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As the impacts of climate change are expected to be increasingly disruptive, a growing share of the 

economic literature moved to modelling approaches to address the interconnectedness of social, 

economic, and environmental issues. Among them, System Dynamics (SD) stands out as a well-

established modelling approach to analyse complex social-ecological systems. In order to benefit 

from such modelling exercises it is necessary to follow a structured process, bearing in mind that 

models should have as their ultimate ambition that of supporting decision-making processes. Yet, the 

connection with decision-making is addressed only in the last phases of the modelling process, with 

emphasis placed only on few particular sectors. Hence, a lack of a general framework that can be 

used as a reference to address climate change adaptation and which could provide insights to 

economic valuations to support decision-making processes for a different range of sectors emerges. 

Consistently, the present study aims to bridge the observed gap by employing a combined SES-

DAPSIR framework to build a conceptual modelling process for simulating the behaviour of a generic 

socio-ecosystem, with a particular focus on climate change adaptation. It also illustrates how the 

proposed conceptual modelling process is concretely put into practice with an application for a coastal 

socio-ecosystem. This allows demonstrating how the proposed methodology constitute a potential 

common starting point for different targeted modelling exercises, resulting particularly useful when 

moving from analytical modelling to decision support. 
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Introduction 

Theoretical background and problem statement 

In recent years, a growing share of the economic literature moved to modelling approaches such as 

agent-based models (ABMs), GIS-based models, and systems dynamics (SD) models (Scrieciu et al., 

2013). These types of modelling approaches can be seen as a bridge between natural and social 

scientists to address the interconnectedness of social, economic, and environmental issues. Among 

these methodologies, SD stands out as a well-established modelling approach to address a wide range 

of complex social-ecological issues.  

Although modelling exercises inherently require a creative component, it is nevertheless necessary to 

follow a structured and disciplined process to conduct them (Sterman, 2000). Various proposals for 

the structuring of a modelling process exist in the literature, including Argent et al. (2016), Saeed 

(1992), Sterman (2000), Voinov (2008). As also emphasised by Farr et al. (2022), there is a variety 

of proposed modelling workflows, accompanied by an analogous diversity of tools that can be used 

in an integrated manner to conceptualise the structure of the considered systems and to proceed with 

the modelling exercise. Additionally, according to some authors (Currie et al., 2018; Voinov, 2008), 

models should always have as their ultimate ambition that of supporting decision-making processes, 

particularly system dynamics ones. For this reason, modelling processes and decision-making 

processes are closely related.  

Concurrently, the impacts of climate change are expected to be disruptive. Planning and 

implementation have increased in many countries in relation to adaptation strategies to reduce 

vulnerability and exposure against climate change, with a particular emphasis on coastal and marine 

systems, and transformative and structural adaptation actions are needed to cope with high emissions 

scenarios (Cooley et al., 2022; IPCC, 2022). Yet, to date there are remarkably few systems dynamics 

models that follow a comprehensive modelling process which, from the early steps, focuses on the 

close link with decision-making processes.  

This connection is addressed and remarked only in the last phases of modelling processes, such as in 

relation to the use of the resulting model to cope with complex issues (Voinov, 2008). Economic 

forecasts of climate change impacts with conventional economic approaches usually depart from a 

fairly abstract level of analysis, characterised by little or no strong connection with real-world data 

and overly ponderous assumptions (Keen, 2020). Moreover, following the work of Martínez-

Hernández (2022), for the case of climate change adaptation in coastal areas, it is highlighted a lack 

of a clear link of decision-making processes in the first steps of the modelling flow in existing system 

dynamics modelling processes, with emphasis placed only on one or two particular sectors.  

Therefore, a lack of a general framework that can be used as a reference to address climate change 

adaptation and which could provide insights to economic valuations to support decision-making 

processes for a different range of sectors emerges. Consistently, the present study aims to bridge the 

observed gap.  
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Purpose of the work 

Based on the above, the purpose of this paper is manifold: 

⮚ Objective 1. Presenting a conceptual modelling process for characterising and simulating the 

behaviour of a generic socio-ecosystem, with a particular focus on climate change adaptation; 

This is achieved by structuring the modelling process in such a way as: 

 

▪ Objective 1.1. To emphasise the important relation between system dynamics 

modelling and decision-making processes. This is achieved by starting the modelling 

process from the explication of triggering factors grounded on state-of-the-art 

literature, as well as by reporting the most pressing environmental and socio-economic 

issues related to climate change. 

▪ Objective 1.2. To build a conceptual modelling framework that can be used as a 

reference method for addressing several climate change-related issues. This is enabled 

by building a 'repository' of key socio-ecosystem elements from which one can draw 

for carrying out different, more targeted, modelling exercises; 

 

⮚ Objective 2. Displaying how this proposed conceptual modelling process is concretely put 

into practice with an application for a coastal socio-ecosystem. 

The following sections are intended to present in detail the proposed conceptual modelling process 

and how its construction was conducted. This was done through a system analysis exercise with an 

application for a coastal socio-ecosystem. Based on this, it will be possible to aim at the presentation 

of the presented approach as general guidelines for the analysis of socio-ecosystems. Hence, sections 

reporting the rationale behind each step are followed by sections illustrating the application of the 

modelling process to a coastal socio-ecosystem. A final section presents a discussion and some 

concluding remarks.  
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Methodology – Conceptual Modelling Process 

In Figure 1, the proposed conceptual modelling process is depicted. The ‘triggering factors’ and 

‘general system conceptual model’ steps are conceived as steps prior to the two initial steps generally 

proposed in the existing literature as 'goals and objectives' and 'conceptual model' or with a similar 

nomenclature (Voinov, 2008). Hence, the latter two steps were renamed as 'targeted goals and 

objectives' and 'targeted conceptual model' because their implementation is based on the two proposed 

preliminary steps. 

 

Figure 1. Steps designed for the development of a generic socio-ecosystem conceptual model.  

