Seasonally 

waterlogged) 

The soil profile is wet within 70 cm depth for 90-180 

days (3 to 6 months) in most years. 

IV  

 

Commonly wet 

(Waterlogged 

for long periods 

in winter) 

The soil profile is wet within 70 cm depth for more than 

180 days, but not wet within 40cm depth for more than 

180 days in most years. 

Not Drained 

V  

 

Usually wet 

(Severely 

waterlogged) 

The soil profile is wet within 40 cm depth for more than 

180 days, and usually wet within 70cm for more than 

335 days (11 months) in most years. 

VI  

 

Permanently wet 

(Permanently 

waterlogged) 

The soil profile is wet within 40cm depth for more than 

335 days in most years. 

1The alternative terms in brackets may be used depending on context. 128 
2The number of days specified is not necessarily a continuous period.  129 
3‘In most years’ is defined as more than 10 out of 20 years. 130 

 131 

Soil susceptibility to compaction was derived from NATMAP map of soil associations based on 132 

properties of the dominant soil series using criteria outlined in Table S1.5. Four categories of soil 133 

susceptibility to compaction are defined: 134 

C1 Very susceptible to compaction 135 

C2  Moderately susceptible to compaction 136 

C3 Slightly susceptible to compaction 137 

C4  Very slightly susceptible to compaction 138 

 139 

  140 



Table S1.5: Criteria for classification of soil susceptibility to compaction based on Bradley et al. 141 

(2002). Definitions of soil susceptibility classes C1-C4 are given in the text above. 142 

  Texture group1 

  SZL, ZL fS, 

LfS, 

fSL 

m+cS, 

Lm+cS, 

m+cSL 

Medium loamy Clay 

Medium silty 

CaCO3 Any Any Any Any Any Any Non-

calc 

Non-calc Calc 

Organic 

status 

<1.5

% 

> 

1.5

% 

Any Any Min Min Min Hum. Min./hum. 

Depth 

to SPL2 

Any Any Any Any > 80 

cm 

<80 cm Any Any Any 

Wetness 

class 

C2 C3 C3 C4 C3 C2 C2 C3 

I + II 

  

III + IV C1 C2 C2 C3 C2 C1 C1 C2 

V + VI Not applicable 
1 Particle-size classes for texture group. Note that these differ slightly from the categorizations for 143 

the Texture node, because they were derived by Bradley et al for their 2002 report. Particle sizes 144 

(fine, medium and coarse) are defined in Hodgsdon (1997).  145 

cS – coarse sand, mS – medium sand, fS – fine sand, 146 

LcS – loamy coarse sand, LmS – loamy medium sand, LfS – loamy fine sand, 147 

cSL – coarse sandy loam, mSL – medium sandy loam, fSL – fine sandy loam, 148 

SZL – sandy silt loam, ZL – silt loam 149 
2 Semi-permeable layer 150 

 151 

Soil potential for natural regeneration map was derived from NATMAP map of soil associations based 152 

on properties of the dominant soil series using criteria outlined in Table S1.6. This includes four 153 

categories: 154 

 155 

R1 There is little potential for natural regeneration. 156 

R2 There is slight potential for natural regeneration, but this is likely to take at least 5 years, 157 

during which it is important to ensure there is no further structural damage. 158 

R3 There is significant potential for natural regeneration, but this could take up to 5 years, 159 

during which it is important to ensure there is no further structural damage. 160 

R4 There is large potential for natural recovery over which normally takes place during a single 161 

season (autumn to spring). 162 

 163 

  164 



Table S1.6: Classification of potential for natural regeneration of soil structure following compaction 165 

based on Bradley et al. (2002). Definitions of regeneration classes R1-R4 are given in the text above. 166 
 Texture group 
 Sandy, Light Loamy 

& Light Silty 

Medium loamy + Medium 

silty 

Clay 

CaCO3 Any Any Non-

calc.1 

Non-

calc.1 

Calc.1 Non-

calc.1 

Non-

calc.1 

Calc.1 

Organic 

status 

Mineral Humose Min.2 Hum.2 Min./hum.2 Min.2 Hum.2 Min./hum.2 

Wetness 

class3 

I + II 

R1 R2 R3 R3 R3 R4 

III + IV 

 

R1 R1 R2 R3 R3 R3 

V + VI Not applicable 
1Non Calcareous or Calcareous 167 
2Mineral or Humose 168 

3 see Table S1.4 above 169 

 170 

To assess the likely presence of plough pan we intersected the maps for soil susceptibility to 171 

compaction (Table S1.5) and soil potential for natural regeneration (Table S1.6) which resulted in 172 

polygons attributed with a combined score from these two maps (Table S1.7). In both cases class 1 173 

