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1 EXECUTIVE SUMMARY 

Deliverable D3.10 ‘PSDM processes for Nexus understanding and management (B)’ is the final output of task 3.5 

‘Nexus Structure and Indicators, and Participatory System Dynamics Modelling’, which aims at developing and 

implementing a Participatory System Dynamics approach for mapping and analysing the Biodiversity-Climate-

Society Nexus. Specifically, the main goal of this deliverable is to synthesise and critically analyse the experiences 

gained in the BIOTRAILS value chains related to the Participatory System Dynamic Modelling (PSDM) exercises, 

drawing on the lessons learned. Based on the methodological steps outlined in the first version of this deliverable 

– i.e., D3.9 – the results obtained during project implementation are detailed in this second version, along with the 

main barriers faced throughout the PSDM process and the measures taken to overcome them. A significant 

portion of this deliverable describes the Stock and Flow Diagram (SFD) development, the quantitative system 

dynamic model used to co-design policy interventions and simulate scenarios. Due to delays in some stakeholders’ 

engagement activities, the SFD has currently been developed for two value chains – i.e., Gold Mining in Ghana 

and the Handicraft value chain in Brazil. The models for the remaining two cases are currently under development 

and will be described in the subsequent deliverable D5.2 ‘Planning and setup handbook, and operational 

management report (B)’.  

 

The current deliverable provides a methodological framework for replicating the PSDM approach for the 

sustainable management of the Nexus system. It is worth noting that the developed models integrate the results 

of other modelling and analysis – e.g., Structural Equation Model, EEMRIO/LCA, and climate projections – into the 

SDM, enhancing its role as a transdisciplinary tool capable of supporting transformative change.  
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2 INTRODUCTION 

2.1 MAPPING BIOTRAILS OUTPUTS 

This section presents the BIOTRAILS’ s Grant Agreement (GA) commitments, as extracted from the formal 

deliverable and task description, in respect to their outputs and work to be carried out.  

 

Table 1: Adherence to BIOTRAILS’s GA Deliverable & Task Descriptions 

BIOTRAILS GA 

Component Title 

BIOTRAILS GA Component 

Outline 

Respective 

Document 

Chapter(s) 

Justification 

DELIVERABLE 

D3.10 PSDM processes for Nexus understanding and management (B) 

 

This deliverable is the final (B) product of task 3.5. The final (B) version will describe the results of the PSDM 

implementation in the case studies to simulate future scenarios and assess the impacts of different policy 

interventions toward the sustainable management of the Nexus. Version (B) of the deliverable will also contain 

lessons learned about the usability of the PSDM and the barriers encountered during the process, facilitating the 

use of this BIOTRAILS tool in other external biodiversity-related cases. 

TASK(S) 

T3.5 Nexus Structure 

and Indicators, and 

Participatory System 

Dynamics Modelling 

Task 3.5, taking advantage of the multi-

scale stakeholders’ engagement in the 

LAA, will aim at developing a PSDM 

framework to be implemented in the 

BIOTRAILS case studies, to map and 

analyse the complex web of interactions 

among the socio-economic and 

ecological elements affecting the 

sustainable management of the Nexus 

and the impacts on biodiversity (Nexus 

structure). To this aims, a Socio-

Ecological System (SES) will be adopted. 

The System Dynamic Model (SDM) will 

combine both scientific and local – i.e., 

stakeholder-driven – knowledge, and 

will be tailored to account for the 

specific needs and concerns in the 

different case studies. Both qualitative – 

e.g., Causal Loop Diagram – and 

quantitative – e.g., Stock and Flow, 

Agent-based Model – approaches to 

system modelling will be implemented 

in this task. The analysis of the Nexus 

structure will allow identifying the most 

central elements and the leverage points 

for the transformative change. Both 

grassroots and scientific indicators will 

be defined for monitoring and 

evaluating the dynamic evolutions of 

those elements, with specific reference 

to the biodiversity loss and change. The 

SDM will combine the results of the 

Chapters 3, 4, 

5, 6 

Chapter 3 describes the 

different steps of the PSDM 

methodological approach. 

The integration of different 

kinds of knowledge – i.e. 

scientific, expert and 

stakeholders – is particularly 

addressed. This chapter also 

discusses the adopted 

method for transitioning 

from the CLD to the SFD. 

 

Chapter 4 outlines the PSDM 

implementation in the 

different case studies.  

 

Chapters 5 and 6 critically 

analyse the experiences 

carried out and the lessons 

learned, with specific 

reference to the integration 

between PSDM and the 

results of other analytical 

methods adopted in 

BIOTRAILS. The latter point 

needs to be further 

developed, along with the 

use of the PSDM for 

supporting the co-design of 

policy interventions.  
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specific models developed in the 

previous tasks of the WP3, with specific 

reference to the impacts on the 

biodiversity due to 

production/consumption trends and 

human behaviours. Biodiversity metrics 

will be accounted for in the PSDM. 

Finally, taking advantage of the wide set 

of data – e.g., socio-economic data, 

biophysical data – and referring to the 

climate projections, the PSDM will be 

used in the case studies to simulate 

future scenarios and assess the impacts 

of different policy interventions on the 

sustainable management of the Nexus. 

2.2 DELIVERABLE OVERVIEW AND REPORT STRUCTURE 

 

This deliverable is the final version of D3.9 PSDM processes for Nexus understanding and management (A), 

corresponding to the work carried out in Task 3.5. In this regard, we avoid replicating part of the methodological 

steps already described in the first version of this deliverable, i.e. those related to the development of the Causal 

Loop Diagram through the stakeholders’ engagement. Most of this deliverable is meant to describe the efforts 

carried out to enable the transition from the stakeholders-based CLD towards the Stock-and-Flow Diagram (SFD),  

that is, the quantitative system dynamic model to be used to simulate policy intervention scenarios. Due to some 

delays in the stakeholders’ engagement process in one case study – i.e. the Cocoa production in Perù – the 

transition between the CLD and the SFD has been described here only for the Gold Mining value chain in Ghana 

and for the Handicraft value chain in the Rondonia state (Brasil). Moreover, we are finalising the SFD for the Fishery 

and Aquaculture that will be included in the D5.2.   

 

The deliverable is organised around three main sections. Chapter 3 describes the different steps of the BIOTRAILS 

PSDM framework for enhancing the understanding of the BCS nexus and for supporting the co-design of nexus 

policy interventions. Chapter 4 aims to describe the results of implementing the PSDM framework in the BIOTRAILS 

case studies. Finally, chapter 5 discusses the main limits and advantages of the PSDM framework. Chapter 6 draws 

some conclusions.  

 

This deliverable also describes the work carried out to integrate the results of implementing other modelling and 

analytical approaches into the PSDM – i.e. the Structural Equation Modelling, the EEMRIO/LCA analytical approach 

and the climate projections analysis. In doing this, the PSDM is a transdisciplinary modelling tool. Moreover, the 

PSDM efforts are already carried out to integrate the PSDM and the Visualization Tool (T4.5), improving the 

accessibility and understandability of the PSDM results and their effectiveness in supporting the co-design of BCS 

Nexus policies. The results of this further integration will be described in the deliverables D5.2 and D4.10.   
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3 PSDM METHODOLOGICAL APPROACH 

The different methodological steps implemented in BIOTRAILS to map, model and analyse the Biodiversity-

Climate-Society (BCS) nexus have been already described in the first version of this deliverable. To facilitate 

reading, the sequence of steps is reproduced in Figure 1. 

 

 

Figure 1: BIOTRAILS PSDM methodological framework 

Stakeholders’ engagement plays a key role in the different phases of the PSDM methodological approach. The 

integration between stakeholders’ knowledge, elicited through semi-structured interviews, and the results of the 

literature review allowed us to conceptualise the system and define its boundaries. Then, the BCS Nexus 

participatory mapping during the first stakeholders’ workshop provided the knowledge used by the modeller to 

develop the CLD. Stakeholders were also involved in the validation of the CLD and the SFD. Finally, stakeholders 

will be involved in the co-definition of the policy interventions, using the SFD for simulating and assessing their 

impacts on the BCS nexus. 

 

The first version of this deliverable (D3.9) mainly focused on describing the methodological steps implemented to 

develop the qualitative System Dynamic Model – i.e. Causal Loop Diagram – and to analyse its complexity to 

identify the key Nexus challenges. That is, D3.9 describes the first three phases presented in Figure 1. D3.10 aims, 

then, to describe the methods implemented to enable the transition from the qualitative CLDs to the quantitative 

System Dynamic Model, i.e. the Stock-and-Flow Diagrams (SFDs).  

 

System Dynamic Modelling (SDM) is based on a transdisciplinary approach which combines stakeholders’ 

knowledge from different case studies, with the already available scientific knowledge and with the results from 
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other analytical approaches adopted in BIOTRAILS – i.e. EEMRIO/LCA, climate projections analysis and Structural 

Equation Model. This combined approach enables a more holistic and robust understanding of the BCS Nexus 

system, forging a clear connection between qualitative stakeholders’ insights and numerical findings. CLD provides 

a powerful tool for visualising and mapping the non-linear causal relationships between different elements in the 

BCS nexus and for carrying out qualitative analysis for the identification of leverage points based on the analysis 

of the feedback loops, including reinforcing and balancing dynamics. However, the applicability of CLD analysis 

to support BCS Nexus policy design is rather limited due to several factors. CLDs are valuable for illustrating the 

cause-and-effect relationships within a system. However, their focus on these connections without explicitly 

incorporating a time dimension means they cannot, on their own, simulate how the system evolves under different 

conditions. This lack of dynamic simulation limits their ability to conduct scenario testing, a crucial step for 

designing robust policies. Scenario testing, which involves exploring the potential outcomes of various 

interventions and changes – encompassing management decisions as well as temporal evolution – is essential for 

understanding the long-term consequences of different policy choices and ultimately contributes to the 

robustness of the decision analysis by revealing how well potential policies perform under a range of plausible 

future scenarios [1]. Moreover, CLD cannot identify long-term potential trade-offs over time. Given these 

limitations, transitioning towards a quantitative BCS nexus system analysis, that is, through the development of 

an SFD, provides a more structured and realistic representation of policy impacts, enabling evidence-based nexus 

policy design [2].  

 

The transition from CLD to SFD is a critical step in SDM that enables the shift from qualitative system mapping 

and understanding to quantitative system analysis. From a transdisciplinary perspective, the stakeholders’ 

engagement in the CLD development allows the system mapping and analysis to reflect diverse perspectives and 

enrich the representation of the system dynamic. However, in a Participatory SDM (PSDM), the transition from 

CLD to SFD introduces specific challenges that can impact the accurate identification and analysis of the leverage 

points. Firstly, translating the stakeholders’ contextual knowledge into formal - i.e. mathematical - relationships in 

the SFD may be difficult. Part of the stakeholders’ knowledge could be lost in the transition because it is difficult 

to quantify and potentially overlook leverage points considered important by the stakeholders. Adopting an 

epistemological approach to the notion of the BCS nexus system - i.e. system thinking is viewed as a lens through 

which nexus issues can be addressed [3] - we emphasise how the system is bounded and defined by the subjective 

interests and understandings of the actors involved [4]. Consequently, if modellers fail to incorporate the diverse 

perspectives and contextual knowledge of stakeholders, the resulting model risks being incomplete or 

misrepresentative. 

 

Secondly, the creation of the SFD may require a simplification of the stakeholders-developed CLD for practical 

reasons - i.e. the need to quantify the relationships and the great amount of data required for developing the 

relationships and for running the SFD - resulting in the exclusion of certain variables and loops that stakeholders 

considered important. Thirdly, while the CLD could be considered a map of the causal connections among the 

different elements of the BCS nexus, the SFD structure is far more complex than the CLD since it includes 

mathematical equations, delay, accumulations, etc. This complex structure may be difficult for stakeholders 

unfamiliar with SDM to understand. Stakeholders may perceive the model as a “black box”, reducing the model’s 

transparency and potentially hindering stakeholders’ engagement and understanding. Finally, the stakeholder-

developed CLD often integrates diverse perspectives that broaden the boundaries of the SDM. Moving from the 

conceptual real of the CLD to the concrete structure of the SFD requires a clear definition of the system boundaries. 

Which elements should be included in the SDM and which should be excluded is a challenging but crucial decision 

that could misalign the SDM with the stakeholders’ concerns and priorities and lead to an incomplete 

representation of the system dynamics. 

 

These pitfalls can significantly affect the design of BCS Nexus policies. On the one hand, the introduction of 
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inaccuracies and/or misinterpretations can obscure critical areas of interventions. On the other hand, the 

disconnection between stakeholders and the SFD may reduce the acceptance of the obtained model, hindering 

its use to support the design of Nexus policies.  

 

Starting from these premises, this deliverable describes the methodological steps adopted in BIOTRAILS to 

address these issues and enhance the usability of the PSDM in supporting the design of Nexus policies. Moreover, 

the lessons learned during the project implementation in the case studies allowed us to update some of the 

methodological approaches described in the first version of this deliverable. 

3.1 SYSTEM MAPPING 

As already stated, the transdisciplinary approach is at the core of the BIOTRAILS approach for supporting the 

sustainable management of the BCS Nexus. Therefore, combining different sources of knowledge in the modelling 

approach is key for the success of BIOTRAILS. Among the different sources of knowledge, the stakeholders’ 

knowledge plays a key role in our approach. Therefore, developing and testing a methodological approach for 

collecting and structuring stakeholders’ Nexus understanding is at the basis of BIOTRAILS implementation. 

 

The first version of the deliverable already described the methods for engaging the stakeholders in developing 

the complex map of interactions. This section briefly summarises the key points and addresses two specific issues 

related to the synthesis of the stakeholders’ BCS system map and its validation. As previously mentioned, potential 

issues could arise in translating the results of the stakeholder BCS Nexus system mapping to an SFD. These issues 

could include missing key leverage points because of difficulty in translating stakeholders’ inputs into a 

quantitative model and a lack of acceptance of an SFD model that is not easily understood by stakeholders. In an 

effort to address these potential pitfalls, further information about how the stakeholder could quantify the 

variables in the CLD could facilitate the transition toward the SFD. By requesting this additional information from 

the stakeholders, the idea of the model being a ‘black-box’, especially if the quantification process requires the 

additional of other variables and parameters that were not supplied by the stakeholders, can be eased.   

