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Abstract 49 

Soil Quality or Soil Health are terms adopted by the scientific community as a metaphor for the 50 

effects of differing land management practices on the properties and functions of soil. Many other 51 

terms and metaphors are in use that defy neat quantification: human health, for example. Our 52 

challenge is to understand the importance of using such metaphors, but without compromising 53 

the underlying scientific understanding upon which they are based. We present here an approach 54 

based on expert elicitation in the field of soil quality and management, which offers a universal 55 

way of putting numbers to the metaphor. Like humans, soils differ and so do the ways in which 56 

they become unhealthy. 57 

We structure experts’ views of the extent to which soil delivers the functions expected of it within 58 

Bayesian Belief Networks anchored by measurable properties of soil. With these networks, we 59 

deduce the value of additional data to the precision of estimates of soil quality and health and 60 

infer the likely state of soil at locations in England & Wales.  We conclude that the value of soil is 61 

best scored as its fitness for purpose or its utility. Our methodology has general applicability and 62 

could be deployed elsewhere or in other disciplines. 63 

 64 

Main 65 

 66 

Soil Quality and Soil Health (SQH) are subjective concepts[1,2] that have found considerable traction 67 

amongst soil scientists, practitioners and policy-makers alike, but can mean little without context.  68 

Their usefulness depends on quantitative deployment.  For this reason, SQH is often expressed as an 69 

index and used to suggest that this soil or that practice is better than another [3,4]. Such one 70 

dimensionality engenders spurious certainty, whereas multi-dimensionality seems specific but can 71 

be vague.  Given the need to answer the questions ‘How much better?’ or ‘What should be done to 72 

improve this soil?’, one or more intrinsic properties of a soil may be used to articulate SQH in specific 73 

units or in a multi-dimensional index.  An example is the well-known radar plot [5,6] to compare 74 

several properties together.  However, such figures fail to capture interactions between the 75 

components that determine the dynamic nature of SQH[7].  Too often, the components are chosen 76 

in an ad hoc fashion without due consideration as to their functional importance or relevance. Visual 77 

assessment overcomes the limitations of single or multiple unconnected indices[8,9] but is not fully 78 

objective.   79 

 80 

SQH is hard to quantify in a consistent, objective fashion[10].  This has its origin in the complexity 81 

and multiplicity of the functions that soil is expected to fulfil and the fact that it harbours a great 82 

diversity of organisms[11]. It would undoubtedly be useful if the properties of soil that enable it to 83 

deliver substantial crop yields, for example, are the same as those that enable it to buffer water 84 

flow, resist erosion[12], regulate greenhouse gases and provide habitat for biodiversity[13,14].   85 

Development of a simple scored value for SQH would then be straightforward. However, the many 86 
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characteristics of soil affect its functions to different degrees or ways.  Soils, contexts and functions 87 

differ. Soil formation many factors [15], and so soils vary spatially.  Humans have adapted agriculture 88 

to soil; semi natural systems in the UK are often located in cool climates with acid or nutrient-poor 89 

geology.  SQH has become a catch-all for the different aspirations of different stakeholders who may 90 

interpret a score or value of an index in different ways[6].  Given this background of expectation, 91 

context and variation, it is timely to see how far it is possible to operationalise the concept of SQH 92 

with methodology that takes account of both qualitative and quantitative components such that 93 

each stakeholder gains a metric that is (i) consistent with purpose, (ii) is sufficiently self-consistent 94 

with other purposes to be close to universal and (iii) which explicitly captures interactions. We 95 

propose that fitness in the Darwinian sense may be a better metaphor and that given the closeness 96 

of the concept to the idea of utility in economics, fitness is a more quantitative, contextual measure 97 

of the goodness of functioning of soil than quality or health. 98 

 99 

Of the attempts to develop ‘expert-system’ approaches, Bayesian methods are among the most 100 

promising means to structure knowledge [16].  Bayesian Belief Networks (or Bayes Nets, BN) are 101 

