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Introduction

• One of the objectives of PHISHES is to 

improve the quantitative linkage between 

soil properties, soil functions and 

associated ecosystem services

After: Adhikara and Hartemink (2016), 

Calvaruso et al. (2020), The Soil Fresco (2023)

• Such linkage is illustrated in the 

literature in different manners; e.g.:

In PHISHES we are especially 

interested in the arrows



• Other illustrations include recent ISO standards:

ISO/DTS 18718: Soil functions 

and related ecosystem services —
Definitions, descriptions and conceptual 
framework

ISO/DTS 18721: Ecological 

soil functions — Characteristics, 
indicators and methods



• Needed: quantitative estimation of soil function and ecosystem service indicators

• Several examples exist in literature

• Examples considered to-date in PHISHES: 



• Uncertainty may have different origins (see, e.g., Ferson et al., 1996):
✓ Due to natural variability (stochastic or aleatory uncertainty)

✓ Due to the incomplete nature of our knowledge of the property (epistemic 

uncertainty)

• Soil properties (soil descriptors in the sense of SML) have values that are generally not completely 

known in practice, due to underlying uncertainties (measurement, heterogeneity, time variations, …)

• Stochastic uncertainty can be addressed using probability theory (provided we have sufficient 

data to be able to define the probability distributions)

• Epistemic uncertainty can be addressed using fuzzy sets



• Such information can be coded in the form of a fuzzy set:

• Fuzzy sets are well suited for representing expert knowledge. For example, let’s say we are 

interested in the pH of a specific soil. A soil scientist or a farmer might say that in his/her view:

✓ The pH of this soil lies somewhere between 6.5 and 7.2

✓ Most likely values are around 6.8

• A fuzzy set is a mathematical set where elements have a partial degree of membership 

ranging from 0 to 1, rather than strict binary membership

• Such a set defines a “family” of probability distributions:

Fuzzy sets



• Fuzzy sets (or fuzzy numbers) can also be used to code linguistic rules regarding soil properties 

or other parameters

• For example: values of organic carbon in British arable land (g C per Kg soil) 

Low Medium High

P
o
s
s
ib

ili
ty Low: 10 – 20 (15)

Medium: 20-35 (27)

High: 35-50 (42)

• Areas may overlap (limits of ranges are typically imprecisely-known)

• Such information relative to various soil characteristics can be combined using a Mamdani 

fuzzy-inference engine



• Such systems are widely used because: 
✓ They are highly interpretable: rules resemble human reasoning 

✓ They work well when expert knowledge is available but precise mathematical models are not available

✓ They produce smooth, intuitive control actions

✓ They are most commonly used in industrial control, medical decision support and pattern recognition

• A Mamdani FIS comprises three core components: 

✓ (i) a set of fuzzy input variables, each defined by a set of overlapping linguistic terms,

✓ (ii) a fuzzy-rule base linking input conditions to fuzzy outputs, and 

✓ (iii) fuzzy output variables, also expressed using interpretable linguistic subsets. 

• The essential engine of a Mamdani FIS is its fuzzy-rule base. Each rule is of the form:

If 𝑥1 is 𝐴1 AND 𝑥2 is 𝐴2 AND … AND 𝑥𝑛 is 𝐴𝑛 then 𝑦 is 𝐵

• A Mamdani fuzzy-inference system is a human-interpretable fuzzy-logic system that uses linguistic 

IF-THEN rules, fuzzy sets and centroid defuzzification to estimate results in complex systems.

Mamdani fuzzy-inference System (FIS)



PHISH-FIS: a Mamdani FIS prototype 

• A Mamdani FIS prototype (called PHISH-FIS) linking soil characteristics, functions and scenarios 

was implemented to illustrate the potential of the methodology

• The main menu

• This menu allows the user to browse through the main components of the tool, including soil 

parameter inputs, scenarios and rule editions  

• The html tool uses formulae coded in R and based on the publications cited previously

• The prototype combines information from three soil-evaluation frameworks (SUPRA, Destisol, Calzolari 

et al. 2016) into a single set of baseline function scores, then uses a Mamdani fuzzy inference engine 

to predict how these scores vary under different climate-change scenarios



• Soil profile: this is a (partial) list of default values from the DESTISOL project used for illustration 

purposes. Some of the parameters (not all) can be modified in the Fuzzification page

• In a future version, user would enter his/her values



• Parameter fuzzification: can chose parameter boundaries and compare a fixed value



• SUPRA/DESTISOL evaluation: this is a check of the Function Scores calculated using the 

DESTISOL and SUPRA methods 

• Good consistency 

between both methods

From SUPRA From DESTISOL

Compatibility between a soil and a specific type of land useSoil Function scores 

(between 0 and 3)



• 3 Soil Function/Service indicators from Calzalori et al. (2016) were implemented : BUF (soil buffering 

capacity), BIO (habitat for soil organisms potential), CSP (soil carbon sequestration potential)

• Lower clay content 

results in lower 

buffering capacity



• Carbon Sequestration 

Potential; CSP

• Habitat for Soil Organisms 

Potential; BIO



• Rules for the Mamdani engine

(these rules are preliminary 

and proposed for the purpose 

of illustration)



• Rule editor



• Scenarios using the Mamdani 

engine and rules

RCP 4,5 (2050) is a moderate 

climate change scenario where 

global greenhouse gas emissions 

peak around 2040 and begin to 

decline toward mid-century

✓ Mild scenario (RCP 4,5)



Predicted impact and recommendations



✓ Severe scenario (RCP 8,5)

RCP 8.5 (2070) refers to a high-

emissions, "business-as-usual" 

climate change scenario projected 

for the year 2070



Predicted impact and recommendations



Conclusions
• Soil functions and associated ecosystem services are influenced by many parameters 

that are often incompletely/imprecisely known

• Fuzzy set theory is designed to address this type of uncertainty and help in the decision-making process

• Using data from previous studies, the PHISH-FIS prototype illustrates how:
✓ Soil descriptors can be represented by fuzzy sets

✓ Fuzzy-inference rules can be defined that involve these fuzzy descriptors

✓ A Mamdani engine can combine these rules in scenarios involving, e.g., climate change parameters

✓ Recommendations can be proposed following the outcome of the scenarios

• Further work in PHISHES will aim at linking PHISH-FIS to the outputs of the numerical, mechanistic 

model trains developed in PHISHES

• For ex. the cation-exchange capacity (CEC), which is calculated in the Hydrus-PhreeqC model train, is 

an input for the BUF indicator in PHISH-FIS

• Consensus could be sought between different Mission Soil projects regarding Function / Service 

Indicator calculation methods

• Consensus could also be found regarding Mamdani Engine Rules (IF X1 low AND X2 high THEN 

Y1 low etc.)
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         If   x 1  is   A 1  AND   x 2  is   A 2  AND  …  AND   x n  is   A n  then  y  is  B