 

Therefore, during the BCS mapping exercise, proactively eliciting further information from stakeholders about how 

they perceive the variables in the CLD could be quantified is crucial. This involves not just identifying the variables 

and their causal links, but also initiating discussions around potential data sources and the nature of the 

relationships. By engaging stakeholders in these preliminary discussions about quantification, even at a conceptual 

level, we can: 

o Bridge the gap between the qualitative CLD and the quantitative requirements of the SFD in a more 

transparent way. Stakeholders gain an early understanding of the type of information needed for the next 

modelling stage. 

o Increase the likelihood that the added variables and parameters in the SFD are grounded in the 

stakeholders' understanding and knowledge of the system. This helps ensure the model remains relevant 

and credible in their eyes. 

o Facilitate a smoother transition to the SFD development process. Having some initial ideas about 

quantification can guide the modellers and reduce the risk of introducing elements that are completely 

foreign to the stakeholders. 

o Enhance stakeholder buy-in and trust in the final SFD. By involving them in the thinking process behind 

the quantification, the model is less likely to be seen as a "black box."      

 

Let’s consider the deforestation process within the Ghana case study as an example. The CLD developed based 

on the stakeholders’ knowledge shows that deforestation is affected by land use change due to mining activities 
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(Figure 2). From the stakeholders' perspective, the increasing pressure from mining activities represents a 

significant threat to forested areas, and this example illustrates the initial causal link they identified as a primary 

driver of deforestation within their system. However, this cause-effect diagram does not allow for the calculation 

of the deforestation process because it is based on qualitative interactions between different variables. Simulating 

the dynamic evolution of the deforestation process requires defining mathematical equations.  

 

 
Figure 2: The causal connections influencing the deforestation process 

The interaction with the case study leader, supported by the stakeholders, allowed us to define the land-use 

change due to mining as the average forest surface per mining activity (parameter) and the number of mining 

activities, both legal and illegal. The parameter has been calculated through the EEMPRIO/LCA analysis carried 

out as part of Task 3.3 ‘Impact of Material/Product Value Chains’.  

 

 
Figure 3: Deforestation process in the SFD 

Figure 3 presents an SFD illustrating the deforestation process, building upon the causal relationships identified 

in the CLD (Figure 2). Unlike the CLD, which visually represents the interconnected causes and effects through 

feedback loops and polarities, the SFD explicitly models the accumulation and flow of key variables over time. In 

this case, 'Deforested areas' is represented as a stock (a reservoir that changes over time), influenced by inflow 

rates such as 'Land-use change for mining activities (rate)' and potentially outflow rates (though not explicitly 

shown in this simplified excerpt). The arrows in the SFD represent flows that either add to or subtract from the 

stocks, and these flows are governed by rates, auxiliary variables, and parameters. For instance, the 'Land-use 

change for mining activities (rate)' is determined by factors like the 'Number of legal mining activities' and 'Legal 

mining average deforestation (parameter).' This transition from the CLD to the SFD allows us to move beyond 

simply identifying causal links to actually simulating the dynamics of deforestation, quantifying the rate of change 
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and the resulting accumulation of deforested land over time. This capability for dynamic simulation is the key 

difference between the CLD in Figure 2 and the SFD presented here. 

3.2 SYSTEM ANALYSIS: THE NEXUS CHALLENGES  

The implementation of the graph theory measures to identify the BCS nexus challenges was already described in 

the first version of this deliverable (D3.9). Three main measures were adopted in this work: centrality degree, 

betweenness centrality degree and closeness centrality degree. Adopting graph theory measures has proven to 

be an effective method for identifying and addressing nexus challenges within complex systems [5] [6]. By 

leveraging the principles of graph theory, we analysed the interconnections and dependencies between various 

systems elements, gaining valuable insights into the structure and dynamics of the system. 

 

While identifying central elements was crucial in CLD analysis, we learned that it is equally important to consider 

the multisectoral impact of these elements, i.e. how changes in one area within the BCS nexus can trigger 

cascading effects in others. Nexus challenges, by their very nature, involve the intricate and interdependent 

relationships between these domains, meaning that an issue or an intervention in one sector will invariably have 

consequences for the others. For instance, consider deforestation (biodiversity): the loss of forests reduces carbon 

sequestration capacity (climate) and can displace local communities and impact their livelihoods (society). 

Similarly, policies aimed at mitigating climate change through large-scale biofuel plantations (climate) can lead to 

habitat destruction and biodiversity loss (biodiversity), potentially also affecting land rights and food security 

(society). Furthermore, societal practices like unsustainable consumption patterns (society) can drive both climate 

change through increased emissions (climate) and biodiversity loss through habitat degradation and resource 

depletion (biodiversity). Therefore, effectively tackling challenges within the BCS nexus necessitates an integrated 

approach that analyses these interconnected impacts, as solutions focused on a single sector in isolation risk 

creating unintended negative consequences in others. Nexus challenges should span multiple sectors. Therefore, 

selecting central elements that have a multisectoral impact ensures that interventions address the interconnected 

nature of these challenges. Therefore, two subsequent steps need to be carried out to identify the BCS nexus 

challenges:  

 

o Graph Theory Measures: Utilising centrality metrics such as degree centrality, betweenness centrality, 

and eigenvector centrality helps in identifying key nodes within the network. These measures provide a 

quantitative basis for understanding the importance of different elements. The use of these graph 

measures was already described in deliverable D3.9. 

 

o Multisectoral Analysis: Once the central elements are identified, it is essential to evaluate their impact 

across multiple sectors. This involves assessing how changes in these elements affect various 

interconnected sectors and identifying those with the most significant multisectoral influence. To this aim, 

the causal connections originating from each central element within the CLD are systematically traced. 

The sectors that are affected by these loops are observed.  

 

The identification of the Nexus challenges played a key role in the BIOTRAILS PSDM methodology. The challenges 

were used for: i) validating the CLD; ii) starting the development of the SFD; iii) validating the SFD; and iv) 

supporting the development and assessment of policy intervention scenarios. Concerning the latter, it is worth 

mentioning that this phase has not been implemented until the writing of this deliverable (M29). The policy 

interventions will be discussed during the third round of stakeholders’ workshops. The results of the policy 

intervention scenarios will be discussed in deliverable D5.2 (due M34).   
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3.3 CLD VALIDATION 

A validation phase was needed before using the CLD as the basis for the development of the SFD. Given the 

complexity of the CLD, we decided to limit the validation phase to the causal connections influencing the dynamic 

evolution of the Nexus challenges. This phase was carried out during a stakeholders’ participatory meeting. 

Starting from the BCS nexus challenges, participants were required to assess the consistency of the causal 

connections. To facilitate the active engagement of all participants in the discussion, small groups were created. 

Each group was asked to discuss the causal connections characterising one Nexus challenge. To this aim, the 

capability of the Kumu platform – i.e. a web-based visualisation platform used for mapping and understanding 

complex systems (www.kumu.io) – to isolate selected connections of the CLD was used (Figure 4).  

 

 
Figure 4: Causal connections influencing the Nexus challenge “local knowledge” (example from the case study in Ghana) 

The causal connections were used at the beginning of the validation phase to describe the expected dynamic 

behaviour of the Nexus challenge. Participants were then asked to add further elements that, according to their 

opinion, could affect the dynamic behaviour of the selected challenge. They were asked to introduce changes in 

the CLD concerning both the variables – that is, they could delete/add variables in the CLD – and the connection 

– participants could change the polarity, add/delete connections. For example, if the initial CLD focused on the 

impact of 'Agricultural production activities' on 'Deforestation process,' stakeholders might suggest adding the 

variable 'Government regulations on deforestation' as a factor that could negatively influence the 'Deforestation 

process,' thus introducing a balancing feedback loop. Alternatively, they might identify 'Demand for timber' as an 

additional driver positively impacting 'Deforestation process,' strengthening the initial reinforcing loop. Regarding 

connections, participants might point out that the impact of 'Invading indigenous territories' on 'Agricultural 

production activities' is not direct but mediated by 'Land availability,' thus suggesting the addition of this 

intermediate variable and adjusting the causal links accordingly. They could also question the polarity of an 

existing connection, for instance, suggesting that 'Conservation of local knowledge' might not directly increase 

'Landscape quality' in all circumstances and that other factors might be at play, leading to a revision or even 

deletion of that specific link. The results of this validation phase were used to support the development of the SFD 

accounting for the stakeholders’ knowledge.  

3.4 MOVING FROM QUALITATIVE SYSTEM ANALYSIS TO 

QUANTITATIVE ANALYSIS: THE STOCK AND FLOW 

DIAGRAM 

This section describes the methodological steps to transform the CLD (qualitative system model) into a Stock-

and-Flow Diagram (SFD), allowing the quantitative scenario simulation. The drawbacks and potential risks from 

transforming the CLD into an SFD were discussed in detail above, including appropriate system boundary 

http://www.kumu.io/
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selection, inclusion of all relevant stakeholder input from the CLD to SFD, and eliminating the risk of a ‘black box’ 

SFD model to encourage stakeholder interest. The actions adopted to mitigate these risks are detailed in this 

section.   

 

Therefore, this step in the BIOTRAILS PSDM framework aims to create the SFD characterised by both simulation 

potentials and strong adherence to the stakeholders’ knowledge. Specifically, the SFD allow us to model how 

variables change over time. Parameters or relationships within the SFD can be changed to see how these changes 

affect the system's behaviour over time. A key simulation potential is the ability to evaluate the impact of potential 

policy interventions. By modelling a policy in the model, the SFD can simulate its effects and compare it to other 

policy options.  

 

To this aim, the SFD development process starts from the BCS Nexus challenges. Considering their role in the 

scenario development and simulation, the challenges were coded into the SFD as stock variables. In system 

dynamics, a stock variable represents a quantity that accumulates or depletes over time. Stocks are fundamental 

components of system dynamics models and are used to capture the state of the system at any given point in 

time [2]. The Kumu capabilities to isolate the causal connections of a specific variable in the CLD were used at this 

stage. In SFD, the state of a stock at any given time is influenced by the inflow variable and the outflow variable. 

Therefore, for each of the selected challenges, we identify the elements that, according to the stakeholders, affect 

its dynamic evolution, identifying those influencing the inflow – i.e. the elements that provoke an increase of the 

stock value – and those influencing the outflow – i.e. the elements provoking a decrease of the stock.  

 

In the SFD, the causal connections should be represented in mathematical equations. Therefore, once the elements 

influencing the inflow and the outflow have been selected, the mathematical equation for combining them needs 

to be defined.  The selection of the most appropriate equation can be informed by various sources, including: 

o Availability of historical data: Time series data can provide insights into the past dynamic behaviour of the 

variables, guiding the choice of equation (e.g., linear, exponential, logistic). 

o Existing literature and models: Established models in relevant fields can offer insights into typical 

mathematical representations of similar processes. 

o Expert knowledge (including modelers' expertise): The modelers' understanding of system dynamics 

principles and the specific context of the Nexus challenge is crucial in formulating appropriate equations. 

o Stakeholder-based knowledge and validation: Stakeholder input plays a vital role in validating and 

refining the initial equation choices based on their understanding of the system. 

The expected dynamic evolution of the stock variable—how it changes over time—plays a significant role in 

determining the appropriate mathematical formulation to be adopted. Examples of dynamic behaviour: 

o Linear Growth or Decline: If a stock variable is expected to grow or decline at a constant rate, a linear 

equation may be appropriate. For example, a population growing at a constant birth rate can be modelled 

using a linear growth equation. 

o Exponential Growth or Decay: When a stock variable is expected to change at a rate proportional to its 

current value, exponential equations are suitable. For instance, the growth of a bacterial population or the 

decay of a radioactive substance can be modelled using exponential functions. 

o Logistic Growth: If a stock variable is expected to grow rapidly initially and then slow down as it 

approaches a carrying capacity, a logistic growth equation is appropriate. This type of behaviour is 

common in population dynamics where resources are limited. 

o Oscillatory Behavior: For stock variables that exhibit cyclical or oscillatory behaviour, such as predator-

prey populations or economic cycles, differential equations that capture these oscillations are necessary. 

These equations often involve sine or cosine functions. 

o Threshold Effects: When a stock variable is influenced by threshold effects, where changes occur only 

after certain conditions are met, piecewise or conditional equations may be required. For example, a 
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reservoir's water level might only trigger an outflow when it exceeds a certain threshold. 

 

The selection of the most appropriate equation could be based on the availability of historical data. In BIOTRAILS, 

modellers defined the mathematical equation accounting for the system structure – i.e. the elements connected 

to the stock. Furthermore, a stakeholder-based validation phase was adopted to improve the initial mathematical 

formulation, as described in section 3.5.   

 

In a first step, the modeller's understanding of the system dynamics was referred to during the identification of 

the most suitable mathematical formulation to combine the causal connections and define the mathematical 

equation affecting the dynamic evolution of the stock variables. In a second step, the SFD validation (see the 

following section) allowed us to revise the equations accounting for the stakeholders’ understanding. It is also 

worth mentioning that the BIOTRAILS’ SFD was conceptualised as a transdisciplinary tool. Specifically, the 

quantification process of the SFD was informed not only by stakeholder knowledge and system dynamics 

principles but also by the results of other WP3 tasks. For instance: 

 

o The parameters and initial values of certain stock variables or rates might have been informed by the 

quantitative findings of the EEMRIO/LCA analysis, providing empirically grounded values for 

environmental or economic aspects of the Nexus. 

o The relationships between climate-related variables and their impact on other parts of the system (e.g., 

agricultural productivity, water availability) could have been informed by the functional relationships 

derived from the Climate Projections, allowing the model to simulate the impact of different climate 

scenarios. 

o Insights from the Structural Equation Model (SEM) regarding the strength and direction of statistical 

relationships between social, economic, and environmental variables could have informed the formulation 

of certain equations within the SFD, helping to translate statistically significant correlations into dynamic 

relationships within the simulation model. 

 

Therefore, while stakeholder knowledge was central to defining the model's structure and validating its logic, the 

actual quantification of the SFD involved a synergistic integration of diverse knowledge sources and analytical 

outputs across the BIOTRAILS project. 

3.5 VALIDATING THE SFD 

The validation of the Stock and Flow Diagram (SFD) is a critical step in ensuring the accuracy and reliability of the 

model. From the outset, the development of the SFD was deeply rooted in the active participation of stakeholders. 

Therefore, in BIOTRAILS, the validation of the SFD was not solely a technical exercise but a collaborative effort that 

leveraged the rich knowledge and experience of stakeholders. Their engagement provided a comprehensive 

understanding of the system, which was crucial for developing a reliable and accurate model. By referring to 

stakeholders' knowledge, the validation process ensured that the SFD was grounded in real-world insights and 

practical expertise. 