graph-based, directional networks that can incorporate probability distributions of the component 102 

variables.  They have had diverse application in biological and social sciences[17,18,19]. Their 103 

directedness proceeds from multiple pieces of information or properties, such as soil organic matter 104 

content or texture, to a conclusion such as the extent of delivery of a function. BNs can be 105 

constructed either by data-mining or from knowledge-based approaches[20] or both. The second 106 

and third options mean that it is possible to apply BNs to study areas where there is a shortage of 107 

data by eliciting the views of experts[21]. A BN, therefore, gives us not so much an index for SQH as 108 

a quantified aggregate of all that experts think is vital. 109 

 110 

Notwithstanding the need for universality, a single network for all soils, relevant to all stakeholders 111 

would be difficult to achieve. Context, such as agriculture or nature is key.  Therefore, we addressed 112 

three broad land-uses: (i) arable, (ii) livestock agriculture or (iii) semi-natural land-use. Almost all 113 

land in GB is managed to some degree, hence semi-natural. Further subdivisions are possible, but 114 

part of the appeal to different stakeholders is an index’s multi-functionality, so we tried to retain the 115 

ability of each broad land use to express the multi-faceted nature of soil function – production as 116 

well as environmental quality, for example.  117 

 118 

The three networks (Fig 1a-c) reflect experts’ preferences as well as the nature of the land-uses.  119 

Consequently, they differ in composition. In all cases, however, the networks were structured such 120 

that inference is anchored in measurable data nodes (Fig. 1). Inferences proceed from sink (or child) 121 

nodes (ultimately SQH) that are conditionally independent from all other nodes in the network given 122 

the connection to the direct source or parent nodes. At most, three nodes parent any one child 123 

node, although one parent may influence multiple children. An inference chain builds between SQH 124 

and the data nodes.  The power of this approach derives from quantitative representation of the 125 

influence of objective, measurable information on the value of SQH (area of SQH node and size of 126 

data node) and the strength of interactions between components (thickness of arrows). The precise 127 

nature of each data node and their sources are given in Supplementary Information. In what follows, 128 

we present the findings from the BNs, which in turn are inferred from the views of the experts. 129 

In contrast to the other soils, SQH in arable soil has a direct parent data node – Ecological Diversity. 130 

Consequently, this node assumes great importance in inferring SQH relative to the other measurable 131 

data (Fig 1a, size of coloured sectors in SQH node).  Its state, Good or Bad, is virtually binary in 132 

suggesting good or bad SQH based on the subset of observable data nodes. If known and because 133 
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they are also immediate parents, Productivity Consistency and Regulation are also highly important 134 

in signifying arable SQH (Productivity Consistency is half as important again as the other two factors 135 

which is represented by the arrow thickness in Fig1a. Productivity Consistency : Regulation : 136 

Ecological Diversity = 1 : 0.65 : 0.63).  Where data, are available for the intermediate nodes (grey 137 

discs in Fig. 1), this may be preferred because all upstream parent nodes become unnecessary.  138 

Finding above average Productivity Consistency is key if the best probability of Good SQH is to be 139 

inferred in arable soils (arrow thickness, Fig 1a). If Productivity Consistency is Uncertain then either 140 

Regulation must be in a Good state or Ecological Diversity must be High to obtain a probability of at 141 

least 0.6 that SQH is Good (Fig S4.1a). 142 

 143 

SQH in livestock agriculture can only be inferred reliably from good knowledge of several 144 

measurable factors (data nodes), chief among these are the extent of Compaction or poaching, the 145 

pH of the soil and SOM – Soil Organic Matter content - (Fig 1b). The complexity of livestock 146 

production (soil generates grass, grass supports livestock, but animals impact the soil) is one reason 147 

why many interacting factors are needed to infer the state of the soil. Intermediate nodes generally 148 

contribute equally to their children and in similar proportion to other nodes (similar arrow 149 

thicknesses in Fig 1b compared with Figs 1a or 1c). Good Productivity is essential for best SQH (Fig 1b 150 