(C1, R1, score=1) expresses the greatest risk of soil compaction and the least potential for 174 

regeneration, and class 4 (C4, R4, score=4) the least compaction risk and the greatest likelihood of 175 

natural regeneration. The risk of a plough pan was obtained by averaging these scores and rounding 176 

down any decimals. Values of 1 and 2 were taken to indicate the likely presence of a plough pan, and 177 

a value of 3 (no 4’s were identified) – with the likely absence. Rounding down was advised by a soil 178 

expert, Dr Lynda Deeks, at Cranfield University, upon inspection of the resultant map to avoid 179 

overrepresentation of soils for which formation of a plough pan was unlikely. 180 

 181 

  182 



Table S1.7: Demonstration of the combinations of the soil susceptibility to compaction and natural 183 

regeneration classes contributing to a likelihood of presence or absence of a plough pan. 184 

 185 

Compaction 
class 

Regeneration 
class 

Score Plough 
Pan 

C2  R4 3 
Absent 
 
 
 
 
  

C3  R3 3 

C3 R4 3 

C4 R2 3 

C4 R3 3 

C4 R4 41 

C1 R1 1 

Present 
 
 
 
 
 
 
 
  

C1 R2 1 

C1 R3 2 

C1 R4 2 

C2 R1 1 

C2 R2 2 

C2 R3 2 

C3 R1 2 

C3 R2 2 

C4 R1 2 
1This combination does not occur in any of the intersections of data on compaction and regeneration 186 

classes in England and Wales 187 

 188 

 189 

Aggregate Stability {Unstable, Stable} 190 

Table S1.8: Stability of soils in relation to soil organic carbon and clay content (Defra 2004; nb all 191 

grassland soils are stable). For the purposes of this table, Soil Organic Carbon (SOC) is taken as 192 

SOM/1.72 193 

Soil Organic 

Carbon % 

Clay Content % Stability Class 

<1.5 < 35 Unstable 

 >= 35 Stable 

>= 1.5 < 35 Stable 

 >= 35 Stable 

 194 

Both clay content (CLAY) and carbon (CARBON) were taken from the NSI 195 

 196 

 197 

Excess Nutrients {Present, Absent}  198 

The risk of the presence of excess nutrients was determined by whether or not a datum lies in a 199 

Nitrate Vulnerable Zone. For each NSI square, the proportion of land lying in an NVZ was calculated 200 



and used as the probability, all other things being equal, that excess nutrients are present for that 201 

NSI location.  202 

Wales: Queried from data.gov.uk: https://data.gov.uk/dataset/68f73c31-63cb-461d-8710-203 

76d1b92f4e7a/nitrate-vulnerable-zones-nvz with downloadable file located at: 204 

http://lle.gov.wales/catalogue/item/NitrateVulnerableZonesNVZ/?lang=en  205 

England: Surface Water: Queried from data.gov.uk: https://data.gov.uk/dataset/6491774d-85f0-206 

4445-bb54-89784a880189/nitrate-vulnerable-zones-nvz-2017-surface-waters-final-designations 207 

Current reference: https://data.gov.uk/dataset/e156a108-f8c2-498e-aa3f-11ff78f40eee/nitrate-208 

vulnerable-zones-nvz-2017-combined-final-designations 209 

 210 

 211 

Nutrients {Adequate, Inadequate} 212 

 213 

Thresholds for adequacy of the nutritional status of soil for arable agriculture were taken from the 214 

fertilizer guidance manual (AHDB, 2010) and compared with the values of both K (Nitrate extraction: 215 

K_NITRATE) and P (Olsen extraction in sodium bicarbonate: P_OLSEN) status are available in the NSI 216 

as the metal oxide. Both have units of mg l-1 in the NSI. The factors 0.43 and 0.83 reflect the fraction 217 

of P and K in atomic mass units in Phosphorus Pentoxide and Potassium oxide respectively: 218 

 219 

P2O5 Threshold = 16  P Threshold = P2O5*0.43 220 

K2O Threshold = 121 K Threshold = K2O Threshold*0.83 221 

 222 

If soil is below the threshold for either P or K, status of the node is inadequate. 223 

 224 

 225 

Beneficial Biology {Low, High}  226 

 227 

The UKCEH Countryside survey ©, included surveys of topsoil invertebrates (Emmett et al., 2016. Of 228 

the broad taxa recorded in the survey, only the collembola categories could be considered as 229 

generally representing beneficial biology (in consultation with Kelly Jowett: Hopkin, 1997; Partsch et 230 

al., 2006). All other taxa were deemed to consist of both beneficial and non-beneficial invertebrates. 231 