 

Given the complexity of the SFD, similar to the CLD validation phase, the SFD validation was focused on the BCS 

Nexus challenges. The Behaviour-Over-Time (BOT) approach was adopted for this aim [7] [8] [9] [10]. The BOT 

allows participants to focus on the trends and dynamics of key variables, encouraging them to reflect on system 

behaviours they are familiar with, while also helping to validate and refine the model. The BOT approach involves 

visualising and discussing how key variables behave over time. Participants identify trends (e.g., increase, decrease, 

oscillation) and causal relationships, which can then be compared with the dynamics captured in the SFD.  
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Participants were required to draw on a two-axis diagram the expected dynamic evolution of the identified Nexus 

challenges. In the first phase, the Business-As-Usual system evolution was discussed. Participants were required 

to describe the dynamic evolution of the assigned challenge in 20 years if nothing new was introduced in the 

system – i.e. no new policies. To facilitate the discussion, we divided the time horizon into three main time steps, 

i.e. short-term (0-5 years), mid-term (5-10 years), and long-term (10-20 years). The key question for leading the 

discussion was: “How do you think this variable will change in the next 5 years? Does it increase, decrease or stay 

stable?”, “Could you describe this change, i.e. rapid, slow, linear, fluctuation, etc?”. To facilitate the discussion, we 

referred to archetypes of variable changes – i.e. common, recurring patterns of how a variable can change over 

time, serving as simplified frameworks to understand and discuss potential dynamic behaviours:  

1. Linear change: A variable increases or decreases at a constant rate. Shape: Straight upward or downward 

slope.  

2. Exponential change: A variable changes slowly at first, then accelerates (or vice versa). Shape: Curve that 

steepens over time (or flattens for deceleration).  

3. Plateau (saturation): A variable grows quickly initially, then stabilises or levels off. Shape: Upward curve 

that flattens.  

4. Oscillation: A variable fluctuates repeatedly over time. Shape: Wave-like pattern.  

5. Decline and recovery: A variable decreases due to a shock, then gradually recovers. Downward dip 

followed by an upward trend.  

Graphical representations of each of the above-mentioned archetypes of changes were used during the 

discussion. Participants were then required to describe and draw the expected dynamic evolution of each Nexus 

Challenge in both the most desirable evolution and, finally, in the most undesirable evolution. At the end of this 

exercise, three graphs for each challenge were obtained. The validation phase was carried out by comparing these 

graphs with those obtained through the model simulation. If the graphs obtained during the validation do not 

match the SFD simulation, changes are introduced in the mathematical formulation.      

3.6 QUANTITATIVE LEVERAGE POINTS DETECTION AND 

ANALYSIS 

In the realm of system dynamics, leverage points are critical junctures within a complex system where a small shift 

can lead to significant, transformative changes. Identifying and analysing these points is essential for 

understanding how to influence and manage systems effectively, whether they are ecological, social, economic, 

or organisational [11] [12] [13].  

 

As already mentioned, leverage points could be defined as places within a system where minor interventions could 

produce substantial, system-wide impacts. While task 2.3 in BIOTRAILS aims at detecting leverage points as areas 

of interventions, this PSDM approach will allow simulation of policy effectiveness and optimise interventions, 

accounting for synergies and trade-offs in the BCS Nexus. Simply addressing isolated components could be 

revealed to be ineffective. Enabling transformative changes requires understanding the system’s underlying 

structure, shifting the focus from the single variables towards the feedback loops. Several methods have been 

developed in Systems Dynamics for supporting the detection and analysis of leverage points. Those methods are 

based on the analysis of the system structure. That is, the system structure determines its behaviour [13].  

 

Feedback loops are the core mechanisms influencing the dynamics of the system. Feedback loops are the 

pathways through which information and impacts propagate within a certain system. They determine the system’s 

response to both internal changes and external drivers. Reinforcing loops amplify a change, whereas balancing 

loops counteract change and promote stability in the system. By analysing feedback loops, we move beyond 

surface-level observations and delve into the system's core mechanisms. Knowing which loops have a great 
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influence on the system behaviour can help determine suitable interventions for system change [13].  

 

Therefore, the adopted approach for detecting leverage points in a BCS Nexus system is based on the analysis of 

the feedback loops in the system. To this aim, we refer to the Loop That Matter (LTM) method, which focuses on 

identifying and analysing the most influential feedback loops impacting the system behaviour [14].  LTM goes 

beyond simply identifying loops; it prioritises and focuses on the loops that have the greatest influence on the 

system's behaviour and desired outcomes. LTM provides a practical and effective framework for navigating the 

complexities of systems, enabling decision-makers to identify and implement interventions that lead to 

meaningful and sustainable changes. One of the key characteristics of the LTM concerns its capability to support 

the identification of the leverage points based on the understanding of the system behaviour over time. 

Accounting for the time dimension while detecting the leverage points is important because the influence of the 

feedback loops can change at different time steps.  By observing these changes, LTM can identify when specific 

loops become dominant. Moreover, as the system evolves, the impacts of specific loops could decrease, affecting 

the effectiveness of detected leverage points. This analysis allows for an adaptive approach, in which leverage 

points can be reassessed and adjusted based on the system dynamics. 

 

From the formal point of view, the LTM method is an algorithm designed for a "formal assessment of dominant 

structure and behaviour" in system dynamics models.  It calculates the contribution of a loop to a model's 

behaviour at each time interval using a metric called the "loop score."   

 

The LTM method introduces two key metrics [14]: 

o Link Score: Measures the contribution and polarity of a link between an independent and a dependent 

variable.     

o Loop Score: Measures the contribution of a feedback loop to the model's behaviour and indicates 

feedback polarity.     

 

However useful, the LTM shows some limitations hampering its use in this activity in BIOTRAILS. Specifically, the 

LTM aimed at detecting the leverage points for the whole system, whereas in this work, we aim at detecting the 

leverage points for specific stock variables, that is, those related to the BCS Nexus challenges. 

 

Therefore, the steps implemented in BIOTRAILS to identify the leverage points based on the LTM can be 

summarised as follows: 

Identify the Target Variable: Clearly define the specific variable you want to focus on within your model. In 

BIOTRAILS, the target variables are the BCS Nexus challenges (see section 3.2). These variables are coded as stock 

variables in the SFD, allowing for the evaluation of their dynamic evolution. I.e. the stock variables are characterised 

by the accumulation effect, that is, the value of the variable at the time step t1 depends on its value at time t0.   

Define the Impact Pathways: Referring to the SFD structure, we could trace the causal pathways that connect 

the target variable to other elements in the system. This involves identifying the feedback loops that directly or 

indirectly influence the target variable. The selection of the links to be included in the analysis ends when the 

analysis either gets back to the initial stock variables or to an input variable – i.e. without entering links. The 

aggregation of the selected links could be defined as Impact Pathway. 

Calculate Link Scores for the each link in the Impact Pathway:  To this aim, we are using the software STELLA© 

(https://www.iseesystems.com/). This software calculates link scores, which quantify the contribution of one 

variable to the change in another. Moreover, the link score is calculated over time, as shown in the following 

figure, representing the link score between the surface water quality and the water quality recovery. The x-axis 

represents the time, and the y-axis represents the percentage of the change in water quality recovery explained 

by the changes in surface water quality. The diagram explains that the increase in the surface water quality 

provokes a reduction in the interventions for recovering water quality. Over the next couple of years, the negative 
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influence of this factor rapidly diminishes. The link score moves quickly towards zero, suggesting that its hindering 

effect on water quality recovery is weakening. Starting around year 16, the link score gradually becomes more 

negative again, indicating a re-emergence of a hindering effect on water quality recovery. 

 
Figure 5: Link score over time 

The link score is calculated for all the links influencing the dynamic evolution of the target variable. 

Calculate the Pathway Strength at time (t): The qualitative aggregation of the link scores allows us to calculate 

the Pathway strength and to identify the Pathway having the strongest impact on the selected Nexus Challenge. 

The analysis of the elements contained in the Pathway allows us to detect the Leverage Points.  

Visualise Loop Dominance for the Target Variable: We can visualise how the loop dominance changes over 

time. This allows us to identify periods when certain loops become particularly influential. These periods can 

highlight critical moments for interventions towards transformative change. 

Understand Loop Interaction: For the sake of the leverage point detection, we decided to initially isolate the 

loops primarily affecting the evolution of each Nexus challenge. This allows for a more targeted identification of 

potential interventions. However, it is crucial to recognise that these loops are interconnected with others in the 

broader Nexus system. Therefore, the design of effective leverage points requires mapping those interactions and 

understanding how changes in the loops associated with one challenge might affect the whole system. While the 

analysis begins with a focus on individual challenges, the application of the findings necessitates a whole-system 

perspective. 

Scenario Testing: Conduct scenario testing by simulating different interventions and observing their impact on 

the target variable. STELLA Architect allows us to run simulations and adjust model parameters to see how changes 

in specific feedback loops affect the target variable. 

3.7 POLICY INTERVENTION DEFINITION 

The identification of leverage points through the revised LTM approach plays a crucial role in the co-design of 

intervention policies for the BCS Nexus. By pinpointing key leverage points within the system, this phase of the 

PSDM framework allows stakeholders and policy-makers to focus their efforts on areas that will yield the most 

significant impact towards the biodiversity-related transformative change. Specifically, the proposed LTM 

approach helps map the intricate relationships within the BCS Nexus, revealing how various factors interact and 

influence each other. LTM allows one to move beyond superficial solutions and focus on interventions that address 

the underlying structures driving undesirable outcomes. This allows for more efficient and effective policy design, 
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maximising impact with limited resources. 

 

Once the leverage points have been identified, a stakeholders’ workshop will be organised to identify the key 

policy interventions that need to be enforced to activate and keep the leverage points active to enable and 

accelerate transformative change. 

 

Referring to the dynamic evolution of the loops affecting the leverage points impacts allows us to identify the so-

called “windows of opportunity”, i.e. a period during which some action can be taken that will achieve a desired 

outcome. 

 

To elaborate on the theoretical underpinnings, the identification of a 'desirable outcome' within a complex nexus 

like the BCS Nexus is inherently a normative and participatory process. It involves: 

o Defining System Goals: This requires stakeholders to articulate their values and priorities for the system's 

future state. This can be challenging due to conflicting interests. 

o Managing Conflicting Interests: Stakeholder desires often diverge. For example, economic development 

may conflict with strict conservation goals. Methods to manage this include: 

o Multi-criteria decision analysis: This can help weigh different objectives. 

o Negotiation and mediation: Facilitating dialogue to find compromises and common ground. 

o Scenario planning: Exploring different future possibilities and their implications for various stakeholders. 

o Leveraging existing work: The leverage point identification here will be combined with the leverage points 

identified in WP2, creating a more robust and integrated understanding of intervention opportunities. 

This integration ensures that the dynamic analysis is aligned with broader stakeholder values and priorities 

identified through participatory processes. 

 

It's crucial to emphasise that while this framework informs policy recommendations, it does not constitute policy 

design itself. Policy design is a complex process involving political negotiation, legal considerations, and 

implementation feasibility, which goes beyond the scope of this methodological framework. Our work provides a 

crucial scientific foundation for that process by highlighting key intervention points and potential consequences. 

 

This part of the PSDM framework will be carried out during the last round of stakeholders’ workshops, and the 

results will be presented in D5.2. 
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4 CASE STUDY EXAMPLES 

At this stage, two SFDs are ready to be used for supporting the Nexus policy design process, i.e. the SFD for the 

Gold Mining in Ghana and the SFD for the Handicraft value chain in the Amazon Forest (Brasil). The SFD for the 

other two value chains are still in the preliminary phase. The SFDs for Cocoa production and for Aquaculture and 

fisheries will be ready to be used for supporting the co-design of policy scenario interventions during the final 

round of stakeholders’ workshops. The results of these modelling efforts will be described in deliverable D5.2. This 

deliverable describes the development and analysis of the CLDs for these two case studies because this part was 

not included in the first version of the deliverable. 

4.1 GOLD MINING VALUE CHAIN IN GHANA 

This section describes the activities carried out in the Gold Mining value chain in Ghana. 

 

4.1.1 System mapping  

The activities carried out for engaging the stakeholders in mapping the BCS nexus have been already described 

in the first version of this deliverable. However, the obtained CLD was far too complex to be used for the 

subsequent PSDM activities. Therefore, a simplification phase was needed. Unfortunately, involving the 

stakeholders in this phase was not feasible. Therefore, the process for simplifying the CLD was carried out in 

cooperation with the case study leader. To be used for the subsequent analysis and SFD development, an 

aggregation phase was needed to reduce the large number of variables. The final version of the CLD is shown in 

Figure 6. 

 
Figure 6: Final version of the CLD. The red arrows represent negative connections, whereas the blue ones are positive links. 

4.1.2 System analysis: the Nexus challenges 

Implementing the graph theory measures to analyse the final CLD allowed us to detect the BCS nexus challenges. 

The following table shows the calculation of centrality degree, a measure based on counting the number of 

connections an element has. Generally, elements with a high degree are the local connectors/hubs. 
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Table 2: Graph Theory measures for the Gold Mining value chain 

CLD variable Centrality Closeness Eigenvector 
Forested areas 10,00 0.282 0.070 

Soil degradation 8,00 0.230 0.086 

Territory degradation 8,00 0.242 0.085 

Local community well-being 7,00 0.254 0.073 

Use of chemicals in mining activities 5,00 0.043 0.064 

Groundwater quality 6,00 0.163 0.073 

Institutional cooperation 6,00 0.194 0.062 

Territory control 4,00 0.190 0.053 

Agricultural production 4,00 0.012 0.045 

River quality 6,00 0.195 0.076 

Biodiversity conservation 7,00 0.176 0.079 

 

 

Similarly, the closeness and the eigenvector centrality degree were calculated (Table 2). As stated previously, in 

the BIOTRAILS approach, the BCS nexus challenges are the elements characterised by high degrees and multi-

sectoral impacts. Concerning the latter, the most central elements were isolated in Kumu and the interactions in 

the BCS Nexus were analysed. The following table shows the results of the CLD analysis. Table 3 shows the BCS 

nexus challenges and the intersectoral impacts. E.g. the soil and land degradation is having an impact on 

biodiversity by affecting the forested areas and the river sedimentation. It is also impacting climate-related issues 

at the local level by provoking an increase in the flood risk. Finally, it affects the societal-related issues by 

influencing the agricultural activities and the flood risk exposure for the local communities. 