& S4.1b), followed by a positive score for Environment; Forage Yield must be close to Potential. 151 

 152 

Soil Moisture explains more variation in SQH in semi-natural soils compared to other data nodes, 153 

with Soil Nitrate and whether or not the soil is Bare almost equally as important as one another 154 

(SQH node Fig 1c). Good environmental Water Regulation and SOM are strongly associated with 155 

good SQH in these soils. Note that the ΔpH node here represents the difference of the observed pH 156 

from the expected pH of a pristine soil (see SI). Although the impact of Appropriate Chemistry on 157 

Water Quality is very large (arrow size Fig 1c) the eventual value of Water Regulation on inferring 158 

SQH is relatively small compared to SOM which is three times more likely to suggest Good SQH than 159 

the other parent nodes (SOM : Appropriate Biology : Water Regulation = 1 : 0.32 : 0.35).  160 

 161 

The probability of finding good SQH in any part of England and Wales is generally greater in semi-162 

natural soil than soil under livestock agriculture which in turn is greater than soil under arable use 163 

(Fig 2a). Upland soil is generally in semi-natural land-use whilst many of the livestock soils of 164 

intermediate quality are found in the West (Fig 2b).  Arable soils appear likely to be worse in the 165 

North than the South of the country which is suggested largely by the presence of relatively more 166 

non-agricultural species found in the Countryside Survey in the South[22] and so potentially greater 167 

levels of Ecological Diversity. The risk of Excess Nutrients is deduced from context.  Even if farmers 168 

take action to control nitrate, there is an enhanced risk of poor fitness at locations within a Nitrate 169 

Vulnerable Zone all other things being equal; soils in semi-natural habitats on the other hand can 170 

also be inferred to be in a poor state if the Appropriate Soil Biology is depleted (Fig 1c). Both factors 171 

account for much of the geographical variation in values of SQH (Fig 2a) 172 

 173 

Where arable land-use predominates in England and Wales, it is likely that more soils should be 174 

improved by reducing the risk of Excess Nutrients (1246 instances that are within a Nitrate 175 

Vulnerable Zone out of a total of 1901) than by any other intervention (Fig 3a). Farmers may, indeed 176 

should, already be doing so. Although knowledge about Ecological Diversity is the most important 177 

directly measurable contributor to good SQH (Fig 1a), Productivity Consistency and Regulation (into 178 

which Excess Nutrients feed, Fig 1a) are together vital for the very best quality (ED Fig 1a).  These 179 

results reflect both the structure of the elicited network and the input values for the data nodes of 180 

soils derived from two large-scale ongoing surveys as explained in the SI: the National Soils 181 
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Inventory[23] and the Countryside Survey[22].  Managing nutrients more carefully, by whatever 182 

means is thus likely to lead to soils which are fitter in the sense that they are less eutrophic or 183 

transmit less to the wider environment. 184 

 185 

Many opportunities exist to ameliorate livestock soils that suffer from Compaction (1132 instances 186 

out of 2063) or where the pH is too low (Fig 2).  Alkaline soils are difficult to change. Direct 187 

interventions to improve Productivity or Environment (Fig 1b, ED Fig 1b), would help too, in so far as 188 

this is possible. Other states of nodes that are associated with poor SQH are difficult (SOM, because 189 

it increases slowly) or impossible (Texture, Slope) to change.  If a poor soil is impossible to ameliorate 190 

for these reasons, a change of land-use may be the only way to achieve Good SQH. 191 

 192 

Despite historical exposure to acid rain, pH has improved in recent years[24].  Nonetheless, the 193 

discrepancy between actual and expected pH (ΔpH) is the factor that most frequently suggests poor 194 