To align the collembola counts to the NSI survey locations, a generalized additive mixed model 232 

(GAMM) was used to interpolate the collembola counts, scaled up to m2, across the UK,  233 

𝐿𝑛(𝐸(𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑙𝑙𝑒𝑚𝑏𝑜𝑙𝑎))234 

= (𝐺𝐷𝐷5𝑦) + 𝑠(𝑇𝑀𝑃𝑚𝑒𝑎𝑛5𝑦) + 𝑠(𝑝𝑝𝑡𝑚𝑒𝑎𝑛5𝑦) + 𝐵𝑅𝑂𝐴𝐷_𝐻𝐴𝐵𝐼𝑇𝐴𝑇235 

+ 𝐶𝐴𝐶𝑂3_𝑅𝐴𝑁𝐾 + 𝑡𝑒(𝐸𝐴𝑆𝑇𝐼𝑁𝐺, 𝑁𝑂𝑅𝑇𝐻𝐼𝑁𝐺) 236 

Where E(Total Collembola) is the expected value of the collembola counts, s() denotes a cubic 237 

regression spline with shrinkage and te() denotes a tensor product cubic regression spline. GDD5y is 238 

the mean of the Growing Degree Days in the 5 years preceding the survey, TMPmean5y is the mean 239 

annual temperature in the same 5 years, likewise pptmean5y is the corresponding mean annual 240 

precipitation.  See Thomas et al. (2020). Climate metrics are derived from Met Office 5km resolution 241 

data. A separate intercept was fitted to each BROAD_HABITAT, defined by the Countryside Survey 242 

habitat classifications present in the soil invertebrate dataset {Broadleaf woodland, Coniferous 243 

woodland, Arable, Improved grass, Neutral grass, Calcareous grass, Acid grass, Bracken, Shrub heath, 244 

Fen, Bog} and a linear trend was fitted over CaCO3 according to the underlying parent material 245 

(Lawley at al., 2009). A Tweedie distribution with variance power function = 1.99 was assumed. 246 

Models were fitted using R package ‘mgcv’.  247 

https://data.gov.uk/dataset/68f73c31-63cb-461d-8710-76d1b92f4e7a/nitrate-vulnerable-zones-nvz
https://data.gov.uk/dataset/68f73c31-63cb-461d-8710-76d1b92f4e7a/nitrate-vulnerable-zones-nvz
http://lle.gov.wales/catalogue/item/NitrateVulnerableZonesNVZ/?lang=en
https://data.gov.uk/dataset/6491774d-85f0-4445-bb54-89784a880189/nitrate-vulnerable-zones-nvz-2017-surface-waters-final-designations
https://data.gov.uk/dataset/6491774d-85f0-4445-bb54-89784a880189/nitrate-vulnerable-zones-nvz-2017-surface-waters-final-designations
https://data.gov.uk/dataset/e156a108-f8c2-498e-aa3f-11ff78f40eee/nitrate-vulnerable-zones-nvz-2017-combined-final-designations
https://data.gov.uk/dataset/e156a108-f8c2-498e-aa3f-11ff78f40eee/nitrate-vulnerable-zones-nvz-2017-combined-final-designations


 248 

A scaled-up continuous map of expected collembola counts at the 1 km grid level was produced with 249 

the help of the generic R ‘predict’ function. A subset of map zones was taken to include those 250 

squares only for which the dominant broad habitat was Arable. For each square, the probability of 251 

having high beneficial biology was calculated as 252 

𝑃𝑟𝑜𝑏(𝐶𝑜𝑙𝑙𝑝𝑟𝑒𝑑 > 8753.47) 253 

Where Collpred is the expected Total Collembola count for the 1km grid square and assumed to be 254 

normally distributed with variance given by the Generalized Additive Mixed Model (GAMM) fit. The 255 

threshold 8753.47 was obtained by taking the median number of collembola found in the Broadleaf 256 

woodland Broad Habitat calculated from the CS soil invertebrate survey data and scaled up to the 257 

1km grid square.  258 

These probabilities are then aligned to the NSI locations by calculating the average value for each 259 

5km NSI square. 260 

 261 

 262 

Pests & pathogens {low, high} 263 

High risk of pest or pathogen loading in soil was based on probability of land being in 2nd (or 264 

subsequent) wheat crop or having been in potatoes during the last 5 years. Yields and thus SQH are 265 

impacted by the risk of the presence of the take-all fungus or potato cyst nematode respectively. 266 