 

Table 3: BCS Nexus challenges for the Gold Mining value chain 

BCS nexus challenge Biodiversity Climate Society 

Soil and land degradation 
Forested areas 

River sedimentation 
Flood risk 

Agricultural 

activities 

Flood 

impact 

Deforestation process Natural species 
Micro-climate 

Flood impacts 

Agricultural 

activities 

Mining 

activities 

Local community well-being Deforestation process Flood impacts 

Agricultural 

activities 

Mining 

activities 

Water quality Aquatic fauna and flora Flood risk 
Community 

Health 

 

4.1.3 BCS Nexus mapping validation 

This phase was not carried out in this case study. The validation phase was focused on the SFD. This decision was 

taken because the stakeholders’ workshop was organised when the SFD was ready to be validated. Therefore, in 

cooperation with the case study leader, we focused on the stakeholders’ validation of the SFD. 

4.1.4 Stock and flow diagram 

The BCS Nexus challenges identified through the CLD analysis were used as starting points to enable the transition 

from the CLD to the SFD. To this aim, four main stock variables were defined, i.e. forested areas, surface and 

groundwater quality, local communities well-being, and soil and land degradation.  As already stated, the dynamic 

evolution of a stock variable is characterized by inflow and outflow. Let’s consider the stock “Soil and land 
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degradation” as an example of the transition from the CLD to the SFD. The inflow describes all the processes and 

elements provoking an increase in the degradation process (mining activities and use of chemicals). The elements 

influencing the inflow are characterised by positive links. The outflow describes the elements limiting the 

degradation process (landscape recovery). After some discussion with the case study leader, we decided to merge 

the two variables in the CLD – “soil degradation” and “territory morphology degradation” – into one variable. This 

aggregation was carried out while developing the SFD. To define the inflow variable, we considered the positive 

links in the CLD, as shown in the Figure 8. 

 
Figure 7: Causal connections influencing territory morphology degradation 

 
Figure 8: Causal connections influencing the soil and territory degradation in the CLD 

Starting from the causal connections mentioned by the stakeholders and included in the CLD, the inflow of the 

SFD was created, as shown in the following figure. The figure was created using the STELLA © tool for highlighting 

the causes of selected variables in the SFD. 
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Figure 9: Causal connections in the SFD 

The inflow variable “degradation rate” is influenced by the impacts of legal and illegal mining activities, which 

account for the drilling and blasting, as well as the use of chemicals in gold mining. Similarly, the outflow variable 

accounts for the land restoration activities that, according to the Ghanian regulation, should be carried out at the 

end of the mining activities.  

 
Figure 10: Causal connection of the outflow recovery rate 

As discussed with the stakeholders during the workshop, the recovery rate is rather different between legal and 

illegal mining activities. I.e. the illegal miners tend not to comply with the regulation and abandon the territory 

after the termination of the mining operation. This, in turn, provokes a change in the territory's morphology and, 

together with the deforestation process, affects the flood risk. 

 

Another BCS Nexus challenge concerns the deforestation process. In the SFD, this challenge is coded as a stock 

variable – “Forested areas”. The outflow variable is influenced by the land use change due to both mining and 

agricultural activities, mainly cocoa production.  
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Figure 11: Casual connections influencing the deforestation process 

As shown in Figure 11, the deforestation process is affected not only by the increase of the mining activities – 

both legal and illegal – but also by their impacts on the forested areas. To  define the main causes of the mining 

activities' impacts on the forested areas, we referred to the results of the Structural Equation Model (SEM) 

(BIOTRAILS deliverable D3.4). The main scope of this analysis was to identify the elements influencing individual 

and collective decisions concerning the adoption of sustainable behaviour according to the Theory of Planned 

Behaviour (TPB). Sustainable behaviour here was considered any decision or action taken to avoid deforestation 

or any other actions degrading the ecosystem. In our work, we tried to provide a specific definition of sustainable 

behaviour using the results of the SEM analysis. In our work, we tried to provide a specific definition of sustainable 

behaviour and to use the results of the SEM analysis. Therefore, for what concerns the deforestation process, we 

introduced a connection between the mining activities' impacts and the awareness about deforestation.     

 

Another key BCS Nexus challenge concerns the water quality. The following figure shows the causal connections 

in the SFD. 
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Figure 12: Causal connections influencing the dynamic evolution of the water quality stocks 

The surface and groundwater quality is negatively affected by the use of chemical products in the mining 

activities. The SEM analysis indicated that the miners’ attitude towards adopting sustainable behaviours is 

influenced by their level of education and training, as well as their awareness of the impacts on the community’s 

health and well-being. As shown in the previous figure, we identify the intent to comply with pollution control 

regulations as an aspect of sustainable behaviour. Two stock variables were added to the model to account for 

the SEM results, i.e. “education and training” and “community health”. Moreover, the SFD accounts for the 

different behaviours of legal and illegal miners. That is, the legal miners are characterized by a stronger response 

to education and training and to the increase of the awareness. To represent this difference in the SFD, we 

differentiated the parameters included in the equations to assess the intent to comply with pollution control 

regulations.  

 

The last BCS Nexus challenge to be described here is the local community’s well-being. The following figure 

shows the causal connections influencing the dynamic evolution of this stock variable. 
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Figure 13: Causal connections influencing the community’s well-being 

Figure 13 shows the importance of mining activities for the community’s well-being as one of the most important 

sources of income for the community’s members. In this regard, it is worth highlighting the difference between 

legal and illegal mining activities. During the stakeholders’ activities, we learned that the illegal mining activities 

contribute more to the growth of local community’s  economy compared to the legal ones. On the one hand, this 

is because the legal mining firms are mainly based on foreign capital (mainly from China), and thus, they tend to 

hire foreign workers, with very limited impact on the local community. On the other hand, the illegal mining 

activities are managed mainly by members of the local community, with an immediate positive impact on the 

well-being. However, the model shows that, in the medium and long term, this positive impact is cancelled out 

by the reduction of the community’s health due to illegal mining activities.  

4.1.5 Validation of the SFD 

The validation of the SFD was carried out during the second stakeholders’ workshop held in Kumasi.  

  
Figure 14: Ghanian stakeholders discussing the dynamic evolution of one of the challenges 

The SFD validation method described in section 3.5 was implemented. Therefore, participants were asked to 

discuss and agree upon the dynamic evolution of each of the BCS nexus challenges in three different potential 

evolutions, i.e. the Business-As-Usual, the most desirable evolution and the most undesirable evolution. These 

are the obtained results in each of the three situations. 

 

Business-As-Usual evolution: 
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Deforestation: Expected to increase exponentially due to population growth and lack of alternative livelihoods. 

Community Health and Well-being: Rapid decline anticipated, driven by worsening environmental and social 

conditions. 

Soil and Landscape Degradation: Incremental increase leading to exponential growth due to continued 

unsustainable practices. 

Water Quality: Significant decline expected, primarily due to intensified mining activities and poor policy 

enforcement. 

 

Most Desirable evolution: 

Deforestation: Minimized through sustainable mining practices and alternative livelihoods. 

Community Health and Well-being: Stabilization and eventual improvement through effective policies and 

support for sustainable agriculture. 

Soil and Landscape Degradation: Gradual decline in negative impacts with the adoption of responsible mining 

practices and land reclamation. 

Water Quality: Preservation and improvement through legislative reforms, community engagement, and effective 

conservation measures. 

 

Most Undesirable evolution: 

Deforestation: Catastrophic levels of deforestation due to unregulated mining and lack of alternative economic 

opportunities. 

Community Health and Well-being: Severe deterioration reaching critical levels, driven by unchecked mining 

activities and environmental destruction. 

Soil and Landscape Degradation: Uncontrolled escalation leading to severe economic, social, and environmental 

consequences. 

Water Quality: Complete degradation making water sources unusable, leading to socio-economic and 

environmental crises. 

 

The obtained graphs will be used to validate the equations used for simulating the dynamic evolution of the stock 

variables associated with the Nexus challenges. Unfortunately, we did not yet have time to analyse the workshops’ 

results. The validated SFD will be used during the third round of stakeholders’ engagement activities to facilitate 

the co-design of policy interventions. 

4.1.6 Leverage points detection and analysis 

One of the main scopes of the SFD concerns the detection and analysis of the leverage points. To this aim, the 

methodology described in section 3.4 was implemented to the Gold mining value chain SFD. The modified LTM 

analytical method was adopted, focusing on the loops affecting the degradation rate – i.e. the inflow of the stock 

“soil and land degradation”. The first step in the methodological approach concerns the definition of the Impact 

Pathways, i.e. the combination of the links affecting the variation of the degradation rate. The STELLA software 

for detecting the causes was used at this stage (Figure 15).  
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Figure 15: Impact Pathway affecting the degradation rate 

As shown in Figure 15, the degradation rate is affected by the impacts of mining activities (both legal and illegal) 

and the use of chemicals. Let’s focus first on the use of chemicals.  Figure 16 shows that the link between the 

chemical use in illegal activities and the degradation rate explains all the changes of the latter.  

 

Then, running the model, the link score was calculated, as shown in the following figure. 

 
Figure 16: Link score of the connection "Chemical use (illegal) - degradation rate" 
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To assess the loop dominance, a comparison is needed between this link score and the score of the other two 

active connections, as shown in the following figures. 

 
Figure 17: Link score of the connection "illegal mining impact"- "soil and land degradation" 

  

 
Figure 18: Link score of the connection between the legal mining impact and the soil and land degradation 

The three graphs illustrate the significant impact of illegal mining activities on the degradation process. 

Consequently, policy interventions aimed at controlling the degradation process should address both the use of 

chemicals in illegal mining and the effects of these activities on soil and land. Regarding the latter, the analysis of 

the causes indicates that the dynamic evolution of this variable is influenced by: i) the number of illegal activities; 

ii) the capacity of the institutional framework to monitor and manage the land degradation process; iii) risk 

tolerance; and iv) community awareness of the impacts of land degradation on community well-being. It is worth 

mentioning that the latter element was added to the model accounting for the results of the SEM analysis. 

Identifying the leverage points requires assessing the impacts of these elements through the link score 

calculation.  
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Figure 19: Link score Community awareness - impacts of illegal mining 

The graph shows the capability of community awareness to stabilise (negative effect) the impact of illegal mining 

activities. As expected, the impact is rather limited at the beginning of the model simulation period, because 

people need time to become aware of the land degradation. Moreover, it is worth noticing that the impact of 

awareness decreases in the long term. 

 
Figure 20: Link score Monitoring of the landscape degradation - illegal mining impact 

Institutional monitoring mitigates the effects of illegal mining activities on soil and land degradation in the short 

term. If not sufficiently supported by institutional capacity, this mitigation effect diminishes rapidly. In this regard, 

the analysis of the link scores shows the high impact of the institutional capacity on both the monitoring 

effectiveness and on the risk tolerance, through the law enforcement effectiveness.   
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Figure 21: Link score Institutional capacity - Law enforcement effectiveness 

 
Figure 22: Link score Law enforcement - Risk tolerance 

 
Figure 23: Link score Institutional capacity - Monitoring of the landscape degradation 
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The analysis of these link scores indicates a significant and consistent impact of institutional capacity over time on 

the factors influencing soil and land degradation. We can conclude that the two main leverage points that need 

to be activated to address the Nexus challenge “Soil and land degradation” are: i) Local community awareness 

and ii) Institutional capacity. As for what concerns the former, we need to stress that interventions are needed to 

keep the awareness effective in the long term, e.g. by enhancing the effectiveness of the communication about 

the landscape degradation in the long-term. 

 

As shown in section 4.1.2, another nexus challenge is the “Deforestation process”. This variable has been coded in 

the SFD as the outflow variable of the stock “forested areas”. For the sake of simplicity, we defined this stock as 

bounded between 0 and 100. As already discussed, the deforestation process is influenced by the land use change 

due to both the mining activities – legal and illegal – and the cocoa production (agriculture). This land use conflict 

is driven mainly by the market demand for both gold and cocoa. The detection of the leverage points started from 

the identification of the causal connections and the calculation of the link scores. The following figure shows the 

score of the link representing the impact of illegal mining activities on the deforestation process.   

 
Figure 24: Link score between the illegal mining deforestation and the deforestation process. 

There's a steep increase in the link score at the beginning. This means that, initially, the "Illegal mining 

deforestation rate" had a quickly growing influence on the overall "Deforestation process". The influence reaches 

a peak and then gradually declines. This is mainly due to the impact of deforestation awareness, as discussed 

further in the text. The influence plateaus, with some minor fluctuations, at a relatively high level (around 18-20%). 

This indicates that illegal mining continues to be a significant contributor to deforestation, but its influence is 

relatively constant. The impact of illegal mining activities on the deforestation process is mainly due to the number 

of illegal mining activities and the rate of deforestation due to these activities.  
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Figure 25: Link score of the connection between the number of illegal mining activities and the deforestation process. 

 
Figure 26: The score of the link connecting the rate per illegal mining and the deforestation process 

It is worth noticing that the combination of these two graphs explains most of the change in the deforestation 

rate. Therefore, policy interventions are needed to balance these two elements. The SFD shows two potential 

balancing connections. The first one is related to deforestation awareness, and the second one concerns risk 

tolerance. The former explains most of the change in the deforestation rate due to illegal mining. That is, a high 

awareness of the deforestation process could lead to actions or conditions that could reduce the impacts of the 

illegal mining activities on the deforestation process. Moreover, a low risk tolerance could reduce the attitude 

towards the increase of illegal mining activities. 
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Figure 27: Score of the link between law enforcement and risk tolerance 

The previous figure shows the strong impact of law enforcement on risk tolerance. That is, the lack of law 

enforcement is provoking an increase in the attitude towards the adoption of illegal practices in mining activities.  

 

 
Figure 28: Link score between institutional capacity and law enforcement 

Similarly, the effectiveness of law enforcement is strongly affected by the level of the “institutional capacity” stock 

variables, whose value depends on the public trust and level of corruption. 

The results of the LTM analysis for this BCS nexus challenge emphasise the need to act on the institutional capacity 

to reduce the impacts of illegal mining on the deforestation process. 

 

Ultimately, we must identify the key leverage points for addressing the Nexus challenge related to water quality. 

As already discussed, the main causes of water degradation are related to the use of chemicals in mining activities. 

Similar to what has been previously discussed, differences can be detected between the legal and illegal mining 

activities in terms of the use of chemicals. During the stakeholders’ engagement process, we learned that the 

amount of chemical products used in the illegal mining activities is higher than in the legal ones. Besides, the 

intent to comply with the pollution control regulations is lower for the mining activities. The results of the SEM 
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analysis showed that the attitude towards adopting sustainable behaviour in mining activities is influenced by 

community health and by the level of education and information sharing. To account for this result, a connection 

was created between community health and the intent to comply. Moreover, the stock variable “Education and 

information” was connected to the intent to comply with pollution control regulations. The following figures show 

the score for these two links. 