SQH in semi-natural soils.  In this case, as is general in semi-natural soils, the opportunity is most 195 

often to modify industry or land management elsewhere. Information about Soil Moisture and its 196 

child nodes, Water flow, Water regulation and SOM is of critical importance to determine good SQH 197 

(Fig 1c, ED Fig 1c), with knowledge about Water quality and Water regulation key to inferring the 198 

very best quality.  Metals Contamination, which we infer from heavy metal concentrations in soil 199 

that are above ambient background levels, affects Appropriate Chemistry (Fig 1c) and is an issue in 200 

about 40% of semi-natural soils. (Fig 3, 286 instances in High exceedance and a further 87 in 201 

Moderate exceedance for at least one metal out of 1253 samples where metals data is available.)   202 

High metal content in soil may imply mine spoils, deposition from the air or some other historical 203 

misuse of land that reduces its function but can also be natural due to the underlying geology.  In 204 

any case, it is difficult to improve SQH by removing metals.  Poor values of soil moisture or soil 205 

organic matter may be more easily amended, however.  206 

 207 

Few soils could not be improved by one measure or another (Fig 3) or by a change of land-use. This 208 

is not to say that almost all UK soils are in a parlous state but that most could be improved at least 209 

slightly and some, in agricultural use, substantially (Fig 2). 210 

 211 

The explicit visualisation of the strength of interactions between components of soil that lead to 212 

good SQH is a powerful improvement on a simple index. The amalgamation of important subjective 213 

and objective determinants in BNs is an elegant solution to what is otherwise an intractable problem 214 

in the international scientific literature and in soil management.  It is not only the value of a property 215 

such as pH that determines SQH, but rather its context, here arable, livestock farming or semi-216 

natural land-use.  A natural ecosystem will be fitter if the pH does not differ from what is expected; 217 

there is more utility in increasing SOM in arable soils above 1% than there is above 3%. Soil Fitness 218 

would seem a better metaphor than Quality or Health. 219 

 220 

These arguments apply to most soils under similar land use in the temperate regions.  Beyond SQH, 221 

the method is general and applicable to many other metaphorical terms such as sustainability, 222 

resilience, air and water quality, human health or well-being.  223 

 224 
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225 

 226 

(b) 

(a) 
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  227 

 228 

Figure 1: Bayesian Networks that define SQH of soils under (a) arable, (b) livestock, and (c) semi-229 

natural land-uses. Discs are nodes in all BNs, black-ringed nodes are the SQH end-point. Distinct 230 

colours of the sectors in the SQH node correspond to those of the data nodes i.e. those which consist 231 

of measurable properties. Intermediate, potentially unobservable nodes are depicted in grey.  For 232 

exact meanings and states of nodes see methods (SI). Where intermediate nodes are observable, 233 

such values may be preferred in practice. Nodes are connected by arrows representing the 234 

conditional dependence between the variables that nodes represent. A sink/child node is 235 

conditionally independent from all other nodes in the network given the connection to the direct 236 

source/parent nodes. The size of each sector in the SQH node represents the proportion of variation 237 

explained by each data node as obtained from main effects regression analysis (only data nodes used 238 

as explanatory variables) of the probability of Good SQH using results obtained from network 239 

simulation runs (sensitivity: see methods).  Node diameter (both data and intermediate) represents 240 

the amount of variation in SQH explained by the node as determined from a main effects linear 241 

regression (using all nodes as explanatory variables) of the probability of a Good SQH. Arrow 242 

thickness represents the relative importance of parents in determining a connected child and can be 243 

compared within the same net. Relative node diameters and SQH sectors are compared on 244 

logarithmic scales; arrow thicknesses are compared linearly 245 

(c) 
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 246 

Fig 2: State of SQH in England & Wales: (a) map of the probability of finding Good SQH in England 247 

and Wales based on data on land-use, texture and nutrient status in the National Soils Inventory on a 248 

5km grid and on inferred biological parameters derived from the Countryside Survey. All land-uses. 249 