In the following sections, the rationale behind the different steps comprising the proposed modelling 

process is provided.  

Step 1 – Triggering Factors 

With regard to objective 1.1, the present paper advocates the integration of trigger identification as 

the new initial step in the modelling process, conceived by integrating elements from Integrated 

Coastal Zone Management (ICZM) and Integrated Water Resources Management (IWRM) decision-

making processes. 

It is well known that for its establishment as a standalone discipline, despite some obvious 

commonalities, SD intentionally distanced itself from different viewpoints of management science 

(Forrester, 1961). However, it has already been pointed out in the past how some cautious re-

engagement with such a field of work could prove fruitful for SD methodological flows (Lane, 1995). 

Accordingly, similar to the initial approach of system evaluation undertaken in management science, 

the need for a global consideration of factors was highlighted by Lane (1995) in its 'Folding Star 

Framework' for SD modelling. For instance, for the first step of this framework called 'Appreciation 

of the Situation', Lane suggested the grounding of the modelling process in an account of the natural, 
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designed physical, and designed abstract systems including the interpretation of phenomena made by 

decision and policy-makers as well as aspects of the social context in which they are found1. This was 

suggested with the expectation that the SD model or other types of models would contribute to a 

better understanding of these systems and also to improve model validity from the early stages of 

conceptual modelling (Lane, 1995). 

However, what is currently being done in management science is different from what is usually 

proposed as the first stage in SD modelling processes. For instance, the first step of the modelling 

process as proposed by Sterman (2000) (i.e., ‘problem articulation’) and Voinov (2008) (i.e., ‘goals 

and objectives’) already requires several specifications, such as:  

• Specifying a detailed objective that goes through the definition of a specific problem 

to be addressed;  

• The main features of the system (variables and key concepts) that need to be accounted 

for to achieve the stated objective;  

• To whom the results want to be communicated in order to maximise the usefulness of 

the model's outputs; The time range and spatial boundaries to be considered.  

The above involves the integration of a link between the output of the modelling process and the 

utility for decision-making processes only in the final step of the modelling process, i.e., when the 

model outputs are to be used.  

Conversely, the development workflow of ICZM and IWRM see the centrality of the output's 

relevance to decision-making processes from the earliest steps. This involves, from a broader system 

perspective, the initial outlining of triggers, i.e., the factors that spark and motivate the whole process 

such as environmental and socio-economic issues and measures in place (e.g., adaptation measures) 

that impel action (Clark, 1991; Giupponi & Sgobbi, 2013; Thia-Eng, 1993). The incorporation of this 

step into the modelling process as the step that initiates the entire model development could enable 

to state the overarching motivations and reflections behind the need to create a model in a much 

broader system perspective than the usual focus on a single narrow problem.  

Including 'triggering factors' as the first step in the modelling process allows discerning, with more 

hindsight, whether the modelling work is indeed necessary based on a general explication of problems 

and motivations (see Figure 1 above).  

In this regard, concerning a possible application for climate change adaptation in coastal areas, 

reference can be made to the factors related to sea level rise (SLR) mentioned in the IPCC, including 

drivers, hazards, impacts of SLR and associated governance challenges (Oppenheimer et al., 2019). 

In relation to climate change in general and SLR in particular, it appears clear that there is not only 

one narrow problem that can be addressed and analysed as a closed system. As visible from Figure 

2, multiple system factors (that could also be singularly and narrowly identified as problems) are 

interconnected in a sort of problem hierarchy, i.e., a cascade of factors (or problems) from drivers to 

responses and governance challenges. For instance, climate change induces global mean sea level 

(GMSL) rise which in turn, in combination with extreme sea level (ESL) events such as tides, storm 

surges and waves, creates coastal hazards. Coastal hazards result in impacts on ecosystem and human 

                                                           
1 With this, Lane referred to the definitions provided by Checkland (1981): the ensemble of natural elements, i.e., 'natural 

systems'; the ensemble of man-made physical elements - such as infrastructure - and abstract elements - such as cultural 

artefacts - referred to as 'designed physical systems' and 'designed abstract systems'; and the study of the ensemble of 

human affairs, placed in the 'management and information systems'. 
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components, requiring responses in the form of policies and measures and from which relative 

governance challenges arise (Figure 2; Oppenheimer et al., 2019). 

 

 

Figure 2. Schematic illustration of the interconnection of factors related to climate change, concerning low-

lying islands and coastal areas, including drivers of SLR and ESL hazards, exposure, vulnerability, impacts 

and risk. Depicted are also responses and governance challenges (Oppenheimer et al., 2019). 

Thus, the ensemble of factors related to climate change and the associated SLR depicted in Figure 2 

are identified as the triggers that can guide and justify the initiation of a conceptual modelling process, 

which is absolutely necessary as a basis for possible different quantitative modelling exercises. 

Therefore, rather than starting by identifying a single factor as the sole and central focus of a 

modelling exercise, starting from a broader acknowledgment of a multiplicity of triggering factors 

can lay a more solid foundation to then move to a phase of conceptualization of key elements of a 

general system. The consideration of these elements would then allow tackling the very same 

multiplicity of triggering factors from the beginning to the end of a wider modelling exercise. 

 

Step 2 – General System Conceptual Model 

Once the set of triggers is made explicit, a second step of the modelling process named ‘general 

system conceptual model’ is proposed. This step is designed as an exercise of broad conceptualization 

of the whole system in which one or more specific triggers (i.e., problems) can be located and 

addressed. It is recognized that it is not possible to realistically conceptualise an entire system in its 

countless details. Hence, the aim is to consider a system as a whole and conceptualise it as 

comprehensively as possible, so as to obtain a general repository of elements referring to a generic 

system that can be used as a reference for more specific modelling exercises. 