 
Figure 29: Link score between Education and Information and the intent to comply 

 
Figure 30: Link score between community health and the intent to comply 

The results of the model simulation show that the variable “Education and Information” is much more effective 

in increasing the intent to comply than the awareness of the impacts on community health. 

 

Summarising:  

 

4.1.6.1 Soil and Land Degradation 

Local Community Awareness 

Impact: Community awareness can stabilize the impact of illegal mining activities on soil and land degradation. 

Initially, the effect is limited as it takes time for people to become aware of the degradation. Over time, the impact 

of awareness decreases, highlighting the need for sustained awareness programs. 
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Graph: The link score graph shows a negative effect on the impact of illegal mining, which diminishes over time. 

 

Institutional Capacity 

Impact: Institutional capacity significantly influences the effectiveness of monitoring and managing land 

degradation. It also affects risk tolerance through law enforcement effectiveness. 

Graph: The link scores indicate a consistent impact of institutional capacity over time on factors influencing soil 

and land degradation. 

 

4.1.6.2 Deforestation Process 

Deforestation Awareness 

Impact: High awareness of the deforestation process can lead to actions that reduce the impacts of illegal mining 

activities on deforestation. The awareness effect is crucial in balancing the deforestation rate. 

Graph: The link score graph shows that awareness can significantly reduce the deforestation rate due to illegal 

mining. 

 

Risk Tolerance 

Impact: Low risk tolerance can reduce the inclination towards illegal mining activities. Effective law enforcement 

can lower risk tolerance, thereby reducing illegal practices. 

Graph: The link score graph shows the strong impact of law enforcement on risk tolerance. 

 

Institutional Capacity 

Impact: Institutional capacity affects the effectiveness of law enforcement, which in turn influences risk tolerance 

and the rate of illegal mining activities. 

Graph: The link score graph shows the relationship between institutional capacity and law enforcement 

effectiveness. 

 

4.1.6.3 Water Quality 

Education and Information 

Impact: Education and information sharing are more effective in increasing compliance with pollution control 

regulations than awareness of community health impacts. This leverage point is crucial for promoting sustainable 

behavior in mining activities. 

Graph: The link score graph shows a strong positive effect of education and information on the intent to comply 

with pollution control regulations. 

 

Community Health Information 

Impact: Awareness of the impacts on community health influences the intent to adopt sustainable behavior in 

mining activities. However, its effect is less significant compared to education and information. 

Graph: The link score graph shows the relationship between community health awareness and the intent to 

comply with pollution control regulations. 

 

4.1.6.4 Local and community well-being 

Employment contribution to legal mining and cocoa production 

Impact: Increasing the impacts of legal mining activities and cocoa production on the employment rate could 

reduce the attractiveness of illegal mining activities.  

Graph: The link score shows a strong relationship between the employment level and the community's well-being. 

Moreover, the community's well-being has a strong balancing effect on the attitude towards illegal mining. 

 

Biodiversity contribution 

Impact: Protecting the forested areas and, thus, the biodiversity could have a positive impact on the community’s 
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well-being. This, in turn, could act as a balancing element on the attitude towards illegal mining activities. 

Graph: The link score shows the strong relationship between the biodiversity index and the community’s well-

being.  

4.2 HANDICRAFT VALUE CHAIN IN THE AMAZON FOREST 

This is a rather peculiar case study within BIOTRAILS because the value chain does not represent, at the current 

stage, an issue for biodiversity conservation. This value chain represents an important asset for the Indigenous 

population. Keeping handicraft production alive is crucial to hampering the depopulation process and protecting 

the forested areas and, thus, biodiversity. As discussed in several research works [15 [16], the indigenous 

population's presence is a deterrent for deforestation. Therefore, the main goal of the PSDM implementation in 

this case study is to better understand the complex web of interactions among the different elements and 

processes affecting the deforestation process and to support the co-design of Nexus policy interventions capable 

of promoting the handicraft value chain. The following sections describe the results obtained during the PSDM 

framework implementation. 

 

4.2.1 System mapping 

The BCS Nexus mapping was carried out during the first stakeholders’ workshop, as already described in the first 

version of this deliverable. However, we realized that the obtained CLD was too complex to be used for the 

subsequent analysis and as the basis for the development of the SF. Therefore, a simplification phase was carried 

out, interacting with the case study leader. The following figure shows the revised version of the CLD.  

 

 
Figure 31: Revised version of the CLD for the Handicraft value chain (Brasil) 

 

4.2.2 System analysis: the Nexus challenges 

The revised version of the CLD was analysed to identify the BCS Nexus challenges, i.e. the most central elements 

in the CLD having intersectoral impacts. The following table shows the results of the CLD analysis for detecting 

the Nexus challenges. 
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Table 4: Graph Theory measures for the Amazon Handicradt value chain 

CLD variable Centrality Closeness Eigenvector 
Deforestation 10,00 0.222 0.048 

Biodiversity protection 8,00 0.230 0.164 

Conservation of local knowledge 8,00 0.217 0.085 

Policy enforcement 8,00 0.254 0.065 

Drought risk 6,00 0.245 0.086 

Local community well-being 4,00 0.163 0.027 

Depopulation process 4,00 0.070 0.025 

Soil degradation 3,00 0.093 0.033 

Water quality 3,00 0.073 0.030 

Institutional capacity 5,00 0.190 0.068 

 

As stated previously, the BCS nexus challenges are the elements of the CLD with the higher values of the different 

measures and having impacts on the different sectors of the BCS Nexus (Table 5).   

 

Table 5: BCS Nexus challenges for the Amazon handicraft value chain 

BCS Nexus 

Challenge 
Biodiversity Climate Society 

Deforestation process Impacts on flora and fauna 
Impacts on climate 

change 

Impacts on the local 

community's livelihood 

Loss of indigenous 

knowledge  

Impacts on the 

deforestation process 

Through the 

deforestation 
Handicraft activities 

Climate change impacts 

and drought risks 
Deforestation process Drought risk 

Availability of raw materials for 

handicraft activities 

Insitutional capacity 
Forested areas protection 

policy 

Flood and drought risk 

mitigation 

Indigenous community well-

being 

 

These challenges were used to enable the transition from the CLD toward the SFD, as described further in the 

text.  

 

4.2.3 BCS Nexus mapping validation 

The nexus challenges were used for validating the CLD during the second stakeholders’ workshop. To this aim, 

the direct and indirect causal connections of each challenge were isolated in the CLD and discussed with the 

stakeholders (Figure 32). 

 
Figure 32: Causal connections influencing the loss of local knowledge 

Participants were informed about the key variables and drivers in the graph. Moreover, the extrapolated CLD was 

used to present the expected dynamic evolution. Concerning the loss of local knowledge, the following elements 

were discussed during the workshop. 
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Key Variables and Drivers: 

o Local Knowledge: Plays a crucial role in maintaining agricultural diversity, biodiversity protection, and the 

quality of landscapes. 

o Agricultural Diversity: Positively influences the conservation of local knowledge by sustaining traditional 

practices and diverse food systems. 

o Food and Forest Product Diversity: Supports local knowledge by maintaining the practices around 

collecting and using various forest products, which are often embedded in cultural and ritual activities. 

o Biodiversity Protection: Enhances local knowledge as indigenous and local practices often align with the 

conservation of biodiversity. 

o Deforestation: Negatively impacts the conservation of local knowledge as forest loss leads to the 

degradation of ecosystems, reducing reliance on traditional practices related to forest products. 

o Agricultural Production Activities: Contribute to invading indigenous territories, further reducing the 

space for local knowledge and traditional practices. 

 

Expected Dynamic Evolution of "Loss of Local Knowledge": 

Initial Dynamics: 

If agricultural diversity, biodiversity protection, and the quality of landscapes are maintained, local knowledge is 

likely to thrive. Reinforcing feedbacks through the preservation of traditional practices and the variety of food 

and forest products will bolster the conservation of local knowledge. 

Degradation Risk: 

However, deforestation and agricultural production activities, especially those that invade indigenous territories, 

will act as balancing loops, diminishing local knowledge. The loss of biodiversity and landscape quality would 

negatively affect the practices that rely on these ecosystems, reducing the role of local knowledge in the long 

term. 

Potential for Recovery: 

Efforts to protect biodiversity and landscapes could reverse this trend by reinforcing local knowledge through 

sustainable agricultural practices and the conservation of traditional seed varieties. 

 

Summary: 

Reinforcing Dynamics: Agricultural and food diversity, forest product use, and biodiversity protection foster the 

conservation of local knowledge, creating a virtuous cycle where local knowledge continues to thrive. 

Balancing Influences: Deforestation and agricultural production activities, particularly when they invade 

indigenous territories, threaten to undermine local knowledge, slowing its conservation. 

Outcome: If environmental degradation continues unchecked, local knowledge may decline due to lost 

ecosystems and diminished landscape quality. However, strong biodiversity protection and landscape 

conservation could help maintain and even enhance local knowledge over time. 

 

Participants were then asked to discuss these elements and change the extrapolated CLD by adding/deleting 

variables and/or changing the causal connections.   
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Figure 33: Stakeholders discussing the causal connections influencing one of the Nexus Challenges 

To facilitate the discussion, participants were divided into four groups, each one focused on one of the BCS nexus 

challenges. The following figure shows the results of the discussion concerning the challenge of “institutional 

capacity”. 

 

 
Figure 34: Validation of the CLD connections influencing the Institutional capacity 
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The following table summarises the results of the discussion in the different groups. 

 

Table 6: CLD validation results 

BCS Nexus 

Challenge 
Key validation points 

Proposed 

changes/additions 

Further  

comments 

Loss of 

indigenous 

knowledge  

Discussion on variables 

surrounding Local Knowledge 

and the conservation of 

traditional and cultural values. 

Validation of the trade-offs in 

and out of Deforestation 

Process and Conservation of 

Local Knowledge nodes. 

Additional variables identified 

influencing Deforestation 

Process: illegal mining, land 

grabbing, logging, 

agribusiness, external 

pressures.  

Tradeoff arrow between 

Subsistence Farming and 

Invasion of Indigenous 

Territories was crossed out.  

Variable added: Indigenous 

Culture (influencing Quality of 

Landscape). Variable added: 

Introduction of New and 

Non-native Cultures 

(negatively influencing 

Conservation of Local 

Knowledge). 

None 

Climate change 

impacts and 

drought risks 

Discussion on key variables 

influencing Climate Change. 

Fire and Deforestation 

Processes were central nodes. 

Variable added: Fire. Variable 

added: Human Health 

(negative impact of Fire).  

Variable added: Food Security 

(negative impact of Fire).  

Variable modified: 

Biodiversity and 

Sociobiodiversity (from 

terrestrial species).  Variable 

added: Temperature or Heat 

Waves (positive influence of 

Climate Change).  Additional 

linkage proposed: Land Use 

Change and Fire → Food 

Insecurity → Reduction in 

Territorial Governance → 

Increased External Pressures 

→ Invasion of Indigenous 

Territories. Additional linkage 

proposed: Food Insecurity → 

Migration Processes (also 

affected by biodiversity 

losses) → Loss in Local 

Community Knowledge.  

Variable added (background): 

Extreme Climate Events.  

None 

Insitutional 

capacity 

Validation of interrelations 

between variables surrounding 

institutional cooperation and 

policy application. The CLD's 

depiction of how institutional 

cooperation leads to 

environmental protection 

policies, community inclusion, 

Added variables: access to 

raw materials, policies and 

incentives for bioeconomy 

programs. 

Need for adjustments to 

current legislation to consider 

indigenous perspectives.   

Need for increased 

intersectoral articulation.  

Need for additional data and 

information for decision-

making.  
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and positive impacts on 

indigenous communities was 

discussed. 

Example: Adjustments to laws 

on environmental crimes to 

accommodate indigenous use 

of wildlife products. 

 

It is worth noticing that the deforestation challenge was not discussed. This was mainly because, according to the 

stakeholders, the deforestation should be considered as a transversal challenge and was part of the discussion in 

each group. The results of this validation phase were accounted for during the development of the Stock and Flow 

Diagram, as discussed in the next section. 

4.2.4 Stock and Flow Diagram 

As previously discussed, the BCS Nexus challenges served as the starting points for the development of the SFD. 

Similar to the Gold Mining value, the CLD causal connections affecting the nexus challenges dynamic evolution 

were used to develop the SFD. The combination of the elements affecting the nexus challenges has been defined 

by the modeler and then validated with the stakeholders and the case study leaders.  Let’s consider the challenge 

of “Institutional capacity”. As shown in Figure 35, this challenge is influenced by the indigenous population's well-

being, community engagement and institutional cooperation. The following figure shows how the causal 

connections were transformed into connections with mathematical equations in the SFD.  

 
Figure 35: Part of the SFD showing the elements and processes influencing the Nexus challenge "Institutional capacity" 

During the transition from the CLD to the SFD, we realised that both the indigenous well-being and the 

community’s engagement do not directly affect the institutional capacity. As shown in the previous figure, a key 

variable is the “public trust”, represented here as a stock variable. This variable is positively influenced by the 

community's well-being. That is, the higher the well-being, the higher the number of community members trusting 

the institutions.  The same could be said for the community’s engagement. A high level of engagement could 

build public trust by fostering transparency, accountability, and mutual understanding. The institutional capacity 

is, then, influenced also by the institutional training and cooperation efforts.  It is worth noting that the institutional 

capacity has a strong impact on the deforestation process by both i) influencing the effectiveness of the 

enforcement of the forested areas protection policy and ii) supporting the improvement of the environmental 

monitoring activities. This, in turn, affects the attitude towards the adoption of illegal behaviour in creating pasture 

areas for cattle breeding. The community's well-being plays a key role in reducing the depopulation phenomenon, 

as shown in the following figure. 
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Figure 36: Depopulation process and community well-being 

It is worth noticing that the community's well-being is affected by several other social elements that need to be 

accounted for. Handicraft activities seem to have a strong impact on the community's well-being. A healthy 

handicraft value chain could enhance women's accessibility to economic resources, increasing their willingness to 

be engaged in the community’s organisation and management. This, in turn, could reduce social disruption. 

Moreover, handicraft activities keep traditional knowledge and guarantee intergenerational knowledge transfer. 