The three different land-use nets were applied at locations in (b) and have been used to compile the 250 

map in (a). 251 

  252 

(a) 

  

(a) (b) 
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 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

(b) 268 

Arable Nodes Frequency 
 

Livestock 

Nodes 

Frequency 
 

Semi-Natural 

Nodes 

Frequency 

Excess 

Nutrients 1252  Compaction 1132  pH 533 

Ecological 

diversity 375  pH 630  

Metal 

Contamination 373 

Compaction 214  SOM 233  

Excess 

Nutrients 54 

Texture 13  Slope 117    
SOM 12  Texture 82    
Aggregate 

stability 11  

Excess 

Nutrients 23    

pH 10  Micronutrients 13    

Metal 

Contamination 4  Soil Depth 2    

        

Good 1  Good 23  Good 293 

Fig 3: Opportunity map for ameliorating SQH in England & Wales. (a) First-ranked factor which if 269 

improved would make most difference to SQH.  Colours identify and locate factors by means of the 270 

key; one arable, 23 livestock and 293 semi-natural sites were in optimum condition and are coloured 271 

purple and labelled ‘Good’. Nets used to compile this map were used at the locations given in Fig 2b. 272 

Consequently, the range of factors evaluated differs from place to place. (b) Frequency with which 273 

each factor ranks first for the net indicated. If a factor is difficult to change e.g. texture, the 274 

opportunity is to change the land-use, i.e. convert arable to grassland under livestock. 275 

 

(a) 
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Methods 337 

Notwithstanding our conclusion that fitness is a suitable metric, we persist with SQH because that is 338 

what we asked experts to consider. 339 

Building the Bayesian Networks (BN) 340 

Developing the BNs comprised several steps: 341 

(i) Identifying all relevant soil properties and processes,  342 

(ii) reducing these to a manageable subset of the most important,  343 

(iii) agreeing the relationships between this subset of properties and the ways that their 344 

interactions allow us to infer SQH,  345 

(iv) quantifying these relationships using expert opinion  346 

(v) interfacing BNs with measured data wherever possible. 347 

Steps i-iv required experts and a setting such as a workshop in which to elicit their opinions.  The 348 

protocol below evolved from a series of practice workshops that we held to hone our procedure. We 349 

identified experts based on their knowledge and experience while seeking to cover different 350 

disciplines and land-management sectors. We invited 18 experts to participate in the elicitation 351 

process, mindful of a balance between genders and between experience and enthusiasm. The 352 

experts ranged from soil scientists and soil surveyors to policy makers, land-owners and managers, 353 

farmers and growers. Five to eight experts is considered the optimal number [25] of practitioners for 354 

the elicitation process. In all, 16 attended to represent three sectorally-based SQH BNs for: semi-355 

natural (5 persons), livestock management (6 persons) and arable land-uses (5 persons). 356 

 357 

Roughly one month prior to the workshop we held 15–30 minute one-to-one interviews via video 358 

conference with each of the invitees.  These video conference served to introduce the ideas behind 359 

the project and to focus attention on important aspects of SQH.  We asked each expert two 360 

questions: (i) How might you build up the quality or health of soil?  and (ii) If you had a high-quality 361 

soil, what might you do to degrade SQH?  By means of shared screens, we captured the processes by 362 

which suggested actions might improve or degrade SQH in the expert’s mind.  These networks were 363 

displayed, anonymously, at the start of the workshop for experts to peruse and compare. Following 364 

all preliminary interviews, we collated information from across the networks by means of word 365 

clouds and bar charts showing the frequency of use of particular terms. From these we identified 366 

commonalities and shared views and were able to then seek out datasets and literature for experts 367 

to refer to if they wished during the workshop. Displayed around the workspace, these formed a 368 

conceptual (naïve) model that is the basis for refinement in the process of developing a BN. 369 