The conceptual model stage is often conducted in a participatory manner, whether with one's team 

members or external stakeholders, with the aim of capturing the understanding of the people involved 

in the modelling process regarding the structure and functioning of the system under consideration 
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(Argent et al., 2016). When dealing with judgments elicited by individuals (e.g., stakeholders, 

academic experts, etc.), it is also necessary to recognize in advance people's limited ability to process 

complex and multiple pieces of information. Having a conceptual model as a preliminary step enables 

reaching consensus among participants as it allows for the development of a common platform for 

mutual learning and understanding that can provide a solid foundation for a quantitative modelling 

exercise (Argent et al., 2016). In this regard, the use of conceptual models can help to interpret and 

frame concepts and processes, showing that they are not isolated but rather integrative components 

of a single picture (Catenacci & Giupponi, 2013). 

However, there is no current standard for conducting conceptual modelling exercises. Some 

frameworks, such as the DPSIR, can be used for guidance but, in the end, it is recognised that a 

personalisation of the conceptual modelling process based on the specific needs of the study is applied 

(Argent et al., 2016; Voinov, 2008). For structuring this step, the present study includes a first attempt 

to integrate two distinct frameworks used for the interpretation of systems characterised by the 

interaction between humans and nature: the socio-ecosystem (SES) proposed by Giupponi (2022) and 

the DAPSIR, adapted from Elliott et al. (2017) and Judd & Lonsdale (2021). 

The SES framework proposed by Giupponi (2022) was chosen as the background framework to 

conduct an initial participatory identification of key elements and processes of a generic coastal socio-

ecosystem. The SES represents a particular type of multilevel system in which ecological and social 

elements engage in mutual interactions and feedback. The SES framework, presented in Figure 3, 

adopts a perspective tailored to an environment characterised by the interdependence and co-

evolution of natural and anthropogenic elements, by applying the new concept of socio-ecosystem 

services (Giupponi, 2022).  

 

 

Figure 3. The socio-ecosystem (SES) and interactions among its main constituent modules (adapted from 

Giupponi, 2022). 
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In any socio-ecosystem, we have the co-presence of natural and anthropic elements, with their 

structural elements, which constitute natural capital on the one hand and human capital on the other. 

Functional interactions occur between the elements of the living world (humans and all other biotic 

components of ecosystems), and from their interactions the supply and demand for goods and services 

is determined. The complex relationships between the various supplier and recipient elements 

determine as a result the functioning of the socio-ecosystem, both in positive (e.g., supply of goods 

and services and preservation activities) and negative (e.g., impacts of human activities on natural 

components) terms (Giupponi, 2022).  

In an attempt to clearly capture this complexity, the SES framework considers the fundamental 

elements that make up a socio-ecosystem. An outer frame identifies the boundaries of the socio-

ecosystem, within which are the two main subgroups of the physical elements (on the left) and the 

elements of the living world (on the right). From this physical perspective, the SES considers the 

terrestrial and aquatic environmental elements, defined as 'natural capital', and the elements of 

urbanised areas (e.g., infrastructures), here defined as 'human capital'. These elements are considered 

in their interactions with biological elements, both human and natural, identified here as the SES 

modules 'human population' and 'other populations (plants and animals)'. The internal 

interconnections between elements of the natural world and elements of the anthropic world result in 

socio-ecosystem services or disservices. The latter take place through interactions between ecosystem 

processes and functions ('ecosystem' module) and economic system dynamics ('economic system' 

module). These complex interactions can generate emergent properties of the system, i.e., hardly 

predictable outcomes of the interaction between the ensemble of elements (Giupponi, 2022). 

At the same time, outside the system frame, the modules 'adaptation policies and measures', 

'socioeconomic drivers', and 'environmental drivers' account for the necessary consideration of the 

effects of possible adaptation measures and important economic (e.g., macroeconomic trends), social 

(e.g., political crises), and environmental variables (e.g., extreme events, mean sea level rise) external 

to the socio-ecosystem (i.e., external forcing) on the internal elements. Outside the boundaries of the 

system there is also the module 'other connected SESs' indicating the existence of other socio-

ecosystems that may be related to the considered one. Lastly, it should be noted that all connections 

between SES modules are bi-directional in nature, pointing to the possible establishment of feedback 

loops that can stabilise the system or, conversely, make it unstable (Giupponi, 2022). 

In order to facilitate the transition from a general identification of key components of a coastal socio-

ecosystem within the SES to the steps of identifying causal linkages between them, the DAPSIR 

framework was utilised. The DAPSIR was used here as a tool for facilitating the reading of the 

interconnections between the SES components from a causal perspective.  

The logic behind the DAPSIR framework as proposed by Judd & Lonsdale (2021) is that 

anthropogenic Drivers require human Activities to be satisfied. The pursuit of these activities induces 

Pressures on natural systems that in turn lead to changes in the State of natural capital. These changes 

influence human well-being through Impacts on ecosystem services (and consequently on human 

welfare). Finally, these impacts require Responses in the form of measures. 

This framework was initially designed in response to a need for a problem-structuring framework that 

would allow for a system-wide analysis of the complex socio-ecological interactions in the marine 

environment. In addition, it was designed to clearly depict the causal chain from anthropogenic 

drivers and activities to impacts on the environment, society and the necessary responses, in a way 
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that is also understandable to a wide range of policy-makers and stakeholders (Elliott et al., 2017; 

Judd & Lonsdale, 2021). 

Given that the SES concept is being considered in the present study, the causal reasoning behind the 

DAPSIR framework is reinterpreted consistently with the SES, in the following way: anthropogenic 

Drivers in combination with environmental Drivers affect human Activities. The pursuit of these 

activities induces Pressures on the considered SES that in turn lead to changes in its State. These 

changes influence human well-being (welfare) through Impacts on socio-ecosystem services and 

economic features. Finally, these impacts require Responses (in the form of measures). Figure 4 

shows the DAPISR framework as reinterpreted in this study. Particularly, it should be emphasised 

that in the DAPSIR as reinterpreted in the present study, the Drivers are not only anthropogenic but 

also environmental, and the component 'State' refers not only to the state of the natural capital but is 

understood as the condition of both natural and anthropogenic elements (for more details on the 

adopted DAPSIR definitions see Table 1).  