These elements could reduce the depopulation rate and, thus, contribute to reducing the deforestation process, 

as shown in the following figure. 
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Figure 37: Contribution to the Indigenous knowledge to the forest protection 

As discussed in several studies – e.g. [15] [17] – the presence of indigenous communities could act as a deterrent 

to the deforestation process. In the model, we added this process by creating a connection between the level of 

the indigenous population (stock variable) and the effectiveness of forest protection. That is. indigenous 

communities are often the first line of defence against environmental crimes. Their presence and vigilance 

strengthen the enforcement of forest protection policies.  The deforestation process – i.e. a BCS Nexus challenge 

– is affected by the other production activities, that is, cattle ranches and wood extraction.   
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Figure 38: Impacts of the cattle ranch activities on the deforestation process 

As shown in the previous figure, the deforestation process is mainly related to the forest clearing due to the 

production activities, i.e. cattle ranches and wood extraction. It is worth noticing how the clearing rate is affected 

by the land grabbing to the detriment of the indigenous land. This is mainly due to the lack of property rights for 

what concerns the forested areas. As discussed further in the text, a key element here is represented by the 

indigenous community engagement, which could affect both the level of law enforcement and the lack of 

property rights.  

 

The last BCS Nexus challenges that need to be integrated into the SFD relate to the impacts of climate change 

and the risk of drought. According to the climate projections' results (see Deliverable D3.8), a key indicator 

describing the impacts of climate change in this case study is the number of consecutive dry days. Considering 

the outcomes of the stakeholders’ workshop, connections were made in the SFD between this variable and other 

key elements in the model, such as the availability of raw materials for handicraft activities and the frequency of 

fires. Regarding the impact of drought on the availability of raw materials for handicraft activities, a variable 

reflecting environmental degradation was introduced into the model, as illustrated in the following figure.  

 

 
Figure 39: Climate change impact on the availability of raw materials for handicraft activities 
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The availability of raw materials is affected by two main elements, i.e. the quality of the forest environment and 

the availability of land for the indigenous community. Concerning the latter, the reduction of the indigenous areas 

(stock variable) is affected by the land-grabbing process, activated by the low level of policy enforcement and the 

lack of property rights for the forested areas.  

 

Environmental degradation is influenced by climate change and the reduction of forested areas. It is worth noticing 

that the variable “consecutive dry days” is an input variable whose value was defined considering the results of 

the climate projection analysis (D3.8). 

 

Another important element affected by climate change is the frequency and intensity of fires, which are 

contributing to the deforestation process. In the model, we added two kinds of fire, i.e. the wildfires and the 

human-induced fires. Both of them are influenced by a dryness multiplier, connected with the consecutive dry 

days, as shown in the following figure. 

 

 
Figure 40: Impact of climate change on the forest fire risk 

4.2.5 Leverage points detection and analysis 

The modified LTM analysis was implemented in this case study as well to detect the leverage points for addressing 

the above-mentioned nexus challenges. The first step is related to the definition of the Impact Pathways for each 

BCS nexus challenge. The main elements causing variation in indigenous knowledge stock are the depopulation 

rate, women's engagement, and handicraft contributions to knowledge preservation (Figure 41).  
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Figure 41: Impact Pathway for the indigenous Knowledge 

 

 
Figure 42: Link score between handicraft activities and indigenous knowledge 

The initial impact of handicraft activities on knowledge preservation seems quite low. However, this influence 

rapidly increases and is marked by fluctuations. From around year 10, the contribution of handicraft activities to 

knowledge becomes a dominant driver of the knowledge gain rate, and its influence remains consistently strong 

for the rest of the simulation.   
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Figure 43: Link score between women engagement and knowledge gain 

This graph shows that "Women engagement" has a relatively strong positive influence on the "Knowledge gain 

rate," reaching a peak of around 80-90%. This suggests that initially, changes or levels in women's engagement 

were a significant driver of how quickly knowledge was being acquired or generated in the model.  The Link Score 

then drops sharply and rapidly between approximately year 2 and year 5. This indicates that the influence of 

"Women engagement" on "Knowledge gain rate" diminishes considerably during this period. This is mainly 

because the women's engagement level reaches its peak and remains stable. To keep the link score active, actions 

are needed to sustain the engagement in the long term. The depopulation process is strongly affected by the 

indigenous community well-being, as shown in the following figure. 

 
Figure 44: Link score between community well-being and depopulation 

It is worth noticing that there is an important loop connecting handicraft activities and forest areas. On the one 

hand, the increase of handicraft activities contributes to increasing the value of most of the socio-economic 

elements, slowing down the depopulation process (Figure 45). 
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Figure 45: Link score between handicraft and community well-being 

On the other hand, the forest areas – and specifically the areas used by the indigenous communities – provide 

the raw materials for the handicraft activities and contribute directly to the community well-being (Figure 46). 

 

 
Figure 46: Link score between indigenous land and raw material availability 
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Figure 47: Link score between forest areas and the contribution to the community's well-being 

Another key challenge mentioned by the stakeholders concerns institutional capacity. The LTM analysis does not 

assist in identifying the leverage points needed to address this challenge. This is mainly because the increase in 

institutional capacity is influenced by factors such as training investments, the level of cooperation, and the level 

of corruption. In our model, these elements were linked to policy interventions. Therefore, they are not included 

in the LTM algorithm incorporated in Stella. However, it is rather interesting to analyse the role of institutional 

capacity in influencing the changes in other challenges. The institutional capacity could have a strong impact on 

the handicraft activities by influencing the institutional economic support and the training activities.  

 

 
Figure 48: Impact of institutional capacity on the institutional support to the handicraft activities 



D3.10 — PSDM processes for Nexus understanding and management (B) 

 

53 

 

 

 
Figure 49: Link score between the institutional capacity and the training and capacity building. 

Moreover, institutional capacity also plays a key role in reducing the land-grabbing process through different 

mechanisms. Firstly, it contributed to enhancing the effectiveness of the monitoring system and, thus, to the 

engagement of indigenous communities.   

 
Figure 50: Link score between the institutional capacity and the environmental monitoring 
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Figure 51: Link score between environmental monitoring and information sharing with the community 

The enhancement of the information sharing process with the community has a positive impact on the increase 

of the public trust in institutions and, thus, on the indigenous community engagement.  

 

 
Figure 52: Link score between the public trust and the engagement effectiveness 
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Figure 53: Link score between indigenous community engagement and the lack of property rights 

The previous figure shows the strong connection between the level of the community engagement and the 

protection of the property rights for the indigenous land, hampering the land-grabbing process.  

 

Summarising: 

 

4.2.5.1 Indigenous Knowledge 

Handicraft Activities 

Impact: Initially, the impact of handicraft activities on knowledge preservation is low but increases rapidly, 

becoming a dominant driver of knowledge gain over time. 

Graph: The link score graph shows fluctuations in the impact, stabilizing as a strong influence from around year 

10. 

 

Women Engagement 

Impact: Women's engagement has a strong positive influence on the knowledge gain rate, peaking early and 

then stabilizing. Sustained engagement is needed to maintain its influence. 

Graph: The link score graph shows a peak influence of around 80-90%, which then drops sharply. 

 

4.2.5.2 Depopulation Process 

Community Well-being 

Impact: Community well-being strongly affects the depopulation rate, with better well-being slowing down 

depopulation. 

Graph: The link score graph shows a strong connection between community well-being and depopulation. 

 

Handicraft Activities 

Impact: Handicraft activities contribute to socio-economic stability, slowing down the depopulation process. 

Graph: The link score graph shows the positive impact of handicraft activities on community well-being. 

 

Indigenous Land 

Impact: Indigenous land provides raw materials for handicraft activities, directly contributing to community well-

being. 

Graph: The link score graph shows the relationship between indigenous land and raw material availability. 
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4.2.5.3 Institutional Capacity 

Institutional Support 

Impact: Institutional support influences handicraft activities through economic support and training. This, in turn, 

could positively affect the public trust and, thus, contribute to the increase of the institutional capacity. 

Graph: The link score graph shows the impact of institutional capacity on institutional support. 

 

Training and Capacity Building 

Impact: Training and capacity building enhance institutional capacity, which in turn supports handicraft activities. 

Graph: The link score graph shows the relationship between institutional capacity and training activities. 

 

Environmental Monitoring 

Impact: Environmental monitoring improves community engagement and reduces land-grabbing by enhancing 

information sharing and public trust. These, in turn, contribute to increase the value of the institutional capacity. 

Graph: The link score graph shows the impact of environmental monitoring on community engagement and 

property rights protection. 

4.3 COCOA PRODUCTION VALUE CHAIN IN PERÙ 

As mentioned above, the SFD for the cocoa production value chain is currently being developed due to the 

delayed start of the stakeholder engagement. However, the CLD, which was not included in the previous 

deliverable, is presented in this section. The resulting SFD will be included in Deliverable 5.2. 

4.3.1 BCS Nexus participatory mapping 

Cocoa production in Peru presents one of the most complex and emblematic challenges of contemporary 

sustainable development, situated at the intersection of economic advancement, environmental conservation, and 

social equity [18].  
This crop not only contributes significantly to national economic performance but also serves as a primary source 

of income for thousands of smallholder farmers and rural communities. Within this context, the Ucayali region—

located in the central Amazon basin—has emerged as a principal production hub [19]. According to [20], cocoa 

exports from Ucayali alone amounted to approximately USD 2.7 million in 2017, underscoring the sector’s strategic 

importance to Peru’s GDP. 

 

Nevertheless, the economic gains associated with cocoa cultivation are accompanied by substantial environmental 

and social costs. Ucayali currently records one of the highest deforestation rates in the country, largely driven by 

the expansion of cocoa plantations. This deforestation is not only a consequence of increased global demand but 

is also incentivised by national and local economic frameworks [19]. As noted by [21], such large-scale land-use 

change is transforming the Amazonian landscape and poses one of the most significant threats to both regional 

and global biodiversity. Moreover, as [22] argue, deforestation associated with cocoa farming undermines 

ecological integrity and exacerbates climate change by reducing the capacity of forests to act as carbon sinks. 

 

Beyond forest loss, the environmental impacts of cocoa production include accelerated soil erosion and long-

term degradation. Once stripped of vegetative cover and subjected to intensive agricultural practices, soil rapidly 

loses its fertility, thereby diminishing agricultural productivity and sustainability. The widespread application of 

chemical fertilizers and synthetic pesticides further compounds these challenges, contributing to the 

contamination of water bodies and soil systems and negatively affecting both local biodiversity and public health 

[23].   
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Equally concerning is the sector’s reliance on monoculture systems. While economically efficient in the short term, 

monocultures significantly reduce agrobiodiversity and increase vulnerability to pest outbreaks, plant diseases, 

and climate-related stressors. According to the [24], biological diversity is a fundamental pillar of ecosystem 

resilience and is vital for the continued provision of essential ecosystem services, including pollination, soil 

regeneration, and water regulation. 

 

The Ucayali region, moreover, is internationally recognised as a biodiversity hotspot [25]. It harbours an 

extraordinary range of flora and fauna, including numerous species classified as vulnerable, endangered, or 

critically endangered by the International Union for Conservation of Nature (IUCN). Habitat loss and ecosystem 

fragmentation, resulting from unsustainable agricultural expansion, threaten the survival of these species and 

disrupt long-standing ecological processes and trophic interactions. 

 

Importantly, the environmental impacts of cocoa production also carry profound social implications. Indigenous 

peoples and rural communities in the Peruvian Amazon rely on forest ecosystems not only for subsistence and 

traditional medicine but also as integral components of cultural identity, spirituality, and intergenerational 

knowledge systems. Environmental degradation, therefore, translates into cultural erosion and marginalisation. As 

such, ecological harm becomes an expression of environmental injustice, disproportionately burdening 

communities who are the least responsible for and the most affected by ecological decline [26].  

Climate change further exacerbates these vulnerabilities. The increasing frequency and intensity of extreme 

weather events—such as droughts, floods, and heatwaves—has already begun to affect agricultural productivity, 

water availability, and food quality. As reported by the Food and Agriculture Organization (FAO, 2021), these 

impacts heighten the risk of disease transmission and undermine the income stability of small-scale farmers, 

thereby threatening rural livelihoods and national food security. 

 

During March and April 2024, nine semi-structured interviews were conducted. The stakeholders involved included 

distributors, retailers, and artisans to obtain a diverse perspective on the BCS Nexus dynamics.  The results of the 

SSIs and scientific information from the baseline were used to build a preliminary CLD based on: (i) key variables 

of the system, classified in biodiversity loss, climate change and social dynamics, as well as key dynamics and 

impacts along the cocoa value chain. The key variables were also classified considering the Ecosystem Services 

categories established by the Millennium Ecosystem Assessment (MEA, 2001); (ii) interrelationships between the 

key variables of the BCS Nexus. Figure 54 shows part of the first draft of CLD.  

 

Figure 54: Causal connections influencing deforestation 
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The stakeholder workshop was conducted in October 2024, engaging around 30 participants from different 

sectors. The stakeholders were divided into three working groups. Each group received a set of cards, each 

representing a variable previously identified in the initial CLD. The cards were divided into four main groups (Figure 

55): i) biodiversity losses and ecosystem degradation (yellow); ii) elements/processes of value chains (orange); iii) 

climate change impacts (blue); and iv) social dynamics (purple). Empty cards were provided to allow participants 

allowing them to generate new variables to be added to the map. All variables used during the participatory 

exercise are illustrated in Table 7.  

 

Participants were instructed to illustrate the interconnections among these variables or to introduce additional 

elements they deemed relevant. To incorporate the spatial dimension of the system, they were also asked to 

arrange the cards on a geographic map, as shown in Figure 56. Drawing on their expertise and individual 

perspectives, participants identified and spatially located the most critical instances of biodiversity loss, the main 

processes or activities within the cocoa value chain contributing to these losses, the effects of climate change, and 

the underlying social dynamics influencing the system. Local moderators and the case study leaders leaded the 

discussion. 
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Figure 55: Example of the card used during participatory exercise 

 
Figure 56: Participatory mapping exercise to support Causal Loop Diagram development 
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Table 7: Variables subdivided according to Nexus categories 

Biodiversity losses and 

ecosystem degradation 
Climate Change Value chain effects Social dynamics 

Deforestation Flood risk 
Land use change for wild 

cacao production 

Technical assistance and 

technology for 

deforestation free 

business model adoption  

Landscape quality Drought risk 
Land use change for wood 

extraction  

Economic and financial 

support for small-medium 

producers 

Avifauna species Rainfall intensity 
GHG emissions from 

transport 

Cooperation between 

producers and buyers  

Aquatic animal species  Wildfires Soil contamination  
Community engagement 

in policy formulation 

Terrestrial animal species Heatwaves 

GHG emissions from 

transformation of raw 

materials into final 

products  

Consumers' awareness 

regarding sustainable 

cocoa process 

Ucayli riverbank erosion   

Water resources 

exploitation for cocoa 

production 

Indigenous communities 

safety and wellbeing  

Ucayli water quality  
Water contamination due 

cocoa production 

Empowernment of 

territorial protection 

regulations 

Ucayli baseflow  
Use of chemicals for 

production 
Institutional cooperation  

Groundwater quality  

Livability of indigenous 

populated areas for 

agricultural areas 

expansion 

Monocolture planting  

Air quality   
Energy consumption for 

transformation 

Technical assistance and 

technology for 

deforestation free 

business model adoption  

Soil degradation  

Waste production from 

transformation of raw 

materials into final 

products  

Economic and financial 

support for small-medium 

producers 

Soil erosion  

Discharge of wastewater 

on water bodies due to 

transformation 

Cooperation between 

producers and buyers  

Pasture quality   
Disease and parasites 

abundace 

Community engagement 

in policy formulation 

Plant species diversity  
Land use change for wild 

cacao production 

Consumers' awareness 

regarding sustainable 

cocoa process 

Alternation of plants' 

phenological phases 
 

Land use change for wood 

extraction  

Indigenous communities 

safety and wellbeing  

Agricultural product diversity   
GHG emissions from 

transport 
 

Medicinal plants    

Seed availability    

Forest understorey    

Use of forest fruits/latex/tannins    

Prey for hunting/consumption    
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Pest and disease    

Food diversity from forest 

products 
   

Forest construction materials 

(timber/stray, etc.) 
   