On day one of the workshop, experts were given an introductory session on BNs and the value of 370 

inference. Experts listed and prioritised the most important functions and processes in soils that are 371 

needed to infer SQH generally.  Specific land-uses were introduced on day two. The prioritisation 372 

step was needed to gain a consensus on a net of manageable size. Once a preliminary consensus was 373 

reached on the structure and constituents of the net, we asked experts to think carefully what they 374 

meant by each node, and agree quantitative divisions into as few categories as possible whilst 375 

maintaining a reasonable resolution, ideally 2 or 3 categories.  Accordingly, we encouraged experts 376 

to introduce intermediate nodes rather than set up networks consisting of child nodes that possess a 377 

large number of parents.  The reason for this parsimony is that the conditional probability table, that 378 

is the crux of the network and which is needed to elicit the nets, has a total number of categories of: 379 𝑁𝐶 ∑ 𝑁𝑃(𝑖) 𝑃𝑖=1  , where 𝑁𝐶  is the number of child categories, 𝑃 the number of parent nodes and 380 𝑁𝑃(𝑖) is the number of categories in parent 𝑖.  Thus, 3 parents each having 2 categories and feeding 381 
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into a child with 3 categories implies 18 probabilities. The interrelationship of many more 382 

connections and categories than this is difficult to manage conceptually.  Our app [26] is designed to 383 

make completing these conditional probability tables as straightforward as possible. Next, experts 384 

were encouraged to think how these functions and processes link together, to infer SQH. In order to 385 

maintain parsimony, the experts developed generic nodes whose values were context dependent: 386 

appropriate biodiversity, adequate nutrient levels and so on (See Supplementary Information).  On 387 

day one the target was a general soil, but experts worked together in the groupings that we 388 

expected to keep together for day two.  This introductory exercise took most of the first day, after 389 

which we gave workshop experts the opportunity to reflect, discuss and feed back their experiences 390 

of the elicitation process and procedure over dinner in advance of day two during which the three 391 

groups repeated the exercise but concentrated on developing nets within their core expertise 392 

restricted to one of three specific land-uses: (i) semi-natural, (ii) arable, (iii) livestock. 393 

On day two (having practiced the procedure on day one) each group of experts derived the structure 394 

of the BN for their allocated land-use type. These BNs became the networks displayed in Fig. 1. With 395 

the structure in place we set about eliciting the Conditional Probability Tables (CPT) using our 396 

bespoke ACE software [26]. A laptop, networked to the app, was provided to each expert, so that 397 

their individual choices could be captured throughout the elicitation process. 398 

In the literature there are two approaches to combining data from multiple experts. Opinions can be 399 

combined either (i) through allowing a group of experts to reach a consensus by repeated discussion 400 

and revision or (ii) through mathematical aggregation. There is evidence to suggest that (i) may 401 

induce a dependence between responses [27, and references therein] whilst Talaab et al [21] argue 402 

that … any model should go through several iterations until all experts agree the structure. We 403 

adopted a hybrid approach in which the structure of the net, including nodes and categories were 404 

agreed in consensus but the experts populated the conditional probability tables (CPT) 405 

independently of one another. In this way, we obtained a consensus structure representing features 406 

important to inferring SQH from a variety of different disciplines and stakeholders, whilst 407 

maintaining the individual’s perspective on the importance of each feature. For specific analytics the 408 

individual CPTs were combined (described below). 409 

 410 

Following the workshop, the nets and CPTs were incorporated into BNs using the Netica package 411 

[28,29]. The CPTs were sense checked and because voice recorders were used to capture discussion 412 

it was possible check the intentions of experts for certain issues.  We queried odd-seeming views 413 

with experts by video conference using open questions so as to not to bias their responses.   414 

 415 

The methodology is updateable: views from other experts can be incorporated once elicited. 416 

 417 

Mapping SQH 418 

 419 

Inference in each net (Fig. 1) begins from measurable quantities (data nodes) to an inference of SQH. 420 