 

 

Figure 4. DAPSIR framework as reinterpreted in this study in view of the nexus with the SES framework. 

However, being the DAPSIR initially designed based on a rather unidirectional flow from human 

drivers and activities to impacts on natural capital, the original definitions of its components do not 

accurately reflect the more interactive nature of the SES. Therefore, the definition of each DAPSIR 

component was revised in order to show how the DAPSIR can be a suitable lens through which to 

interpret the SES in terms of causal relationships. Moreover, as it can be seen at the top of Figure 4, 

the set of arrows going in and out of each box were added to represent the possible feedback 

interactions that can take place between DAPSIR components. For transparency and consistency, the 

definitions of the DAPSIR components adopted in the present study in order to facilitate the creation 

of a nexus with the SES are presented in Table 1. 

 

Table 1. Adopted definitions of the DAPSIR components. 

DAPSIR component Definition 

Drivers Drawing on Maslow's hierarchy of human needs, it is possible to argue 

that the main socio-economic drivers are related to basic human needs, 

such as the need for food, energy, space, movement of goods, security 

or recreation (Elliott et al., 2017; Maslow, 1943, 1981). These needs 

define individual and social motivations for certain activities and shape 

an entire set of socio-economic drivers. In addition to these drives, 

important environmental drivers affecting socio-economic activities can 

be identified. 
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Activities Human activities pursued within the socio-ecosystem and undertaken as 

a consequence of the drivers in order to meet society’s needs (Judd & 

Lonsdale, 2021). Some examples are agriculture, aquaculture, shipping, 

extraction of living resources such as fish and shellfish harvesting. 

Pressures Pressures exerted by undertaken activities on the socio-ecosystem (Judd 

& Lonsdale, 2021). Some examples are land reclamation, introduction 

or spread of non-indigenous species, pollution. 

State State and/or condition (and related dynamics of change) of the elements 

belonging to the following SES modules: Natural Capital, Other 

Populations (Plants and Animals), Human Capital, Human Populations. 

Impacts Intended as the impacts on socio-ecosystem services and economic 

features driven by changes in the state. 

Responses Policy or social responses, intended as management measures (in place 

or potential) that are or can be implemented to prevent or minimise the 

causes of state changes or, where impacts have occurred, to mitigate 

their effects (Judd & Lonsdale, 2021). 

 

Overall, the ‘general system conceptual model’ step was designed to allow the creation of a repository 

of main macro-categories of elements – and sub-elements - framed in a combined SES-DAPSIR 

frameworks, causally linked to each other. During the ‘targeted conceptual model’ step (see STEP 4), 

this enables to select only specific subsets of such macro-categories and their sub-elements and only 

a specific subset of interlinkages to be studied in the model, based on the objectives of the particular 

modelling exercise stated in the ‘targeted goals and objectives’ step. This is based on the fact that 

some of the elements become relevant only in certain geographic contexts and/or for certain purposes. 

Therefore, the identified macro-categories of elements are useful to provide a broad repository of 

main concepts and elements related to a generic socio-ecosystem. 

Implementation of the General System Conceptual Model step 

Using the aforementioned frameworks as general underpinnings from which to start, the ‘general 

system conceptual model’ step was conducted, choosing an application to a coastal SES as an 

illustrative example, through the following sub-steps: 

⮚ SUB-STEP 2.1. A creative modelling workshop (CMW) involving several experts was first 

organised. The workshop consisted of a brainstorming exercise focused on identifying the 

main elements of a generic coastal socio-ecosystem, working on the SES as a background 

framework. Therefore, the main question that guided the brainstorming exercise was the 

following: “What are the key elements of a coastal SES that can be observed and measured?”. 

A structured format was chosen for conducting the brainstorming exercise, i.e., the workshop 

facilitator established a rotation enabling each participant to contribute with ideas. Two 

rotations were undertaken and, in each rotation, each participant was given a fixed amount of 

time to talk freely and propose elements to be assigned to the different modules of the SES 

framework. The second rotation was designed to allow the expression of new ideas and 

concepts generated after hearing the intervention of other experts in the previous rotation. 

After the two rotations, an open discussion was conducted to intervene, if necessary, in the 

refinement of proposed elements or to add last-minute elements by mutual agreement. The 

gathering and allocation of proposed elements to the SES modules was done using a 

conceptual mapping software. The results of the assignment of elements to the SES modules 

during the brainstorming exercise are shown in Figure 5. 
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Figure 5. Overview of the main elements of a coastal socio-ecosystem proposed by experts involved in brainstorming workshops and allocated to the SES 

modules. Given that the main objective of the workshop was to collect as many proposals as possible concerning the main elements of a coastal socio-

ecosystem, the visual form of the result was considered of secondary importance. 
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⮚ SUB-STEP 2.2. Cleaning, Consolidation, and Clustering of gathered elements. In this step, 

the elements gathered during the first brainstorming workshop underwent an initial round of 

comparison and cleaning, in an effort to eliminate any redundancies, overlaps, and identify 

possible aggregations in order to create a narrower set of key concepts. This sub-step was 

conducted by focusing on the gathered elements both individually and as a whole, while 

maintaining the building blocks that comprise the SES as background framework. The results 

of this step were named ‘Shared Conceptual Model 1st Release’. 

⮚ SUB-STEP 2.3. In this step, the methodology designed for integrating the SES framework 

and the DAPSIR framework was implemented. Considering that the DAPSIR framework is 

not immediately consistent with the SES framework, the procedure chosen for this step was 

based on the goal of building and strengthening such a nexus. Thus, the process of building 

the conceptual model was centred on a SES view in the background, subsequently 

mainstreamed into the DAPSIR framework for initial identification of causal links between 

elements. This operation was carried out employing a determinate coding convention2.  

