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Bayesian network: basics

Frequentist vs. Bayesian approaches

Frequentist inference

A given parameter of a population (ex. mean) is fixed. Its estimation is 
computed from a sample (ex. sample mean) of the population and 
represents the maximum likelihood estimate of the true population 
parameter. 

Bayesian inference

The population parameter is indeed a fixed and unknown value but this 
approach assumes to be legitimate to assign an a priori probabilistic 
uncertainty to the value. A probability distribution over the possible 
values is defined and then sample data is used to update the distribution.



Bayesian networks (BNs) (= probability network = belief network = 
influence diagram = probabilistic directed acyclic graphical model)

• A probabilistic graphical model that represents a set of 
variables and their conditional dependencies under 
uncertainty via a directed acyclic graph (DAG). 

• Nodes represent variables (usually discrete) and arcs 
represent direct (often causal) connections between them.

• BNs model the strength of the connections between 
variables, allowing probabilistic beliefs about them to be 
updated automatically as new information becomes 
available.

Bayesian network: basics

From: Korb K.B. and Nicholson A.E., 2004. Bayesian Artificial Intelligence, Chapman & Hall/CRC



Properties of BNs:

1. A set of random variables makes up the nodes in the network. 

2. A set of directed links connects parent nodes to child nodes. 

3. Each node has a conditional probability table that quantifies 
the effects of parents on the node as well (explicit uncertainty).

4. Directed, acyclic graph (DAG), i.e. no feedback loops

5. Assumes static effects (non-dynamic – applies for a given time 
interval).

6. May integrate several sources of information: expert 
knowledge, observed data, model output, …

Bayesian network: basics



Example

Prognostic: probability of a symptom 
given a cause P(symptom|cause)

Diagnostic: probability of a cause 
given a symptom P(cause|symptom)

Cause 1 No Yes

Cause 2 No Yes No Yes

No 1 0.8 0.4 0.2

Yes 0 0.2 0.6 0.8

Conditional Probability Table 
(CPT)

Cause 1

No 0.2

Yes 0.8

Disease 
prevalence



Example

CPT – Age structure

CPT – Connectivity stress

GeNIe software (academic version is free: www.bayesfusion.com)



Example

Prognostic – remove all barriers



Example

Prognostic – remove all barriers



Example

Prognostic – install fish ladders in all barriers



Example

Prognostic – install fish ladders in all barriers



Example

Diagnostic – prioritize management actions



Example

Diagnostic – prioritize management actions



McVittie, A, Norton, L, Martin-Ortega, J et al. (3 more authors) (2015) Operationalizing an 
ecosystem services-based approach using Bayesian Belief Networks: An application to 
riparian buffer strips. Ecological Economics, 110. 15 - 27. ISSN 0921-8009

Example
Example of a published BN ecosystem service model applied to freshwater environments



Case study
• MARS Project (FP7)
• Study area: Sorraia basin, Portugal
• Objectives: To provide a graphical tool to assess the impact of 

global change scenarios on stream ecological status.



Case study

Data

• Biotic variables: Biotic quality (EQR) from biomonitoring data 
(2010-2011) for fish, macroinvertebrates, macrophytes and 
phytobenthos.

• Abiotic variables:

Stressors: Land use and variables derived from process-based 
modelling (SWAT) – mainly nutrients and hydrological stress

Environmental background: climatic and geomorphological 
data



Case study

Step 1 – Define the structure of the cause-effect network

Based on:

• Conceptual model for the basin linking main drivers, pressures, 
abiotic variables, biotic indicators, ecosystem services and 
response (management actions).

• Process-based models (SWAT) linking drivers to abiotic variables 
(nutrients and hydrology).

• Empirical models linking abiotic state variables to biotic 
indicators



Case study

DRIVERS PRESSURES ABIOTIC STATE BIOTIC STATE
ECOSYSTEM 

SERVICES
RESPONSE

Conceptual model for the Sorraia Basin (‘MARS Model’) 



BN general structure

Case study

Stressors/environment Biotic integrityScenarios



Case study

Step 2 – Discretize variables

• Stressors and environmental background variables –
thresholds of biotic state responses

Biotic state
(EQR)

Low Interm High

• Biotic state variables – biotic quality classes (Bad/poor, 
Moderate, Good/Very good)



Case study

Step 3 – Construct conditional probability tables (priors)

• Tables linking scenarios to stressors – based directly from 
SWAT simulation outputs 

• Tables linking land use, stressors and environmental 
background to biotic status (EQRs) - expert judgement 
partially based on the response significance and strength 
according to empirical models

• Tables linking biotic status for each biological group to the 
final biotic state - based on the “one out all out” principle of 
Water Framework Directive



Case study

Step 4 – Learn BN with data

Step 5 – Validate BN

• The BN parameters were learned with biomonitoring data 
from the year 2010 

• Data driven validation - using biomonitoring data from 
2011 to construct new CPTs for the stressors/pressures 
nodes and predict class probabilities of the EQR for each 
BQE and the final biotic quality.



Case study
Scenarios

• Climatic scenarios: 1 climatic model (GFDL), 2 emission scenarios 
(RCP4.5, RCP8.5), baseline, 2030 and 2060 = 7 climatic scenarios

• 3 socio-economic scenarios:

1. Techno world - rapid global technological development, 
greater energetic efficiency but no real effort to enhance 
natural ecosystem health (emission scenario: RCP8.5)

2. Consensus world - modest economic growth with global 
awareness for environment protection (emission scenario: 
RCP4.5)

3. Fragmented world – asymmetric economic growth , with 
minimal non-concerted efforts on environmental protection 
(emission scenario: RCP8.5)



Case study
Baseline



Case study
Most pessimistic scenario (2060)



Case study
Most optimistic scenario (2060)



Case study
Future projections

Scenarios
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Conclusion

• The acyclical structure of BBNs, by not allowing feedback 
effect loops, restrict relationships to be based on steady-
state conditions.

• Sensitivity of BNs outcomes to discretization of probability 
distributions.

• Cumulative uncertainty throughout the network that may 
limit the sensitivity of the outcome of alternative scenarios.

Main weaknesses



Conclusion

• The BN allowed to integrate the outputs of two modelling 
approaches: process-based models to simulate abiotic variables 
and empirical models to link abiotic variables to biotic status. 

• The uncertainty is part of the BN outcome - predicted changes 
are expressed as probabilities, which directly show decision-
makers the chances of achieving certain outcomes under 
alternative socio-economic scenarios

• User-friendly interfaces of BN output helps managers to play 
interactively with different scenarios for either prognostic or 
diagnostic purposes 

• The BN can be updated whenever more evidence on the 
relationships is available

Main strengths
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