Data were taken from consecutive land cover plus maps (UKCEH Landcover ® plus crop maps) for 267 

2016 and 2017. 268 

 269 

For each NSI 5km square, (i) the proportion of arable land that was in at least 2nd year wheats was 270 

calculated (from fields that grew wheat in both the 2017 and 2016), (ii) the proportion of arable land 271 

that was in potato crop in 2017, (iii) the sum of the above (i) + (ii) gives an estimate for the 272 

probability of the presence of pests or pathogens (take-all and nematodes) in a soil. (iv) The 273 

distribution of the probability of pests and pathogens was obtained for England & Wales and (v) The 274 

scale of this probability was normalized to lie between 0-1 275 

 276 

 277 

Ecological diversity {Low, High} 278 

 279 

The UKCEH Countryside Survey included surveys of vegetation (Bunce et al., 2014). In particular, it 280 

includes 10 m x 1 m linear boundary plots of both boundaries (B plots) and hedges (H plots). These 281 

data have been used here to represent the overall ecological diversity of a particular location as 282 

defined by the arable experts.  283 

 284 

A, generalized additive mixed model (GAMM, equation below) was used to scale up the observed 285 

vegetation richness recorded in the CS linear boundary plots to the whole of the UK.  286 

𝑙𝑜𝑔(𝐸(𝑅𝑖𝑐ℎ𝑛𝑒𝑠𝑠)) = 𝑠(𝐺𝐷𝐷5𝑦)  + 𝑠(𝑇𝑀𝑃_𝐸𝑋𝑇5𝑦)  + 𝑠(𝑇𝑀𝑃𝑚𝑒𝑎𝑛5𝑦)  + 𝑠(𝑝𝑝𝑡𝑚𝑒𝑎𝑛5𝑦)  +287 

 𝑠(𝑁𝐻4_𝐷𝐸𝑃𝑂𝑆𝐼𝑇𝐼𝑂𝑁)  + 𝐵𝑅𝑂𝐴𝐷_𝐻𝐴𝐵𝐼𝑇𝐴𝑇 +  𝑡𝑒(𝐸𝐴𝑆𝑇𝐼𝑁𝐺, 𝑁𝑂𝑅𝑇𝐻𝐼𝑁𝐺)    [1] 288 

 289 

Where s() denotes a cubic regression spline with shrinkage and te() denotes a tensor product cubic 290 

regression spline. E(Richness) is the expected value of the species richness at each site.  Climate 291 

variables are as defined above. Climate variables are as defined above. TMP_EXT5y is the extreme 292 



temperature found during the last 5 years, NH4_DEPOSITION is the 3 year mean of deposition of 293 

ammonia (kg ha-1 year-1) from the atmosphere at 5km resolution (Dore et al., 2015). Statistical 294 

methodology is described in Thomas et al., (2020) and in the Environmental Information Data Centre 295 

(EIDC). A separate intercept was fitted to each BROAD_HABITAT, defined by the Countryside survey 296 

habitat classifications present in the soil invertebrate CS dataset {Broadleaf woodland, Coniferous 297 

woodland, Arable, Improved grass, Neutral grass, Calcareous grass, Acid grass, Bracken, Shrub heath, 298 

Fen, Bog}. 299 

 300 

The resulting map of map of vegetation richness was translated into a map for the Shannon diversity 301 

of vegetation according to the following relationship, derived from the survey data and shown in 302 

Figure S1.2, 303 

 304 

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 =  𝛽0 + 𝛽1𝑅𝑖𝑐ℎ𝑛𝑒𝑠𝑠 +  𝛽2𝑅𝑖𝑐ℎ𝑛𝑒𝑠𝑠2   +  𝛽3𝑅𝑖𝑐ℎ𝑛𝑒𝑠𝑠3 + 𝜀   [2] 305 

Where 𝜀~𝑁(0, 𝜎𝜀
2) 306 

307 
Figure S1.2. Relationship between species richness and Shannon diversity in all B and H plots of the 308 

countryside survey 2007. Green line is the fitted polynomial trend as defined in equation [2]. Red 309 

vertical line corresponds to the threshold for having “good” vegetation as defined by the median 310 

vegetation richness found in the linear boundary and hedge plots of broadleaf habitats calculated 311 

from the CS vegetation survey data. Red horizontal line is the corresponding threshold for “good” 312 

diversity as predicted from the polynomial mode 313 

 314 

Equations 1 and 2 enabled a scaling up to produce a continuous map of 1km grid squares of 315 

predicted vegetation diversity. A subset of map zones was taken that included those NSI squares 316 
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only for which the predicted Broad Habitat was Arable. For each square, the probability of having 317 

high ecological diversity was calculated as 318 

 319 

𝑃𝑟𝑜𝑏(𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦𝑝𝑟𝑒𝑑 > 1.802) 320 

 321 

Where Diversitypred is the predicted vegetation Shannon diversity for the grid square and assumed to 322 

be Normally distributed with mean given by the predicted Shannon diversity according to equations 323 