 

As next phase, the elements that were assigned to the SES modules were interpreted from a 

DAPSIR perspective, assigning them to different DAPSIR components. The output of this step 

was named ‘Shared Conceptual Model 2nd Release’ and its visual overview is presented in 

Figure 6. 

 

 

 

 

 

                                                           
2 The content of 'shared_conceptual_model_release_1' was first subjected to a colour-coding phase. Different colour codes 

have been assigned to different modules of the SES framework. This allowed assigning a colour to the different elements 

of the system based on the SES module to which they were assigned, enabling the visualisation of the nexus with the SES 

framework when the elements are then inserted in the DAPSIR framework. Colour-codes were assigned as follows: 

Adaptation policies & measures (pink); Socio-economic drivers (blue); Environmental drivers (red); Natural capital 

(purple); Human capital (grey); Human populations (orange); Other populations (plants & animals) (light-blue); 

Economic system (yellow); Ecosystem (brown); Services and disservices (green). 
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Figure 6. Result of the allocation of the elements previously assigned to the SES modules (and colour-coded according to them) to the components of the 

DAPSIR framework. 
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⮚ SUB-STEP 2.4. In this step, the experts who participated in the first workshop were again 

involved in the context of a second workshop. Prior to the workshop, the conceptual model 

draft contained in ‘Shared Conceptual Model 2nd Release’ was shared with the participants. 

During the workshop, the following sub-steps were conducted: 

 

● Open discussion. The possibility of proposing and discussing alternative allocations 

of certain elements to the components of the DAPSIR framework was provided. Some 

changes to the distribution of elements as presented in 'Shared Conceptual Model 2nd 

Release' were made based on mutual agreement. If deemed necessary, it was also 

given the opportunity to suggest some changes to the coding assigned to the elements 

during STEP 2.3. 

 

● Drawing causal linkages. An exercise of identifying unidirectional causal linkages, 

necessarily drawn between an individual element of one DAPSIR component and 

another individual element within the next DAPSIR component, was conducted by the 

expert group.  

 

● Drawing feedback loops. As the last phase, an exercise of identification of feedback 

loops between individual elements distributed along the DAPSIR components is 

conducted by the expert group. 

To collect causal linkages and feedback loops proposals from the experts, the setting as in the first 

workshop was adopted. The output of the second workshop is depicted in Figure 7. 
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Figure 7. Identified causal linkages (black arrows) and feedback loops (red arrows) between the SES elements 

distributed across the DAPSIR components3.  

⮚ SUB-STEP 2.5. Refining and consolidating the output of the second workshop. In this step, 

the names and positions of the elements distributed across the DAPSIR components were 

further refined. In addition, where possible, the elements were grouped in larger macro-

categories. When reasonable, these macro-categories were grouped according to the 

nomenclature of the SES categories and modules. This was accompanied by a systematisation 

of the identified linkages and feedbacks, checking whether the identified links and feedbacks 

between individual elements could be extended to the entire macro-categories. Lastly, 

definitions of the macro-categories were provided accounting for SES definitions and 

literature4. The outcome of the steps just described is depicted in Figure 8. 

Figure 8. Overview of the developed general system conceptual model. Here, causal linkages 

and feedbacks between macro-categories of SES elements resulting from refining and 

consolidating the output of the second workshop are presented on a DAPSIR background. 

3 The Response component of the DAPSIR was omitted. This allowed focusing on the internal dynamics of the system 

rather than on the responses in terms of policies. 
4 The subdivision of identified SES elements in macro-categories (with relative definitions) and their sub-elements can 

be found in the Appendix, together with an indication of the DAPSIR components to which they have been allocated. 
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After the development of a general system conceptual model, the identification of targeted goals and 

objectives follows. In this regard, based on what has been developed in terms of main elements of a 

coastal SES and their relationships, the members of the modelling team were asked to prepare 

proposals for targeted goals and objectives that could be addressed via targeted modelling exercises. 

Following the collection of the team’s proposals, the feasibility of the proposed targeted objectives 

was examined and only a subset of them was selected and presented in an overall team’s plan, together 

with a team’s common objective and the potential modelling tools to be used. Particularly for the 

work of the involved team, the common goal was the development of a spatial dynamic model of a 

SES and its main agents. Several targeted objectives - individual and non-individual, and focused on 

different geographical areas can also contribute to the common goal (e.g., economic valuation of 

ecosystem services employing dynamic modelling approaches, analysis of case studies on 

implementation of NbS as adaptation strategies employing GIS-based and system dynamic 

approaches). 

Step 4 – Targeted Conceptual Model 

Once the targeted goals and objectives are defined, the ‘targeted conceptual model’ step follows. 

Considering that one or more targeted objectives can be identified, this translates into the possibility 

of developing one or different targeted conceptual models, each in relation to a stated targeted 

objective. Starting from the developed general system conceptual model (previously presented in 

Figure 8), only macro-categories of elements and specific causal links and/or feedbacks between them 

that are deemed relevant in relation to the targeted objective of the modelling exercise can be 

extracted. 

Compared to the general system conceptual model, a targeted conceptual model constitutes a more 

focused qualitative description of the system based on a particular targeted objective. Based on the 

latter and according to Voinov (2008), for the delineation of a targeted conceptual model it is 

necessary to proceed to the identification of the three main dimensions of structure, space, and time 

in a way that best addresses the targeted objective.  

In terms of the structural dimension of the system, when developing a targeted conceptual model, it 

is crucial to first define system boundaries. Defined boundaries make it possible to distinguish the 

system under consideration from the external world, both in time and space, facilitating the 

identification of materials and information entering and leaving the system; elements and/or processes 

that are internal to the system (endogenous); and elements external to the system (exogenous). 

In practice, to identify the structural dimension of the system it could be particularly useful to filter 

the macro-categories of concepts, linkages, and feedback which are of the greatest relevance in 

relation to a targeted objective. To provide an example of the implementation of this step, the 

following objective was formulated: 

Extending a SD conceptual model developed by Hossain et al. (2020) to address ecosystem-based 

adaptation in tropical areas, with the theoretical aim of modelling the coastal protection ecosystem 

service provided by mangrove forests and estimating its economic value.  