 

 

The analysis of data collected during the workshop allowed to build a CLD according to stakeholders’ perceptions. 

The result of the representation of the cause-effect relationships between BCS Nexus variables, for each group of 

stakeholders has been aggregated to finalises the CLD, according to Synthesis Theory (Deliverable 3.9). The result 

of the aggregation process is presented in Figure 57. The CLD is composed by 96 variables. 

 

Figure 57: Causal Loop Diagram of the Ucayali Region 

The CLD features a set of color-coded variables that reflect the various stages of the cocoa value chain—namely 

consumption, production, processing, and export—as well as key elements associated with the BCS Nexus. The 

consumption phase, indicated in red, captures aspects such as market demand and consumer behavior. The 

production phase is illustrated in yellow and relates to on-farm activities. The transformation stage, shown in 

green, includes post-harvest processing, such as the conversion of raw cocoa beans into products like cocoa 

butter, powder, and chocolate. Export activities, represented in blue, involve logistics and the international 

distribution of cocoa goods. 

In addition to these, the diagram incorporates environmental variables tied to ecosystem services (ES), shown in 

black. These encompass factors such as soil health, water resource management, and biodiversity conservation. 

Within the BCS Nexus, the variables are categorized as follows: (i) biodiversity and ecosystem degradation, marked 

in yellow; (ii) climate change impacts, indicated in blue; and (iii) social dimensions, represented in purple. Lastly, 

variables that were introduced by stakeholders during the participatory sessions and not originally included in the 

framework appear without specific color coding. 

 

4.3.2  CLD analysis and identification of the Nexus challenges 

The aggregate CLD was explored through the structural and descriptive analysis (see D3.9). The structural analysis 
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was performed by selecting the variables with a high Degree Centrality and high Betweeness Centrality, as shown 

in Table 8. 

 

Table 8: Variables with highest values of Centrality Measures within Ucayali Causal Loop Diagram 

Variables  Degree Betweenness 
Deforestation 12 0.106 

Plant species 10 0.103 

Soil contamination 9 0.062 

Cocoa production 9 0.187 

Carbon sequestration 8 0.105 

Social and economic benefits 8 0.189 

Land use change 6 0.110 

Flood risk 6 0.102 

Accessibility to funding 5 0.013 

Quality of infrastructures 5 0.110 

Illegal activities 5 0.040 

Soil erosion 5 0.104 

Forest burning 5 0.071 

Heatwaves 5 0.069 

 

 

The same variables were subjected to a descriptive analysis to define the main cross-sectoral interactions and 

define the Nexus challenges. An example related to two feedback loops of the system involving some of the 

central variables is shown in Figure 58Error! Reference source not found.. 

 

 
Figure 58: Loop of Cocoa produced in Peru and intersectoral dependences of variables 

 

A range of interconnected challenges linked to the BCS Nexus were identified, based on their cross-sectoral 

significance and systemic impact. Due to the high level of interdependence among variables, they were 
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categorized into thematic clusters, each corresponding to broader macro-level challenges requiring integrated 

responses (Table 9). 

 

Table 9: Nexus challenges 

Group Variable Nexus Challenge  Description - motivation 

1 

Deforestation 

Plant species  

Carbon sequestration 

Soil contamination 

Soil erosion 

Preserve forest ecosystem 

The expansion of intensive agriculture leads 

to the loss of forests, which reduces 

biodiversity and the land’s capacity to store 

carbon, contributing to climate change. At 

the same time, unsustainable farming 

methods pollute the soil, lower its fertility, 

and increase erosion, putting ecosystem 

productivity and long-term stability at risk. 

2 

Flood risk 

Heatwaves 

  

Managing the effects of 

climate change 

Climate change can influence not only how 

much natural resources are available and 

how good their quality is, but also the 

conditions in which Indigenous 

communities live and the health of natural 

ecosystems. 

3 
Cocoa production 

Land use change  

Manage value chain 

phases 

It is important to develop production 

models that support the growth of cocoa 

cultivation while preserving ecosystems. 

This includes promoting soil regeneration 

and encouraging more responsible and 

sustainable land-use practices. 

4  

Accessibility to funding 

Social and economic benefits 

Quality of infrastructures 

Forest burning 

Develop an economic and 

infrastructural support 

system that promotes 

sustainable practices 

Access to financial resources is crucial for 

encouraging sustainable farming methods 

and lowering the dependence on practices 

like slash-and-burn. However, inadequate 

infrastructure limits economic development 

and slows progress toward sustainable 

models. By investing in both infrastructure 

and financing, it is possible to support local 

communities, improve livelihoods, and 

reduce pressure on forest ecosystems. 

 

Loop 1 illustrates the consequences of increasing market demand on land-use dynamics associated with cocoa 

cultivation. As cocoa farming expands, it drives deforestation, which subsequently impacts critical ecological 

variables such as the presence of plant species, contributes to soil degradation, and alters key ecosystem service 

components like water resource availability. Another significant outcome of forest loss is the decline in carbon 

sequestration capacity, which exacerbates local temperature rises and leads to more frequent and intense 

heatwaves. These climatic changes further intensify the risks of soil erosion and land degradation, particularly 

along vulnerable zones such as the Ucayali riverbanks (Challenge 1 and 2). 

 

Loop 2, which is intrinsically linked to Loop 1, shifts the focus toward the economic and social dimensions of 

cocoa production. It emphasizes the crucial role of infrastructure development, investment, and market 

accessibility in shaping the sustainability of the sector. Enhancing marketing channels and promoting the 

formalization of enterprises empower producers to strengthen their market position, leading to increased income 

and enabling reinvestment in sustainable agricultural practices such as agroforestry. These dynamics not only 

support the shift toward environmentally sound production systems but also stimulate local employment and 

broader economic growth. An equally important factor is the provision of technical training and innovation 

support. In the absence of adequate knowledge and tools, producers may persist in unsustainable practices, 

including forest clearing to expand cultivated areas. Furthermore, well-developed infrastructure significantly 
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improves product distribution and commercialization, reinforcing the agricultural sector and contributing to more 

equitable and sustainable development pathways (Challenge 3 and 4). 

 

The results of the CLD analysis will be used to develop the SFD which will be used to support the co-design of 

intervention scenarios during the final stakeholders’ workshop. The SFD validation will be carried out in 

cooperation with the case study leader. 

4.4 AQUACULTURE AND FISHERY IN GREECE 

4.4.1 BCS Nexus participatory mapping 

Greece has emerged as one of the leading actors in the aquaculture sector in the Mediterranean region, ranking 

third in terms of production volume—accounting for 14% of the total (126,400 tonnes) and contributing 16% of 

the sector’s economic value (561 million USD) [27]. At the national level, aquaculture plays a central role, 

representing 65% of total fish production, with the remaining 35% derived from capture fisheries [28].  This 

development has strengthened Greece’s position in both national and international seafood markets, while 

simultaneously introducing new challenges, particularly concerning environmental sustainability [29] . Aquaculture 

activities raise a number of ecological concerns, including high feed and energy consumption, water pollution, air 

emissions, and broader impacts on marine ecosystems [30].  

 

One of the most pressing environmental issues related to aquaculture is the direct and indirect impact of 

operations across the entire value chain. The presence of fish farming cages significantly disrupts the surrounding 

ecological balance. Recent studies have documented observable effects on the water column, seabed sediments, 

and marine biota, extending up to 500–1000 meters from the farming sites [31]. Among the identified changes 

are the accumulation of phosphorus and nitrogen due to anoxic sediments, increased greenhouse gas emissions 

leading to air quality deterioration, fluctuations in wild fish and marine organism populations and mortality rates, 

and shifts in marine flora concentrations. Additionally, improper disposal of aquaculture equipment and by-

products, abandonment or poor maintenance of cages, and eutrophication triggered by uneaten feed and 

biological waste further exacerbate local ecological imbalances [32].   

 

Compounding these issues are the effects of climate change. Rising sea temperatures and ocean acidification—

driven by increased atmospheric CO₂—negatively impact species growth and reproduction, while also promoting 

the spread of pathogens. Changes in water temperature may alter the distribution of marine species, thereby 

affecting the availability of species suitable for aquaculture and requiring adjustments in farming practices or the 

development of new cultivable species [33].  

 

The Greek marine ecosystem, home to over 3,500 animal species, is currently facing mounting pressures. 

Overfishing has led to the rapid depletion of numerous fish stocks in the Mediterranean, with a consistent decline 

in biomass observed in 42 stocks between 1990 and 2010 [34]. This phenomenon affects not only target species 

but also dependent ones, disrupting food webs and energy flows within the ecosystem, with serious ecological, 

social, and economic consequences. Moreover, aquaculture and wild capture fisheries are compromising habitats 

critical to vulnerable species such as seabirds, marine mammals, and sea turtles, while also placing considerable 

pressure on marine flora. Seagrass meadows, which are among the most common and ecologically important 

habitats in Greece, have experienced a regression of approximately 34% over the past fifty years, primarily due to 

destructive fishing practices [35].   

 

Finally, additional sources of environmental degradation include pollution from fish processing plants, the use of 

ozone-depleting refrigerants, and the discharge of plastic waste from fishing activities into the marine 
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environment [35].  

 

During spring 2023, 9 stakeholders from the Aquaculture value chain were interviewed thanks to the support of 

the Case Study leader. To get a variety of problem understandings, different categories of stakeholders were 

interviewed – i.e., suppliers, intermediary, retailer and civil society. The results of the SSIs and scientific information 

from the baseline, were used to build a preliminary CLD based on: (i) key variables of the system, classified in 

biodiversity loss, climate change and social dynamics, as well as key dynamics and impacts along the cocoa value 

chain. The key variables were also classified considering the Ecosystem Services categories established by the [24]; 

(ii) interrelationships between the key variables of the BCS Nexus. Figure 59 shows part of the first draft of CLD.  

 
Figure 59: Example of CLD theoretical model built from SSIs analysis process 

On 16th January 2024, the 1st stakeholders aquaculture workshop took place in Athens between the BIOTRAILS 

project partners and 5 participants representing key actors of the value chain of aquaculture in the Mediterranean 

Basin. The workshop lasted for around 3 hours and aimed at mapping the main biodiversity-related issues in the 

value chain, creating causal connections between value chains and climate change impacts and discussing 

potential solution pathways. Compared to the process used in the other case studies, on this workshop the 

methodology was adapted to the type and number of stakeholders. Since the workshop participants were the 

same individuals previously interviewed, it was deemed methodologically unnecessary to reconstruct the entire 

analytical process. Instead, the focus was placed on validating specific components of the model, with the aim of 

enhancing internal consistency and verifying the relevance of the identified relationships. 

Specifically, starting from the results of the behavioral analysis, the participatory exercise was divided into two 

phases: 

 

The first phase involved the validation of the degree of importance of some CLD variables, which emerged as 

central from the structural analysis (see D3.9 (A)). The objective was to laxify the key variables that influence the 

sustainable management of the BCS Nexus along the value chain, based on the perception of the stakeholders 

and/or by adding the missing (key) variables. The stakeholders selected the most important variables.  
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Phase 2 involved the validation of the causal connections, which emerged from the descriptive analysis (see D3.9 

(A)). The aim was to describe in a participatory way the perceived/expected dynamic evolution of the most 

important variables over time, identifying the main cause-effect relationships and the feedback loops in which 

they are involved. Stakeholders provided feedback on the centrality of specific elements and described the 

complex chain of connections that influence the dynamic evolution of the Nexus elements. 

 

 

The result of phase 1 is presented in Table 10. The variables that emerged from the structural analysis were 

associated with a weight from 1 to 5 that confirms or challenges their centrality.  

 

Table 10: Results of participatory exercise 

Variables with high degree of centrality and betweenness 

emerged from Behaviour Analysis 

Score 

1 2 3 4 5 

Excessive use of pharmaceuticals and vaccines + antibiotic resistance + Pest and 

disease reduction 
     x 

Competition for land, water and energy with other resource uses     x 

Managing climate change effects (storm, flood, etc)     x 

Ensuring sustainable certified feed     x 

Eutrophication reduction  x    

Habitat and biodiversity conservation    x  

Harm to other species (e.g. Seabirds)   x   

Introduction of invasive alien species x     

Fish farm extension (n. and size of cages) 

technical aquaculture equipment (Monitoring volume of fish production + 

Maintenance of cages and facilities) 

   x  

Cooperation between local, regional authorities and research institute  x    

Monitoring unauthorized activities x     

Farmers' awareness regarding sustainability process   x   

Funds availability     x 

Control of emission and waste from value chain activities   x   

Landscape quality preservation x     

Communication and marketing strategies about sustainability process  x    

Certification process     x 

Sea temperature increase     x 

Figure 60: Participatory mapping exercise to validate Causal Loop Diagram 
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New Variables 
Score 

1 2 3 4 5 

Cost of production      x 

 

 

The result of phase 2 allowed the development of the final CLD model represented in Figure 61. This CLD is 

composed by 74 variables. 

 

 
Figure 61: Causal Loop Diagram of the Greece case study 

 

4.4.2 CLD analysis and identification of the Nexus challenges 

The participatory exercise highlighted and confirmed the numerous interconnections within the CLD related to 

aquaculture activities.  