1 and 2 and variance given by, 324 

 325 

𝑉𝑎𝑟(𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦𝑝𝑟𝑒𝑑𝑖
) = �̂�0 + �̂�1𝑅𝑖 + �̂�2𝑅𝑖

2 + �̂�3𝑅𝑖
3 + 𝜎𝜀

2 + 𝜂2     [3] 326 

 327 

Where, 𝑅𝑖  is the species richness at location i and 𝜎𝜀
2 is the variance in equation (2) and η2 which 328 

propagates the uncertainty associated with the underlying species richness at each location is 329 

calculated as 𝜂2 = [1 𝑅𝑖 𝑅𝑖
2 𝑅𝑖

3] ×  Σ  [1 𝑅𝑖 𝑅𝑖
2 𝑅𝑖

3] 𝑇, and ∑ is the covariance matrix of 330 

the parameter vector [�̂�0 �̂�1 �̂�2 �̂�3]. 331 

 332 

Equation 3 was calculated by simulation, such that for each location,  𝑅𝑖  was randomly drawn 1000 333 

times from a Normal distribution with mean and variance given by equation 1. 334 

 335 

The threshold 1.802 was obtained by taking the median vegetation richness found in the linear 336 

boundary and hedge plots of broadleaf habitats calculated from the CS vegetation survey data 337 

(Maskell et al., 2008) and transforming this to the estimated Shannon diversity according to 338 

equation 2. These probabilities are then aligned to the NSI locations by calculation of the average 339 

value for each 5km NSI square. 340 

 341 

  342 



2. Livestock Land-use 343 

 344 

Table S2.1: Livestock Net 345 

Node specified by experts Source of data Thresholds or Categories 

Compaction 

 

Estimated risk of poaching or 

impeded drainage 

{No, Yes} 

 

SOM NSI: SOM=1.72*Carbon  {Red, Amber, Green} 

Texture NSI: CLAY {Light, Medium, Heavy} 

Soil Depth NSI + Soil series: DROCK {< 40, > 40} cm 

Slope NSI: SLOPE {< 2o, 2o - 10o, > 10o}  

Soil P NSI: P_OLSEN {< 15, 15-45, > 45} mg/l. 

Applied N BSFP 2019 {< 100, 100-200, > 200} kg/ha 

pH NSI: pH {0-5, 5-7, 7-14} Experts {0-6,6-

7,7-14} AHDB 

Micronutrients NSI: MG_NITRATE {Insufficient, Sufficient} 

 346 

Compaction: {No, Yes}  347 

 348 

The information on the susceptibility to compaction for topsoil and soil layers immediately below 349 

was retrieved from the ‘NATMAP susceptibility to compaction’ map, which divides England and 350 

Wales into four susceptibility classes (C1-C4) according to criteria laid out in Table S1.5 and classified 351 

into likely occurrence of compacted soils for the purpose of the livestock network as shown in Table 352 

S2.2.  353 

 354 

Table S2.2 Likely occurrence of soil compaction within NSI squares assigned to the livestock network. 355 

NATMAP susceptibility to compaction Compaction 

C1 Very susceptible to compaction  Yes 

C2 Moderately susceptible to compaction  Yes 

C3 Slightly susceptible to compaction  No  

C4 Very slightly susceptible to compaction  No 

 356 

 357 

 358 

SOM {Red, Amber, Green} 359 

 360 

SOM thresholds were defined by experts from both the clay and carbon contents of soil. Clay and 361 

carbon are both variables available from the NSI as CLAY and CARBON*1.72 respectively. 362 

Table S2.3: Interpretation of the ‘SOM’ node with respect to soil ‘Texture’. (Griffiths et al. 2018). 363 

Numbers given are SOM values.  The state of SOM is read off from the Texture and the value of SOM 364 

at each datum. 365 

State | Soil texture Light (<18%) Medium (18 – 35%) Heavy (>35%) 

Red <2% <3% <4% 

Amber 2 – 4 % 3 – 5 % 4 – 6 % 

Green >4 % >5 % >6 % 

 366 



 367 

 368 

Texture {Light, Medium, Heavy} 369 

Experts defined texture purely in terms of clay content. Clay content is available from NSI: CLAY. 370 