Hossain et al. (2020), constructed a conceptual system dynamics model for the southwestern coastal 

SES of Bangladesh by encompassing multiple livelihoods (fisheries, shrimp farming and forestry, 

and agriculture) and identifying several feedback loops involving ecological components (such as 

mangroves and water) and socio-economic components (such as subsidies and shrimp farming 

activity; Figure 9).  

Step 3 – Targeted Goals and Objectives 
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Figure 9. System dynamics conceptual model for the SES of a Bangladesh delta (Hossain et al., 2020). 

However, although activities such as shrimp farming and related impacts in tropical areas have often 

been subject to modelling exercises, this has rarely been supplemented with modelling of (economic) 

impacts on the provision of coastal protection service by mangroves, especially employing system 

dynamics approaches. 

The importance of considering the ecosystem service of coastal protection by mangroves through 

quantitative modelling exercises has been emphasised by different authors (Blankespoor et al., 2017; 

Dasgupta et al., 2019). In fact, healthy mangrove forests have been shown to be economically 

valuable as they can avoid large costs for construction and maintenance of artificial coastal protection 

barriers, especially in view of sea-level rise (Dasgupta et al., 2019). 

Accordingly, the formulated objective reflects the intention of extending the conceptual system 

dynamics model developed by Hossain et al. (2020) by integrating components able to represent the 

provisioning dynamics of coastal protection service by mangroves, and how these change in relation 

to other considered factors such as shrimp farming, sea level rise, and salinity.  

In order to integrate elements related to the dynamics typical of the provision of coastal protection 

service provided by mangroves, as illustrated by works such as Blankespoor et al. (2017) and 

Dasgupta et al. (2019), to the conceptual model of Hossain et al. (2020), the constructed general 

system conceptual model can be adopted. Therefore, the elements of the conceptual model by Hossain 

et al. (2020) were first brought into the general system conceptual model (Figure 10). 
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Figure 10. Visualisation of the elements of the Hossain et al. (2020) conceptual model in the general system 

conceptual model frame. 

Through this illustrative exercise, it can be made evident how the employment of the proposed general 

system conceptual model as an analysis lens can facilitate, in cases of considering already existing 

models, the identification of previously missing elements relevant to the dynamics of interest. The 

insertion of the elements of the conceptual model of Hossain et al. (2020) in the general system 

conceptual model makes it possible to show that in Hossain's conceptualization of the SES, some 

elements that are fundamental to the consideration of others in terms of system dynamics are missing, 

or at least, not clearly made explicit. For instance, the element 'fish production' has been used in a 

way that appears to represent simultaneously a fishery activity and an ecosystem service. The same 

has been done for the crop production element. However, in terms of systems dynamics, especially 

when the goal is to quantify the provisioning of the ecosystem services, it is important to appropriately 

distinguish between the human-led activity, the natural component that contributes together with the 

active role of humans to the provision of the ecosystem service, and the final ecosystem service.  

Consequently, elements such as 'fish' and 'mangroves' were added in relation to the macro-category 

'other populations' in order to make the ecological components more explicit; ‘Shrimp biomass 

extracted from aquaculture’ and ‘crab, honey, and fish fry’ were added to make the actual final 

provisioning ecosystem services transparent; ‘Fisheries’ and ‘agriculture’ were added to better 

articulate human-led activities for the extraction of natural resources.  Furthermore, to reflect the 

stated objective, the element 'coastal protection service' was included in relation to the category of 

socio-ecosystem services and disservices and the element 'mangrove forests' was interpreted as an 

infrastructure, precisely a green infrastructure used in climate change adaptation plans (Figure 11; 

Blankespoor et al., 2017).  
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Figure 11. Exemplification of the addition of elements to the conceptual model so as to make all the factors 

that comprise a chain of causality from drivers to the provision of ecosystem services more evident. The 

elements of ‘fish’, ‘mangroves’, ‘shrimp biomass extracted from aquaculture’, ‘crab, honey, and fish fry’, 

‘Fisheries’, and ‘agriculture’ were integrated as well as ‘mangrove forests’ and related ‘coastal protection 

service’. The last two elements were added in order to better reflect the stated objective. 

From the general system conceptual model, it is also evident how ecosystem processes and functions 

underpinning the provision of ecosystem services, contained in the macro-category 'ecosystem', are a 

crucial element when it comes to ES modelling. Likewise, through the support of the general system 

conceptual model, it is possible to assess what other elements, linkages, and/or feedbacks are relevant 

or not to the objective of the modelling exercise. Indeed, in Figure 12 the result of a possible 

elimination of some irrelevant elements/macro-categories, linkages, and feedback in relation to the 

stated objective was provided in order to obtain a cleaner targeted conceptual model. 
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Figure 12. A possible configuration of targeted conceptual model resulting by expanding the conceptual model 

of Hossain et al. (2020), integrating elements for modelling the ecosystem service of coastal protection by 

mangroves, and removing elements, linkages, and feedback not relevant in relation to the stated objective. 

Furthermore, consistently with Voinov and Sterman's guidance regarding the definition of system 

boundaries, the differentiation between endogenous and exogenous elements was also already 

implemented within the exercise of creating a targeted conceptual model (Sterman, 2000; Voinov, 

2008). Accordingly, the implementation of the proposed conceptual modelling process allows all 

those SES elements included in the Drivers column of DAPSIR to be identified as exogenous drivers 

(Figure 14). All the remaining elements can be considered as endogenous. 