There was broad consensus among participants that aquaculture has played a significant role in strengthening 

Greece’s position in both national and international seafood markets. At the same time, however, this growth has 

brought to light a series of challenges, particularly concerning the sustainability of the sector. 

One major concern revolves around the environmental pressures exerted by the high market demand for fishery 

products, which is contributing to the degradation of the Mediterranean marine ecosystem. This overexploitation 

places considerable stress on marine biodiversity and the health of aquatic systems, (Variable: Habitat and 

biodiversity conservation, score: 4).  

Among the most central variables are the excessive use of pharmaceuticals and vaccines, antibiotic resistance, and 

pest and disease management (“Excessive use of pharmaceuticals and vaccines + antibiotic resistance + pest and 
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disease reduction”, score: 5). These issues are strongly interconnected with both environmental health and 

production efficiency, illustrating how unsustainable practices can trigger cascading impacts on ecosystems and 

human health. Similarly, climate-related variables, such as “Managing climate change effects (storm, flood, etc.)” 

(score: 5) and “Sea temperature increase” (score: 5), are systemically significant. These factors not only affect the 

biological performance of farmed species but also require continuous adaptation of farming practices, 

infrastructure resilience, and species selection. Equally central are economic and regulatory variables, including 

“Competition for land, water and energy with other resource uses” (score: 5), “Funds availability” (score: 5), 

“Certification process” (score: 5), and “Cost of production” (score: 5)—the latter being a newly introduced variable.  

 

These elements highlight the structural conditions that can either enable or hinder the implementation of 

sustainable models. Without adequate financial support or economic incentives, the adoption of environmentally 

sound techniques becomes significantly more difficult, especially for small-scale producers. 

Other variables, such as “Eutrophication reduction” (score: 2), “Monitoring unauthorized activities” (score: 1), and 

“Communication and marketing strategies about sustainability process” (score: 2), received lower scores. 

Nonetheless, their role should not be underestimated. These aspects, although less central in network terms, 

contribute to the broader enabling environment, particularly in reinforcing transparency, awareness, and 

compliance. 

 

Taking into account the results obtained, it is possible to group the variables with a high score into thematic group 

that help to better understand the nature of the systemic challenges affecting aquaculture (Table 11). For this 

classification, only the variables that received a score of 4 or 5 were considered, as they are the most strategically 

relevant within the system. These variables represent key nodes that can influence, directly or indirectly, the 

effectiveness of transitions towards more sustainable models. The clustering was also designed to highlight 

potential interdependencies between sectors, revealing how challenges in a specific area – such as environmental 

degradation or lack of financing – can generate knock-on effects on governance, operational and economic 

domains. This perspective is particularly useful to support integrated decision-making and multi-actor 

coordination. 

Table 11: Nexus challenges 

Group Variable Nexus Challenge  Description - motivation 

1 

Excessive use of 

pharmaceuticals and vaccines 

+ antibiotic resistance + pest 

and disease reduction (Score: 

5) 

 

Managing climate change 

effects (storm, flood, etc.) 

(Score: 5) 

 

 Sea temperature increase 

(Score: 5) 

 

Ensuring sustainable certified 

feed (Score: 5) 

 

Preserve environment and 

ecosystem 

It highlights the need to safeguard 

marine ecosystems, reduce emissions 

and inputs, and enhance ecological 

resilience 

2 

Technical aquaculture 

equipment (monitoring 

volume of fish production + 

maintenance of cages and 

facilities) (Score: 4) 

Improve technical and 

Operational practices 

It addresses the technical 

infrastructure and management 

practices needed to ensure efficient 

and responsible aquaculture 

production.  
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3 
Certification process (Score: 5) 

 
Enhance sustainability process  

It emphasizes the importance of 

legitimacy, accountability, and 

transparency to align production 

with sustainability goals. 

4  

Competition for land, water 

and energy with other 

resource uses (Score: 5) 

 

Funds availability (Score: 5) 

 

Cost of production (New 

variable, Score: 5) 

Manage economic issues 

It includes access to capital, 

production costs, and competition 

over natural resources, which 

influence both short- and long-term 

development pathways. 

 

The results of the CLD analysis will be used to develop the SFD which will be used to support the co-design of 

intervention scenarios during the final stakeholders’ workshop. The SFD validation will be carried out in 

cooperation with the case study leader. 
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5 DISCUSSION  

This deliverable describes the methodological steps adopted in the BIOTRAILS project to develop a Participatory 

System Dynamics Modelling (PSDM) framework for the analysis and management of the Biodiversity-Climate-

Society (BCS) Nexus. This section discusses the main characteristics of the BIOTRAILS PSDM methodological 

approach, focusing on: (1) main challenges in engaging stakeholders in SDM development; (2) key issues in 

moving from Causal Loop Diagrams (CLD) to Stock-and-Flow Diagrams (SFD); (3) comparing qualitative and 

quantitative leverage points detection and analysis; and (4) key lessons from the Nexus policy design.    

 

1. Main challenges in engaging stakeholders in SDM development 

Engaging stakeholders throughout the PSDM process is crucial for ensuring that the model reflects diverse 

perspectives and incorporates contextual knowledge. However, several challenges were encountered:    

Complexity of CLDs: The initial CLDs developed with stakeholders were often too complex for subsequent 

analysis and SFD development.  Simplification was necessary, but it was not always feasible to involve stakeholders 

in this process, potentially affecting the model's adherence to their knowledge. We tried to reduce this risk by 

involving the case study leaders in the CLD revision process and validating the obtained CLD with the 

stakeholders.   

Trust and transparency: The transition from CLD to SFD is crucial for supporting the design of Nexus policy 

interventions. However, stakeholders may perceive the SFD as a "black box" due to its complexity, which can 

hinder their engagement and understanding. This lack of transparency can negatively affect trust and reduce the 

model's usability for policy design. To overcome this limit, the SFD was validated by engaging stakeholders. 

Moreover, the Stella interface for simulating the intervention scenarios will be tested by key stakeholders before 

being used during the policy design workshop. This testing phase will be carried out before September.      

Knowledge translation: Translating stakeholders' contextual knowledge into formal mathematical relationships 

in the SFD can be difficult. Some knowledge may be lost in the quantification process, potentially overlooking 

leverage points considered important by stakeholders.  To overcome this limit, the SFD validation allowed us to 

assess to what extent the mathematical formalization of the causal connection in the SFD was capable to account 

for the stakeholders’ knowledge and perception.    

 

2. Comparing qualitative and quantitative leverage points detection and analysis 

The BIOTRAILS project utilises a system dynamics approach to leverage points detection, focusing on feedback 

loop analysis. This approach, based on the Loops That Matter (LTM) method, differs from simply addressing 

isolated components by emphasising the system's underlying structure and the influence of feedback loops over 

time.    

 

Qualitative analysis (CLD): CLDs provide a visual representation of causal relationships and are useful for 

identifying reinforcing and balancing loops. However, they lack the time dimension necessary for scenario testing 

and policy impact modeling.    

 

Quantitative analysis (SFD): SFDs enable quantitative simulations and policy impact modeling, providing a more 

structured representation for evidence-based nexus policy design. The LTM method, adapted in BIOTRAILS, 

focuses on identifying the most influential feedback loops affecting target variables, such as BCS nexus challenges. 

An important innovation was introduced in the LTM implementation in BIOTRAILS, allowing to  focus the loop 

dominance analysis on the BCS Nexus challenges.     

 

3. Key lessons from the Nexus policy design 

The application of the PSDM approach in BIOTRAILS has yielded valuable lessons for nexus policy design: 

o Context-specific solutions: The case studies highlight the need for context-specific policy interventions.  
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For example, in the Gold Mining value chain in Ghana, leverage points for addressing soil and land 

degradation include local community awareness and institutional capacity. In contrast, the Handicraft 

value chain in the Amazon forest requires policies that promote the handicraft sector to protect 

biodiversity by preventing depopulation and deforestation.    

o Importance of multi-sectoral analysis: Nexus challenges span multiple sectors, necessitating interventions 

that address the interconnected nature of these challenges. The BIOTRAILS approach emphasizes the 

importance of considering the multi-sectoral impact of central elements in the system to ensure effective 

interventions.    

o Dynamic approach to leverage points: The influence of feedback loops and, consequently, the 

effectiveness of leverage points can change over time. Therefore, an adaptive approach is necessary, 

where leverage points are reassessed and adjusted based on the system dynamics.    

o Integration with existing policy structures: Effective policy design requires a thorough understanding of 

the current policy environment. The PSDM work intersects with this by: 

• Identifying policy gaps: The analysis of leverage points and system dynamics can reveal areas 

where current policies are insufficient or misaligned to address Nexus challenges. 

• Identify policy resistance mechanisms: PSDM could help identify elements in the system 

hampering/delaying the implementation of specific policies. 

• Informing policy coherence: The multi-sectoral perspective helps ensure that new policies are 

coherent with existing ones across different sectors, minimising unintended negative 

consequences. 

• Providing a framework for policy evaluation: The dynamic approach allows for the development 

of policies that can be monitored and adapted as the system evolves and the effectiveness of 

existing policies can be evaluated. 

 

4, Main limitation of the BIOTRAILS PSDM approach 

While the BIOTRAILS PSDM approach offers a valuable framework for analysing and managing Nexus challenges, 

it's important to acknowledge its inherent limitations: 

o Stakeholder Bias: The reliance on stakeholder input, while crucial for incorporating local knowledge and 

ensuring relevance, introduces the potential for bias. The selection of participants can influence the 

perspectives represented, and dominant voices may overshadow marginalised ones. Therefore, the results 

should be interpreted as reflecting the understanding of the specific group of stakeholders involved, and 

it is acknowledged that different participants might yield different insights. 

o Subjectivity in Knowledge Elicitation: The process of translating stakeholder knowledge into CLDs and 

SFDs involves a degree of subjectivity. Modellers' interpretations and choices in formalising relationships 

can influence the model's structure and outcomes. While validation efforts mitigate this, some knowledge 

loss or distortion is inevitable. 

o Data Availability and Validation: The availability and quality of quantitative data to validate and 

parameterise SFDs can be a limiting factor. In some cases, stakeholder perceptions may not be fully 

corroborated by empirical data, highlighting the need for careful triangulation of information where 

possible. 

o Generalizability: The case study-based approach, while providing context-specific insights, may limit the 

generalizability of findings. The transferability of leverage points and policy recommendations to other 

contexts should be considered cautiously, requiring adaptation to specific social-ecological conditions. 

It is important to consider these limitations when interpreting the results of the BIOTRAILS PSDM framework. 

Further research could focus on quantifying the degree of bias and uncertainty introduced through stakeholder 

engagement and knowledge elicitation, as well as developing strategies to integrate stakeholder knowledge with 

quantitative data in a more robust manner. 
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6 CONCLUSIONS  

Great efforts were carried out in the BIOTRAILS project for developing a Participatory System Dynamics Modelling 

(PSDM) framework to enhance the understanding and management of the Biodiversity-Climate-Society (BCS) 

Nexus, and to enhance its replicability. This deliverable, D3.10, encapsulates the methodological advancements 

and practical applications of the PSDM approach across various case studies, highlighting both the achievements 

and the challenges encountered. Nexus challenges spanned multiple sectors, necessitating interventions that 

addressed the interconnected nature of these challenges. The BIOTRAILS approach emphasized the importance 

of considering the multi-sectoral impact of central elements in the system to ensure effective interventions. 

 

This section is meant to summarise the key achievements and the lessons learned. For what concerns the former, 

the capability of the project to engage a wide range of stakeholders in the different phases of the PSDM framework 

ensures that the models developed reflect a wide array of perspectives and contextual knowledge. This 

engagement was demonstrated to be crucial for building trust and ensuring the relevance of the models to 

support the design of Nexus policies. The transition from CLD to SFD represented a critical step in this regard. The 

adopted approach aimed at keeping the SFD as close as possible to the stakeholders’ knowledge collected during 

the first phases of the PSDM. Further activities with key stakeholders in the case studies will allow the further 

refinement of the SFDs that will be used during the last round of stakeholders’ workshop to co-design policy 

interventions for the BCS nexus management in a transformative change context.  

 

To this aim, the analytical method for detecting Leverage Points was demonstrated to be useful. The revised LTM 

approach allowed us to introduce the time dimension in the identification of the leverage points, contributing to 

identify moments in time when a specific leverage point ceases to influence the system dynamic. Further 

interventions are needed to keep the leverage points active and to address the Nexus challenges. It is worth 

mentioning that a further activity in this regard will be focused on in the comparison between the “static” leverage 

points detection (D2.4) and the dynamic leverage points analysis. The results of this comparison will be described 

in D5.2. 

 

The PSDM framework was applied to the four BIOTRAILS value chains. These applications demonstrated the 

framework's versatility and its potential to address complex, multi-sectoral challenges. Across all case studies, 

engaging stakeholders required the implementation of a range of participatory methods, including individual 

interviews and participatory workshops. A common element across all case studies concerns the need to simplify 

the BCS Nexus complexity to ensure that the SDM remains representative of the stakeholders’ knowledge, keeping 

them interested and engaged. The engagement of the stakeholders in validating the SDM – both CLD and SFD – 

was essential to maintaining transparency and trust. The Stella interface for simulating intervention scenarios will 

be further tested by key stakeholders before being used in policy design workshops – i.e. the third round of 

stakeholders’ workshops.   

 

The work described in this deliverable is not yet completed. The next steps involve:  

i) Further refining the SFDs in the Ghana and Brasil case studies and using them in the third round of 

stakeholder engagement workshops to co-design policy interventions. The refiment concerns 

specifically the integration of data and results from other BIOTRAILS activities. Efforts were already 

carried out in this direction. However, further improvements are needed in cooperation with task 4.1 

concerning the data exchange. 

ii) Finalization of the SFD in the two remaining case studies – i.e. the cocoa production in Perù and the 

Fishery and Aquaculture in Greece. The SFDs will be ready by September to be used during the third 

and final round of stakeholders’ workshops. 

iii) Define a common, project-based approach to developing scenarios for transformative change. 
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Several tasks in BIOTRAILS involve scenario development and analysis, such as climate projections, 

behavioural interventions, and BCS Nexus policy design. Hence, there is a need to define and 

implement a consistent approach to developing and analysing system scenarios while engaging 

stakeholders in this process.  

 

In conclusion, the BIOTRAILS project has laid a strong foundation for using PSDM to address the complex 

interdependencies within the BCS Nexus. The lessons learned and the methodological advancements made will 

be invaluable for future efforts to promote sustainable and transformative changes across various sectors and 

regions. 
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