These data are often spatially explicit, allowing a user to input local values to obtain a site-specific 421 

estimation of SQH. More generally, we aimed to estimate SQH in a spatially explicit way for mapping 422 

and validation against existing knowledge. To do so, we collated data on all input nodes such that 423 

either i) a spatially explicit value or ii) a distribution of values representative of a population was 424 

available. Sources of data and the ways they have been used are given in the Extended Data section. 425 

Whilst the maps derive from national datasets (Figs 2 & 3), values of SQH can be made at specific 426 

locations if a land-manager has local information or a regulatory body mandates measurement.  427 

Indeed, local measurements should almost always trump default values. Site specific data could be 428 

subjective, such as the relative productivities of the target field compared with any nearby.  429 
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Directly addressable pressures, such as compaction by livestock, or the application of excess 430 

nutrients to arable land, are key to avoiding degradation or improving the quality of soil over large 431 

parts of the UK. This is widely acknowledged of course, but our analysis stresses the other issues that 432 

need to be addressed alongside the obvious interventions, or the role of inherent properties such as 433 

texture, if amelioration is to succeed 434 

 435 

 436 

Network analytics  437 

We analysed the derived BNs and what they meant in four different ways we: i) investigated the 438 

local structures within the full BN, ii) assessed the importance of the different nodes in determining 439 

SQH, iii) assessed the relative importance of the observable data nodes in determining SQH and iv) 440 

examined combinations of node states in relation to SQH outcomes. The first three aspects are 441 

depicted in the network diagrams of Fig. 1 through arrow width, node size and SQH pie sector, 442 

respectively, with the fourth depicted in the associated heatmaps (Fig. 2). These procedures are 443 

described below. 444 

Note, all nodes had an additional parent to that depicted in Fig. 1, specifically, an elicitee (expert) 445 

node  capturing each individual’s CPT.  446 

The belief of a node is defined to be the posterior probability conditional on the status of the 447 

network. Within our derived BNs SQH is a two-state node, thus, this posterior probability (or belief) 448 

of SQH can be fully characterised by the probability that SQH is “Good” conditional on the network 449 𝒩 having status 𝑛,  450 Belief(SQH|𝒩) =  Prob(SQH = Good | 𝒩 = 𝑛).   (1)  451 

 452 

i) Arrow Width in Figure 1 453 

The entropy of a node, 𝑋, is defined to be 454 𝐻(𝑋) = − ∑ Prob(𝑋 = 𝑥) ln{Prob(𝑋 = 𝑥)}𝑥     (2) 455 

where 𝑥 is a particular state e.g. “Good” in SQH. The entropy, 𝐻(𝑋), is a measure of the amount of 456 

information contained within a node. The entropy is maximised when the state of 𝑋 is unknown, i.e. 457 𝑋 has a uniform distribution. If 𝑋 is known with certainty, the entropy is 0. Recall, that for a node 458 

with parent(s), the marginal probabilities are obtained by summing over the parental states, i.e. 459 Prob(𝑋 = 𝑥)  =  ∑ Prob(𝑋 = 𝑥 | 𝑌 = 𝑦)𝑦  460 

Thus, in all calculations of entropy, the distribution of the node X has been obtained by first 461 

summing over each elicitee node in turn.  462 

The conditional entropy of a child 𝑋 in relation to one of its parents 𝑌 is defined by, 463 𝐻(𝑋|𝑌) = ∑ Prob(𝑌 = 𝑦)𝐻(𝑋|𝑌 = 𝑦)𝑦464 