In terms of specifying the spatial dimension, the study area is localised in the south-west coast of 

Bangladesh. This is an area of approximately 25,000 km², with a total population of 14 million and 

home of the world’s largest mangrove forest, the ‘Sundarban’ (Hossain et al., 2020). Lastly, 

concerning the time dimension of the considered system, it can be reasonably assumed that the system 

is evolving dynamically because it does not reach an immediate equilibrium. In fact, due to the time-

dependency of some variables and their interactions, it is needed to explicitly simulate the evolution 

of the system through time. 
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Discussion and Concluding remarks 

     In most cases, building a conceptual model is the first concrete step in developing a model (Voinov, 

2008). In the present work, the objective was to initiate the creation of a conceptual model of a generic 

SES, which can be referred to in the context of different studies as a starting point for the identification 

of more specific objectives and related targeted conceptual models. Hossain & Szabo (2017) already 

pointed out how conceptual tools such as DPSIR could be applied to interpret the dynamics of socio-

ecological systems. Accordingly, the present study responded to this need by proposing a general lens 

to interpret the dynamics of SESs. 

The general system conceptual model was overall designed to allow creating a set of main macro-

categories of elements framed in a combined SES-DAPSIR framework causally linked to each other. 

This can enable to ‘fish out’ only a specific subset of macro-categories and to study only a specific 

set of their sub-elements, based on the needs of the particular modelling exercise to be conducted. 

This is due to the fact that some of the elements could be relevant only in certain geographic contexts 

and/or for certain purposes. The identified macro-categories of elements are useful to provide a broad 

repository of main elements related to a generic socio-ecosystem. In order to address a dynamic 

simulation process, it was deemed appropriate to build a combined SES-DAPSIR framework, by 

which a formalisation in terms of causality was constructed. The primary reason for this is that such 

a causality forms the basis of a modelling process since the connections that link one SES element to 

another can become functions of a model. Hence, the proposed general system conceptual model and 

the related repository of key socio-ecosystem elements can constitute a potential common starting 

point for different targeted modelling exercises. 

 It was demonstrated how the proposed methodology allows analysing and further developing existing 

models. The proposed conceptual model can interface with an existing model, facilitating the 

identification of missing elements and elements that need to be reformulated. Against this 

background, the proposed methodology appears particularly useful when moving from the analytical 

modelling part to the decision support part. Its employment enables the user to assess how a model 

considers different elements of a system and, if they are not considered, how they can be integrated, 

while having a reference conceptual model that is solid and transparent in terms of interpretation of 

SES elements and their interconnections. Existing models, and the experiences behind these models, 

make it possible not to start from scratch when undertaking modelling exercises but, in order to 

benefit from these experiences, they must be understood. The more accessible the models and works 

of other authors are, the more one needs to be able to interpret them if the aim is to reuse and build 

on their insights. The proposed methodology can serve as an interpretation key. Hence, the strength 

of the presented conceptual modelling methodology is the establishment of a framework that can be 

followed for various (qualitative or quantitative) modelling exercises of coastal and non-coastal SES 

with a focus on climate change adaptation. 

Furthermore, the proposed framework can also be used in (qualitative or quantitative) modelling 

exercises of a socio-ecosystems without a focus on climate change adaptation. In this case, it will be 

possible to identify relevant triggering factors useful to 'customise' a SES-DAPSIR repository, from 

which to start for the identification of targeted objectives and the realization of targeted conceptual 

models. Clearly, an iterative nature of the presented general system conceptual model and the 

associated repository of SES elements is envisaged. As also specified by Voinov (2008), the iterative 

nature of the modelling process comes into play, in that, a more detailed analysis of the information 

necessary to develop a targeted conceptual model may already require a redefinition of the stated 

targeted objectives as well as a potential refinement and consolidation of the repository. However, 
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the iterative process is not to be seen as a limitation of the presented framework. Rather, by 

proceeding in the future with conducting differentiated modelling exercises, an iterative approach 

will be the key to make the general system conceptual model more robust, with an increasingly 

accurate repository of main SES elements. 

This structured conceptual modelling process may be better suited to make the transition to the steps 

of stock and flow diagrams and quantitative modelling more transparent and robust. Ideally, such a 

structured conceptual model could not only provide a basis for the application of System Dynamics 

modelling but represent a potential starting point for the application of several modelling approaches 

such as Bayesian Belief Networks, agent-based modelling, and GIS-based modelling. 
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APPENDIX 

Macro-categories of concepts under SES framework 

Legend 

(D): Drivers 

(A): Activities 

(P): Pressures 

(S): State 

(I): Impacts 

(R): Responses 

Macro-categories of concepts are in italic 

● Adaptation policies & measures (SES Module) (COLOR)

- Protection (R/Measure)

- Retreat (R/Measure)

- Accommodation (R/Measure)

● Socio-economic drivers (SES Module) (COLOR)

● Governance and political drivers, i.e., all the forces related to national and international

institutional settings and relationships (which could be able to exert a certain influence on

activities)

- Governance (D) (R)

- Geopolitical stability (D)

● Anthropogenic environmental pressures, i.e., pressures on the environment directly related

from human activities

- Introduction of alien species (from shipping etc.) (P)

- Anthropogenic land/soil events (P)

- Anthropogenic water properties changes (P)

- Pollution (e.g., microplastic, chemicals from industry discharge and water/soil

pollution in general etc.) (P)

● Human-expansion pressures, i.e., involves those pressures that arise from the population

growth and expansion

- Land reclamation (A)
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- Urbanization (P) 

 

● Societal well-being (i.e., state in which basic human needs are met and people are able to 

coexist peacefully in communities with opportunities for advancement5) and societal 

resilience (i.e., the capacity of people and communities to deal with external stresses and 

shocks6) (D) 

 

- Need of socio-ecosystem services (from industries, people etc.) 

 

● Exploitation of natural resources, i.e., the use of natural resources to sustain the social and 

material needs of a given community as well as to foster economic growth (P) 

 

● Economic features, i.e., intrinsic and exogenous characteristics of the economic system 

analyzed, which at the end determines the form of the economic activity. The boundaries 

and specificity of this concept change widely according to the scale and granularity of the 

model: from the characterization of the economic behavior and needs of the single 

individual to macroeconomic settings such as unemployment and inflation, for instance 

(when those are assumed exogenous in the targeted conceptual model) (D) (I) 

 

- Need of socio-ecosystem services (from industries, people etc.) 