Experts defined the thresholds as Light < 18% clay and Medium < 35% clay. 371 

 372 

 373 

Soil depth {< 40cm, >= 40cm} 374 

Thresholds were set by the experts. The depth to rock is recorded in the NSI as DROCK (depth to 375 

rock).   376 

 377 

 378 

Slope: {< 2 degrees, 2-10 degrees, > 10 degrees} 379 

Thresholds were defined by the experts. Values for slope at point measurements were taken from 380 

the NSI variable SLOPE 381 

 382 

 383 

Soil P. {low, medium, high} 384 

 385 

Thresholds were defined by the experts as low < 15 mg/l and high >= 45 mg/l.  Olsen P values taken 386 

from the NSI (NSI: P_OLSEN). 387 

 388 

 389 

Applied N {< 100, 100-200, > 200} kg/ha 390 

Experts defined categories as {< 100, 100-200, > 200} kg/ha. Field rates of N application were 391 

obtained for the period 2013-2017 from Defra’s British Survey of Fertiliser Practice (BSFP, 2019).  A 392 

total of 12,624 fields were available for England and Wales and spatially identified to NUTS 393 

(Nomenclature of Territorial Units for Statistics) level 1. Thus, for each region, the empirical 394 

distribution of N application rates was calculated for both ley and permanent grassland systems. This 395 

was used to calculate the proportion expected in the three categories defined by the experts.   396 

These proportions were aligned to the NSI grassland locations (NSI: LANDUSE = ‘permanent 397 

grassland’ or ‘ley grassland’) as a weighted average according to the area within each NSI 5km grid 398 

square that overlapped the different NUTS regions. 399 

 400 

 401 

pH {low, medium, high} 402 

Categories were set as in the current version of the Fertiliser guidance (AHDB, 2010)  403 

 404 

Mineral soils:  pH 0-5.8: Low, pH 5.8-6.8: Medium,  pH 6.8-14: High 405 

Peaty soils: pH 0-5:  Low, pH 5-6:  Medium,  pH 6-14: High 406 

These differ from the thresholds initially proposed by the experts {0-5,5-7,7-14} 407 

 408 



pH data are available from NSI. PH 409 

 410 

 411 

Micronutrients {Inadequate, Adequate} 412 

 413 

Experts defined micronutrients primarily in terms of both Ca and Mg. However, thresholds could 414 

only be found for Mg.  Ca was treated elsewhere under pH and hence default values for the 415 

Micronutrient category were determined using data for Mg (MG_NITRATE from the NSI).  A 416 

threshold of 51 mg kg-1 corresponds to the Defra Mg index value of 2 and was deemed to be 417 

adequate. (https://www.alsenvironmental.co.uk/media-uk/pdf/datasheets/contaminated-418 

land/defra-index-scale_td_uk_2017.pdf ) 419 

 420 

 421 

SQH {Bad, Good} 422 

 423 

Experts in the Livestock group initially identified five categories of SQH. To align the output classes of 424 

SQH in the livestock net with the nets derived for the other landuses, we redistributed the 425 

probabilities into a binary classification according to: 426 

Prob(Badnew) = Prob (Very Bad) + Prob(Bad) + 0.5 * Prob(Medium) 427 

Prob(Goodnew) = Prob(Very Good) + Prob(Good) + 0.5 * Prob(Medium) 428 

This was done in consultation with all experts and communicated along with several alternative 429 

options. For one expert, the above approach was not representative of their views as they had 430 

captured their belief by allocating 100% to a single outcome for each row of the conditional 431 

probability table. In this case, the outcomes were translated (in consultation with the experts) into a 432 

binary option according to the following rule: 433 

 434 

100% Very bad -> Prob(Bad) = 1, 100% Bad -> Prob(Bad)=0.75, 100% Medium -> Prob (Bad) = 0.5, 435 

100% Good -> Prob(Bad) = 0.25, 100% Very good -> Prob(Bad)=0. 436 

 437 

  438 
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3. Semi-Natural Land Use 439 

 440 

Semi-Natural landuse was defined by the following LANDUSE categories in the NSI. If it was one of: 441 

‘bog’, "coniferous’, ‘deciduous’, ‘lowland heath", ‘montane", ‘rough grazing’, ‘salt marsh’, ’scrub’,  442 