= − ∑ Prob(𝑌 = 𝑦) ∑ Prob(𝑋 = 𝑥|𝑌 = 𝑦)log{Prob(𝑋 = 𝑥|𝑌 = 𝑦)} 𝑥𝑦   465 
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and is a measure of the amount information in 𝑋 given knowledge about 𝑌. If 𝑋 and 𝑌 are 466 

independent, 𝐻(𝑋) = 𝐻(𝑋|𝑌). However, if there is a dependence between 𝑋 and 𝑌, we would 467 

expect 𝐻(𝑋|𝑌)  <  𝐻(𝑋). 468 

The mutual information between a variable X and variable Y is defined to be, 469 𝑀𝐼(𝑋, 𝑌) = 𝐻(𝑋, 𝑌) = 𝐻(𝑋) − 𝐻(𝑋|𝑌) 470 

Thus, for each node in the network, we can look at the local structure between it and its direct 471 

parents. Specifically, the thickness of the arrows in Fig. 1 is given by the Mutual Information (MI) 472 

between each node and its connected parent as a fraction of the entropy of the child node MI(child, 473 

parent) / H(child). Thus, the thicker the arrow, the larger the mutual information and thus the 474 

greater the dependence between parent and child resulting in a greater reduction in entropy due to 475 

knowing the state of the parent. 476 

 477 

ii) Node Sizes in Figure 1 478 

To investigate how different nodes affect the probability of SQH, we ran a large simulation study to 479 

calculate the belief of the SQH node for different statuses of the network. Specifically, a network 480 

status is defined by a particular combination of known node states (e.g. SOM is decreasing, Soil 481 

nitrate is low and metal contamination is in moderate exceedance. See extended data for a full 482 

definition of all node states). Given any status, the posterior probability of SQH can be calculated 483 

(Equation 1). It was computationally infeasible to calculate the belief for every combination of node 484 

states (in the order of 10 million combinations for the semi-natural network, 7.8 billion for the 485 

arable network and 2.2x1015 for the livestock network). Thus, the beliefs have been obtained for 486 

every combination of node states where up to five nodes are known, whilst simultaneously fixing the 487 

elicitee node to be unknown and hence averaging over all experts. This study will be referred to as 488 

the 5-way study in what follows and generated 59,488 node combinations for the semi-natural, 489 

478,040 for the arable and 286,512 for the livestock BNs.  490 

A main effects linear model was fitted to the belief of SQH over these node combinations for each 491 

landuse in turn. For example, the model: 492 

Belief(SQH) = Soil_Nitrate + pH + Plant_Community_type  + Soil_moisture + Bare_soil + C_Storage  493 

+ Metals_contamination + Appropriate_chemistry + Appropriate_Soil_biology  494 

+ Water_quality + Water_flow + Water_regulation   (3) 495 

describes the effect each term has on SQH in the semi-natural landuse. This effect can be 496 

summarised by the type II F-statistic of each term in the fitted regression model and represents the 497 

amount of variation in SQH explained by the term. The diameter of each node in Fig. 1 is determined 498 

by ln(Fnode). 499 

 500 

iii) SQH sectors in Figure 1 501 

In practice, determining SQH comes down to observations on the measurable properties. These are 502 

what we have called the “data nodes” and which are depicted in colours other than pale blue in Fig. 503 

1. To investigate the relative importance of the data nodes in determining SQH, we ran a second 504 

simulation study. Here, the belief of SQH was calculated for every possible combination of node 505 
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states but restricted to knowing only the data nodes. There are 5 data nodes in the semi-natural 506 

landuse, resulting in 432 node combinations, 11 data nodes in the arable network resulting in 507 

1480352 node combinations and 9 data nodes in the livestock network resulting in 110592 node 508 

combinations. As above, the overall effect of each data node was assessed through a main effects 509 

linear regression analysis, using the SQH belief as a response, and summarised by the associated 510 

type II F-statistic for each term. For example, the model  511 

Belief(SQH) = Soil_Nitrate + pH + Soil_moisture + Bare_soil + Metals_contamination   (4) 512 

was used to describe the effect of each data node in the semi-natural landuse. The relative areas of 513 

the coloured sectors in the SQH node of Fig 1 are determined by the F-statistics from model (4) 514 

expressed as a proportion out of the sum of all F-statistics from model (4). 515 
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