 

● Environmental drivers (SES Module) (COLOR) 

 

● Environmental drivers, i.e., changes in the baseline natural conditions which are in turn 

able to modify the current state of the entire socio-ecosystem. Those alterations can have or 

not an anthropogenic origin and are assumed to be generally disruptive. The variables 

associate with this concept, as in the case of economic features, are assumed to be 

exogenous: hence, their conceptual boundaries could vary according to the scale and 

granularity of the model 

- Ocean Extreme Events (D) 

 

- Extreme Climate hazards (D) 

 

- SLR (D) 

 

- Gradual Climate hazard (D) 

 

- Introduction of alien species (D) 

 

- Natural land/soil events (D) 

 

- Natural water properties changes (D) 

                                                           
5 Retrieved from: https://www.usip.org/sites/default/files/GP_170-203_Social_Well-Being.pdf. The importance of this 

concept comes back frequently in IPCC reports. 
6 From Kwok et al., 2016 (https://doi.org/10.1016/j.ijdrr.2016.08.013). 
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Socio-ecosystem (Providers/physical system) 

 

-  Natural capital (SES Module) (COLOR) 

● Natural capital, i.e., the inanimate assets in the environment/natural systems, namely the 

natural physical elements (terrestrial and aquatic) of the system being considered 

- Coastal environments (S) 

- Marine environments (S) 

- Inland environments (S) 

-Interface environments (S) 

- Natural resources (S) 

-  Human capital (SES Module) (COLOR) 

● Infrastructures, i.e., constructed capital (human-made physical elements) consisting of 

manufactured goods, such as roads, power plants (including machinery), real estate, cultural 

heritage houses (e.g., churches), dams, etc.7 

- Cultural heritage (S) 

- Transportation infrastructures (S) 

- Power infrastructures (S) 

- Protection infrastructures (S) 

- Residential infrastructures (S) 

- Economic infrastructures (S) 

- Water infrastructures (S) 

● LULC, i.e., composition and physical characteristics (e.g., impermeable surfaces) or human-

related activities (e.g. residential, commercial, transport) of landscape features on the earth's 

surface8 

- Land Use (S) 

- Land cover (S) 

 

Socio-ecosystem (Beneficiaries/living system) 

 

-   Human populations (SES Module) (COLOR) 

● Human populations, i.e., the set(s) of individuals which could be thought as human actors 

of the system. They are assumed to interact with each other and with the other components 

of the system in order to generate goods and services through economic activities. On top of 

                                                           
7 Giupponi, C. (2022). Venezia e i cambiamenti climatici - Quale futuro per la città e la sua laguna? Rizzoli; Jones et 

al., 2016 (https://doi.org/10.1016/j.landusepol.2015.12.014). 
8 Adapted from Cai et al., 2019 (https://doi.org/10.3390/s19143120) and Cihlar, 2000 

(https://doi.org/10.1080/014311600210092). 
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that, they could be categorized under different classes and according to different features, 

depending on the modelling exercise. As a consequence, their behavior as individuals, but 

also the macro-scale dynamics related to the different population groups (i.e. demographics, 

etc.) is both affected to and affects the system9 

- Ethnic groups (S) (D) 

- Stable population (S) (D) 

- Unstable population (S) (D) 

- Vulnerable groups (socially and/or economically) (S) (D) 

● Demographics, i.e., the different categorizations of human populations and the information 

collected about them such as their size, growth, ages, and education10 (P) (D) 

 

-   Other populations (plants & animals) (SES Module) (COLOR) 

● Other populations, i.e., natural biological populations11 

- Coastal populations (fish etc.) (S) 

- Coastal vegetation (coastal grassland, coastal forest, mangroves etc.) (S) 

- Marine populations (S) 

- Inland populations (S) 

- Inland vegetation (S) 

- Interface populations (S) 

 

▪ Economic system (SES Module) (COLOR) 

● Economic structure, i.e., main sectorial activities, which includes primary, secondary and 

tertiary activities 

- Real estate sector (A) 

- Energy sector (A) 

- Port activities (A) 

- Manufacture (A) 

- Public sector (A) 

- Logistics (A) 

- Agriculture (A) 

- Tourism (A) 

- Aquaculture (A) 

                                                           
9 This is the reason behind classifying this concept both under state and drivers. 
10 From https://dictionary.cambridge.org/dictionary/english/demographic. 
11 Giupponi, C. (2022). Venezia e i cambiamenti climatici - Quale futuro per la città e la sua laguna? Rizzoli. 
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- Fishing (A) 

 

▪ Ecosystem (SES Module) (COLOR) 

● Ecosystem, i.e., biological structures and processes and ecological functions that arise from 

interactions/relationships between natural populations (other populations) and natural 

capital12 

- Biological structure and processes (ex.: primary production) (S) 

- Ecological functions (particles storage) (S) 

▪ Services and disservices (SES Module) (COLOR) 

● Socio-ecosystem services and disservices, i.e., services that emerge from positive (or 

negative) interactions between ecosystems and society, benefiting (or negatively affecting) 

both and the entire socio-economic and ecological system. The concept of socio-ecosystem 

services, unlike the classical definition of ecosystem services, recognizes the role of human 

beings in determining in a positive sense, but also in a negative sense (disservices), the 

evolution of the planet, including its physical and biological components12 

 

- Socio-ecosystem disservices (I) 

 

- Provisioning services (I) 

 

- Regulation and maintenance services (I) 

 

- Cultural services (I) 

 

- Human interventions (I) 

 

▪ Emergent properties (SES Module) 

- Maladaptation 

- Coastal habitats squeeze 

 

 

 

 

 

                                                           
12 Giupponi, C. (2022). Venezia e i cambiamenti climatici - Quale futuro per la città e la sua laguna? Rizzoli. 
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