‘upland grass’, or ‘upland heath’, we included it in the semi-natural category. ‘bog’ in NSI includes 443 

peat. 444 

 445 

Table S3.1: Semi Natural Net 446 

Node specified by experts Source of data Thresholds or Categories 

Soil Nitrate CS: Emmett et al., 2016b {Low, High} 

ΔpH1 Inferred from Pearsall (1952) 

& current values (NSI: PH) 

{< 0.5 units below 

expected, expected, > 0.5 

units expected} 

Metals Contamination NSI: acid extracted Cd, Cr, 

Cu, Ni, Pb, Zn 

{No exceedance, 

Moderate exceedance, 

High exceedance} 

Bare Soil Observation {< 10% bare, > 10% bare} 

Soil Moisture NATMAP {Drained, Not drained} 
1ΔpH is the difference between the currently observed and expected pH assuming no acidic 447 

deposition during the second half of the 20th Century. 448 

 449 

 450 

Soil Nitrate {Low, High} 451 

Soil Nitrate measurements were obtained from Countryside Survey as follows: 452 

 453 

Nitrate was derived as the product of total mineralisable N and proportion of mineralizable N that is 454 
NO3 (NE_NMINTOT x NE_NO3N_PROP_NMIN), where NE_NMINTOT is the Total mineral (NO3+NH4) 455 
nitrogen concentration (mg N kg-1 dry soil) and NE_NO3N_PROP_NMIN - Proportion of nitrate-N in 456 
the total mineral nitrogen (g NO3-N g-1 total mineralisable N). Soil Nitrate was scaled up to a 457 
continuous spatial map through a generalized additive mixed model (GAMM) 458 

 459 

𝐸(𝑁𝑖𝑡𝑟𝑎𝑡𝑒) =  BROAD_HABITAT +   s(NO3_DEPOSITION)  +  te(EASTING, NORTHING) 460 

Where s() denotes a cubic regression spline with shrinkage and te() denotes a tensor product cubic 461 

regression spline. E(nitrate) is the expected value of the nitrate in soils as defined above. A separate 462 

intercept was fitted to each BROAD_HABITAT, defined by the Countryside Survey habitat 463 

classifications present in the CS dataset {‘Broadleaf woodland’, ‘Coniferous woodland’, ‘Arable’, 464 

‘Improved grass’, ‘Neutral grass’, ‘Calcareous grass’, ‘Acid grass’, ‘Bracken’, ‘Shrub heath’, ‘Fen’, 465 

‘Bog’}. 466 

 467 

The above GAMM enabled a scaling up to produce a continuous map of 1km grid squares of 468 

predicted soil nitrate. This map was restricting to include only those squares for which the predicted 469 

broad habitat was semi-natural. For each square, the probability of having high soil nitrate was 470 

calculated as 471 

𝑃𝑟𝑜𝑏(𝑁𝑖𝑡𝑟𝑎𝑡𝑒𝑝𝑟𝑒𝑑 > 10) 472 



Where Nitratepred is the predicted soil nitrate for the grid square and assumed to be Normally 473 

distributed with variance given by the GAMM fit. A threshold of 10 mg N kg-1 dry soil was taken as 474 

the threshold determined for having high soil nitrate.  8-10 mM NO3 is a typical threshold at which 475 

high affinity nitrate transporters cease to be expressed (Laugier et al., 2012), the Water framework 476 

directive threshold value for levels of nitrate in surface waters is 11.3 mg l-1 or 0.15mM.  If soil is up 477 

to 50% water by volume and our soils have bulk densities ranging from 1.0 to 1.6, then a value of 10 478 

mg N kg-1 is a round number at the top end of what might be described as ‘high’. 479 

These probabilities from the CS are then aligned to the NSI locations as for the Arable net with the 480 

additional constraint that the value for the broad habitat is allocated that aligns most closely with 481 

the NSI landuse at each location. 482 

 483 

 484 

(expected) pH {Below expected, Expected, Above expected} 485 

Pearsall (1952) gives pH values found in bogs and peats before 1950 and that might be assumed to 486 

be close to expected because they predate the majority of the later, long-range deposition.  The 487 

same paper has generalised pH gradients in relation to wetness, land type and nitrogen. Where 488 

values for a land class were missing, we inferred values from these gradient relationships. 489 

Expected or un-acidified values of pH in soil differ considerably between the diverse land-uses 490 

subsumed into the Semi-Natural land category.  Thresholds for the below-, above- and expected 491 

values of pH are given in Table S3.2 and were defined by the experts. 492 

Current values of pH of soils were obtained from NSI: PH 493 

 494 

Table S3.2: Categories for pH to determine if is above or below the desired range and which is 495 

obtained separately for each type of semi-natural landuse.  496 

Landuse Below expected Expected Above expected 

Bog <4 4-5 >5 

Coniferous <3.5 3.5-4 >4 

Deciduous <3.8 3.8-4.8 >4.8 

Lowland heath <3.5 3.5-6 >6 

Montane <4 4-6 >6 

Rough grazing <4.5 4.5-6 >6 

Salt marsh <6.75 6.75-8.075 >8.075 

Scrub <4.5 4.5-6 >6 

Upland grass <4.5 4.5-8 >8 

Upland heath <4.5 4.5-8 >8 

 497 

 498 

 499 

Metals Contamination {No Exceedance, Moderate Exceedance, High Exceedance} 500 

 501 

A soil is considered to be in High Exceedance if  502 

• Any metal exceeds the limit values in Table S1.3 given the soil’s pH status, or, 503 

• Any metal exceeds ambient background levels in Table S1.1, given the soil’s texture and has 504 

pH below 5. 505 



A soil is considered to be in Moderate Exceedance if 506 

• A metal exceeds ambient background levels in Table S1.1, given soil’s texture and has pH 507 

above 5 and, 508 

• Is not already in high exceedance 509 

Otherwise a soil is considered to be in the No Exceedance state.  510 

 511 

43 semi-natural soils have either missing metal, pH or texture information and has been set as NA. 512 

 513 
 514 

Bare Soil {< 10% bare, > 10% bare} 515 

No soils were considered to be bare in any of the datasets we used to parameterise the net. 516 

However, if a soil is known locally to be bare then this information could be used to modify the 517 

particular estimate of SQH at that point. 518 

 519 

 520 

Soil Moisture {Drained, Not drained}  521 

 522 

Information on the drainage state of soils is not available at a national scale. We therefore 523 

characterised the probability of a soil being drained or not drained based on its landuse and peat 524 

status. Specifically, for each landuse the probability of a given NSI cell to be drained is given by: 525 

 526 

𝑃𝑑𝑟𝑎𝑖𝑛 = 𝑤𝑑𝑟𝑎𝑖𝑛,𝑝𝑒𝑎𝑡 × 𝑃𝑝𝑒𝑎𝑡  +  𝑤𝑑𝑟𝑎𝑖𝑛,𝑛𝑜𝑡 𝑝𝑒𝑎𝑡 × 𝑃𝑛𝑜𝑡 𝑝𝑒𝑎𝑡 527 

 528 

Where 𝑤𝑑𝑟𝑎𝑖𝑛,𝑝𝑒𝑎𝑡 is the probability that a peat soil is drained and 𝑤𝑑𝑟𝑎𝑖𝑛,𝑛𝑜𝑡 𝑝𝑒𝑎𝑡 is the probability a 529 

non-peat soil is drained. 𝑃𝑝𝑒𝑎𝑡 is the proportion of an NSI cell assigned a Peaty status and 𝑃𝑛𝑜𝑡 𝑝𝑒𝑎𝑡 =530 

1 − 𝑃𝑝𝑒𝑎𝑡 531 

 532 

The peat status of each NSI grid cell was determined by the proportion of that cell being in a Peat 533 

condition as defined by NATMAP map of soil associations for England and Wales (NSRI, 2001, UKSO).   534 

 535 

𝑤𝑑𝑟𝑎𝑖𝑛,𝑛𝑜𝑡 𝑝𝑒𝑎𝑡 has been set to 0 for all landuses, assuming that non-peat soils are not drained. 536 

 537 

To determine 𝑤𝑑𝑟𝑎𝑖𝑛,𝑝𝑒𝑎𝑡 for each landuse, we used data from Evans et al. (2017) who quantify the 538 

status of different peat landuses in England and Wales. A summary of the table is given below: 539 

 540 

  541 



Table S3.3: The proportion of drained and undrained peat soils determined by Table 3.2 of Evans et 542 

al. (2017). 543 

 
England 

 
Wales 

 

 
Drained Undrained Drained Undrained  
𝑤𝑑𝑟𝑎𝑖𝑛,𝑝𝑒𝑎𝑡 

 
𝑤𝑑𝑟𝑎𝑖𝑛,𝑝𝑒𝑎𝑡 

 

Bog 0.114868 0.885132 0.084444 0.915556 

Heather 0.18057 0.8194296 0.202939 0.797061 

Grass 0.42165 0.5783504 0.051916 0.948084 

 544 

Not all landuses have been covered in Evans et al. (2017) and so the remaining landuses under peaty 545 

conditions were assigned a flat 50:50 prior. 546 

 547 

 548 

  549 
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